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Intracortical microstimulation (ICMS) of the somatosensory cortex (S1) can restore sensory function in patients with paralysis. Studies assessing the stability of ICMS have reported heterogeneous responses across electrodes and over time, potentially hindering the implementation and translatability of these technologies. The foreign body response (FBR) and the encapsulating glial scar have been associated with a decay in chronic performance of implanted electrodes. Moreover, the morphology, intrinsic properties, and function of cells vary across cortical layers, each potentially affecting the sensitivity to ICMS as well as the degree of the FBR across cortical depth. However, layer-by-layer comparisons of the long-term stability of ICMS as well as the extent of the astrocytic glial scar change across cortical layers have not been well explored. Here, we implanted silicon microelectrodes with electrode sites spanning all the layers of S1 in rats. Using a behavioral paradigm, we obtained ICMS detection thresholds from all cortical layers for up to 40 weeks. Our results showed that the sensitivity and long-term performance of ICMS is indeed layer dependent. Overall, detection thresholds decreased during the first 7 weeks post-implantation (WPI). This was followed by a period in which thresholds remained stable or increased depending on the interfacing layer: thresholds in L1 and L6 exhibited the most consistent increases over time, while those in L4 and L5 remained the most stable. Furthermore, histological investigation of the tissue surrounding the electrode showed a biological response of microglia and macrophages which peaked at L1, while the area of the astrocytic glial scar peaked at L2/3. Interestingly, the biological response of these FBR markers is less exacerbated at L4 and L5, suggesting a potential link between the FBR and the long-term stability of ICMS. These findings suggest that interfacing depth can play an important role in the design of chronically stable implantable microelectrodes.
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INTRODUCTION

The performance of brain-machine interface (BMI) technologies can be improved by receiving sensory feedback through intracortical microstimulation (ICMS) (Romo et al., 1998; Flesher et al., 2016; Salas et al., 2018). Clinical work has shown that ICMS of somatosensory cortex (S1) can elicit touch percepts in patients with paralysis (Flesher et al., 2016). The use of implantable microelectrodes allows for the spatial selectivity (Urdaneta et al., 2017) necessary to elicit naturalistic touch percepts in specific areas of the arm (Salas et al., 2018) or individual fingers (Flesher et al., 2016). While this is encouraging, the widespread implementation of ICMS technologies for chronic use requires further understanding of the challenges inherently associated with implantable microelectrodes, such as the foreign body response (FBR) (Biran et al., 2005) and the long-term stability of ICMS.

Studies assessing the stability of ICMS have found heterogeneous responses over time (Rousche and Normann, 1999; Bartlett et al., 2005; Koivuniemi et al., 2011; Davis et al., 2012; Callier et al., 2015; Hughes et al., 2021). Some reports find an immediate rise in microstimulation detection thresholds (Davis et al., 2012); in contrast, others report an initial decrease in thresholds followed by a period of either stable (Callier et al., 2015; Hughes et al., 2021) or increasing thresholds (Rousche and Normann, 1999; Koivuniemi et al., 2011).

One potential contributing factor to these heterogeneous responses is the FBR (Biran et al., 2005; Salatino et al., 2017), which has been associated with a decay in chronic performance of implanted microelectrodes (Prasad and Sanchez, 2012; Barrese et al., 2013). The disruption of the blood-brain barrier and the continuous presence of the device (Kozai et al., 2012) leads to infiltration of bloodborne macrophages (Woolley et al., 2013) and activation of microglia (Eles et al., 2017). These cells release proinflammatory cytokines (Giulian et al., 1994) that lead to the activation of astrocytes and the formation of an encapsulating glial scar around the electrode (Salatino et al., 2017; Campbell and Wu, 2018) that can act as a barrier limiting the delivery of charge to nearby neurons (Mercanzini et al., 2009).

Another potential factor leading to diverse ICMS stability responses is the cortical depth of the electrode interface. Indeed, studies have shown that both the intensity of the FBR (McConnell et al., 2009; Woolley et al., 2013; Kozai et al., 2014; Nolta et al., 2015) as well as the sensitivity of neurons to ICMS is non-uniform across cortical depth (DeYoe et al., 2005; Tehovnik and Slocum, 2009; Urdaneta et al., 2021). Given that the cellular morphology (Gouwens et al., 2019) and cortical dynamics (Harris and Shepherd, 2015) of the cortex are layer specific, the interfacing layer of the electrode can play an important role in the degree of the FBR and the long-term stability of the ICMS. However, to our knowledge, these questions remained unexplored.

