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Functional understanding of visceral afferents is important for developing the new treatment to visceral hypersensitivity and pain. The sparse distribution of visceral afferents in dorsal root ganglia (DRGs) has challenged conventional electrophysiological recordings. Alternatively, Ca2+ indicators like GCaMP6f allow functional characterization by optical recordings. Here we report a turnkey microscopy system that enables simultaneous Ca2+ imaging at two parallel focal planes from intact DRG. By using consumer-grade optical components, the microscopy system is cost-effective and can be made broadly available without loss of capacity. It records low-intensity fluorescent signals at a wide field of view (1.9 × 1.3 mm) to cover a whole mouse DRG, with a high pixel resolution of 0.7 micron/pixel, a fast frame rate of 50 frames/sec, and the capability of remote focusing without perturbing the sample. The wide scanning range (100 mm) of the motorized sample stage allows convenient recordings of multiple DRGs in thoracic, lumbar, and sacral vertebrae. As a demonstration, we characterized mechanical neural encoding of visceral afferents innervating distal colon and rectum (colorectum) in GCaMP6f mice driven by VGLUT2 promotor. A post-processing routine is developed for conducting unsupervised detection of visceral afferent responses from GCaMP6f recordings, which also compensates the motion artifacts caused by mechanical stimulation of the colorectum. The reported system offers a cost-effective solution for high-throughput recordings of visceral afferent activities from a large volume of DRG tissues. We anticipate a wide application of this microscopy system to expedite our functional understanding of visceral innervations.
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INTRODUCTION

Sensory information from the internal visceral organs is conveyed by visceral afferents, which transduce stimuli into trains of action potentials at the distal nerve endings embedded in visceral tissues (Spencer et al., 2014, 2016). Evoked action potentials are then transmitted to the spinal cord via long axons distal and central to their somata in the dorsal root ganglia (DRGs). In pathophysiological conditions, visceral afferents can undergo functional changes to drive the persistence of disease conditions (Anand et al., 2007). For example, the sensitization of afferents innervating distal colon and rectum (colorectum) appears necessary for the prolonged visceral hypersensitivity and pain in irritable bowel syndrome (Feng et al., 2012a). A better functional understanding of visceral afferents in both health and diseases can potentially lead to the development of new treatment methods to reverse visceral hypersensitivity, the management of which is an unmet clinical need (Chen et al., 2017). Functional recordings from visceral afferents are challenged by the sparse nature of visceral innervations, i.e., visceral afferent somata being the minority in the DRG. For example, colorectal afferents make up less than 10% of the total afferent neurons in mouse L6 DRG, and the proportion is much smaller in adjacent DRGs (Guo et al., 2019).

The sparse distribution of visceral afferents in the DRG has prevented a wider application of conventional electrophysiological recordings to characterize visceral afferent functions. Only a handful of reports implemented intracellular DRG recordings by liquid-filled glass electrodes to characterize the neural encoding of afferents innervating the colon (Malin et al., 2011; Hibberd et al., 2016) and stomach (Bielefeldt et al., 2006). This is in contrast to a larger number of studies using similar approaches to record afferents innervating the skin (e.g., Woodbury and Koerber, 2007; Jankowski et al., 2010, 2012; Koerber et al., 2010; Molliver et al., 2011; Vrontou et al., 2013). Alternatively, recordings of visceral afferents were conducted by manually splitting afferent nerve trunk into microns thick filaments for single-fiber recordings (e.g., Feng and Gebhart, 2015) or using a miniature suction electrode to record from the nerve surface (e.g., Peiris et al., 2011). However, visceral organs are predominantly innervated by unmyelinated C-fibers and thinly myelinated Aδ-fibers (Sengupta and Gebhart, 1994; Danuser et al., 1997; Feng et al., 2012a; Herweijer et al., 2014; Schwartz et al., 2016), and their small axonal diameter has challenged single-fiber recordings using conventional electrodes or electrode arrays. In fact, there has been no convincing evidence in the literature demonstrating successful single-fiber recordings from unmyelinated C-type peripheral axons in mammalians by commercially available electrode arrays. Overall, electrophysiological approaches to characterize visceral afferent functions are technically challenging and can usually report no more than 100 neurons per study in the literature.

Alternatively, the fluorescent Ca2+ indicators like the Fura-2 and Fluo-4 have allowed the measurement of intracellular calcium concentrations, and corresponding algorithms have been developed to infer neural spike trains from intracellular calcium imaging data (Pachitariu et al., 2018). In addition, genetically encoded calcium indicators (GECI) can be selectively expressed in target neural populations to allow focused functional studies. Recently developed GECIs like GCaMP6f can rapidly alter their fluorescent responses within milliseconds to changes in intracellular calcium concentrations, which has made it possible to resolve individual spikes from GCaMP6f calcium responses when using fast scanning imaging methods like the confocal and two-photon microscopy (Podor et al., 2015). Recently, we and others have shown that conventional epi-fluorescence imaging is also capable to resolve individual spikes in CGaMP6f recordings (Emery et al., 2016; Kim et al., 2016; Smith-Edwards et al., 2016; Chisholm et al., 2018; Guo et al., 2019). This approach allows recording of neural activities from a whole mouse DRG (Guo et al., 2019), and thus is particularly suitable for studying visceral afferents whose somata are sparsely distributed in DRGs.

To enhance the recording efficiency from visceral afferents, we here report a cost-effective imaging system that allows optical GCaMP6f recordings of DRG neurons from a wide range of thoracic, lumbar, and sacral DRGs. By using two consumer-grade cameras with two photographic lenses, we simultaneously record GCaMP6f signals at two parallel focal planes with a 1.9-by-1.3-mm field of view, a ∼0.7 μm/pixel resolution, and a throughput of 50 frames per second for each camera. By tuning the ultrasonic motor ring within the photographic lenses, we can perform programmable control of axial focusing, providing a simple yet powerful tool for precise axial focus tracking without perturbing the sample (Supplementary Materials 1, 2). As an example, we implemented the optical recording system to characterize lumbar splanchnic and pelvic afferent innervations of the colorectum. We harvested thoracolumbar (T12 to L2) and lumbosacral (L5 to S1) DRGs innervating the colorectum via the lumbar splanchnic and pelvic nerves, respectively. We evoked colorectal afferent responses by delivering mechanical stimuli to the colorectum and implemented imaging stabilization algorithms to overcome the motion artifacts from mechanical disturbance. Furthermore, we have developed and optimized the post-processing algorithms to conduct unsupervised detection of visceral afferent responses from GCaMP6f recordings (Supplementary Material 3).



MATERIALS AND METHODS

All experiments were reviewed and approved by the University of Connecticut Institutional Animal Care and Use Committee (IACUC).


Optical Recording Setup

As shown in Figures 1A,B, the reported imaging system consists of the optical excitation and recording pathways. At the excitation path, we use a designated LED light source with the narrow frequency band (470 ± 13 nm) to excite GCaMP6f in DRG neurons. At the detection path, we use a high numerical aperture (NA) Nikon water dipping objective lens (16×, 0.8 NA) and two Canon photographic lenses (Canon EF 85 mm f/1.8 USM) for image acquisition. The system offers a wide field of view (1.9 by 1.3 mm) capable of capturing a whole mouse DRG. As shown in Figure 1A, the emitted fluorescence signals (506–545 nm) are evenly split into the two photographic lenses and captured by two image sensors (Sony IMX 183CLK, 2.4 μm pixel size). For both sensors, we perform 2 by 2 binning and acquire 8-bit gray-scale images at 50 frames per second. Each image resolution is 2,736 by 1,824 pixels with a 0.7 μm/pixel resolution at the focal plane in the DRG, sufficient to resolve the GCaMP6f signals in individual mouse DRG neurons of Φ10–40 μm as shown in Figure 1C.
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FIGURE 1. Optical setup that simultaneously captures two focal planes of a whole DRG. (A) The schematic of the reported system. (B) The prototype setup. (C) Magnified view of the two focal planes recorded from an intact DRG.


One innovation of our microscopy system is that we can perform precise focus control using the two off-the-shelf Canon photographic lenses. For many electrophysiology experiments, axially moving the stage or the objective lens may perturb the samples, leading to image misalignment and movement artifacts. In our system, we perform remote focus control using the ultrasonic motor ring within the photographic lenses without perturbing the sample as shown in Figure 1B. The motors and control circuits inside the lens are connected to an Arduino Uno board (ATmega328P) via a 7-pin connector. By driving the motor ring to different positions, we can adjust the focal plane by up to 160 μm with a minimum axial step of 0.1 μm. Technical details for the remote focus control are reported in Supplementary Material 2.

The motorized sample stage (MS-2000 and LX-4000, Applied Scientific Instrument) in Figure 1B allows maximum sample movement of 100 mm in x and y directions and 50 mm in z direction. The motorized platform is controlled via an open-source software, micro-manager (Edelstein et al., 2014). The stage allows imaging of biological samples across a large field of view, for example, multiple lumbosacral and thoracolumbar DRGs inside mouse vertebrae. We have also developed customized programs with graphic-user-interfaces (GUI) to allow on-screen control of the image capturing. The source codes are included in Supplementary Material 3.



Transgenic Mice

The Ai95 mice (C57BL/6 background) carrying homozygous GCaMP6f gene (strain# 28865, The Jackson Laboratory, CT) and homozygous VGLUT2-Cre mice (strain# 28863, Jackson Laboratory, CT) were crossbred. The Ai95 mice carried the gene “CAG-GCaMP6f” in the Gt(ROSA)26Sor locus, which was preceded by a LoxP-flanked STOP cassette to prevent its expression. By crossing Ai95 mice with VGLUT2-Cre mice, the Cre-expressing cell population has the STOP cassette trimmed, resulting in expression of GCaMP6f in glutamatergic neurons expressing type 2 vesicular glutamate transporter (VGLUT2), which made up the vast majority of sensory neurons innervating the colorectum (Brumovsky et al., 2011). Offspring of both sexes aged 8–14 weeks with both heterozygous GCaMP6f and VGLUT2-Cre genes (i.e., VGLUT2/GCaMP6f) were used for optical recordings.



Ex vivo Functional Characterization of Colorectal Afferents

We implemented the above optical recording setup to characterize the afferent encoding functions by harvesting mouse colorectum, spinal nerves and ipsilateral T12 to S1 DRGs in continuity as shown in the schematic in Figure 2A. Mice 8–14 weeks of age were deeply anesthetized by intraperitoneal and intramuscular injection of a 0.4 mL cocktail of ketamine (120 mg/kg) and xylazine (10 mg/kg). Mice were then euthanized by perfusion from the left ventricle with modified ice-cold Krebs solution replacing sodium chloride with equal molar of sucrose (in mM: 236 Sucrose, 4.7 KCl, 25 NaHCO3, 1.3 NaH2PO4, 1.2 MgSO4⋅7H2O, 2.5 CaCl2, 11.1 D-Glucose, 2 butyrate, 20 acetate) bubbled with carbogen (95% O2, 5% CO2), consistent with our prior ex vivo studies on colorectal afferents (Feng and Gebhart, 2011; Feng et al., 2016). A dorsal laminectomy was performed to expose the spinal cord and the thoracolumbar and lumbosacral DRG, i.e., from T12 to S1 DRG in Figure 2B. The colorectum with attached DRG and vertebrae was carefully dissected via blunt dissection, and transferred to a tissue chamber superfused with 32–34°C Krebs solution (in mM: 117.9 NaCl, 4.7 KCl, 25 NaHCO3, 1.3 NaH2PO4, 1.2 MgSO4⋅7H2O, 2.5 CaCl2, 11.1 D-Glucose, 2 butyrate, 20 acetate) bubbled with carbogen (95% O2, 5% CO2). The dura mater covering thoracolumbar (T12 to S2) and lumbosacral (L5 to S1) DRG was carefully removed by blunt dissection using sharp forceps (#5SF Dumont forceps, Fine Science Tools).
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FIGURE 2. Schematic (A) and photo (B) of the ex vivo preparation for functional recordings from afferents innervating distal colon and rectum (colorectum). The colorectum, spinal nerves, and T12—S1 DRGs were harvested from mice in continuity. The colorectum was cannulated and stimulated mechanically by graded pressure distension and mucosal shearing. The photo in (B) was from stitching multiple photos taken under a stereomicroscope. LSN, lumbar splanchnic nerve; PN, pelvic nerve; IMG, inferior mesenteric ganglion; MPG, major pelvic ganglion; CG, celiac ganglion.


Since most afferents innervating hollow visceral organs are mechanosensitive (Feng and Guo, 2020), we mechanically stimulate the colorectal endings by using a custom-built colorectal distension/perfusion device as illustrated in Figure 2A. The colorectum was cannulated and connected to a custom-built distending device with both in-let and out-let controlled by solenoid valves. Hydrostatic pressure columns of 15, 30, 45, and 60 mmHg filled with phosphate buffered saline (PBS) were used to deliver two distinct mechanical stimuli to colorectal afferents: colorectal distension and mucosal shearing. The control function of the solenoid valves was integrated into the same MATLAB program that captures the GCaMP6f images, allowing total program-controlled mechanical stimulation and optical recording of visceral afferents. The MATLAB program controls the solenoid valves via an Arduino microcontroller. To enable the research community to easily duplicate this distending device, we have reported in detail the hardware design, part information and the source code of the software in Supplementary Materials 4.



Optical Recording of Evoked Fluorescence GCaMP6f Signal

We capture the evoked GCaMP6f signal in each mouse DRG by high-resolution images (2,736 by 1,824 pixels after 2 by 2 binning), which provides a spatial resolution of 0.7 μm/pixel, sufficient to resolve individual DRG neurons. This system allows the recording of Ca2+ transients to resolve individual action potentials (APs) in a whole GCaMP6f-expressing DRG at two different focal planes simultaneously. The GCaMP6f signals were recorded at 50 frames per second, a sampling rate justified by the frequency spectrum of recorded Ca2+ transients. For a typical recording protocol of 40 s on one DRG, a total of 4,000 images are recorded, occupying 20 Gigabytes of hard drive space.



Automated Detection of GCaMP6f Signals From Recorded Image Stacks

We have developed an integrated routine to automatically extract GCaMP6f signals from recorded image stacks. The program first performs image alignment to account for the motion artifacts during DRG recording, which is unavoidable when characterizing the mechanotransduction of visceral afferents by mechanically stimulating the attached colorectum. It will then automatically detect DRG neurons with positive GCaMP6f signals using a series of unsupervised signal processing algorithms as detailed below, i.e., marker-based watershed segmentation, band-pass filtering, and variance analysis.


Image Alignment

As illustrated in Figures 3A,B1,B2, there is usually translational movement of more than 30 μm in the recorded DRG images during mechanical colorectal distension or mucosal shearing. We employ a misalignment correction algorithm to correct this translational and slight rotational movement of DRG (Mattes et al., 2001). We use the first frame as the reference image and perform image registration for all other frames in the image stack by maximizing the mutual information (MI) of different images. MI is a measure of image matching, and it does not require the signal to be the same in the two images (i.e., the second image can be slightly distorted with respect to the first one). It is a measure of how well one can predict the signal in the second image from the signal intensity in the first image. MI has been widely used to match images captured under different imaging modalities (Li, 1990; Pluim et al., 2003). The mutual information MI between two images X and Y can be expressed as:
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FIGURE 3. Algorithm to mitigate the motion artifact during DRG recording. (A) The magnified view of the first frame of the captured image stack. (B) The overlays of two typical image frames (#1350 and 1500, in magenta color) with the first frame (in green). Significant motion artifacts were revealed with overlays in B1 and B2 before alignment, which was greatly reduced in B3 and B4 after alignment. (C) The translational shifts of all image frames recorded from a typical colorectal distension protocol.
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where H(X) and H(Y) are the entropy of the two images, and H(X,Y) is the joint entropy. A higher MI implies larger reduction in the uncertainty between the two distributions, which means the images are better aligned. In our implementation, we allow translational shift and image rotation in the registration process. We use a gradient descent algorithm to maximize the MI with subpixel accuracy (Van Der Bom et al., 2011). To ensure the convergence, we apply 50 iterations in the optimization process. Figure 3A shows the first frame of the captured image stack. Figure 3B shows the overlays between the unaligned/aligned images of two frames. We observed a significant positional drift without applying the MI alignment process as shown in Figures 3B1,B2, which were corrected by the alignment algorithm as shown in Figures 3B3,B4. Displayed in Figure 3C is the quantified positional shift in x and y directions for the recorded 2,000 images in one experiment, showing a maximum shift of over 40 μm. We did not plot the rotation angle as it is relatively insignificant compared to the translational shift. A representative image stack before and after alignment is converted into two videos and reported in Supplementary Video 1.



Automatic Detection of GCaMP6f Signals

Table 1 summarizes the procedures of GCaMP6f signal detection. We first calculate the variance map Vbased on the aligned image stack I_j(j=1,2,⋯,J), where I_j is the jth captured image. We then initialize the global threshold H_G, the estimated number of active neurons P, and the size range of neuron Rmin and Rmax. In the iterative neuron identification process, the variance map V is converted into two binary images BWglobal and BWadaptive using global threshold H_G and adaptive threshold H_A, respectively. The adaptive threshold H_A is chosen based on the local mean intensity in the neighborhood of each pixel. The pointwise product of the binary images BWglobal and BWadaptive gives a binary image BWcombined, which represents the map where signals vary most at different time points. This binary map also suppresses the information outside the region of interest for better signal extraction. Next, we apply morphological closing and opening operations to BWcombined as follows:


TABLE 1. Algorithm outline for automatic detection of GCaMP6f signals.

[image: Table 1][image: image]
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where ⊕ denotes dilation, ⊖ denotes erosion, and we use a 3-by-3 structuring element SE of [0,1,0;1,1,1;0,1,0] in Eqs. (2, 3). These two morphological operations can clean up the background noise for better signal extraction. We further remove the small features that have fewer than 40 pixels in size from the binary result BWopen and clear the features at image borders. The updated binary result BWupdated is then used to create the distance matrix Mdistance as follows:

[image: image]

where the distance transform of a binary image is the distance from every pixel to the nearest nonzero-valued pixel of that image. The watershed transform of the distance matrix Mdistance then returns a label matrix Lwatershed that identifies the possible active neurons’ locations (watershed regions). The predefined neuron size range Rmin and Rmax are used to select the expected neurons and update the label matrix as Lselected. At the end of this iterative process, the global threshold H_G is updated by a step size α. The custom-built graphic-user-interfaces (GUI) for automatic extraction of GCaMP6f is shown in Figure 4A. In Figure 4B, we plot the GCaMP6f signals of identified neurons for further analysis.
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FIGURE 4. The graphic-user-interface (GUI) of the custom-built software for automatic extraction of GCaMP6f responses from image stacks. (A) The GUI with five panels: The image process window (right), the input image format selection panel (right top with blue label), segmentation options (right middle with green label), control panel (right middle with black label) and status panel (right bottom with red label). (B) The extracted intensity profiles of evoked DRG neurons. Detailed descriptions are listed in Supplementary Material 3.




Afferent Identification and Classification

Mouse colorectal afferents were activated by two physiologically correlated stimuli at the colorectum: stepped luminal distension by hydrostatic fluid column of phosphate buffered saline (PBS, 15, 30, 45, and 60 mmHg of 5-s steps) and luminal shear flow of PBS (20–30 mL/min) (Guo et al., 2019). Based upon response profiles to graded distension and luminal shear, colorectal DRG neurons were functionally classified into four classes: low-threshold (LT) muscular, high-threshold (HT) muscular, mucosal, and muscular-mucosal classes. LT-muscular afferents responded to all four distension pressure levels whereas HT-muscular only responded to noxious distension pressure (30, 45, and 60 mmHg); colorectal intraluminal pressure beyond 20 mmHg was considered noxious to mice (Kamp et al., 2003; Feng et al., 2010). Mucosal afferents did not respond to distension but responded to luminal shear flow. Muscular-mucosal afferents responded to both luminal shear flow and colorectal distension at all four pressure levels.



Data Recording and Analysis

Extracted GCaMP6f signals in the form of pixel intensity (0–255) from individual DRG neurons were normalized by the pre-stimulus intensity. Peak GCaMP6f transients were determined when the signal increased by 3% within 200 mSec. The duration of the GCaMP6f transients were determined by the measuring temporal width of the signal at 25% of the peak intensity. Proportions of afferent classes were compared by Chi-square test using SigmaStat v4.0 (Systat software, Inc., San Jose, CA). P < 0.05 was considered significant.



RESULTS

Using our custom-built imaging system, the evoked GCaMP6f transients in multiple DRGs were recorded at individual neural resolution. Displayed in Figure 5 are evoked GCaMP6f transients (ΔF/F, normalized fluorescent signals) in individual DRG neurons by electrical stimulation of attached dorsal roots. Recordings were conducted at 0.5, 2, and 4 Hz stimulation frequency (Figure 5A). The evoked GCaMP6f transients in Figure 5B showed a unanimous increase in baseline GCaMP6f intensity when stimulus frequency was beyond 0.5 Hz. The duration of the GCaMP6f transients was measured from 11 neurons at 0.5 Hz stimulation, showing an average duration of 1.31 ± 0.19 sec. Displayed in Figure 5C are the frequency domain of the GCaMP6f transients via fast Fourier transform, which shows that the majority of the signal frequency is between 0.3 and 5 Hz. The GCaMP6f signals were band-pass filtered (0.3–5 Hz) and displayed in Figure 5D. By analyzing the filtered signal, evoked single-spike GCaMP6f transients can be reliably detected in all recordings from 16 DRG neurons at 0.5 and 2 Hz stimulation, showing peak-to-peak ΔF/F above 3.5%. At 4-Hz stimulation, only 15% of the recordings (13 out of 87 DRG neurons in 4 mice) allow reliable detection of single-spike GCaMP6f transients (peak-to-peak ΔF/F above 3.5%) whereas the others do not.
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FIGURE 5. Frequency spectrum analysis on GCaMP6f responses evoked by electrical stimulation of the attached dorsal root. (A) The implemented electrical stimulation at 0.5, 2, and 4 Hz, respectively. (B) Evoked GCaMP6f signals in individual DRG neurons. (C) The frequency domain of the GCaMP6f transients from fast Fourier transform. (D) Band-pass filtered GCaMP6f signals.


In addition to electrical stimulation, mechanical colorectal distension and mucosal shearing were implemented to evoke GCaMP6f transients in individual colorectal DRG neurons (Figures 6A,B). The frequency domain of the GCaMP6f transients in Figure 6C indicates that the 0–5 Hz range covers most, if not all the signals of the GCaMP6f transients. Evoked afferent spikes by colorectal distension are generally high frequency (>2 Hz) to prevent reliable detection of single-spike GCaMP6f transients. In contrast, evoked afferent spikes by mucosal shearing are usually below 2 Hz and can be detected with single-spike resolution. The colorectal GCaMP6f signals were either low pass filtered (0–5 Hz for colorectal distension) or band-pass filtered (0.3–5 Hz for mucosal shearing) and displayed in Figure 6D.
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FIGURE 6. Frequency spectrum analysis on GCaMP6f responses from colorectal afferents evoked by mechanical colorectal distension and mucosal shearing. (A) The implemented mechanical colorectal distension and luminal shear flow, respectively. (B) Evoked GCaMP6f signals in individual DRG neurons. (C) The frequency domain of the GCaMP6f transients from fast Fourier transform. (D) Band-pass filtered GCaMP6f signals.


Using our high-throughput imaging system, we recorded a total of 456 colorectal neurons from 12 male mice that respond to mechanical colorectal distension and/or mucosal shearing. Among the 456 colorectal afferents, the majority (61.2%) have somata in lumbosacral (LS) DRGs, i.e., from L5 to S1; the rest 38.8% have somata in thoracolumbar (TL) DRGs, i.e., from T12 to L2. The proportions of colorectal neurons in TL and LS DRGs are shown in Figure 7A, indicating concentrated presence of colorectal neurons in T13 and L6 DRGs of TL and LS innervation pathways, respectively. Colorectal afferent neurons were functionally classified into four groups based upon their response profiles to colorectal distension and/or mucosal shearing as shown in Figure 7B; refer to “Afferent identification and classification” in “Materials and Methods” section for details. The proportion of functionally distinct afferent groups in both TL and LS innervation pathways are displayed in Figure 7C. The proportions of colorectal afferent classes are not different between TL and LS pathways (Ch-square test, p = 0.09).
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FIGURE 7. Functional recording and characterization of afferents innervating mouse colorectum in both thoracolumbar (TL) and lumbosacral (LS) pathways. (A) The distribution of colorectal neurons in thoracolumbar (T12 to L2) and lumbosacral (L5 to S1) DRGs. (B) Functional classification of colorectal afferents based upon response profiles to colorectal distension (15, 30, 45, 60 mmHg) and mucosal shearing. (C) The distributions of four colorectal afferent classes within TL and LS innervations. muc, mucosal afferents; mus-mu, muscular-mucosal afferents; L.mus, low-threshold muscular afferents; H.mus, high-threshold muscular afferents.




DISCUSSION

In this study, we reported a cost-effective high-throughput approach for functional characterization of afferents innervating visceral organs, which is generally challenging for the conventional electrophysiological recordings due to the sparse nature of visceral innervations. Functional characterization of neurons by optical recordings via GECI (Podor et al., 2015) is routinely conducted in the central nervous system (CNS) where stimulation modalities are usually either electrical or chemical. Peripheral sensory neurons encode additional stimulus modalities that are generally absent in the CNS, e.g., thermal and mechanical stimulations. Functional characterization of peripheral afferents requires applying stimuli to their nerve endings embedded in the end organs of innervation. Mechanical stimulation poses the greatest challenge for optical recordings compared to other stimuli (electrical, thermal, and chemical) due to the unavoidable motion artifacts of samples during mechanical disturbance. Even slight movement of tens of microns will lead to false optical recordings from neural somata, the diameters of which are usually in the same order.

Mechanical neural encoding is particularly crucial for visceral sensation and nociception (see Feng and Guo, 2020 for a recent review). The dominant perceptions from the viscera are discomfort and pain that are reliably evoked by mechanical distension of hollow visceral organs, but not by other pain-evoking stimuli to the skin like pinching, burning, inflammation, and cutting (Feng and Guo, 2020). Despite the importance of visceral mechanotransduction, there has been only one report in the literature characterizing mechanical visceral neural encoding by optical recordings (Guo et al., 2019), largely due to the challenge of movement artifacts. Another major challenge for conducting optical neural recordings is the high cost of the optical setups, the most widely used of which are two-photon and confocal scanning fluorescent microscopes. This prohibits a wider application of optical recordings in studying visceral afferents. In the current study, we successfully addressed the above limitations in our custom-built optical setup by (1) applying a robust image alignment algorithm to account for the translational and rotational movement of neural samples, (2) using consumer-grade optical components and image sensors to assemble the whole setup from scratch within a limited budget, and (3) further reducing sample perturbation via remote focusing using the ultrasonic motor rings of the photographic lenses. The cost for parts of our optical recording system as listed in the Supplementary Material 1 is likely less than 10% of the price for a typical fluorescence confocal microscope. We foresee a wider adoption of this approach by the research community, which will likely expedite the functional characterization of visceral afferents as well as neurons innervating non-visceral organs.

Compared with sensory innervations of the extremities, the DRGs are in closer proximity with visceral organs and thus more susceptible to mechanical stimuli to their nerve endings in the organ wall. In the current study, the recorded DRG images during mechanical colorectal distension of 60 mmHg can undergo translational movement of up to 50 microns and rotational movements of about 2 degrees. This has confounded the extraction of GCaMP6f signals from mouse colorectal DRG neurons which are generally 10–40 microns in diameter (Christianson et al., 2006a,b). To the best of our knowledge, this is the first report to document the application of an alignment algorithm to compensate image recordings of the DRG. Compared with the generic alignment algorithm based upon cross-correlation analysis (e.g., Guizar-Sicairos et al., 2008), we implemented an MI-based algorithm that does not require images to be identical (DRGs indeed showed different GCaMP6f intensity and pattern during mechanical stimulation protocols). After the alignment process, contours of individual DRG neurons generally fall within a margin around 2 microns wide, sufficiently small to avoid interfering with the ensuing extraction of GCaMP6f signals from individual somata.

We have further reduced the cost by assembling the optical recording setup using consumer-grade components, including the Canon photographic lenses and the SONY image sensors (IMX 183CLK). Compared with high-cost scientific CMOS cameras, the slightly lower sensitivity and quantum efficiency of the SONY sensor require about twice the exposure time as the scientific one to achieve comparable imaging quality. We conducted frequency spectrum analysis of recorded GCaMP6f transients and demonstrated that 0–5 Hz is the dominant frequency range of the evoked colorectal afferent activities, consistent with the maximum spike frequencies of about 5 Hz in mouse colorectal afferents from prior electrophysiological studies (Feng et al., 2010, 2012a). In addition, the relatively low cost of the SONY sensor allows us to adopt two cameras to simultaneously record at two parallel focal planes, i.e., recording from a volume of DRG tissue to double the efficiency. Instead of using a conventional microscope tube lens, we employ two Canon 85-mm photographic lenses in our platform. The photographic lens allows us to perform remote axial focus control with high spatial precision of 0.1 μm. By tuning the ultrasonic motor ring to different positions, the evoked GCaMP6f signals at the different planes of the DRG can be recorded without perturbing the samples. Also, using the commercial grade photographic lens for remote focus control significantly reduces the cost of our imaging system compared with high-cost piezo stages used in conventional microscopes.

We also implemented an unsupervised algorithm to allow automatic extraction of DRG neurons with positive GCaMP6f responses from recorded image stacks. The major advantage is that it can be used for various fluorescence imaging systems with different research purposes. By adjusting the estimated neuron size and number options in the GUI, users can modify the routine for their experiment systems. Both image format (like jpeg, tiff, and bmp) and video format data (like mp4, avi, and mov) can be processed using the reported GUI. We note that the recording and data processing are also not demanding in computing power, only requiring a personal computer with a modern CPU, 32 GB RAM and a solid-state drive. Compared with the usual manual process of marking neurons, our procedure allows expedited and unbiased processing of large amounts of image data in a robust and reliable fashion. We anticipate the adoption of this processing routine in the neuroscience research community for increasing the efficiency of extracting neural responses from larger datasets.

The calcium indicator GCaMP6f produces stronger fluorescent signals than GCaMP3 and 5 and has faster recovery kinetics than GCaMP6m, 6s, 7 (Ohkura et al., 2012; Chen et al., 2013; Muto et al., 2013), making it ideal for characterizing single-spike neural activities (Podor et al., 2015). We measured the temporal width of the GCaMP6f transients of individual action potential spikes in mouse DRG to be close to 1.3 sec, indicating complete recovery to baseline Ca2+ fluorescent levels when the spike frequency is below 0.5 Hz. We showed in the current study that spiking frequency below 2 Hz can be reliably determined in single-spike resolution from GCaMP6f transients in all DRG neurons, whereas frequency at 4 Hz can be determined in only 15% of the DRG neurons. This discrepancy in determining single spikes at 4 Hz stimulation likely reflects the different intracellular Ca2+ events in different DRG neurons. Consistent with the prior findings (Chisholm et al., 2018; Hartung and Gold, 2020), spike frequencies beyond 4 Hz will generally result in a large GCaMP6f transient, from which single spikes usually cannot be determined. A recent systematic study on mouse trigeminal ganglion neurons indicates that the magnitude and rate of those large GCaMP6f transients are not reliable measures of neural activity, nor can be used to assess changes in activities (Hartung and Gold, 2020). Thus, GCaMP6f will not allow a quantitative assessment of sensitized afferents with increased peak spike frequency, which is an indicator of peripheral sensitization in several mouse models of behavioral visceral hypersensitivity (Tanaka et al., 2011; Feng et al., 2012a,b; La et al., 2012). Hence in the current study, we used GCaMP6f responses to exclusively assess whether visceral neurons responded to certain mechanical stimuli to the colorectum and used their response profiles to functionally separate them into different groups.

Our optical approach allows functional characterization of 456 afferents innervating the colorectum, reporting a large number of afferents than previous approaches using single-fiber electrophysiological recordings (Brierley et al., 2004; Feng and Gebhart, 2011). We used VGLUT2-Cre promoter to drive GCaMP6f expression because VGLUT2 is widely expressed in 97–98% of colorectal DRG neurons according to an immunohistological study (Brumovsky et al., 2011). To identify colorectal afferents in the thoracolumbar (TL) and lumbosacral (LS) pathways, single-fiber recordings were conducted on manually teased fine nerve filaments from the lumbar splanchnic (LSN) and pelvic nerves (PN), an approach that will not determine the relative innervation densities between the two pathways. In the current study, this non-biased optical recording approach allows us to determine that thoracolumbar pathway makes up a much smaller proportion of the total afferent innervation (39%) than the lumbosacral pathway (61%). Within the LS pathway, the proportion of mechanosensitive afferents is comparable to our previous report (Guo et al., 2019). Interestingly, mucosal afferents that encode luminal shearing make up a significant proportion in the TL pathway from current study, which contrasts with the limited number of mucosal afferents characterized by single-fiber recordings from the LSN (Brierley et al., 2004; Feng and Gebhart, 2011). We speculate that this is due to the slightly stronger mechanical stimuli of mucosal shearing induced by fluid flow in the tubular colorectum in the current study than the fine mechanical stroking by a 10 mg fine brush on flattened colorectum in previous studies (Brierley et al., 2004; Feng and Gebhart, 2011). In addition, the ex vivo preparation in the current study also includes small fibers that by-pass the celiac ganglion, an innervation pathway that was absent in previous studies when recordings were conducted exclusively from the LSN distal to the celiac ganglion. Further research is warranted to identify the exact innervation pathways that contribute to the neural encoding of colorectal mucosal shearing by thoracolumbar DRG, likely via nerve transection studies similar to a previous report (Kyloh et al., 2011).



CONCLUSION

In conclusion, we report a turnkey microscopy system that allows Ca2+ imaging of DRG neurons from a wide range of thoracic, lumbar, and sacral DRGs. By using two consumer-grade image sensors with two photographic lenses, we simultaneously record GCaMP6f signals at two parallel focal planes with a 1.9-by-1.3-mm field of view, a ∼0.7 μm/pixel resolution, and a throughput of 50 frames per second from each camera. By tuning the ultrasonic motor ring within the photographic lenses, we achieved programmable focus control in the axial direction, providing a simple yet powerful tool for precise axial focus tracking without perturbing the sample. The custom-built post-processing software implemented an image alignment algorithm based on mutual information to address motion artifacts and achieved automatic extraction of the GCaMP6f signals from DRG image stacks with high computing efficiency. As a demonstration, we functionally characterized 456 afferents innervating mouse colorectum in both thoracolumbar and lumbosacral pathways. The reported system offers a cost-effective solution for recording visceral afferent activities from a large volume of DRG tissues.
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Acute respiratory distress syndrome (ARDS) is the most severe form of acute lung injury. It is induced by sepsis, aspiration, and pneumonia, including that caused by SARS coronavirus and human influenza viruses. The main pathophysiological mechanism of ARDS is a systemic inflammatory response. Vagus nerve stimulation (VNS) can limit cytokine production in the spleen and thereby dampen any systemic inflammation and inflammation-induced tissue damage in the lungs and other organs. However, the effects of increased parasympathetic outflow to the lungs when non-selective VNS is applied may result in bronchoconstriction, increased mucus secretion and enhance local pulmonary inflammatory activity; this may outweigh the beneficial systemic anti-inflammatory action of VNS. Organ/function-specific therapy can be achieved by imaging of localized fascicle activity within the vagus nerve and selective stimulation of identified organ-specific fascicles. This may be able to provide selective neuromodulation of different pathways within the vagus nerve and offer a novel means to improve outcome in ARDS. This has motivated this review in which we discuss the mechanisms of anti-inflammatory effects of VNS, progress in selective VNS techniques, and a possible application for ARDS.
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INTRODUCTION

Acute respiratory distress syndrome (ARDS) is a fulminant condition which may result in a mortality rate of more than 40% (Diamond et al., 2020). It may be caused by direct lung injury due to bacterial or viral pneumonia, inhalation of smoke, toxic chemicals, or aspiration of gastric contents, or by indirect injury due to septic shock, acute pancreatitis, burn injury, or major trauma (Wong et al., 2019). Whether induced by pulmonary or extra-pulmonary insult, ARDS is caused by pulmonary injury which manifests as interstitial and alveolar edema, severe hypoxemia, endothelial injury, and an acute systemic inflammatory response which may rapidly progress to respiratory and multi-system failure (Matthay et al., 2019; Diamond et al., 2020). ARDS secondary to virally driven pneumonia is the predominant cause of mortality from SARS-CoV-2 infection (Mehta et al., 2020; Zhang et al., 2020).


Systemic Inflammatory Response in Severe COVID Patients

In COVID-19 disease, angiotensin-converting enzyme 2 (ACE2) on the surface of the cells serves as an entry point for SARS-CoV-2 virus (Hoffmann et al., 2020). It is richly expressed in lung epithelial cells, as well as in the heart, gastrointestinal tract (GIT) and kidneys (Samavati and Uhal, 2020). Elevated plasma levels of Angiotensin II (as a result of ACE2 internalization upon viral entry) in critically ill COVID-19 patients (Ni et al., 2020) may stimulate monocyte recruitment from the spleen. The monocytes migrate to the infected tissues within 24 h where they contribute to the initial inflammatory damage (Swirski et al., 2009) and promote neutrophilic activation and migration into the interstitial and alveolar spaces. If the innate immune system fails to clear the pathogen or repair the lungs from the insult, the overactivation of the systemic immune response results in release of the pro-inflammatory cytokines interleukin-1α (IL-1α), IL-6, IL-1β, tumor necrosis factor alpha (TNF-α), and interferon gamma (IFN-γ). This is commonly termed a “cytokine storm” (Mehta et al., 2020). Analysis of the lung immune microenvironment using bronchoalveolar lavage fluid from severe and moderate COVID-19 patients showed that highly inflammatory monocyte-derived splenic macrophages prevail in the excessive inflammatory response in the lungs from patients with ARDS (Liao et al., 2020). These macrophages of splenic origin are active producers of chemokines and cytokines which promote neutrophilic migration into alveolar space and hyperactivation. The activated neutrophils release proteases and reactive oxygen species which contribute to endo- and epithelial integrity disruption, the further increase of vascular permeability with protein-rich exudate floating in the alveoli, and formation of hyaline membranes (Matthay et al., 2019). Homeostatic mechanisms opposing the effects of systemic inflammation include endogenous glucocorticoid secretion and the release of anti-inflammatory cytokines such as IL-10 (Johnston and Webster, 2009); however, they may be insufficient to limit this fulminant inflammatory cascade.



Anti-inflammatory Therapy of Cytokine Storm and ARDS in COVID-Disease

Anti-inflammatory medications aiming at reducing the cytokine storm and systemic inflammation in COVID-19 patients include non-steroidal anti-inflammatory drugs, glucocorticoids, immunosuppressants, and antagonists of inflammatory cytokines (such as IL-6R antibodies, TNF inhibitors, IL-1R antagonists, etc.). Dexamethasone was shown to be effective in improving survival in critical and severe cases of COVID-19 infection—including those requiring mechanical ventilation due to ARDS (Horby et al., 2021). Until the COVID-19 pandemic, there was no conclusive evidence for the advantage of the steroids use for the prevention or treatment of ARDS associated with other causes, and it still needs to be established whether the benefits of prolonged low dose corticosteroids outweigh the short and long-term risks, including delayed recovery (Mokra et al., 2019). Another promising therapy using Tocilizumab, a monoclonal antibody against the receptor of pro-inflammatory cytokine IL-6, emerged as an alternative treatment for COVID-19 patients with a risk of acute systemic inflammatory response and in need of mechanical ventilation (Guaraldi et al., 2020). However, anti-inflammatory medications, such as corticosteroids, may delay the elimination of the virus and increase the risk of secondary infections in immunocompromised patients (Zhang et al., 2020). Drugs targeting a particular cytokine can only inhibit a specific inflammatory factor, and thus may not be effective enough in limiting the effects of other cytokines of significance. Therefore, choosing the correct time window for anti-inflammatory therapy and identifying the patients that are most likely to benefit from immunosuppression remains a critical issue. Patients with severe COVID-19 disease could be screened for hyperinflammation using laboratory trends (e.g., increased ferritin, decreased platelet counts, or erythrocyte sedimentation rate) to identify a subgroup of patients for whom immunosuppression could improve survival (Mehta et al., 2020). It is evident, however, that identification of such patients and initiation of an anti-inflammatory therapy is required well before their condition progresses to severe stages, as ARDS is an advanced manifestation of a cytokine storm, which by that point may already have caused irreversible damage.



VAGUS NERVE STIMULATION

The vagus nerve is the main component of the parasympathetic nervous system. It innervates the majority of visceral organs, including the pharynx, larynx, tracheobronchial tree and lungs, heart, esophagus, stomach, liver, gallbladder, pancreas, small intestine, and proximal colon (Thompson et al., 2019). Importantly, the vagus nerve plays an integral role in the connection between the nervous and immune systems (Figure 1; Borovikova et al., 2000; Kressel et al., 2020). Therefore, it is of particular interest in neuromodulation of inflammation. Vagus nerve stimulation (VNS) has indirect inhibitory effects on the cytokine production in the spleen even though there is no evidence for direct cholinergic (vagal) innervation of the spleen in humans (Verlinden et al., 2019). The existing methods of cervical VNS in human patients employ electrical stimulation of the entire nerve with circumferential wire loops. The applied electrical current activates the entire vagus and all its fibers, both afferent and efferent, which results in preferential activation of sensory (afferent) fibers because they have lower activation threshold. This can cause multiple unwanted side effects, such as nausea, cough, and headache, which may limit the VNS tolerability and efficiency (Howland, 2014).
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FIGURE 1. Anti-inflammatory pathways of the vagus nerve. A schematic representation of the anti-inflammatory pathways of the vagus nerve including the hypothalamic-pituitary-adrenal (HPA) axis (green arrows), the cholinergic anti-inflammatory pathway (CAIP) (blue arrows) and the non-neural link between the vagus nerve and spleen (purple arrows). All three pathways result in attenuation of pro-inflammatory cytokine production, including tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1), and interleukin-6 (IL-6). Dorsal motor nucleus of the vagus nerve (DVMN), nucleus of the solitary tract (NTS), gastrointestinal tract (GIT), enteric nervous system (ENS), thoracic vertebrae (T5–T9), acetylcholine (ACh), NE (norepinephrine), corticotropin-releasing hormone (CRH), adrenocorticotrophic hormone (ACTH), β2-adrenergic receptors (β2-ARs), and α7–nicotinic ACh receptors (α7nAChRs).


An attractive possibility is to undertake selective stimulation of the cervical vagus nerve. Unfortunately, until recently, this was limited as the functional anatomy of fascicles in the vagus nerve was almost entirely unknown. In our group at University College London, we have developed a method to image localized fascicle compound action potential activity with Electrical Impedance Tomography (EIT) using a silicone rubber cuff with 14 circumferential electrodes (Figure 2A; Ravagli et al., 2019, 2020). Identified fascicles can then be selectively stimulated using two such electrode rings spaced 3 mm apart (Figure 2B; Aristovich et al., 2021). Our studies suggest the organotopic organization of the fascicles of the cervical vagus nerve in large mammals (sheep and pigs). Until now, three regions – namely cardiac, pulmonary and recurrent laryngeal—were localized within the cervical region of the vagus nerve and can be selectively modulated (Figures 2B,C). Work is in progress to achieve the same imaging and selective modulation of the other organs supplied by the vagus nerve. The findings are being independently validated by micro-computed tomography (microCT) tracing of fascicles from their end-organs (Thompson et al., 2020).
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FIGURE 2. Proposed approach for VNS in ARDS treatment. (A) A schematic of a silicone rubber cuff with 14 circumferential electrodes wrapped around the vagus nerve. Inset: a more detailed schematic of the cross-section of the vagus nerve surrounded by electrodes. The fascicles (white) of the nerve (gray) are grouped into four regions identified by selective stimulation and by subsequent micro-computed tomography (microCT): recurrent laryngeal (green), cardiac (red), pulmonary (blue), and the rest of the nerve with fascicles suspected to innervate the abdominal viscera (orange). Stimulation of the orange region of the nerve would result in the activation of the cholinergic anti-inflammatory pathway (CAIP) and the non-neural link between the vagus and the spleen, via the enteric nervous system (ENS) and lymphoid tissue of the gastrointestinal tract (GIT), via vagal efferents resulting in the attenuation of pro-inflammatory cytokine production. Stimulation of the vagal afferents would activate the hypothalamic-pituitary-adrenal (HPA) axis which would result in immunosuppression via glucocorticoids. Selective blocking of the pulmonary fascicles would prevent activation of pulmonary efferent fibers and the inflammation-potentiating effects of smooth muscle contraction, increased mucus secretion and vasodilation in the lungs. Overall, suppression of the immune reaction would be achieved. (B) Identification of organ-specific fascicles with a quick round of selective VNS. The pulmonary, cardiac, and recurrent laryngeal fascicles are localized by sequential stimulation of the radial sections of the nerve via electrode pairs 1–14 (stimulation for 30 s on each pair followed by 30 s recovery period) and reading out of physiological parameters: changes in respiration (end-tidal CO2, EtCO2), heart rate (HR), and contraction of the neck muscles (electromyography, EMG), accordingly. Pulmonary fascicles are located next to electrode pairs 3 and 4 (bradypnea); cardiac fascicles next to pairs 1, 13, and 14 (bradycardia); and recurrent laryngeal fascicles next to pairs 10 and 11 (maximal EMG signal). (C) A microCT cross-section of a vagus nerve at the cervical level with identified regions containing recurrent laryngeal (green), cardiac (red), and pulmonary (blue) fascicles (unpublished data, study on the left vagus nerve in pigs).



Systemic Anti-inflammatory Effects of VNS

Potent systemic anti-inflammatory effects of VNS suggest that VNS could be a promising alternative immunomodulatory treatment for patients with ARDS (Van Westerloo et al., 2006; Krzyzaniak et al., 2011; Supplementary Table 1). VNS was shown to attenuate the release of pro-inflammatory cytokines, modulate coagulation, prevent circulatory failure, and thus decrease organ dysfunction and improve survival in animal models of sepsis and endotoxemia (Borovikova et al., 2000; Van Westerloo et al., 2006). Clinical studies also demonstrated immunomodulatory effects of VNS—suppression of inflammation and improvement of clinical symptoms in rheumatoid arthritis (Koopman et al., 2016), intractable epilepsy (Majoie et al., 2011), atrial fibrillation (Stavrakis et al., 2015), and Crohn’s Disease (Bonaz et al., 2016). These effects are mediated by the following mechanisms (Figure 1):


Hypothalamic-Pituitary-Adrenal Axis

Vagus nerve afferents express IL-1β receptors at the level of paraganglia and can therefore sense local and systemic inflammation (Bonaz et al., 2016). Activation of these afferents leads to glutamate release in the nucleus of the solitary tract (NTS). The NTS sends adrenergic projections to the paraventricular nucleus of the hypothalamus, which contains a population of corticotropin-releasing hormone (CRH) neurons (Hosoi et al., 2000). CRH then acts on the anterior pituitary gland and stimulates the release of adrenocorticotropic hormone into systemic circulation (Hosoi et al., 2000) with an ultimate effect on the adrenal cortex and increased secretion of glucocorticoids which are very effective in suppressing the immune system (Fleshner et al., 1995; Bonaz et al., 2016).



Cholinergic Anti-inflammatory Pathway (CAIP)

This is a potent anti-inflammatory pathway in the spleen which is indirectly activated by stimulation of vagus nerve efferent fibers. The efferent innervation of the spleen comprises noradrenergic sympathetic fibers within the splenic nerve (Verlinden et al., 2019). Some vagal preganglionic neurons terminate in the celiac-superior mesenteric ganglia, where much of the postganglionic sympathetic nerve supply to the spleen is derived (Kressel et al., 2020). The axons of vagal preganglionic neurons form varicose-like structures surrounding individual splenic nerve cell bodies and thereby modulate the activity of the splenic nerve (Kressel et al., 2020). Acetylcholine (ACh) released from vagus nerve efferents in the celiac ganglion activates postsynaptic α7-nicotinic ACh receptors (α7nAChRs) of the splenic nerve (Vida et al., 2011). This results in the release of norepinephrine in the spleen where it acts on β2-adrenergic receptors of splenic CD4+T-cells that also release ACh. T-cell derived ACh acts on α7nAChRs of splenic macrophages which leads to a decrease of pro-inflammatory cytokine production via inhibition of the transcription factor NF-kB p65 (Rosas-Ballina et al., 2008). The spleen is the major source of cytokine production in conditions of systemic inflammation such as sepsis; thus, the cholinergic anti-inflammatory pathway (CAIP) is a potent mechanism exploited by VNS for treatment of inflammatory diseases. Direct stimulation of the efferent vagus nerve inhibits the synthesis of pro-inflammatory cytokines in liver, spleen, and GIT, and also decreases their levels in systemic inflammatory responses to endotoxemia, ischemia, sepsis and other diseases (Rosas-Ballina et al., 2008; Dos Santos et al., 2011). It has been shown that the pro-inflammatory cytokine production is attenuated by VNS, but the release of IL-10, which has counter-inflammatory actions, is unaffected (Borovikova et al., 2000).



Non-neural Link From Vagus to Spleen

A critical review of the CAIP pathway is provided in the work by Martelli et al. (2014) who also suggest a non-neural mechanism linking the activity of the vagus nerve to the decreased production of pro-inflammatory cytokines by splenic macrophages via activation of α7nAChRs receptors. The vagus nerve provides extensive innervation of secondary lymphoid tissue in the GIT and increased parasympathetic stimulation of these lymphoid depots mobilizes their ACh-synthesizing T-cells. The circulating T-cells are sequestered by the spleen, where they release ACh acting on α7nAChRs expressed by splenic macrophages (Martelli et al., 2014).



