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Fornix Stimulation Induces Metabolic Activity and Dopaminergic Response in the Nucleus Accumbens
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The Papez circuit, including the fornix white matter bundle, is a well-known neural network that is involved in multiple limbic functions such as memory and emotional expression. We previously reported a large-animal study of deep brain stimulation (DBS) in the fornix that found stimulation-induced hemodynamic responses in both the medial limbic and corticolimbic circuits on functional resonance imaging (fMRI) and evoked dopamine responses in the nucleus accumbens (NAc), as measured by fast-scan cyclic voltammetry (FSCV). The effects of DBS on the fornix are challenging to analyze, given its structural complexity and connection to multiple neuronal networks. In this study, we extend our earlier work to a rodent model wherein we characterize regional brain activity changes resulting from fornix stimulation using fludeoxyglucose (18F-FDG) micro positron emission tomography (PET) and monitor neurochemical changes using FSCV with pharmacological confirmation. Both global functional changes and local changes were measured in a rodent model of fornix DBS. Functional brain activity was measured by micro-PET, and the neurochemical changes in local areas were monitored by FSCV. Micro-PET images revealed increased glucose metabolism within the medial limbic and corticolimbic circuits. Neurotransmitter efflux induced by fornix DBS was monitored at NAc by FSCV and identified by specific neurotransmitter reuptake inhibitors. We found a significant increase in the metabolic activity in several key regions of the medial limbic circuits and dopamine efflux in the NAc following fornix stimulation. These results suggest that electrical stimulation of the fornix modulates the activity of brain memory circuits, including the hippocampus and NAc within the dopaminergic pathway.
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INTRODUCTION

The Papez circuit is a well-known neural network that is involved in multiple limbic functions such as memory and emotional expression (Rajmohan and Mohandas, 2007). The circuit consists of the hippocampus, fornix, mammillary body, anterior nucleus of the thalamus, cingulate cortex, parahippocampal gyrus, and entorhinal cortex (Mesulam, 2000). Studies show that the interactions between the Papez circuit (medial limbic) and mesocorticolimbic circuits, including the amygdala (AM), nucleus accumbens (NAc), and prefrontal cortex (PFC) are vital to consolidation and retrieval of memory (Hamann et al., 1999; Lisman and Grace, 2005; Carr et al., 2011; Badre et al., 2014; Schedlbauer et al., 2014; Horner et al., 2015). Also, in dementia patients, memory decline has been shown to correlate with the dysfunction of intrinsic connectivity between the hippocampus, PFC, and striatum (Greicius et al., 2004; Buckner et al., 2005; Zhou and Seeley, 2014). These findings highlight the importance of studying the interaction between the medial limbic and mesocorticolimbic circuits (Ito et al., 2008; Mikell et al., 2009; Kahn and Shohamy, 2013; Bagot et al., 2015).

The fornix serves as the major structure between the hippocampus and the mammillary bodies with additional projections to the hypothalamus. Animal studies have demonstrated that lesions or transection of the fornix will hinder memory function in experimental behavior tests (Charles et al., 2004; Fletcher et al., 2006; Mala et al., 2012). A clinical trial investigating deep brain stimulation (DBS) of limbic circuitry as a treatment for morbid obesity resulted in unexpected effects on specific memory functions, evoking detailed autobiographical memories, and enhancing performance on associative memory tasks (Hamani et al., 2008). Based on this finding, DBS was applied to the fornix to address the memory dysfunction associated with dementia in a small cohort of patients with Alzheimer’s disease (AD) (Laxton et al., 2010; Fontaine et al., 2013; Holroyd et al., 2015; Lozano et al., 2016; Ponce et al., 2016). Although the results of the clinical trial were favorable, we do not fully understand the mechanism by which electrically stimulating the fornix bundle affects memory function, nor its broader effects on other circuits with which the fornix bundle interacts (Vann, 2013; Ross et al., 2016).

The major challenge in determining the effects of fornix DBS is the complexity of the neuroanatomic and functional connections of the fornix. It is involved in numerous cognitive processes that have diverse axonal pathways, such as the medial limbic and the mesocorticolimbic circuit components. Adding to the complexity is a wide range of axonal fiber effects involving the hippocampus, medial temporal lobe, and NAc (Saint Marie et al., 2010; Kahn and Shohamy, 2013; Bagot et al., 2015). In a large-animal functional magnetic resonance imaging (fMRI) study, we previously demonstrated that fornix DBS elicits functional interactions between the medial limbic and mesocorticolimbic circuits and partially regulates major excitatory input into and through the NAc (Ross et al., 2016).

There have been few systematic studies of the functional network effects of fornix stimulation or the neurochemical changes that it can induce. The goal of the present study was to characterize both the regional brain activity and the specific neurochemical changes associated with fornix stimulation in rodents. To do so, we used micro positron emission tomography (PET) imaging to measure the uptake and accumulation of fludeoxyglucose (18F-FDG) as a tracer for brain activity. Molecular imaging systems with specific tracers have been proposed as a biomarker-based approach to investigating the neural mechanisms for neurodegenerative diseases such as Parkinson’s disease (PD), AD, and epilepsy (Lenkov et al., 2013; Joutsa et al., 2017; Matarazzo et al., 2018; Valotassiou et al., 2018). This technique was developed to monitor specific regional brain activity in small animals (Mirrione et al., 2007; Jang et al., 2009a, 2012; Frankemolle et al., 2010). To monitor specific neurotransmitter changes, we used fast-scan cyclic voltammetry (FSCV), which is a real-time electrochemical monitoring system (Agnesi et al., 2009; Bledsoe et al., 2009).



MATERIALS AND METHODS


Subjects

All procedures were performed in accordance with the National Institutes of Health Guidelines for Animal Research (Guide for the Care and Use of Laboratory Animals), and the Hanyang University Institutional Animal Care and Use Committee approved all experimental procedures. The subjects consisted of adult male Sprague Dawley rats (300–350 g, Koatech, Korea) (total n = 18; n = 15 for the PET study, and n = 3 for the FSCV study). Subjects were housed in cages containing two or three animals each, with 12-h light and dark cycles, 50–60% humidity, and ad libitum access to food and water.