Here, we compare the response to ICMS over time as a function of cortical depth and show an association between FBR and ICMS sensitivity at different cortical layers. For this, we implanted a silicon microelectrode device with electrode sites spanning all layers of the S1 cortex in rat. We measured ICMS detection thresholds at each site (i.e., across cortical depth) up to 40 weeks post-implantation (WPI). Post-mortem we histologically examined the area of the astrocytic glial scar and the microglial response across cortical depth. Our results show that the stability of ICMS changes over time in a layer-specific manner. Moreover, the extent of the astrocytic glial scar and microglia was dependent on cortical depth. These findings provide insights into the role of cortical depth in the FBR and the long-term stability of ICMS delivered via intracortical microelectrodes.



RESULTS

Rats were chronically implanted with a silicon multielectrode shank in the forepaw region of S1. The device had 16 evenly spaced microelectrodes that spanned all cortical layers (Figure 1A).
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FIGURE 1. Electrode implantation and cortical depth assessment. (A) Coronal section of the implantation site stained for VGLUT2 and DAPI for cortical layer identification. (B) Perievent stimulus time histogram of an air puff onset to the contralateral forepaw. (C) Voltage traces and inverse current source density. Black arrow designates sink characteristic of thalamic input into layer 4. (D) Post-mortem depth assessment via electrolytic lesion of the tissue.


A stimulus response analysis (Figures 1B,C) and a post-mortem electrolytic lesion (Chen et al., 2009; Figures 1C,D) were used to confirm the implantation site and depth, respectively (see section “Materials and Methods”).


Initial Sensitivity to Microstimulation

One key goal of the study was to assess how the sensitivity of S1 to ICMS changed across cortical depth and over time. To measure the ability of animals to detect ICMS we used a conditioned avoidance behavioral paradigm (Heffner and Heffner, 1995; Urdaneta et al., 2019, 2021; Saldanha et al., 2021). In this task, water-deprived rats were trained to stop licking from a spout upon presentation of an ICMS stimulus (Figure 2A, referred to as a “hit”). If the animal failed to stop drinking, the trial was considered a miss (Figure 2A, miss) and the animal received a mild electrocutaneous shock. Safe trials were used as a control to determine the animal’s licking behavior in the absence of an ICMS stimulus (Figure 2A, bottom). Stimulation parameters were held constant throughout the duration of the study except for amplitude (Figure 2B), which was modulated based on the animal’s response to determine ICMS detection thresholds (Figure 2C).
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FIGURE 2. Behavioral paradigm and microstimulation sensitivity over depth. (A) A conditioned avoidance behavioral paradigm was used to assess the ability of the animals to detect microstimulation. (B) Stimulation frequency, phase duration, and phase delay were kept constant throughout the experiment. Stimulus amplitude was modulated based on the animal’s behavior using an adaptation protocol. (C) Adaptation protocol used to measure detection thresholds. Similar detection thresholds can be obtained regardless of the initial stimulation amplitudes. (D) Sensitivity of S1 to microstimulation as a function of cortical depth during the first five experimental sessions (N = 6). (E) Quantification of these thresholds across cortical layers (ANOVA with Tukey’s post-hoc test) (N = 6). *p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001.


Experimental sessions started after 5 days of post-surgical recovery and consisted of obtaining detection thresholds from randomly selected channels until the animal was satiated. To determine the initial sensitivity of S1 to ICMS, we collected detection thresholds across all channels for 5 experimental sessions during the first 2 WPI. Figure 2D shows how the charge (amplitude × phase duration) necessary to evoke a response in S1 varies with cortical depth, with the most sensitive channels around 1 mm from the cortical surface (R2 = 0.63, p = 0.006, Cubic fit). Laminar quantification showed that detection thresholds change significantly across layers (Figure 2E). The mean charge necessary to elicit a threshold in L5 (6.37 ± 3.93 nC⋅Phase–1) and L4 (6.49 ± 3.47 nC⋅Phase–1) was roughly half that in L1 (12.91 ± 6.09 nC⋅Phase–1) and L6 (10.68 ± 6.66 nC⋅Phase–1) (Figure 2E). These depth-dependent microstimulation thresholds served as a foundation to investigate how the long-term stability of ICMS in S1 changes across cortical layers.