Inhibition of Tissue Macrophage Activity

A significant additional contribution to the anti-inflammatory effects of VNS is mediated by vagal efferent fibers which synapse on intrinsic neurons of the enteric nervous system in the GIT (Matteoli et al., 2014) and terminate in other visceral organs, including the liver (Borovikova et al., 2000) and lungs. Tissue macrophages contribute to the production of the pro-inflammatory cytokines released during a systemic inflammatory response; during an excessive response, this contributes to the cytokine storm and results in damage to multiple organs (Johnston and Webster, 2009). ACh released by vagal efferents acts on α7nAChRs of local tissue macrophages in the gut which leads to decreased production of the main pro-inflammatory cytokine, TNF-α (Matteoli et al., 2014). In the same way, the resident immune cells of the lungs—including alveolar macrophages, epithelial cells and activated infiltrating neutrophils—can be affected by ACh acting on their α7nAChRs to slow down the local inflammatory reaction and alleviate lung injury (Su et al., 2010).



Pulmonary Effects of VNS

Non-selective VNS will stimulate parasympathetic fibers to the lungs but this inadvertent activation may not be beneficial. It will activate pulmonary cholinergic efferents which have pro-inflammatory effects. Parasympathetic efferent stimulation leads to activation of muscarinic ACh (mACh) receptors on airway smooth muscle, glands, and vasculature which results in airway smooth muscle contraction, increased mucus secretion and vasodilation (Gosens et al., 2006). Whereas mucus secretion is an important mechanism of innate defense in airways, its excessive production and accumulation in alveoli during the inflammatory process impairs the blood-gas barrier, potentiates hypoxia and inflammatory injury (Fahy and Dickey, 2010). The predominant immune cells present in the air space are alveolar macrophages. ACh was found to stimulate these cells which resulted in the release of chemotactic activity for inflammatory cells, such as neutrophils, monocytes, and eosinophils (Sato et al., 1998). By blocking mACh receptors in mice, the production of cytokines contributing to inflammatory infiltrate and tissue damage in the lungs was inhibited (Gori et al., 2019).

On the other hand, stimulation of pulmonary afferent A-fibers (pulmonary stretch receptors) causes dyspnea and reflexly decreased parasympathetic tone, resulting in effects opposite to stimulation of pulmonary efferents—bronchodilation and decreased mucus secretion (Kubin et al., 2006). It is unclear if stimulation of the pulmonary vagal fascicles will preponderantly affect afferent or efferent fibers in the lungs. Selective VNS would be necessary to tease out whether pulmonary fibers should be stimulated or blocked to ameliorate the cytokine storm and improve outcome by modifying other parasympathetic controlled variables in ARDS.



VNS in Experimental Models of ARDS

In a rat model of venom-induced ARDS, vagal efferent stimulation was protective against Mesobuthus tamulus (MBT), but not against oleic acid (OA)-induced ARDS (Akella and Deshpande, 2015). The protective effect was explained by increased surfactant secretion and activation of the anti-inflammatory pathway. Interestingly, VNS was only effective in the MBT model—this model is characterized not only by pulmonary injury, but also by systemic cardiovascular alterations. Perhaps, the beneficial role of VNS, which was evident from prolonged survival of animals in this model, is attributed to cardiovascular effects of increased parasympathetic tone rather than its anti-inflammatory action on the lungs.

Beneficial effects of vagal efferent stimulation were reported in ventilator-induced ARDS (Brégeon et al., 2011; Dos Santos et al., 2011) and in peritonitis-induced lung injury (Boland et al., 2011), but not in other models of ARDS (sepsis and ventilation; Kox et al., 2012). In a rat model of endotoxemia-induced pulmonary inflammation potentiated by mechanical over-ventilation (Kox et al., 2012), no benefit of VNS was observed, which questions the clinical applicability of stimulation of the CAIP in systemically inflamed patients admitted to the ICU where mechanical ventilation is initiated. In this study, the vagus nerve was not transected; therefore, both afferent and efferent fibers were stimulated, and the stimulation was applied to the entirety of the nerve, with the potential detrimental effects of pulmonary efferent fiber stimulation outweighing the anti-inflammatory action of VNS. Additionally, the timing of VNS could be very critical—in this study, VNS was applied when septic shock was fully developed. It may be that the magnitude of the systemic reaction was already too high to be affected by VNS.



Proposed Approach for VNS in ARDS Treatment

It is evident that VNS assists in improving outcomes and mortality of immune dysregulation through its anti-inflammatory action (Dos Santos et al., 2011; Bonaz et al., 2016; Koopman et al., 2016; Liu et al., 2017). Existing techniques stimulate the entire nerve and often result in unwanted side effects or lack therapeutic effect due to insufficient intensity. We hypothesize that it may be possible to improve outcome in ARDS by selective VNS. This could permit employment of more optimal stimulation paradigms as they need not be limited by off-target side effects, and it may be that differential modulation of pulmonary vagal tone may yield additional benefits. Various techniques of selective VNS have been suggested, including anodal block (Tosato et al., 2007), depolarizing pre-pulses (Vuckovic et al., 2008), kilohertz electrical stimulation block (Patel et al., 2017), fiber-selective stimulation (McAllen et al., 2018) and spatially selective stimulation (Aristovich et al., 2021). Anodal block, depolarizing pre-pulses and fiber-specific stimulation allow for efficient mitigation of laryngeal side effects (Vuckovic et al., 2008) but not enough selectivity with regards to target organs or effectors. Unlike fiber-specific stimulation, spatially selective VNS accounts for the organotopic arrangement of fibers within the cervical vagus nerve (Figure 2). It provides more precise targeting than fiber-specific VNS and has been demonstrated to mitigate side effects and successfully elicit organ-specific responses (Ordelman et al., 2013; Plachta et al., 2014; Aristovich et al., 2021).



Invasive vs Non-invasive VNS

Non-invasive VNS does not require surgical intervention, and thus improves the safety and tolerability of VNS. Currently, there are two types of non-invasive VNS—transcutaneous and auricular VNS. In transcutaneous VNS (tVNS), the stimulating electrodes are applied to the skin surface over the sternocleidomastoid muscle in the neck (Yap et al., 2020). Auricular VNS (aVNS) targets the sensory auricular branch of the vagus nerve in the ear. This method makes use of the auricular-vagal reflex which involves the auricular concha, vagus nerve, NTS and the dorsal motor nucleus of the vagus nerve (Yap et al., 2020). Both tVNS and aVNS have been shown to elicit similar therapeutic effects as VNS (Hein et al., 2013; Koopman et al., 2016; Subramanian et al., 2020; Yap et al., 2020).

However, both tVNS and aVNS do not allow for the modulation of the activity of the vagus nerve organ- or function-specifically—their disadvantage compared to invasive VNS. Invasive VNS uses a surgically implantable device wrapped around the cervical vagus nerve which allows for the suggested selective VNS with a specifically designed electrode cuff. Selective activation of certain fibers of the vagus nerve, such as certain desired pathways or functions (e.g., CAIP), but not others (e.g., pulmonary fibers), is unlikely to be feasible with tVNS or aVNS which only allow for indiscriminate stimulation of all fibers (Yuan and Silberstein, 2016).



Possible Risks and Challenges

Vagus nerve stimulation is known to have a number of off-target effects (voice alteration, cough, dyspnea, dysphagia, etc.) which are mostly stimulation-related (Howland, 2014). With the proposed use of selective stimulation, these adverse effects could be avoided. The risk of bronchoconstriction and increased mucus secretion associated with stimulation of pulmonary efferent fibers would need to be monitored and avoided as to not contribute to ARDS pathogenesis further. In addition, laryngeal and esophageal muscle contractions in intubated patients would need to be prevented (Zalvan et al., 2003), as it would be a risk for mechanical damage to the nerve and upper airway obstruction. Implanting a VNS device in critically ill patients in ICU can be challenging. Ideally, the decision on the VNS device implantation should be informed by early laboratory signs of systemic inflammation, and the patients who are likely to progress to ARDS would undergo the VNS device implantation prior to the full development of cytokine storm and ARDS.



CONCLUSION

The ability of VNS to contain immune activation at the crucial stages of a nascent response whilst not impairing the specific immunity against infectious agents is highly advantageous in treating ARDS and other immune dysregulation diseases. In contrast to immunosuppressive therapy, activation of the CAIP via abdominal efferents of the vagus nerve synapsing in the celiac-superior mesenteric ganglionic complex is desirable to attenuate the over-production of pro-inflammatory cytokines—the pathophysiological feature in ARDS. However, the effect of stimulation on the pulmonary fibers needs to be considered as it is likely that this will potentiate inflammation by activation of bronchoconstriction and mucus secretion, negating the beneficial anti-inflammatory effects of CAIP activation. Selective modulation of the vagus nerve could offer the greatest chance of improving ARDS outcomes by employing independent activation or block of the splenic and pulmonary immune pathways as needed.
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Background: The auricular branch of the vagus nerve runs superficially, which makes it a favorable target for non-invasive stimulation techniques to modulate vagal activity. For this reason, there have been many early-stage clinical trials on a diverse range of conditions. These trials often report conflicting results for the same indication.

Methods: Using the Cochrane Risk of Bias tool we conducted a systematic review of auricular vagus nerve stimulation (aVNS) randomized controlled trials (RCTs) to identify the factors that led to these conflicting results. The majority of aVNS studies were assessed as having “some” or “high” risk of bias, which makes it difficult to interpret their results in a broader context.

Results: There is evidence of a modest decrease in heart rate during higher stimulation dosages, sometimes at above the level of sensory discomfort. Findings on heart rate variability conflict between studies and are hindered by trial design, including inappropriate washout periods, and multiple methods used to quantify heart rate variability. There is early-stage evidence to suggest aVNS may reduce circulating levels and endotoxin-induced levels of inflammatory markers. Studies on epilepsy reached primary endpoints similar to previous RCTs testing implantable vagus nerve stimulation therapy. Preliminary evidence shows that aVNS ameliorated pathological pain but not evoked pain.

Discussion: Based on results of the Cochrane analysis we list common improvements for the reporting of results, which can be implemented immediately to improve the quality of evidence. In the long term, existing data from aVNS studies and salient lessons from drug development highlight the need for direct measures of local neural target engagement. Direct measures of neural activity around the electrode will provide data for the optimization of electrode design, placement, and stimulation waveform parameters to improve on-target engagement and minimize off-target activation. Furthermore, direct measures of target engagement, along with consistent evaluation of blinding success, must be used to improve the design of controls—a major source of concern identified in the Cochrane analysis. The need for direct measures of neural target engagement and consistent evaluation of blinding success is applicable to the development of other paresthesia-inducing neuromodulation therapies and their control designs.

Keywords: auricular stimulation, systematic review, vagus nerve stimulation or VNS, auricular vagus nerve stimulation, transcutaneous vagus nerve stimulation, microneurography, target engagement, blinding (masking)


INTRODUCTION

Electrical stimulation of the nervous system, commonly known as neuromodulation, manipulates nervous system activity for therapeutic benefits. The wandering path of the vagus nerve, the tenth cranial nerve, and its communication with several visceral organs and brain structures makes it an attractive target to address many diseases. Vagus nerve stimulation (VNS) to treat epilepsy has been approved by the United States Food and Drug Administration (FDA) since 1997 (Wellmark, 2018). An implantable pulse generator (IPG) is implanted below the clavicle and delivers controlled doses of electrical stimulation through electrodes wrapped around the cervical vagus. Due to the safety vs. efficacy profile of the therapy, implantable VNS is currently a last line therapy after patients have been shown refractory to at least two appropriately dosed anti-epileptic drugs (American Association of Neurological Surgeons, 2021). Implantable VNS for epilepsy is purported to work through vagal afferents terminating in the nucleus of the solitary tract (NTS). NTS in turn has direct or indirect projections to the nuclei providing noradrenergic, endorphinergic, and serotonergic fibers to different parts of the brain (Kaniusas et al., 2019).

In a similar fashion, the auricular branch of the vagus also projects to the NTS, carrying somatosensory signals from the ear (Kaniusas et al., 2019). The superficial path of the nerve (Bermejo et al., 2017) in the ear means a low amplitude electrical stimulation applied at the surface of the skin can, in theory, generate electric field gradients at the depth of the nerve sufficient to alter its activity. Auricular vagus nerve stimulation (aVNS) delivered percutaneously or transcutaneously offers a method to modulate neural activity on the vagus nerve with the potential for a more favorable safety profile. Figure 1 shows innervation of the auricle by four major nerve branches, overlapping regions of innervation in the auricle, and several electrode designs to deliver electrical stimulation at the ear.


[image: Figure 1]
FIGURE 1. (A) Innervation of the auricle by five nerves (Watanabe et al., 2016): auricular branch of the vagus nerve (ABVN), chorda tympani (CT) from the facial nerve, auriculotemporal nerve originating from the mandibular branch of the trigeminal nerve, great auricular nerve, and lesser occipital nerve. (B) Artist impression of auricular innervation (He et al., 2012). Refer to Peuker and Filler (2002) dissection study mapping the innervation of the human auricle performed in 7 cadavers for original photographs. Note, microdissection cannot trace the finest of nerve branches. (C) Overlapping regions of innervation reported between the auricular branch of the vagus nerve (ABVN), great auricular nerve (GAN), and lesser occipital nerve (Peuker and Filler, 2002). Here the ABVN and GAN overlap for 37% of the area on the medial dorsal middle third of the ear—setting the precedent for large overlaps in regions innervated by different nerves. Commonly used electrodes: (D) Clips transcutaneously targeting the tragus and earlobe simultaneously in the intervention group (Stavrakis et al., 2015). (E) NEMOS electrodes by Cerbomed (Erlangen, Germany) transcutaneously targeting cymba concha in the intervention group and ear lobe in the sham group (Frangos et al., 2015). (F) Parasym (London, UK) transcutaneously targeting tragus in the intervention group and ear lobe in the sham group (Stavrakis et al., 2020). (G) Percutaneously targeting intrinsic auricular muscles zones in the intervention group (Cakmak et al., 2017). (H) Innovative Health Solutions (Versailles, IN, USA) percutaneously targeting several cranial nerves in the auricular and periauricular region in the intervention group (Kovacic et al., 2017).


Given aVNS can be implemented with minimally invasive approaches and has the potential to modulate vagal activity, there have been many early-stage clinical trials investigating a diverse range of potential therapeutic indications, including heart failure, epilepsy, depression, pre-diabetes, Parkinson's, and rheumatoid arthritis. Several companies are already developing aVNS devices, such as Parasym (London, UK), Cerbomed (Erlangen, Germany), Spark Biomedical (Dallas, Texas, USA), SzeleSTIM (Vienna, Austria), Ducest Medical (Ducest, Mattersburg, Germany), Innovative Health Solutions (Versailles, IN, USA), and Hwato (Suzhou, Jiangsu Province, China). Despite the large number of aVNS clinical studies, clinical evidence to support a specific therapeutic outcome is often mixed, with conflicting trial results for the same physiological outcome measure (Burger et al., 2020; Keute et al., 2021).

According to the Oxford Center for Evidence Based Medicine's (CEBM) Levels of Clinical Evidence Scale, the highest level of clinical evidence is a systematic review of multiple high-quality double-blinded, randomized, and controlled clinical trials (RCTs) with narrow confidence intervals, each homogeneously supporting the efficacy and safety of a therapy for a specific clinical outcome (Centre for Evidence-Based Medicine, 2009). However, reaching this level of evidence is costly and time-consuming. Years of precursor clinical studies with fewer number of subjects are needed to identify the most efficacious embodiment of the therapy that can be safely delivered. Data from these precursor studies are required to design more definitive clinical studies. The field of aVNS, being relatively new clinically, is understandably still in these early phases of clinical development.

We performed a systematic review of aVNS RCTs with two primary goals: (1) to provide an accessible framework for the aVNS community to review current studies for specific outcome measures as a resource to inform future study design and (2) to perform a qualitative assessment of the current level of clinical evidence to support aVNS efficacy for the most common outcome measures reported. To this end, the Cochrane Risk of Bias Tool (Sterne et al., 2019)—a framework previously used to identify risk of bias in RCT studies of epidural spinal cord stimulation (Duarte et al., 2020b) and dorsal root ganglion stimulation (Deer et al., 2020) to treat pain—was first used to assess the quality of evidence in individual aVNS RCTs. These data were aggregated to broadly assess the current level of clinical evidence, according to the Oxford CEBM scale, to support aVNS efficacy across the common physiological outcomes. Our efforts were not intended to provide a precise assessment of the current level of clinical evidence but to identify the most common gaps in clinical study design and reporting. These gaps were analyzed to identify systematic next steps that should be addressed before aVNS can move to a higher level of evidence for any specific clinical outcome.



METHODS


Search Method

Our literature search was designed to identify reports of clinical RCTs testing aVNS as an intervention. Two databases were searched systematically: PubMed and Scopus (includes MEDLINE and Embase databases). Additionally, two search strategies were used. The first strategy combined search terms related to aVNS and RCT. The second search strategy focused on search terms related to commercial aVNS devices and their manufacturers. Complete search strings for both strategies are available in Supplementary Material 1. The search was last updated in July 2020. In addition, citations of all selected studies were searched to identify additional studies that met the inclusion criteria. The citations of relevant reviews (Murray et al., 2016; Yap et al., 2020) were also searched. Duplicate records were removed, and the remaining records were screened at a title and abstract level to check if a clinical RCT on auricular stimulation was reported.

As our primary goal was to assess the effects of auricular stimulation, studies using any stimulation modality from any field, including acupuncture and electroacupuncture were initially included as long as the intervention was at the auricle. When it became evident that a meta-analysis would not be possible due to incomplete reporting of information, we decided to exclude traditional Chinese medicine (TCM) studies, which typically used acupuncture, electroacupuncture, or acupuncture beads. Studies were considered TCM studies if acupoints were used to justify location of stimulation or if they were published in a TCM journal. This is captured in Figure 2 adapted from PRISMA (Moher et al., 2009). All studies excluded at the end of the search after full-text review are listed in Supplementary Material 2.
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FIGURE 2. Adapted PRISMA flow chart.




Inclusion and Exclusion Criteria

In papers where more than one clinical trial was reported, each trial that was randomized and controlled was included in the systematic review; non-RCT portions of included publications were not analyzed. Only publications 1991 and after were included, with the cutoff marking the first time autonomic activity biomarkers were reportedly measured during auricular stimulation (Johnson et al., 1991).

Included studies had to report measurements of direct clinical significance. This exclusion partially relied on whether the study claimed direct clinical implications of their findings. Additionally, studies were excluded if the measurements did not have a well-established link to clinically significant outcomes. For instance, pupil size, functional magnetic resonance imaging (fMRI), electroencephalography (EEG), and somatosensory evoked potentials (SSEPs) are secondary physiological measures of target engagement (Burger et al., 2020). Although they may be useful to study the mechanisms of aVNS, they do not have well-established links to clinically significant outcomes. In comparison, heart rate variability (HRV), a measure of sympathovagal tone, is considered a measurement of direct clinical significance as sympathovagal imbalance is related to several disease states (Bootsma et al., 2003). Similarly, studies focused on cognitive neuroscience topics, such as behavior, learning, fear extinction, or executive functions were excluded. In contrast, psychological studies addressing addiction, depression, pain, and stress were included in the final qualitative review as they have had direct clinical significance.



Cochrane Risk of Bias 2.0 Tool to Assess Quality of Evidence

We used the Cochrane risk of bias 2.0 tool (RoB), an established tool to assess bias in clinical RCTs (Sterne et al., 2019), which has been cited over 40,000 times in Google Scholar, to evaluate the quality of evidence in each study. The RoB tool assesses bias in five subsections intended to capture the most common sources of possible bias in clinical studies. It is important to note a rating of “some” or “high” risk of bias does not mean that researchers conducting the study were themselves biased, or that the results they found are inaccurate. Deviations from ideal practice frequently occur due to a variety of potentially uncontrollable reasons. These deviations from the ideal just increase the chance that any stated result is a “false negative” or a “false positive” beyond the stated statistical convention used in the study.

For each study, the tool provides a suggested algorithm to rate bias through a series of guiding questions across the following five sections. Each section ends with a bias assignment of “low,” “some concerns,” or “high.” Template rubrics provided by Cochrane with the answers to these guiding questions have been included for every study evaluated in Supplementary Material 9. At several instances, the suggested algorithm was overridden by the reviewer with justification annotated on the individual rubric found in Supplementary Material 9. Below is an explanation of how each subsection was evaluated with respect to aVNS, see (Higgins et al., 2019) for more information on the recommended implementation of the Cochrane assessment tool.


Bias Arising From the Randomization Process

Randomization is important in a clinical study to ensure that differences in the outcome measure between the treatment and control groups were related to the intervention as opposed to an unintended difference between the two groups at baseline. To obtain a rating of “low” risk of bias, the study had to (1) randomize the allocation sequence, (2) conceal the randomized sequence from investigators and subjects till the point of assignment, and (3) test for baseline differences even after randomization. The latter is essential as even in a truly randomized design, it is conceivable that randomization yields an unequal distribution of a nuisance variable across the two groups. This is more likely to occur in studies with a smaller number of participants (Kang et al., 2008), which is the sample size found in many aVNS studies. Even in studies with a crossover design—meaning participants may receive a treatment and then, after an appropriate wash-out period, receive a sham therapy—it is important to test for baseline differences and that an equal number of subjects be presented with sham or therapy first (Nair, 2019).



Bias Due to Deviations From Intended Interventions

During the implementation of a clinical trial it is foreseeable for several subjects who were randomized to a given group to not receive the intended intervention or for blinding to be compromised. Compromised blinding is especially pertinent in neuromodulation studies, including aVNS studies, where there may be a difference in paresthesia or electrode location between the intervention and control group (Robbins and Lipton, 2017). Marked visual or perceptual differences between intervention groups can clue investigators and subjects to become aware of the treatment or control arm assignments, thereby violating the principle of blinding and deviating from the intended intervention. In order to receive a “low” risk of bias score, the study must have minimized and accounted for deviations from intended intervention due to unblinding, lack of adherence, or other failures in implementation of the intervention.



Bias Due to Missing Outcome Data

In conducting a clinical trial, being unable to record all intended outcome measures on all subjects is common. This can happen for a variety of reasons, including participant withdrawal from the study, difficulties in making a measurement on a given day, or records being lost or unavailable for other reasons (Higgins et al., 2019). In assessing how missing data may lead to bias it is important to consider the reasons for missing outcome data as well as the proportions of missing data. In general, if data was available for all, or nearly all participants, this measure was given “low” risk of bias. If there was notable missing data that was disproportionate between the treatment and control group, or the root cause for missing data suggested there may be a systemic issue, this measure was rated “some concerns” or “high” risk of bias depending on severity.



Bias in Measurement of the Outcome

How an outcome was measured can introduce several potential biases into subsequent analyses. Studies in which the assessor was blinded, the outcome measure was deemed appropriate, and the measurement of the outcome was performed consistently between intervention and control groups were generally considered “low” risk of bias. If the outcome assessor was not blinded but the outcome measure was justified as unlikely to be influenced by knowledge of intervention the study was also generally considered “low” risk of bias.



Bias in Selection of the Reported Result

An important aspect in reporting of clinical trial results is to differentiate if the data is exploratory or confirmatory (Hewitt et al., 2017). Exploratory research is used to generate hypotheses and models for testing and often includes analyses that are done at least in part retrospectively and are therefore not conclusive. Exploratory research is intended to minimize false negatives but is more prone to false positives. Confirmatory research is intended to rigorously test the hypothesis and is designed to minimize false positives. An important aspect of confirmatory research is pre-registration of the clinical trial before execution, including outlining the hypothesis to be studied, the data to be collected, and the analysis methods to be used. This is necessary to ensure that the investigators did not (1) collect data at multiple timepoints but report only some of the data, (2) use several analysis methods on the raw data in search for statistical significance, or (3) evaluate multiple endpoints without appropriate correction for multiple comparisons. Each of these common analysis errors violates the framework by which certain statistical methods are intended to be conducted—introducing an additional chance of yielding a false positive result. Studies that pre-registered their primary outcomes and used the measurements and analyses outlined in pre-registration generally scored “low” risk of bias in this category.




Information Extraction

Each paper was read in its entirety and a summary table was completed capturing study motivation, study design, study results, and critical review. Study motivation outlined the study hypothesis and hypothesized therapeutic mechanism of action if mentioned in the paper. We also noted whether implantable VNS had achieved the hypothesized effect in humans. Study design encapsulated subject enrollment information (diseased or healthy, the power of the study, and the inclusion and exclusion criteria), type of control and blinding, group design (crossover or parallel), stimulation parameters, randomization, baseline comparison, and washout periods. Lastly, study results included primary and secondary endpoints, adverse effects, excluded and missing data, and statistical analysis details (pre-registered, handling of missing and incomplete data, multiple group comparison, etc.). Study results also analyzed if the effect was due to a few responders or improvements across the broad group, worsening of any subjects, control group effect size, and clinical relevance and significance of findings. Where sufficient information was reported, standardized effect size was calculated using Hedges' g (Turner and Bernard, 2006).

Each publication had a primary reviewer, and an additional secondary reviewer went through all papers. Any concerns raised by either reviewer were discussed as a group. If crucial basic information (e.g., which ear was stimulated, electrode used, etc.) was not reported (NR), an attempt was made to reach out to the author and if unsuccessful, to infer the information from similar studies by the group. Inferred or requested information is annotated as such. This effort helped highlight incomplete reporting of work while maximizing available information for the review to conduct an informed analysis.

A sortable table summarizing the design and result features of every reviewed study has been included as an excel file in Supplementary Material 3 to allow viewing based on specific features of interest. Design and result features have been reduced to common keywords in this spreadsheet to facilitate sorting; however, this means specific details of outcome measures have been reduced to general categories in some cases.




RESULTS

A total of 38 articles were reviewed totaling 41 RCTs—two each in the publications by Hein et al. (2013), Cakmak et al. (2017), and Badran et al. (2018). In an initial review of the RCTs, it was apparent that a wide variety of electrode designs, stimulation parameters, study methodologies, and clinical indications were tested. As a framework by which to organize this multifaceted problem in the results below, we first discuss the electrode designs and stimulation parameters used across aVNS studies with the goal of identifying the most common aVNS implementation strategies and rationale for selection. Next, we discuss the study design features across all studies, again with the goal of identifying the most common practices. We then provide an assessment of all studies, regardless of clinical indication, using the Cochrane risk of bias (RoB) tool. Finally, we discuss the commonly measured outcomes based on treatment indication to identify which findings were most consistent across studies—couching the synthesis in results from the RoB analysis.


aVNS Electrode Designs, Configurations, and Stimulation Parameters Across Studies

Upon initial review, it was immediately evident that implementation of both active and sham varied greatly across studies. Table 1 details the electrode design, configuration (monopolar or bipolar), target location, and stimulation parameters for the active and control arms of the study.


Table 1. Electrode design, configuration, target location, and stimulation parameters (sorted by indication type, primary endpoints, and color coded RoB score).
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Table 1 is organized by indication type, then primary endpoints, then RoB score. Data is organized in the following columns:


Primary Endpoints

The main result of clinical interest. Studies are grouped by endpoints measured within their respective indications. For example, within the cardiac diseases indication the studies investigating inflammatory cytokine levels are located adjacent to each other.



Active Waveform and Location

Frequency, pulse width (PW), on/off cycle duration (duty cycle), and stimulation location.



Active Amplitude and Electrode Type

Current amplitude, titration method used to reach that amplitude, and electrode type and stimulator model when available. Titration methods are denoted as sub-sensory, first sensory, strong sensory (not painful), painful, or set at a particular amplitude. These terms reflect the cues that investigators used (Badran et al., 2019) to determine the stimulation amplitude for each subject:


Sub-sensory Titration

Stimulation was kept just below the threshold of paresthesia sensation.



First Sensory Titration

Subject is barely able to feel a cutaneous sensation.



Strong Sensory Titration

Subject feels a strong, but not painful or uncomfortable sensation from the stimulation.



Pain Titration

Stimulation amplitude is increased until the subject feels a painful or uncomfortable sensation.



Set Stimulation

Fixed amplitude across all subjects—resulting in different levels of sensation due to the individual's unique anatomy and perception.




Control

Control group stimulation amplitude, control design (sham or placebo), and stimulation location. Following Duarte et al. (2020b), we defined sham as when the control group experience from the subject perspective is identical to the active group experience—including paresthesia and device operating behavior. Conversely, placebo control is defined when the control group subjects do not experience the same paresthesia, device operation, or clinician interaction as the active group subjects.

Table 1 details the electrode design, configuration (monopolar or bipolar), target location, and stimulation parameters for the active and control arms of the study and shows that implementation of both active and sham varied greatly across studies. Figure 3 shows a box plot presenting the distribution of pulse widths, stimulation current amplitudes, and frequencies used across studies. In the active arm, the interquartile range (IQR) of stimulation current amplitudes was 0.2–5 mA, pulse width was 200–500 μs, and frequency of stimulation was 10–26 Hz. It is notable that the commonly used aVNS waveform parameters are similar to the parameters typically used for stimulation of the cervical vagus at a pulse width of 250 μs and frequency of 20 Hz (LivaNova, 2017), which uses surgically implanted epineural cuff electrodes. Outside of the IQR, the spread of the parameters is wide.
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FIGURE 3. Visualization of stimulation waveform parameters in 41 reviewed aVNS RCTs. Illustrated here are the interquartile ranges, maximums, minimums, and medians of the stimulation waveform parameters, including extreme cases. Median stimulation amplitude is 1.0 mA, pulse width is 250 us, and frequency is 22.5 Hz. Studies that report ranges for parameters are included as a single value representing the average of the boundaries of that range.


The large variation in waveform parameters is indicative of the exploratory nature of aVNS studies and underscores the difficulties in comparisons across studies where similar indications use widely different parameters. The variations in pulse width and stimulation frequency are due to the range of values chosen by investigators. The variations in stimulation amplitude are more nuanced and discussed next.

While the large variation in pulse width and frequency parameters can be explained as choices made by investigators, the sources of the large variation in stimulation current amplitude is not as trivial. It is important to consider differences in electrode design, material, area, and stimulation polarity when comparing stimulation current amplitudes across studies. This is because electrode geometry and contact area have the potential to impact target engagement of underlying nerves (Poulsen et al., 2020). Furthermore, nerve activation is a function of current density at the stimulating electrode (Rattay, 1999), and it is not possible to accurately estimate current density without knowing electrode geometry. Another source of variability arises from the fact that different studies used different titration methods to determine stimulation current amplitude. In the studies reviewed, current amplitude was often calibrated to different levels of paresthesia perception. The level of paresthesia subjects feel is related to current density, which is once again related to stimulation current through electrode geometry.

In order to determine an optimal stimulation paradigm, target engagement must be thoroughly quantified with respect to the aforementioned variables. Direct measures of target engagement of the nerve branches exiting the auricle will further our understanding of optimal stimulation parameters (see section Long Term Solutions—Target Engagement on directly measuring local neural target engagement).




aVNS Trial Designs Across Studies

The way in which studies were designed also varied greatly. Of the 41 RCTs reviewed, 20 used a crossover design while 21 opted for a parallel design. In terms of control group design, 19 studies used a sham, 17 a placebo, 2 used both sham and placebo, and 3 had no intervention as control. Studies also varied in duration: 12 were chronic and 29 were acute. The differences between these study design methods are important to emphasize and explored in section Long Term Solutions—Improvement in Control Design and Blinding.

Table 2 summarizes study designs and is organized by indication type, then primary endpoints, then RoB score. Data is organized in the following columns:


Table 2. Study designs (sorted by indication type, primary endpoints, and color coded RoB score).
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Primary Endpoints

The main result of clinical interest. Studies are grouped by endpoints measured within their respective indications. For example, within the cardiac diseases indication the studies investigating inflammatory cytokine levels are located adjacent to each other.



Subjects Analyzed

Sample size and whether subjects were healthy or diseased.



Control

Following Duarte et al. (2020b), we defined sham as when the control group experience from the subject perspective is identical to the active group experience—including paresthesia and device operating behavior. Conversely, placebo control is defined when the control group subjects do not experience the same paresthesia, device operation, or clinician interaction as the active group subjects.



Design

Study type (parallel or crossover), study time scale (acute or chronic), and intervention duration. Studies were classified as parallel if they randomized participants to intervention arms and each subject was assigned to only one intervention arm. Studies were classified as crossover if each subject group received every treatment but in a different order from the other subject groups (Nair, 2019). In some instances, the initial experimental group remained on the same intervention for the course of the study, while the control group was switched to the experimental intervention. These studies were classified as parallel, since not every subject received both interventions. Studies were classified as acute or chronic based on their duration being shorter or longer than 30 days, respectively.




Risk of Bias Tool to Assess Quality of Evidence

The Cochrane 2.0 Risk of Bias (RoB) assessment subscores for each study are summarized in Table 3. Explanations for each RoB subscore assignment [L = low (green), S = some concerns (orange), and H = high (red)] can be found generally explained in section Cochrane Risk of Bias 2.0 Tool to Assess Quality of Evidence and specifically explained for each study reviewed in Supplementary Material 9. The RoB tool provides a suggested algorithm to determine overall score based on the subscores of all sections. In several instances, the suggested algorithm was overridden by the reviewer with justification annotated on the individual rubric found in Supplementary Material 9.


Table 3. RoB overall and section scores (sorted by overall score).
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Only two studies (Bauer et al., 2016; Maharjan et al., 2018) were assigned an overall “low” risk of bias. This is unsurprising, as the risk of bias assessment is rigorous and aVNS studies are in the less rigorous exploratory stages of investigation. Subsection and overall score percentages are illustrated in Figure 4.
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FIGURE 4. Summary of Cochrane Risk of Bias overall and section scores for 38 publications reviewed.


The subsection “randomization process” was one of the best-scoring sections, in part because we assumed randomization was concealed from study investigators and subjects, even if the methodology to do so was not explicit. The studies that scored poorly in this section did not check for baseline imbalances between randomized groups or had baseline imbalances suggesting possible issues with the randomization method.

Notably, the “deviations from intended interventions” subsection tended to have the highest risk of bias. This was mainly due to issues with potential subject unblinding as a result of easily perceptible differences between active and control groups. For example, in a crossover design, the subject experiences both the paresthesia-inducing active intervention and the non-paresthesia-inducing placebo control. The difference in paresthesia may unblind the subject to the identity of the active vs. control interventions.

The subsection “missing outcome data” was generally scored as “low” risk of bias across studies. Studies scoring “high” or “some concerns” had unreported outcome data with a non-trivial difference in the proportion of missing data between interventions.

The “measurement of the outcome” subsection also generally scored a “low” risk of bias across studies. In order to score “some concerns” or worse, outcome assessor blinding to subject intervention had to be compromised. For a “high” RoB score in this section, studies measured endpoints that could be influenced by investigator unblinding, such as investigator-assessed disease evaluation questionnaires. Empirical measurements such as heart rate and blood pressure were less susceptible to this kind of bias and hence scored better.

The subsection with the highest risk for bias (“high” or “some concerns” scores) was “selection of the reported results.” This was primarily due to a lack of pre-registration in most studies. Suggestions to improve study reporting are listed in section Short Term Solutions—Guide to Reporting.



Summary of Outcome Measures Across Indications

The RoB analysis revealed potential for bias in the outcomes of the studies reviewed. Here, the studies are grouped by outcome measures—cardiac, inflammatory, epilepsy, and pain. The outcome measures of the studies—regardless of indication—are qualitatively synthesized and couched in the findings of the RoB assessment. Findings from the RoB assessment are used to point out instances where trial design or reporting may have influenced interpretation of the trial outcomes. For reviews comprehensively synthesizing pre-clinical and both non-randomized and randomized clinical studies by indication, without emphasis on RoB, see Yap et al. (2020) and Jiang et al. (2020).


Cardiac Related Effects of aVNS

The most common cardiac effects assessed were changes to heart rate (HR) and sympathovagal balance. To measure sympathovagal balance, heart rate variability (HRV) was used. Fifteen studies with cardiac, pain, or other indications reported HR or HRV measures and are summarized in Table 4. Results conflicted across studies for heart rate changes and sympathovagal balance but suggest aVNS may have an effect on both. However, there are concerns that these results may be attributed to trial design and inconsistent measurement methods.


Table 4. Summary of cardiac (heart rate and heart rate variability) studies.
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Studies that reported a change in HR measured a modest mean drop of 2–3 beats per minute (BPM) in the active group. However, almost half of the 11 trials reporting HR effects reported no significant difference in effect between or within control and active stimulation. Stavrakis et al. (2015) and Yu et al. (2017) attained a consistent decrease in HR in every subject by increasing the stimulation amplitude until a decrease in HR was measured. They reported a mean stimulation threshold to elicit a HR decrease that was above the mean threshold for discomfort. In addition, Frøkjaer et al. (2016) and Juel et al. (2017) reported a significant decrease in HR during sham at the earlobe but not during active stimulation at the conchae and tragus. This observation suggests that decrease in HR may not be vagally mediated but perhaps mediated by trigeminal or cervical nerve branch afferents (see Figure 1A) or sympathetic efferents (Cakmak, 2019). See Cakmak (2019) for a comprehensive discussion on possible auricular stimulation pathways and mechanisms. Taken together, there is evidence for the effects of auricular stimulation on decreasing HR at high stimulation amplitudes, but it is uncertain if this decrease is mediated by the auricular branch of the vagus.

HRV, used as a measure of sympathovagal balance, was quantified inconsistently across studies and may not be an accurate indicator of whole body sympathovagal balance. Shown at the bottom of Table 4 are multiple ways to analyze electrocardiogram (ECG) data for HRV. Different ways to quantify HRV enables multiple comparisons—which were often not appropriately corrected for—in search of statistical significance. HRV was calculated differently across studies making it difficult to uniformly draw conclusions across the aggregate of studies. Furthermore, HRV is not a measure of whole body sympathovagal tone, but of cardiac vagal activity—it relies on the physiological variance in HR with breathing. More variance in HR during breathing indicates more vagal control and a corresponding shift in cardiac sympathovagal balance to parasympathetic (Goldberger, 1999). Contradictory results on the parasympathetic effects of aVNS indicates that either the effects of aVNS on HRV are inconsistent, or that HRV is an unreliable measure of cardiac sympathovagal balance (Bootsma et al., 2003; Billman, 2013; Hayano and Yuda, 2019; Marmerstein et al., 2021), or both. Overall, the effects of aVNS on sympathovagal balance conflict between studies. Similarly, Wolf et al. (2021), in a meta-analysis pre-print, concluded that there was “no support for the hypothesis that HRV is a robust biomarker for acute [aVNS].”

Given that cardiac effects are closely related to a subject's comfort and stress levels, it is important to consider trial design influences such as subject familiarization. For example, a clinical trial visit could increase stress levels and blood pressure of the subjects (Wright et al., 2015) and mask any potential therapeutic effects of aVNS on blood pressure. Another example of subject familiarization is related to HRV. Borges et al. (2019) tried to accommodate for subject familiarization by delivering a 5 min “familiarization” stimulation at the cymba concha before the experimental intervention. Unfortunately, baseline HRV measurements were taken immediately after these “familiarization” stimulation sessions and could be affected by the stimulation delivered. Hence, there is no true baseline measurement—before any stimulation is applied—of HRV and casts doubt on the findings of the study, which claimed no significant effects of aVNS on HRV. In summary, conflicting results on the cardiac effects of aVNS could be attributed to trial design and measurement methods.



Inflammatory Related Effects of aVNS

Seven studies with cardiac or anti-inflammatory indications measured cytokine levels and are summarized in Table 5. Cytokine levels were either measured directly in drawn blood (circulating) or after an in vitro endotoxin-induced challenge on drawn blood. In the four studies that measured circulating cytokine levels, results are somewhat conflicting. Stavrakis et al. (2020) reported a significant decrease in tumor necrosis factor alpha (TNF-α) and no significant changes in IL-6, IL-1β, IL-10, and IL-17, consistent with subjects with moderate atrial fibrillation burden and not suffering from any inflammatory condition. TNF-α is one of the most abundant mediators in inflamed tissue and is present in the acute inflammatory response (Parameswaran and Patial, 2010). In subjects being treated for myocardial infarction, Yu et al. (2017) reported that the active group was significantly lower than the control group for all measured cytokine levels [TNF-α, IL-6, IL-1β, and high-mobility group-box 1 protein (HMGB1)]. Unlike Stavrakis et al. (2020) and Yu et al. (2017), Salama et al. (2020) reported no statistically significant change in TNF-α, along with lower levels of c-reactive protein (CRP) and IL-6, compared to control. CRP is also an acute phase protein whose release from the liver is stimulated by increased levels of IL-6 (Del Giudice and Gangestad, 2018). Lastly, Afanasiev et al. (2016) measured HSP60 and HSP70, which are heat shock proteins and responsible for preventing damage to proteins in response to stressors such as high temperature (Morimoto, 1993). Both HSP60 and HSP70 increased significantly in Afanasiev et al. (2016), indicating a potential anti-inflammatory effect.


Table 5. Summary of inflammatory studies.
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The limited applicability of in vitro endotoxin-induced assays was discussed in Stoddard et al. (2010), Yang et al. (2011), and Thurm and Halsey (2005). Additionally, Broekman et al. (2015) provided an example where an in vitro assay was unsuccessful in identifying disease severity in patients with a quiescent autoimmune disorder. Nonetheless, we summarize the findings on anti-inflammatory effects of aVNS on in vitro endotoxin-induced assays. In Stavrakis et al. (2015), acute stimulation was delivered intraoperatively to subjects undergoing ablation treatment for atrial fibrillation. After 1 h of stimulation, there was a significant decrease in TNF-α and CRP levels in femoral vein draws. In Addorisio et al. (2019), vibrotactile stimulation was applied for only 2 min and showed a statistically significant decrease in endotoxin-induced cytokine levels of TNF-α, IL-6, and IL-1βin blood drawn 1 h after stimulation.

Overall, these studies provide evidence that aVNS may reduce circulating levels and endotoxin-induced levels of inflammatory markers and suggest a potential anti-inflammatory effect of aVNS. The clinical relevance of endotoxin-induced measures needs to be further explored and the implications of lowered circulating cytokine levels on disease burden needs to be further investigated in RCTs.



Epilepsy Related Effects of aVNS

The three studies that investigated the antiepileptic effects of aVNS were all chronic studies and are summarized in Table 6. All used stimulation frequencies between 20 and 30 Hz similar to implantable VNS (LivaNova, 2017). However, other stimulation parameters varied widely. All studies reported a 20–40% decrease in seizure frequency from baseline and showed significance from baseline after a few weeks to months of daily prescribed stimulation.


Table 6. Summary of epilepsy studies.

[image: Table 6]

Based on these three chronic studies, there is some evidence to support the anti-epileptic effects of aVNS. The primary outcomes of these non-invasive interventions are comparable to that of implantable VNS in studies of similar duration and sample size (Ben-Menachem et al., 1994; Handforth et al., 1998). However, due to concerns over unblinding and weaker evidence in between group analysis compared to within group analysis, it is possible that the effects may be attributed to placebo. The concern that this effect is placebo is exacerbated by the fact that the studies used widely varying stimulation parameters yet achieved similar results.



Pain Related Effects of aVNS

Ten studies investigated the effects of aVNS on the amelioration of pain and are summarized in Table 7. Five studies investigated the effects of aVNS on evoked pain threshold levels in healthy subjects but used varying pain-assessment methods. One study investigated the effects of aVNS on evoked pain threshold levels in chronic pancreatitis patients (Juel et al., 2017). The other four studies examined the effects of aVNS on self-reported pain scores in patients already suffering from pain due to endometriosis (Napadow et al., 2012), chronic migraine (Straube et al., 2015), fibromyalgia (Kutlu et al., 2020), and gastrointestinal (GI) disorders (Kovacic et al., 2017).


Table 7. Summary of pain studies.
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Across studies, the observed effects of aVNS for pain are highly varied. In studies that investigated evoked pain thresholds, results showed negligible changes in pain threshold levels due to aVNS therapy. For chronic migraines, Straube et al. (2015) reported a therapeutic effect in both the 1 and 25 Hz stimulation groups. Unexpectedly, the 1 Hz stimulation, originally designated as sham in the trial design, resulted in a reduction of headaches—comparable to medications used in migraine prevention—while the 25 Hz treatment had a smaller effect on the reduction of headaches (−7.0 episodes with 1 Hz vs. −3.3 episodes with 25 Hz over 28 days). Studies to isolate stimulation parameters that are therapeutic for pain are needed given that the 1 Hz stimulation, generally considered a sham due to its low frequency, was more effective than the 25 Hz intervention group. For gastrointestinal-related pain and chronic pelvic pain, pain was also significantly ameliorated by aVNS therapy. Overall, these studies provide evidence that aVNS may be therapeutic for some pain conditions, but more studies are needed to further explore the effectiveness for specific medical conditions and rule out significant contributions from placebo effects.



Other Effects of aVNS

Other potential effects of aVNS investigated clinically included severity of motor symptoms in Parkinson's disease, depression, schizophrenia, obesity, impaired glucose tolerance, gastroduodenal motility, and tinnitus. Most of these effects were only investigated in a single RCT and there is not sufficient evidence to synthesize and evaluate across trials. The results of these individual studies are summarized in Supplementary Material 3. More studies are needed to further explore the effects of aVNS for these indications.





DISCUSSION

This is the first systematic review applying the Cochrane Risk of Bias (RoB) framework to auricular vagus nerve stimulation (aVNS) clinical trials. Our systematic review of 38 publications, totaling 41 RCTs, shows high heterogeneity in trial design and outcomes—even for the same indication. In the extreme, outcomes for heart rate effects of aVNS ranged from a consistent decrease in every subject in two studies to no heart rate effects in other studies. Findings on heart rate variability (HRV) conflict between studies and were hindered by trial designs including inappropriate washout periods and multiple methods used to quantify HRV. Early-stage evidence suggests aVNS reduces circulating levels and endotoxin-induced levels of inflammatory markers. Studies on epilepsy reached primary endpoints similar to previous RCTs on implantable VNS, albeit with concerns over quality of blinding. Clinical studies that tested aVNS for pain showed preliminary evidence of ameliorating pathological pain but not induced pain. Across the board, there are concerns on the extent of the contributions by placebo effects—especially since novel medical devices, such as aVNS devices, which also produce abnormal sensations (i.e., paresthesia), have a known larger placebo effect (Doherty and Dieppe, 2009).

The highest level of clinical evidence is multiple homogenous high quality RCTs as outlined in the Oxford CEBM Levels of Clinical Evidence Scale. The outcomes of these trials must consistently support the efficacy and safety of the therapy for a specific clinical indication. In the reviewed trials, several root causes—design of control, unblinding, and inconsistent reporting of results—raise the level of concern for bias in the outcomes. The current quality of evidence for aVNS RCTs supporting a particular clinical indication may generally be placed at grade 2, for “low quality” RCT, on the Oxford CEBM scale (Centre for Evidence-Based Medicine, 2009). An RCT is considered “low quality” for reasons including imprecise estimates, variability in results, indirect evidence, and presence of publication bias. For aVNS to reach the highest quality of clinical evidence for a particular indication, multiple RCTs must homogeneously support the safety and efficacy of the therapy for that indication.

In the following sections, we discuss gaps and improvements informed by our systematic review to aid the development of aVNS therapies. In the short term, we suggest improvements in the reporting of clinical trial results to allow meta-analysis of results across aVNS studies. In the long term, we highlight the need for direct measures of target engagement as biomarkers to study therapeutic effects and therapy limiting side effects, and better translate learnings from animal models to humans. Also in the long term, we discuss the needs and associated challenges in careful design of controls and maintenance of blinding.


Short Term Solutions—Guide to Reporting

Several steps can be implemented immediately to increase the quality and consistency of reporting in aVNS studies, enabling comparison of results across studies.

Across the studies, the greatest risk of bias came from the Cochrane section “selection of reported results.” A comprehensive guide to clinical trial reporting is found published by the CONSORT group along with detailed elaborations (Moher et al., 2010). See Kovacic et al. (2017) for an aVNS study that followed the CONSORT reporting recommendations. Pre-registration of trials, use of appropriate statistical analysis, justifying clinical relevance of outcome measures, and contextualizing clinical significance of results are discussed here. These ideas are summarized in Table 8. If followed across aVNS studies, these suggestions would reduce the risk of bias identified in the RoB section reporting of results and enable the synthesis of knowledge by making reporting more comparable across studies (Farmer et al., 2020).


Table 8. Checklist for trial reporting.
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Pre-registration

Pre-registration of planned enrollment, interventions, outcome measures and time points, and statistical plan to reach primary and secondary endpoints reduces risk of bias in the reporting of results. When the trial is reported, commentary should be made on adherence and deviations from the pre-registration with appropriate justifications. Exploratory analysis of the data may still be performed but needs to be denoted. Exploratory analysis can be used to suggest design of future investigations. The amount of exploratory analysis should be limited, and all non-significant exploratory analysis performed before reaching the significant results should also be reported. Of the 41 aVNS RCTs reviewed, 13 RCTs pre-registered, but only 5 had sufficient information to be considered a complete pre-registration. Pre-registration reduces risk of bias in reporting of results by preventing analysis of only select measures (section 5.1 of RoB rubric) and multiple analysis of data (section 5.2 of RoB rubric).



Appropriate Statistical Analysis

Data may be analyzed in many ways to claim the effect of an intervention. For example, studies may report a between group analysis comparing the change in the active arm to the change in the control arm or a within group analysis comparing the active arm after treatment to baseline. The more appropriate method for a controlled study is a between group comparison of the active arm vs. the control arm. Several studies claimed statistically significant findings based just on the within group analysis even if the between group analysis was non-significant. An example illustrating this difference is found in Supplementary Material 6. Pre-registration of the planned statistical analysis will discourage unjustified multiple analysis of the data.