Stereotactic Surgery

All subjects were anesthetized with Zoletil (0.1 mL/100 g, 5 mg/mL, Virbac, France) 30 min before surgery and were positioned into a stereotaxic frame (David Kopf Instruments, United States). Body temperature was maintained at 37°C with a heating pad (TCAT-2, Harvard Apparatus, United States). A burr hole was drilled into the skull according to coordinates based on Paxinos and Watson’s Rat Brain Atlas (Paxinos and Watson, 1997). A twisted bipolar stainless steel electrical stimulation electrode (diameter 125 μm, 500 μm exposure, Polyimide coated, Plastics One, United States) was implanted into the fornix (AP: −1.88 mm, ML: +1.3 mm, DV: −8.3 mm) (Figure 1B). Once the stimulating electrode was positioned at the optimal location for targeting the fornix, it was fixed firmly to the skull with three to four screws that were fixed in place with light curing dental cement (CharmmFil Flow, DenKist, Korea). Subjects were monitored for a week of recovery post-surgery.
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FIGURE 1. Micro-PET experiment protocol and electrodes placement verification by histology. (A) Mirco-PET experiment protocol diagram. (B) Left: Diagram of electrode location in rat brain. Right: Location of stimulation electrodes implanted into the fornix (AP −1.88 mm, Paxinos and Watson). Each pair of colored circles marks the tip of the stimulation electrode. Arrows in rectangular image indicate where electrode tips are located in brain histology slices.




Micro-PET Acquisition

Two micro-PET (Focus 120 MicroPET, Concorde Microsystems, Knoxville, TN, United States) scans were conducted for each of 15 subjects with either “stimulation on” or “stimulation off,” as outlined in Figure 1A. The 15 subjects were randomly assigned to one of two groups: “stimulation on” (n = 8) or “stimulation off” (n = 7) in the first week. In week 2, the conditions were reversed so that the eight subjects who had been scanned during “stimulation on” in the first week were scanned with “stimulation off,” and the seven subjects who had “stimulation off” in week 1 were scanned with “stimulation on” in week 2. Prior to micro-PET scanning, subjects were kept in cages for 30 min in a room maintained at 30°C to maximize 18F-FDG uptake, as previously described (Fueger et al., 2006). 18F-FDG (500 μCi/100 g) was injected into the tail vein under light anesthesia with Zoletil (0.03 mL/100 g, 5 mg/mL, Virbac, France). Subjects then stayed in an awake state in the cage for another 30 min for 18F-FDG uptake with or without electrical stimulation (100 μA amplitude pulses at 120 Hz and a pulse width of 2 ms, biphasic). After 30 min of uptake, subjects were put into the PET scanner. The transition time took <1 min. During the PET scan, subjects were under 2% isoflurane anesthesia.



PET Post-processing and Statistical Analysis

Fludeoxyglucose micro-PET images were reconstructed using the ordered subset expectation maximization (OSEM) algorithm with 10 iterations. Using MRIcro (MRIcro Software, Georgia Institute of Technology, Atlanta, GA, United States), an individual mask was applied to extract the whole brain only. These images were normalized to an 18F-FDG rat brain template (Ref, Jang) using a statistical parametric mapping (SPM) program applying six-affine rigid-body transformation smoothed with an isotropic Gaussian kernel (1 mm FWHM). Proportional signal scaling was applied for global normalization. A general linear model was applied, conducting paired t-tests comparing stimulation on–off effects across subjects (n = 15) in SPM. The statistical threshold was set at P < 0.05 (false discovery rate, FDR). The 18F-FDG rat brain template has a matching T1-weighted magnetic resonance imaging (MRI) template that matches to Paxinos-atlas space (Schweinhardt et al., 2003; Jang et al., 2009b). The t-value map was overlaid onto the T1 MRI for display in Figure 2. The maximum t-value coordinate for each brain region was extracted based on the MRI template and Paxinos atlas. From these maximum t-value coordinates, individual raw FDG PET data were further extracted and normalized to the individual cerebellum value creating standard uptake values ratio (SUVR) used for Figure 3.
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FIGURE 2. Micro-PET imaging of fornix stimulation-induced brain regional activity averaged across 15 subjects. Brain areas with significant changes in glucose metabolism induced by fornix electrical stimulation (FDR < 0.05, n = 15). Top: Mirco-PET image of sagittal section. Bottom: Micro-PET images of coronal sections through the rat brain from AP 1.2 mm to AP –7.0 mm. PMC, primary motor cortex; PSC, primary somatosensory cortex; PVC, primary visual cortex; NAc, nucleus accumbens; and HP, hippocampus.
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FIGURE 3. Effects of fornix deep brain stimulation on glucose metabolism. Comparisons of 18F-FDG uptake in the brain regions shown as increase/decrease relative to fornix stimulation “on” and fornix stimulation “off.” Data presented are mean ± SEM values. ∗Values that differ significantly between fornix DBS off and on according to paired t-test (∗p < 0.05, ∗∗p < 0.001). NAc, nucleus accumbens; HP, hippocampus; PMC, primary motor cortex; PSC, primary somatosensory cortex; PVC, primary visual cortex; VTA, ventral segmental area; and SN, substantia nigra.