Depth Dependent Longitudinal Microstimulation Performance

We measured detection thresholds across all channels up to 40 WPI by determining thresholds at least twice a week during the first 16 WPI, and at least twice a month afterward. If an electrode-site was able to elicit behavior at charges below 30 nC⋅Phase–1, it was deemed active (see section “Materials and Methods”). The fraction of active channels (FAC) was computed by dividing the number of times an electrode was active over the number of experimental sessions for each subject. Figure 3A shows the average FAC across subjects (N = 6) over time. The FAC across all electrode-sites peaked in the second month post-implantation (0.90 ± 0.08) with roughly twice the number of active channels compared to 8 months post-implantation (0.54 ± 0.3). This result suggests that the number of electrodes able to evoke thresholds changes over time. In addition, the average FAC across the duration of the study was at least 18.9% higher for L5 (0.87 ± 0.19) than for any other layer. To expand on these layer-dependent changes in chronic stability, we analyzed how the charge necessary to evoke a response changed over time across cortical layers. Figure 3B shows an initial decrease in detection thresholds across all layers until reaching a minimum around the 7th week post-implantation. This is followed by a steep increase in mean thresholds of 134 and 96% until the week 40 for L1 and L6, respectively. In contrast, L5 remained more stable with an increase in thresholds of only 42% (Figure 3B). The initial decrease in thresholds (Figure 3C, blue shade) has been reported in the literature as subjects improve on the behavioral task, regardless of the time post-implantation (Callier et al., 2015). Hence, we denominated this period the learning phase. Given the layer-specific differences at chronic timespoints following the learning phase, the period following the minimum threshold was designated the chronic phase (Figure 3C, orange shade). To further understand how thresholds change across subjects and across layers during these time periods, we examined the learning and chronic phases in the following sections.
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FIGURE 3. Long term stability of ICMS across cortical layers. The fraction of active channels was computed by assessing the number of times an electrode-site was able to elicit thresholds at safe ICMS charges. (A) Average fraction of active channels over time across subjects (N = 6). (B) Longitudinal detection thresholds across cortical layers (top) and the amount of time post-implantation in which detection thresholds were obtained from each subject (bottom). (C) Average detection thresholds of all cortical layers showing an initial decrease in thresholds (learning phase), followed by a period of increased thresholds (chronic phase) (N = 6). For (B,C): lines represent a locally fitted polynomial regression of the means and shaded areas represent confidence intervals.




Learning Phase

The learning phase consisted of the period of initial decrease in detection thresholds observed on the first week of thresholds and up to the week in which thresholds reach a minimum (Figure 4A). Our first goal was to determine when the minimum threshold was reached for each subject. Figure 4B shows that on average, subjects reach the minimum threshold at different timespoints, ranging from 3.85 ± 0.72 weeks (subject 12) up to 7.25 ± 0.25 weeks (subject 1) post-implantation. We ran an analysis of variance to determine if the week of minimum threshold changed across layers for each animal, finding no statistical significance for any animals (Figure 4B: p > 0.05, One-way ANOVA). These observations suggest that animals reach the minimum threshold at different weeks, but this point is reached at roughly the same time across layers in each subject. Next, we plotted detection thresholds of the first 7 WPI across layers (Figure 4C). On average, detection thresholds decreased 44.1% from week 1 to week 7 at a rate of −1.93 nC⋅Phase–1/month (Figure 4C). The inclusion of time as a covariate revealed no statistically significant differences in thresholds across layers during the first 7 WPI (Figure 4C). We used the slope of thresholds between the first session and the week of minimum threshold for each animal across layers as a performance metric for ICMS stability. Figure 4D shows that the mean slope of thresholds during this time period changes significantly across layers (Figure 4D). On average, L4 (−0.97 ± 0.95 nC⋅Phase–1/month) had the shallowest slope, while L6 (−4.99 ± 1.47 nC⋅Phase–1/month) had the steepest slope (Figure 4D). These results suggest layer-specific differences in learning tactile behavior in S1, consistent with previous reports (Diamond et al., 1994). To assess if the overall depth-dependent sensitivity to ICMS shifted during the learning phase, we quantified cumulative thresholds during the first 7 WPI across cortical depth (Figures 4E,F). Comparable to the initial sensitivity assessment of the first five experimental sessions (Figures 2A,B), the overall ICMS sensitivity during the learning phase is non-uniform across depth (R2 = 0.65, p = 0.005, Cubic fit). L4 and L5 also persisted as the most sensitive layers (Figures 4E,F). Altogether, these observations indicate that the rate of threshold improvement as well as the overall sensitivity to ICMS during the learning phase change in a layer dependent manner.
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FIGURE 4. Microstimulation detection thresholds during the learning phase. (A) Graphical representation of the period of initial decrease in thresholds (learning phase) in the context of longitudinal thresholds. (B) Bar plot graph showing the week in which subjects reached minimum thresholds across cortical layers. (C) Average detection thresholds during the learning phase. Dashed line represents a linear regression of the mean. (D) Heatmap of the slope of thresholds between the baseline and week of minimum threshold across subjects. (E) Sensitivity of thresholds during the learning phase and (F) laminar quantification. Analysis of variance and pairwise comparisons between layers were performed with a one-way ANOVA with Tukey’s post-hoc test. Error bars in (B) and shaded areas in (C) indicate mean ± SEM. *p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001.