In crossover design studies, there was a major gap in the reporting of baseline comparison between randomized groups. Even in a crossover design where each subject receives all interventions, it is crucial to compare baseline differences between groups as one would do for a parallel study. This is especially pertinent in pilot studies with small sample sizes, where a baseline imbalance between groups is more likely to occur and affect the trial outcome (Kang et al., 2008). Additionally, if the order of intervention becomes pertinent, due to an incomplete washout period or compromised blinding, then it is essential that the baseline randomization between groups is balanced to enable further analysis.

Another concerning gap in crossover design studies was in the lack of reporting the statistical test for carryover effects. The test detects if the order of intervention received had an effect on the outcome (Shen and Lu, 2006). The test for carryover effects shows significance when there are incomplete washout effects, baseline imbalances, or compromise in blinding. It is perhaps the single most important gauge of the quality of a crossover design and should always be performed and reported—only 4 of 20 crossover design studies reported the carryover effects test. A baseline comparison between groups will ensure that baseline differences do not contribute to significance in the test for crossover effects—allowing effects from incomplete washout periods and compromised blinding to be isolated.

Reporting of individual results is a simple and effective way to convey the average and variance in outcomes, the fraction of responders, and worsening of symptoms (if any) in the non-responders. In Stavrakis et al. (2020) there is worsening of symptoms in the non-responders (53% of the active group) at the 3-month evaluation, which is also the only time point at which atrial fibrillation burden is measured concurrently during stimulation. This clinically relevant finding was evident during review because individual results were presented. Individual results were only presented in 10 of 41 aVNS studies reviewed. Reporting of individual results should be considered where allowed by clinical trial protocol.



Justify Clinical Relevance of Outcome Measures

The outcome measure itself may not be established as clinically relevant. For example, in vitro endotoxin-induced cytokine measurements were used to proxy in vivo immune response in several aVNS studies including Addorisio et al. (2019). While endotoxin-induced cytokine levels produce a stronger signal, they may not be clinically relevant in the case of an auto-immune disease such as Rheumatoid Arthritis tested in Addorisio et al. (2019).

The clinical accuracy of the measurement tool must also be considered. For example, aVNS studies often used photoplethysmography (PPG) based methods at the finger to measure blood pressure. Given the change in blood pressure signal during aVNS is already small, it is unnecessary to lose statistical power by using less accurate PPG based methods (Elgendi et al., 2019) to measure blood pressure. Clancy et al. (2014) used both a finger-based PPG, Finometer®, and a traditional arm sphygmomanometer to measure blood pressure and concluded that the increase in blood pressure measured using the Finometer® may be due to an artifact of the PPG measurement method. Discussion on clinical relevance of the outcome measure provides justification for the selection of reported results.



Contextualize Clinical Significance of Results

An outcome that is statistically significant does not necessarily indicate clinical significance. Contextualizing the trial results allows the reader to better understand the clinical significance of the findings. This may be done by comparing the study outcome to the outcome of the standard of care or another therapy. For example, Cakmak et al. (2017), in an aVNS trial for Parkinson's disease, showed a 5.3 points improvement on the UPDRS part 3 for motor symptoms (Goetz et al., 2008). Their result could be contextualized with the 18.4 points improvement in DBS (Kahn et al., 2019).

Clinical significance of results should be discussed in relevance to the subject population—particularly with consideration to disease severity and heterogeneity. For example, Juel et al. (2017) repeated a study in the diseased population after Frøkjaer et al. (2016) first reported a similar trial in healthy subjects. While the study in healthy subjects concluded significant findings, the subsequent study in diseased subjects did not. They cited pathological neural circuitry as a possible reason. Whether the difference was due to pathophysiology or differences in trial design and analysis is uncertain. Regardless, inclusion and exclusion criteria often restrict the subjects enrolled in terms of disease severity and heterogeneity and consideration should be given to the study subject population when discussing clinical significance of the findings.




Lessons From Drug World

As the translation of drugs into clinical use is more established than neuromodulation therapies, it is instructive to review the translation of drugs for pitfalls in moving toward FDA market approved therapies. Less than 12% of drugs that received an FDA Investigational New Drug approval to begin human studies (the current stage of development of many aVNS based therapies) reached market approval (Paul et al., 2010; DiMasi et al., 2016). Gupta et al. (2011) identified several factors that hindered the successful translation of drug therapies from early-stage results to market approval, which are also relevant to aVNS therapies.

1. Lack of pharmacodynamic measures in early-stage clinical trials to confirm drug activity (Gallo, 2010). This is similar to the lack of evidence that aVNS is activating desired fiber types in the auricular branch of the vagus and not activating other fiber types including those within the great auricular, lesser occipital, facial, and trigeminal nerves which innervate the auricular and periauricular region.

2. Lack of validated biomarkers for on- and off-target engagement—impacting our ability to assess and confirm therapeutic activity vs. side effects (Institute of Medicine, 2014). Again, similar to the lack of biomarkers in aVNS trials to confirm on- and off-target nerve activation.

3. Lack of predictability of animal models for humans (Johnson et al., 2001). Relevant in aVNS to translatability of electrode configuration, dosing, and stimulation parameters given changes in size, neuroanatomy, and neurophysiology from animal models to humans. A concern confirmed by other neuromodulation therapies (De Ferrari et al., 2017).

A method to directly measure local neural target engagement will provide an immediate biomarker of on- and off-target activity and forestall some of the hurdles encountered in drug therapy development. A minimally invasive method to measure target engagement percutaneously could be deployed across preclinical models and early clinical studies (Ottaviani et al., 2020). Doing so would increase the translatability of findings by providing data to titrate electrode design, placement, and stimulation waveform parameters to optimize for on-target engagement.



Long Term Solutions—Target Engagement

On- and off-target nerve activation is especially relevant in the case of the auricle that is innervated by several nerves with uncertainty on the specific areas of innervation in literature and across subjects. Data from direct measures of on- and off-target engagement could be used (1) to titrate the therapy by adjusting electrode design, placement, and stimulation waveform parameters to optimize on-target engagement, (2) to scale pre-clinical animal doses to humans by preserving the fiber types activated, and (3) to help investigate fundamental mechanisms of action by isolating local neural pathways.

aVNS is commonly delivered at the cymba concha with the assumption that the cymba concha is innervated only by the auricular vagus. This is based on two pieces of evidence. Firstly, Peuker and Filler (2002) showed the cymba concha is innervated only by the auricular vagus in 7 of 7 cadavers. Notwithstanding, there may be variation in innervation or spread of the electric field, which could activate the neighboring auriculotemporal branch of the trigeminal nerve and even the great auricular nerve. Variations in peripheral nerve innervation has been well-studied for other regions of the body, such as the hand (Bas and Kleinert, 1999; Guru et al., 2015). The reliance on the Peuker and Filler study is concerning due to its small sample size. Given the importance of the claims in Peuker and Filler, a further dissection study with a larger sample size is called for to investigate whether the results hold over a larger population of ethnically diverse individuals. Secondly, functional magnetic resonance imaging (fMRI) evidence is also used to suggest vagal innervation of the conchae (Frangos et al., 2015). However, fMRI is a surrogate measure of target engagement and is especially problematic when imaging deep in the brainstem, as described below.

Target engagement is commonly established using secondary surrogates such as fMRI, somatosensory evoked potentials (SSEPs), and cardiac measures. Secondary surrogates of target engagement are often contaminated with physical and biological noise, leading to potential confounds. For example, Botvinik-Nezer et al. (2020) and Becq et al. (2020) showed that results of fMRI studies were highly dependent on data processing techniques applied. In addition, pathways starting from the trigeminal nerve in the auricle also connect to NTS (Chiluwal et al., 2017), and activate the same region in the brain when in fact the auricular vagus might not be recruited during stimulation. fMRI of the brainstem is further complicated (Napadow et al., 2019) as distance from the measurement coils increases, the effective resolution decreases (Gruber et al., 2018). Still further, novelty, such as being stimulated in the ear or being in an MRI scanner, activates the locus coeruleus (LC) (Wagatsuma et al., 2018), which has connections with NTS. Thereby confounding potential aVNS effects on NTS with LC induced activity due to novelty effects. Lastly, fMRI has non-standard results between subjects requiring individual calibration and making subject to subject comparisons challenging. Additionally, SSEP recordings are sometimes contaminated and misinterpreted due to EMG leakage (Usami et al., 2013). The common measures of target engagement are secondary surrogates and prone to confounds—creating a need for direct measures of local target engagement at the nerve trunks innervating the auricle.

Given the lack of direct measures of local target engagement, aVNS studies rely largely on stimulation parameters that are similar to those used for implantable VNS. The assumption that these stimulation parameters will result in similar target engagement and therapeutic effects may not hold due to the differences in target fiber type, fiber orientation, and electrode design and contact area—all of which affect neural recruitment. Cardiac effects of implantable VNS are thought to be mediated by activation of parasympathetic efferent B fibers innervating the heart (Sabbah et al., 2011) or aortic baroreceptor afferents depending on the stimulation parameters used. Studies of the baroreceptors at the aorta and carotid sinus bulb identified fiber types consistent with Aδ and C fibers (Seagard et al., 1990; Reynolds et al., 2006). Strikingly, consensus workshops have suggested that aVNS is mediated by activation of Aβ fibers (Kaniusas et al., 2019). There is also no evidence of baroreceptors identified in the ear. These difference between the auricular and cervical vagus suggests a direct porting of stimulation parameters developed for implantable VNS would be insufficient to invoke cardiac responses, unless another yet unidentified mechanism for cardiac responses mediated through NTS is responsible, which can be targeted by Aβ fiber input that then indirectly modulates sympathetic or parasympathetic input to the heart. Unlike stimulation of the cervical vagus nerve trunk, where the electrode contacts are oriented parallel to the target axons, electrode contacts for aVNS do not have consistent orientation with respect to the target axons, which exist as a web of axons in the auricle. Orientation of fibers relative to the stimulation electrode have a large effect on fiber recruitment (Grill, 1999) and could potentially lead to preferential activation of nerve pathways oriented in a particular direction to the stimulation contacts, as well as inconsistent activation of specific fiber types across the auricle. Additionally, target fibers in the auricle transition to unmyelinated fibers as they approach sensory receptor cells (Provitera et al., 2007). For these reasons, while cathodic leading stimulation might have lower recruitment thresholds in implantable VNS, the principle may not hold for aVNS (Anderson et al., 2019). In aVNS, target fiber type, electrode design, electrode size, transcutaneous placement, and orientation of the target fiber relative to the electrode are different both compared to implantable VNS and across aVNS studies. Therefore, it is unsurprising that stimulation parameters ported from implantable VNS may not replicate the physiological effects or recruitment of fiber types that have been observed during implantable VNS.

In relation to electrode design, injected charge density, as opposed to current or voltage, is the most relevant metric of neural activation. This is because stimulation evoked action potentials occur in regions of the neural cell membrane where there is an elevated charge density (McNeal, 1976; Rattay, 1999). For effective comparison across studies using different electrodes, it is imperative to report on the electrode area, especially on the area as it makes contact with tissue, along with stimulation current.

The above discussion stresses a general lack of confidence in ascertaining which of several nerve trunks innervating the auricle are being activated during aVNS that may be generating the on- or off-target effects. Cakmak et al. (2017) further proposed that the therapeutic effects they reported for motor symptoms of Parkinson's diseases came from direct recruitment of the intrinsic auricular muscles instead of the auricular vagus nerve. The fundamentals of neural stimulation do not support directly porting stimulation parameters from implantable VNS. Therefore, it is important to understand which fiber types on the auricular vagus are being activated, if at all. This knowledge requires direct measures of local target engagement from the nerves innervating the auricle.

To further the development of aVNS, it will be essential to understand local target engagement of the nerve trunks innervating the ear. Ultrasound guided (Ritchie et al., 2016) percutaneous microelectrode recordings (Ottaviani et al., 2020) from the major nerve trunks innervating the ear, similar to the technique to measure muscle sympathetic nerve activity (MSNA), provides a way to directly measure local neural recruitment. Real-time data on neural target engagement would enable optimization of stimulation parameters, electrode, and control designs (Chang et al., 2020). These data would also improve translation of stimulation dosages from animal models to humans. Tsaava et al. (2020) showed that the anti-inflammatory effects of implantable VNS are stimulation dose dependent and could lead to the worsening of inflammation at certain dosages. Since target engagement in humans is currently unknown, there is no consistent means of determining dosage accurately—raising potential safety concerns. This minimally invasive method to record neural target engagement is already used clinically and could be rapidly translated to the clinic for use in titrating neuromodulation therapies.

Understanding primary target engagement at the ear will also further our understanding of aVNS mechanisms. For example, large animal recordings of evoked compound action potentials from the major nerve trunks innervating the ear may help in understanding the relationship between on- and off-target nerve engagement and corresponding physiological effects. Simultaneous recordings at the cervical vagus may allow differentiation of direct efferent vagal effects vs. NTS mediated effects, which would appear with a longer latency due to synaptic delay and longer conduction path length. Measuring neural target engagement at the auricle provides a first step to systematically studying aVNS mechanisms and optimizing clinical effects.



Long Term Solutions—Improvement in Control Design and Blinding

The design of an indistinguishable yet non-therapeutic control is central to maintaining the blinding in a clinical trial. Stemming from limited understanding of local target engagement and mechanism of action of aVNS, it is difficult to implement an active control (i.e., sham) that has similar perception to the therapeutic group but will not unknowingly engage a therapeutic pathway. This uncertainty in the therapeutic inertness of the control violates some of the basic premises for a RCT and makes it difficult to evaluate aVNS RCTs on the Oxford Scale for clinical evidence. Systematic effort must be made to design controls, which are key to maintaining blinding in aVNS RCTs.

Common control designs used in aVNS studies are summarized in Figure 5. A placebo is defined when the electrode placement and device are similar to the active intervention, but no stimulation is delivered. A waveform sham is defined when a different—non-therapeutic—waveform is delivered at the same location as active intervention. In a location sham, the same waveform as active intervention is delivered at a different location on the auricle and should not engage a therapeutic nerve. Lastly, no intervention or a pharmacological control may be used. Location sham was the most common control used in 16 of 41 RCTs reviewed. These different control designs are evaluated at length in Supplementary Material 4 along with recommendations on appropriate control types depending on trial design.


[image: Figure 5]
FIGURE 5. Types of controls used in aVNS clinical trials. The ideal control is indistinguishable from active intervention, to both subject and investigator, yet therapeutically inert.


Inappropriate implementation of the control group resulted in compromised blinding in many studies. Subject unblinding occurred when subjects were able to feel a paresthesia in the active intervention but not in the control. For example, in cross-over trials, where subjects undergo both the active and control intervention, post-hoc assessment of blinding becomes critical given the perception of sensation being unequal could easily break the blind. Investigator unblinding occurred when investigators were able to see differences in electrode placement or device operation. Unblinding due to inappropriate control design is the main contributor leading to risk of bias in the Cochrane section “deviation from intended intervention.” The design of appropriate controls is difficult for trials testing non-pharmacological interventions—especially for paresthesia-inducing neuromodulation trials (Robbins and Lipton, 2017; Translating neuromodulation, 2019)—but is essential to establish a double blind.

To aid in the maintenance of the double blind, appropriate design of controls and consistent evaluation of blinding are required. Measurement of target engagement via microneurography of the major nerve trunks innervating the ear (Ottaviani et al., 2020) will enable understanding of neural recruitment occurring during active and sham stimulation and guide appropriate design of controls. Appropriate design of controls for non-invasive neuromodulation studies are discussed at length in Supplementary Material 4. In addition, post-hoc evaluation of blinding in subjects and investigators will gather knowledge on the blind quality setup by respective control designs. Methods to assess the quality of blinding in non-invasive neuromodulation studies are discussed in Supplementary Material 5. Three-armed trials (no treatment, placebo/sham, and treatment) will also generate data on extent of the placebo effect and quality of blinding (Howick et al., 2013). Over time, the consistent use of control designs and evaluation of blinding will grow our understanding of the concealability and therapeutic inertness of various control methods.



Applicability of Findings to Similar Neuromodulation Therapies

The discussion on lack of direct measures of target engagement and unknowns surrounding implementation of perceptually similar yet therapeutically inert controls to maintain the double blind are applicable to other neuromodulation therapies—especially paresthesia inducing therapies such as implantable VNS and spinal cord stimulation (SCS).

Study of local target engagement in neuromodulation therapies such as implantable VNS and SCS will inform stimulation parameters, possible mechanisms of action, and electrode design and placement to maximize on-target nerve recruitment and minimize therapy limiting off-target effects such as muscle contractions (Yoo et al., 2013; Nicolai et al., 2020). To investigate the central mechanisms of action we first have to establish local target engagement to determine which on- and off-target nerves are recruited during stimulation and which fiber types are recruited at therapeutically relevant levels of stimulation. Measurement of local target engagement in preclinical and early clinical studies provides a bottom-up approach to systematically develop and deploy neuromodulation therapies.

A systematic review and meta-analysis of SCS RCTs for pain showed that the quality of control used had an impact on the effect size of the outcome, (Duarte et al., 2020b). They concluded that thorough consideration of control design and consequent subject and investigator blinding is essential to improve the quality of evidence on SCS therapy for pain (Duarte et al., 2020a). A systematic review of dorsal root ganglion (DRG) stimulation for pain also showed serious concern for bias across all studies reviewed due to compromised subject and investigator blinding (Deer et al., 2020). The suggestions laid forth on measuring local target engagement and consistent post-hoc evaluation of blinding in subjects and investigators will expand our knowledge of effective control design for paresthesia inducing neuromodulation therapies such as aVNS, SCS, and implantable VNS.



Limitations of This Review

This review is based on experience in other neuromodulation clinical trials and pre-clinical studies, existing frameworks for analysis such as the Cochrane Risk of Bias and Oxford clinical scale, and literature review motivated by an interest in conducting future aVNS clinical trials. However, at the writing of this article, none of the authors have conducted an aVNS clinical trial. Secondly, this is a systematic review but not a meta-analysis. Due to insufficient reporting in trials, a meta-analysis could not be conducted. The analysis was more qualitative with the intention of summarizing the quality of evidence in the field and making recommendations to improve clinical translatability. Thirdly, this review was not pre-registered, blinded, or formally randomized. Additionally, while the RoB tool provides a consistent method to evaluate trials where the shortcoming is stated explicitly, the ability to identify confounds is often reliant on the critical reading of the reviewer. This made it possible for a secondary reviewer to find additional risk of bias in several instances, which were initially missed by the primary reviewer but included upon identification and consensus. Lastly, numerous instances of missing information in trial reporting were identified and attempts were made to reach out to the authors for that information. These attempts were not always successful. Overall, the points made in the review are robust and withstand the limitations.




CONCLUSION

Based on our review of 38 publications, which reported on 41 aVNS clinical RCTs, aVNS shows physiological effects but has not yet shown strong clinically significant effects consistently supported by multiple studies. This review: (1) Identifies concerns in the design of trials, particularly control and blinding, and incomplete reporting of information using the Cochrane Risk of Bias analysis. (2) Finds aVNS studies are presently exploratory in nature, which is appropriate given the early stage of research of the aVNS field. (3) Qualitatively synthesizes study outcomes by clinical indications. (4) Proposes guidelines for the reporting of aVNS clinical trials, which can be implemented immediately to improve the quality of evidence. (5) Proposes progress in the field has been limited by lack of direct measures of neural target engagement at the site of stimulation. Measures of target engagement will inform therapy optimization, translation, and mechanistic understanding. (6) Proposes consistent post-hoc evaluation of subject and investigator blinding and direct measures of local neural target engagement to improve the design of controls for maintenance of blinding.

As a field, neuromodulation has not yet attained social normality or gained widespread adoption as a first-line therapy (Pagnin et al., 2004; Payne and Prudic, 2009; Li et al., 2020). To that end, our responsibility as pioneers is to move the field forward and build its credibility by thoroughly reporting on appropriately designed clinical trials. Given the conflicting data across aVNS studies, it is critical to implement high standards for rigor and quality of evidence to better assess the state of aVNS for a given indication.
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Vagus nerve stimulation (VNS) is an effective technique for the treatment of refractory epilepsy and shows potential for the treatment of a range of other serious conditions. However, until now stimulation has generally been supramaximal and non-selective, resulting in a range of side effects. Selective VNS (sVNS) aims to mitigate this by targeting specific fiber types within the nerve to produce functionally specific effects. In recent years, several key paradigms of sVNS have been developed—spatially selective, fiber-selective, anodal block, neural titration, and kilohertz electrical stimulation block—as well as various stimulation pulse parameters and electrode array geometries. sVNS can significantly reduce the severity of side effects, and in some cases increase efficacy of the treatment. While most studies have focused on fiber-selective sVNS, spatially selective sVNS has demonstrated comparable mitigation of side-effects. It has the potential to achieve greater specificity and provide crucial information about vagal nerve physiology. Anodal block achieves strong side-effect mitigation too, but is much less specific than fiber- and spatially selective paradigms. The major hurdle to achieving better selectivity of VNS is a limited knowledge of functional anatomical organization of vagus nerve. It is also crucial to optimize electrode array geometry and pulse shape, as well as expand the applications of sVNS beyond the current focus on cardiovascular disease.
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INTRODUCTION

The vagus nerve (VN) is one of the most promising targets for neuromodulation. The discovery in the 1980s that VN stimulation (VNS) can stop seizures in dogs lead to VNS for epilepsy treatment, with the first VN stimulators approved by the United States Federal Drug Administration in 1997 (Krahl, 2012). By 2018, over 100,000 patients had been implanted with VNS devices (Purser et al., 2018). Since the 1990s, evidence of a role for the VN in regulating diverse physiological functions has sparked interest in VNS beyond epilepsy treatment; VNS has been investigated for addressing treatment-resistant depression, cardiovascular disease, sepsis, chronic pain, obesity, diabetes, lung injury, stroke, traumatic brain injury and arthritis (Johnson and Wilson, 2018). This interest has driven the continuous development of better VNS devices and stimulation techniques.

A major motivation to optimize the implementation of VNS has been the prevalence of side effects (Noller et al., 2019), including bradycardia, bradypnea, apnea, indigestion, throat and tonsil pain, cough, hoarseness, nausea and vomiting, headache, diaphragmatic flutter and paresthesia (Ben-Menachem, 2001, 2002). These side effects result primarily from the common practice of stimulating the whole VN, as opposed to selectively stimulating only the parts responsible for modulating a given function (Plachta et al., 2014; Aristovich et al., 2021).

This review presents a brief overview of major clinical applications of VNS with regard to known anatomy and physiological functions of the VN, followed by in-depth discussion of major paradigms for selective VNS (sVNS) and the advantages of each paradigm. It is a focused review which attempts to cover the recent studies on sVNS. It provides an assessment of the future clinical applicability of sVNS and discusses what recent attempts to achieve selective activation of nerve fibers have revealed about VN physiology.


Anatomy and Functions of the Vagus Nerve

The VN (whose name means “wandering”) is the longest nerve in the autonomic nervous system, projecting from the brain to a number of organs in the thorax and abdomen including the heart, lungs, larynx, pharynx, stomach, spleen, pancreas, liver, intestines, and ovaries (Figure 1A; Thompson et al., 2019). There are two VNs (left and right), but convention is to refer to the VN in the singular, even though there are some functional differences between the two VNs; most importantly, the right VN innervates the sinoatrial node of the heart whereas the left VN innervates the atrioventricular node. Despite extensive research over the last century, the functional fascicular anatomy of this complex nerve remains poorly understood (Thompson et al., 2020).
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FIGURE 1. Pathways involved in vagus nerve stimulation. (A) Peripherally, the vagus nerve provides afferent and efferent innervation of the majority of visceral organs. (B) Central regions that are impacted by vagus nerve stimulation. NTS, nucleus tractus solitarii; DVMN, dorsal motor nucleus of the VN; LC, locus coeruleus, PG, pituitary gland.


The VN contains both efferent and afferent fibers. The afferent fibers make up the vast majority (up to 90%) and relay interoceptive information from various organs to the brain and spinal cord; the remainder are parasympathetic efferents that allow the VN to influence the activity of innervated organs (Thompson et al., 2019). The VN also projects to areas within the brain and central nervous system (CNS), including the nucleus tractus solitarius (NTS), locus coeruleus (LC), thalamus, hippocampus, amygdala and other regions (Figure 1B; Thompson et al., 2019). Parasympathetic efferents originate in the dorsal motor nucleus and nucleus ambiguous. Sensory afferents within the cervical VN have their cell bodies in the nodose ganglia and extend their central projections to the NTS (Thompson et al., 2019).

Like all large peripheral nerves, the VN contains a mixture of different types of nerve fibers, which are organized into bundles (fascicles). The fibers vary in diameter and conduction velocity, with Aα fibers the largest and fastest (diameter 13–20 μm, conduction velocity 80–120 ms–1), C fibers the smallest and slowest (0.2–1.5 μm, 0.5–2 ms–1), and Aβ, Aγ, Aδ, and B fibers intermediate (Whitwam, 1976; Kandel et al., 2020). In humans, the VN at the cervical level typically contains between 5–8 fascicles, but individual variations have been documented at 1–21 per side) (Hammer et al., 2018). It is not definitely known whether each fascicle contains only one type of fiber (afferent or efferent) or both, or whether the fascicles are somatotopically arranged (i.e., arranged according to end-effect organ). Although, there is evidence for the latter and against the former (Settell et al., 2020).

To avoid off-target effects and improve overall efficacy of VNS, it is necessary to selectively stimulate fibers with known anatomical projection within the trunk of the VN (Thompson et al., 2019). On one hand, organ-specific branching of the VN, somatotopic organization of the cell bodies of vagal neurons in the brainstem nuclei, and clear evidence that VNS can elicit functionally specific physiological effects (Aristovich et al., 2021) have strengthened the belief that VN fibers are grouped somatotopically. On the other hand, evidence in the pig suggests a “bimodal” organization, in which motor and sensory fibers form two spatially distinct groups (Settell et al., 2020). It is possible that fibers are organized both bimodally and somatotopically. It is also important to bear in mind that anatomical variation of the VN exists between species, and so data from experimental animals do not necessarily translate to humans (Thompson et al., 2019). For example, there is evidence for somatotopic organization of the pseudounipolar cell bodies of sensory afferents in nodose ganglia. However, more recent research has suggested that this organization may only be present in pigs but not in humans (Settell et al., 2021). Large differences also exist in the diameter of the VN between species; this should be considered when evaluating the translational potential of VNS techniques demonstrated in small animals (such as rodents).



Side Effects of Non-selective VNS

During nerve stimulation, fibers are activated in order of size from the largest (A fibers) to the smallest (C fibers). The majority of side effects of nsVNS that limit its therapeutic efficacy (throat and tonsil pain, hoarseness) are associated with the activation of large A fibers innervating the mucosa and muscles of larynx and pharynx (Gold et al., 2016). Cough, another common side effect of VNS, is a reflex response to activation of rapidly adapting pulmonary stretch receptors (Aδ myelinated fibers in pulmonary epithelium) (Kubin et al., 2006).

Acute apnea and bradypnea result from the Hering-Breuer inflation reflex caused by stimulation of pulmonary A-fiber afferents innervating the slowly adaptive pulmonary stretch receptors present in the smooth muscles of the airways (Kubin et al., 2006). Cardioinhibitory action of VNS is attributed to stimulation of efferent myelinated B fibers (Qing et al., 2018). Bradycardia may also result from activation of the sinoatrial node when stimulating the right VN. For this reason, VNS is generally applied on the left side (Krahl, 2012). It is evident that electrical stimulation applied to the cervical VN preferentially activates large motor and sensory fibers (Aα and Aβ fibers) because they have a lower activation threshold than smaller efferent fibers (Ardell et al., 2017), therefore, simply altering parameters such as frequency and amplitude is not sufficient to alleviate these side effects, and may lead to a reduction in efficacy (Handforth et al., 1998; Ardell et al., 2017; Aristovich et al., 2021). Aα motor efferents projecting to the larynx also have low activation threshold. It is interesting to note that many papers do not specify the parameters used for VNS (Kwan et al., 2016). Systematic reporting of parameters in studies where VNS is used would greatly assist in optimizing those parameters for the reduction of side effects.

Unintentional activation of low-threshold motor nerve fibers during nsVNS could also be attributed to sub-optimal insulation of the electrode array. The current may leak out of the insulation, spreading to and activating any nearby fibers with a sufficiently low activation threshold (Nicolai et al., 2020). It is important to note that the risk of the current leak would be magnified by the use of more complex circuits, which is the case in sVNS where multiple current sources are usually required. This should be taken into account when designing the devices for sVNS.



APPLICATIONS OF VNS

Stimulation of the whole left cervical VN is an FDA-approved treatment for focal epilepsy and treatment-resistant depression (Krahl and Clark, 2012; Lv et al., 2019). Other clinical applications that have been explored for VNS include generalized seizures, cardiovascular disease, inflammation, obesity, chronic pain, respiratory disease, traumatic brain injury, stroke, post-traumatic stress disorder (Johnson and Wilson, 2018). Of these, cardiovascular applications have proven of greatest interest in the development of sVNS, due to the need to selectively target smaller diameter vagal fibers innervating the heart.


Heart Failure

Autonomic nervous system dysfunction, due to excessive sympatho-excitation and withdrawal of parasympathetic (vagal) tone, is a key mechanism of heart failure (Binkley et al., 1991; Floras and Ponikowski, 2015). VNS increased survival, slowed down the progression of myocardial remodeling, and improved ventricular function in numerous experimental models of heart failure (Li et al., 2004; Agarwal et al., 2016) as well as in some clinical studies (De Ferrari et al., 2010; Premchand et al., 2014). Moderate electrical stimulation (up to 2 mA) applied to the cervical VN preferentially activates afferent sensory fibers, which have a lower activation threshold than efferent fibers. This leads to a reflex low-level sympatho-excitation and increased heart rate (HR) (Ardell et al., 2017). Aggressive stimulation (>2.5 mA) could recruit efferent fibers responsible for vagally mediated lowering of the HR, but this would cause significant side effects, including dysphonia, neck pain, and cough (Zannad et al., 2014).



Ischemia-Reperfusion Injury

Myocardial ischemia-reperfusion injury (IR injury) refers to myocardial damage caused by blood supply returning to myocardial tissue following ischemia. It is frequently triggered by clinical therapies such as thrombolytic therapy or percutaneous transluminal coronary intervention (PCI). Preclinical studies in rats have shown that – following IR injury – VNS decreases infarct size, inflammation and incidence of ischemia-induced arrhythmias, oxidative stress, and apoptosis in cardiomyocytes (Mioni et al., 2005; Calvillo et al., 2011). These effects are predominantly mediated by efferent vagal fibers (Mastitskaya et al., 2012; Nuntaphum et al., 2018). There are no clinical data on cervical VNS in acute myocardial injuries.



Arrhythmia

VNS has successfully been used to manage both atrial and ventricular arrhythmias in preclinical and clinical studies (Li and Yang, 2009). VNS administered at a voltage below the bradycardia threshold significantly increases the effective refractory period, which suppresses atrial fibrillation (Li and Yang, 2009). It would be interesting to explore the comparative efficacy of potential sVNS techniques to manage arrhythmia without the risk of unintentional bradycardia.



Focal Epilepsy

Epilepsy is a chronic neurological disorder characterized by episodes of aberrant synchronous neural activity, also known as seizures. Seizures can result in loss of consciousness, loss of motor coordination and other neurological symptoms (Scheffer et al., 2017). Epilepsy is generally treated with anti-epileptic drugs, but up to 30% of cases do not respond to medication (Moshé et al., 2015). For these refractory epilepsy patients, surgical resection of the epileptogenic zone may be necessary. However, this cannot be carried out in 50% of patients and is ineffective in 30% of the remaining ones (Neligan et al., 2012). VNS of the left cervical VN has emerged as a safe and reliable means of treating such patients. It is believed that solely afferent fibers are involved in the mechanisms of VNS therapeutic effects for epilepsy, because epilepsy is primarily a disorder of the brain. Accordingly, an optimal seizure-suppressive sVNS would avoid activation of efferent fibers projecting to the heart, lungs and other organs in the torso. If the internal anatomy of the VN is functionally organized, it would also be desirable to locate and selectively activate the fascicles responsible for seizure-suppression (Thompson et al., 2019). It is not known which VN fascicles, if any, project to implicated brain regions, but evidence for spatial organization in respect to cardiac and pulmonary projections may help to discover this by a process of elimination (Aristovich et al., 2021).



Treatment-Resistant Depression

Major depressive disorder (MDD), also known as clinical depression, is a psychological disorder in which an individual experiences consistent and persistent low mood for at least 2 weeks (Otte et al., 2016). Around 30% of MDD patients have treatment-resistant depression, usually defined as MDD that does not respond to two distinct courses of anti-depressant medication. VNS was approved for treatment-resistant depression in 2005, with over 4,000 patients currently undergoing this treatment (Otte et al., 2016).



Inflammation

The VN serves as an important communication link between the immune system and brain. VNS has proven successful in treating disorders involving local and systemic inflammatory response due to its anti-inflammatory effects (Rosas-Ballina et al., 2011; Vida et al., 2011). VNS achieves these effects via activation of two major pathways: the cholinergic anti-inflammatory pathway (CAIP) and hypothalamic-pituitary-adrenal (HPA) axis (Hoffmann et al., 2012). CAIP involves release of acetylcholine (ACh) from VN efferents in the celiac mesenteric ganglia, which acts on post-synaptic α-7-nicotinic ACh receptors of the splenic nerve leading to the release of noradrenaline in the spleen, which dampens pro-inflammatory cytokine production by macrophages (Rosas-Ballina et al., 2011; Vida et al., 2011). Activation of HPA axis is attributable to vagal afferent fibers projecting to the nucleus of the solitary tract (NTS) in the brainstem. Stimulation of vagal afferents activates the adrenergic projections from NTS to the hypothalamus, release of corticotropin-releasing hormone and production of adrenocorticotropic hormone by the pituitary gland with an ultimate effect on the adrenal cortex and increased secretion of glucocorticoids (Hoffmann et al., 2012).



Asthma and Chronic Obstructive Pulmonary Disease

Asthma and chronic obstructive pulmonary disease (COPD) are respiratory illnesses involving potentially life-threatening airway obstruction. This can be caused by enhanced parasympathetic activity, which results in airway smooth muscle contraction, increased mucus secretion and vasodilation in pulmonary vessels. This activity is also the dominant component of oedema in lung inflammation. High voltage VNS resulting in stimulation of vagal efferents in the lungs is ill-advised, as it could lead to bronchospasm as a side effect. However, low voltage VNS has been shown to preferentially activate vagal afferents and cause bronchodilation due to systemic increase of catecholamines via activation of the HPA axis (Hoffmann et al., 2012).



SELECTIVE VNS


Paradigms of VNS

A number of research groups have demonstrated that it is possible to achieve functionally specific effects from sVNS by selectively targeting and modulating organ function in various animal models and human patients (Pečlin et al., 2009; Plachta et al., 2014; Aristovich et al., 2021). sVNS results in similar or improved therapeutic effects compared to nsVNS, whereas side effects are reduced (Plachta et al., 2014). Hence, optimization of sVNS has become an important endeavor in nerve stimulation research.

Several major sVNS paradigms have been developed: fiber-selective stimulation, spatially selective stimulation, anodal block, kilohertz electrical stimulation (KES) block and neural titration. Across these paradigms, the development of sVNS techniques has typically focused on optimizing the shape of the stimulation pulse, the geometry of the electrode array and the stimulation protocol. In the following section, we provide an overview of the methods, effects and recent advances of the major sVNS paradigms.



Existing sVNS Techniques

The most basic approach to sVNS is to identify which branch of the nerve projects to the organ(s) of interest, and then stimulate that branch. This method has been used since at least 1992, when Furukawa and Okada (1992) demonstrated responses in the gallbladder of a dog from stimulation of the whole gastric branch (Furukawa and Okada, 1992). However, this method is incompatible with established surgical procedures. These are optimized for implantation of cuff arrays around the cervical VN with minimal complications (Ben-Menachem, 2002). Thus, it is more desirable to achieve sVNS through optimized stimulation of the cervical VN.

One potential approach for achieving selectivity at the cervical level is to surgically tease apart the VN and apply stimulation solely to particular fascicles. This could be done with a microchannel array (Lancashire et al., 2016). However, the functional anatomy of the VN is not characterized well enough. It would also be highly invasive, risking severe irreversible nerve damage. For these reasons, microchannel arrays are not widely used in humans, and less invasive sVNS procedures are desired.

Besides transcutaneous stimulation – which is unlikely to produce selective effects due to current spreading as it passes through the skin and connective tissue – the least invasive practice uses a cuff array that wraps around the nerve (Chapman et al., 2018). With such arrays, two main paradigms for sVNS have been demonstrated:


(1) fiber-selective stimulation: exploits the different activation thresholds of VN fibers to separately activate selected fiber type.

(2) spatially selective stimulation: application of electrical stimulus to specific area of the nerve cross-section to only activate selected fascicles.



Both approaches have recently been demonstrated (Plachta et al., 2014; Dali et al., 2018), with the fiber-selective approach proving more popular (see Table 1). However, evidence for spatial organization in the VN, combined with difficulties in avoiding the activation of larger fibers, has motivated the search for a spatially selective paradigm (Plachta et al., 2014). One should also bear in mind that it is not possible to completely separate these two paradigms, since protocols that aim at fiber-selectivity usually involve some degree of spatial-selectivity and vice versa (Vuckovic et al., 2008).


TABLE 1. Major recent papers on sVNS in chronological order.

[image: Table 1]With a cuff array, it is also possible to implement blocking of nerve impulse propagation (both selectively and non-selectively). Kilohertz electrical stimulation block (KES block) is a type of blocking that is designed to ensure impulses only travel in one direction along the VN; this ensures a certain degree of functional selectivity, akin to that achieved by vagotomy (Patel and Butera, 2018). KES can also be used as a technique to achieve fiber-selective stimulation (Vuckovic et al., 2008), as can the more common form of nerve blocking, anodal block. Anodal block occurs when the anode (positive terminal) of a pair of electrodes causes hyperpolarization in the section of the nerve below it (Figure 2B; Vuckovic et al., 2008); hyperpolarizing axons (bringing them to a negative potential) closes voltage-gated sodium channels in the plasma membrane, preventing an action potential from being generated. The mechanisms of KES are still being investigated, although it is believed that KES inactivates sodium channels through excessive depolarization of the nerve (Kilgore and Bhadra, 2004). These forms of the block are often imperfect; realistically, they are more likely to achieve a partial block than a full directional selectivity.
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FIGURE 2. Examples of different pulse shapes used in sVNS (axes not to scale). (A) Normal rectangular pulse [as used in Dali et al. (2018)]. (B) Anodal block pulse [as used in Vuckovic et al. (2008)]. (C) Depolarizing pre-pulse [as used in Vuckovic et al. (2008)]. (D) Slowly rising pulse [as used in Vuckovic et al. (2008)]. (E) Chopped pulse [as used in Dali et al. (2019)]. (F) Quasi-trapezoidal pulse [as used in Pečlin and Rozman (2014)]. Rectangular pulses are the standard pulse shape used in the nerve stimulation. They are easy to generate, and their symmetry makes it easier to ensure charge balance. However, pulses with more unusual shapes, such as chopped pulses or pulses with ramped parts, allow for the delivery of current throughout the pulse to be adapted to specific applications.


Neural titration, introduced by Ardell and colleagues (Ardell et al., 2015, 2017), relies on the establishment of a dynamic equilibrium (neural fulcrum) that cancels out side effects (in their case focusing on bradycardia). Fibers that elicit bradycardia (vagal efferents) and fibers that elicit tachycardia (afferents) were activated at the same time, and stimulation amplitude was adjusted until the effects of the two fiber-types were perfectly balanced (Ardell et al., 2017).



Fiber-Selective VNS

Most of the recent research in sVNS has focused on applications for cardiovascular disease (see Table 1). Whereas VNS for epilepsy and MDD primarily requires activation of larger fibers (A and B types), cardiac neuromodulation primarily requires activation of smaller fibers (B and C types) (Dali et al., 2018). Since the threshold for activation of smaller fibers is at a higher current amplitude (Bawa et al., 2014), cardiovascular VNS would be expected to engender more severe side effects than VNS for epilepsy and MDD. Thus, several research groups have focused on developing fiber-selective VNS for cardiovascular applications.

Tosato et al. (2007) explored the selective control of HR in a porcine model, using anodal block to prevent the activation of larger fibers (Figures 2B, 3A). They were able to successfully lower HR while reducing laryngeal side effects by up to 77% (Tosato et al., 2007). They compared three different methods for achieving selective activation of cardiac vagal fibers: depolarizing pre-pulses, slowly rising pulses and anodal block (Vuckovic et al., 2008). A depolarizing pre-pulse (Figure 2C) is a small stimulus, which arrives just before the main stimulatory pulse with an amplitude just below the excitation threshold of the largest fibers; this pre-pulse raises the excitation threshold of those fibers through sodium channel inactivation (although it may also lead to anodal break excitation when it ends) (Vuckovic et al., 2008). Slowly rising pulses (Figure 2D) have an initial curved ramp, which reverses recruitment order by inactivating sodium channels and exploiting variations in the spatial distribution of membrane potential between fiber types (Hennings et al., 2005). Anodal block completely prevented activation of Aβ fibers in two out of five pigs, and reduced Aβ activity by 60–90% in the other three (Vuckovic et al., 2008). The large diameter of the VN in pigs necessitated high-amplitude current (up to 10 mA) to implement the block. This may have led to excitation of fibers at the edge of the nerve, hence preventing full block (Vuckovic et al., 2008). Depolarizing pre-pulses achieved up to a 90% reduction in Aβ activity; slowly rising pulses achieved up to 60%. This was determined by observing the reduction in size of the Aβ component of the compound action potential via electroneurogram. The authors endorse depolarizing pre-pulses as their preferred method, being the only one of the three approaches that was effective with safe levels of charge-injection (Vuckovic et al., 2008). It should be noted that whether a pulse can be achieved with safe charge injection depends to some extent on electrode geometry, and it may also vary between species.

Ahmed et al. (2020) have demonstrated that anodal block is capable of eliciting a significant degree of directional selectivity in the rat VN, although efficacy was inconsistent. Swapping the orientation of the cathode and anode was associated with preferential activation of efferent or afferent fibers, as shown by differential effects on breathing or HR, respectively. In 3 out of 17 rats, however, the opposite effect of electrode polarity was observed; the authors attribute this to anatomical differences between rats, specifically the position of the aortic depressor nerve relative to the main trunk of the VN (Ahmed et al., 2020). The possible effects of anatomical variation must be noted when attempting to translate anodal block to human patients.

Peclin and Rozman (2009) were the first to demonstrate fiber-selective VNS in humans (Pečlin et al., 2009; Peclin and Rozman, 2009), following earlier work in a canine model (Rozman and Peclin, 2008). In the dog, they demonstrated selective control of HR and respiration rate by stimulating with sets of three electrodes at different positions around the nerve circumference (Figures 3F,G; Rozman and Peclin, 2008). They then applied the same technique to two human patients, reducing the HR while preferentially activating B over A fibers (Pečlin et al., 2009). Their method involves the use of “quasi-trapezoidal” pulses (Figure 2F), which activate A and B fibers during their square cathodal phase, before blocking A fibers during an exponentially decaying anodal phase (Pečlin and Rozman, 2014). However, in humans, this work has only been published in the form of conference abstracts and has not been peer-reviewed.
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FIGURE 3. Electrode array geometries and stimulation patterns used in major sVNS studies. (A) Yoo et al. (2016). (B) Ordelman et al. (2013), Patel and Butera (2015), Tosato et al. (2007). (C) Pelot and Grill (2020), Patel et al. (2017), Dali et al. (2019). (D) Plachta et al. (2013, 2014, 2016), Gierthmuehlen and Plachta (2016). (E) Aristovich et al. (2021). (F) Peclin and Rozman (2009). (G) Pečlin and Rozman (2014). (H) Dali et al. (2018) [H1: transverse tripolar (TT), H2: transverse tripolar ring (TTR), H3: tripolar longitudinal ring (TLR)]. Blue = anode, red = cathode, gray = unused. Researchers have used a range of different electrode array geometries for sVNS. Some have used rings or helical electrodes; recently there is a move toward smaller rectangular contacts that can be placed at different positions around the nerve circumference. These contacts are often arranged to allow for bipolar or tripolar stimulation.


Qing et al. (2015), working in a rat model, achieved fiber-selective stimulation through the use of “chopped pulses,” replacing normal rectangular waves with repeated bursts of smaller rectangular waves whose width, interval and number can be modulated (Figure 2E; Qing et al., 2015). The earlier pulses in the burst caused inactivation of sodium channels, primarily in large fibers, allowing smaller fibers to be preferentially excited by the later pulses. Chopped pulses are easier to produce with a normal stimulator than quasi-trapezoidal waves, and avoid the need that pre-pulses have for a precise determination of excitation threshold (Qing et al., 2015). A and C fiber activation were identified by Qing and colleagues from two separate peaks in the compound nerve action potential, with the height of the peak taken as the degree of activation. Chopped pulses and normal rectangular pulses were compared at 50% of the charge required to elicit the maximum C fiber response. At this charge level, chopped pulses where able to maintain C fibers at 50% activation while reducing activation of A fibers by 11% compared to stimulation with normal rectangular waves (Qing et al., 2015). While 11% is a significant reduction, Qing and colleagues did not investigate if it was sufficient to significantly mitigate side effects.

Yoo et al. (2016) applied a similar method in dogs, demonstrating successful HR modulation while reducing laryngeal side effects by 50% compared to nsVNS (Yoo et al., 2016). Here, the extent of laryngeal side effects was indicated by the amplitude of laryngeal electromyogram signals. The authors claim that chopped pulses displayed comparable or superior efficacy to nsVNS. However, this is not true if stimulation amplitude is held constant: their data shows that nsVNS elicits a greater reduction in HR than chopped pulses at the same frequencies when the amplitude is above the bradycardia threshold (Yoo et al., 2016); thus, selective stimulation here entailed lower efficacy.

Dali et al. (2019) compared chopped to continuous pulses, while also varying the overall pulse shape, creating a chopped-ramp (linearly increasing amplitude of each pulse within the train) and a chopped quarter-sine (amplitude of pulses within the train follows part of a sine wave). They focused on afferent gastric fibers, stimulating them distally and recording proximally at individual afferent B fibers. The threshold charge required to activate the B fibers was 19% lower for a ramp pulse than a rectangular pulse, and 15% lower for a quarter-sine pulse than a rectangular. The continuous ramp was the most energy efficient pulse shape (Dali et al., 2019).



Spatially Selective VNS

The first study to focus on spatially selective VNS was Ordelman et al. (2013), who suggested this approach as a solution to the difficulties faced by Tosato et al. (2007) in achieving full block of the targeted fiber type (Ordelman et al., 2013). Full block of a certain fiber type may be difficult to achieve if the fibers have highly varying cross-sectional position within the nerve. Ordelman and colleagues, working with a multi-contact cuff (Figure 3B), achieved almost double the efficacy in cardiac modulation compared to conventional VNS in pigs; 20–60 s after stimulation, HR measured by RR interval was reduced by 10% with nsVNS, and 18% with sVNS. The variance in HR reduction was quite high, however, especially with sVNS (Ordelman et al., 2013).

The same year, Plachta and colleagues presented their BaroLoop spatially selective VNS system (Figure 3C), demonstrating successful modulation of blood pressure (BP) in the rat; BP was reduced to 60% of the baseline value with no significant bradycardia or bradypnea (Plachta et al., 2013). It was also possible to achieve a permanent reduction in baseline BP if treatment was applied chronically. However, this study did not compare the efficacy of sVNS to nsVNS, but only compared an optimal selective paradigm to a non-optimal selective one. Nonetheless, it did provide evidence that fibers specific to BP modulation are localized to one side of the VN, since stimulation at the side directly opposite elicited bradycardia with no reduction in BP (Plachta et al., 2013).

Plachta and colleagues, who have been the main research group developing spatially selective techniques, presented similar results in 2014 (Plachta et al., 2014). In rats, they first localized the fibers responsible for BP control by measuring the response for different tripoles, before using sVNS to lower BP up to 40%. They observed no significant bradypnea and maximum 25% bradycardia, but did not prevent laryngeal side effects. In subsequent studies, they showed that the BP-reducing effects of their technique were attenuated but still significant in the presence of several major anti-hypertensive drugs (Gierthmuehlen and Plachta, 2016; Gierthmuehlen et al., 2016). However, stimulation-induced apnea was significantly increased in the presence of metoprolol (Gierthmuehlen and Plachta, 2016).

Dali et al. (2018) attempted to translate spatially selective VNS to the sheep (Dali et al., 2018). First, they conducted a modeling study with a finite element model of a nerve in order to optimize their stimulation parameters. The nerve model had 22 fascicles and was derived from cross-sectional images of a sheep VN. The Laplace equation was solved on the FEM in COMSOL, and then the optimal stimulation parameters were determined via a cost function that maximizes efficiency, selectivity and sensitivity to current amplitude. It was found that a configuration which the authors called “transverse tripolar” (TT) provided the best selectivity (Figure 3H1). However, when implementing sVNS in vivo, another configuration called “transverse tripolar + ring” (TTR) provided an optimal balance between selectivity and efficiency (Figure 3H2). Both were superior to the “tripolar longitudinal ring” (TLR) (Figure 3H3) and to the “ring” (nsVNS). With TTR, they were able to control HR while reducing side effects by 62% compared to nsVNS. However, the authors do not specify which particular side effects were included in their side effects index. It is also not clear whether any of the selective configurations was as effective as nsVNS.

Aristovich et al. (2021) aimed to further develop spatially selective VNS through optimization of the geometrical parameters in a sheep model (Aristovich et al., 2021). Initial computer modeling suggested the best geometry was a symmetrical arrangement with electrodes at the same position around the circumference (Figure 3E). This geometry was tested in twelve sheep, where it was possible to selectively reduce respiration rate by 90% without significant bradycardia and HR by 27% without significant bradypnea. Comparing the percentage HR and respiration rate changes across different stimulation modalities also indicated marked spatial-functional organization of the sheep VN. Laryngeal side effects were not considered by Aristovich et al. (2021).