Fast-Scan Cyclic Voltammetry

Three subjects that were not part of the micro-PET study underwent FSCV recording in NAc during fornix stimulation. Electrochemical changes were recorded using conventional electrochemical sensing carbon fiber microelectrodes (CFMs) fabricated as described previously (7 μm diameter; 50–100 μm length exposed) (Chang et al., 2012). All procedures were conducted under anesthesia with Zoletil (0.1 mL/100 g, 5 mg/mL, Virbac, France). Surgical procedures similar to those for inserting the stimulating electrode were followed when two additional burr holes were made for (1) CFM implantation into the NAc (AP: +1.2 mm, ML: +1.4 mm, DV: −6.5 mm to −7.8 mm) and (2) a reference electrode (Ag/AgCl) implanted into the contralateral hemisphere. Neurotransmitter changes in the NAc during fornix stimulation were measured using the Wireless Instantaneous Neurotransmitter Concentration Sensor (WINCS) system (Agnesi et al., 2009; Bledsoe et al., 2009). Conventional triangular waveforms (−0.4 to 1.5 V versus Ag/AgCl at 400 V/s) were applied at 10 Hz. Background subtraction was performed by subtracting the average of 10 voltammograms acquired prior to electrical stimulation from each voltammogram acquired after stimulation. FSCV recording began after the stabilization of the electrode. Once the stimulation electrode was fixed at the fornix, the dopamine release by electrical stimulation was measured by lowering the CFM 100 μm into the NAc each time, with 10 min interval for recovery. Electrical stimulation was applied by an isolated pulse stimulator system utilizing the parameters: 300 μA amplitude pulses at 120 Hz and a pulse width of 2 ms, biphasic, for 2 s, additional details are available in the Supplementary Figure S1 (A–M system Model 2100, United States). A pharmacological confirmation of NAc neurochemical changes due to fornix electrical stimulation was conducted in all three FSCV subjects (Lee et al., 2006). A dopamine selective reuptake inhibitor was administered after neurotransmitter detection. Nomifensine was obtained from Sigma–Aldrich (20 mg/kg, St. Louis, MO, United States) and dissolved in 0.9% NaCl saline and injected into the intraperitoneal space.



Histology and Staining

At the end of the experiment after euthanization, target site confirmation was conducted by histology in five subjects randomly selected from the micro-PET experimental group to confirm the fornix site and in the three FSCV subjects to confirm the NAc site. Each subject was exposed to a high current (1 mA for 10 s) to mark electrolytic lesions with the electrodes. The brains were removed and stored for 24 h in 4% paraformaldehyde solution [40 g/L in phosphate-buffered saline (PBS)] at 4°C. The brains were then immersed in a 30% sucrose in PBS solution for 48 h until they sank to the bottom of the container. The brains were then sliced into 50-μm-thick sections and mounted on glass slides. Brain slices were placed directly into chloroform for 30 min and then rehydrated by applying decreasing concentrations (100, 95, and 70%) of ethyl alcohol in distilled water. Brain slices were stained with 0.1% cresyl violet solution and examined microscopically to determine the location of each electrode tip in the brain.



RESULTS


Histological Verification of Electrode Positions

After the completion of the measurements, the positions of the electrodes for the micro-PET study were histologically verified (n = 5, Figure 1B). The histological analysis showed that the twisted bipolar stainless steel electrical stimulation electrodes had been implanted in the fornix area accurately. In targeting the fornix, we avoided the medial forebrain bundle (mfb), which contains direct dopaminergic fibers from the ventral tegmental area (VTA), and histology confirmed that the stimulation electrode was not in close proximity to the mfb. Histological analysis (Figure 4B) for the FSCV experiment showed that the CFM had been implanted accurately close to the NAc in all three FSCV subjects.
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FIGURE 4. Dopamine release as measured by FSCV in the nucleus accumbens during fornix stimulation. (A) Left: Confirmation of dopamine release by using dopamine selective reuptake inhibitor; control (solid), and 60 min after dopamine reuptake inhibitor administered (dash). Background subtracted voltammogram from 60 min after dopamine reuptake inhibitor administered showed significant increase compared to control. Right: Representative color plots of dopamine in vivo. Black vertical line (dash) denotes time of fornix stimulation. Current versus time plot at +0.6 V comparing DA release before and after dopamine reuptake inhibitor administered. Red square indicates 2 s when fornix stimulation was applied. (B) Location of FSCV CFM electrodes implanted into the NAc (AP 1.2 mm, Paxinos and Watson). Each colored circle marks the tip of the FSCV CFM electrodes. Arrow in rectangular image indicates where CFM tip is located in the brain histology slices. FSCV, fast-scan cyclic voltammetry; CFM, carbon fiber microelectrode; and NAc, nucleus accumbens.




Fornix Electrical Stimulation Results in Micro-PET Images Show Increased Glucose Metabolism Within the Medial Limbic and Corticolimbic Circuits

Figure 3 summarizes glucose metabolism changes during fornix electrical stimulation and their relative statistical significance, as determined by paired t-tests comparing “stimulation on” with “stimulation off.” Micro-PET imaging revealed that fornix stimulation induced a significant glucose metabolism increase in the medial limbic and corticolimbic circuits, including the hippocampus, mammillary body, and anteromedial thalamus (FDR < 0.05, n = 15) (Figure 2). Fornix stimulation also generated a robust glucose metabolism increase in the ipsilateral NAc as well as increases in numerous other regions, including the lateral habenular, periaqueductal gray, AM, and septal area. We also observed significant decreases in glucose metabolism in several regions, including the primary motor cortex (PMC), primary somatosensory cortex (PSC), primary visual cortex (PVC), and cerebellum. The global mean of FDG uptake revealed no significant differences between the fornix electrical stimulation on and stimulation off conditions. However, specific brain regions, including the fornix, NAc (ipsilateral), hippocampus, septal area, anteromedial thalamus, hypothalamus, AM, lateral habenula, mammillary body, periaqueductal gray, PMC, PSC, PVC, VTA, and substantia nigra (SN) did reveal significant differences in FDG uptake between the stimulation on and stimulation off conditions (∗p < 0.05, ∗∗p < 0.001). There were no significant differences in the contralateral NAc relative to the stimulation on and stimulation off conditions.



Neurotransmitter Efflux Induced by Fornix Electrical Stimulation

We used FSCV to measure neurochemical changes in the NAc during fornix stimulation (n = 3). During phasic fornix stimulation (2 s), dopamine release was detected in vivo in the NAc (Figure 4). The current–voltage curve confirms the oxidation peak at 0.6 V and the reduction peak at −0.2 V, showing characteristic FSCV dopamine markers. For further confirmation, we administered nomifensine, an inhibitor specific to dopamine reuptake. As shown in Figure 4A, the dopamine reuptake inhibitor showed a significant increase of neurotransmitter efflux 60 min after administration compared to the control condition by fornix stimulation alone. As shown in Figure 4B, histologic analysis confirmed that the CFM had been accurately implanted close to the NAc in all three FSCV subjects.