Chronic Phase

The chronic phase started immediately after the learning phase and lasted the remaining duration of the study (Figure 5A). This period of time is characterized by an overall increase in detection thresholds across all layers (Figure 5B: 0.79 nC⋅Phase–1/month, linear regression slope). We ran an ANCOVA to evaluate threshold differences across layers while controlling for the effects of time post-implantation. Our results showed significant differences in thresholds across cortical layers throughout the chronic phase (Figure 5B). To further elucidate the long-term stability of ICMS and account for different animal end points, the average slope per layer was calculated for each subject during the chronic phase. The heatmap in Figure 5C shows that the mean slope changes significantly across cortical layers. The cortical layer that showed the least steep slope over time was L5, increasing at an average rate of 0.65 ± 0.49 nC⋅Phase–1/month, indicating that L5 has the most stable thresholds over time. In contrast, L1 displays the sharpest increase in thresholds (3.25 ± 0.51 nC⋅Phase–1/month). For some subjects, channels in L1 and L6 were unresponsive to stimulation charges below 30 nC⋅Phase–1 by the endpoint (25 WPI) (Figure 5C, unresponsive channels). This result is consistent with our previous observation that the FAC across the duration of the study varied in a layer-dependent manner (Figure 2A). Lastly, to assess how ICMS sensitivity patterns change at chronic timespoints, we analyzed cumulative detection thresholds over depth at two different time periods in the chronic phase: from 8 to 20 WPI and >20 WPI. For both of these time points the ICMS sensitivity maintained a non-uniform trend across cortical depth (Figures 5D,E). Further laminar quantification revealed that sensitivity differences across cortical layers become more pronounced at chronic timespoints (Figures 5F,G). In particular, the percent increase in threshold amplitudes between L1 and L5 increased from 66.6% during 8–20 WPI to 91.0% on >20 WPI. These observations indicate that although the overall sensitivity pattern across cortical depth remains constant over time, threshold differences across layers become exacerbated in chronic time points. Altogether, these results reveal that the long-term stability of ICMS in S1 is dependent on the interfacing depth, raising the question of how biotic factors such as the FBR could be contributing to this depth-specific performance.
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FIGURE 5. Microstimulation detection thresholds during the chronic phase. (A) Graphical representation of longitudinal threshold showing the beginning of the chronic phase (orange shade) after the week of minimum thresholds. (B) Average detection thresholds during the chronic phase. Dashed line represents a linear regression of the mean. (C) Heatmap of the slope of thresholds between the week of minimum threshold and the last week of threshold across subjects. ICMS Sensitivity across cortical depth and laminar quantification during (D,E) 8–20 weeks-post-implantation and (F,G) >20 WPI. Analysis of variance and pairwise comparisons between layers were performed with a one-way ANOVA with Tukey’s post-hoc test. Shaded areas in (B) indicate mean ± SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.




The Extent of the Astrocytic Glial Scar Over Depth

A decay in chronic performance of implantable microelectrodes has been associated with the FBR, specifically the astrocytic glial scar engulfing the electrode (Prasad and Sanchez, 2012; Prasad et al., 2014; Esquibel et al., 2020). The fluorescent intensity of glial fibrillary acidic protein (GFAP), a marker for astrocytes and indicative of the glial scar, has been reported to be higher near the cortical surface (McConnell et al., 2009). However, how the area of the astrocytic glial sheath varies across layers remains unexplored. To assess this question, we used DeepHisto (citation in review), a technique to evaluate the FBR across cortical depth. Following perfusion, systematic sectioning, and staining with GFAP (Figures 6A–C), the areas of the glial sheath and the explanted device hole (EDH) were measured using an automatic tracing tool (see section “Materials and Methods”). Figure 6D shows representative histological sections in which the areas of the EDH (blue outline) and the glial sheath (yellow outline) are non-uniform across cortical depth. Figure 6E shows how the average area of the EDH is up to 69.37% larger than the area of the device near the cortical surface. As we go down in cortical depth the area difference between the EDH and the device decreases, becoming almost negligible below 500 μm from the cortical surface. Given that both L1 and L6 had similar sensitivities to ICMS (Figure 2D), it is unlikely that this phenomenon was caused by higher microstimulation charges. Hence, it is more likely that this difference was caused by the device explantation or by micromotion.
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FIGURE 6. Histological assessment and quantification of the astrocytic glial scar across cortical depth. Histological analysis across cortical depth was performed using DeepHisto. (A) After perfusion, the device was carefully extracted. (B) Horizontal tissue slices surrounding the device were systematically sectioned to keep track of cortical depth. (C) Samples were stained with GFAP and the area of the glial scar was measured. (D) Representative histological sections across cortical depth for one subject. Yellow outlines represent the astrocytic glial scar surrounding the electrode and the blue outlines represent the explanted device hole. (E) Quantification of the area of the explanted device hole in comparison with the cross-sectional area of the device. Lines represent a locally fitted polynomial regression of the mean. (F) Area of the astrocytic glial scar as a function of cortical depth. Line represents a cubic fit. (G) Laminar quantification of the area of the astrocytic glial scar. Analysis of variance and pairwise comparisons between layers were performed with a Kruskal–Wallis test and a Wilcoxon rank-sum test with Holm adjustment, respectively. Error bars in (E,F) indicate mean ± SEM. *p ≤ 0.05, **p ≤ 0.01.