The spatial selectivity has a limited value with respect to avoidance of the therapy-limiting side effects as they are mediated by Aα motor fibers and Aβ sensory fibers which have much lower activation thresholds (Ardell et al., 2017). For instance, it is possible that the laryngeal motor fibers would be activated during the therapeutic spatially selective stimulation even if they are located spatially on the other side of the nerve. This technique, however, can potentially be combined with directional selectivity such as anodal block (Ahmed et al., 2020) to at least partially overcome the stated limitations.



Kilohertz Electrical Stimulation Block

KES block is a technique in which an electrical stimulus of at least 5 kHz is applied to a nerve to inhibit action potential propagation (Patel and Butera, 2018). The technique was first demonstrated in the sciatic nerve of a frog, before being applied to the VN by Patel and Butera (2015). Traditionally, KES has aimed to block the entire nerve, providing only directional selectivity, although the work by Patel and Butera (2015) has shown that this kind of blocking can also achieve fiber-selective stimulation (Patel and Butera, 2015). In practice, it is rare for such directionally selective techniques to achieve a complete block even when this is their aim. It is also not clear what practical advancements KES seeks to make over anodal block.

Patel et al. (2017) used KES of the whole nerve to achieve directionally selective stimulation (Patel et al., 2017). In the rat cervical VN, they were able to selectively activate the efferent pathways while inhibiting transmission along the afferent ones (and hence simulate a vagotomy). Their aim was to improve anti-inflammatory VNS for the treatment of rheumatoid arthritis. Compared to nsVNS, full block via KES delivered an improved anti-inflammatory effect. However, when KES only achieved partial block, systemic inflammation was worse. KES also sometimes lead to severe nerve damage if parameters were not carefully chosen (Patel et al., 2017).



Neural Titration

Neural titration relies on antagonistic mechanisms within vagal control of cardiac function, as discovered by Ardell and colleagues (Ardell et al., 2015). Afferent and efferent fibers have opposite effects on the modulation of HR. Rather than attempt to avoid activation of fibers causing bradycardia, afferent and efferent fibers can be simultaneously activated to precisely the extent required for the bradycardic effects of efferent fibers to cancel out the tachycardic effects of afferent fibers (Ardell et al., 2015). Ardell and colleagues call this dynamic equilibrium “the neural fulcrum”; it is defined as the current amplitude just below that at which bradycardia is reliably evoked (bradycardia defined as a 5% decrease in HR in three consecutive stimulation sessions) (Ardell et al., 2017). Ardell and colleagues assessed the efficacy of this technique in dogs (Ardell et al., 2015). Stimulation parameters were varied to find the neural fulcrum, which remained stable for at least 14 months. However, their method had limitations. Thirty days of sessions were required to find optimal stimulation parameters for each dog, which is impractical for clinical use (although machine learning could potentially accelerate this). The dogs used in this study were healthy animals and not canine models of heart failure (Ardell et al., 2017). It is possible then that heart disease could change the behavior of the peripheral nervous system (PNS) in ways that would make neural titration more difficult to implement. Also, the controlled environment of the study likely increased the reliability of the neural titration by avoiding large changes in the animals’ environment and individual physiological conditions; it is possible that a patient under non-controlled conditions may experience functional changes in their PNS that would shift the neural fulcrum on a short timescale.



CONCLUSION

The endeavor to develop sVNS has resulted in a range of promising techniques. Most studies have focused on fiber-selective stimulation, in some cases achieving an impressive reduction in laryngeal side effects (Tosato et al., 2007; Vuckovic et al., 2008). Anodal block and depolarizing pre-pulses have demonstrated the strongest mitigating effects (Tosato et al., 2007; Vuckovic et al., 2008), while chopped pulses and slowly rising pulses have been less effective (Vuckovic et al., 2008; Qing et al., 2015). More recent studies investigating the possibility of spatially selective VNS yelded more promising results (Plachta et al., 2014; Dali et al., 2018; Aristovich et al., 2021).

Fiber-selective sVNS is the only form of sVNS demonstrated in human patients (Pečlin et al., 2009), although peer-reviewed human studies are yet to emerge. Furthermore, studies on fiber-selective VNS have tended to focus on acute applications. Since the major therapeutical effects of VNS are seen chronically (Krahl, 2012), translation of fiber-selective VNS to a clinical setting would require validation of the technique chronically and with a large number of patients (in contrast to the low n numbers in animal studies). It is crucial to establish whether the efficacy of fiber-selective techniques varies significantly between patients. It is also necessary in such studies to ensure that fiber-selective techniques do not compromise electrochemical safety (an issue that has not been addressed in the sVNS literature to date).

Studies focusing on anodal block typically do not attempt to use neuromuscular blockade or nerve transection to isolate the pathway mediating respiratory side effects. This means that these studies are unable to assess the effects of possible off-target field escape (current leaking through the insulation of the stimulation apparatus). Accounting for this possibility is complicated by the fact that there may be multiple pathways whose activation can trigger respiratory side effects (such as Hering-Breuer reflex via activation of Aδ fibers, closure of glottis due to activation of Aα fibers, or a cough reflex due to activation of Aβ fibers).

Unlike fiber-selective sVNS, spatially selective sVNS takes into account evidence for a somatotopic arrangement of fibers inside the VN (Aristovich et al., 2021). Spatially selective VNS provides more precise targeting than fiber-selective VNS, and has been used successfully to elicit organ-specific responses (Aristovich et al., 2021). It has demonstrated comparable mitigation of side effects to fiber-selective VNS (Plachta et al., 2014; Dali et al., 2018), as well as increased efficacy in cardiac modulation (Ordelman et al., 2013). While studies cited here have examined the relationship between spatially selective VNS and the strength of side effects affecting the cardiovascular and respiratory system, these studies have not investigated how stimulation at different positions around the vagal circumference affects the activation of laryngeal muscles. This is a key oversight that must be addressed in future studies, since laryngeal side effects are the most common side effects experienced by patients receiving VNS. Research into spatially selective VNS also generates information on VN anatomy required for optimization of stimulation parameters (Plachta et al., 2014; Aristovich et al., 2021).

Achieving a better understanding of VN anatomy is the most important step toward improving sVNS techniques. While great progress has been made in this area (Thompson et al., 2019, 2020; Settell et al., 2020), it is still not established definitively whether fibers in the VN are arranged by fiber-type or by innervated organ, with current evidence inconclusive. If VN fibers are arranged both by fiber-type and somatotopically, then it would be necessary to develop hybrid sVNS techniques that are both fiber-selective and spatially selective.

All studies investigating the potential of sVNS to mitigate side effects must give careful consideration to the anesthetic used. Isoflurane, as used by Ordelman et al. (2013) and by Plachta et al. (2014), has a depressive effect on the PNS and on baroreflex in particular. Thus, side effects that would arise during vagal stimulation in an awake animal may be dampened or absent in an animal anesthetized with isoflurane. Isoflurane could also reduce the efficacy of VNS compared to an awake animal. Anesthetics such as urethane, α-chloralose or ketamine interfere less with peripheral nerve activity and should be used instead of isoflurane in VNS experiments.

Typically, studies that have assessed laryngeal side effects during VNS have focused on measuring EMG of a single deep neck muscle. This does not account for the possibility of current leakage through the apparatus insulation. It has also not been established whether a reduction in laryngeal EMG is associated with increased patient tolerance to the treatment. Patient tolerance must be assessed to allow for clinical translation. Moreover, since motor tolerability varies over time due to habituation, patient tolerance of laryngeal side effects during sVNS must be evaluated chronically.

How the long-term habituation may affect the efficacy of sVNS techniques is also yet to be determined. To date, all studies on sVNS in animals have been conducted acutely in anesthetized subjects. Various factors are arising after surgery that could impact the efficacy of sVNS. The formation of scar tissue could change the distance between the array and the target site as well as the pattern of current flow. Neuroplasticity could alter the response profile of the nerve. The position of the neck and the balance of fluids in the body may also have a significant impact. The design of closed-loop sVNS systems may be useful in responding to this long-term variability (Ahmed et al., 2020).

It is necessary to expand the application of sVNS beyond cardiac and respiratory therapeutic modalities. At present, the only FDA-approved clinical uses of VNS are for focal epilepsy and treatment-resistant depression (O’reardon et al., 2006; Krahl and Clark, 2012), but sVNS has not been explored for either. Focal epilepsy in particular warrants especial attention, since it has demonstrated high efficacy and is in use in a large number of patients worldwide (Krahl and Clark, 2012). The use of VNS to mitigate inflammation also remains a promising endeavor (Kwan et al., 2016; Mastitskaya et al., 2021).

The development of better sVNS techniques has the potential to benefit hundreds of thousands of patients worldwide (Johnson and Wilson, 2018), but sVNS is still a small research area. The better understanding of VN anatomy, development of more precise stimulation techniques and optimized electrode array geometries would drive the progress of sVNS research and its translation into clinical practice.
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Introduction: The cholinergic anti-inflammatory pathway (CAIP) has been proposed as an efferent neural pathway dampening the systemic inflammatory response via the spleen. The CAIP activates the splenic neural plexus and a subsequent series of intrasplenic events, which at least require a close association between sympathetic nerves and T cells. Knowledge on this pathway has mostly been derived from rodent studies and only scarce information is available on the innervation of the human spleen. This study aimed to investigate the sympathetic innervation of different structures of the human spleen, the topographical association of nerves with T cells and age-related variations in nerve distribution.

Materials and Methods: Spleen samples were retrieved from a diagnostic archive and were allocated to three age groups; neonates, 10–25 and 25–70 years of age. Sympathetic nerves and T cells were identified by immunohistochemistry for tyrosine hydroxylase (TH) and the membrane marker CD3, respectively. The overall presence of sympathetic nerves and T cells was semi-automatically quantified and expressed as total area percentage. A predefined scoring system was used to analyze the distribution of nerves within different splenic structures.

Results: Sympathetic nerves were observed in all spleens and their number appeared to slightly increase from birth to adulthood and to decrease afterward. Irrespective to age, more than halve of the periarteriolar lymphatic sheaths (PALSs) contained sympathetic nerves in close association with T cells. Furthermore, discrete sympathetic nerves were observed in the capsule, trabeculae and red pulp and comparable to the total amount of sympathetic nerves, showed a tendency to decrease with age. No correlation was found between the number of T cells and sympathetic nerves.

Conclusion: The presence of discrete sympathetic nerves in the splenic parenchyma, capsule and trabecular of human spleens could suggest a role in functions other than vasoregulation. In the PALS, sympathetic nerves were observed to be in proximity to T cells and is suggestive for the existence of the CAIP in humans. Since sympathetic nerve distribution shows interspecies and age-related variation, and our general understanding of the relative and spatial contribution of splenic innervation in immune regulation is incomplete, it remains difficult to estimate the anti-inflammatory potential of targeting splenic nerves in patients.

Keywords: spleen, sympathetic innervation, neuroimmunomodulation, periarteriolar lymphatic sheath, cholinergic anti-inflammatory pathway


INTRODUCTION

The cholinergic anti-inflammatory pathway (CAIP) comprises an efferent neural pathway that dampens the systemic inflammatory response via the spleen and is suggested to involve sequential activation of the efferent vagus nerve and the splenic plexus (Reardon, 2016; Pavlov and Tracey, 2017). Others have put forward that instead of the efferent vagus nerve, this pathway involves the greater splanchnic nerve (Komega et al., 2018). Irrespective, activation of the splenic plexus results in a cascade of intrasplenic events, starting with the release of norepinephrine (NE) (Kees et al., 2003). Studies have demonstrated that NE then activates adrenergic receptors on CD4+ ChAT+ T lymphocytes (Rosas-Ballina et al., 2011; Vida et al., 2011, 2017), which in turn produce and secrete acetylcholine (ACh) (Borovikova et al., 2000; Rosas-Ballina et al., 2011). ACh then inhibits the release of the pro-inflammatory cytokine tumor necrosis factor alpha (TNFα) from activated macrophages via nicotinergic receptor signaling (Borovikova et al., 2000; de Jonge et al., 2005; Kox et al., 2009; Lu and Kwan, 2014).

Morphological evidence for the presence of sympathetic nerves in proximity to splenic T lymphocytes was provided earlier by Bellinger et al. (1987, 1992). In a study on rat spleens, they observed sympathetic nerves diverging into T lymphocyte specific white pulp areas, also known as periarteriolar lymphatic sheaths (PALSs). In the PALSs these nerves were in close proximity to T lymphocytes and formed synaptic connections (Felten and Olschowka, 1987). The presence of sympathetic nerves which could release NE in the proximity of T lymphocytes in the human spleen might hold potential as a therapeutic target for immune related disease and knowledge on the anatomical configuration of splenic innervation in humans is therefore essential.

The presence of sympathetic nerves at the medio adventitial junction in human spleens has been described in various studies (Heusermann and Stutte, 1977; Kudoh et al., 1979; Anagnostou et al., 2007; Verlinden et al., 2018), however, innervation of T cell specific lymphoid tissue has only been reported once (Hoover et al., 2017). In the latter study, sympathetic innervation patterns in spleens of end-stage sepsis patients were investigated and sympathetic nerves were observed to be in close association with lymphocytes in the PALS of the control group (trauma patients who died after hemorrhagic stroke). The results of this study were descriptive and it remains unclear whether this was a common feature and observed in all PALSs, or only occasionally. Since, PALS related sympathetic nerves were seldom observed in end-stage sepsis patients, the authors suggested this difference to be disease-related (Hoover et al., 2017). However, other factors, such as aging, are known to contribute to decline of sympathetic innervation as well, as shown in the rat spleen (Bellinger et al., 1987, 1992) and human cerebral arteries (Bleys and Cowen, 2001). If human splenic innervation is subject to age-related decline as well, this information is of relevance because it might determine the window of application of anti-inflammatory neuromodulation along age. Since the age profile of a substantial number of patients of the control group in the study of Hoover et al. (2017) was lacking, as well as comprehensive data on the prevalence of PALS related sympathetic nerves, our understanding of human splenic innervation remains incomplete.

Therefore, in this study, quantitative and semi-quantitative analytical methods were used to investigate the distribution of sympathetic nerves in human spleens of various age groups. Although the PALS is considered to represent the primary structure of T cell neuromodulation, T cells migrate through the spleen and exposure to NE might occur at any location they pass while entering or exiting the spleen. Therefore, blood vessels, red pulp, trabeculae and the capsule were evaluated for the presence of sympathetic nerve tissue as well.



MATERIALS AND METHODS


Tissue Samples

A total of 26 paraffin embedded splenic samples were provided the Pathology Department of the University Medical Center Utrecht. Samples were divided into three age groups, being 40 weeks of gestation (from now on referred to as neonatal), 10–25 years and 25–70 years. This study was approved by the Medical Ethical Committee (#18-167) as a “non-Medical Research Act” study and the Biobank of the University Medical Center Utrecht approved to use the rest biomaterial for this research (biobank #18-284). None of the individuals was known with immunological or splenic clinical conditions. Table 1 contains data on age, sex, and cause of death.


TABLE 1. Patient profiles.
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Sample Processing

Samples were obtained from the splenic hilar region and were cut in the transversal plane. Paraffin embedded splenic samples were cut on a microtome (Leica 2050 Super Cut, Nussloch, Germany) and 5 μm thick sections of splenic tissue were collected on glass slides, air dried and subsequently heat fixed for 2 h on a slide drying table of 60°C (Medax, 14801, Kiel, Germany). All slides were deparaffinized, rehydrated and further processed for histochemical or immunohistochemical staining. Hematoxylin/Eosin (HE) was used to evaluate technical tissue quality, to generate a tissue overview, and to screen for general pathological changes. A double T and B cell staining, using antibodies against specific membrane proteins, being CD3 and CD20 respectively, was used to screen the white pulp for distinct pathological abnormalities. To quantify and compare the overall presence of sympathetic nerves and T cells, and the distribution of sympathetic nerves in the PALS and other splenic structures (capsule, trabeculae, rep pulp and arteries), a double staining for sympathetic nerves and T cells was performed. In this procedure antibodies against CD3 and tyrosine hydroxylase (TH), were used, the latter being an enzyme involved in the synthesis of NE. The general nerve marker, protein gene product 9.5 (PGP9.5) was used on adjacent slides to confirm neural identity of TH-immune reactive (IR) structures.



Staining Procedures

Tissue sections were dewaxed in xylene and rehydrated through graded alcohols prior to histochemical or immunohistochemical staining. Prior to immunohistochemistry, sections were pre-treated with Heat Induced Epitope Retrieval (HIER) in citrate buffer (pH6.0) for 20 min at 95°C.


Hematoxylin/Eosin Staining

Tissue sections were stained with hematoxylin for 10 min at room temperature (RT). After rinsing in running tap water, sections were dipped in ethanol 50%, stained with eosin for 1 min and dehydrated in graded alcohols and xylene. Slides were coverslipped with Entellan (Merck, Darmstadt, Germany).



Single Immunohistochemical Staining Procedures (PGP9.5 and Tyrosine Hydroxylase)

After the HIER procedure, sections were incubated with 5% Normal Human Serum (NHS) in TBS prior to incubation with rabbit anti human PGP9.5 antibody (1:2000 in TBS-T + 3% BSA, 48 h, 4°C, Dako, Glostrup, Denmark) or rabbit anti-human TH (1:1500 in TBT-T + 1% BSA, overnight RT, Pel-Freez, Rogers AR). Visualization of bound antibodies was performed with undiluted Brightvision Poly-Alkaline Phosphatase (AP) Goat-anti-Rabbit (ImmunoLogic, Amsterdam, Netherlands) and Liquid Permanent Red (LPR, Dako). All sections were counterstained with hematoxylin (Klinipath), dried on a hotplate for 15 min at 60°C and coverslipped with Entellan (Merck). Tris-buffered saline with 0.05% Tween20 (TBS-T) was used for all regular washing steps. Negative controls were obtained by incubation with TBS-3% BSA without primary antibodies. Human vagus nerve – and sympathetic trunk sections were included as a positive control for general – and sympathetic nerve tissue respectively. Both, staining procedures and positive controls, have been used in previous studies in which they proved to be valid to detect small nerves (including single nerve fibers) and to serve as proper controls, respectively (Cleypool et al., 2019, 2020).



Sequential Double Immunohistochemical Staining Procedure (CD20/CD3 and CD3/TH)

After HIER, sections were incubated with 3% Normal Goat Serum (NGS) (CD20/CD3) or 5% NHS (CD3/TH). In the first staining sequence, sections were incubated with CD20 or CD3 antibodies (details of used antibodies, including dilution, incubation time are presented in Table 2) and visualized with Brightvision Poly-AP Goat-anti-Mouse or Goat-anti-rabbit Mouse (ImmunoLogic) respectively followed by PermaBlue plus/AP (Diagnostics Biosystems, Pleasanton, United States). Details of the used antibodies, including dilution and incubation time are presented in Table 2. Prior to the second staining sequence a HIER in citrate buffer (pH6.0, 15 min RT) was performed, removing unbound antibodies but leaving chromogens unhanged (Van der Loos, 2010). Sections were then incubated with 3% NGS (CD20/CD3) or 5% NHS (CD3/TH) followed by incubation with CD3 and TH antibodies, where after they were visualized with Brightvision Poly-AP Goat-anti-Rabbit (ImmunoLogic) and LPR (Dako, Glostrup, Denmark). Sections were dried on a hotplate for 15 min at 60°C and coverslipped with Entellan (Merck, Darmstadt, Germany). Tris-buffered saline with 0.05% Tween20 (TBS-T) was used for all regular washing steps. Negative controls were obtained by incubation with TBS-3% BSA without primary antibodies. Human spleen sections that were previously confirmed to show proper staining for B cells, T cells and sympathetic nerves were included as positive controls.


TABLE 2. Detailed information on antibodies used in sequential double staining procedures.
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Microscopic Evaluation

Hematoxylin/eosin and CD3 and CD20 stain was evaluated by bright field microscopy. The chromogen LPR was used to visualize sympathetic nerves. This marker has stable fluorescent characteristics and allows the user to alternately use bright field and fluorescent microscopy on the same slide. This can be beneficial as both modalities have their own advantages, e.g., fluorescent microscopy is more sensitive allowing small nerves to be more easily recognized, whereas bright field allowed better discrimination between lymphocytes and other cells. Instead of using a band pass filter suited for LPR, a long pass filter was used which allowed emission of a broader range of wave lengths. This resulted in a green/yellow autofluorescence of connective tissue, which was used to determine if the observed nerve extended beyond, e.g., perivascular connective tissue. All samples were studied using a DM6 microscope (Leica, Nussloch, Germany) with an I3 fluorescent filter.



Image Acquisition

Single images were captured at various magnifications. These images were either brightfield or fluorescent images, depending on which modality appeared most suited to visualize the structures of interest. Both brightfield and fluorescent tile scans (stitched overlapping images) were captured for digital image analysis. Tile scans were either used to quantify the total amount of sympathetic nerves and T cells or to automatically select PALS regions which were then further studied in detail regarding their innervation (all tile scans were obtained using a 10x objective). Image acquisition was performed using a DM6 microscope with a motorized scanning stage, a I3 fluorescent filter, a DFC7000 T camera and LASX software (all from Leica, Nussloch, Germany).



Quantitative Analysis of General Sympathetic Nerve and T Cell Presence

Bright field and fluorescent tile scans of CD3 and TH stained slides, respectively, were optimized and analyzed in Fiji (ImageJ with additional plugins) (Schindelin et al., 2012). Optimization of the images included removal of irrelevant tissue (e.g., hilar connective tissue and vasculature), artifacts and large trabecular arteries with large surrounding nerves. Both the total splenic tissue area and the area of TH and CD3-IR tissue were selected using standardized thresholds and data was expressed in pixels. The overall area occupied by sympathetic nerves and T cells was expressed as area% with respect to the total tissue area. Table 3 contains an overview of the different parameters investigated in this study, including a short description of the quantification method and how the data are expressed.


TABLE 3. Studied parameters, their method of quantification and data expression.
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Semi Quantitative Analysis of Sympathetic Nerve Presence and Density in Various Splenic Areas

All samples contained large and small sympathetic nerves. Large nerves run with penetrating and trabecular arteries, whereas small nerves occur as discrete entities or are associated with smaller vascular structure from which they occasionally extent to the surrounding tissue. Only small nerves were evaluated in this study, since they are of relevance in regulation of local processes, such as immune cell function.


Periarteriolar Lymphatic Sheaths

For each sample a series of PALS regions was automatically selected and further studied in detail. No difference was made in types of PALS (being follicle associated PALS or non-follicle associated PALS). Automated selection was performed in Fiji, using tile scans of CD3/TH-stained slides. A threshold was set to select all CD3-IR areas, which were turned into solid regions using a blur function. Solid regions of 40.000 pixels or more were then selected. This approach resulted in a selection of 23–60 PALSs of substantial size. A maximum of 40 selected PALSs were then evaluated for the presence of sympathetic nerves. The number of positive PALSs was counted and expressed as percentage of the total number of studied PALSs. The association of sympathetic nerves with T cells was then graded as follows; 1: only one or two sympathetic nerves were observed to extend beyond the connective tissue of the vessel wall and to be in close proximity to T cells immediately lining the vessel wall, 2: multiple sympathetic nerves extended beyond the connective tissue of the vessel wall and were in close proximity to T cells immediately lining the vessel wall and 3: comparable to 2, but nerves extended beyond T cells immediately lining the vessel wall.



Capsule, Trabeculae, Red Pulp and Arteries

All samples were studied microscopically using a 20x objective and alternately switching between brightfield and fluorescent microscopy for reasons described in section “Microscopic Evaluation.” Nerve density in various splenic areas was quantified by means of scoring according to the following grading scale: 0: complete absence, 1: low density, 2: moderate density, and 3: high density. These scores were assigned when the observation was representative for the whole sample. With respect to the arteries, a division was made into large and small arteries. Large arteries represented penetrating arteries, also referred to as trabecular arteries (these were surrounded by a substantial amount of connective tissue). Small arteries represented arteries that could be observed in the red and white pulp.

Prior to scoring, various samples of the different age groups were evaluated by the observers in order to obtain a general idea of the extent of PALS innervation, the relation of PALS related sympathetic nerves with T cells, and to low and high nerve densities in other areas. Each sample was examined independently by two observers (CC and DB) who were blinded for the age group. When there was disagreement between the observers the samples were re-examined and scored by consensus.



Statistical Analysis

Statistical analysis and graph conception were performed using Graphpad Prism 8. A Kruskall–Wallis test was used to compare the three age groups for their general sympathetic nerve and T cell presence, and, for sympathetic nerve density in various splenic areas. An uncorrected Dunn’s test was used to provide a p-value for each separate group comparison. All parameters were expressed as median followed by their inter quartile range. Association between the general presence of sympathetic nerves and T cells was tested by means of Pearson’s correlation coefficient.



RESULTS

All spleens showed well defined white pulp with distinct T and B cell regions (PALS and follicles, respectively) and red pulp with well-defined splenic cords red pulp sinusoids were more indistinctly present. All samples contained blood vessels of various sizes, trabeculae and most samples contained a significant bit of capsule. No pathological abnormalities were observed. TH-IR structures showed comparable patterns to PGP9.5-IR structures in adjacent slides, confirming their nerve identity. Figure 1 shows examples of normal splenic morphology.
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FIGURE 1. Microscopic images of a normal spleen. (A) Overview image of a splenic sample of a patient from the 10–20 years group (HE staining). White and red pulp can be clearly distinguished as well as vascular structures and connective tissue structures such as trabeculae. (B) Close up image of the boxed splenic region in (A), showing normal splenic pulp morphology with clear white and red pulp areas (HE staining). (C) Similar region as in (B), showing the presence of T and B cells (CD3 and CD20, respectively) in periarteriolar lymphatic sheaths (PALSs) and follicles, respectively. BV, blood vessel; C, capsule; WP, white pulp; RP, red pulp; T, trabecula.



General Sympathetic Nerves and T Cells Presence and Their Age-Related Variation

Sympathetic nerves were detected in 26/26 samples (100%). Nerves were mostly observed surrounding vascular structures and to a lesser extent as discrete structures in the PALS, capsule, trabeculae and red pulp. T cells were observed in all samples and were primarily present in the PALS and to a lesser extent in follicles and in the red pulp. General sympathetic nerve presence was higher in the 10–25 group (0.1 [0.09–0.18]) compared to the neonatal group (0.02 [0.01–0.07], p = 0.0034) as well as compared to the 25–70 group (0.04 [0.02–0.05], p = 0.0192) (Figure 2A). No significant difference in T cell presence was observed between the different age groups (Figure 2B). No correlation was found between sympathetic nerve and T cell presence (r = 0.076, p = 0.71). Table 4 contains an overview of quantified median data per age group and lists age-related significant differences. Data of all separate individuals can be found in the Supplementary Data.


[image: image]

FIGURE 2. Age-related variations in general T cell and sympathetic nerve presence and the percentage of innervated PALS. (A) The general presence of sympathetic nerves per sample is calculated as the number of TH positive pixels and expressed as area % with respect to the total area of each sample. (B) The general presence of T cells per sample is calculated as the number of CD3 positive pixels and expressed as area % with respect to the total area of each sample. (C) The number of sympathetic innervated PALSs per sample expressed as percentage of the total selected number of PALSs in each sample. ∗P < 0.05.



TABLE 4. Age related variations of T cell and sympathetic nerve presence.

[image: Table 4]


Sympathetic Nerve Presence in the Periarteriolar Lymphatic Sheaths and Its Age-Related Variation

In 25/26 subjects (96%), sympathetic nerves were occasionally observed to extend beyond the adventitial lining of the central artery into the lymphatic tissue where they were in close proximity to T cells. To gain an objectified understanding of the number of innervated PALSs, a series of PALSs was automatically selected for each sample and further studied in detail (Figure 3A). PALSs with sympathetic nerves in close proximity to T cells were observed in 614 of the in total studied 1027 PALSs (60%). No significant difference in the percentage of innervated PALSs was observed between the different age groups (Figure 2C). All PALSs that contained sympathetic nerves were additionally evaluated with respect to the number of nerves that were in association with T cells and whether these nerves would travel further into the lymphatic tissue. Of the in total 1027 studied PALSs, 302 (29%) PALSs contained one paravascular nerve in proximity to T cells (score 1), 249 (24%) PALSs contained multiple nerves (score 2) and 63 (6%) PALSs contained nerves which traveled further into the lymphatic tissue (score 3) (Figures 3B–H contains examples of all scores). The neonatal group showed a higher percentage of PALSs with a score 1 (38 [28.5–60]) compared to the 25–70 group (21 [8–41], p = 0.0059). For the other scores no age-related differences were observed.
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FIGURE 3. Bright field microscopic images of PALS related sympathetic nerves in CD3/TH double stained splenic tissue slides of various neonatal individuals. (A) Overview image of a splenic sample showing automatically selected T cell regions which were further investigated for the presence of sympathetic nerves and their relation with T cells. (B–E) Close up images of the marked regions in (A) representing PALSs with a score 1 or 2. (F–H) Close up images of PALSs with a score 3 (all from different neonatal individuals). Score 1: Only one or two sympathetic nerves were observed to extend beyond the connective tissue of the vessel wall of the central artery (CA) and to be in close proximity with T cells immediately lining the vessel wall. Score2: multiple sympathetic nerves extended beyond the connective tissue of the CA and were in close proximity with T cells immediately lining the vessel wall. Score 3: comparable to 2, but nerves extended beyond T cells immediately lining the vessel wall. CA, central artery; Arrow heads: pointing out sympathetic nerves that are in close proximity with T cells, but might be obscured by the blue stain.




Sympathetic Nerve Density in Other Splenic Areas and Its Age-Related Variation


Capsule

In 25/26 subjects (96%) a substantial amount of capsule was present of which 15 (60%) contained sympathetic nerves. These nerves were scattered and were mainly observed in the part of the capsule which was in close proximity to the hilum, where vascular structures with surrounding nerves entered the spleen. In the hilar region, the capsule was less distinct and showed continuity with hilar specific structures such as the adventitia of incoming vascular structures or the connective tissue of suspending splenic ligaments (Figures 4A,B). Most observed capsular nerve tissue was present in the more superficial and middle part of the capsule (Figures 4D–F) and only sporadically in the deeper part, where it was in direct contact with the red pulp (Figure 4C).
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FIGURE 4. Fluorescence microscopic images of various capsule related sympathetic nerve densities (TH staining). (A) Overview image of a neonatal spleen. Large blood vessels with a perivascular nerve plexus reside in the splenorenal ligament and enter the spleen at the hilum. (B) Close up images of the boxed region in (A). The splenorenal ligament contains connective tissue, vascular structures and sympathetic nerves. The lining of the splenorenal ligament reflects over the hilar capsule and on its distal continuation thins out (dotted line shows the lining of the ligament). (C) Close up image of a part of a capsule obtained from a non-hilar part of a neonatal spleen. A moderate density (score 2) of sympathetic nerves can be observed. (D,E) Close up images of hilar capsule samples of spleens of individuals from the 25–70 years age group containing a low (score 1) and moderate (score 2) density of sympathetic nerves, respectively. (F) Close up image of hilar capsule sample of a neonatal spleen with a high (score 3) density of sympathetic nerves. Capsular nerves were mostly observed in the more superficial and middle part of the capsule and only sporadically in the deeper part where they were in direct contact with the red pulp (as shown in C). C, capsule; RP, red pulp; T, trabecula. Arrow heads: small capsular nerves.




Trabeculae

All subjects showed trabeculae which, as a result of the cutting plane of the samples, were observed either as immediate extensions of the capsule, or as discrete structures deeper in the parenchyma (Figure 5A). The deeper parts of the trabeculae frequently contained large vascular structures (Figures 5C,E). In 25/26 (96%) subjects, trabecular sympathetic nerves were present to some extent and were often observed in the deeper parts of trabeculae, whereas the trabeculae that extended immediately from the capsule were mostly devoid of nerves. Trabecular sympathetic nerves were observed as discrete structures (Figures 5B,D,F), or as a nerve plexus surrounding vascular structures (Figures 5C,E). In both cases nerves could extend up to the external border of the trabecular tissue where nerves were in proximity to the surrounding red pulp.
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FIGURE 5. Fluorescence microscopic images of various trabecula related sympathetic nerve densities (TH staining) in different neonatal individuals. (A) Spleen without trabecular sympathetic nerves (score 0). (B) Trabecula with a low density (score 1) of sympathetic nerves. A few small nerves are present within the connective tissue of the trabecular and a few nerves can be observed on its outer margin where they are in proximity to the RP. (C) Trabecula with a low density (score 1) of sympathetic nerves. Perivascular nerves can be observed in the adventitia of a small blood vessel (trabecular artery) and in the connective tissue of the trabecula from where it diverges to its outer margins where a few nerves are bordering the RP. (D) Trabecula extending from the capsule with a moderate density (score 2) of sympathetic nerves. Most nerves are in proximity to the RP and on its cranial site a nerve extents into the RP. Sympathetic nerves in parts of trabeculae directly extending from the capsule were very sparse. (E) Comparable to (C) but this figure contains a larger trabecular artery and shows a moderate density (score 2) of sympathetic nerves. (F) Trabecula with a high density (score 3) of sympathetic nerves which diverge to the trabecula’s outer border to be in proximity to the RP.




Arteries

All 26 subjects had clear recognizable vascular structures of various sizes which were to some extent surrounded with perivascular sympathetic nerves (Figure 6). In case of splenic artery branches in the hilum or large incoming trabecular arteries, nerve tissue was presented as large nerve bundles running in the adventitia or trabecular connective tissue, respectively, or as finer neural structures. In case of smaller arteries, nerves were organized in a more delicate network that were in close proximity to the vessel wall. Occasionally, perivascular nerves extended beyond the adventitial connective tissue. This was observed in central arteries, trabecular arteries and to a lesser extent in small arteries in the red pulp.
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FIGURE 6. Fluorescence microscopic images of various of blood vessel related sympathetic nerve densities (TH staining) in different 25–70 years age group individuals. Each figure contains a representative example of a large vessel and a small vessel with a specific amount of sympathetic nerves (score 1–3). (A–C) Splenic samples with a low, moderate or high density of sympathetic nerves surrounding large arteries (score 1-3). (A’–C’) Splenic samples with a low, moderate, or high density of sympathetic nerves surrounding small arteries (score 1–3). RP, red pulp; T, trabecula.




Red Pulp

The red pulp of all subjects contained clearly recognizable lymphoid tissue, also known as the splenic cords (Figure 7A). Sinusoids were easily recognized if they contained a substantial amount of blood, but otherwise were less distinct. Sympathetic nerves were observed in the red pulp of 20/26 (77%) subjects. These nerves comprised either small solitary nerves in between the red pulp (Figures 7B,D), or nerves bordering parenchymal trabeculae (Figures 5B,E,F, 7C) or small vascular structures (Figures 5F, 7A,D,E).
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FIGURE 7. Fluorescence microscopic images of various red pulp related sympathetic nerve densities (TH staining) in different 10–25 year age group individuals. Sympathetic nerves are present as discrete structures running in the splenic cords (encircled structures) or as nerves that originate from a perivascular or trabecular plexus and from there diverge further into the red pulp (RP) (arrow heads). (A) Splenic sample with clear splenic cords and sinusoids and a low density (score 1) of sympathetic nerves. (B–E) Various examples of spleens with RP related nerves either as a low density (score 1), a moderate density (score 2) or a high (score 3) RP related sympathetic nerve density. C, capsule; BV, blood vessel; PALS, periarteriolar lymphatic sheath; RP, red pulp; T, trabecula.




Age-Related Variations

Age-related differences were observed with respect to nerve density in the capsule, large arteries and the red pulp. The neonatal group showed a significant higher nerve density in its capsule compared to both the 10–25 and 25–70 group, and, surrounding its large arteries and in its red pulp when compared to the 25–70 group. No age-related differences were observed in trabeculae and small arteries. Table 4 contains detailed information on median group data and p-values.



DISCUSSION

This study shows that the human spleen contains sympathetic nerves, not only associated with the splenic vasculature, but also as discrete structures in the PALS, capsule, trabeculae and red pulp. Furthermore, the presence of sympathetic nerves shows a mild tendency to decrease with age. These findings are of relevance for understanding the role of splenic sympathetic nerves in regulation of the systemic immune response in humans and for the development of neuromodulatory anti-inflammatory therapies.

Sympathetic nerves were observed in all spleens but their presence was most prominent in the 10–25 age group, suggesting that from birth their number increases whereafter it decreases from adulthood on. This observation fits in with the fact that organ systems, including the peripheral nervous system, mature after birth until the onset of adulthood whereafter they subsequently show signs of aging (Verdú et al., 2000). More specifically, animal studies have shown that an age-related decline applies for splenic sympathetic innervation as well (Bellinger et al., 1987, 1992; Madden et al., 1997).

A decrease in T cell presence has been put forward as another explanation for a decrease in sympathetic nerve abundance (Hoover et al., 2017). The authors observed the presence of T cells to correlate to that of sympathetic nerves and suggested the lack of specific nerve growth factors produced by these T cells to be of relevance. In the current study, however, no correlation between the general presence of sympathetic nerves and T cells (both expressed as area%) was found, thereby further emphasizing aging to be the most plausible explanation for the observed decline of sympathetic innervation in spleens of healthy persons.

In 96% of the studied individuals, PALSs were observed to contain sympathetic nerves that extended beyond the adventitia of central arteries and to be in apposition with T cells. So far PALS innervation in humans have only been reported once (Hoover et al., 2017). The authors, however, did not supply information on the number of innervated PALSs per individual, deeming it impossible to estimate whether PALS innervation represented a structural entity of normal healthy spleens or a more coincidental heterogenous finding. The current study shows that human PALSs innervation was observed in 60% of the in total 1027 studied PALSs and therefore represents a structural phenomenon. Furthermore, no significant age-related differences could be determined with respect to the innervation of the number of PALSs, or the extent to which sympathetic nerves were in proximity to T cells.

Sympathetic innervation patterns observed so far in human PALSs, however, seem to differ significantly from rodent species. In rats, mice and rabbits, nerves were more densely present and also traveled further into the parenchyma (Felten et al., 1987, 1997; Bellinger et al., 1992). This questions whether splenic plexus stimulation in humans, with only a few T cells of the PALS in direct contact with sympathetic nerves, would target enough of these cells to establish a similar systemic anti-inflammatory effect as observed in rodents. It is, however, known that vagus nerve stimulation in humans results in a systemic anti-inflammatory response (Koopman et al., 2016). Since vagus nerve stimulation activates the splenic plexus (Reardon, 2016; Pavlov and Tracey, 2017) this effect must be elicited by splenic sympathetic nerves, potentially involving different components and/or locations than what is known for the prevailing CAIP NE-Ach-TNF mechanism. In the following part various alternative options for explaining this effect will be discussed in the light of our findings.

Most T cells are migratory cells and reside in the PALS for only a certain amount of time whereafter they disseminate to the red pulp and return to the systemic circulation. If, during this migration, enough CD4+T cells pass sympathetic nerves and short term synaptic connections are formed, a phenomenon referred to as short term plasticity (Song et al., 2018), a significant amount of adrenergic receptors on CD4 +T cells might indeed get activated. Another potential mechanism to overcome this issue might be volume transmission; a process wherein a neurotransmitter is not released in a synaptic cleft but is expelled into the extracellular matrix and reaches its effector cells by diffusion (Fuxe et al., 2013). Volume transmission of NE could result in adrenergic activation in increased numbers and more distant T cells other than the ones in direct contact with sympathetic nerves. Furthermore, the splenic white pulp appears to contain low amounts of acetylcholinesterase (Hoover et al., 2020), and volume transmission of Ach (secreted by activated T cells in the PALS) might occur as well, thereby further expanding the indirect effector scope of sympathetic nerves.

Other studies have casted doubt on the prevailing mechanisms of the cholinergic anti-inflammatory pathway involving the sequence of NE release, ACh production, and subsequent TNFα reduction through cholinergic receptor activation on macrophages, both with respect to the mechanism itself and with respect to its location (Rosas-Ballina et al., 2008; Murray et al., 2017). In a recent study wherein the relationship between sympathetic neurons and ChAT+ lymphocytes were mapped in complete mouse spleens, it was shown that overall few ChAT+ T cells were juxtaposed to sympathetic fibers and that their distance to these fibers exceeded that of traditional synapses (Murray et al., 2017). Moreover, the authors showed that sympathetic innervation was involved in homing of ChAT+T cells to appropriate physical regions in the spleen by increasing the expression of the chemokine CXCL13 in stromal cells (Murray et al., 2017). Such homing processes are vital as it conjoins the right cells for a properly aligned immune response (reviewed by Zhao et al., 2015). In case of conjoining the key mediators of the intrasplenic NE-ACh-TNFα mechanism, this requires homing of ChAT+T cells towards macrophage rich areas such as the marginal zone and the red pulp, where adrenergic receptors on these T cells need to be activated prior to release of ACh in proximity to these macrophages. Interestingly, vagus nerve stimulation in mice specifically attenuated TNFα production by splenic macrophages in these two areas 30 minutes after endotoxin administration (Rosas-Ballina et al., 2008). The authors observed nerve terminals adjacent to these TNFα producing macrophages, but did not provide information on the local presence of ChAT+ T cells. With the above discussed topics in mind, it would be more plausible that the intrasplenic NE-Ach-TNFα mechanism occurs in the marginal zone and red pulp, instead of the PALS. Further support for favoring the red pulp and marginal zone over the PALS as designated immune regulation areas, is the difference in T cell transit time. T cell passage through the red pulp and marginal zone takes 5 and 50 min respectively whereas passage through the PALS (from the perivascular area to the macrophage rich marginal zone/red pulp) takes 2.5–6 h (Hammond, 1975; Ford, 1979; Ganusov and Auerbach, 2014) and the latter may take too long to provoke the fast systemic response which peaks at 90 min after electrical stimulation (Rosas-Ballina et al., 2008; Komega et al., 2018; Guyot et al., 2019).

According to recent literature, human spleens do not have a marginal zone but their red pulp is considered to be morphologically and functionally comparable to mice and rats (reviewed by Steiniger, 2015). In contrast to previous studies (Heusermann and Stutte, 1977; Kudoh et al., 1979; Anagnostou et al., 2007; Verlinden et al., 2018) the current study showed that, although rare, red pulp innervation is present in all age groups albeit it more prominent in younger individuals. Sporadically, discrete nerves were observed within the red pulp, but most of the red pulp innervation was supplied either by trabecular nerves which extended to the outer margins of the trabecular connective tissue, or by nerves positioned outside the connective tissue surrounding small red pulp vascular structures. These nerves always remained in proximity to the trabeculae and vascular structures and never traveled deeper into the red pulp. In human fetuses, capsular nerves have also been observed to extend into the red pulp (Anagnostou et al., 2007). In the current study, however, capsular nerves have been observed in all age groups, but only rarely extended into the red pulp or reached the inner capsular margins contacting the red pulp and therefore were not considered to generally contribute to red pulp innervation.

Thus, comparable to the PALS, the red pulp in humans contains significant less sympathetic innervation when compared to other animals in which red pulp innervation was already considered sparse (Bellinger et al., 1987). Therefore, again one could question whether splenic plexus stimulation in humans would target a sufficient amount of red pulp effector cells to provoke the effect observed in animals (Rosas-Ballina et al., 2008). While searching the literature for the role of the stromal cells in immune regulation, a more elegant and subtle mechanism, which potentially requires little direct innervation of red pulp immune cells, was found. In the spleen stromal cells reside in both the white and red pulp where they represent the main cellular components of the reticular framework, a connective tissue scaffold which provides support for splenic immune cells and guidance for their migration (Perez-Shibayama et al., 2019). As shown by a transmission electron microscopic study in guinea pigs, the reticular framework is composed enveloping reticular cells which enclose connective tissue components and occasionally a sympathetic axon or free nerve endings (Saito, 1990). The connective tissue space of the framework was shown to be continuous and to contain meshwork like spaces (Saito, 1990). The author referred to these meshwork like spaces as catecholamine canals since he hypothesized them to facilitate diffusion of released sympathetic neurotransmitters over larger distances throughout the reticular framework. With the exception of follicles, the reticular cells of the reticular framework are represented by contractile myofibroblasts (Pinkus et al., 1986). Contraction of these myofibroblasts results in exposure of migrating immune cells to the content of catecholamine canals; sympathetic nerve endings or previously secreted and diffused NE (Saito, 1990). Adrenergic signaling can than modulate the immune response, which in case of diffused NE does not require direct immune cell innervation. The reticular framework might equal the more recent discovered splenic conduit system in mice; an interconnected tubular network that functions as a transport system for fluid, small molecules and particles (including antigens) and is covered with fibroblast reticular cells which support migratory lymphocytes (Nolte et al., 2003; Roozendaal et al., 2008). Whether the human spleen contains catecholamine cannals or a conduit system has not been established yet.

Overall, it can be concluded that, apparent age-related and interspecies differences in splenic sympathetic nerve distribution and density exists. It is, however, uncertain if and to what extent these differences are of significance for NE-ACh-TNFα mechanism based anti-inflammatory therapies in humans. Although experimental studies have shown an indisputable role for sympathetic nerves, ChAT+ T cells and macrophages, it is, however, not completely understood how and where the various elements of the prevailing intrasplenic NE-ACh-TNFα mechanism interact and whether unknown intermediate elements are required. In order to be able to extrapolate experimental data to humans and to estimate whether targeting splenic sympathetic nerves in humans could be beneficial, additional experimental and morphological studies are required and alternative or additional mechanisms should be taken into consideration.


Study Limitations

The use of single tissue sections will result in a 2D representation of sympathetic nerves in relation with surrounding structures. This makes it difficult to truly estimate whether the evaluated sympathetic nerves represent small, local tissue innervating (discrete) nerves or that they might be part of larger en route nerves. This bias should be kept in mind when interpretating data on sympathetic nerve quantification. However, since the same bias applies to all samples, we consider its influence on group comparison data negligible.



CONCLUSION

Although less extensive when compared to other animals, human spleens contain sympathetic nerves, not only associated with vascular structures but also as discrete entities. In the PALS, these nerves were in proximity to T cells, suggesting the potential existence of a CAIP in humans. Alternative locations involved in neuroimmune regulation might be represented by the capsule, trabeculae and red pulp since these structures contain discrete sympathetic nerves as well. Since splenic sympathetic nerve distribution and density shows interspecies variation and our general understanding of the relative and spatial contribution of splenic innervation in immune regulation is incomplete, it remains difficult to estimate the anti-inflammatory potential of targeting splenic sympathetic nerves in humans. Future studies should focus on the anti-inflammatory efficacy of targeting these nerves in humans and further characterize the underlying mechanism. Splenic sympathetic innervation density slightly decreases from adulthood on and these age-related variations might be of relevance when developing sympathetic nerve based anti-inflammatory therapies.
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In vivo Visualization of Pig Vagus Nerve “Vagotopy” Using Ultrasound
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Background: Placement of the clinical vagus nerve stimulating cuff is a standard surgical procedure based on anatomical landmarks, with limited patient specificity in terms of fascicular organization or vagal anatomy. As such, the therapeutic effects are generally limited by unwanted side effects of neck muscle contractions, demonstrated by previous studies to result from stimulation of (1) motor fibers near the cuff in the superior laryngeal and (2) motor fibers within the cuff projecting to the recurrent laryngeal.

Objective: Conventional non-invasive ultrasound, where the transducer is placed on the surface of the skin, has been previously used to visualize the vagus with respect to other landmarks such as the carotid and internal jugular vein. However, it lacks sufficient resolution to provide details about the vagus fascicular organization, or detail about smaller neural structures such as the recurrent and superior laryngeal branch responsible for therapy limiting side effects. Here, we characterize the use of ultrasound with the transducer placed in the surgical pocket to improve resolution without adding significant additional risk to the surgical procedure in the pig model.

Methods: Ultrasound images were obtained from a point of known functional organization at the nodose ganglia to the point of placement of stimulating electrodes within the surgical window. Naïve volunteers with minimal training were then asked to use these ultrasound videos to trace afferent groupings of fascicles from the nodose to their location within the surgical window where a stimulating cuff would normally be placed. Volunteers were asked to select a location for epineural electrode placement away from the fascicles containing efferent motor nerves responsible for therapy limiting side effects. 2-D and 3-D reconstructions of the ultrasound were directly compared to post-mortem histology in the same animals.

Results: High-resolution ultrasound from the surgical pocket enabled 2-D and 3-D reconstruction of the cervical vagus and surrounding structures that accurately depicted the functional vagotopy of the pig vagus nerve as confirmed via histology. Although resolution was not sufficient to match specific fascicles between ultrasound and histology 1 to 1, it was sufficient to trace fascicle groupings from a point of known functional organization at the nodose ganglia to their locations within the surgical window at stimulating electrode placement. Naïve volunteers were able place an electrode proximal to the sensory afferent grouping of fascicles and away from the motor nerve efferent grouping of fascicles in each subject (n = 3).

Conclusion: The surgical pocket itself provides a unique opportunity to obtain higher resolution ultrasound images of neural targets responsible for intended therapeutic effect and limiting off-target effects. We demonstrate the increase in resolution is sufficient to aid patient-specific electrode placement to optimize outcomes. This simple technique could be easily adopted for multiple neuromodulation targets to better understand how patient specific anatomy impacts functional outcomes.

Keywords: vagotopy, histology, vagus nerve, vagus nerve stimulation, bioelectronic medicine, electroceutical, neuromodulation, ultrasound


INTRODUCTION

The therapeutic effects of vagus nerve stimulation (VNS) for epilepsy and heart failure, while significant in some patients, are often limited by intolerable side effects including throat tightening or pain, voice changes, hoarseness, cough, and dyspnea (Morris and Mueller, 1999; Howland, 2014). The inadvertent stimulation of somatic nerve branches extending from the vagus, such as the superior and recurrent laryngeal nerve (SLN and RLN, respectively), has been implicated as the cause of these side effects (Tosato et al., 2007; Yoo et al., 2013; Nicolai et al., 2020). These nerve branches are either activated through stimulation of fascicles within the stimulating cuff (RLN), or by current escaping the cuff (SLN) (Boon et al., 2009; Castoro et al., 2011; Nicolai et al., 2020). The SLN and RLN innervate neck muscles involved in many of the therapy-limiting side effects and therefore avoiding stimulation of these nerve fibers is paramount.