DISCUSSION

In the present study, we confirmed that fornix stimulation within the Papez circuit could induce NAc activity and further efflux of dopamine. These findings are consistent with our large-animal fMRI and FSCV study of fornix stimulation (Ross et al., 2016) and a relevant recent rat study that showed that chronic forniceal DBS significantly reduces amyloid deposition in the hippocampus and cortex, decreases astrogliosis and microglia activation, and lowers neuronal loss (Leplus et al., 2019). The micro-PET results revealed that fornix stimulation increases glucose metabolism in medial limbic circuits, including the hippocampus, mammillary bodies, and anteromedial thalamus. Other regions, such as the septal area, lateral habenula, AM, and periaqueductal gray, also showed increased glucose metabolism. In contrast, glucose metabolism was decreased in the PMC, PSC, and PVC. These increases and decreases in brain activity suggest that the fornix is part of a major limbic system pathway, the Papez circuit, which is primarily involved in certain aspects of cortical control of emotional processing and memory storage.

Additionally, fornix stimulation significantly increased activation in the NAc. In particular, encoding and consolidation of memories require the stimulation of dopamine receptors as part of a hippocampal–striatal–prefrontal loop that orchestrates the formation of new memories (Lisman and Grace, 2005; Axmacher et al., 2010). This finding may reflect the strategic position of the fornix in the brain, in that ventral hippocampal glutamatergic afferent bundles pass through the fornix to NAc medium spiny neurons (French and Totterdell, 2002, 2003; Sesack and Grace, 2010; Britt et al., 2012; MacAskill et al., 2012).

The NAc works as an interface between the limbic cortex and the midbrain structures involved in motor performance. The fornix carries limbic inputs to the ventral striatum, which then projects them to the NAc. It also carries fibers arising in the septal area that project to the hippocampal formation and to other areas of the rostral forebrain (Boeijinga et al., 1993). Another study suggests that there may be indirect connections between the fornix and the NAc from the dorsal CA3 (Cornu Ammonis areas) via the VTA (Luo et al., 2011). A non-human primate study found that the fornix contains 500,000 fibers projecting to and from various regions, including projections from the CA3 that target the mammillary bodies and the NAc (Talakoub et al., 2016). An fMRI study previously reported that fornix DBS could serve as a functional connection between the medial limbic and mesocorticolimbic circuits and may modulate presynaptic dopamine efflux in the NAc (Ross et al., 2016). The combination of these anatomic and functional studies suggests that fornix stimulation drives NAc input and output, which triggers the activity of the hippocampus and/or the thalamus.

Several research papers have verified the neuronal framework for dopamine efflux in the NAc induced by fornix stimulation. One rodent study suggested that stimulation of the ventral subiculum of the hippocampus evoked dopamine release in the NAc by synaptic activation of both ionotropic and metabotropic glutamate receptors (Blaha et al., 1997). The majority of cells in the NAc are GABAergic neurons with predominantly extrinsic innervation via excitatory glutamatergic projections from the hippocampus, PFC, and AM (Kelley and Domesick, 1982; Friedman et al., 2002; Sesack and Grace, 2010). NAc dopamine is known to play an important role in motor activity and in behaviors governed by drugs and natural reinforcers, as well as in non-associative forms of learning (Mele et al., 2004). Because the fornix is part of the Papez circuit, fornix stimulation-driven efflux of dopamine in the NAc may carry information related to memory and emotion (Halbig et al., 2011). Previously, it was shown that synchronized electrical stimulation of the dopamine pathway and the hippocampal pathway generates an additive fMRI response in the NAc, suggesting a modulatory role for dopamine in the hippocampal pathway (Krautwald et al., 2013). By modulating hippocampal activity, dopamine is thought to play a role in the motivational relevance of memory content (Shohamy and Adcock, 2010).

We do not have a good explanation for the decreased metabolism in the PMC, PSC, and PVC. All of the positive metabolism brain areas correspond well with the Papez circuit, but these decreased-metabolism brain areas are not in the Papez circuit. First, looking for a possible circuitry connection and not discussing the decreased signal, one possible explanation of the effect in the PMC, PSC, and PVC is the role of the AM. The amygdaloid complex contains many nuclei involved in both sensory and motor functions (Vann and Nelson, 2015). The NAc and septal area also have sensory-motor connections, so there could be a possible secondary connection. This could be further supported by the NAc having a bilateral connection to both hemispheres. The NAc also has connections from the AM, supporting our finding of metabolic changes in the AM and neurochemical changes in the NAc after fornix stimulation. Our previous study (Ross et al., 2016) showed both ipsilateral and contralateral somatosensory BOLD responses, which indicated circuit involvement between the hippocampus and PSC. In terms of the functional distribution of the forniceal fibers, part of the fornix carries fibers from the caudal hippocampus that process exteroceptive signals (Raslau et al., 2015), and lesion or damage to the fornix lead to visual discrimination deficits (Lech et al., 2016). Another possible explanation of the decreases is that electrical stimulation affected not only the fornix but also brain regions near the fornix such as the hypothalamic area. Hypothalamic DBS studies reported that functional imaging revealed stimulation-induced deactivations in the PSC (May et al., 2006; May, 2008). The final possibility is that the observed changes are artifacts of the PET analysis method, for example, the proportional scaling for global normalization. This method would work well for focal changes induced by experimental treatments but could bias the statistical analysis when relatively wide brain areas are involved. Because local changes can be smeared in wide brain areas due to the low spatial resolution of [F-18]FDG micro-PET in rat neuroimaging, the proportional scaling may cause type I or type II errors in the analysis due to over- or under-estimation of global activity.