Next, we quantified the area of the glial sheath engulfing the electrode. Figure 6F shows that the extent of the glial sheath is non-uniform across cortical depth (R2 = 0.85, p = 6.1 × 10–5), peaking at 300 μm (69954 ± 41861 μm2) from the cortical surface. Laminar quantification revealed that the area of the glial sheath is larger in L2/3 (Figure 6F) and changes significantly across cortical layers (Figure 6G). These observations reveal that the extent of astrocytic glial scar of chronically implanted electrodes can vary depending on the interfacing depth.



The Microglial Response Over Depth

DeepHisto sections were stained with Iba1, a marker specific for microglia/macrophages (Sasaki et al., 2001). Figure 7A shows that the fluorescent intensity of Iba1 is non-uniform across cortical depth, consistent with previous observations (Woolley et al., 2013). To quantify this pattern, we drew concentric rings diverging from the EDH (Figure 7B) and calculated the mean fluorescent intensity of each ring (Figure 7C). Similar to previous work (Biran et al., 2005; Gaire et al., 2018), our results show that fluorescent intensity of iba-1 consistently increased with proximity to the electrode (Figure 7D). Moreover, this change in fluorescent intensity became more pronounced in superficial layers (Figure 7E). Notably, the overall fluorescence intensity of microglia/macrophages for chronically implanted electrodes is higher near the cortical surface (N = 5). Laminar quantification showed a highly significant difference in Iba1 intensity across cortical layers [F(4,531) = 90.19, p < 2 × 10–16; one-way ANOVA] with the highest intensity in L1 (Figure 7E; L1 vs. L2/3, L4, L5, L6 : p < 0.00001, Tukey’s post-hoc test). These findings indicate that the microglia/macrophage response to chronically implanted electrodes changes as a function of proximity to the electrode and as a function of cortical depth.
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FIGURE 7. Histological response of microglia and macrophages across cortical depth. (A) Representative histological sections stained with Iba1 for one subject showing a change in fluorescence intensity across cortical depth. (B) Graphical representation of concentric rings around the explanted device hole. (C) Concentric rings and mean intensity calculation from a representative tissue section. (D) Quantification of Iba1 fluorescence intensity with respect to the distance from the device hole across cortical depth. Lines represent a locally fitted polynomial regression of the mean of each concentric ring. (E) Quantification across layers of the Iba1 fluorescence intensity. Analysis of variance and pairwise comparisons between layers were performed with a one-way ANOVA with Tukey’s post-hoc test. **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.





DISCUSSION

Our finding that longitudinal microstimulation had an initial decrease in thresholds followed by a period of irregular long-term stability complements previous ICMS work (Rousche and Normann, 1998; Bartlett et al., 2005; Koivuniemi et al., 2011; Callier et al., 2015; Hughes et al., 2021) while revealing layer-specific responses (Urdaneta et al., 2021). Consistent with our findings, several studies have reported an initial decrease in thresholds followed by a period of increased (Rousche and Normann, 1998; Koivuniemi et al., 2011) or stable thresholds (Bartlett et al., 2005; Callier et al., 2015; Hughes et al., 2021). However, the duration of the initial decrease in thresholds (learning phase) varies across the literature. Studies have reported a decrease in thresholds that reaches a minimum after days (Rousche and Normann, 1998; Bartlett et al., 2005; Koivuniemi et al., 2011), weeks (Rousche and Normann, 1998), and months after implantation (Callier et al., 2015; Hughes et al., 2021). Interestingly, this period of ICMS threshold improvement is even present in animals for which the ICMS regime started years after implantation (Callier et al., 2015). This suggests that the decrease in ICMS thresholds is not necessarily related to acute biological changes occurring after implantation (Biran et al., 2005; Kozai et al., 2012; Salatino et al., 2017). Instead, this decrease could be related to the subject’s ability to detect and interpret ICMS in the context of the behavioral task. In addition, our observation that the rate of change of threshold amplitudes varied significantly across layers could be related to layer-specific differences in cortical adaptation. Notably, L4 had the shallowest decrease in thresholds during the learning phase, and neurons in this layer have been shown to have the lowest levels of plasticity in tactile learning in adult rats (Diamond et al., 1994).