The vagus nerve (VN) contains a topographical organization (Settell et al., 2020), or vagotopy, that has the potential to be visualized using ultrasound. Previous work in a pig model of VNS demonstrated a bimodal functional organization in the VN. In the nodose ganglia (NG), pseudo-unipolar cell bodies (predominately sensory afferents) are grouped into a large fascicle, distinct from a separate, smaller grouping of nerve fibers. This secondary grouping of nerve fibers gives rise to the superior and recurrent laryngeal nerve branches (Settell et al., 2020). This bimodal arrangement of fascicles could be used to strategically place VNS cuffs to avoid the neuronal projections that innervate muscles implicated in side effects. Current clinical VNS cuffs wrap approximately 270° around the vagus nerve, and thus stimulate the circumference of the trunk mostly indiscriminately. Strategic placement of small electrodes and utilization of a current steering stimulation protocol, to target sensory over motor regions, could minimize therapy-limiting activation of the neck muscles, and optimize clinical efficacy.

Visualization of peripheral nerves using ultrasound could be an effective intraoperative method to identify fascicular organization and pertinent anatomical information in vivo. Ultrasound offers higher resolution, and is more cost-effective than other imaging modalities such as magnetic resonance imaging (MRI) (Zaidman et al., 2013). The use of ultrasound for neuropathology was first reported in the 1980s, with improvements in capabilities over the last thirty years (Cartwright et al., 2017). Non-invasive ultrasound has been completed in patients on a variety of superficial nerves demonstrating fascicular resolution. The sciatic nerve has been visualized in patients using ultrasound during popliteal sciatic nerve block for hallux valgus surgery (bunionectomy), with clear visualization of the epineurium through the skin (Karmakar et al., 2013). The median, radial and ulnar nerves, are more superficial than the sciatic nerve and have been visualized through the skin during carpal tunnel evaluation with slightly better resolution of fascicles (Marciniak et al., 2013; Taylor et al., 2016). In 2016, the FDA approved a high frequency ultrasound device for human-use, which further improved imaging of superficial nerve fascicles such as those in the median nerve (Cartwright et al., 2017).

Despite the ability to visualize these superficial nerves, visualizing fascicular organization of the VN with ultrasound poses a unique problem, as it is below several layers of skin, fat, and muscle. Current capabilities of the clinical transducers do not allow for high-resolution, non-invasive visualization of the fascicular organization of deep nerves such as the VN (Brown et al., 2016; Inamura et al., 2017; Ottaviani et al., 2020). Though non-invasive ultrasound of the VN has been established in the clinical setting for diagnosis of masses of the neck (Giovagnorio and Martinoli, 2001), the depth of penetration is not sufficient to observe fascicular organization, and resolution tends to be poor (Inamura et al., 2017). In humans, the VN is 36.2 ± 9.4 mm (mean ± SD) from the surface of the skin, with no differences between sides or sexes (Hammer et al., 2018). Given the depth of the VN, we propose a novel approach for visualizing vagotopy by placing the ultrasound transducer within the surgical pocket to improve resolution without increasing surgical risk.

Here, we demonstrate this simple intraoperative methodology for visualization of the vagotopy of the pig VN using a high frequency (50 MHz) ultrasound transducer within the surgical pocket. We characterize the utility of ultrasound placed within the surgical pocket to (1) identify the bimodal organization between the pseudo-unipolar cell bodies (sensory afferents) and the secondary fascicle grouping giving rise to the SLN and RLN at the level of the nodose ganglia, (2) resolve the bimodal organization of fascicles within the surgical window, and (3) obtain additional information about the fascicular organization of the SLN and RLN themselves that may be useful in seeding computational models to inform off-target activation. Ultrasound images at selected locations were compared to histological images to confirm underlying vagotopy.

To test the utility of this information for aiding in surgical placement of epineural electrodes, ultrasound images were provided to a group of volunteers, with minimal training, who were asked to follow the sensory afferents from the pseudo-unipolar cell plane to a region where the VNS cuff is usually placed. Volunteers were asked to place the center of the stimulating contact as far from the motor efferents as possible at the specified VNS cuff location, within the surgical window. Thus, demonstrating the feasibility of using ultrasound to optimize contact placement near sensory afferents intended for therapy and to prevent off-target, therapy-limiting side effects (motor-efferents). These results demonstrate that real-time ultrasound can be collected, analyzed, and used to inform electrode cuff placement. This simple approach could lead to patient-specific, optimized placement of implanted electrodes for a variety of neuromodulation targets, resulting in reduced effects on off-target fibers and potentially more efficacious stimulation.



MATERIALS AND METHODS


Subjects

All study procedures were approved by the University of Wisconsin—Madison and Mayo Clinic Institutional Animal Care and Use Committee. Additionally, procedures completed at the Mayo Clinic were conducted under the guidelines of the American Association for Laboratory Animal Science in accordance with the National Institutes of Health Guidelines for Animal Research (Guide for the Care and Use of Laboratory Animals). Subjects included 3 healthy domestic (Yorkshire/Landrace crossbreed) swine (2F/1M; mean ± SD = 41 ± 1.71 kg). All subjects were housed individually (21°C and 45% humidity) with ad libitum access to water and were fed twice a day. Each subject was given an intramuscular injectable induction anesthesia: telazol (6 mg/kg), xylazine (2 mg/kg), and glycopyrrolate (0.006 mg/kg). An intramuscular injection of buprenorphine was given as an analgesic (0.03 mg/kg). A blood pressure catheter was placed in the femoral artery (Millar, Inc., Houston, TX, Model # SPR-350S), and an intravenous catheter placed in the peripheral ear vein for drug and fluid administration. Subjects were endotracheally intubated and maintained with a mechanical ventilator using 1.5–3% isoflurane. All vital signs including temperature, heart rate, CO2, and respiration were continuously collected and recorded every 15 minutes and used to monitor depth of anesthesia. To aid in the quantification of fascicular structure, an additional set of 3 swine (2F/1M; mean ± SD = 33 ± 14.7 kg were scanned post-mortem, and will hereby be referred to as cadaver studies. These subjects underwent all surgical and ultrasound methods as listed below unless otherwise noted.



Surgical Methods

The surgical approach for exposing the VN and microdissection procedures have been described previously (Settell et al., 2020). Briefly, in a dorsal recumbence position, a ventral incision was made on the subject’s right side, just lateral and parallel to midline starting at the level of the mandible. Tissue was divided to locate the carotid sheath which was incised to expose the carotid artery, internal jugular vein, and VN. The VN was bluntly dissected from the nodose ganglion to approximately 10 cm caudal; careful measures were taken to avoid disturbing any of the surrounding branches, such as the SL or sympathetic trunk (ST). This exposed region spans the equivalent location for cervical VNS implantation in a patient, as identified by a practicing neurosurgeon (Nicolai et al., 2020; Settell et al., 2020). The incision site was kept moist with 0.9% sterile saline until the completion of experiment. In the additional cadaver experiments the surgical pocket was extended cranially to expose the superior cervical ganglion (SCG) to locate the branching of the ST.



Ultrasound

The ultrasound approach for this study was described previously (Huang et al., 2019). Briefly, after the surgical procedure, all ultrasound images were collected using a Vevo® 3100 (live) or Vevo® 2100 (cadaver) high frequency imaging system (FUJIFILM VisualSonics Inc., Toronto, Canada). The high frequency 50 MHz linear array transducer (MX700, 35 μm nominal axial resolution, 70 μm nominal lateral resolution, 9 mm × 10 mm imaging window) was placed within the surgical pocket (Figure 1A), 1–2 mm above the VN to obtain axial cross sections (Figures 1B,C). The surgical pocket was filled with mineral oil (live subjects) or room temperature saline (cadaver experiments, live to cadaver comparison subject) to increase coupling between the transducer and nerve, and the vagus nerve suspended from surrounding tissue using vessel loops to limit movement artifact and improve image quality. The transducer was attached to a linear stepper motor (P/N 11484, VisualSonics Inc.) connected to the Vevo® integrated rail system to allow for smooth acquisition of images along the length of the nerve, without the need for manual manipulation. The transducer was directed to move along the length of the VN in the cranial to caudal direction, starting at the nodose ganglion or SCG (Figure 1C) and extending the length of the surgical window (approximately 10–12 cm in length), with image collection including the typical VNS cuff location. 3-D plane-by-plane volumetric B-mode images were collected (Figures 1D–F). Data associated with this study (Settell et al., 2021), were collected as part of the Stimulating Peripheral Activity to Relieve Conditions (SPARC) program and are available through the SPARC Portal (RRID: SCR_017041) under a CC-BY 4.0 license.
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FIGURE 1. Ultrasound method for visualizing the vagus nerve in a representative subject (A) the swine surgical window includes the right vagus nerve (VN) and the carotid artery, as well as the 50 MHz ultrasound probe (US probe) moving in the cranial to caudal direction. Skin, muscle, and fat were retracted in this acute preparation. (B) Representative VN in one of the cadaver subjects showing fiducial wire (green arrow heads) and histology dye as well as cross section of US plane (D). (C) Schematic of the probe direction (gray dashed arrow) as it scanned from the nodose ganglion (NG) (in vivo) or superior cervical ganglion (SCG) (cadaver) moving caudally, approximately 10 cm. (D) Ultrasound cross section demonstrating bimodal fascicular organization within the surgical window, with wire fiducial marker and zoom of nerve indicated with white box (E,F). (E,F) Zoomed region of ultrasound still (white box, D) demonstrating sensory and motor bimodal arrangement (purple and red regions, respectively) as traced from the pseudo-unipolar cell plane of the nodose ganglion (See Supplementary Video, Cadaver Subject 1 for the full ultrasound video) The sympathetic trunk (ST), as traced from the SCG is indicated in yellow (G,H) A representative, paired histology section (5 μm, Gomori’s trichrome) showing the bimodal organization of the vagus nerve within the surgical window, at the wire fiducial marker, indicating the bimodal sensory and motor fascicular organization, as indicated by the purple and red regions, respectively. The ST is indicated in yellow. (I) Subject 1 3D ultrasound data clearly showing the nodose ganglion and superior laryngeal extending ventromedially, and vagal trunk extending in the cranial and caudal direction. The superior cervical ganglion is just cranial to the nodose ganglion, with the sympathetic trunk (ST) running parallel to the vagus nerve along the dorsomedial aspect. (J) Coronal plane (ventral to dorsal) of vagus nerve showing axons extending from the pseudo-unipolar cell plane to the sensory afferent mode of the vagal trunk. In the zoomed region of the vagal trunk, sensory afferent fascicles are indicated by the yellow arrow, and motor efferent fascicles are indicated by the pink arrow.


To aid in the confirmation of sensory afferent vs. motor efferent fascicles in ultrasound data we used a system of wire fiducials paired with histology dye to indicate specific regions along the vagus nerve; (1) SCG (2) NG (3) the region of cervical vagus nerve (cVN) where the clinical stimulating cuff is placed (Figure 1B). Wire fiducials placed underneath the vagus nerve created artifacts in the ultrasound images, allowing us to directly pair these ultrasound images with their corresponding histology slices as indicated by histology dye (Figures 1B,D–H). Additionally, 3-D reconstructions of ultrasound data were created (Figures 1I,J, see Ultrasound Video Analysis for Methods).



Histology and Microdissection

At the completion of ultrasound scanning, the VN was exposed further to identify clearly branches extending from the main trunk, including the ST which courses parallel to the VN, and the RLN bifurcation at the level of the subclavian artery. Connective tissue was removed, and histological dye was placed along the lateral and ventral edges of the vagus nerve to maintain orientation information (Bradley Products, Inc., Davidson Marking System, Bloomington, MN).

The VN was then excised from just cranial to the nodose ganglion to the RLN bifurcation (in vivo) or from just cranial to the SCG to the cVN (cadaver). The vagus nerves were placed in 10% neutral buffered formalin for approximately 48 h at 4°C. Samples were then placed in a Research and Manufacturing Paraffin Tissue Processor (RMC Ventana Renaissance PTP 1530, Ventana Medical Systems, Oro Valley, AZ), and they underwent a series of standard processing steps to dehydrate, clear, and infiltrate with paraffin wax (see Settell et al., 2020 for details). Embedded samples were sectioned at 5 μm, mounted on charged slides, and stained using Gomori’s trichrome. Slides were imaged at 20x using a Zeiss Axio Imager 2 with a Zeiss digital camera (Figures 1G,H).



Ultrasound Video Analysis

To provide quantification of the ultrasound data to evaluate its utility in tracking sensory afferent fascicles from the nodose ganglia to the region of stimulation, we obtained data in an additional three cadavers. We then created a set of tutorial videos to train naïve ultrasound users on how to identify key markers in the ultrasound video; (1) SCG, (2) NG (as identified by pseudo-unipolar cell plane), (3) motor efferent fascicles, (4) SLN, and the (5) sensory afferents projecting from the pseudo-unipolar cell plane of the nodose ganglia (Supplementary Tutorial Videos 1–3). Volunteers were then instructed on how to trace the grouping of sensory fibers from the NG to the region of the stimulating cuff (as noted by the wire artifact). Once volunteers felt comfortable with the process, they were asked to make an attempt at placing a hypothetical stimulating contact on the remaining two subject’s ultrasound videos they had not previously viewed. The only guidance provided in the remaining two videos was an analog clock face placed over the nerve at the correct cervical level, so volunteers could provide a time to indicate their selected location (Supplementary Test Videos 1–3). To confirm whether volunteers successfully located sensory vs. afferent grouping, histological slices corresponding to the wire fiducials for the selected location were compared for each subject. This blinded process allowed us to evaluate the feasibility of the technique for aiding in identifying the specific locations of fascicles, using both modalities. Additionally, data was converted into 3-D volumetric videos (Supplementary 3D Cadaver Videos). Ultrasound images were exported in B-mode from the Vevolab software and imported into Fiji to convert them into v3draw format. Images were then converted to 3-D data using vaa3D (Peng et al., 2010, 2014a,b).



RESULTS


Ultrasound of the Vagus Nerve to Identify Key Anatomical Features

Ultrasound videos were of sufficient resolution to generate 3-D reconstructions suitable to identify key features at a place of known functional organization at the nodose ganglia, and trace associated fascicles to their location at the stimulating cuff region (Figure 1I). The pseudo-unipolar cells of the nodose were identified via ultrasound as a single large fascicle, or large circular hypoechoic region within the nodose ganglia (Figure 2). The region of fascicles above the pseudo-unipolar cell region have previously been traced to the superior laryngeal and recurrent laryngeal in histology, and are putatively mainly motor and parasympathetic efferent fibers (Settell et al., 2020). Therefore, using ultrasound we were able to trace the afferent fascicles arising from the pseudo-unipolar cell groupings, beginning at the nodose ganglia into the cervical region of the vagus nerve. This bimodal organization, while previously shown in histology, could be visualized at various points along the length of the cervical VN [see Supplementary Material for the full 3D ultrasound videos, n = 3 (live), and n = 3 (cadaver)].
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FIGURE 2. Ultrasound of the nodose ganglia in two live, and one cadaver subject (n = 3). Blue arrows indicate the hypoechoic pseudo-unipolar cell region of the nodose ganglia, red arrows indicate the motor efferent region fascicles. (A,B) Ultrasound of the nodose ganglia and superior laryngeal nerve (SLN) in vivo. (C) Ultrasound of the nodose ganglion in a cadaver with paired histology slice demonstrating the pseudo-unipolar cell region (D) Histology slice at a larger scale with zoomed region of pseudo-unipolar cells (white arrows) and surrounding satellite cells.


Despite visualization of fascicular structure, further quantification and evaluation of this technique for its utility in clinical applications was warranted. We repeated this approach in cadaver swine to allow for the placement of wire fiducials in an expanded surgical pocket (n = 3). To ensure that fascicular structure and organization in both live and cadaver models was clear and easily identifiable, we directly compared the vagus nerve of one subject both pre and post-mortem (Figure 3).
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FIGURE 3. Comparison of ultrasound in live (A) and cadaver (B) swine. Insets are demonstrating clear visualization of fascicles in both states.




Ultrasound of the Superior and Recurrent Laryngeal Branches

We assessed whether ultrasound could be used during the surgical procedure to visualize the RLN and SLN branches of the vagus nerve, as these are implicated in off-target activation of the deep neck muscles that produce therapy-limiting side effects (Nicolai et al., 2020). Despite these branches being smaller in diameter than the compound VN, we were able to locate both within the surgical window both visually and using ultrasound, with clear visualization of fascicular structure. The SLN extends ventromedially from the NG to innervate the cricoarytenoid (internal branch of the superior laryngeal) and cricothyroid (external branch of the superior laryngeal) muscles of the throat (Figure 4A; Hayes et al., 2013; Settell et al., 2020). The RLN was identified as running parallel to the vagus nerve along the esophagus and inserting into the cricoarytenoid muscle. It contained far fewer fascicles, but was clearly visible (Figure 4B).
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FIGURE 4. Ultrasound images of the superior laryngeal nerve (SLN) and recurrent laryngeal nerve (RLN) branches of the vagus nerve (VN) in one live representative subject (n = 1). (A) The SLN (red arrow) branching ventromedially off of the nodose ganglion (NG). Green arrows indicate fascicles within the nerve. (B) The RLN (red arrow), running along the esophageal groove. Green arrows indicate fascicles. Photograph insets in both (A,B) depict the corresponding ultrasound region within the surgical pocket; carotid artery (CA).




Quantification of Fascicular Organization Using Volunteers

We next sought to determine if volunteers with minimal prior training could trace the axonal projections from the pseudo-unipolar cell plane of the nodose ganglia into the cervical region of the vagus nerve, where the stimulating cuff would traditionally be placed from an ultrasound video to which they were naïve (Table 1). In subject 1 and 2, five of six volunteers were able to successfully trace the sensory afferent region from the nodose ganglia (Figures 5A, 6A); with the average contact placed well within the sensory afferent region as identified via histology, opposite the motor efferent grouping of fascicles (Figures 5B,C, 6B,C). Electrode placements were largely consistent across evaluators in these two subjects, with one clear outlier, likely placed in error, on the opposite mode. As can be seen in Figures 5, 6 the placement by the remaining evaluators was tightly clustered around the ideal placement point as identified by histology.


TABLE 1. Responses for the location of the stimulating contact from each volunteer, based on the subject videos provided.
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FIGURE 5. Subject 1 (A) From Left to Right: Location of wire fiducials within the surgical pocket. (Note, this subject’s surgical photo does not contain histology dye, however, it was placed on the nerve before removal from the pocket). The location of the paired ultrasound video and required placement of stimulating contact is at wire fiducial two [0.62 cm from the superior laryngeal coming off of the nodose ganglion (NG)]. (A1–3) Progressive ultrasound images in the cranial to caudal direction from the NG to the cervical vagus nerve (VN), and location where volunteers were requested to place the stimulating contact (1–3, respectively). Red arrow indicates pseudo-unipolar cell region of the NG, pink arrows indicate motor efferent region, purple arrow indicates sensory afferent region, as confirmed via histology. (B) Ultrasound cross sections of wire fiducial two, where volunteers were asked to trace the sensory afferent axons from the NG. Top panel: pink arrows note motor efferent region, purple arrow indicates the sensory afferent fascicle grouping, green dashed line indicates area of transected connective tissue during removal for histology. Bottom panel: analog clock face placed on test video to give volunteers locations to place the hypothetical stimulating contact based on their tracing task, green dashed line indicates area of transected connective tissue during removal for histology. (C) Histology slice from wire fiducial two, as indicated with histology dye, with analog clock face to demonstrate stimulating contact locations as placed by volunteers in the ultrasound video. Green dashed line indicates area of transected connective tissue during removal for histology. (B,C) Red circles indicate each volunteer’s placement of the stimulating contact, the yellow circle indicates the average response, and the blue circle indicates the optimal contact location. Sympathetic trunk (ST), medial (M), ventral (V), dorsal (D), lateral (L).
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FIGURE 6. Subject 2 (A) From Left to Right: Location of wire fiducials and histology dye within the surgical pocket. The location of the paired ultrasound video and required placement of stimulating contact is at wire fiducial two [0.69 cm from the superior laryngeal coming off of the nodose ganglion (NG)]. (A1–3) Progressive ultrasound images in the cranial to caudal direction from the NG to the cervical vagus nerve (VN), and location where volunteers were requested to place the stimulating contact (1–3, respectively). Red arrow indicates pseudo-unipolar cell region of the NG, pink arrows indicate motor efferent region, purple arrow indicates sensory afferent region, as confirmed via histology. (B) Ultrasound cross sections of wire fiducial two, where volunteers were asked to trace the sensory afferent axons from the NG. Top panel: pink arrows note motor efferent region, purple arrow indicates the sensory afferent fascicle grouping, green dashed line indicates area of transected connective tissue during removal for histology. Bottom panel: analog clock face placed on test video to give volunteers locations to place the hypothetical stimulating contact based on their tracing task, green dashed line indicates area of transected connective tissue during removal for histology. (C) Histology slice from wire fiducial two, as indicated with histology dye, with analog clock face to demonstrate stimulating contact locations as placed by volunteers in the ultrasound video. Green dashed line indicates area of transected connective tissue during removal for histology. (B,C) Red circles indicate each volunteer’s placement of the stimulating contact, the yellow circle indicates the average response, and the blue circle indicates the optimal contact location. Sympathetic trunk (ST), medial (M), ventral (V), lateral (L), dorsal (D).


In the third subject, there was an extensive amount of undissected fat and connective tissue, as can be seen in the ultrasound video, that was subsequently dissected to perform histology. This additional tissue would make it problematic to place an electrode on the epineural surface at the approximate mid-point of the sensory mode close to these fascicles. Therefore, despite the “optimal placement” (10:15) being distant from the group (8:00), the most accessible placement in vivo, would be closer to 7 o’clock. Four out of six volunteers were able to correctly place the stimulating cuff for subject three, with these placements clustered at the only realistic location an electrode could be placed (Figure 7A). Across all six evaluators the average placement was still within the sensory afferent region of the nerve (Figures 7B,C).
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FIGURE 7. Subject 3 (A) From Left to Right: Location of wire fiducials and histology dye within the surgical pocket. The location of the paired ultrasound video and required placement of stimulating contact is at wire fiducial two [1.9 cm from the superior laryngeal coming off of the nodose ganglion (NG)]. (A1–3) Progressive ultrasound images in the cranial to caudal direction from the NG to the cervical vagus nerve (VN), and location where volunteers were requested to place the stimulating contact (1–3, respectively). Red arrow indicates pseudo-unipolar cell region of the NG, pink arrows indicate motor efferent region, purple arrow indicates sensory afferent region, as confirmed via histology. (B) Ultrasound cross sections of wire fiducial two, where volunteers were asked to trace the sensory afferent axons from the NG. Top panel: pink arrows note motor efferent region, purple arrow indicates the sensory afferent fascicle grouping, green dashed line indicates area of transected connective tissue during removal for histology. Bottom panel: analog clock face placed on test video to give volunteers locations to place the hypothetical stimulating contact based on their tracing task, green dashed line indicates area of transected connective tissue during removal for histology. (C) Histology slice from wire fiducial two, as indicated with histology dye, with analog clock face to demonstrate stimulating contact locations as placed by volunteers in the ultrasound video. Green dashed line indicates area of transected connective tissue during removal for histology. (B,C) Red circles indicate each volunteer’s placement of the stimulating contact, the yellow circle indicates the average response, and the blue circle indicates the optimal contact location. Sympathetic trunk (ST), medial (M), ventral (V), lateral (L), dorsal (D).




DISCUSSION


Toward Improving Intraoperative Placement of Vagus Nerve Stimulation Cuffs

Surgical implantation of VNS devices has limited patient specificity (Reid, 1990; Terry et al., 1990, 1991). Briefly, in the current clinical surgical method, the carotid sheath is located medial to the muscle and undergoes blunt dissection and is opened approximately 7 cm to expose the carotid artery, internal jugular vein, and VN. Vessel loops are used to suspend the VN while approximately 3 cm are dissected from any surrounding tissue to allow for proper placement of cuff electrodes. Three helical cuffs are then placed around the nerve (two stimulating electrodes and an anchor) (Giordano et al., 2017). The simple and widely deployable introduction of ultrasound into this VNS implantation process could significantly aid in identifying (1) fascicular organization of the VN, (2) branches extending from the VN implicated in producing side effects, and (3) optimized locations for cuff placement based on patient-specific anatomy.

Using anatomical landmarks, ultrasound is effective for clinical evaluation of superficial somatic peripheral nerves (Lawande et al., 2014) and has greater sensitivity for detection of neuropathologies than MRI (Zaidman et al., 2013). The median nerve can be consistently visualized from the mid-upper arm to the wrist using high frequency, linear-array transducers (Brown et al., 2016). Post-mortem visualization of the RLN via ultrasound is used in studying neuropathologies such as vocal cord paralysis (Solbiati et al., 1985). Ultrasound has also been used clinically for detection of pathologies in peripheral nerves such as tumors and leprosy (Martinoli et al., 2000). Non-invasive imaging of the VN has been conducted both in patients (Park et al., 2011) and cadavers (Knappertz et al., 1998), with visualization of the carotid artery, jugular vein, and VN. However, resolution tends to be poor and the only visually obvious components tend to be the jugular vein and carotid artery, with the VN difficult to identify (Knappertz et al., 1998). There has been significant work in creating a database of ultrasound images of the VN to provide neurosurgeons with a resource for predicting the location of the VN and the distribution of the depths of the nerve from the skin’s surface (Inamura et al., 2017). Though the use of ultrasound in this manner highlights the ability to view the VN non-invasively in relation to the carotid artery and jugular vein, it also demonstrates the poor resolution for viewing fascicular structure, and other pertinent branches (external branch of the SLN, RLN). Current literature suggests that resolution is just clear enough to visualize nerves based on surrounding anatomical landmarks, such as the internal jugular vein for identification of the vagus nerve; and quantitative measurements are usually in the form of cross-sectional area (Curcean et al., 2020; Horsager et al., 2021). Thus, there is a clear gap in datasets for understanding fascicular organization as it pertains to clinical stimulation. Here we address this, by placing the high frequency transducer within the surgical pocket and utilizing the increased resolution to determine fascicular organization based on known anatomical landmarks such as the nodose ganglion.

We used a pig VNS model to validate the concept of using high frequency ultrasound within the surgical pocket, to improve resolution. The ultrasound transducer was placed in the surgical pocket of anesthetized pigs that were undergoing VNS experiments. The skin incision in the pig model (10–12 cm) is slightly larger than that of the human preparation (∼7 cm), and the skin, fat, and muscle were retracted in the animal model to optimize transducer placement. The cavity was filled with mineral oil (in vivo, n = 3) or saline (in vivo, n = 1; cadaver, n = 3) to improve coupling to the nerve. The VN was visible in the ultrasound with clear, identifying, features in both the live and cadaver models. From the ultrasound images, we visualized the fascicular organization with sufficient resolution to identify the pseudo-unipolar cell region of the nodose ganglion (Figure 2), the bimodal organization (Figures 5–7), and the SLN and RLN branches (Figure 4). When these images were compared to post-mortem histology, it was determined that this approach is not only easily deployable during the procedure but captures the anatomical organization in real-time. Volunteers, not practiced in reading ultrasound were able to visualize the organization of the vagus nerve, based on a single training video. This suggests that in the clinical setting, this technique could be very useful in the initial placement of the stimulating cuff to avoid motor efferent fibers and limit off-target effects. This information could also be used to inform patient programming at future clinical visits. Finally, fascicular variance from subject to subject, or even within subject, may play a key role in therapeutic efficacy; data obtained via ultrasound intraoperatively could be used to assess the relationship between responder/non-responder and subject specific fascicular organization.



Avoiding Off-Target Effects by Identifying Off-Target Nerves

The SLN and RLN are implicated in many of the off-target effects of VNS (Nicolai et al., 2020). We aimed to evaluate the utility of ultrasound as a tool for visualizing the SLN and RLN within the surgical pocket, and identify fascicular organization. As compared to the pig model, the human SLN—which branches at the level of the nodose (inferior ganglion)—may be more difficult to discern, as the nodose ganglion is typically cranial to the surgical window, and therefore simply tracing the vagus nerve back to its point of origination is not feasible. Though the SLN is smaller and contains fewer fascicles than the vagal trunk, ultrasound could potentially be used as a quick confirmation for identifying the nerve within the surgical window (Figure 4A), and for seeding computational models to inform off-target activation. As the SLN innervates several muscles of the neck that are implicated in side effects of VNS (Yoo et al., 2013; Nicolai et al., 2020), it is imperative that intraoperative placement of the VNS cuff not be in a region where current escape could activate the SLN resulting in off-target activation.

The anatomy of the SLN can vary between patients (Whitfield et al., 2010). Injuries to the external branch of the superior laryngeal (ESL) nerve, which innervates the cricothyroid muscle, result in voice changes, a common side effect of VNS (Whitfield et al., 2010). The classic anatomy of the ESL, and its relationship to traditional landmarks such as the superior thyroid artery or superior pole of the thyroid, is highly variable (Whitfield et al., 2010). Before placing the VNS cuff, the use of ultrasound to identify the ESL, which extends into the surgical window, could aid in minimizing some of the off-target effects that occur. Data from this study demonstrate visualization of the VN, SLN, and RLN can be achieved through imaging within the surgical pocket to store 3-D reconstructions for future analyses.

Our study demonstrates the degree to which ultrasound information within the surgical window could be personalized, not only in terms of VN location, and fascicular organization, but the location of surrounding structures. A patient-specific surgical approach, tailored by ultrasound, would allow the surgeon to consider variations in vagal branching and location, or potential variances in vagal fascicular orientation. Adding the ultrasound component to the current surgical approach, would not only aid in patient-specific cuff placement, but introduces minimal risk, as the time needed to scan the nerve is minimal (minutes) once the surgical area is prepared. Additionally, patient-specific ultrasound images could inform computational models of VNS. Computational models are critical for the development and application of neurostimulation devices, specifically in terms of optimizing the post-surgical programming process. Individualized models, seeded by patient-specific fascicular organization obtained from ultrasound could increase the speed and process of programming, and may be critical for practically programming multi-contact electrode designs in the future. Existing models for non-invasive VNS are based on high-resolution MRI and focus solely on the activation of specific targeted fiber types (Mourdoukoutas et al., 2018). However, it has been shown that ultrasound imaging provides greater resolution and sensitivity than MRI for peripheral nerves (Zaidman et al., 2013).

Future computational models should consider off-target activation for better quantitative predictions of the potential side effects of VN activation. Greater consideration must be given to the SLN and RLN in future models for VNS, which can be achieved through visualizing vagotopy and the region surrounding the implant using ultrasound. Current three dimensional MRI and finite element-based models of compound peripheral nerves incorporate realistic geometries, as well as inhomogeneous and anisotropic electrical properties of specific nerve elements such as the perineurium and endoneurium (Mourdoukoutas et al., 2018; Pelot et al., 2018). In the future, existing finite element modeling can be used to develop more realistic VN models through consideration of VN fascicular structure, gathered from ultrasound images.

Additionally, this work highlights the opportunity for improved electrode design. Clinical VNS cuffs currently stimulate a large portion of the nerve (270°), therefore despite improved placement to avoid motor efferents, electrodes may still activate unwanted regions. Future electrode designs may include smaller, multi-contact electrodes that encompass all 360°, allowing for clinicians to stimulate differing pairs of contacts, driven by patient-specific imaging data, to improve patient outcomes.



Limitations

There are several limitations to this study that should be taken into consideration. While the pig VN is similar in size to that of the human VN (Settell et al., 2020), it is at a different depth and requires a different surgical approach. The pig surgical window contains much more fat and muscle than typical human necks and therefore requires more retraction. The retracted surgical preparation allowed for the placement of the ultrasound transducer directly above the nerve (1–2 mm), something that may need to be modified in the clinical setting. Additionally, the cadaver subjects underwent a more extensive surgical opening, allowing for imaging more cranial than in a normal preparation. Furthermore, connective tissue was removed, and the nerve was positioned perpendicular to the ultrasound probe to obtain clear images. This may be more difficult in the clinical setting as care is taken to disrupt the nerve as little as possible, however, given the length of nerve exposed for cuff placement, orientation should not be as much of a barrier. Given the fascicle size in the human vagus is on average larger than the pig, presumably making them easier to resolve via ultrasound, this advantage in humans may offset some of the aforementioned limitations (Pelot et al., 2020; Settell et al., 2020).

A slight difference in resolution of fascicles was noted between a few subjects, independent of live or post-mortem state, and is most likely attributed to the acoustic impedance of tissue (temperature, water content, blood flow etc.), or potentially the amount of connective tissue surrounding the nerve. However, in both states, fascicles were clearly identifiable and motor efferent and sensory afferent groupings could be traced into the cVN. As the state of the vagus nerve effects acoustic impedance, future studies involving formalin fixed human cadavers should consider effects on resolution (Sawhney et al., 2017).

In addition to variations in anatomy, the process of preparing the histology may cause the nerve to shrink (Stickland, 1975), which may affect the appearance of the histology, despite being paired to ultrasound via wire fiducials and histology dye. However, the overall appearance of fascicles in the high resolution ultrasound was clear enough that the vagotopy was visible throughout both modalities.

Furthermore, the nodose ganglion in humans is located near the base of the skull in the jugular foramen, more cranial from the surgical window than in a pig model. However, the hypoechoic region of pseudo-unipolar cells is quite large in pigs and could potentially be identified in humans either non-invasively (pre- or intra-operatively) or by aiming the transducer toward the ganglion. This could allow identification of the bimodal organization and subsequent tracking to the surgical window. The feasibility of the translation of this imaging method from pigs to humans may be evaluated in cadavers.



CONCLUSION

Vagus nerve stimulation is FDA-approved for several indications, including epilepsy and depression, and holds promise for many other indications. However, for improved clinical VNS efficacy, fascicular organization of the VN should be considered for each patient. Ultrasound is an established method for visualization of these characteristics in somatic nerves and could be implemented during the surgical implantation of the VNS lead to inform placement of cuff electrodes and to inform patient-specific computational models.

Our findings demonstrated the ability to identify the vagotopy of the pig VN intraoperatively with a high-resolution transducer placed in the surgical pocket. We identified the pseudo-unipolar cell aggregation of the nodose ganglia and were able to visualize bimodal organization of fascicular bundles through the cervical trunk where a VNS electrode would be placed. Our subset of cadaver ultrasound data were paired with post-mortem histology to confirm fascicular organization, and the technique verified by a set of naïve volunteers. This work highlights the potential for an intraoperative technique that could improve VNS cuff placement, aid in limiting unwanted side effects, and therefore hold promise for enabling patient-specific computational models to inform stimulation paradigms. The simple method of using the surgical pocket to place the ultrasound transducer closer to the nerve target of interest, without increasing patient risk, could also be readily applied to numerous other neuromodulation therapies.
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Blocking Ocular Sympathetic Activity Inhibits Choroidal Neovascularization
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Purpose: To investigate how modulating ocular sympathetic activity affects progression of choroidal neovascularization (CNV), a hallmark feature of wet age-related macular degeneration (AMD).

Methods: In the first of two studies, Brown Norway rats underwent laser-induced CNV and were assigned to one of the following groups: daily eye drops of artificial tears (n = 10; control group); daily eye drops of the β-adrenoreceptor agonist isoproterenol (n = 10); daily eye drops of the β-adrenoreceptor antagonist propranolol (n = 10); sympathetic internal carotid nerve (ICN) transection 6 weeks prior to laser-induced CNV (n = 10). In the second study, rats underwent laser-induced CNV followed by ICN transection at different time points: immediately after the laser injury (n = 6), 7 days after the laser injury (n = 6), and sham surgery 7 days after the laser injury (n = 6; control group). All animals were euthanized 14 days after laser application. CNV development was quantified with fluorescein angiography and optical coherence tomography (in vivo), as well as lesion volume analysis using 3D confocal reconstruction (postmortem). Angiogenic growth factor protein levels in the choroid were measured with ELISA.

Results: In the first study, blocking ocular sympathetic activity through pharmacological or surgical manipulation led to a 75% or 70% reduction in CNV lesion volume versus the control group, respectively (P < 0.001). Stimulating ocular sympathetic activity with isoproterenol also led to a reduction in lesion volume, but only by 27% versus controls (P < 0.05). VEGF protein levels in the choroid were elevated in the three treatment groups (P < 0.01). In the second study, fluorescein angiography and CNV lesion volume analysis indicated that surgically removing the ocular sympathetic supply inhibited progression of laser-induced CNV, regardless of whether ICN transection was performed on the same day or 7 days after the laser injury.

Conclusion: Surgical and pharmacological block of ocular sympathetic activity can inhibit progression of CNV in a rat model. Therefore, electrical block of ICN activity could be a potential bioelectronic medicine strategy for treating wet AMD.

Keywords: wet AMD, internal carotid nerve, choroidal neovascularization, ocular sympathetic activity, laser-induced CNV, β-adrenoreceptor modulation


INTRODUCTION

Age-related macular degeneration (AMD) is among the most common causes of vision loss in developed countries (Campochiaro, 2013). Exudative (wet) AMD is a form of the disease in which an imbalance between angiogenic and antiangiogenic factors, such as vascular endothelial growth factor (VEGF), leads to choroidal neovascularization (CNV) (Van Lookeren Campagne et al., 2014). Anti-VEGF therapies are the gold standard therapy for wet AMD, but these drugs must be injected into the eye every 2–6 weeks (Menon and Walters, 2009).

The sympathetic nervous system may play a role in regulating endpoints related to wet AMD. Sympathetic innervation of the eye originates from the superior cervical ganglion (SCG) (Smith and Reddy, 1990). Prior studies in rat have shown a role for the SCG in regulating choroidal vascularity, with removal of the SCG leading to an increase in vascularization within weeks (Steinle et al., 2002; Steinle and Smith, 2003) accompanied by changes in angiogenic growth factors (Lashbrook and Steinle, 2005; Steinle and Lashbrook, 2006; Wiley et al., 2006). Our group recently demonstrated similar effects through transection of the internal carotid nerve (ICN), a branch of the SCG that is the eye’s only source of sympathetic input (Martinez-Camarillo et al., 2019). We reported that ICN transection led to increased choroidal vascularity and levels of angiogenic factors, including VEGF and tumor necrosis factor-alpha (TNF-α). These results indicate potential involvement of the sympathetic system in CNV and therefore in wet AMD.

The most widely accepted animal model of wet AMD is the laser photocoagulation model (Pennesi et al., 2012). The model works by burning Bruch’s membrane with a laser, which causes growth of new blood vessels from the choroid into the subretinal space (Lambert et al., 2013). This growth is accompanied by upregulation of VEGF (Yi et al., 1997; Wada et al., 1999) and TNF-α (Shi et al., 2006; Jasielska et al., 2010). Maximal changes are observed 1–2 weeks following the laser injury, with involution of the CNV and recovery of the retinal pigment epithelium occurring thereafter (Hoerster et al., 2012; Pennesi et al., 2012). Although the laser-induced CNV animal model was originally developed in non-human primates (Ryan, 1979), rodent models have emerged as the most employed species for neovascular AMD research (Pennesi et al., 2012). While the laser photocoagulation model doesn’t replicate the complete pathophysiology of AMD, it is still the most commonly used animal model for developing wet AMD therapies (Shah et al., 2015; Lin et al., 2019).

Expression of β-adrenergic receptors as part of the sympathetic pathway within the choroid has been described previously (Casini et al., 2014). Propranolol, a non-selective β-adrenoceptor (β-AR) blocker, has been used as an antiangiogenic compound for treating choroidal diseases such as choroidal hemangioma (Thapa and Shields, 2013; O’Bryhim et al., 2019). Prior studies using the laser photocoagulation model in mouse have demonstrated that systemic (Lavine et al., 2013) or intraocular (Nourinia et al., 2015) delivery of propranolol causes a reduction in CNV lesion size. These findings support manipulation of ocular sympathetic activity as a potential therapy for wet AMD. However, they appear to contradict our prior findings that ICN transection (i.e., blocking sympathetic activity) is proangiogenic (Martinez-Camarillo et al., 2019).

The field of bioelectronic medicine has recently emerged with a goal of treating diseases caused by autonomic disbalance (Birmingham et al., 2014). These therapies typically involve electrical stimulation or blocking of autonomic nerves to selectively affect the function of individual organs innervated by those nerves. We have hypothesized that chronic electrical modulation (stimulation or block) of ICN activity can slow, stop, or even reverse progression of wet AMD by normalizing expression of angiogenic growth factors that regulate blood vessel proliferation (Martinez-Camarillo et al., 2019). In the present study, we tested this hypothesis by using pharmacological or surgical manipulation of ocular sympathetic activity as a proxy for ICN electrical modulation and the rat laser photocoagulation model as a proxy for wet AMD. Outcome measures included quantification of CNV development and measurement of choroidal VEGF levels.



MATERIALS AND METHODS


Animals and Study Design

A total of 58 Brown Norway rats, aged postnatal day (P) 100 ± 5 days, were included in two consecutive studies. In the first study, 40 female rats were assigned into one of the following four groups (n = 10 per group): (1) laser injury followed by 14 days topical therapy with artificial tears (control group); (2) laser injury followed by 14 days topical therapy of 50 mM isoproterenol eye drop formulation (β-AR agonist group); (3) laser injury followed by 14 days topical therapy with 2% propranolol eye drop formulation (β-AR antagonist group); (4) bilateral ICN transection 6 weeks prior to laser injury followed by 14 days topical therapy with artificial tears (ICNx group). Female animals were used to be consistent with prior studies (Steinle et al., 2002, 2005; Steinle and Smith, 2003; Lashbrook and Steinle, 2005; Steinle and Lashbrook, 2006; Wiley et al., 2006; Martinez-Camarillo et al., 2019). In the second study, 18 male Brown Norway rats were assigned to the following three groups (n = 6 per group): (1) bilateral ICN sham surgery 7 days after laser therapy (control group); (2 and 3) bilateral ICN transection immediately after or 7 days after laser therapy. Male animals were used to avoid possible confounding effects from the menstrual cycle on angiogenic growth factor levels. All animals were euthanized 14 days after laser application. CNV development was quantified in vivo with fluorescein angiography (FA) and spectral-domain optical coherence tomography (SD-OCT), as well as postmortem with lesion volume analysis using 3D confocal reconstruction. VEGF protein levels in the choroid were measured with ELISA. Table 1 indicates which of these outcome measures were analyzed in each study. Unpaired t-tests were used for all statistical comparisons. Investigators who performed data analysis were blinded to the treatment group. All animals received the same anesthesia protocol, which included an intraperitoneal injection of ketamine/xylazine. All experiments were performed in accordance with the University of Southern California Institutional Animal Care and Use Committee (IACUC) approval and guidelines on animal use and with the Association for Research in Vision and Ophthalmology (ARVO) statement for the Use in Ophthalmic and Vision Research.


TABLE 1. Analyses performed to track CNV progression following laser injury (day 0).
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Internal Carotid Nerve Transection

A subset of animals underwent bilateral transection of the ICN, using a technique previously published by our group (Martinez-Camarillo et al., 2019). This surgical approach selectively disrupts sympathetic supply to the eye, while preserving the other SCG branches. Following transection, the skin incision was closed with a non-absorbable suture (nylon 6-0), and antibiotic ointment was applied. Success of the surgery was verified by monitoring eyelid and eyeball position over the subsequent days (Savastano et al., 2010; Martinez-Camarillo et al., 2019).



Laser Photocoagulation Injury

With the animals under anesthesia, eye drops were instilled (1% tropicamide and 2.5% phenylephrine HCl) to induce full pupil dilation. Rats were treated with a 532-nm OcuLight GL green diode laser (IRIDEX, Toronto, ON, Canada). Laser settings were: 150–160 mW power, 50 ms duration, and 75 μm diameter. In study 1, half of the rats in each experimental group received 4 burns per eye (one burn per quadrant) and were used for evaluating CNV development with FA scoring and lesion volume analysis using 3D confocal reconstruction (He et al., 2005). The other half received 12 burns in a single eye (one burn per clock hour) and were used for evaluating choroidal VEGF protein levels (Chan et al., 2005) (Twelve burns is considered a blinding procedure, so only one eye could be treated according to animal care guidelines). In study 2, all rats were treated with 4 laser burns per eye. Care was taken to avoid the retinal vessels. Rupture of Bruch’s membrane was confirmed by the presence of a retinal bubble.



Eye Drops

Following the laser injury, animals in study 1 received daily eye drops between 9:00 and 11:00 am each day for 14 days. Two drops (∼40 μL each) were instilled per eye. Artificial tears were applied in the control and ICNx groups. The β-AR agonist group received 50 mM isoproterenol (Jiang et al., 2010) dissolved in artificial tears, and the β-AR antagonist group received 2% propranolol (Dal Monte et al., 2013) dissolved in artificial tears. Isoproterenol is known to be subject to oxidation, especially at pH levels ≥6.5, which can lead to chemical degradation (Leach et al., 1977). However, the pH of the eye drops could not be adjusted below 6.5 since that would irritate the eyes. In order to mitigate degradation, isoproterenol and propranolol drops were freshly prepared once per week in plastic vials and stored at 4°C. UV spectra of the isoproterenol drops were measured over time to confirm drug stability (Siva et al., 2012).



Fluorescein Angiography

All animals underwent FA to assess leakage from newly formed vessels resulting from the laser injury. Rats in study 1 received FA 14 days after laser therapy (prior to being euthanized), while rats in study 2 received FA 3, 7, 10, and 14 days after laser injury. With the animals fully anesthetized and their eyes dilated, a 0.01 mL intraperitoneal injection of 10% sodium fluorescein dye was applied. Sequential posterior pole images were taken using a RetCam 3 Retinal Camera (Clarity Medical Systems, Pleasanton, CA, United States) with an 80° lens. The intensity of fluorescein staining in late-phase FA was scored according to an established grading scale (Takehana et al., 1999). Lesions were given a score of 0 (no staining), 1 (slightly stained), 2 (moderately stained), or 3 (strongly stained). The scores of all lesions within each treatment group were averaged. Lesions that scored a 0 were excluded from analysis, since those lesions likely represented laser impacts that did not result in CNV (Lambert et al., 2013).



3D Confocal Reconstruction

Animals with 4 burns per eye were used for quantifying CNV lesion volume postmortem. Rats were euthanized at least 4–5 h after FA imaging, in order to allow the fluorescein enough time to clear from the circulatory system. Eyes were enucleated, and the cornea, lens, and retina were removed. The sclera-choroid complex was fixed overnight in 4% formalin at 4°C. Tissue was washed the next day and permeabilized with 0.5% Triton-X for 4 h. The eye cups were blocked with 1% BSA for 2 h and placed in 1:50 fluorescein-labeled GSL I isolectin B4 (endothelial cell and macrophage marker; Vector Laboratories, Burlingame, CA, United States) at 4°C overnight. Samples were washed and mounted on slides with mounting media (VECTASHIELD; Vector Laboratories), while making incisions in the eye cups to flatten them. Flat mounts were visualized using the 10x objective of an UltraVIEW spinning disk confocal microscope (PerkinElmer, Waltham, MA, United States). The image stacks were generated in the z-plane, with the microscope set to excite at 488 nm and to detect at 505–530 nm. Images were processed using the microscope’s software, by closely circumscribing and digitally extracting the fluorescent lesion areas throughout the entire image stack (He et al., 2005). Each extracted lesion was processed through the topography software to generate a digital topographic image representation of the lesion, which was measured to indicate the CNV lesion volume.



Optical Coherence Tomography

In the second study, SD-OCT was used to monitor CNV progression in vivo after laser therapy. OCT imaging was performed with an Envisu Bioptigen system (Leica Microsystems, Wetzlar, Germany), with each lesion imaged using 100 horizontal raster scans spaced 16 μm apart, over an area of 1.6 × 1.6 mm. We used a stereological method (three-dimensional interpretation of two-dimensional cross sections) to reconstruct the OCT images in 3D and calculate lesion size, as described previously (Trujillo-Sanchez et al., 2018).



Angiogenic Growth Factor Levels

In study 1, animals with 12 laser burns were used for evaluating choroidal VEGF protein levels. Posterior poles were isolated from each laser-treated eye and pooled within each of the four experimental groups. Tissues were homogenized in buffer containing mixed protease inhibitors for protein extraction. Total protein concentration was determined by a Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, United States). VEGF protein in the posterior poles was assessed in triplicate with a VEGF ELISA kit (detection range of 3–500 pg/mL; R&D Systems, Minneapolis, MN, United States) (Chan et al., 2005). Protein concentrations were normalized by the total protein.




RESULTS


Study 1

In the first study, we measured the effects of pharmacological or surgical manipulation of ocular sympathetic activity on development of laser-induced CNV. Animals were subjected to laser injury and were split into four groups: (1) daily eye drops of artificial tears (control group); (2) daily eye drops of isoproterenol (β-AR agonist group); (3) daily eye drops of propranolol (β-AR antagonist group); (4) bilateral ICN transection 6 weeks prior to the laser injury, followed by daily eye drops of artificial tears (ICNx group). The 6-week delay before the laser injury was chosen to be consistent with prior studies that assessed effects of sympathetic denervation on choroidal vascularity and related measures (Steinle et al., 2002; Steinle and Smith, 2003; Steinle and Lashbrook, 2006; Martinez-Camarillo et al., 2019). Animals were euthanized 14 days after laser application. As described in Table 1 and section “Materials and Methods,” outcome measures included CNV leakiness (in vivo), CNV lesion volume (ex vivo), and choroidal VEGF protein levels.