Among the limitations of the present study is the fact that the evoked dopamine findings represent the effects of short-term stimulation (2 s) due to the inherent long-term drifting of FSCV for longer periods (Heien et al., 2005), while FDG-PET can measure 30 min of continuous stimulation effects. Further study is needed to understand if these phasic dopamine findings would impact behavioral memory test scores. Secondly, experiments, such as this one, conducted under anesthesia may not represent the activation effects found when subjects are conscious. The micro-PET FDG protocol can be used to measure conscious-state brain activity (Mizuma et al., 2010), and thus this study likely confirms a platform from which to conduct conscious-state behavioral tests during FDG uptake and PET imaging. Lastly, an inherent limitation of electrical stimulation is that it can activate unwanted and non-specific brain areas near the targeted region. For this reason, we took a cautious approach to avoided possible direct stimulation of the mfb, which contains dopaminergic fibers, given that the electrical current spread for rodent-use micro-electrodes is reported to be <1 mm (Lozano et al., 2002). Although there are inherent limitations to translating findings from healthy small animals to human pathologic conditions, the global and local patterns of molecular imaging in this study reveal potential neuronal mechanisms underlying fornix DBS (Ross et al., 2016; Fu et al., 2018).



CONCLUSION

In conclusion, the results of this rodent study provide a platform to investigate the interactions between the Papez and mesolimbic circuits related to certain aspects of memory function. Our findings support the concept that electrical stimulation of the fornix increases brain activity and controls dopamine efflux in the NAc and suggests that further exploration of the neuromodulatory effects of fornix DBS is warranted relative to its potential therapeutic impact on certain aspects of memory and emotional processing.
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FIGURE S1 | Electrical stimulation evoked dopamine response changes by stimulation frequency and amplitude. (A) Dopamine oxidation current versus stimulation frequency from 10Hz to 200Hz. (B) Dopamine oxidation versus stimulation amplitude from 50 μA to 400 μA.



REFERENCES

Agnesi, F., Tye, S. J., Bledsoe, J. M., Griessenauer, C. J., Kimble, C. J., Sieck, G. C., et al. (2009). Wireless instantaneous neurotransmitter concentration system-based amperometric detection of dopamine, adenosine, and glutamate for intraoperative neurochemical monitoring. J. Neurosurg. 111, 701–711. doi: 10.3171/2009.3.JNS0990

Axmacher, N., Cohen, M. X., Fell, J., Haupt, S., Dumpelmann, M., Elger, C. E., et al. (2010). Intracranial EEG correlates of expectancy and memory formation in the human hippocampus and nucleus accumbens. Neuron 65, 541–549. doi: 10.1016/j.neuron.2010.02.006

Badre, D., Lebrecht, S., Pagliaccio, D., Long, N. M., and Scimeca, J. M. (2014). Ventral striatum and the evaluation of memory retrieval strategies. J. Cogn. Neurosci. 26, 1928–1948. doi: 10.1162/jocn_a_00596

Bagot, R. C., Parise, E. M., Pena, C. J., Zhang, H. X., Maze, I., Chaudhury, D., et al. (2015). Ventral hippocampal afferents to the nucleus accumbens regulate susceptibility to depression. Nat. Commun. 6:7062.

Blaha, C. D., Yang, C. R., Floresco, S. B., Barr, A. M., and Phillips, A. G. (1997). Stimulation of the ventral subiculum of the hippocampus evokes glutamate receptor-mediated changes in dopamine efflux in the rat nucleus accumbens. Eur. J. Neurosci. 9, 902–911. doi: 10.1111/j.1460-9568.1997.tb01441.x

Bledsoe, J. M., Kimble, C. J., Covey, D. P., Blaha, C. D., Agnesi, F., Mohseni, P., et al. (2009). Development of the wireless instantaneous neurotransmitter concentration system for intraoperative neurochemical monitoring using fast-scan cyclic voltammetry. J. Neurosurg. 111, 712–723. doi: 10.3171/2009.3.JNS081348

Boeijinga, P. H., Mulder, A. B., Pennartz, C. M., Manshanden, I., and Lopes Da Silva, F. H. (1993). Responses of the nucleus accumbens following fornix/fimbria stimulation in the rat. Identification and long-term potentiation of mono- and polysynaptic pathways. Neuroscience 53, 1049–1058. doi: 10.1016/0306-4522(93)90488-2

Britt, J. P., Benaliouad, F., Mcdevitt, R. A., Stuber, G. D., Wise, R. A., and Bonci, A. (2012). Synaptic and behavioral profile of multiple glutamatergic inputs to the nucleus accumbens. Neuron 76, 790–803. doi: 10.1016/j.neuron.2012.09.040

Buckner, R. L., Snyder, A. Z., Shannon, B. J., Larossa, G., Sachs, R., Fotenos, A. F., et al. (2005). Molecular, structural, and functional characterization of Alzheimer’s disease: evidence for a relationship between default activity, amyloid, and memory. J. Neurosci. 25, 7709–7717. doi: 10.1523/jneurosci.2177-05.2005

Carr, M. F., Jadhav, S. P., and Frank, L. M. (2011). Hippocampal replay in the awake state: a potential substrate for memory consolidation and retrieval. Nat. Neurosci. 14, 147–153. doi: 10.1038/nn.2732

Chang, S. Y., Kim, I., Marsh, M. P., Jang, D. P., Hwang, S. C., Van Gompel, J. J., et al. (2012). Wireless fast-scan cyclic voltammetry to monitor adenosine in patients with essential tremor during deep brain stimulation. Mayo Clin. Proc. 87, 760–765. doi: 10.1016/j.mayocp.2012.05.006

Charles, D. P., Gaffan, D., and Buckley, M. J. (2004). Impaired recency judgments and intact novelty judgments after fornix transection in monkeys. J. Neurosci. 24, 2037–2044. doi: 10.1523/jneurosci.3796-03.2004

Fletcher, B. R., Calhoun, M. E., Rapp, P. R., and Shapiro, M. L. (2006). Fornix lesions decouple the induction of hippocampal arc transcription from behavior but not plasticity. J. Neurosci. 26, 1507–1515. doi: 10.1523/jneurosci.4441-05.2006

Fontaine, D., Deudon, A., Lemaire, J. J., Razzouk, M., Viau, P., Darcourt, J., et al. (2013). Symptomatic treatment of memory decline in Alzheimer’s disease by deep brain stimulation: a feasibility study. J. Alzheimers Dis. 34, 315–323. doi: 10.3233/JAD-121579