Following the learning phase, our average ICMS threshold charge increased during the chronic phase in a layer-dependent manner. Previous studies have found different chronic stability responses to ICMS, with some reporting increases in thresholds (Bartlett et al., 2005; Koivuniemi et al., 2011; Davis et al., 2012) and others reporting stable thresholds (Callier et al., 2015; Hughes et al., 2021). We found that whether thresholds increased or remained stable was highly dependent on the cortical layer. This finding could provide insights into the interelectrode variability observed in previous studies (Rousche and Normann, 1998; Hughes et al., 2021). For instance, Hughes et al. (2021) reported that the long-term stability of ICMS in humans implanted with a Utah array in S1 varied across electrodes, and that electrodes with high thresholds were clustered together13. It is possible that, due to the non-planar geometry of the human cortex, some of the electrodes rested at a different cortical depth, leading to different ICMS stability responses over time. Based on our observation that the ICMS sensitivity of S1 changes across depth, it is possible that some of these electrodes were located at a different cortical depth, producing distinct long-term stability responses.

Our DeepHisto analysis showed that the overall fluorescent intensity of microglia/macrophages was higher in L1, consistent with previous observations. Different groups have reported that the extent of the microglial response is greater near the cortical surface at 4 WPI (Woolley et al., 2013) and up to 16 WPI (McConnell et al., 2009) for chronically implanted rats. Our findings expand on these studies by showing that this depth-dependent microglial trend persists up to 40 WPI. In the healthy brain, microglia play an important role in maintaining neuronal signaling and synapse regulation (Tremblay et al., 2011). However, microglia become activated after implantation, causing a change in morphology and the release of proinflammatory cytokines and reactive oxygen species (Polikov et al., 2005). Hence, long-term activation of microglia in a depth-dependent manner can have important implications for the health and function of cells in superficial cortical layers.

In addition, our assessment of the astrocytic glial scar engulfing the electrode revealed that its extent is also non-uniform across cortical depth, peaking around L2/3. Previous work has reported qualitative differences in FBR with increased responses near the cortical surface (Kozai et al., 2014; Nolta et al., 2015). McConnell et al. (2009) assessed the GFAP response of chronically implanted rats across four representative cortical depths (200, 600, 1000, and 1400 μm); these rats were implanted for different time periods ranging from 2 to 16 WPI (McConnell et al., 2009). The fluorescent intensity levels of GFAP decreased as a function of cortical depth after 8 WPI. These depth-dependent results were partially attributed to the thickness of the device, which tapers down as a function of cortical depth (McCreery et al., 1990). Our electrodes had a similar geometry; however, the increased spatial resolution of our assessment revealed that the extent of the glial scar is non-monotonic across depth. Specifically, we found that the area of the glial sheath did not peak at the depth of maximum thickness of the device (cortical surface and L1), instead reaching its maximum at 300 μm (L2/3). These layer-dependent changes in the glial scar could arise from morphological differences in astrocytes across cortical depth. Indeed, both the territorial volume of astrocytes as well as the orientation angle relative to the cortical surface peak at L2/3 (Lanjakornsiripan et al., 2018). Furthermore, the molecular profile of astrocytes also varies across layers (Bayraktar et al., 2020). For instance, the expression of Chrdl1 in astrocytes peaks in L2/3 for both mice and humans (Bayraktar et al., 2020). Chrdl1 is a bone morphogenetic protein (BMP) inhibitor (Cyr-Depauw et al., 2016), a key molecule in the regulation of the glial scar (Zhong and Zou, 2014). Further research is necessary to investigate the relationship between electrode size/geometry and the extent of the glial sheath across cortical depth. In addition, understanding the complexity of the glial scar across cortical depth can better inform groups developing therapeutics such as drug-delivery and coatings (Sommakia et al., 2014) for the mitigation of the FBR.

Changes in neuronal morphology and the FBR might lead to differences in ICMS threshold stability. Consistent with previous reports (Koivuniemi et al., 2011), our results showed that microstimulation electrodes near the cortical surface had lower long-term stability. The fact that the glial scar and microglia/macrophage densities are exacerbated in superficial layers could lead to the presumption that the FBR is directly responsible for the decay in ICMS chronic performance. However, this degradation process is more complex. The fluorescent intensity of microglia/macrophages was lower at deeper layers and the area of the glial sheath was the lowest in L6. Concurrently, this layer had one of the poorest ICMS longitudinal performances. Hence, the layer specific decay in longitudinal stability of ICMS could not be solely attributed to depth-specific changes in the FBR. The chronic stability of implantable microelectrodes is a multivariate process constituted by abiotic and biotic factors. For instance, abiotic factors such as the structural integrity of the device, composition of the electrode material (Prasad et al., 2014) (i.e., flexibility) and its dimensions represent abiotic factors that might affect the long-term stability of ICMS. Analogously, biotic factors such as the health and function of neurons surrounding the electrode (Biran et al., 2005; Salatino et al., 2017) can also affect the behavioral response to ICMS. Indeed, layer-specific changes in neuronal morphology and function (Lanjakornsiripan et al., 2018; Gouwens et al., 2019) could lead to different sensitivities to ICMS (Aberra et al., 2018; see: Urdaneta et al., 2021) for an extended discussion). We found that channels with high initial thresholds tended to have fewer active channels over time with higher detection thresholds over time. Future research is necessary to assess the impact of chronic microstimulation charges in the health and function of neuronal populations across cortical layers.

