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Abstract

Introduction—Deep brain stimulation (DBS) is a circuit-based treatment shown to relieve 

symptoms from multiple neurologic and neuropsychiatric disorders. In order to treat the memory 

deficit associated with Alzheimer's disease (AD), several clinical trials have tested the efficacy of 

DBS near the fornix. Early results from these studies indicated that patients who received fornix 

DBS experienced an improvement in memory and quality of life, yet the mechanisms behind this 

effect remain controversial. It is known that transmission between the medial limbic and 

corticolimbic circuits plays an integral role in declarative memory, and dysfunction at the circuit 

level results in various forms of dementia, including AD. Here, we aimed to determine the 

potential underlying mechanism of fornix DBS by examining the functional circuitry and brain 

structures engaged by fornix DBS.

Methods—A multimodal approach was employed to examine global and local temporal changes 

that occur in an anesthetized swine model of fornix DBS. Changes in global functional activity 

were measured by functional MRI (fMRI), and local neurochemical changes were monitored by 

fast scan cyclic voltammetry (FSCV) during electrical stimulation of the fornix. Additionally, 

intracranial microinfusions into the nucleus accumbens (NAc) were performed to investigate the 

global activity changes that occur with dopamine and glutamate receptor-specific antagonism.
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Results—Hemodynamic responses in both medial limbic and corticolimbic circuits measured by 

fMRI were induced by fornix DBS. Additionally, fornix DBS resulted in increases in dopamine 

oxidation current (corresponding to dopamine efflux) monitored by FSCV in the NAc. Finally, 

fornix DBS-evoked hemodynamic responses in the amygdala and hippocampus decreased 

following dopamine and glutamate receptor antagonism in the NAc.

Conclusions—The present findings suggest that fornix DBS modulates dopamine release on 

presynaptic dopaminergic terminals in the NAc, involving excitatory glutamatergic input, and that 

the medial limbic and corticolimbic circuits interact in a functional loop.
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Introduction

Deep brain stimulation (DBS) is a neurosurgical treatment for various neurologic and 

neuropsychiatric disorders, including Parkinson's disease, dystonia, major depression, and 

obsessive-compulsive disorder (Benabid, 2003; Benabid et al., 1991; Greene, 2005; Lozano 

et al., 2012). Recently, DBS has been applied within the medial limbic circuit (Papez 

circuit), to address memory deficits associated with dementia (Laxton et al., 2010; Ponce et 

al., 2015; Smith et al., 2012; Suthana et al., 2012). These early clinical studies indicated 

patient improvement in cognition, memory, and quality of life, and suggested that neural 

activity in memory-related circuitry might underlie this effect (Hardenacke et al., 2013; Lee 

et al., 2013).

The medial limbic circuit is one of the major pathways primarily involved in the cortical 

control of emotions and memory function (Rajmohan and Mohandas, 2007). This circuit 

includes the hippocampus (HP), fornix, mammillary body, anterior nucleus of the thalamus, 

cingulate cortex, parahippocampal gyrus, and entorhinal cortex (Mesulam, 2000). Within 

this circuit, the fornix is a major candidate brain target for DBS to treat memory impairment 

(Hescham et al., 2013; Laxton and Lozano, 2013). Specifically, in Alzheimer's disease 

(AD), it is proposed that fornix DBS influences memory recall by enhancing activity across 

distinct nodes involved in memory retrieval (Lee et al., 2013). One possible issue with 

fornix DBS arises from the diverse axons that travel through the fornix and terminate in 

distinct structures, including medial limbic and corticolimbic circuit components. The fornix 

has major input and output pathways from the HP and medial temporal lobe as well as the 

HP to the nucleus accumbens (NAc) that have known involvement in an array of cognitive 

processes (Kahn and Shohamy, 2013; Saint Marie et al., 2010). Although fornix DBS likely 

involves a wide range of axonal fiber effects, characterizing the electrical stimulation-

induced response on neuronal communication beyond a few synapses is extremely 

challenging.

In place of a modular paradigm that views brain areas as independent processors, it is now 

accepted that dynamic functional connectivity among distributed neural nodes underlies 

many of the more complex neural functions (Bressler and Menon, 2010; McIntosh, 1999; 
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Sporns, 2014). Communication between regions of the medial limbic and corticolimbic 

circuits, including the HP, NAc, amygdala (AM), and prefrontal cortex (PFC), are known to 

be critical for memory consolidation and retrieval (Badre et al., 2014; Carr et al., 2011; 

Hamann et al., 1999; Horner et al., 2015; Lisman and Grace, 2005; Schedlbauer et al., 

2014). The ventral striatum in particular, which includes the NAc, is involved in cognitive 

control during memory retrieval (Scimeca and Badre, 2012; Speer et al., 2014). Moreover, 

functional MRI (fMRI) studies have shown that AD patients show decreased resting state 

activity in HP, PFC, and increased ventral striatum activity compared to age-matched 

controls (Buckner et al., 2005; Greicius et al., 2004; Zhou and Seeley, 2014). Together, 

these observations suggest that the interconnected circuits play a distinct role in memory 

consolidation and retrieval, and are affected during memory dysfunction in AD.