Frankemolle, A. M., Wu, J., Noecker, A. M., Voelcker-Rehage, C., Ho, J. C., Vitek, J. L., et al. (2010). Reversing cognitive-motor impairments in Parkinson’s disease patients using a computational modelling approach to deep brain stimulation programming. Brain 133, 746–761. doi: 10.1093/brain/awp315

French, S. J., and Totterdell, S. (2002). Hippocampal and prefrontal cortical inputs monosynaptically converge with individual projection neurons of the nucleus accumbens. J. Comp. Neurol. 446, 151–165. doi: 10.1002/cne.10191

French, S. J., and Totterdell, S. (2003). Individual nucleus accumbens-projection neurons receive both basolateral amygdala and ventral subicular afferents in rats. Neuroscience 119, 19–31. doi: 10.1016/s0306-4522(03)00150-7

Friedman, D. P., Aggleton, J. P., and Saunders, R. C. (2002). Comparison of hippocampal, amygdala, and perirhinal projections to the nucleus accumbens: combined anterograde and retrograde tracing study in the Macaque brain. J. Comp. Neurol. 450, 345–365. doi: 10.1002/cne.10336

Fu, J. F., Klyuzhin, I., Liu, S., Shahinfard, E., Vafai, N., Mckenzie, J., et al. (2018). Investigation of serotonergic Parkinson’s disease-related covariance pattern using [(11)C]-DASB/PET. Neuroimage Clin. 19, 652–660. doi: 10.1016/j.nicl.2018.05.022

Fueger, B. J., Czernin, J., Hildebrandt, I., Tran, C., Halpern, B. S., Stout, D., et al. (2006). Impact of animal handling on the results of 18F-FDG PET studies in mice. J. Nucl. Med. 47, 999–1006.

Greicius, M. D., Srivastava, G., Reiss, A. L., and Menon, V. (2004). Default-mode network activity distinguishes Alzheimer’s disease from healthy aging: evidence from functional MRI. Proc. Natl. Acad. Sci. U.S.A. 101, 4637–4642. doi: 10.1073/pnas.0308627101

Halbig, T. D., Assuras, S., Creighton, J., Borod, J. C., Tse, W., Frisina, P. G., et al. (2011). Differential role of dopamine in emotional attention and memory: evidence from Parkinson’s disease. Mov. Disord. 26, 1677–1683. doi: 10.1002/mds.23728

Hamani, C., Mcandrews, M. P., Cohn, M., Oh, M., Zumsteg, D., Shapiro, C. M., et al. (2008). Memory enhancement induced by hypothalamic/fornix deep brain stimulation. Ann. Neurol. 63, 119–123. doi: 10.1002/ana.21295

Hamann, S. B., Ely, T. D., Grafton, S. T., and Kilts, C. D. (1999). Amygdala activity related to enhanced memory for pleasant and aversive stimuli. Nat. Neurosci. 2, 289–293. doi: 10.1038/6404

Heien, M. L., Khan, A. S., Ariansen, J. L., Cheer, J. F., Phillips, P. E., Wassum, K. M., et al. (2005). Real-time measurement of dopamine fluctuations after cocaine in the brain of behaving rats. Proc. Natl. Acad. Sci. U.S.A. 102, 10023–10028. doi: 10.1073/pnas.0504657102

Holroyd, K. B., Fosdick, L., Smith, G. S., Leoutsakos, J. M., Munro, C. A., Oh, E. S., et al. (2015). Deep brain stimulation targeting the fornix for mild Alzheimer dementia: design of the ADvance randomized controlled trial. Open Access J. Clin. Trials 7, 63–76.

Horner, A. J., Bisby, J. A., Bush, D., Lin, W. J., and Burgess, N. (2015). Evidence for holistic episodic recollection via hippocampal pattern completion. Nat. Commun. 6:7462. doi: 10.1038/ncomms8462

Ito, R., Robbins, T. W., Pennartz, C. M., and Everitt, B. J. (2008). Functional interaction between the hippocampus and nucleus accumbens shell is necessary for the acquisition of appetitive spatial context conditioning. J. Neurosci. 28, 6950–6959. doi: 10.1523/JNEUROSCI.1615-08.2008

Jang, D. P., Lee, S. H., Lee, S. Y., Park, C. W., Cho, Z. H., and Kim, Y. B. (2009a). Neural responses of rats in the forced swimming test: [F-18]FDG micro PET study. Behav. Brain Res. 203, 43–47. doi: 10.1016/j.bbr.2009.04.020

Jang, D. P., Lee, S. H., Park, C. W., Lee, S. Y., Kim, Y. B., and Cho, Z. H. (2009b). Effects of fluoxetine on the rat brain in the forced swimming test: a [F-18]FDG micro-PET imaging study. Neurosci. Lett. 451, 60–64. doi: 10.1016/j.neulet.2008.12.024

Jang, D. P., Min, H. K., Lee, S. Y., Kim, I. Y., Park, H. W., Im, Y. H., et al. (2012). Functional neuroimaging of the 6-OHDA lesion rat model of Parkinson’s disease. Neurosci. Lett. 513, 187–192. doi: 10.1016/j.neulet.2012.02.034

Joutsa, J., Rinne, J. O., Karrasch, M., Hermann, B., Johansson, J., Anttinen, A., et al. (2017). Brain glucose metabolism and its relation to amyloid load in middle-aged adults with childhood-onset epilepsy. Epilepsy Res. 137, 69–72. doi: 10.1016/j.eplepsyres.2017.09.006

Kahn, I., and Shohamy, D. (2013). Intrinsic connectivity between the hippocampus, nucleus accumbens, and ventral tegmental area in humans. Hippocampus 23, 187–192. doi: 10.1002/hipo.22077

Kelley, A. E., and Domesick, V. B. (1982). The distribution of the projection from the hippocampal formation to the nucleus accumbens in the rat: an anterograde- and retrograde-horseradish peroxidase study. Neuroscience 7, 2321–2335. doi: 10.1016/0306-4522(82)90198-1