Fluorescein Angiography

Leakiness of CNV lesions was assessed with FA scoring, 14 days after laser therapy. Average FA scores for all groups fell between 1.5 and 2.0, indicating moderate staining (Figure 1). Lesions in rats receiving daily β-AR eye drops (propranolol or isoproterenol) were slightly less leaky than lesions in the control group; however, scores were not significantly different among these groups (P > 0.05). In rats that underwent ICN transection 6 weeks prior to laser injury, FA scores were 17% lower than scores in the control group (P = 0.02).
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FIGURE 1. FA scores 14 days after laser injury in each experimental group (n ≥ 35 lesions per group from five animals per group). Four laser burns were made per eye. (Left) Average lesion score in each group. Scores in the ICN transection group were significantly lower than scores in the control group (*P < 0.05). Error bars indicate SEM. (Right) Histogram showing the distribution of FA scores in each group.




3D Confocal Reconstruction

Confocal analysis of lesion volumes revealed smaller lesions in the three treatment groups than in the control group (Figure 2). Blocking β-AR activity with propranolol or through ICN transection led to reductions in lesion volume by 75 and 70%, respectively (P < 0.001). Application of the β-AR agonist isoproterenol also reduced lesion volume versus the control group, but by only 27% (P < 0.05).
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FIGURE 2. β-AR modulation leads to smaller laser-induced CNV lesions. (Left) All three treatment groups had statistically smaller lesions than the control group (n ≥ 30 lesions per group from five animals per group; ***P < 0.001; *P < 0.05). Lesions in the propranolol and ICN transection groups were statistically similar in size (P = 0.16). Error bars represent SEM. (Right) Images of CNV membranes, stained with FITC-labeled isolectin-B4, showing representative lesions from the control group (top) and ICN transection group (bottom). Scale bar = 200 μm.




Angiogenic Growth Factor Levels

ELISA testing indicated elevated choroidal VEGF protein levels in the three treatment groups versus the control group (P < 0.01; Figure 3). VEGF levels in the control group were relatively low (Martinez-Camarillo et al., 2019), suggesting a return to baseline in this group.
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FIGURE 3. Choroidal VEGF protein levels 14 days after laser injury in each experimental group (n = 5 animals per group). Twelve laser burns were made in a single eye. VEGF levels in the treatment groups were significantly higher than levels in the control group. Units represent VEGF protein normalized to total protein. Error bars represent SD. ***P < 0.001; **P < 0.01.





Study 2

The second study was designed to further investigate the effects of ICN transection in the rat laser-induced CNV model. Results from study 1 revealed that blocking ocular sympathetic activity in this model inhibited progression of laser-induced CNV (see Figures 1, 2), supporting ICN block as a potential therapy for wet AMD. However, ICN transection was performed 6 weeks prior to the laser injury. A therapy for wet AMD would not commence until after a patient presents with CNV; therefore, a better animal model of the clinical situation would be to perform ICN transection after the laser injury. This was the purpose of study 2.

Rats were subjected to laser injury and split into three groups: (1) bilateral ICN sham surgery 7 days after the laser injury (control group); (2) bilateral ICN transection immediately after the laser injury (ICNx0 group); (3) bilateral ICN transection 7 days after the laser injury (ICNx7 group). Animals were euthanized 14 days after laser application. Outcome measures included CNV leakiness (in vivo) and CNV volume (in vivo and ex vivo), as described in Table 1 and section “Materials and Methods.”


Fluorescein Angiography

Figure 4 shows the FA scores in each experimental group at 3, 7, 10, and 14 days after the laser injury. Scores in all groups were statistically similar on days 3 and 7, with the average score increasing from ∼0.2 to ∼0.9 over this time period. Scores in each group increased again on days 10 and 14, indicating steady CNV development throughout the 2-week monitoring period. On days 10 and 14, FA scores in both ICNx groups were lower than those of the control group, with the ICNx7 group exhibiting the lowest average scores. The average FA score in the ICNx7 group increased from ∼0.9 to ∼1.1 between days 7 and 14, signifying limited CNV progression over this time period.
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FIGURE 4. FA scores at 3, 7, 10, and 14 days after laser injury in each experimental group (n ≥ 45 lesions per group from six animals per group). Four laser burns were made per eye. Beginning 10 days after laser treatment, scores in the animals that underwent ICN transection on day 7 were significantly lower than scores in the animals that received sham surgery (***P < 0.001). Error bars indicate SEM.




Lesion Volume Analysis

Figure 5 summarizes the results from the OCT and confocal lesion volume measurements. Lesions in all three groups shrank between days 3 and 7 after the laser injury, due to resolution of edema during this time period. Between days 7 and 10, lesion sizes remained relatively stable. Average lesion sizes in all groups were statistically similar through day 10, with just one exception (see Figure 5, left). By day 14, however, lesions in the control group had grown, while lesion sizes in the two ICNx groups remained stable. Both OCT and confocal imaging revealed significantly smaller lesion sizes in the ICNx groups versus the control group on day 14 (P < 0.001). According to the confocal measurements, average lesion volume in the ICNx0 and ICNx7 groups was 30 and 45% smaller than that of the control group, respectively.
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FIGURE 5. ICN transection leads to smaller laser-induced CNV lesions. Lesion volumes were measured with SD-OCT at 3, 7, 10, and 14 days after laser treatment (left). Following euthanasia on day 14, volumes were measured ex vivo with confocal microscopy (right). By day 14, animals that underwent ICN transection had statistically smaller lesions than the animals that received sham surgery (n ≥ 44 lesions per group from six animals per group; ***P < 0.001). This was true regardless of whether ICN transection was performed immediately after or 7 days after laser therapy. Error bars represent SEM.






DISCUSSION

Outcomes from our two studies indicate a direct role for the sympathetic nervous system, and the β-AR receptors in particular, in regulating the development of laser-induced CNV. In the first study, inhibiting sympathetic activity by either pharmacological or surgical manipulation led to reductions in lesion volume by 70–75%. In agreement with the FA data (see Figure 1), these results suggest that blocking ocular sympathetic activity generated an anti-angiogenic response. Unexpectedly, application of the β-AR agonist isoproterenol also led to a reduction in lesion volume versus the control group, but only by 27%. This may be attributed to β-AR desensitization or downregulation caused by prolonged application of isoproterenol, as reported by others (Gonzalez-Brito et al., 1988; Gambarana et al., 1991; Brouri et al., 2002; Dal Monte et al., 2012).

Though no studies have investigated the effect of β-AR agonists on the progression of laser-induced CNV, several studies in mice have reported that systemic or intraocular delivery of β-AR antagonists causes a reduction in CNV lesion size (Lavine et al., 2013, 2017; Nourinia et al., 2015; Omri et al., 2019). Lavine et al. (2013) measured lesion areas (as opposed to volumes) 14 days after laser photocoagulation and found that daily intraperitoneal injection of propranolol (20 mg/kg/day) led to a 50% reduction in lesion size. Omri et al. (2019) also treated mice with daily administration of intraperitoneal propranolol (6 mg/kg/day) and observed ∼70% reduced lesion areas after 14 days. Nourinia et al. (2015) measured lesion areas 28 days after laser photocoagulation and found that a single intravitreal injection of propranolol (0.3 μg) at the time of laser application led to a 79% reduction in lesion size, similar to what we observed. Lavine et al. (2017) tested effects of a single intravitreal injection of the β2-AR antagonist ICI 118,551 at the time of laser application and found a 35% reduction in lesion area after 14 days, indicating that the anti-angiogenic effects reported in these studies are at least partially due to β2 receptor blockade (as opposed to other β-AR subtypes).

To further demonstrate the inhibitory effect of delayed ocular sympathetic block on laser-induced CNV in rats, the second study showed that surgical ICN transection led to smaller CNV lesion sizes, even when transection was performed at 0 and 7 days after the laser injury. Unexpectedly, we found that ICN transection 7 days after the laser injury was more effective than immediately after the laser injury (see Figures 4, 5). This finding may arise from use of relatively small sample sizes (n = 6 animals per group). In support of this hypothesis, it would be expected that 7 days after the laser injury, CNV lesions in the ICNx7 group (prior to undergoing surgery) would be similar in size to lesions in the control group. However, as shown in Figure 5, ICNx7 lesions were smaller than control group lesions on day 7. Nevertheless, the FA and lesion volume results from both studies indicate that surgically removing the ocular sympathetic supply inhibits progression of laser-induced CNV. Surgical ICN block was more effective when performed 6 weeks prior to laser injury versus after laser injury (70% reduction in lesion volumes versus 30–45% reduction, respectively). For comparison, a mouse study with the FDA-approved anti-VEGF agent aflibercept (Eylea; VEGF-TRAPR1R2) demonstrated that a single intravitreal injection of the drug at the time of laser application led to a ∼30% reduction in lesion size after 14 days (Saishin et al., 2003).

Given our finding that pharmacological and surgical block of ocular sympathetic activity inhibited CNV progression, it would be expected that these interventions would also cause reduced choroidal VEGF levels. However, we found just the opposite; choroidal VEGF was elevated in the treatment groups (see Figure 3). There are a couple potential explanations for this surprising result: First, VEGF was measured 14 days after the laser injury, which may not have been the appropriate time point [for example, systemic VEGF levels in mouse peak 7 days after laser injury and return to baseline after 14 days (Kase et al., 2010)]. Second, VEGF levels are affected by several factors including inflammation, ischemia, and hypoxia (Ramakrishnan et al., 2014); it is possible that drug administration and/or ICN transection surgery caused these side effects.

Our observation that blocking ocular sympathetic activity in the laser-induced CNV model is anti-angiogenic appears to contradict our prior finding that ICN transection in naive rats (not subjected to laser injury) causes increased choroidal vascularity after 6 weeks, as measured by histomorphometry (Martinez-Camarillo et al., 2019). One possible explanation, as proposed previously, is that this increased vascularity may have been indirectly caused by a long-term vasodilation due to a loss of sympathetic tone (Martinez-Camarillo et al., 2019). Another possibility is that the contradictory findings arise from use of different experimental models and rat strains: naive Sprague Dawley (albino) in our prior study and laser-treated Brown Norway (pigmented) in the present studies (The laser-induced CNV model requires pigmented animals, since pigment is needed for absorbing the laser energy to create a burn). Yet another possibility is that sympathetic activity plays different roles in the intact versus leaky blood vessels, which is supported by a pro-angiogenic sympathetic role in tumor neovascularization (Mulcrone et al., 2017; Hanns et al., 2019; Kamiya et al., 2019; Stavropoulos et al., 2020). In a comprehensive review of the role of the β-adrenergic system on ocular neovascularization, Casini et al. (2014) concluded that “in different experimental models, a decrease of the β-adrenergic function may result either in reduction or in exacerbation of the vascular changes, thus suggesting possible dual effects of β-AR modulation depending on the experimental setting.” Because the laser-induced CNV model is the gold standard for testing new treatments for wet AMD (Pennesi et al., 2012), future studies should focus on this model.

In summary, our results demonstrate that blocking ocular sympathetic activity inhibits CNV. Even when ICN transection was performed 1 week after laser injury, inhibition of CNV progression was still observed. This suggests that electrical blocking of ICN activity could be an effective bioelectronic medicine strategy for treating wet AMD.
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Chronic carotid sinus nerve (CSN) electrical modulation through kilohertz frequency alternating current improves metabolic control in rat models of type 2 diabetes, underpinning the potential of bioelectronic modulation of the CSN as a therapeutic modality for metabolic diseases in humans. The CSN carries sensory information from the carotid bodies, peripheral chemoreceptor organs that respond to changes in blood biochemical modifications such as hypoxia, hypercapnia, acidosis, and hyperinsulinemia. In addition, the CSN also delivers information from carotid sinus baroreceptors—mechanoreceptor sensory neurons directly involved in the control of blood pressure—to the central nervous system. The interaction between these powerful reflex systems—chemoreflex and baroreflex—whose sensory receptors are in anatomical proximity, may be regarded as a drawback to the development of selective bioelectronic tools to modulate the CSN. Herein we aimed to disclose CSN influence on cardiovascular regulation, particularly under hypoxic conditions, and we tested the hypothesis that neuromodulation of the CSN, either by electrical stimuli or surgical means, does not significantly impact blood pressure. Experiments were performed in Wistar rats aged 10–12 weeks. No significant effects of acute hypoxia were observed in systolic or diastolic blood pressure or heart rate although there was a significant activation of the cardiac sympathetic nervous system. We conclude that chemoreceptor activation by hypoxia leads to an expected increase in sympathetic activity accompanied by compensatory regional mechanisms that assure blood flow to regional beds and maintenance of hemodynamic homeostasis. Upon surgical denervation or electrical block of the CSN, the increase in cardiac sympathetic nervous system activity in response to hypoxia was lost, and there were no significant changes in blood pressure in comparison to control animals. We conclude that the responses to hypoxia and vasomotor control short-term regulation of blood pressure are dissociated in terms of hypoxic response but integrated to generate an effector response to a given change in arterial pressure.
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INTRODUCTION

Carotid sinus nerve (CSN) denervation improves glucose homeostasis in insulin-resistant and glucose-intolerant rats (Ribeiro et al., 2013; Sacramento et al., 2017, 2018). Electrical modulation of the CSN through kilohertz frequency alternating current is also shown to revert dysmetabolism metabolic in animal models of type 2 diabetes (Sacramento et al., 2018). In the context of an innovative therapeutic approach, termed bioelectronic medicines, in which individual nerve fibers are targeted in pathological conditions to restore functionality, the CSN emerges with a vast therapeutic potential in cardiometabolic disorders (Sacramento et al., 2018; Conde et al., 2020). Still, the positive effects of CSN blockade may be hindered by adverse effects associated with permanent loss of function (Conde, 2018). The CSN carries sensory information from the carotid bodies (CB), peripheral chemoreceptor organs that respond to changes in blood biochemical modifications such as hypoxia, hypercapnia, acidosis, and hyperinsulinemia (Gonzalez et al., 1994; Conde et al., 2014). In addition, the CSN also delivers information from carotid sinus baroreceptors, mechanoreceptor sensory neurons directly involved in the control of blood pressure (Marshall, 1998; Chapleau et al., 2001). The CB is implicated in the pathophysiology of several cardiovascular diseases, such as chronic heart failure (Del Rio et al., 2013; Schultz et al., 2013) and several forms of hypertension (Prabhakar and Peng, 2004; Abdala et al., 2012; Paton et al., 2013) playing a fundamental role in the genesis and maintenance of these diseases. It is shown that CSN inputs from the CB contribute to the elevated systemic sympathetic tone being critical for the genesis and maintenance of hypertension in spontaneously hypertensive rats (Abdala et al., 2012; McBryde et al., 2013). Also, it is shown that rats with chronic heart failure develop increased CB chemoreflex drive and chronic central presympathetic neuronal activation, increased sympathetic outflow, increased breathing variability, and apnea incidence as well as desensitization of the baroreflex, these effects being reduced by CB ablation (Del Rio et al., 2013). Together, these results confirm the role of the CB in regulating blood pressure and cardiac performance via sympathetic nervous system (SNS) activation. The interaction between these powerful reflex systems—chemoreflex and baroreflex—whose sensory receptors are in anatomical proximity, might represent a shortcoming to the development of selective bioelectronic tools to modulate the CSN.

The chemoreflex and baroreflex control the cardiovascular system via the profound influences they exert on autonomic outflow (Marshall, 1994). Disclosing the interdependency between these two reflex responses, particularly in the presence of stimuli such as hypoxia or ischemia (Marshall, 1998), is required to address pathophysiological mechanisms and therapeutics in cardiometabolic diseases. Although chemoreceptors are known for their role in the control of ventilation, they also modulate cardiovascular, endocrine, and renal systems. In contrast with the respiratory responses, the cardiovascular responses to CB stimulation are surrounded by a lot of controversies. They were extensively studied in the 70’s and 80’s although, as pointed out by Marshall (1994), multiple confounding factors contribute to an uneven interpretation of results, such as hyperventilation, hypocapnia, pulmonary stretch/vagal activation, central respiratory drive, baroreceptor involvement, circulating catecholamines, and the preparation studied (specie, awake/anesthetized animal, among others). The baroreceptors, on the other hand, are mechanoreceptor sensory neurons that respond to mechanical deformation of the nerve endings during distension of the arterial wall (Chapleau et al., 2001). They provide information to the solitary nucleus in the medulla oblongata to influence cardiac output and systemic vascular resistance through a negative feedback system called the baroreflex. Baroreceptor activation induces hypotension, and baroreceptor resection results in systemic hypertension (Irigoyen et al., 1991; Kougias et al., 2010). Baroreflex sensitivity is decreased in numerous pathological states, including chronic arterial hypertension, heart failure, obesity, and diabetes mellitus (Chapleau et al., 2001; Limberg et al., 2015). There is still debate in the literature regarding the interdependency between these two reflex responses, particularly in the presence of stimuli such as hypoxia.

Our group is dedicated to understanding the physiology of the CB chemoreceptors and to look at the CSN as a bioelectronic medicine target. Herein, we designed experiments to explore the crosstalk between CB-mediated blood pressure responses using different stimuli to the CSN from hypoxic hypoxia to ischemic hypoxia and electrical stimulation or high-frequency blocking. The primary objective of the study is to determine if electrical neuromodulation of CSN affects systemic blood pressure and cardiac autonomic function in both normoxic and hypoxic conditions.



MATERIALS AND METHODS


Animals

All animal experimental and care procedures were approved by the Ethics Committee and by the Animal Welfare Body of Faculdade de Ciências Médicas| Nova Medical School and by the Direcção Geral de Veterinária, Portugal. Principles of laboratory care were followed following the European Union Directive for Protection of Vertebrates Used for Experimental and Other Scientific Ends (2010/63/EU). Experiments were performed in male Wistar Han rats (220–260 g) at 10–12 weeks old obtained from the vivarium of the Faculdade de Ciências Médicas, Universidade Nova de Lisboa, Lisboa, Portugal. Animals were kept under controlled temperature and humidity (21 ± 1°C; 55 ± 10% humidity) with a 12 h light/dark cycle and ad libitum access to food and water. In protocols requiring anesthesia, rats were anesthetized with sodium pentobarbital (60 mg kg–1 i.p.) and supplemented intravenously with 10% of the initial dose as necessary to make them areflexic to a nociceptive stimulus (effects of corneal reflexes and pinch to the front paw on the rise in arterial blood pressure). Body temperature was maintained close to 37 ± 1°C using a heated underblanket controlled by a rectal thermistor probe.



Evaluation of Blood Pressure and Heart Rate Responses to Acute Hypoxia in Conscious and Anesthetized Animals

To perform the set of experiments in conscious animals, rats were implanted with telemetry devices for blood pressure and heart rate (HR) continuous recording (HD-S10, Data Sciences Corporation, United States) under ketamine [75 mg/kg body weight (i.p.), Nimatek, Dechra, Northwich, United Kingdom]/metedomidine [0.5 mg/kg body weight (i.p.), Sedator®, Dechra, Northwich, United Kingdom] anesthesia and buprenorphine (10 μg/kg, Bupaq®, Richter Pharma AG, Wels, Austria) analgesia. In brief, the abdominal aorta was exposed via a ventral midline incision in the abdominal cavity, and the radio telemetry transmitter was implanted aseptically and sealed with a drop of tissue adhesive (Vetbound, 3M Company, St. Paul, MN, United States). The body of the transmitter was then placed on top of the intestines and secured to the abdominal muscle. Anesthesia was reversed with atipamezole [0.25 mg/kg in 2 ml (i.p.), Antisedan®, Zoetis, New Jersey, United States]. Animals were treated for 3 days with the non-steroidal anti-inflammatory drug carprofen [5 mg/kg/ml (s.c.), Rimadyl™, Pfizer, New York, United States] and allowed to recover from surgery for 15 days. Blood pressure, HR, and autonomic responses to hypoxic hypoxia were evaluated in conscious animals implanted with telemeters by placing the animals in a polypropylene cage equipped with gas injectors and sensors for oxygen (O2). The hypoxic hypoxia protocol consisted of submitting the animals to 30 min baseline recording at normoxia (20% O2 balanced N2) followed by 15 min hypoxia (10% O2 balanced N2), followed by 10 min normoxia. Systolic (SBP), diastolic (DBP), and mean blood pressure (MBP) and HR were obtained via radio frequency signals through the Data Acquisition System from Data Sciences International (DSI, St. Paul, MN). Blood pressure and HR measurements were obtained during 1-s sampling periods and averaged. For measurement of blood pressure and HR in an anesthetized setting, animals were administered sodium pentobarbital (60 mg kg-1 i.p.), and the femoral artery and vein were catheterized under a dissection microscope. The femoral artery catheter was connected to a pressure transducer (–50, + 300 mmHg) and amplifier (Emka Technologies, Paris, France) to measure arterial blood pressure, and the venous catheter served to administer anesthetic supplements. To study the effect of ischemic hypoxia on blood pressure, SBP, DBP, and time elapsed between two successive R-waves of the QRS signal on the electrocardiogram—RR intervals—were recorded in spontaneously breathing anesthetized rats submitted to bilateral occlusion of the common carotid artery (OCC) for either 5 or 1 5 s. MBP was calculated using the values of SBP and DBP by the Iox 2.9.5.73 software (Emka Technologies, Paris, France) using the following mathematical formula: MAP = [SBP + 2 (DBP)]/3.



Assessment of Blood Pressure and Heart Rate Regulation in Response to Hypoxia After Carotid Sinus Nerve Bilateral Denervation

To test the influence of CSN on blood pressure responses to hypoxia, rats were anesthetized with sodium pentobarbital (60 mg kg-1 i.p.), the carotid artery bifurcations were located, bilaterally, and CSNs were identified and sectioned. The femoral artery and vein were catheterized to measure arterial blood pressure and to administer anesthetic supplements, respectively. SBP, DBP, HR, and time elapsed between two successive R-waves of the QRS signal on the electrocardiogram—RR intervals—were continuously recorded during ischemic hypoxia induced by bilateral OCC during either 5 or 15 s. Mean RR intervals were plotted vs. SBP, DBP, and MBP. One animal implanted with a telemetry blood pressure transducer, as described above, was anesthetized and tilted at an angle of 75°, and blood pressure changes were acquired using the Data Acquisition System from Data Sciences International (DSI, St. Paul, MN, United States) before and after acute CSN resection.



Assessment of Blood Pressure and Heart Rate Regulation in Response to Kilohertz Frequency Alternate Current Modulation of the Carotid Sinus Nerve

To evaluate the impact of acute Kilohertz frequency alternate current (KHFAC) modulation of the CSN on blood pressure and hypoxic responses, animals were implanted with bipolar sling cuff electrodes (90% platinum and 10% iridium, 100 μm inner diameter × 1 mm length, electrode surface area 0.4 × 0.5 mm2, 0.45 mm interelectrode center-to-center distance, CorTec, Freiburg, Germany). Fibrin glue (Tisseel, Baxter Healthcare, Compton, Newbury, United Kingdom) was used to secure the cuff to the CSN and to prevent current spread from the ends of the cuff. The effect of KHFAC modulation (blocking and stimulation) on respiratory rate, HR, blood pressure, and cardiorespiratory responses evoked by hypoxia was evaluated by applying to the cuff electrodes bilaterally as rectangular pulses a current of 2 mA for 20 Hz (CSN stimulation) and 50 kHz (blocking) as previously described (Sacramento et al., 2018). KHFAC was applied using a commercial current source (Keithley 6221, Tektronix, Bracknell, United Kingdom) for 10 s for CSN stimulation and 1 min for CSN blocking. To ensure near-equal current split, the cuff electrode impedances were measured in saline (154 mmol/l NaCl) before implantation, and the cuffs were matched for each animal based on < 10% difference in their impedance values. The current values are reported as peak-to-peak for each cuff, assuming an equal 50/50 split from the current source output. The impact of CSN blocking on cardiorespiratory responses to hypoxia was tested by delivering hypoxia (10% O2 balanced N2) through a mask to the animal for 1 min. Respiratory frequency and HR were recorded to determine the efficacy of KHFAC modulation of the CSN. Respiratory and cardiac variables were measured utilizing intercostal platinum wires for electromyography (EMG) and ECG placed subcutaneously across the diaphragm as previously described (Sacramento et al., 2018). EMG and ECG data were differentially recorded using Digidata Low Noise Data Acquisition System (Molecular Devices, Wokingham, United Kingdom). Blood pressure was measured through a catheter placed at the femoral artery and connected to a pressure transducer (–50, + 300 mmHg) and amplifier (Emka Technologies, Paris, France). At the end of experiments, animals were euthanized by an intracardiac overdose of pentobarbital. Death was confirmed by cervical dislocation.



Evaluation of Cardiac Autonomic Nervous System

Analysis of heart rate variability (HRV) is a non-invasive indirect method to assess the cardiac sympatho-vagal balance and herein was used both in freely moving and anesthetized rats to evaluate autonomic neural regulation of heart rate. Power spectral analysis of HRV was performed to evaluate the balance between the sympathetic and parasympathetic components of the cardiac autonomic nervous system (Thireau et al., 2008; Fonseca-Pinto, 2011; Silva et al., 2017). In anesthetized animals, the femoral artery was cannulated under a dissection microscope, and the animals were transferred to a heating pad to maintain body temperature at 37.5 ± 0.5°C, thus avoiding cold stress sympathetic activation. The catheter was connected to a pressure transducer and amplifier to acquire MAP (model 603, HSE-HA GmgH, Harvard Apparatus, Madrid, Spain). HR was derived from the mean arterial pressure (MAP) curve obtained by HSE-Harvard Pulmodyn W software with an acquisition frequency of 500 Hz. The tachogram containing the RR signal was obtained after the identification of the peak of MAP in each cardiac cycle. In conscious animals, blood pressure was assessed by a radiotelemetry device placed in the abdomen. Animals were gentled for 10 min daily for 1 week prior to surgery to minimize any discomfort related to the experimental manipulation and to reduce data variability from indwelling blood pressure telemeter instrumentation. After transmitter implantation surgery, the animals were allowed to recover for 10 days before any measurements were recorded. HR and RR intervals were obtained using Iox 2.9.5.73 software (Emka Technologies, Paris, France) with an acquisition frequency of 500 Hz. Blood pressure recordings to calculate LF/HF index were selected using 300 s of stable recording before and after the interventions except for the KHFAC neuromodulation experimental setting, in which the intervals chosen were of 30 s, corresponding to the neurostimulation period chosen to avoid central hypoxia.

The RR plots obtained in both groups were interpolated at 10 Hz (a frequency suitable to catch all oscillations from heart rhythm in rats) using cubic splines. The algorithm used to obtain spectral non-parametric HRV indices was created in Matlab Software (MATLAB version 7.10.0. Natick, Massachusetts, United States: The MathWorks Inc.), using a fast fourier transform approach (Thireau et al., 2008) by Welch spectral estimation considering a 256-point window and 50% overlapped. Beyond the relative power obtained by the area under the spectral curve associated with slow (High Frequencies–Hf) and Fast (Low Frequencies-Lf) oscillations, the sympathovagal balance was also calculated using the ratio between Lf and Hf. Hf power represents the vagal control of the heart, modulated by breathing, whereas Lf power (more precisely, its normalized version) reflects primarily the sympathetic modulation of heart rate (Thireau et al., 2008). Frequencies are presented in normalized units, and graphs were obtained using Kubios Software (Thireau et al., 2008). In rodents, the lack of a standard protocol has been conducted in recent years to a set of studies regarding methodological issues (Silva et al., 2017). Concerning the particular issue of defining the frequency bands associated with Lf and Hf frequency ranges, data obtained in the 90’s suggest different frequency bands for rats (with limits from 0.195–0.6 Hz (Lf band) to 0.6–2.5 Hz (Hf band) and a ratio between Lf and Hf bands of 0.32 and from 0.02 to 0.195 Hz (Lf band) to 0.195 to 0.6 Hz (Hf band) and a ratio of 3–5 (Aubert et al., 1999); however, based in more recent findings in rodents, it is suggested the use of Lf in (0.15–1.5 Hz) and Hf in (1.5–4 Hz) as a good compromise to gauge the sympathetic and parasympathetic components of HRV (Thireau et al., 2008; Silva et al., 2017). These frequency ranges were used in this work.



Statistical Analysis

Statistical analyses were performed using Prism version 8 (GraphPad Software Inc., La Jolla, CA, United States). Data are presented as mean ± SEM. Shapiro–Wilk normality tests were performed. The significance of the differences between the mean values was calculated by two-tailed Student’s t-test and two-way ANOVA with Bonferroni multiple comparison tests. Differences were considered significant at p < 0.05.




RESULTS


Evaluation of Blood Pressure and Heart Rate Responses to Acute Hypoxic Hypoxia and Ischemic Hypoxia in Conscious and Anesthetized Animals

Hypoxic hypoxia (10% O2) during 15 min in conscious animals (Figure 1A) did not significantly change SBP, DBP, and MBP although a decreasing trend was observed (normoxia: SBP = 114.13 ± 4.85 mmHg, DBP = 92.31 ± 6.41 mmHg, MBP = 103.51 ± 5.57 mmHg; hypoxia: SBP = 106.60 ± 5.01 mmHg, DBP = 83.92 ± 3.68 mmHg, MBP = 95.37 ± 4.25 mmHg, n = 4) (Figure 1B). In the same line, hypoxic hypoxia did not modify HR (n = 4; Figure 1C). In contrast, hypoxia increased the Lf band in the power spectrum of the HR variability (Figure 1D, left panel) as shown by a 305% increase in the Lf/Hf cardiac index (Lf/Hf normoxia = 2.73 ± 0.21, n = 4; Lf/Hf hypoxia = 11.08 ± 0.60, n = 3, Figure 1D, right panel), meaning that acute hypoxia promoted an increase in cardiac SNS activity.
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FIGURE 1. Effect of hypoxic and ischemic hypoxia on blood pressure, HR, and autonomic nervous system activity in conscious (A–D) and anesthetized animals (E–H). (A) Schematic representation of the experimental protocol used to assess the effect of hypoxic hypoxia on physiological variables recorded in four conscious animals. Animals implanted with telemetry devices for blood pressure recording were submitted to 15 min of 10% O2 (balanced N2) after 30 min of baseline recording at normoxia (20% O2 balanced N2), n = 4. (B) Effect of hypoxic hypoxia on SBP, DBP, and MBP when compared with normoxia. (C) Effect of hypoxic hypoxia on HR (n = 4). (D) Effect of 15 min exposure to hypoxic hypoxia on autonomic function assessed by spectral analysis of HR. The left panel shows control examples of power spectral density in normoxia, n = 4 (top), and hypoxia, n = 3 (bottom). Frequencies are presented in normalized units. The right panel shows mean values of autonomic function assessed by the ratio between the percentage of Lf that represents the sympathetic component of the autonomic nervous system and the percentage of Hf that represents the parasympathetic component of the autonomic nervous system. (E) Schematic representation of the experimental protocol used to assess the effect of ischemic hypoxia on anesthetized animals. (F) Typical blood pressure responses to ischemic hypoxia assessed as OCC of 5 (top) and 15 s (bottom) of intensities. (G) Effect of 5 and 15 s OCC on MBP (n = 14). (H) Effect of 5 and 15 s of ischemic hypoxia on HR (left panel), on the RR intervals (middle panel), and autonomic function assessed by the spectral analysis of the HR and expressed as the ratio between the Lf and Hf of the spectra (right panel) (n = 7). Bars represent mean ± SEM. Shapiro–Wilk normality tests were performed, and all groups passed normality test. Whenever two groups were compared, two-tailed Student’s t-test was executed (C,D), and when more than two groups were compared, two-way ANOVA with Bonferroni’s multiple comparison test was performed (B,G,H); *p < 0.05, **p < 0.01, ****p < 0.0001 comparing values before and after the OCC.


Figures 1E–H show the effect of ischemic hypoxia assessed by OCC during 5 and 15 s on blood pressure, HR, and cardiac autonomic function in anesthetized animals (n = 7). Ischemic hypoxia produced a transient increase in MBP followed by a hypotensive effect as shown in the typical recordings presented in Figure 1F. Whereas the hypotensive effect produced by the OCC5 was non-significant (MBP: before OCC5 = 125.61 ± 5.50 mmHg, OCC5 = 110.56 ± 4.87 mmHg, n = 7), OCC15 significantly decreased MBP by 14.27% (MBP: before OCC15 = 120.88 ± 5.46 mmHg, OCC15 = 103.65 ± 5.46 mmHg, n = 7) (Figure 1G). In agreement, OCC5 did not change HR or RR intervals although producing a non-significant increase in Lf/Hf cardiac index of 21.50%, whereas OCC15 produced a significant increase of 13.83% in HR, of 34.04% in RR intervals, and of 53.00% in the Lf/Hf cardiac index (Figure 1H).



Assessment of Blood Pressure and Heart Rate Regulation in Response to Hypoxia After Carotid Sinus Nerve Bilateral Denervation

Figure 2 depicts the effect of acute CSN resection (Figure 2A) on blood pressure and HR regulation in both baseline and response to ischemic hypoxia as well as the result of a single experiment on the effect of CSN resection on the baroreflex. Acute CSN bilateral resection did not modify either MBP (Figure 2B, MBP without CSN resection = 107.50 ± 3.65 mmHg, n = 17; MBP with CSN resection = 110.3 ± 9.71 mmHg, n = 16) or HR (HR without CSN resection = 398.1 ± 15.75 beats per min, n = 17; HR with CSN resection = 450.6 ± 22.92, n = 16) but decreased sympathetic activation as shown by a significant decrease in Lf/Hf cardiac index of 67.19% (Figure 2B). Top panels of Figure 2C shows representative correlations between SBP and DBP and the RR intervals in animals with the CSN intact (green) and animals with bilateral resection of the CSN (Figure 2C). CSN resection showed a tendency, although non-statistically significant, to alter the slope of the correlation between SBP and DBP and the RR intervals [slope SBP vs. RR without CSN resection = −0.22 ± 0.22, n = 6; slope SBP vs. RR with CSN resection = −0.90 ± 0.30, n = 9 (p = 0.206); slope DBP vs. RR without CSN resection = −0.07 ± 0.33, n = 6; slope DBP vs. RR with CSN resection = −1.28 ± 0.45, n = 9 (p = 0.0748)] suggesting that CSN denervated animals exhibit significantly altered baroreflex sensitivity. To clarify these findings, baroreflex sensitivity was evaluated by measuring blood pressure and RR interval variation during a postural challenge, the tilt test (Figure 2D). Figure 2D shows typical recordings of blood pressure in anesthetized rats with (bottom panel) and without (middle panel) CSN resection, submitted to a tilt test, in which the animal was suspended at an angle of 75° (middle panel). Note that CSN resection alters the variations in MBP produced by tilting the animal, suggesting altered baroreflex sensitivity caused by denervation of the CSN. The effect of CSN resection was tested also in the MBP, HR, and RR intervals in response to ischemic hypoxia. Acute CSN denervation attenuated the decrease in MBP produced by ischemic hypoxia of 5 and 15 s (Figure 2E, left panel) in a non-significant manner (n = 6) without altering either HR or RR intervals (Figure 2E, middle and right panels).
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FIGURE 2. Effect of CSN acute resection on blood pressure, HR, autonomic function, baroreflex sensitivity, and blood pressure responses in basal conditions and in response to ischemic hypoxia in anesthetized animals. (A) Schematic representation of the protocol used to assess the impact of CSN on the physiological variables evaluated in basal conditions (normoxic atmosphere) and in response to ischemic hypoxia assessed as OCC of 5 and 15 s, (B) respectively, from left to right, the effect of bilateral CSN denervation on MBP (left panel), HR (middle panel), and autonomic function (right panel) assessed by the spectral analysis of the HR and expressed as the ratio between the Lf and Hf of the spectra in anesthetized rats (control; n = 17; CSN denervated, n = 16). (C) Top graphs show representative SBP and DBP correlations with the RR intervals in rats with CSN intact (green, n = 6) and with CSN resection (red, n = 9) obtained in the experimental setting shown in (A). Graphs on the bottom show the mean values of the slope of the correlations between SBP and DBP and RR intervals. (D) Typical response to a tilt test in conscious animals implanted with telemetry devices for blood pressure recording. Top panel shows raw signal of MBP in a rat with CSN intact. Middle and bottom panels show, respectively, a tilt test performed in a rat with CSN intact and with bilateral resection of the CSN. (E) Effect of CSN denervation on MBP (left panel), HR (middle panel), and RR intervals (right panel in response to ischemic hypoxia of 5 and 15 s of intensity, n = 6). Bars represent mean ± SEM. Shapiro–Wilk normality tests were performed, and all groups passed normality test. Two-tailed Student’s t-test was accomplished (B,C) when comparing values with and without CSN denervation. When more than two groups were compared, two-way ANOVA with Bonferroni multicomparison test was performed (E); **p < 0.01.




Assessment of Blood Pressure and Heart Rate Regulation in Response to Kilohertz Frequency Alternate Current Modulation of the Carotid Sinus Nerve

Figure 3 shows the effect of CSN electrical neuromodulation on respiratory frequency, blood pressure, and HR in normoxic conditions and response to hypoxic hypoxia in anesthetized animals (Figure 3A). Typical EMG recordings of respiratory frequency in response to hypoxic hypoxia, CSN stimulation, and CSN high frequency blocking are shown in Figure 3B. As expected, 1 min hypoxic hypoxia (10% O2) significantly increased respiratory frequency by 47.66% (normoxia = 47.78 ± 4.28 bpm; hypoxia = 70.56 ± 4.98 bpm; n = 6) (Figure 3C). Electrical stimulation of the CSN significantly increased respiratory frequency, confirming that the electrodes were correctly placed (respiratory frequency 20 Hz = 116.70 ± 8.82 bpm, n = 6). As previously described (Sacramento et al., 2018) and as shown in Figure 3C, high frequency blocking of the CSN (50 kHz, 2 mA) did not modify respiratory frequency in normoxia (respiratory frequency 50 kHz = 51.67 ± 5.53 bpm, n = 6) but abolished the ventilatory hypoxic response (respiratory frequency 50 kHz + 10% O2 = 53.33 ± 4.91 bpm, n = 6). Hypoxic hypoxia applied for 1 min decreased MBP by 53.6% (normoxic MBP = 100.8 ± 8.56 mmHg: hypoxia MBP = 46.77 ± 8.15 mmHg, n = 6, Figure 3D). Likewise, stimulation of CSN with 20 Hz frequency produced a decrease in blood pressure of 24.1% (MBP 20 Hz = 65.0 ± 11.92 mmHg) (Figure 3D). Similarly, to the effect of high frequency blocking on respiratory frequency, electrical blocking of the CSN blocking did not modify MBP in normoxia (MBP 50 KHz = 103.3 ± 10.29 mmHg, n = 6, Figure 3D). In contrast, it did not produce any alteration in MBP in response to hypoxic hypoxia (MBP 50 KHz + 10% O2 = 39.14 ± 11.09, Figure 3D), indicating a possible decoupling of CB-mediated ventilatory and blood pressure responses to hypoxia. Note also that the high frequency blocking of the CSN did not modify both HR and the RR intervals (Figure 3E). The effect of electrical blocking was also tested on the correlations between SBP and DBP and the RR intervals (Figure 3F). The top panel of Figure 3F shows correlations between SBP and RR intervals in CSN without electrical stimulation (green) and when the animals were submitted to electrical blocking for 1 min (red) (Figure 3F, top panel). High frequency electrical blocking of the CSN did not change the correlation between SBP and DBP and the RR intervals [slope SBP vs. RR without CSN blocking = −1.02 ± 0.37; slope SBP vs. RR with CSN electrical blocking = −1.89 ± 0.43 (n = 6, p = 0.17); slope DBP vs. RR without CSN electrical blocking = −1.173 ± 0.342; slope DBP vs. RR with CSN resection = −1.759 ± 0.54 (n = 6, p = 0.42)].
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FIGURE 3. Effect of acute CSN electrical modulation on baseline cardiorespiratory variables and the cardiorespiratory response to hypoxic hypoxia in anesthetized rats. (A) Schematic representation of the experimental setting and protocol used to evaluate the effect of electrical blocking of the CSN on the physiological variables; (B) panel shows, respectively, from top to bottom, EMG representative recordings of animals in normoxia (n = 6; 20% O2 balanced N2), under electrical blocking (n = 6; 50 kHz, 2 mA, 1 min), under electrical stimulation (n = 6, 20 Hz, 2 mA, 10 s), in response to hypoxia (n = 6, 10% O2 balanced N2, 1 min), and under electrical block plus hypoxia (n = 6; 50 kHz, 2 mA plus 10% O2). (C) Shows the effect of CSN neuromodulation–stimulation (20 Hz, 2 mA, 10 s, n = 4) and blocking (50 kHz, 2 mA, 1 min, n = 4) on baseline respiratory frequency and respiratory frequency evoked by hypoxic hypoxia (10% O2 balanced N2, 1 min, n = 6) expressed as bpm. (D) Left panel shows a typical recording of the effect of electrical blocking (50 kHz, 2 mA, 1 min) and stimulation (20 Hz, 2 mA, 10 s) of the CSN and the effect of hypoxic hypoxia (10% O2 balanced N2, 1 min) on MBP measured at the femoral artery. Right panel show the mean values for the effect of electrical blocking on MBP in normoxia and hypoxia. Note that electrical blocking did not modify MBP and that CSN stimulation elicited a hypotensive response such as the produced by hypoxic hypoxia. The panel at the bottom shows the effect of blocking (50 kHz, 2 mA, 1 min) on MBP response to hypoxic hypoxia (10% O2 balanced N2, 1 min). Note that electrical blocking of CSN does not seem to affect blood pressure response to hypoxic hypoxia. CSN electrical modulation was applied bilaterally to the CSN through electrode cuffs. Stimuli were applied between colored lines, and colors represent, respectively, green—electrical blocking (50 kHz, 2 mA, 1 min), red—electrical stimulation (20 KHz, 2 mA, 10 s), and blue—hypoxic hypoxia (10% O2 balanced N2, 1 min). To test CSN electrical blocking plus hypoxia, the current was initiated 30 s before submitting the animals to hypoxia. (E) Effect of CSN neuromodulation–stimulation (20 Hz, 2 mA, 10 s, n = 4) and blocking (50 kHz, 2 mA, 1 min, n = 4) and hypoxia (n = 6) on HR and RR intervals. (F) Top panel shows correlations between SBP and RR intervals in animals without CSN electrical blocking (green, n = 6) and when submitted to electrical blocking (red, n = 6). Correlations were performed with values obtained during 1 min at a sampling rate of 1,000 Hz. Bottom panels show the impact of electrical neuromodulation of the CSN on the mean values of the slope of the correlations between SBP and DBP and RR intervals. Bars represent mean ± SEM. Shapiro–Wilk normality tests were performed, and all groups passed normality test. One-way ANOVA with Bonferroni’s multiple comparisons test was executed in series depicted in (C–E); **p < 0.01, ***p < 0.001 vs. normoxia; #p < 0.05, $$$p < 0.001 vs. hypoxia. Whenever two groups were compared a two-tailed Student’s t-test was performed (F).





DISCUSSION

This study assessed the impact of the CSN in systemic blood pressure under normoxic and hypoxic conditions, aiming for a better understanding of the crosstalk between the chemoreceptors and blood pressure control systems. Our study confirms that functional ablation of the CSN, either surgically or through electrical neuromodulation, does not significantly influence baseline hemodynamic parameters nor blood pressure modulation by hypoxic/ischemic challenges despite a decreased sympathetic tone induced by loss of CSN function. We hypothesize that bilateral denervation/electrical blockade of the CSN and subsequent abolition of CB afferent chemoreflex and carotid-sinus baroreflex are compensated by redundant mechanisms that respond to acute changes in blood gases, independently of the autonomic resetting that occurs upon hindrance of CSN transmission.

It was previously shown that that baseline values of respiratory and cardiovascular parameters do not differ before and after unilateral chemoreceptor deactivation through ligation and sectioning of the left CB artery for Katayama et al. (2019).

The same authors observed that unilateral electrical stimulation of the carotid sinus and the CSN activates both the carotid baroreflex and chemoreflex as previously described (Gonzalez et al., 1994; Marshall, 1994, 1998), resulting in hypotension in conscious animals (Katayama et al., 2015). Additionally, it was also demonstrated that the hypotensive response after electrical stimulation of the carotid sinus was enhanced by carotid chemoreceptor deactivation (Katayama et al., 2015), suggesting that an intact bilateral chemoreflex counteracts the hypotensive effects carotid sinus stimulation.

Herein, we performed bilateral surgical or electrical ablation of the CSN, thus preventing complete conveying of the information from carotid chemo and baroreceptors to the central nervous system, and we observed no changes in blood pressure or HR despite a significant decrease in cardiac sympathetic activity in both normoxic and hypoxic conditions.

Looking at the correlation between the SBP and DBP and RR intervals, we observed no significant differences between the slopes, suggesting that CSN resection does not affect the feedback loop among blood pressure and HR in basal conditions. Pijacka et al. (2018) report that CSN denervation resulted in abolishment of the baroreceptor reflex, which was not perceivable after selective CB resection. The single experiment we performed in a CSN-resected animal submitted to a head-up tilt test showed a less pronounced drop in blood pressure when comparing the pre-denervation period with the post-denervation period, indicating that despite causing no significant changes in systemic blood pressure control, CSN-denervated animals may present an impaired hemodynamic response to head-up tilting, also observed by Pijacka et al. (2018).

Immediate cardiovascular responses to acute hypoxia are known to be species-dependent, primarily mediated by the aortic bodies with a smaller contribution of the CB and followed by hypoxic vasodilatory response controlled by local autoregulatory mechanisms at peripheral vascular beds (Marshall, 1998; Rohlicek et al., 2002; Cowburn et al., 2017). In humans, CBs play a critical role in adapting ventilation and maintaining arterial pressure during hypoxia, whereas the HR response is mainly mediated by aortic bodies (Niewinski et al., 2014; Pijacka et al., 2018). In anesthetized rats, hypoxic hypoxia (10% O2 in N2), which stimulates both CBs and aortic bodies, and carbon monoxide hypoxia (30% O2 in N2 with CO addition) that stimulates only the aortic bodies, induced an increase in cardiac output, cardiac contractility, SBP/DBP, aortic blood pressure, total peripheral resistance, and pulmonary arterial pressure (Fitzgerald et al., 2013) with the CBs having a higher effect in the majority of these variables except for blood pressure—whose major control seems to be assured by the aortic bodies (Fitzgerald et al., 2013). In contrast, sustained or chronic hypoxia leads to distinct ventilatory and hemodynamic responses that are not easily attributed to chemoreflex or baroreflex independently and involve resetting of the feedback loops (Niewinski et al., 2014; Lohmeier et al., 2016; Pijacka et al., 2018). However, the relation of the CBs with sympathetic tone is irrefutable in either acute conditions or response to chronic stimuli (Prabhakar et al., 2005; McBryde et al., 2017; Sacramento et al., 2020) with a clear involvement of these organs in long-term increase in sympathetic vasoconstrictor outflow in several disease states (Conde et al., 2014; Pijacka et al., 2018).

Herein, we observed no significant effects of acute hypoxic hypoxia in baseline hemodynamic parameters in conscious animals implanted with continuous blood pressure monitoring telemeters although there was a significant activation of the SNS as assessed by HR variability analysis. In a setting of ischemic hypoxia, we also observed no changes in blood pressure although there was an increase in sympathetic activation, significant only for a 15-s ischemia period.

To assess the role of the CB chemoreceptors in acute blood pressure control in response to hypoxia, we surgically denervated the CSN and evaluated acute changes in BP, sympathetic activity in hypoxic hypoxia conditions. We observed that blood pressure was not significantly modified in acutely CSN denervated animals, but the increase in SNS activity in response to ischemic hypoxia was lost in animals submitted to CSN denervation. Acute CSN resection also diminished the hypotensive effect evoked by hypoxia. In these animals, the decrease in BP in response to hypoxia was lower than in animals with intact CSN. To confirm these findings, we functionally abolished CSN activity by KHFAC (50 kHz, 2 mA) and observed that neither baseline blood pressure nor the adaptive blood pressure response to hypoxic hypoxia was affected by the electrical blockade. Our results support that functional or surgical blockade of the CSN does not impact basal blood pressure or basal ventilation in contrast to electrical stimulation of the CSN that mimics the ventilatory and hemodynamic responses evoked by hypoxic and ischemic hypoxia.

We concluded that, in acute settings, the chemoreflex and baroreflex control of blood pressure are dissociated in terms of hypoxic response but integrated to generate an effector response to a given change in arterial pressure. Chemoreceptor activation caused by acute hypoxic or ischemic hypoxia increased sympathetic activity in both conscious and anesthetized animals. However, baseline blood pressure was not affected by acute hypoxia except for sustained hypoxic challenges, namely, OCC for 15 s, indicating that hemodynamic compensatory regional mechanisms triggered by acute hypoxia are effective in maintaining blood pressure for short-term stimuli but not for longer challenges. Paton’s group recently reported that CSN sparing selective ablation of the CBs assures functional integrity of the carotid sinus baroreceptors in spontaneously hypertensive rats, demonstrating the importance of CBs in the hemodynamic response to hypoxia and hypercapnia in hypertension (Pijacka et al., 2018). Regarding the contribution of the CB to the development and maintenance of hypertension, our work agrees with previous results obtained by other groups in which it was observed that carotid sinus denervation prevented arterial pressure from reaching hypertensive levels and decreased sympathetic activity in spontaneous hypertensive young rats (Pijacka et al., 2018).