In conclusion, we found that the long-term sensitivity to ICMS and the number of active sites over time is layer dependent. Similarly, a post-mortem analysis showed that the astrocytic glial scar and microglia response are non-uniform across cortical depth. This approach to evaluating the long-term ICMS performance in S1 and the FBR across cortical depth have important implications in the design of neuroprosthetic devices and future ICMS studies.



MATERIALS AND METHODS


Device Implantation

All animal experiments and surgeries were performed under the approval and guidance of the University of Florida’s Institutional Animal Care and Use Committee. The specific details of the surgical implantation have been described elsewhere. Briefly, six male Sprague-Dawley rats (450–650 g, Charles River, Chicago, IL, United States) were initially induced with 5% isoflurane (Zoetis, Parsippany, NJ, United States) in oxygen at 1.5–2 L/min. The isoflurane was reduced after 5 min and sustained at 1.5–3% throughout the surgical procedure. Meloxicam (1–2 mg/kg, SQ, Loxicom, Norbrook Laboratories, Newry, Northern Ireland) was administered subcutaneously. A 1 mm2 cranial window was performed over the forepaw region of the primary somatosensory cortex [0.5 mm, 3.5 mm (Paxinos and Watson, 2006)]. Burr holes were drilled to secure four titanium bone screws (United Titanium, OH, United States). After a durotomy, a micro-insertion system (PiLine M663, Physik Instrumente, Karlsruhe, Germany) was used to implant a silicon microelectrode device (A1 × 16–3 mm-100-703-HZ16, NeuroNexus, Ann Arbor, MI, United States). The device (previously sterilized with ethylene oxide) was rinsed with sterile saline and inserted 1.6 mm from the cortical surface at 100 mm/s. This device had 16 iridium oxide electrode-sites with a surface area of 703 μm2 with a pitch of 100 μm (Figure 1A). The site of the craniotomy was filled with a silicone elastomer (Kwik-Sil, WPI, Sarasota, FL, United States). Once the elastomer thickened, UV-cured dental composite (DentalSource, CA, United States) was used to secure the connectors in place. After surgical recovery, the animal was placed in a Faraday cage and an air puff stimulus was directed to the contralateral forepaw while neural recordings were obtained using a PZ5 Neuro digitizer amplifier (Tucker Davis Technologies, Alachua, FL, United States). The custom-made air puff system was controlled by an RZ5D Bioamp processor (Tucker Davis Technologies, Alachua, FL, United States). Epochs from the air puff were used to calculate an inverse current source density (iCSD) (Pettersen et al., 2006) using MATLAB (2019b, Mathworks, MA, United States). Moreover, coronal sections stained for Anti-VGluT2 Antibody (1:500–AB2241, Sigma-Aldrich) were used to corroborate the length of cortical layers in S1 (Meyer et al., 2013).



Behavioral Paradigm

A conditioned avoidance behavioral paradigm was used to assess the ability of rats to detect ICMS. Specific details have been described elsewhere (Koivuniemi et al., 2011). The animal’s behavior was monitored through a custom-made RPvds code and a RZ5D Bioamp processor (Tucker Davis Technologies, Alachua, FL, United States). Briefly, rats were trained to stop licking behavior upon presentation of an ICMS stimulus (Figure 2A). If the animal failed to stop drinking, a percutaneous shock was delivered through the spout. Trials were organized into blocks consisting of one warning trial and four safe trials. The ICMS stimulus was only present in warning trials and the order of the warning trial within a block was pseudo-randomly chosen. Safe trials contained no stimulus and were used to keep track of the licking behavior and ignore trials in which the animal stopped drinking in the absence of stimulus. Specifically, a false alarm was counted if the animal stopped drinking for more than 20% out of the 650 ms decision window. If a block of five trials contained more than two false alarms, the entire block was invalidated and repeated. Analogously, if during a warning trial the animal successfully avoided licking for more than 20% of the ICMS stimulus presentation phase (650 ms), the trial was considered a hit; otherwise, it was considered a miss (Figure 2A). If an animal successfully avoided to lick (hit), the stimulus amplitude of the next warning trial was reduced. Conversely, if the animal failed the trial, the stimulus amplitude was increased. A shift from hit to miss and vice versa was denominated a reversal. After three reversals, the average of amplitude of the last five trials was calculated and determined as the detection threshold.