Krautwald, K., Min, H. K., Lee, K. H., and Angenstein, F. (2013). Synchronized electrical stimulation of the rat medial forebrain bundle and perforant pathway generates an additive BOLD response in the nucleus accumbens and prefrontal cortex. Neuroimage 77, 14–25. doi: 10.1016/j.neuroimage.2013.03.046

Laxton, A. W., Tang-Wai, D. F., Mcandrews, M. P., Zumsteg, D., Wennberg, R., Keren, R., et al. (2010). A phase I trial of deep brain stimulation of memory circuits in Alzheimer’s disease. Ann. Neurol. 68, 521–534. doi: 10.1002/ana.22089

Lech, R. K., Koch, B., Schwarz, M., and Suchan, B. (2016). Fornix and medial temporal lobe lesions lead to comparable deficits in complex visual perception. Neurosci. Lett. 620, 27–32. doi: 10.1016/j.neulet.2016.03.002

Lee, K. H., Blaha, C. D., Harris, B. T., Cooper, S., Hitti, F. L., Leiter, J. C., et al. (2006). Dopamine efflux in the rat striatum evoked by electrical stimulation of the subthalamic nucleus: potential mechanism of action in Parkinson’s disease. Eur. J. Neurosci. 23, 1005–1014. doi: 10.1111/j.1460-9568.2006.04638.x

Lenkov, D. N., Volnova, A. B., Pope, A. R., and Tsytsarev, V. (2013). Advantages and limitations of brain imaging methods in the research of absence epilepsy in humans and animal models. J. Neurosci. Methods 212, 195–202. doi: 10.1016/j.jneumeth.2012.10.018

Leplus, A., Lauritzen, I., Melon, C., Kerkerian-Le Goff, L., Fontaine, D., and Checler, F. (2019). Chronic fornix deep brain stimulation in a transgenic Alzheimer’s rat model reduces amyloid burden, inflammation, and neuronal loss. Brain Struct. Funct. 224, 363–372. doi: 10.1007/s00429-018-1779-x

Lisman, J. E., and Grace, A. A. (2005). The hippocampal-VTA loop: controlling the entry of information into long-term memory. Neuron 46, 703–713. doi: 10.1016/j.neuron.2005.05.002

Lozano, A. M., Dostrovsky, J., Chen, R., and Ashby, P. (2002). Deep brain stimulation for Parkinson’s disease: disrupting the disruption. Lancet Neurol. 1, 225–231. doi: 10.1016/s1474-4422(02)00101-1

Lozano, A. M., Fosdick, L., Chakravarty, M. M., Leoutsakos, J. M., Munro, C., Oh, E., et al. (2016). A phase II study of fornix deep brain stimulation in mild Alzheimer’s disease. J. Alzheimers Dis. 54, 777–787. doi: 10.3233/JAD-160017

Luo, A. H., Tahsili-Fahadan, P., Wise, R. A., Lupica, C. R., and Aston-Jones, G. (2011). Linking context with reward: a functional circuit from hippocampal CA3 to ventral tegmental area. Science 333, 353–357. doi: 10.1126/science.1204622

MacAskill, A. F., Little, J. P., Cassel, J. M., and Carter, A. G. (2012). Subcellular connectivity underlies pathway-specific signaling in the nucleus accumbens. Nat. Neurosci. 15, 1624–1626. doi: 10.1038/nn.3254

Mala, H., Rodriguez Castro, M., Pearce, H., Kingod, S. C., Nedergaard, S. K., Scharff, Z., et al. (2012). Delayed intensive acquisition training alleviates the lesion-induced place learning deficits after fimbria-fornix transection in the rat. Brain Res. 1445, 40–51. doi: 10.1016/j.brainres.2012.01.035

Matarazzo, M., Wile, D., Mackenzie, M., and Stoessl, A. J. (2018). PET molecular imaging in familial Parkinson’s disease. Int. Rev. Neurobiol. 142, 177–223. doi: 10.1016/bs.irn.2018.09.003

May, A. (2008). Hypothalamic deep-brain stimulation: target and potential mechanism for the treatment of cluster headache. Cephalalgia 28, 799–803. doi: 10.1111/j.1468-2982.2008.01629.x

May, A., Leone, M., Boecker, H., Sprenger, T., Juergens, T., Bussone, G., et al. (2006). Hypothalamic deep brain stimulation in positron emission tomography. J. Neurosci. 26, 3589–3593. doi: 10.1523/jneurosci.4609-05.2006

Mele, A., Avena, M., Roullet, P., De Leonibus, E., Mandillo, S., Sargolini, F., et al. (2004). Nucleus accumbens dopamine receptors in the consolidation of spatial memory. Behav. Pharmacol. 15, 423–431. doi: 10.1097/00008877-200409000-00017

Mesulam, M. M. (2000). A plasticity-based theory of the pathogenesis of Alzheimer’s disease. Ann. N. Y. Acad. Sci. 924, 42–52.

Mikell, C. B., Mckhann, G. M., Segal, S., Mcgovern, R. A., Wallenstein, M. B., and Moore, H. (2009). The hippocampus and nucleus accumbens as potential therapeutic targets for neurosurgical intervention in schizophrenia. Stereotact. Funct. Neurosurg. 87, 256–265. doi: 10.1159/000225979

Mirrione, M. M., Schiffer, W. K., Fowler, J. S., Alexoff, D. L., Dewey, S. L., and Tsirka, S. E. (2007). A novel approach for imaging brain-behavior relationships in mice reveals unexpected metabolic patterns during seizures in the absence of tissue plasminogen activator. Neuroimage 38, 34–42. doi: 10.1016/j.neuroimage.2007.06.032

Mizuma, H., Shukuri, M., Hayashi, T., Watanabe, Y., and Onoe, H. (2010). Establishment of in vivo brain imaging method in conscious mice. J. Nucl. Med. 51, 1068–1075. doi: 10.2967/jnumed.110.075184

Paxinos, G., and Watson, C. (1997). The Rat Brain in Steriotaxic Coordinates. San Diego, CA: Academic Press.