To conclude, chemoreflex and baroreflex short-term regulation of blood pressure are dissociated in terms of hypoxic response but integrated to generate an effector response to a given change in arterial pressure. Based on our findings, we postulate that the clinical use of Hf stimulation to modulate CSN activity is devoid of hypoxic-induced pressure fluctuations.
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The Effect of Non-invasive Spinal Cord Stimulation on Anorectal Function in Individuals With Spinal Cord Injury: A Case Series
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Spinal cord injury (SCI) is a devastating condition that impacts multiple organ systems. Neurogenic bowel dysfunction (NBD) frequently occurs after a SCI leading to reduced sensation of bowel fullness and bowel movement often leading to constipation or fecal incontinence. Spinal Neuromodulation has been proven to be a successful modality to improve sensorimotor and autonomic function in patients with spinal cord injuries. The pilot data presented here represents the first demonstration of using spinal neuromodulation to activate the anorectal regions of patients with spinal cord injuries and the acute and chronic effects of stimulation. We observed that spinal stimulation induces contractions as well as changes in sensation and pressure profiles along the length of the anorectal region. In addition, we present a case report of a patient with a SCI and the beneficial effect of spinal neuromodulation on the patient’s bowel program.
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INTRODUCTION

Neurogenic bowel dysfunction (NBD) is a significant source of morbidity after a spinal cord injury (SCI). After an SCI, many patients develop the inability to empty the bowels spontaneously and become reliant on onerous and time-consuming bowel programs to manage constipation and stool retention. Others may develop stool incontinence secondary to obstipation or anal sphincter weakness. As a result, NBD has a marked deleterious effect on patients’ health and quality of life. Indeed, several survey studies of SCI patients have demonstrated that recovery of bowel function is one of the top rehabilitation priorities in this population (Anderson, 2004; Bloemen-Vrencken et al., 2005; Ditunno et al., 2008).

Despite such significant impact on a patient’s life, treatment options for NBD are limited. Rectal suppositories and oral stool softeners and laxatives are the mainstays of therapy but have a limited efficacy in decreasing the time devoted to bowel programs and do little to normalize bowel function and stool transit. Surgical interventions, such as creation of colostomy or Malone Antegrade Continence Enema (MACE) are morbid and can have a negative impact on an already-impaired body image in patients with SCI (Waddell et al., 2020). More recently, neuromodulation has begun to be explored as a therapy for NBD. Techniques such as functional electrical stimulation, magnetic stimulation, sacral nerve stimulation, dorsal genital nerve stimulation and transcutaneous interferential electrical stimulation have been attempted as a therapy for NBD in adults (SCI) and children (myelomeningocele) with promising results (Deng et al., 2018; Parittotokkaporn et al., 2020).

We have developed and implemented a novel Spinal Cord Neuromodulator (SCONE™, SpineX Inc., Los Angeles, CA, United States) as a non-invasive stimulation modality to facilitate functional recovery after SCI. This approach delivers an electrical stimulation to the spinal cord without eliciting significant cutaneous discomfort by incorporating a high-frequency carrier current. We have previously demonstrated that non-invasive spinal cord neuromodulation can improve lower (Gad et al., 2015; Gerasimenko Y. P. et al., 2015; Parag Gad and Reggie Edgerton, 2019), upper extremity (Gad P. et al., 2018; Inanici et al., 2018), trunk stability (Rath et al., 2018), respiratory (Gad et al., 2020) and lower urinary tract function (Gad P. N. et al., 2018; Kreydin et al., 2020; Gad et al., 2021b) in patients with SCI. In this study, we used anorectal manometry (ARM) to determine the effect of acute SCONE™ stimulation on anorectal physiology in three chronically paralyzed patients and the effect of chronic stimulation on bowel program times in one patient.



MATERIALS AND METHODS


Patient Recruitment

This study was approved by the Institutional Review Board of Rancho Research Institute, the research arm of Rancho Los Amigos National Rehabilitation Center, Downey, CA, United States. The research participants signed an informed consent form before the start of the study and consented to the data being used in future publications and presentations. The patient demographics and injury characteristics were as follow: Acute Stimulation Patient 1 (ASP1) was a 39-year-old male who sustained a SCI at C5 (AIS A) 9 years prior to study. ASP2 was a 29-year-old male who sustained a SCI at T6 (AIS A) 5 years prior to the study. ASP3 was a 28-year-old female who sustained a SCI at T6 (AIS A) 2 years prior to the study. Finally, the patient who underwent chronic stimulation [Chronic Stimulation Patient 1 (CSP1)] was a 32-year-old female who sustained a SCI at T6 (AIS A) 2 years prior to the study.



Spinal Stimulation

Spinal stimulation was delivered using a proprietary SCONE™ device (SpineX Inc., Los Angeles, CA, United States). The stimulation was delivered either as single test pulses or as therapeutic pulses. The test pulse waveform consisted of a monophasic pulse at 0.5 Hz with a high frequency carrier frequency (10 KHz) with a pulse width of 1 ms. The therapeutic waveform consisted of two alternating pulses of opposite polarities separated by a 1 uS delay forming a delayed biphasic waveform. The pulses consisted of a high frequency biphasic carrier pulse (10 KHz) combined with a low frequency (30 Hz) burst pulse each with a pulse width of 1 ms. Stimulation was applied using an adhesive electrode over the interspinous ligaments of T11 and L1 serving as the cathode and two adhesive electrodes over the iliac crests as the anodes (Figure 1). The intensity of stimulation during acute mapping studies (0.5 Hz) were set at a supra sensory and motor threshold, i.e., the lowest intensity at which contractions were visible on the pressure probes. At this intensity all patients also noted contractions of several lower extremity muscles. The intensity of stimulation during therapeutic stimulation (30 Hz) was set at a supra-sensory and sub-motor threshold level, i.e., at 80% of the intensity that generated a visible contraction on the pressure probes. At this intensity, patients could feel the stimulation but did not note any lower extremity muscles contractions and tolerated the stimulation well.
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FIGURE 1. (A) Experimental setup demonstrating the stimulation electrodes over T11-12 and L1-2 vertebral levels and return electrodes over the iliac crests. (B) Test pulses showing the train of monophasic pulses including the high frequency (10 KHz) pulses on for a period of 1 ms and low frequency (0.5 Hz, repeating every 2 s) pulses and (C) Therapeutic pulses showing the train of biphasic pulses including the high frequency (10 KHz) pulse on for a period of 1 ms and low frequency (30 Hz, repeating every 33.33 ms) pulses.




Anorectal Manometry and Mapping

Acute stimulation patients were asked to perform an enema at home at least 6 h prior to the study. Anorectal manometry (ARM) probe was placed in the anorectal region. The probe consisted of four sensors around the periphery of the tip. A balloon was positioned at the proximal end of the catheter. The anorectum was mapped by positioning the catheter at specific distances from the anal verge starting at 2 cm and continuing up to 10 cm in increments of 1 cm. At each catheter location, stimulation test pulses were delivered starting at 10 mA and increasing to 200 mA in increments of 10 mA. A minimum of five pulses were delivered at each intensity. A minimum of 3 mins pause was taken prior to moving the catheter to the next position. Anorectal profiles were created by slowly withdrawing the catheter at a constant speed of 0.5–1 cm/s. These profiles were created with the patient in a relaxed position (relax) and while attempting to generate a bowel movement (squeeze) on command. Following test stimulation, tonic submotor stimulation was applied and anorectal pressure profiles were generated in an identical manner. Finally, to test anorectal sensation, the catheter was placed at 5 cm from the anal verge, the balloon was slowly filled with air using an external syringe at a rate of 60 ml/min without and with sub-motor threshold stimulation. The patient was asked to report when they experienced rectal sensation and the 1st volume, at which this occurred, was recorded.



Chronic Spinal Stimulation

The chronic stimulation patient (CSP1) was recruited to study the effect of chronic spinal stimulation on bowel function. This patient needed external digital stimulation to assist bowel movement and relied on rectal suppositories to move her bowels every 1–2 days. She was asked to monitor the duration of her bowel program for the duration of the study. The therapeutic waveform consisted of two alternating pulses of opposite polarities separated by a 1 uS delay forming a delayed biphasic waveform. The pulses consisted of a high frequency biphasic carrier pulse (10 KHz) combined with a low frequency (30 Hz) burst pulse each with a pulse width of 1 ms (Figure 1). Stimulation was applied using an adhesive electrode over the interspinous ligaments of T11 and L1 serving as the cathode and two adhesive electrodes over the iliac crests as the anodes. She received 1 h of stimulation 5 days a week for 5 weeks. On the days that the patient had a bowel program, she completed the bowel program 1–3 h prior to receiving stimulation. For the first 18 days, stimulation was delivered at a therapeutic level whereas during the last 18 days, stimulation intensity was reduced to an amplitude not expected to generate any physiological response based on our previous studies (sham stimulation). The patient was blinded by the intensity of stimulation at all times.




RESULTS


Acute Stimulation

Single pulses delivered over the lumbosacral spinal cord generated contractions in the anorectum of all three acute stimulation patients. The latency of contraction varied from 100 to 200 ms post stimulation pulse. The response amplitude varied based on the location. In addition, responses between 4 and 6 cm demonstrated a more complex response consisting of a second component with a longer latency (200–300 ms) (Figure 2A). However, location that generated the maximal amplitude occurred either between 1 and 3 cm or between 4 and 6 cm (Figure 2B).
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FIGURE 2. (A) Average (n = 5) pulses spinally evoked pressure change with singe pulses at 150 mA in the anorectal region 10 cm to 2 cm from the anus from a representative SCI (P1) patient. (B) Pressure changes across the anorectal region 10 cm to 2 cm from the anus from the three patients enrolled in the study.


The pressure profile across the anorectal region peaked between 4 and 6 cm (Figure 3) in all patients while the patients were relaxed and while they attempted to push as if to attempt a bowel movement. With tonic sub-motor threshold stimulation at T11 and L1, the pressure profile demonstrated a more consistent curve with high responses occurring between 3 and 8 cm. In addition, while the patient attempted to empty their bowels, the amplitude of response further increased between 3 and 8 cm. The change in pressure across the profile was higher while the patient was attempting to defecate and with the stimulation On (Figure 3).
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FIGURE 3. Anorectal pressure profile without (black) and with (ref) SCONE™ at T11 from the three SCI patients while the patients were relaxed (light) or squeezing (bold) their anus trying to assist a bowel movement.


Without stimulation, one patient was able to sense a filled balloon in the rectum, whereas two patients were unable to sense it up to a volume of 300 ml, which was established as a safe upper limit by the clinician (Figure 4A). Upon initiation of tonic sub-motor threshold stimulation at T11 and L1, the sensate patient reported rectal sensation at a lower balloon volume, and one of the insensate patients reported new onset sensation with balloon distention of the rectum (Figure 4B).
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FIGURE 4. (A) Anorectal pressure recorded while manually filling the rectal balloon with air without (black) and with (red) spinal stimulation at T11 in a representative SCI patient (P1) AIS A at C5 without and with SCONE™. Note the sensation of filling appears at lower volume with compared to without SCONE™ (190 ml vs. 220 ml). (B) Threshold of sensation without and with SCONE™ from the three patients enrolled in the study. ∞ represents a case when the patient was unable to detect the filled air (mm Hg).




Chronic Stimulation

The chronic stimulation patient was asked to record the amount of time needed to complete her bowel program. Prior to initiation of the study and during the first few days, her bowel program time was consistently approximately 75 mins. After completing 1 week of daily stimulation, her bowel program time reduced to 15 mins. Over the course of the next 18 days, sham stimulation was delivered, and her bowel program time increased to between 45 and 65 mins (Figure 5). No adverse effects of stimulation were reported by the patient or noted by the study staff.
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FIGURE 5. Time required to complete bowel program (blue) in an SCI patient (T4 AIS A) over 35 therapy days with varying intensities of stimulation (red). Note the decrease in bowel time over the first 18 days during higher intensity therapeutic stimulation (red region). However, the bowel program time increased close to baseline during the second half of the study with sham stimulation (yellow region).





DISCUSSION

In this pilot study we demonstrate that spinal neuromodulation can acutely change motor and sensory function of the anorectum. Additionally, in a case report of one patient, we show that spinal neuromodulation delivered over the course of several weeks may improve bowel function by decreasing the time required to perform a bowel program. SCONE™ is a non-invasive neuromodulation modality initially developed to promote lower extremity functional recovery after SCI. In our previous work, we have demonstrated that SCONE™ also appears to facilitate changes in lower urinary tract function in SCI individuals, promoting higher bladder capacity and decreasing detrusor overactivity (Gad P. N. et al., 2018; Kreydin et al., 2020). Although the bowel and the bladder differ markedly in function and control, their spinal and peripheral innervation share common origins. Parasympathetic innervation of both the anorectum and lower urinary tract (LUT) originates in the sacral parasympathetic nucleus located at the S2–S5 levels of the spinal cord (T12-L1 vertebral level). Onuf’s nucleus, which serves as the origin of the pudendal nerve, is located at the same level of the spinal cord and provides innervation of the skeletal external urethral and anal sphincters. Finally, sympathetic innervation of the anorectum and the LUT arises in the sympathetic chain at spinal levels T11-L2 (vertebral levels T7–T11) (de Groat et al., 2015; Callaghan et al., 2018). Thus, stimulation at levels T11 and L1 exerts an effect on all three components of the nervous system involved in bladder and bowel regulation. Just as with locomotion and LUT function, we hypothesize that spinal neuromodulation at these levels provides a signal to the relevant spinal centers, separated from the brain and brainstem by an injury, and allows acute and chronic changes to anorectal activity, that eventually lead to improvement in function.

An increase in anorectal pressure in response to SCONE™ was an effect we observed in each participant, with two participants exhibiting the strongest response in the region of the anal canal. This region is the location of the external (EAS) and internal (IAS) anal sphincters, with the puborectalis muscle located more proximally and giving rise to the former (Kaiser and Ortega, 2002). Thus, one of the two participants exhibited the strongest response at the level of the puborectalis (3.5 cm above the anal verge), while the other exhibited the strongest response at the level of the superficial EAS (0.5–2 cm above the anal verge), suggesting the pudendal nerve as the ultimate element that mediates the response as part of a spinal reflex arc (see discussion below). Other authors have demonstrated similar effects in response to transcutaneous magnetic stimulation of the sacral regions of patients with SCI. Morren et al. (2001) delivered transcutaneous magnetic stimulation laterally to the midline at S2–S4 vertebral levels, targeting the sacral spinal nerves as they exit the sacral foramina, and hypothesized that the strong pressure response noted in the anal canal was due to direct excitation of this nerve. An elevation in rectal pressure was also seen with transcutaneous magnetic stimulation of the cauda equina (L3–L5 vertebral levels) in studies by Lin et al. (2001) (both healthy controls and patients with SCI) and Shafik and El-Sibai (2000) (healthy individuals only). Interestingly, one participant exhibited the strongest pressure response in a more rostral location of the rectum, 6 cm above the anal verge. This location is considerably proximal to the skeletally innervated puborectalis and EAS, suggesting that this increase in pressure may be mediated by excitation of the autonomic nerves responsible for rectal function. Morren et al. (2001) also noted changes in rectal pressure (i.e., proximal to the puborectalis and the EAS) with transcutaneous magnetic stimulation and hypothesized that this was likely due to a reflex arc, whereby stimulation of large caliber somatic sensory nerves led to the excitation of autonomic fibers at the level of the lumbosacral spine.

While the exact neural structure, with which spinal neuromodulation interacts, remains to be determined, the relatively prolonged latencies and the multipeak nature of the pressure response suggest that the effect is not due to the direct stimulation of the pudendal nerve (causing anal sphincter contraction) but rather to a polysynaptic or reflex-mediated phenomenon. A similar response was noted by Fowler et al. (2000) and Schurch et al. (2003), when the S3 nerve root was percutaneously stimulated in able-bodied and SCI participants, respectively. A direct motor response would be expected to occur at a sub-10 ms timescale; on the other hand, the response we observed occurred at least 100 ms after pulse adminstration with a second component occurring up to 300 ms after. Similarly, a pudendo-anal reflex would be expected to occur with a latency of less than 40 ms (Cavalcanti Gde et al., 2007). Although latencies observed in this study could be mediated by an afferent spino-bulbospinal mechanism, this is less likely as the spinobulbar pathways are expected to be disrupted after an SCI. Nonetheless, it is possible that spinal neuromodulation promotes communication along damaged but anatomically persistent pathways. The other possibility is that the response we observed is mediated by a reflex of spinal origin. The latter possibility is supported by the persistence of the response even in patents with AIS A injuries both with acute and chronic stimulation.

In other applications of spinal neuromodulation, it was noted that stimulation improves not only motor activity, but also sensory function in patients with SCI (Gerasimenko et al., 2016; Gad P. N. et al., 2018), stroke and multiple sclerosis (Kreydin et al., 2020), and children with cerebral palsy (Edgerton et al., 2021; Gad et al., 2021a). Here we observed a similar phenomenon, whereby rectal sensation changed during application of stimulation, enabling two of the three participants to sense inflation of a rectal balloon at a lower volume than in the absence of stimulation. The mechanism by which spinal neuromodulation alters conscious sensation is not fully understood. As in our experience with urinary storage and locomotion, however, we hypothesized that SCONE™ may activate intact (but dormant) neural fibers at the injury site even in cases of functionally complete SCI and promote restoration of conscious sensation in a retrograde fashion. Alternatively, SCONE™ may lead to the excitation of sympathetic fibers, thus allowing rectal distention to elicit a sympathetic response at a lower volume. The participant may then appreciate this response as “rectal sensation.” Although it is unclear why Participant 2 did not exhibit this change in sensation, it is possible that this individual had a more complete injury and the reflex arc between rectal sensory fibers and the sympathetic chain/higher sensory centers was more significantly disrupted.

Finally, the finding that the participant who underwent daily SCONE™ sessions noted a gradual decrease in the time required to complete the bowel program suggests that SCONE™ stimulation may be a useful technique to promote functional improvement in patients with NBD. Several previous studies have assessed neuromodulation as a means of improving bowel function after SCI. Tsai et al. (2009) studied seven patients with supraconal SCI and assessed the effect of a 3-week course of daily transcutaneous magnetic stimulation at T9 and L3 on bowel function. A statistically significant decrease in colonic transit time and an improvement in questionnaire-measured bowel function were noted. Lin et al. (2001) reported similar findings in subjects who underwent transcutaneous magnetic stimulation of the cauda equina and exhibited a significant decrease in colonic transit time. In addition, subjects reported restoration of some sensory function and decreased reliance on digital stimulation to empty their bowels (Lin et al., 2001). Implantable sacral neuromodulation (Medtronic Interstim®, Minnesota, MN, United States) was assessed as a means to improve bowel function in patients with incomplete SCI by Jarrett et al. (2005) and was found to improve bowel continence and sensation of incomplete bowel emptying. Because patients with SCI suffer from abnormally prolonged bowel transit times and dyssenergic defecation, correction of these parameters would be expected to reduce the time required to complete a bowel movement. While the mechanism by which neuromodulation achieves these effects remains to be elucidated, we hypothesize that the stimulation signal interacts with neural fibers that remain after an injury to correct or improve end organ function.

Traditionally, non-invasive electrical spinal stimulation has been thought to be ineffective for stimulation of neural structures in the spinal cord because, unlike magnetic stimulation, significant signal attenuation occurs when an electrical impulse is applied to highly resistant tissues, such as skin, fat and bone that overlie the spinal cord. However, this study adds to the existing evidence that the unique dual frequency paradigm delivered by spinal neuromodulation can affect the function of neural structures in the spinal cord (Gerasimenko Y. et al., 2015). We hypothesize that the relatively high amplitude of stimulation afforded by spinal neuromodulation allows electrical charge to penetrate the investing tissues of the spinal cord and modulate the activity of spinal reflex arcs important for limb, lower urinary tract, respiratory and bowel control. Interestingly, interferential electrical current stimulation uses frequencies in the same order of magnitude as spinal neuromodulation and has been found to be effective in improving both clinical and physiological parameters of neurogenic bowel in pediatric patients with spina bifida (Kajbafzadeh et al., 2012).

While the results observed are significant, our study has from several limitations. First, the small number of patients limits the generalizability of the results. However, the activation of the anorectum across all three participants, and similar findings by other authors utilizing magnetic stimulation suggest that we observed a true physiologic effect. Secondly, our participants were fairly heterogeneous with varying levels and years post SCI. It is possible that with a more homogeneous cohort, more consistent effects of SCONE™ would have been observed. Future studies will need to determine how injury characteristics impact SCONE™ response and to identify biomarkers that modulate its effect. Finally, SCONE™ mediated improvement in bowel function after SCI requires further evaluation and confirmation in a rigorous sham-controlled setting.
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Renal Nerve Activity and Arterial Depressor Responses Induced by Neuromodulation of the Deep Peroneal Nerve in Spontaneously Hypertensive Rats
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Hypertension is a main cause of death in the United States with more than 103 million adults affected. While pharmacological treatments are effective, blood pressure (BP) remains uncontrolled in 50–60% of resistant hypertensive subjects. Using a custom-wired miniature electrode, we previously reported that deep peroneal nerve stimulation (DPNS) elicited acute cardiovascular depressor responses in anesthetized spontaneously hypertensive rats (SHRs). Here, we further study this effect by implementing a wireless system and exploring different stimulation parameters to achieve a maximum depressor response. Our results indicate that DPNS consistently induces a reduction in BP and suggests that renal sympathetic nerve activity (RSNA) is altered by this bioelectronic treatment. To test the acute effect of DPNS in awake animals, we developed a novel miniaturized wireless microchannel electrode (w-μCE), with a Z-shaped microchannel through which the target nerves slide and lock into the recording/stimulation chamber. Animals implanted with w-μCE and BP telemetry systems for 3 weeks showed an average BP of 150 ± 14 mmHg, which was reduced significantly by an active DPNS session to 135 ± 8 mmHg (p < 0.04), but not in sham-treated animals. The depressor response in animals with an active w-μCE was progressively returned to baseline levels 14 min later (164 ± 26 mmHg). This depressor response was confirmed in restrained fully awake animals that received DPNS for 10 days, where tail-cuff BP measurements showed that systolic BP in SHR lowered 10% at 1 h and 16% 2 h after the DPNS when compared to the post-implantation baseline. Together, these results support the use of DPN neuromodulation as a possible strategy to lower BP in drug-resistant hypertension.

Keywords: hypertension, neuromodulation, spontaneously hypertensive rats, renal nerve activity, deep peroneal nerve


INTRODUCTION

Hypertension is an important risk factor in the development of cardiovascular and kidney disease and stroke and heart failure, affecting more than 103.3 million people in the United States (Muntner et al., 2020). The American College of Cardiology/American Heart Association 2018 guidelines classified average systolic blood pressure (BP) > 130 mmHg and diastolic BP > 80 mmHg, on at least two separate occasions, as hypertension (Flack et al., 2018). Broadly used pharmaceuticals for this condition include renin-angiotensin inhibitors, angiotensin-converting enzyme inhibitors, and angiotensin II receptor blockers. Others include thiazide diuretics, beta-blockers, and calcium antagonists, depending on co-morbidities (Mendoza et al., 2021). Unfortunately, despite the use of multiple antihypertensive drugs in combination, BP remains poorly controlled in 50–60% of the hypertensive population (Carey et al., 2018), and approximately 12–18% of them develop resistant hypertension (RH); defined as BP > 140/90 mmHg despite the use of three antihypertensive drugs of complementary mechanisms, including a diuretic agent (Chia et al., 2020). Alternative treatments aim at reducing the renal sympathetic tone, or the hyper-reflex sympathetic signals from the carotid body, which are sensitive to oxygen and blood flow. For the former, renal denervation has been shown to reduce mean arterial pressure (MAP) in six placebo-controlled trials (systolic BP−5.53 mmHg), although with high variability, and the possible kidney reinnervation (Lauder et al., 2020). For the latter, unilateral resection of the carotid body in 15 patients with RH was shown to reduce ambulatory BP in 8 subjects, although serious adverse events were reported in two of them (Narkiewicz et al., 2016).

Several medical devices have been developed for RH (Lauder et al., 2020), such as the Rheos (CVRx) system, with bilateral electrodes implanted near the aortic arch to stimulate the baroreceptors, which exert an inhibitory influence on sympathetic nerve activity (Groenland and Spiering, 2020). This baroreflex activation therapy was reported in an open-label study to reduce in-office MAP in patients with RH, but not ambulatory RH (Bakris et al., 2012). In addition, a double-blind, randomized pivotal study with 265 patients was failed to meet efficacy endpoints, and 25% showed adverse surgical complications (Ewen et al., 2017). A second generation of the Rheos device has provided promising results, although side effects due to high stimulation intensities remain (Mahfoud et al., 2021).

Alternative treatments include electroacupuncture based either on Qi hypotheses or mechanistic information, where controlled clinical trials have shown a significantly lower 24-h ambulatory MAP (>6 mmHg), correlated with reductions in circulating norepinephrine, renin, and aldosterone (Flachskampf et al., 2007; Li et al., 2015). We previously reported that stimulation of the deep peroneal nerve (DPNS), a fascicle of the sciatic nerve in proximity to the acupuncture point ST-36, induced a 23 mmHg reduction in MAP in anesthetized spontaneously hypertensive rats (SHRs) (Kim and Romero-Ortega, 2012; Kim et al., 2014). However, confirming the depressor effect in freely moving animals who underwent DPNS has remained a challenge, given the small size of the rat peroneal nerve (≈200 μm OD) and the need for fully implantable miniature wireless stimulators to avoid nerve injury and/or discomfort to the animal during ambulation. Here, we report studies that refined stimulation parameters for optimal MAP reduction by DPNS in SHR animals. We previously developed a miniature wireless microchannel electrode (w-μCE) with inductive stimulator circuit and an external power/command control (Freeman et al., 2017; Hernandez-Reynoso et al., 2019), here we improved it with a novel nerve attachment microchannel that facilitates implantation and anchor of the device into small nerves and allowed sub-chronic DPNS in awake animals. The results support the notion that wireless neuromodulation devices can be used to deliver bioelectronic treatment to lower MAP in a rat model of hypertension and show promise as a treatment for RH.



MATERIALS AND METHODS


Animals

A total of 26 adult male SHRs (300–350 g, 12–14 weeks old, Charles River, Wilmington, MA, United States) were used in this study. SHRs are considered an established model of primary hypertension due to an overactivated sympathetic drive (Shanks et al., 2013; Gu et al., 2020). The animals were divided into three separate study phase cohorts, which are as follows: (I) evaluation of acute pulse duration effect in anesthetized breathing-assisted rats (n = 5), (II) confirmation of optimized stimulation parameters in anesthetized spontaneous breathing animals (n = 8; Figure 1), and (III) testing sub-chronic DPNS in awake animals (n = 13). Animals were anesthetized with vaporized isoflurane (2%) in a constant oxygen flux (2 L/min) delivered by a calibrated vaporizer, placed on a warm pad, and body temperature, cardiac rate, and respiration were monitored constantly. Nerve stimulation in Phase I and II cohorts was done using a wired hook platinum electrode, whereas Phase III evaluation used fully implantable w-μCE stimulators and included a sham group implanted with non-functional electrodes.
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FIGURE 1. Experimental set-up for DPNS to modulate MAP. Adult SRH rats were anesthetized. Phase I animals received assisted ventilation (n = 5), and phase II did not (n = 8), and phase III the MAP was measured by telemetry and DPNS with a wireless system (n = 11). The effect of DPNS on RSNA and MAP was evaluated, (A) Animal setup: a stimulator system with a pulse generator for short (0.15 ms) or long (1 ms) pulses was connected to a hook electrode placed on the DPN (i). A second electrode was placed on the renal nerve to record neural activity (ii). A catheter was implanted in the femoral artery and connected to a pressure transducer to monitor MAP (iii). Dotted-line inserts (i and ii) show the site where pictures in panels (B–D) were obtained. Photographs of the DPN before (B) and after (C) electrode implantation are displayed. Insert in panel B is magnified in panel C after electrode placement. (D) Identification of renal nerve. SHR, spontaneous hypertensive rats; RSNA, renal sympathetic nerve activity; DPNS, Deep peroneal nerve stimulation; DPN, deep peroneal nerve: MAP, mean arterial pressure; TAM, tibialis anterior muscle.




Tracheotomy

Animals participating in Phase I of the study underwent a tracheotomy for assisted mechanical ventilation. The trachea was exposed by a midline incision in the neck (1.5–2 cm), and an endotracheal tube (1.72 mm diameter) was inserted into the airway. A respirator (Model 683, Harvard Apparatus) was used with a tidal volume of 2.5 ml/breath and respiratory rate of 70 breaths/min throughout the experiment.



Deep Peroneal Nerve Stimulation

A 2.0 cm incision on the hind-limb below the femur exposed the biceps femoris and vastus lateralis muscles, which were bluntly dissected to expose the DPN branch from the sciatic nerve and gently isolated from surrounding connective tissue using a glass rod and kept hydrated with warm physiological saline solution (pH 7.2). Either wired hook platinum electrodes (Phase I and II studies) or a wireless stimulator (Phase III studies) were used. For Phase III studies, the wound was closed after implantation of the w-μCE electrode onto the DPN, topical antibiotics were applied, and antibiotic and analgesic were administrated (cefazolin, 5 mg/kg and buprenorphine sustained-release [SR], 1 mg/kg; respectively). These animals were recovered for 3 weeks before applying wireless DPN neuromodulation.


Stimulation Parameters in Acute Studies

Stimulation parameters were evaluated for maximum depressor responses, using either voltage (0.2–1.2 mV, n = 11 tests; 2 animals) or current (0.06–2.0 mA, n = 17 tests; 3 animals) 0.15 and 1.0 ms cathodic monophasic pulses, applied with a PlexStim Electrical Stimulator System (Plexon Inc). The effect was confirmed by the evoked contraction of the tibialis anterior (TA) muscle and digits, which was videotaped and used to determine the threshold and effectiveness of DPN stimulation. The frequency for pulses was maintained at 2 Hz for 30 ± 15 s. The effect of DPN stimulation on the blood pressure was evaluated by implanting an arterial pressure sensor.



Sub-Chronic Deep Peroneal Nerve Neuromodulation

A miniature implantable w-μCE neural stimulator was developed using a sub-millimeter radiofrequency (RF) stimulator circuit (150-turn coil with a Nickel-Zinc ferrite core, a 7.0 pF capacitor tuned at 10.9 MHz, a Schottky diode, and a 100 pF shunt capacitor (Hernandez-Reynoso et al., 2019)), integrated into a 3D printed nerve-attachment device with a Z-shaped microchannel, leading to a stimulation chamber containing platinum trace electrodes. This new design facilitates nerve implantation by placing it underneath the nerve and gently lifting it over the microchannel. This causes a transient longitudinal elongation and transverse compression of the nerve, which then allows it to pass through a smaller microchannel (internal diameter 20–30% less than the DPN diameter) and into the electrode chamber. Lowering the device, release the tension in the nerve allowing it to expand to its original size and locking it in place. Seven electrodes were used for this study and were electrochemically characterized before use, with an average impedance value of 250.63 ± 53.42 KΩ at 1 kHz frequency. During stimulation, we used an external RF antenna, with an electrical field ranging from 16.87 to 27.5 A/m, at 2–10 cm from the implanted w-μCE stimulator. The limits of exposure to electromagnetic fields were established to meet the Federal Communications Commission (Bassen et al., 2005). Three weeks after recovery, animals implanted with w-μCE stimulators onto the DPN were stimulated for 8 min with 200 mV square monophasic pulses (200 μs) at 2 Hz, using a pulse generator (Agilent 81110A) that was connected to an external RF amplifier, and a transmission antenna with a 10.0 MHz carrier frequency (AG 1012, T&C Power Conversion, Inc).




Renal Sympathetic Nerve Activity (RSNA)

A 2.5 cm midline abdominal incision was made to visualize the kidney. Using a dissecting microscope, a 2 mm segment of the renal nerve was gently dissected from the artery and interfaced with a bipolar stainless-steel wire electrode (Bioflex wire AS633; Cooner Wire). A thin layer of medical-grade silicone (Kwik-Sil; World Precision Instruments, Sarasota, FL, United States) was added over the nerve for insulation and mechanical stability. The RSNA was recorded at 1 kHz sampling rate using a Neuro Amp EX (AD-Instruments). The full-wave was rectified and averaged in 1 s intervals for analysis. Baseline values were determined by averaging 30 s of recorded data before DPN stimulation. Baseline RSNA values were considered as 100%, and experimental values were expressed as a change in percentage of the baseline (ΔRSNA,%). Hexamethonium bromide (60 mg/kg), an autonomic ganglia nicotinic acetylcholine receptor antagonist (Touw et al., 1980), was administered intravenously at the end of the experiments to confirm that RSNA signals were recorded from post-ganglionic renal fibers. Neural activity was further confirmed by the abolition of the recorded signal 30-min after euthanasia.


Blood Pressure Measurements

For animals in Phase I and II studies, the BP was recorded acutely in anesthetized animals using a wired pressure sensor that was attached to a cannula implanted into the femoral artery. For animals in Phase III, BP was measured using a tail cuff in awake and restrained animals (n = 4), or a telemetry BP system implanted into the femoral artery (n = 9).



Wired Blood Pressure Recording

A 1.5–2 cm incision was made in the inner part of the left leg to expose the femoral artery, where a heparinized (20 IU/ml) cannula (0.6 mm outer diameter) was inserted and secured using 4.0 silk sutures. The cannula was connected to a calibrated pressure transducer (AD-Instruments, MLT1199) and coupled to a bridge amplifier and power supply (AD-Instruments, FE221 and ML826, respectively). BP measurements were obtained continuously during the acute studies and exported at 1,000 and 100 bits per second, respectively. A PowerLab data acquisition system and LabChart Pro software (both from AD Instruments, Colorado Springs, CO, United States) were used to digitalize and visualize the data.



Tail-Cuff Blood Pressure Measuring

For non-invasive measurements in fully awake animals, the rats were placed in an animal holder (HLD-RM, Kent Scientific), and a tail-cuff BP system based on volume pressure recording (VPR) sensor technology (CODA, Kent Scientific) was used to measure the systolic and diastolic BP.



Telemetry Blood Pressure Monitoring

A wireless BP sensor (HD-S11-F2, DSI Harvard Bioscience, Inc.) was implanted in a cohort of animals in Phase III studies. The device battery was implanted in the abdominal cavity and fixed with sutures to the abdominal walls. The pressure catheter was implanted in the femoral artery. An ambient pressure reference (APR-2, DSI) was used for calibration during measurements (accuracy ± 1 mmHg). The measurements were obtained every 15 s using the PONEMAH software 6.51.



Ethics Statement

All protocols and surgical procedures were designed to prevent animal discomfort and suffering. These were approved by the University of Texas at Dallas, University of Texas Southwestern Medical Center, and the University of Houston, Institutional Animal Care and Use Committees, following the guidelines provided by the National Institute of Health (NIH).



Spectrogram Analysis

In a small cohort of SHR animals (n = 3), MATLAB R2020a was used with a hamming window with a length of 128 samples, 64 samples of overlap, and 128 samples for fast Fourier transform (FFT). A 10-s window from before, during, and after stimulation was selected. Frequencies below 50 Hz were considered related to RSNA and from 50–100 Hz related to stimulation artifact. The intensity of the short-time Fourier transform was averaged over each 2-s window and converted to decibels, divided by the maximum spectrogram frequency to calculate spectral density in dB/Hz.



Histology

At the end of the studies, the animals were euthanized with an overdose of sodium pentobarbital (120 mg/kg, intraperitoneal [ip]). The DPN was harvested and fixed in cold 4% paraformaldehyde in phosphate-buffered saline (PBS; pH 7.2) for 24 h, cryoprotected in 30% sucrose, embedded in optimal cutting temperature (OCT) media, and cut in 35 μm cross-sections in a cryostat. The sections were rinsed, blocked, and incubated with primary antibodies as described previously (Gonzalez-Gonzalez et al., 2018). Beta III tubulin (1:400, Sigma, T4026), myelin glycoprotein zero, (P0 1:400; Millipore, AB9352), and the 110 kDa activated macrophages glycoprotein maker ED1 (1:200 Abcam, 31630). Secondary antibodies coupled to Alexa Fluor 488 or 555 (Invitrogen; 1:200 dilution) or Cy5 bis-NHS ester (Jackson ImmunoResearch; 1:400 dilution) were used for visualization. The sections were imaged in a confocal microscope (Nikon, eclipse Ti®).



Statistical Analysis

Evaluation of pulse duration in voltage-controlled stimulation was achieved by a mixed effect analysis followed by a Sidak multiple comparison test. The effect of stimulation intensity was evaluated using an unpaired Student’s t-test. For the spectral density analysis, an ANOVA test was performed with 2-s window from before, during, and after stimulation selected for all frequencies. The intensity (as decibels) was averaged for each time window. To calculate spectral density in dB/Hz, values were divided by the maximum spectrogram frequency (500 Hz). Post hoc Tukey’s multiple comparison test was applied to assess pairwise comparison between means. One-way ANOVA followed by Dunnett’s test was used for the evaluation of the BP differences. Statistical analysis was performed using the GraphPad Prism software version 9.1.2 and MATLAB R2020a.





RESULTS


Consistent Cardiovascular Depressor Responses Induced by Deep Peroneal Nerve Stimulation

An immediate and reproducible arterial depressor effect was observed with a concomitant increase in heart rate (HR) in response to electrical stimulation of the DPN in anesthetized animals with ventilation support (Figure 2A). Pulse duration, tested with 0.2–0.4 mV stimuli at 2 Hz for 30 s, showed a maximal depressor response with 1 ms pulses (−16 mmHg) as compared to 0.15 ms (−8 mmHg; p < 0.05; unpaired t-test n = 4; Figure 2B). Stimulation intensity tested using monophasic cathodic 1 ms pulses showed a higher depressor response evoked by 1 mA (−23 mmHg) compared that elicited by 0.6 mA stimuli (−7 mmHg, respectively; p < 0.005 unpaired t-test; n = 5; Figure 2C). The DPNS depressor responses were found to be highly reproducible over repetitive stimulations. Figure 2D shows MAP changes induced by two consecutive DPNS stimulation events, and Figure 2E demonstrates consistently evoked depressor responses in 5 individual animals over 3 sequential treatments.
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FIGURE 2. Reduction in MAP by DPNS. (A) Stimulation of the DPN at 2 Hz (arrows) evokes a reduction in MAP and increases the SRNA (red dotted lines). (B) 1 ms pulse duration and (C) 1 mA pulse amplitude induced more effective MAP depressor responses (unpaired t-test; *p < 0.05; **p < 0.008, n = 4–5). (D) Reproducible MAP reduction evoked by two sequential DPNS trains. (E) MAP reduction evoked by three consecutive trains of DPNS in five individual SHR animals. (F,G) 1 ms pulses induced a reduction in MAP in each animal and a significant reduction in MAP compared to baseline (unpaired t-test; **p < 0.02, n = 8). ES, electrical stimulation, MAP, mean arterial pressure; HR, heart rate; BPM, beats per minute; RSNA, renal sympathetic nerve activity; DPN, deep peroneal nerve.


The optimized parameters, 1 mA, 1 ms cathodic monophasic pulses, were used at 2 Hz for 30 s in anesthetized SHR animals without ventilation support to confirm their efficacy. These DPNS parameters efficiently induced a cardiovascular depressor response in all animals (Figure 2F), reducing the average baseline MAP from 108–132 mmHg to 92–120 mmHg (Figure 2G, Student’s t-test, p = 0.02, n = 8).



Modulation of Renal Sympathetic Nerve Activity by Deep Peroneal Nerve Stimulation

A notable increase in RSNA was observed during DPNS with the similar onset and offset as the electrical stimulation. Overlapping the MAP with the RSNA showed an initial pressor response of about 3 s, followed by a 10 s of continued depressor response, which was reversed to baseline at the end of stimulation (Figure 3A). This activity was different from the stimulation artifact as the onset of RSNA was not synchronous with that of the electrical stimulation, showing a delay of 100–200 ms after the first stimulation pulse (Figures 3B,B’). The ganglion blocker hexamethonium blunted the RSNA activity, demonstrating that these neural signals were sympathetic (Janssen et al., 1989; Figure 3C). Furthermore, the frequency observed in renal nerve activity (10–50 Hz) was differentiated from the 2-Hz stimulus pulses delivered to the DPNS, from the evoked paw movement, and from the stimulation artifact registered above 50 Hz. Power analysis allowed to confirm different signals, unlike the stimulation artifact showed minimal average power density at baseline (0.7 dB/Hz) with some increase during DPNS to 11.2 dB/Hz at frequencies > 50 Hz, the SRNA signals showed regular spiking activity before stimulation and with a power density of 11.2 dB/Hz. This RSNA increased to 37.8 dB/Hz during DPNS (>50 Hz frequency band) and showed a tendency to decrease for 5 s, albeit not significantly compared to baseline (Figures 3D,E). One-way ANOVA followed by Bonferroni’s test showed that these changes in power density were significant only in the low-frequency range (**p < 0.001, n = 3; Figure 3E). We then used principal component analysis to test if waveforms present at baseline were modulated by DPNS. Two waveforms were identified with evoked activity at 0.5–2.5 Hz and were presented only during the stimulation period. Another one was active before the stimulation and was negatively modulated after the stimulation (Figure 3F). Finally, we looked at peak-to-peak amplitude in the spontaneous RSNA activity before and after DPNS and found that increasing the stimulation current from 0.06 to 1.0 mA significantly increased the amplitude of the evoked RSNA activity 83 ± 8%, from 3.19 ± 0.61 μA to 5.84 ± 0.56 μA (**p < 0.004 paired t-test, n = 5; Figure 3G). Together, these data indicate that DPNS induced changes in RSNA, suggesting a possible role of the renal nerve in the reduction of MAP by this neuromodulation approach.
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FIGURE 3. DPNS neuromodulation of RSN activity. (A) Spontaneous RSNA (green) increased in amplitude and frequency during the 10 s DPNS. Concurrently, the MAP decreases (blue). (B,B’) The onset of RSNA was observed at approximately 0.2 s after the first DPNS stimulation pulse. Arrows point before and after RSNA, to highlight the decrease in amplitude. (C) Nicotinic receptor blocker hexamethonium (60 mg/kg) confirmed RSNA activity. (D) Power spectral analysis in two different SHR animals after 10 and 20 s of DPNS showed the RSNA band at 10–50 Hz; arrows point signals and stimulus artifact. (E) Compared to baseline (Bl), the mean SSD showed a significant increase in the RSNA range (ANOVA *p < 0.05, n = 3), but not 10 s after stimulation. (F) Raster plots of two waveforms from RSNA, one was evoked during the stimulation and the second was present before stimulation and reduced thereafter. (G) 1 mA stimulation pulses increased the amplitude of the evoked RSNA (**p < 0.004, paired t-test, n = 5). ES, electrical stimulation; DPN, deep peroneal nerve; DPNS, deep peroneal nerve stimulation; RSNA, renal sympathetic nerve activity.




Wireless Deep Peroneal Nerve Stimulation Induces a Depressor Response in Awake Animals

Small w-μCE electrodes were implanted onto the DPN of SHR rats and were externally controlled and powered by a radio-magnetic antenna at a carrier frequency of 10.3 MHz (Figure 4A). This device uses a slide-and-lock approach where the nerve passes through a microchannel, 20–30% smaller than the outside diameter of the target nerve, and is placed in an electrode chamber where it expands to its original size, fitting the stimulation chamber tightly (Figure 4a’). The w-μCE was implanted by placing it under the nerve and slightly pulling it upward to stretch it slightly reducing its diameter, allowing it to slide through the Z-shape microchannel and into the electrode chamber (Figure 4B). The output voltage of the w-μCE neural stimulator is a function of the electromagnetic field strength, which is determined by the RF antenna power, and its distance from the implanted device. The devices generated an average of 1.4 V at a 45.6 A/m magnetic field, delivering 0.6–1 mA cathodic pulses at 2 cm from the external antenna (Figure 4C). During active stimulation, the w-μCE on the DPN evoked contraction of the TA muscle producing paw dorsiflexion (Figure 4D). We confirmed that magnetic fields of 17.3–45.6 A/m were able to power the implanted w-μCE devices in 6 SHR animals and videotaped the motor responses produced by DPNS.
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FIGURE 4. w-μCE for sub-chronic DPNS. (A) Picture of the w-μCE top view. (A’) Side view of the insertion z-shaped channel and electrode chamber. (B) Schematic and picture of the w-μCE implanted onto the DPN. (C) Voltage output from the w-μCE as a function of power from the external antenna (n = 3). (D) Illustration of the device implanted in the DPN and evoked dorsiflexion. (E) Placement of the external antenna, 3–4 cm from the w-μCE; the hind-limb was stained to facilitate dynamic pixel tracking during videotaping. (F) Pixels tracked from the video recorded during DPNS sessions are displayed in an X/Y graph. The evoked movement was directly proportional to the RF power (0–50%). w-μCE, wireless multichannel electrode; DPNS, deep peroneal nerve stimulation; RF, radio frequency.


The hind-limb was color labeled in the ankles and toes to trace the movement of paw dorsiflexion evoked by the external antenna at 28.16 A/m (Figure 4E) and monophasic cathodic pulses at 2 Hz at 0–50% power intensity. Figure 4F displays the pixels obtained from the video as an x, y trajectory of the limb movements evoked at increasing power levels from the external RF antenna. Threshold limb activity was observed at 20% of power and the maximal response at 40%, with magnetic fields below the 1.6 W/Kg SAR limit.

In Phase III, a cohort of 9 SHR animals was also implanted with telemetry BP measurement systems (Figure 5A), evaluated for active DPNS implanted with functional w-μCE stimulators (n = 6), and compared to sham-treated animals that are implanted with not-functional devices (n = 3). Three weeks after recovery, all animals were exposed to the external RF treatment and telemetry MAP data were recorded before and after the stimulation. The data show averaged MAP per animal at 15-s intervals, demonstrating a decrease in BP in all SHR animals with an active stimulator (DPNS treatment), but not in those with inactive devices and sham treatment (Figure 5B). Active DPNS showed a depressor response that persisted for 12 min before returning to mean baseline values (Figure 5C). At baseline, all animals showed MAP values of 150 ± 14 mmHg (n = 9; Figure 5D), but at 8 min after the stimulation, MAP values were similar in sham animals (150 ± 13 mmHg; n = 3), but were significantly reduced (*p < 0.04, one-way ANOVA followed by Dunnett’s test) in the DPNS-treated group (135 ± 8 mmHg; n = 6; Figure 5D). The depressor response in animals with an active w-μCE was progressively returned to baseline levels 14 min later (164 ± 26 mmHg). Maximal reduction in BP in the DPNS group was observed 2 min after the end of stimulation, which showed a reduction from 159 mmHg prior to stimulation to 128 mmHg after. These data confirmed that stimulation of the DPN using a fully implantable device can reproducibly induce a MAP depressor response.
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FIGURE 5. Effect of sub-chronic DPNS on mean arterial pressure in SHR animals. (A) Experimental setup; mean arterial pressure was measured with a telemetric device from the femoral artery. The external RF antenna delivered pulses to the w-mCE on the DPN. (B) Mean arterial pressure modulation by DPN stimulation, at day 21 of implantation (n = 6 SHR animals treated, n = 3 SHR sham). At baseline, all animals showed MAP values of (150 ± 14 mmHg; n = 9); the shadowed square represents the period of stimulation. SHR treated showed a decrease from 159 to 128 mmHg (n = 6), while the sham group maintained a MAP of 150 ± 13 mmHg (n = 3). (C) Individual datapoints of SHR with an active w-μCE (n = 6) with their means obtained every 2 min. The depressor response progressively returned to baseline levels at minute 20 from the start of the stimulation (164 ± 26 mmHg). (D) Effect of DPN stimulation at minute 8 significantly reduced the MAP (**p < 0.004 one-way ANOVA followed by Dunnett’s test) in the DPNS-treated group (135 ± 8 mm Hg; n = 6), while MAP values were similar in sham animals (150 ± 13 mm Hg; n = 3). DPN, deep peroneal nerve; DPNS, DPN stimulation; RF, radio frequency; SHR, spontaneous hypertense rats; w-mCE, wireless micro-channel electrode.


To evaluate the effect of DPNS treatment in fully awake animals, a separate cohort of four SHR animals was acclimated and stimulated for 10 min while restrained in a cylindrical enclosure, repeated daily for 10 days. In these animals, BP was measured by tail-cuff before and 1 and 2 h after the bioelectronic treatment. Evoked hindlimb movements by DPNS were used to confirm the treatment and showed that it failed in two animals during the first week, but remained effective in the other two animals during the 2 weeks test period.

This group of animals showed BP measurements comparable with previous groups with telemetric device implantation, where the systolic blood pressure average was 139 ± 5 mmHg and 10 days after recovery was 142 ± 1 mmHg (Figure 6A). Fifteen days after daily DPNS significantly lowered the systolic (Figure 6B) and diastolic (Figure 6C) BP, at 1 and 2 h post-electrical stimulation (128 ± 7 and 119 ± 1 mmHg; respectively) when compared to baseline. The reduction in systolic BP was estimated at −10% at 1 h and −16% at 2 h after the DPNS when compared to the post-implantation baseline. These changes were found to be significant using a two-ANOVA followed by Tukey’s multiple comparison test despite the low sample number, given that 15–20 measurements of MAP were taken per animal at each time point.
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FIGURE 6. Effect of sub-chronic DPNS on blood pressure in SHR awake animals. (A) Experimental setup; blood pressure was measured with a tail cuff in restrained and fully awake animals. The external antenna delivered pulses to the w-mCE on the DPN. (B,C) Multiple systolic and diastolic pressure measurements were taken during baseline (i.e., pre-implant and 10 days post-implant) and 15 days after daily 10-min DPNS treatment, at 1 and 2 h post-DPNS (8–19 measurements in two animals, *p < 0.05, **p < 0.001, and ****p < 0.0001). DPN, deep peroneal nerve; DPNS, DPN stimulation; SHR, spontaneous hypertense rats; w-mCE, wireless micro-channel electrode.