Longitudinal Microstimulation Experiments

Microstimulation was delivered to a single electrode-site on the implanted device via an IZ-32 stimulator with an LZ48-200 battery (Tucker-Davis Technologies, Alachua, FL, United States). Microstimulation consisted of 0.2 ms phase duration cathode-leading symmetric waveforms with a phase delay of 0.04 ms and a frequency of 320 Hz. Detection thresholds were reported in charge per phase (nC) by multiplying the stimulus amplitude (μA) by the phase duration (ms). Experimental sessions started after 5 days of post-surgical recovery. Each session consisted of obtaining detection thresholds from randomly selected channels (typically 8 to 16 channels) until the animal was satiated. A custom-made metallic protective cap was placed on the headstage after each session to avoid damage to the connectors. Thresholds were measured at least twice a week during the first 16 WPI, and at least twice a month afterward. To avoid tissue damage due to high microstimulation charges (Cogan et al., 2016), the total charge delivered was limited to a maximum of 30 nC⋅Phase–1 (Urdaneta et al., 2021).



Tissue Processing and Cryosectioning

After conclusion of the ICMS experiments, subjects were anesthetized with 5% isoflurane in 2 L/min oxygen. A transcardial perfusion was carried out using phosphate buffered saline (PBS) followed by 4% paraformaldehyde (PFA) solution. Next, the skulls were incubated in 4% PFA at 4°C for 3 days. After several washes in PBS, the skulls were surgically resected, and the microelectrode was meticulously pulled out of the cortex (Figure 6A). The brains were then incubated in a 30% sucrose solution at 4°C for cryoprotection. Once the samples sank into the bottom of the vial (typically after 72 h), these were flash frozen in 2-methylbutane (Sigma Aldrich, St. Louis, MO, United States) at −40°C. Next, tissue within a 5 mm radius from the EDH was resected and mounted on a cryosection chuck with Tissue-Plus O.C.T. Compound (23-730-571, Fisher). The samples were then serially sectioned to track cortical depth. In brief, 20 μm tissue sections tangential to the explanted device were sliced using a cryostat (CM 1520, Leica) at −20°C. The first tissue slice on slide 1 represents a cortical depth of 0 to 20 μm, the first slice on slide 2 corresponds to cortical depth 20 to 40 μm, and so on (Figure 6B).



Immunohistochemistry and Imaging

After leaving the slides at room temperature for 1 h, they were washed with PBS in three 5 min cycles. Next, the slides were incubated in Animal-free R.T.U. Blocker (SP-5035, Vector Laboratories Inc.) overnight at 4°C. To identify astrocytes and microglia/macrophages, immunohistochemistry was performed using the primary antibodies Anti-GFAP (CPCA-GFAP, EnCor Biotech.) and Anti-Iba-1 (019-19741, Wako Chem.), respectively. Primary antibodies were diluted to 1:500 in Animal-free Blocker, R.T.U (SP-5035, Vector Laboratories Inc). The primary antibodies were then distributed across the slides and incubated at 4°C for 36 h (Figure 6C). Following three 10 min PBS wash cycles, slides were stained with secondary antibodies (Cy3 anti-rabbit, 711-165-152, Jackson Immuno.) (Cy5 anti-chicken, 703-175-155, Jackson Immuno.) diluted 1:500 in animal-free blocker and incubated at 4°C for 24 h. After three 10 min PBS washes the excess liquid was aspirated, and glass coverslips were mounted using Vector Shield medium with DAPI (H-1200, Vector Labs). Slides were kept in the dark at RT for 24 h before imaging. Image acquisition was performed on a Leica DMi8 microscope running LAS X Premium software. Peripheral components include a DFC9000 GT camera, EL-6000 light source (30 ms), HC PL APO 10x/0.45 objective, and Leica Y3 and Y5 filter cubes. Acquisitions were centered over the EDH (Figure 6C).



Foreign Body Response Quantification

After manual selection of the area of the EDH, the mean gray value intensity of 25 μm concentric rings around the device was measured. This process was repeated across cortical depth. The fluorescence intensity values were then normalized using min-max normalization and plotted across cortical depth. Quantification of the glial scar area was traced with an automatic tracing tool in which the tolerance value was manually adjusted by blind evaluators. All slide quantification analyses were performed with a custom-made script in Fiji (Schindelin et al., 2012).



Statistics

Parametric comparisons were assessed via one-way ANOVA followed by a Tukey’s post-hoc test. Layer-specific differences in thresholds with time as a covariate were assessed using an ANCOVA. For datasets with non-normal distribution (Shapiro Wilks test) or with less than 20 samples per group (Figure 7), analysis of variance and pairwise comparison were performed via a Kruskal–Wallis test and a Wilcoxon rank-sum test with Holm adjustment, respectively. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. All statistical analyses were performed in R Statistical Software Version 4.0.0 (Vienna, Austria).
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