Ponce, F. A., Asaad, W. F., Foote, K. D., Anderson, W. S., Rees Cosgrove, G., Baltuch, G. H., et al. (2016). Bilateral deep brain stimulation of the fornix for Alzheimer’s disease: surgical safety in the ADvance trial. J. Neurosurg. 125, 75–84. doi: 10.3171/2015.6.JNS15716

Rajmohan, V., and Mohandas, E. (2007). The limbic system. Indian J. Psychiatry 49, 132–139.

Raslau, F. D., Augustinack, J. C., Klein, A. P., Ulmer, J. L., Mathews, V. P., and Mark, L. P. (2015). Memory Part 3: the role of the fornix and clinical cases. AJNR Am. J. Neuroradiol. 36, 1604–1608. doi: 10.3174/ajnr.a4371

Ross, E. K., Kim, J. P., Settell, M. L., Han, S. R., Blaha, C. D., Min, H. K., et al. (2016). Fornix deep brain stimulation circuit effect is dependent on major excitatory transmission via the nucleus accumbens. Neuroimage 128, 138–148. doi: 10.1016/j.neuroimage.2015.12.056

Saint Marie, R. L., Miller, E. J., Breier, M. R., Weber, M., and Swerdlow, N. R. (2010). Projections from ventral hippocampus to medial prefrontal cortex but not nucleus accumbens remain functional after fornix lesions in rats. Neuroscience 168, 498–504. doi: 10.1016/j.neuroscience.2010.03.037

Schedlbauer, A. M., Copara, M. S., Watrous, A. J., and Ekstrom, A. D. (2014). Multiple interacting brain areas underlie successful spatiotemporal memory retrieval in humans. Sci. Rep. 4:6431. doi: 10.1038/srep06431

Schweinhardt, P., Fransson, P., Olson, L., Spenger, C., and Andersson, J. L. (2003). A template for spatial normalisation of MR images of the rat brain. J. Neurosci. Methods 129, 105–113. doi: 10.1016/s0165-0270(03)00192-4

Sesack, S. R., and Grace, A. A. (2010). Cortico-Basal Ganglia reward network: microcircuitry. Neuropsychopharmacology 35, 27–47. doi: 10.1038/npp.2009.93

Shohamy, D., and Adcock, R. A. (2010). Dopamine and adaptive memory. Trends Cogn. Sci. 14, 464–472. doi: 10.1016/j.tics.2010.08.002

Talakoub, O., Gomez Palacio Schjetnan, A., Valiante, T. A., Popovic, M. R., and Hoffman, K. L. (2016). Closed-loop interruption of hippocampal ripples through fornix stimulation in the non-human primate. Brain Stimul. 9, 911–918. doi: 10.1016/j.brs.2016.07.010

Valotassiou, V., Malamitsi, J., Papatriantafyllou, J., Dardiotis, E., Tsougos, I., Psimadas, D., et al. (2018). SPECT and PET imaging in Alzheimer’s disease. Ann. Nucl. Med 32, 583–593. doi: 10.1007/s12149-018-1292-6

Vann, S. D. (2013). Dismantling the Papez circuit for memory in rats. eLife 2:e00736. doi: 10.7554/eLife.00736

Vann, S. D., and Nelson, A. J. (2015). The mammillary bodies and memory: more than a hippocampal relay. Prog. Brain Res. 219, 163–185. doi: 10.1016/bs.pbr.2015.03.006

Zhou, J., and Seeley, W. W. (2014). Network dysfunction in Alzheimer’s disease and frontotemporal dementia: implications for psychiatry. Biol. Psychiatry 75, 565–573. doi: 10.1016/j.biopsych.2014.01.020


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Shin, Lee, Cho, Oh, Kim, Lee, Jang and Min. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Fornix Stimulation Induces Metabolic Activity and Dopaminergic Response in the Nucleus Accumbens



		INTRODUCTION



		MATERIALS AND METHODS



		Subjects



		Stereotactic Surgery



		Micro-PET Acquisition



		PET Post-processing and Statistical Analysis



		Fast-Scan Cyclic Voltammetry



		Histology and Staining







		RESULTS



		Histological Verification of Electrode Positions



		Fornix Electrical Stimulation Results in Micro-PET Images Show Increased Glucose Metabolism Within the Medial Limbic and Corticolimbic Circuits



		Neurotransmitter Efflux Induced by Fornix Electrical Stimulation







		DISCUSSION



		CONCLUSION



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fnins-13-01109-g004.jpg
Current (nA}

S

£
s
]
s

Control _ Nomifensine

T 30406 0 40 6
Time (sconds)






OPS/images/cover.jpg
, frontiers
In Neuroscience

Fornix Stimulation Induces
Metabolic Activity
and Dopaminergic Response
in the Nucleus Accumbens





OPS/images/fnins-13-01109-g003.jpg
Standard uptake values ratio

i B Fornix DBS off
—| ki 1 Fornix DBS on
e —l
4_ l
* %
) { * * %
3 T 1
*
2 " }I 4 I
{{ A E bl | @ T T i T }
i z
1_
G I 1 I 1 1 1 I 1 1 I 1 I 1 I 1 I 1 I
&é*oeé& é‘b\\ e‘b\\ é‘b\\ é@ &% 0& \Q& Sb\% 9&%‘0& Q}‘ﬁ QQ\C Q%Q QQCJ A&V %é
M ST IS AT FT e
¥ T EFE TSN TS
© & & QQQQ & S
(3 > D D
¥ & v §Qé~









OPS/images/fnins-13-01109-g002.jpg
Periaqueductal gray

Septal area Cerebellum

Septal area PSC  Anteromedial thalamus Lateral habenular Periaqueductal gra
H
: r

R
NAc Hypothalamus Amygdala Mammillary body
AP : 1.2mm AP : -1.4mm AP : -3.0mm AP : -4.6mm AP : -7.0mm

J !





OPS/images/fnins-13-01109-g001.jpg
=30 min =¥

€=30 min =»

€«=30 min =¥

) Stimulation |microPET
Adaptation Off scan
A

[F-18]FDG Injection

Stim

Fornix

One week

=30 min -

€<=30 min '=

€«=30 min =¥

Adaptation

Stimulation
On

microPET

Scan

[F-18]FDG Injection






OPS/images/logo.jpg
' frontiers

in Neuroscience