Gross Anatomy and Histology

The foreign body response to the w-μCE on the DPN was evaluated in four SHR animals 30 days after implantation. The gross histological observation did not show signs of hematoma, inflammation, nerve compression, and tissue damage in the area of the implanted device. The nerve appeared normal and the device was not displaced despite being placed near the knee, an area of high mobility (Figure 7A). After device removal, the nerve had a normal and healthy appearance (Figure 7B). This agrees with observations of these animals during the 2-week testing, that showed normal gait behavior, and no signs of pain or discomfort during normal walking or after stimulation were noted, despite the clear observation of evoked paw movement.
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FIGURE 7. Nerve histology after sub-chronic wMCE implantation. (a) Picture of DPN in the device 30 days after implantation. (b) Nerve segment after device removal, arrows point out the area where the electrode was implanted. Cross-section histology of control (c–d’), and wMCE implanted DPN (e–f’), d’ and f’ are magnifications of the dotted line squares in panel c,d and e,f, respectively. Fluorescent labels: b-tubulin (axons), P0 (myelin), ED-1 (activated macrophages).


The DPN tissue was processed for immunofluorescence to visualize axonal marked b-tubulin, and the myelin protein P0 marker, in the control non-implanted side (Figures 7C,D’) when compared to the side implanted with the w-μCE device (Figures 7E,F’). Cross sections of the nerve segment implanted in the middle of the device showed either normal shapes or slight deformations when compared to the normal contralateral side. Axon and myelin staining showed an absence of nerve fiber loss or demyelination in the implanted nerve, being comparable to the non-implanted side. We also stained the tissue with antibodies that label activated macrophage (ED-1) markers to evaluate the possibility of inflammation. The numbers of activated macrophages per cross-section range were estimated at 44 ± 20 ED1 + cells and were similar to that seen in not-implanted controls (n = 4 each group, t-test p < 0.01). Together, the histological evaluation of the tissue indicated that placement of this miniature wireless stimulator did not cause harm to the nerve.




DISCUSSION

Cardiovascular depressor responses have been previously reported after stimulation of the sciatic nerve or its deep peroneal branch (Baum et al., 1966; Kim and Romero-Ortega, 2012). This report further elucidates that pulses of 1 ms duration are more effective when compared to shorter ones in mediating the reduction of MAP and that the depressor response can be reproduced with sequential stimulation events in anesthetized and ventilation-assisted animals. We also confirmed in anesthetized animals without breathing support, that DPNS was lowered 12 mmHg (p < 0.02) in MAP, suggesting that this effect is independent of respiratory-sympathetic pathways. While this is a tempting interpretation, the interaction between the cardiovascular and respiratory systems during DPNS is certainly complex and deserves further investigation. Long stimulation pulses are known to recruit more axons, particularly of medium and large diameters, including those that mediate antidiuresis in the renal nerve, when compared to short pulses or increased amplitude, which recruit small unmyelinated axons involved in renal vasoconstriction (DiBona et al., 1996). This observation suggests that increasing both amplitude and pulse duration, additional renal axons are recruited. The renal nerve is known to play an important role in cardiovascular homeostasis (Ricksten et al., 1979; Veiga et al., 2021), and it contains both efferent sympathetic and afferent sensory axons from the kidney to the dorsal root ganglia, which project centrally to the brain (Leal et al., 2012; Mizuno et al., 2014; Pettigrew et al., 2017). It has been reported that denervation of the sinoaortic baroreceptors results in an immediate increase in RSNA, HR, and MAP (Dibona and Jones, 2001). In this study, DPNS induced an initial increase in RSNA during the first 2–3 s, followed by a reduction in renal activity and MAP, despite the increase in HR. The observed activation of the RSNA during the DPNS was not expected since its activity is associated with hypertension (DiBona and Kopp, 1997; Günter et al., 2019; Osborn et al., 2021) and is known to be overactive in SHR animals (Lundin et al., 1984). We further determined that the evoked RSNA activity was not a stimulation artifact, as it was asynchronous and delayed when compared to the first electrical pulse of the DPNS. Given that DPNS also induced paw movements that might be contaminating the RSNA recordings with motion or EMG artifacts, we did a power spectral analysis to separate the 2 Hz stimulation frequency from higher frequency signals. At high frequencies (i.e., 50–100 Hz) we only observed the stimulation artifact during DPNS, with comparable power density before or after the stimulation. In contrast, the spontaneous RSNA activity in the 10–50 Hz band was increased significantly to maximal power density during DPNS. This likely reflects the induced changes in RNSA, as its spiking frequency contains several frequency bands, including 0.2–0.4, 2–6 Hz (cardiac and baroreceptors) and 10–12 Hz (Malpas, 1998). The high-frequency RSNA does not correlate with other functions, appears after baroreceptor denervation, and seems to have a central origin (Malpas and Ninomiya, 1992). Thus, these signals seem related to the functional regulation of the tubules, blood vessels, and the juxtaglomerular granular cells in the kidney, which are normally supplied by different post-ganglionic neurons with bimodal axon diameter distribution (1.2 and 1.6 μm) (Dibona, 2001).

The modulation of MAP during the DPNS is likely to be a complex interplay between the direct stimulation of small myelinated Aδ fibers and unmyelinated c-fibers likely mediating the immediate increase in RNSA (Murphy et al., 2011), and central command signals that regulate the sympathetic outflow are evoked by mechanical and metabolic changes in the muscle (Malpas, 1998), such as the activation of baroreceptors known for phasic inhibitory input to the sympathetic ganglia (Kumada et al., 1990). This interpretation is supported by reports of electrical stimulation of the central afferent axons in the renal nerve, shown to induce an immediate reduction in sympathetic nerve activity and MAP (Aars and Akre, 1970). Therefore, a plausible mechanistic explanation of the relation between RSNA modulation and the reduction in MAP by DPNS might involve the initial pressor response activating the baroreceptors, which in turn reduced the sympathetic tone and mediated the subsequent reduction in MAP (Moffitt et al., 2005). However, the precise role of RSNA in MAP during DPNS, and the role of baroreceptor reflexes and RSNA activity, in response to DPNS reduction in MAP warrants further investigation.

This study also reported that DPNS can be elicited using fully implantable w-μCE electrodes anchored to the nerve through a Z-shaped microchannel. Stretching the nerve during device implantation did not cause apparent nerve injury, likely due to the unique elastic properties of peripheral nerves. Transient 5–10% strain to the nerve can cause minor alterations in nerve conduction that can be recovered immediately with no functional deficits (Rickett et al., 2011), and they can stretch up to 40% briefly without causing damage (Rydevik et al., 1990; Wall et al., 1992; Yeoh et al., 2021). In humans, extensive studies of stress and strain on peripheral nerves have indicated that 20–32% of elongation does not result in structural and functional damage (Sunderland and Bradley, 1961). This explains the fact that the w-μCE electrode implanted in the DPN for up to 30 days did not cause discomfort to the animals, and no signs of nerve injury or inflammation were observed in histological preparations.

The wireless w-μCE stimulators allowed the simultaneous evaluation of DPN neuromodulation therapy and telemetric acute BP measurements in animals 3 weeks after implantation. These animals were anesthetized so that the distance to the antenna and the stimulation could be controlled. Wireless stimulation of the DPN induced a reduction in MAP only in hypertensive animals implanted with active stimulators, but not in sham animals with inactive devices, confirming that DPNS induced an acute depressor response in animals with sub-chronic implants and that the application of RF field by the external antenna alone, did not affect the BP. We also confirmed that the DPNS induced a depressor response in restrained fully awake animals, despite the small variabilities in placing the external antenna. In these animals, systolic BP and diastolic BP were reduced for up to 2 h after DPNS, demonstrating the feasibility of this neuromodulation modality. Importantly, none of these animals showed signs of pain or discomfort during the stimulation and evoked paw movements. This is in agreement with the low content of nociceptor fibers in this nerve and the low stimulation intensity used in this study.



LIMITATIONS

This study is limited to the evaluation of the acute and sub-chronic effects of DPNS. Further research is necessary to investigate whether BP regulation can be achieved chronically and whether continuous activation of the DPN is needed to maintain the beneficial effects of this bioelectronic treatment. It is important to note that SHR animals are not representative of all forms of human hypertension but rather are a model of essential hypertension only. Whether neural stimulation of the DPN can be effective in other types of hypertension remains to be determined.

In summary, this study reports the feasibility and effectiveness of peripheral nerve stimulation for successfully reducing the BP in SHR animals, offering support to the notion that this neuromodulation modality may be beneficial in alleviating RH.
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Algorithm outline

Input: Aligned time sequence images /; (| = 1,2,---,J)
Output: GCaMP6f signals’ profile S, (m = 1,2,--- , M) from activated
DRG neurons

1 Calculate the variance map V of the image stack /; j = 1,2, ---,J) along
the time dimension
2 Initialize the global threshold Hg, the active neuron number P and neuron size
rang Rmin, Rmax
3 for n = 1: N (different iterations) with condition if identified neurons p <
estimation number P
4 Variance map V Global threshold Hg = Binary image BW giopa/
Variance map V Adaptive threshold Ha = Binary image BW aqaptive
5 BWeompined = BWgiobar - BW agpative, Where *-* stands for point-wise
multiplication
6 Morphological closing operation: BW ipse = BWeompined ® SE) © SE
where structuring element SE = [0,1,0; 1,1,1;0,1,0]
7 Morphological opening operation: BWeopen = (BWgiose © SE) & SE
where use the same structuring element SE as above
8 BWopen Remove the small features = BWopen_ypdated
9 BWopen_updatea Clear the features at image border = BW pgated
10 BW pgatea Calculate the distance matrix = Mgstance
11 Maistance Watershed transform = Lyatershed
12 Lwatershea Select neuron size between Rmin Rmax = Lsalected
13 Update the global threshold Hg_ypaated = Ha* a,where step size
a = 0.75
14 end

15 for m = 1:M (different neuron regions)

16 forj = 1:J (different captured images)

17 Smj = Mean (Lseject m - I; ) Calculate the average intensity profile
of the neuron

18 end

19 end
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#

Sex

Age

25-70 years (N = 7)

1 F 46

2 F 66

3 F 52

4 F 48

5 M 66

6 M 26

7 M 29

10-25years (N=7)

8 F 14

9 M 16

10 M 11

11 M 11

12 F 12

13 M 11

14 F 24

40 weeks (N = 12)

15 M 40 weeks 2 days

16 F 39 2/7 weeks 2 days
17 M 40 weeks 1 day

18 M 42 1/7 weeks 3 days
19 F 41 weeks 10 days
20 M 40 6/7 weeks 4 days
21 M 40 2/7 weeks 1 days
22 M 40 2/7 weeks 1 day
23 M 40 2/7 weeks 4 days
24 M 41 5/7 weeks 3 days
25 E 35 weeks 1 day

26 M 41 6/7 weeks 7 days

Cause of death

Pancreatic tail cyst

Myocardial infarct
Subarachnoid hemorrhage
Traumatic motor bike accident
Unknown

Arrhythmia

Long QT syndrome

Acute unexpected death, probably
due to cardiac arrest

Arrhythmia

Sudden unexpected death due to
coronary artery anomaly

New diabetes mellitus with
keto-acidosis

Unknown

Herniation of the sigmoid due to
congenital mesenterial defect
Lung emboly

Perinatal asphyxia
Perinatal asphyxia
Perinatal asphyxia
Perinatal asphyxia
Perinatal asphyxia
Perinatal asphyxia
Perinatal asphyxia

Perinatal asphyxia, congenital heart
defect

Perinatal asphyxia
Perinatal asphyxia

Perinatal asphyxia, first born of
dichorionic twin

Perinatal asphyxia

Age is represented in years for the 25-70 and 10-25 years age groups and in
weeks of gestation and postnatal days for the 40 weeks group (e.g., 41 6/7 w
7 =41 weeks and 6 days of gestation whereafter the newly born lived for 7 days).
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Double stain Staining Primary Host Vendor Dilution, Secondary Chromogen
sequence antibody incubation time antibody
and temperature
CD3/TH 1 CcD3 Rabbit Dako A0452 1:50, 90 min, RT Brightvision- PermaBlue
anti-Rabbit/AP
2 TH Rabbit Pel-Freez P40101 1:1500, overnight, Brightvision- LPR
RT anti-Rabbit/AP
CD20/CD3 1 CD20 Mouse Dako M0755 1:400, 90 min, RT Brightvision- PermaBlue
anti-Mouse/AP
2 CD3 Rabbit Dako A0452 1:100, 90 min, RT Brightvision- LPR

anti-Rabbit/AP
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Stimulating contact location

Volunteer Subject 1 Subject 2 Subject 3
1 6:00 Tutorial 8:00

2 5:00 Tutorial 5:30

3 7:00 6:00 Tutorial
4 Tutorial 1:30 8:00

5 7:00 5:00 Tutorial
6 Tutorial 5:00 8:00

7 6:45 5:45 Tutorial
8 Tutorial 6:00 8:00

9 1:00 Tutorial 5:00

Stimulating contact location refers to the analog clock face placed over the vagus
nerve in the ultrasound video (see Supplementary Tutorial and Test Videos).
Average responses are given with standard deviation for each of the three subjects,
along with the approximate best location as determined by histology (yellow rows).
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Author (y) indication® Results Active Study duration

Subjects analyzed,

waveform disease
Auricular VNS
Between group (not significant): 2.9% & 94.4 increase in 1Hz ~ 25Hz, 250 s 20 weeks 58, epleptic
sham group seizure frequency per 28 days and 23.4% = 47.2 PW
decrease in 25 Hz active group (o = 0.146)
Between group (S): not significant until 12 months; active 20Hz,200ms 12 months 47, epleptic
median seizure frequency per month 4.0 (QR 2.8-8.3) vs. sham W
median 8.0 (IR 4.5-12.0) (p < 0.001)
Within group (S): Active seizure frequency per month reduced by
40% over 12 months; active baseline 6.0 (IOR 14.8-25.0) to 5.5
(IGR 3.0-12.0) at 6 months (o < 0.001) and 4.0 (QR 2.8-8.3) at
12 months (p < 0.001)
Between group (S): After 8 weeks, seizure frequency per 4 20-30Hz, 24 weeks 144, epileptic
weeks decreased from 84.6 + 145.5 to 48.6 + 118.8in active <1ms PW
and 66.43  85.5 to 58.8 = 88 in sham (o < 0.05)
Cervical implanted VNS
Author (y) Results Study Duration
Ben-Menachem et al. (1994)  80.9% active seizure frequency decrease per 12 weeks, 11.3% sham decrease (o = 0.036 between, p 14 weeks
< 0,001 active within, p = 0.072 sham within)
Handforth et al. (1998) 28% active seizure frequency decrease over 3 months, 15% sham decrease (o = 0.04 between, p 3 months

<0.0001 active within, p < 0.0001 sham within)

*Risk of Bias score indicated by box color: red for “high,” orange for “some concerns,” and green for “low” risk of bias.
JQR, Interquartile range; PW, pulse wdith. A full list of abbreviations is found in Supplementary Material 3.
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Author (y) indication®

Results (compared to control)

Duration of
study

Subjects analyzed,
disease

Not significant: fourteen parameters were measured on both ipsilateral and 2sessions (48 48, healthy
contralateral. The pilot study did not correct for multiple comparisons. Mechanical hrs apart)

and tonic heat pain parameters were marked for statistical significance and planned

to be investigated further.

Not significant: perceived pain intensity and temporal summation of pain not 4sessions (48h 49, healthy

significant between active, placebo, and sham.
Not significant: no significance in evoked pain threshold between active and sham.

apart)
2 sessions (1
week apart)

20, chronic pancreaitis
patients

Significant: sham had significantly higher intensity pain at end of 3 weeks (median
7.0, QR 5.0-9.0) compared to active (5.0, 4.0-7.0; p = 0.003). The composite score
of the Pain-Frequency-Severity-Duration (PFSD) was significantly lower in the active
group (8.4, IQR 8.2-16-2) than those in the sham group (15.2, 4.4-36.8) p = 0.003.

4 weeks

104, children with GI
pain

Not significant: compared to sham, evoked pain threshold on bone increased (o= 2 sessions (~6 18, healthy
0.001). Muscle evoked pain thresholds were signiicantly different at baseline (o = days apar)

0013).

Not significant: no significance in evoked pain threshold or autonomic measures 1 session 24, healthy
between any of the 3 active groups and control.

Not significant: itle improvement in pain visual analog scale (p = 0.084), physical 4 weeks 52, fibromyalgia
role difficulty (o = 0.496), or emotional role difficulty (o = 0.194) between control patients
(exercise) and active group (aVNS and exercise).

Not significant: no significant evoked pain threshold difference between aVNS and 2 sessions (1 21, healthy

placebo.

week apart)

Significant: reduction in deep pain intensity rating (p = 0.049). Reduction in
temporal summation (o = 0.04).

2 sessions (1
week apart)

15, chronic Pelvic Pain
due to endometriosis
patients

Significant: headache occurrence —7.0 per 28 days in 1 Hz group (36.4% reduction)
and —3.3 in 25 Hz group (17.4% reduction) (o = 0.035).

*Risk of Bias score indicated by box color: red for “high,” orange for “some concerns,” and green for ‘low” risk of bias.
Gl, Gastrointestinal; IQR, interquartile range. A full list of abbreviations is found in Supplementary Material 3.

12 weeks

46, chronic migraine
patients
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hypertension

Primary endpoints Subjects analyzed, Control Design

disease
Cardiac

Postoperative atrial fibrilation assessed on 40, patients undergoing Sham Parallel, acute (1 h)

ECG cardiac surgery

Atial fibrillation cyce length and duration, 40, paroxysmal atrial Placebo Parallel, acute (1 h)

TNF-a, CRP fibrilation ablation patients

Atial fibrilation burden assessed on ECG 53, paroxysmal atrial Sham Parallel, chronic (6 months)
fibrilation patients

AHR during stimulation. 35, healthy Sham Crossover, acute (duration

NR)

Heart rate and 6 mins walk distance. 70, coronary insufficiency/LV  Placebo Parallel, acute (~ h)
dysfunction patients

AHR, LF/HF, systolic arterial BP variance, 13, healthy Placebo Crossover, acute (~30 min)

RR interval patter, respiratory rate

Percentage decrease in median systolic 10, hypertensive Placebo Crossover, acute (duration

blood pressure (SBP) NR)

Arterial blood pressure 12, diagnosed with primary  Placebo Crossover, acute (5 days)

HR, BP, LV diastolic function, LV filing

18, stable angina pectoris
class IV

No intervention

Parallel, acute (~10 days)

composite of
pain-frequency-severity-duration scale

BRS from systolic blood pressureand RR 13, healthy Both placebo Crossover, acute (duration
interval HRV (LF/HF) and sham NR)
cBRS and HRV 14, healthy Placebo Crossover, acute (1 week)
HRV (LF/HF) 48, healthy Placebo Parallel, acute (~15min)
ECG with HRY 30, healthy Placebo Crossover, acute (duration
NR)
HRV 60, healthy Sham Crossover, acute (duration
NR)
LV global longitudinal strain 24, diagnosed with diastolic ~ Sham Crossover, acute (duration
dysfunction by NR)
echocardiogram
Ventricular premature beat incidence 95, myocardial Placebo Parallel, acute (~2.5h)
ischermia-reperfusion injury
patients
Epilepsy
Reduction in seizure frequency (per 28 days) 58, epileptic Sham Parallel, chronic (20 weeks)
Reduction in seizure frequency (per month) 47, epileptic Sham Parallel, chronic (12 months)
Seizure frequency (per 4 weeks) 144, epileptic Sham Parallel, chronic (24 weeks)
Pain
Decrease in headache (per 28 days) 46, chronic migraine Sham Parallel, chronic (12 weeks)
patients
Perceived pain intensity and temporal 49, healthy Both placebo Crossover, acute (8 days)
summation of pain and sham
Change in max abdominal pain intensity and 104, children with GI pain Sham Parallel chronic (4 weeks)

Visual analog sale, beck depression scale,
beck anxiety scale, fibromyalgia impact
questionnaire, short form-36 for lite quality

52, fibromyalgia patients

No intervention

Parallel, chronic (4 weeks)

and TNF

Thermal, mechanical, and pressure pain 48, healthy Placebo Crossover, acute (2 days)

thresholds

ECG and PPG, mechanical pain threshold, 20, chronic pancreaiis Sham Crossover, acute (7 days)

cold pressor test, and drink test (ultrasound  patients

imaging)

ECG and PPG, mechanical pain threshold, 18, healthy Sham Crossover, acute (~6 days)

cold pressor test, and drink test (ultrasound

imaging)

Mechanical deep-tissue pain intensity rating, 15, chronic pelvic pain due Sham Crossover, acute (~1 week)

and temporal pain summation to endometriosis patients.

Electrical pain threshold and autonomic 24, healthy Sham Parallel, acute (~ 15 min)

function

Electrical pain threshold 21, healthy Placebo Crossover, acute (~1 week)
Psychological

Hamilton Depression Raling Scale, Beck's 37, majorly depressed Placebo Paralel, chronic (~2 weeks)

Depression Inventory

Positive and negative schizophrenia 17, schizophrenic Placebo Parallel, chronic (26 weeks)

symptom scale

Number of negative thought intrusions 97, high worriers Sham Parallel, acute (~20min)

Others
Endotoxin-induced interleukin (IL)-6, IL-18, 19, healthy Sham Crossover, acute (duration

NR)

CRP, IL6, IL10, IL-1B, IL-18, TNF-a

100, lobectomy via
thoracotomy in patients with
non-small cell lung cancer

No intervention

Parallel, acute (5 days)

anxiety stress scales

constant tinnitus >3-month
duration

2-fr plasma glucose levels 102, impaired glucose Sham Parallel, chronic (12 weeks)
tolerance patients

Motor symptoms 24, Parkinson’s Hoehnand ~~ Placebo Crossover, acute (duration
Yahr stage 2-3 NR)

Odor threshold test and supra-threshold test 18, healthy Sham Crossover, acute (7 days)

Tinnitus handicap inventory and depression 60, 20 per group, each with  Placebo Parallel, chronic (~1 month)

“Risk of Bias score indicated by box color: red for *high,” orange for “some concerns,” and green for “low” risk of bias.

BR, Blood pressure; CRR, c-reactive protein; ECG, electrocardiogram;
frequency/high frequency;
is found in Supplementary Material 3

i, gastrointestinal; HR, heart rate; HRY, heart rate variabilty; IL, interleukin; LV, loft ventricular; LF/HF, low
IR, not reported; PPG, photoplethysmogram; cBRS, spontaneous cardiac baroreflex sensitivity; TNF-a, tumor necrosis fector alpha. A fulllst of abbreviations
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Author (y) indication® HR results HRV results Active Active Subjects

stimulation waveform analyzed,
level** disease
Active: 2-3 BPM decrease  Active: LF/HF parasympathetic Firstsensory  30Hz, 200 ps 13, healthy
Sham: not significant Sham at earlobe: LF/HF PW
parasympathetic
Placebo: LF/HF sympathetic
Active: ~2.40 BPM NA 2x sensory 10Hz, 500 ps 35, healthy
decrease threshold PW
Sham: not significant
NA Active: LF/HF parasympathetic Sensory 30Hz, 200 ps 14, healthy
Placebo: not significant threshold PW
NA Active: not significant (RMSSD) Strong sensory  25Hz, 250 ps 97, high worriers
Sham: not significant PW
Active: HR decreased (data  Active: LF/HF parasympathetic Firstsensory  30Hz, 200 ps 48, healthy
not reported) Placebo: not  Placebo: not significant PW
significant
NA Active: SDNN parasympathetic; no Strong sensory  25Hz, 260 ps 30, healthy
significant changes in LF/HF, LF, HF, PW
RMSSD
Placebo: SDNN parasympathetic; no
significant changes in LF/HF, LF,
HF, RMSSD
No significant effects of NA Stong sensory  100Hz, 200 s 49, healthy
aVNS on HR (data not PW
reported)
Active: not significant Active: RMSSD parasympathetic Pain 30Hz, 250 ps 20, chronic:
Sham: ~2.8 BPM decrease,  relative to sham, sympathetic relative PW pancreaitis
at eariobe to baseline patients
Sham at earlobe:
RMSSD sympathetic
No significant effects of Active: SDNN no change, RMSSD Strong sensory  20Hz, 200 ps 24, diagnosed
aVNS on HR (data not parasympathetic, pNNSO PW with diastolic
reported) sympathetic, LF/HF parasympathetic dysfunction by
Sham at earlobe: SONN ECG
parasympathetic, RMSSD
parasympathetic, pNN50 no change,
LF/HF sympathetic
HR decrease in every NA Sinus rate 20Hz, 1msPW 95, myocardial
subject (values not reported) slowing ischemia-
threshold reperfusion injury
patients
NA Active: RMSSD sympathetic between  Strong sensory 25 Hz, PW of 60, healthy
resting and second half stim 200-300 ps
Sham: not significant
Active: not significant Active: RMSSD parasympatheticat ~ Strong sensory  30Hz, 260 ps 18, healthy
Sham: ~2.2 BPM decrease, ~ 20min and sympathetic at 25 min PW
at earlobe Sham at earlobe: RMSSD
sympathetic at 20 min and
parasympathetic at 25 min
No significant effects of NA Strong sensory  100Hz pulses 24, healthy
aVNS on HR (data not every 2.4 Hz,
reported) 10ms PW
No significant effects of NA Strong sensory  Alternating 21, healthy
aVNS on HR (data not between 2 and
reported) 10Hz, 200 ps
PW
No significant effects of NA Strong sensory  30Hz, 450 ps 15, chronic
aVNS on HR (data not PW pelvic pain
reported) patients
HRV Measurements
LF/HF Ratio of low frequency over high frequency cardiac activity (frequency-domain measurement)
RMSSD Root mean square of successive differences between heartbeats (time-domain measurement)
PNNSO The proportion of NNSO divided by the total number of NN (RR) intervals. NN5O s the number of times successive heartbeat
intervals exceed 50ms (time-domain measurement)
SDNN Standard deviation of the NN (RR) intervals (time-domain measurement)

*Risk of Bias score indicated by box color: red for *high,” orange for “some concems,” and green for “low” risk of bias.

**Refer to text above Table 1 for definitions of allactive stimulation levels (First sensory ttration: Subject is barely able to feel a cutaneous sensation. Strong sensory titration: Subject feels
astrong, but not painful or uncomorteble sensation from the stimulation. Pain tiration: Stimulation amplitude is increased until the subject feels a painful or uncomfortable sensation).

BR, Blood pressure; BPM, beats per minute; ECG, electrocardiogram; G, gastrointestinel; HR, heart rate; HRV, heart rate variabilty; LV, left ventriculer; NR, not reported; PPG,
photoplethysmogram; PW, pulse width; cBRS, spontaneous cardiac baroreflex sensitivity. A full ist of abbreviations is found in Supplementary Material 3.
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Author (y) indication*

aVNS group cytokine level results (compared to control)

TNF-a decrease (o < 0.05)

IL-6 decrease (o < 0.001)
IL-1p decrease (o < 0.01)

Measurement method

Endotoxin-induced

Subjects analyzed,
disease

19, healthy

IL-6 ot significant

CRP not significant

Endotoxin-induced

40, patients undergoing
cardiac surgery

TNF-a decrease (o < 0.05)

IL-6 ot significant
IL-10 not significant
CRP decrease (p < 0.05)

Endotoxin-induced

40, paroxysmal atrial
fibrillation ablation patients

TNF-a decrease (o = 0.0093) Circulating 53, paroxysmal atrial
fibrilation patients.

IL-6 not significant

IL-1 ot significant

IL-17 ot significant

TNF-a lower increase than control (o < 0.05) Circulating 95, myocardial
ischemia-reperfusion injury
patients.

IL-6 lower increase than control (o < 0.05)

IL-1p lower increase than control (o < 0.05)

HMGBH lower increase than control (o < 0.05)

Active group 1a HSPEO increase (b < 0.05); HSP70 increase Circulating 70, coronary insufficiency/LV

(0 <005) dysfunction patients

Active group 2 HSPBO not significant; HSP70 increase (o <

0.05)

TNF-a not significant Circulating 100, lobectomy via

IL-6 lower increase than control (p = 0.02)
IL-10 not significant
IL-1 ot significant
IL-18 not significant
CRP lower increase than control (o = 0.01)

*Risk of Bias score indicated by box color: red for “high,” orange for “some concerns,” and green for ‘low” risk of bias.
CRP C-reactive protein; IL, interleukin; LV, left ventricular; TNF-a, tumor necrosis factor alpha. A full list of abbreviations is found in Supplementary Material 3.

thoracotomy in patients with
non-small cell lung cancer
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Author (y)
indication*

Primary endpoints

Active waveform** and

Active amplitude and

Control

location electrode type***
Cardiac

Postoperative atrial 1Hz, PWNR, 40minon20min  Sub-sensory (1mA), Ducest Sham: same location, low level

fibrillation assessed on ECG off Side NR Triangular fossa Neurostimulator V stimulation (mA NR)

Atrial fibrilltion cycle length
and duration, TNF-a, CRP

20Hz, 1ms PW, on/off cycle NR
Right tragus

50% of heart sinus rate slowing
current threshold (A NR), Grass.
$88 stimulator ciip electrodes

Placebo: no current, same
location

Atrial fibrillation burden
assessed on ECG

20Hz, 200 s PW, on/off cycle
NR Right tragus

Strong sensory (1 mA below mild
pain threshold, mean 16.8mA),
Parasym clip electrodes

‘Sham: dif amplitude (mean
19.9mA), diff location (right
earlobe)

AHR during stimulation

9 waveforms (1, 10, 25Hz) x
(100, 200, 500 s PW), onvoff
cycle NR Left tragus

2x sensory threshold (at 100 ps.
PW: 9.28 & 2.56mA, at 200 us
PW: 532  1.60mA, at 500 us
PW: 3 & 0.93mA), custom clip
electrodes

Sham: At 100 ps PW: 6.57 +
1.83mA. At 200 ps PW: 3.64 £
1.26mA. At 500 ps PW: 1.97 £+
0.71mA. diff location (earlobe)

Heart rate and 6 min walk
distance

Frequency NR, PW NR, on/off
cycle NR Side NR concha

Titration method NR (mean
0.05-0.156mA), electrode NR

Placebo: same location (concha)

AHR, LF/HF, systolic arterial
BP variance, RR interval
pattern, respiratory rate

25Hz, 200ms PW (reported
200 ms in methods and 200 us
in discussion), on/off cycle NR,
phase NR Left cymba concha

First sensory (1-6mA), NEMOS
ball contact electrodes

Placebo: No stimulation, same
location.

Percentage decrease in
median systolic blood
pressure (SBP)

25Hz, 15ms PW, 1s duration
(gated to exhalation), biphasic
Left cymbba concha and beneath
antihelix

Strong sensory (A NR),
stimulator NR, surface electrodes

Placebo: no current, same
location

Arterial blood pressure

2,10, 25, or 100Hz. 300 ps PW,
1s on/off Left cymba concha

Strong sensory (mA NR) Urostim
device, custom-built ergonomic:
electrodes

Placebo: no current, same
location

HR, BP, LV diastolic
function, LV filing

3 Hz, 1,500 ps PW, on/off cycle
NR Bilateral cavum concha

Titration method NR
(0.2-1.25mA), acupuncture
needles

No intervention

BRS from systolic blood
pressure and RR interval
HRV (LF/HF)

30Hz, 200 ps PW, on/off oycle
NR Bilateral tragus

Sensory threshold (10-50 mA
device range), ear clip electrodes

1 Placebo 1 Sham: same
waveform (mA NR), diff location
(bilateral earlobe)

©BRS and HRV

30Hz, 200 ps PW, on/off cycle
NR Side NR inner & outer tragus

Sensory threshold (2-4mA),
custom TENS electrodes

Placebo: same location (inner
and outer tragus)

on/off Left cymba concha

sensory stimulation (2.5 +
0.93mA), NEMOS ball contact
electrodes

HRV (LF/HF) 30Hz, 200 ps PW, continuous,  Sensory threshold (10-50mA Placebo: no current, same
Side NR inner and outer tragus device range), V-TENS Plus with  location
modified surface electrodes
ECG with HRY 25Hz, 250 s PW, on/offcycle  Strong sensory (mean ~0.7mA),  Placebo: no current, same
NR Bilateral cymba concha NEMOS ball contact electrodes location
HRV 25Hz, PW of 200-300 us, 30s et stimulation (1 mA) and strong  Sham: same set stimulation,

different strong sensory
stimulation (2.76 + 1.01mA), diff
location (earlobe)

LV global longitudinal strain

20Hz, 200 s PW, on/off cycle
NR Right tragus

Strong sensory (1 mA below pain
threshold, mean 22.6mA active),
Parasym earclip electrodes

Sham: diff current (mean
21.8mA), difflocation (right
earlobe)

Ventrioular premature beat
incidence

20Hz, 1ms PW, 55 on/off Right
tragus.

50% of heart sinus rate slowing
threshold, ciip electrodes (520
stimulator, Jinjiang, Chengdu
City, China)

Placebo: no current, same
location (fight tragus)

Epilepsy

Reduction in seizure
frequency (per 28 days)

Reduction in seizure
frequency (per month)

25 Hz, 250 p.s PW, on/off cycle
NR Left concha

20Hz, 200 ms PW, on/off cycle
NR Bilateral concha and external
ear canal

Sensory threshold (0.50 &
0.47 mA), NEMOS ball contact
electrode

Pain threshold (mA NR),
electrode NR

‘Sham: diff waveform 1 Hz and
1.02 £ 0.83mA, same location
(left concha)

Sham: same waveform (mA NR),
iflocation (bilateral earlobe)

Seizure frequency (per 4
weeks)

20-80Hz, < 1ms PW Ear side
NR cymba concha and cavum
concha

Set stim (1mA), electrode with 3
carbon-impregnated silicone tips
(Suzhou Medical Appliance Co.
Ltd)

Sham: same waveform, diff
location; contacts at scapha and
antihelical fold

Pain

Decrease in headache per
28 days

25Hz, 250 p.s PW, 30 on/off
Left concha

Strong sensory (A NR),
NEMOS ball contact electrodes

Sham: 1 Hz frequency, same
location

Perceived pain intensity and
temporal summation of pain

100Hz, 200 ps PW, 0.01's
o/0.49s off Bilateral cymba
concha

Strong sensory (mA NR), custom
earplug electrodes wrapped in
NaCl-soaked wool

Sham: same waveform, diff
location (earlobe). Placebo: same
location, no current

Change in max abdominal
pain intensity and
composite of
Pain-Frequency-Severity-
Duration

scale

Alternating 1 Hz and 10 Hz every
25, 1ms PW, 2 hrs on/off Side
NR Earlobe, triangular fossa,
ventral periauricular tragus

Sub-sensory (mA NR), 2mm
titanium percutaneous
electrodes (monopolar)

Sham: no current (sub sensory
like active), same location

Visual analog sale, beck
depression scale, beck
anxiety scale, fibromyaigia
impact questionnaire, short
form-36 for lite quality

10Hz, <500 s PW, biphasic
asymmetrical
Bilateral tragus and concha

First sensory (mA NR), custom
designed surface electrodes

Only exercise (active group is
exercise and aVNS)

Thermal, mechanical, and
pressure pain thresholds

25Hz, 250 s PW, on/off cycle
NR Left concha

First sensory (1.6 £ 1.5mA),
STVO2 (Cerbormed) electrodes

Placebo: no current, same
location

E£CG and PPG, mechanical
pain threshold, cold pressor
test, and drink test
(ultrasound imaging)

30Hz, 250 ps PW, continuous.
Left concha

Pair/uncomfortable (intensity
increased to counteract
habituation, device rated
between 0.1 and 10mA),
NEMOS ball contact electrodes

Sham: same waveform, diff
location (eft earlobe)

ECG and PPG, mechanical
pain threshold, cold pressor
test, and drink test
(ultrasound imaging)

30Hz, 250 ps PW, continuous
Left concha

Strong sensory (1.07 mA),
NEMOS ball contact electrode

Sham: dif amplitude (mean
1.57 mA), diff location (left
earlobe)

Mechanical deep-tissue
pain intensity rating, and
temporal pain summation

30Hz, 450 s PW, 0.5 on/of,
gated to exhalation phase of
respiration Left cymba concha
and antihelix/cavum concha

slope

Strong sensory (mA NR),
modified press-tack electrodes.
(020 x 1.5mm)

Sham: same waveform, diff
location (eft earlobe)

Electrical pain threshold and
autonomic function

100Hz pulses every 2.4 Hz,
10ms PW, 10ms o/off, Right
concha

Strong sensory (mA NR), carbon
rubber electrodes

‘Sham: same waveform, diff
location (antitragus)

Electrical pain threshold

Alternating between 2 and
10Hz, 200 s PW, on/off cycle
NR Bilateral concha (anode) and
mastoid (cathode)

Strong sensory (mA NR), silver
EEG electrode at anode and
PECG electrode at cathode

Placebo: subsensory stim, same
location

Psychological

Hamilton depression rating
scale, Beck's depression
inventory

1.5Hz, PW NR, on/off cycle NR
Bilateral concha

Sub-sensory (0-600 pA device
range in study 1 and 130 pA in
study 2), TENS-2000 (study 1)
and TENS-1000 (study 2)
Auri-Stim Medical, Inc. with
corresponding electrodes (4
contacts)

Placebo: no current, same
location

Positive and negative

25Hz, 30s on/180s off, 250 ps

Strong sensory (mA NR), CM02

Placebo: no current, same

schizophrenia symptom PW, phase NR Left outer ear (Cerbomed) titan electrodes location

scale canal

Number of negative thought 25 Hz, 250 s PW, 30 on/off Set (0.5mA), NEMOS ball Sham: same waveform, diff

intrusions Left cymba concha contact electrodes location (eft earlobe)
Others

Endotoxin-induced IL-6,
IL-1B, and TNF

~160Hz vibrations, Right cymba
concha

NA (vibratory device)

Sham: same waveform diff
location (fight gastrocnemius)

CRP, IL6, IL10, IL-1B, IL-18,
TNF-a

1Hz, 200 pus PW, 40 min on
20min off Side NR Triangular
Fossa

First sensory (230 nA), ~2mm
necdles

No intervention

2-h plasma glucose levels

20Hz, < 1ms PW, phase NR
Side NR concha

Set (1mA, intensity adjusted
based on tolerance of subjects),
electrodes similar to Rong et al.
(2014)

Sham: same waveform, diff
location (superior scapha)

Motor examination (part i
ofthe unified Parkinson's
disease rating scale)

130Hz, 100 us PW, continuous,
biphasic Ipsilateral ear to
dominant motor symptoms in
tragious, antitragicus, and helicis
minor muscles

Strong sensory (100-130 pA),
percutaneous electrodes

Placebo: no current, 2
percutaneous electrodes in
upper helix

Odor threshold test and
supra-threshold test

80 or 10Hz, 180 s PW, on/off
cycle NR Left internal (concha)
and external ear

Pain threshold (0.1-10mA),
electrode NR

Sham: same waveform, diff
location (left earlobe)

Tinnitus handicap inventory
and depression anxiety
stress scales

200Hz, 1 ms PW, on/off cycle
NR Unilateral and bilateral cymba
concha

First sensory (10-80mA), sitver
electrodes (Provile TENS
stimulator) (monopolar)

“Risk of Bias score indicated by box color: red for *high,” orange for “some concems,” and green for “low” risk of bias.

‘Monophasic f phase not otherwise specified.

Placebo: same location

***Bipolr if electrode polrity not otherwise specilied, Configuration considered monopolar only f the retum electrodie is distant enough not to activae the target region.

BR, Blood pressure; CRR, c-reactive protein;

iff, different; ECG, electrocardiogram; Gl, gastrointestinal;

IR, heart rate; HRV, heart rate variabilty; IL, interleukin; LV, left ventricular;

LF/HF, low frequency/high frequency (LF/HF); NR, not reported; PPG, photoplethysmogram; PW, pulse width; Cbrs, spontaneous cardiac baroreflex sensitivity; TENS, transcutaneous
electrical nerve stimulation; TNF-a, tumor necrosis factor alpha. A fulllist of abbreviations is found in Supplementary Material 3.
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SVNS Method(s)

Anodal block for
fiber-selective control of HR

in pig.

Compare anodal block,
depolarizing pre-pulses,
slowly rising pulses;
selectively activate smaller
fibers in pig.

Fiber-selective stim with
electrodes in varying
positions around nerve
circumference control HR
and RRin dog.

Fiber-selective stim to
control HR in humans.

Spatiall selective stim with
amuti-contact uff in pig.

Demonstration of system
for BP control via spatially
selective stim. Data from
rats.

Spatially selective tripolar
stim in rats control BP
without altering HR.

Fiber-selective stim.
Experiments in pigs.
Demonstration of
*quasi-trapezoidal” pulse
shape.

Bursts of small rectangular
pulses for spatially selective
stim.

Fiber-selective stim with
KES inrats.

Spatially selective stim
using pulsatile stimulus
synchronized to cardiac
cycle. Experiments in rats.

Fiber-selective stim in dogs.

KES for virtual vagotomy,
directionally specific block.

Spatially selective stim for
cardiac modulation.
Experiments in sheep.

Fiber-selective stim.
Experiments in rats.

Fiber-selective stim.
Modeling and then
experiments in pigs.

Spatially selective stim.
Modeling with FEM and
experiments in sheep.

Outcomes

Success lowering HR
laryngeal side effects
reduced by 77%

60-100% reduction in AB
fiber activity with anodal
block. Up to 90% reduction
with depolarizing
pre-pulses. Up to 60% with
slowly rising pulses.

Successful selective
modaulation of HR and RR.

Successful reduction of HR
preferential activation of B
fibers over A fibers.

Increased efficacy in
cardiac modulation
compared to nsVNS
(greater number of cardiac
parameters significantly
altered by stim).

Successful control of BP
with “almost no side
effects.”

Significant reduction in BP
with no bradypnea and less
than 25% reduction in HR.

Limited fiber-selective VNS
was achieved, with
increased A fiber activation
and decreased B fiber
activation.

C fibers kept above 50%
activation with activation of
Afibers reduced 11%
compared to nsVNS.

Able to selectively block the
fast and slow components
of the compound action
potential.

Able to reduce BP and
keep it lower without
significant bradycardia.

Able to selectively modulate
HR and laryngeal EMG.
Laryngeal side effects
during cardiac modulation
reduced 50% compared to
NSVNS.

Successful unidirectional
block in most cases,
although block was
sometimes incomplete.

62% reduction in side
effects compared to
NSUNS.

Monitoring HR and RR
while changing stimulating
modality allowed for
thresholds of different fiber
types to be found.
Ramp-shaped pulse and
sine-wave shaped chopped
pulse good for targeting
smaller fibers.

Can selectively lower RR by
up to 90% without
significant change in HR,
and lower HR up to 27%
without significant change
inRR.

Pulse parameters

Quasi-trapezoidal pulse. Flat
phase 0.6 ms and exponentially
decaying phase 2.4 ms; maximal
response at 5-15 mA with QT
pulses, 0.5-20 Hz, Figure 2F.

Anodal block: quasi-trapezoidal
pulse with 0.4-1 ms flat period
and up to 1 ms exponentially
decaying phase. 4-12 mA. Max
30 Hz, Figure 2B.

Depolarizing pre-pulse:

0.2-0.8 ms low amplitude pulse
(highest excitation threshold
determined experimentally)
followed by 0.2-0.6 ms higher
amplitude pulse (2-6 mA). Max
105 Hz, Figure 2C.

Slowly rising pulses: 1-5 ms
exponentially or hyperbolically
tising curve followed by 0-0.1 ms
flat period. 2-6 mA. Max 28 Hz,
Figure 2D.

Current, biphasic, charge
balanced quasi-trapezoidal pulse
asin Peclin and Rozman (2009),
see above, Figure 2F.

Current, biphasic, charged-
balanced quasi-trapezoidal pulse;
cathodic with approx 1 mA
square leading edge, 0.3 ms
plateau and exponentially
decaying phase of 0.3 ms;
anodic rectangular puise of low
magnitude Figure 2F.

Biphasic pulses. Second pulse
has exponential shape, 1st phase
pulse width 0.3 ms, 1-10 mA,
10-50 Hz.

Burst stim maintained up to 60's,
Figures 2A,B.

Biphasic rectangular pulses,
adjusted for charge balance.
Tripole which shows
baroreceptive activity located;
center electrode of this tripole is
cathode against two large fing
electrodes. 200 pulses per stim
30-50 Hz, 0.3-1 mA,
inter-stimulus interval 10 s
Figure 2A.

Current controlled, charge
balanced, rectangular puises 200
pulses per stim. Interval at least
10's between stim 30-50 Hz,
0.3-1 mA, pulse width

0.1-05 ms, Figure 2A.

Current, biphasic, charged-
balanced quasi-trapezoidal pulse;
cathodic with approx 1 mA
square leading edge, 0.3 ms
plateau and exponentially
decaying phase of 0.3 ms;
anodic rectangular puise of low
magnitude Figure 2F

Charge balanced, cathode
leading, alternating monophasic
rectangular waveforms or burst
waveforms 10 s stim followed by
10's recovery; pulse width
40-200 s, Max amplitude

1.5 mA, 10-20 Hz Figure 2A,E.
Supramaximal cathode-first
biphasic pulses 5 V, 0.2 ms KES
block stimulus is continuous
sinuosoid, 50-70 kHz.

Biphasic rectangular pulses, 100
pulses in three sets 30-50 Hz,
0.2-0.9 mA, 0.2-0.9 ms pulse
width Figure 2A.

1 s inter-burst interval, 20's pulse
train, 2-20 pulses per burst,
pulse width 0.3 ms, frequency
10-50 Hz thresholds a fibers
0.08 mA, fast B 1.5 mA, slow B
4.4mA, Figure 2A.

Biphasic constant current pulses
1 mApp, 0.4 ms pulse width,

1 Hz KES at 40 kHz, 1.5-2 mA
peak.

Rectangular pulses acute tests:
on60s, off 30 s; pulse width
240 s, 25.6 Hz frequency; 4
pulses per cardiac cycle.
Implant-explant: on 16's, off 44 s;
25.6 Hz frequency; Pulse width
300 us 0.2-1.5 mA (anesthesia),
1-8 mA (conscious) chronic: on
3055, off 30's; 25.6 Hz frequency
pulse width 300 ps, Figure 2A.

Constant voltage square puises
pulse width 0.1 ms 1-2 Hz
Figure 2A.

Chopped pulses, rectangular and
ramp rectangular, ramp,
quarter-sine: pulse width 350 s
chopped quarter-sine: 325 s or
1 ms. Amplitude corresponded to
charge of 1.5 nC. Frequency

2 Hz. 6 pulses with 1 s inter-puise
interval. Figure 2E.

30's stim, 30 s recovery square,
biphasic (positive first) constant
current temporal waveform with
balanced current source pulse
width 100 and 50 s per phase,
no interpulse interval 20 Hz
frequency, 450-550 pA optimal
for RR change without HR
change Figure 3A.

Electrode geometry

3.4 mm inner diameter cuffs
with 1 mm wide platinum rings,
4 mm spacing in between rings
Figure 3B.

Split cylinder cuff electrodes.
Tripole with 3 mm separation
between contacts used for
stim.

39 rectangular electrodes
arranged in a matrix of 9
parallel groups, with the stim
section 11 groups of 3
electrodes in the middle of the
matrix, and two blocking
sections with 11 electrodes
each positioned bilaterally to
the stim section, Figure 3F.
39 rectangular electrodes with
thirteen circumferential groups
of 8 electrodes. 0.6 x 1 mm.
Inner diameter of cuff 2.5 mm,
length 20 mm. [Details given in
Rozman et al. (1993)]

Figure 3F.

One config has rings, 15 mm
long with 3 circular electrodes,
interelectrode distance 4 mm.
Surface area of each 2 mm?2.
Spacing of electrodes at
90-degree intervals, Figure 3B,

24 electrodes, arranged in 8
tripoles around the cuff
perimeter with 45 degree
spacing. Cufflength 12 mm,
diameter 0.8 mm. Distance
between cross-sectional
electrodes 2 mm Figure 3D.

Same as in Plachta et al.,, 2013
(see above).

99 rectangular electrodes
arranged in a matrix of 9
parallel groups, with the stim
section 11 groups of 3
electrodes in the middle of the
matrix, and two blocking
sections with 11 electrodes
each positioned bilaterally to
the stim section Figure 3G.
Leads spaced 1 mm apart with
contact area 0.011 cm? for
each lead.

Tripolar, longitudinally siit cuff.
0.75 mm between contacts,
cuff diameter for 1-1.2 mm and
length 8 mm, Figure 3B.

24 olectrodes, arranged in 8
tripoles around the cuff
perimeter with 45 degree
spacing. Cuff length 12 mm,
diameter 0.8 mm. Distance
between cross-sectional
electrodes 2 mm, Figure 3D.
Bipolar, helical electrode
Figure 3A.

Custom, bipolar electrodes,
stainless steel wire threaded
through siicone tubing and
spot welded to Pt-Ir contact
pads Figure 3C.

Modeling of different
geometries (fing, tripolar
longitudinal ring (TLR),
transverse tripolar (TT),
transverse tripolar ring (TTR)
with cathode at 0, 90, 180, and
270 degrees around the
circumference Figure 3H.

2 Electrodes, details of
geometry not given.

Two rows of Pt-Ir electrodes
with a diameter of 3 mm. Rows
shorted together to form a
bipolar ring. Figure 3C.

Modeling of various geometies.
optimal array fabricated with 14
longitudinal electrode pairs,

3 mm apart, width 0.4 mm and
0.35 mm interelectrode
circumference distance, 3 mm
length Figure 3E.

Summary of results, methods, pulse parameters and electrode geometry. RR, respiratory rate. HR, heart rate. BR, blood pressure. KES, kilohertz electrical stimulation.
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Item

Pre-register

Use appropriate statistical analysis
Justity choice of between versus within group analysis
Perform baseline comparison (even in crossover studies)
Perform statistical test for carryover effects
Report individual results

Justify clinical relevance of outcome measures

Discuss ciinical significance of results
Compare outcome to existing therapy
Consider subject population when generalizing finings