In order to investigate the global circuit involvement during DBS, we have developed a 

technique that combines DBS and functional MRI (fMRI), as a means of tracing brain 

circuitry and testing the modulatory effects of electrical stimulation on a neuronal network 

(Knight et al., 2015; Min et al., 2014; Min et al., 2012). Using this setup, we aimed to trace 

fornix DBS-induced global neural activity. Here, we measured the global blood oxygen 

level-dependent (BOLD) changes following different pharmacological manipulations and 

local dopaminergic neurotransmission in the NAc to determine the functional connectivity 

between the medial limbic and corticolimbic circuits following fornix DBS.

Experimental Procedures

Experimental Overview

Global and local changes associated with fornix stimulation were measured using three 

distinct experimental paradigms: 1) global hemodynamic changes using fMRI during fornix 

stimulation, 2) local neurochemical changes with fornix stimulation, and 3) global changes 

using fMRI pre- and post-NAc intracranial drug microinfusion. All experiments began with 

stimulating lead implantation in the fornix, followed by fMRI and intracranial drug 

microinfusions or carbon fiber microelectrode implantation and FSCV (Figure 1A). In order 

to accurately and consistently implant the DBS electrode lead while minimizing inter-

subject variability, high-resolution image-based targeting was performed as previously 

described (Min et al., 2012; Kim et al., 2013). The DBS electrode was implanted anterior 

and parallel to the medial portion of the fornix, in order to avoid penetrating the tract, as 

damage to these fibers is known to cause memory deficits (Laxton et al., 2010; Tsivilis et 

al., 2008; Vann et al., 2009; Wilson et al., 2008). To confirm that the target matched the 

final location of the electrode, post-surgical CT scans were co-registered with the pre-

surgical magnetization prepared rapid acquisition gradient echo (MPRAGE) scan (Figure 

1C). For each subject, DBS lead contacts one and two were marked on the sagittal plane of 

the swine brain atlas (Figure 1C) (Felix et al., 1999).

Subjects

All study procedures were performed in accordance with the National Institutes of Health 

Guidelines for Animal Research and approved by Mayo Clinic Institutional Animal Care 

and Use Committee. The subject group consisted of 17 normal healthy domestic swine 
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(30±3kg). For all experiments, subjects received high frequency electrical stimulation 

utilizing the parameters: biphasic 3, 5, or 7 V pulses at 130 Hz and pulse width of 150 μsec 

(A-M system optical-isolated pulse stimulator Model 12100, Sequim, WA, USA).

Stereotactic Surgery

DBS electrode targeting and implantation was performed with an MR image-guided Leksell 

stereotactic targeting system (Elekta Inc., Stockholm, Sweden) modified for large animals 

(Min et al., 2012; Kim et al., 2013). A 3 Tesla MR scanner (General Electric Healthcare, 

Wakasha, WI; Signa HDx, 16× software) with a custom four-channel transmit-receive 

radiofrequency coil was used for preoperative anatomical imaging. 3D MPRAGE images 

were used for MR image-based targeting with swine brain atlas and COMPASS navigational 

software (modified for large animals) to determine the Leksell coordinates for stimulation 

target (Felix et al., 1999; Saikali et al., 2010; Shon et al., 2010).

Sedation was maintained with 1.5-3% isoflurane during surgery and 1.5-1.75% isoflurane 

during the fMRI and NAc dopamine recording experiments. Vital signs were continuously 

monitored throughout the procedures. Upon sedation, subjects were implanted with a 

quadripolar (contacts labeled 0, 1, 2, and 3) DBS electrode (Model 3389, Medtronic,Inc.). 

The electrode was positioned 2 mm anterior and parallel to the fornix unilaterally based on 

the brain atlas and anatomical landmarks (e.g., optic chiasm and mammillary bodies) to 

avoid a lesion in the white matter fibers of the fornix (Figure 1B) (Laxton et al., 2010). The 

location of the electrode was confirmed through a post-surgical computer tomography (CT) 

(dual source Somatom definition, Siemens AG) scan (image resolution 0.6 × 0.6 × 0.6 mm) 

which was co-registered using a 6-parameter rigid-body transformation with the pre-surgical 

MPRAGE scan (Figure 1C) (FSL, FM-RIB Analysis group) (Cho et al., 2010; Smith et al., 

2004; Starr et al., 2002).

fMRI Acquisition

Functional imaging was acquired with a custom six channel transmit-receive radiofrequency 

coil using gradient echo-echo planar imaging (GRE-EPI): repetition time (TR) = 3000 ms; 

echo time = 34.1 ms; flip angle = 90°; frequency direction, R/L; field of view = 15 cm × 15 

cm; matrix size = 64 × 64; axial slices 2.4 mm thick with no gap; slice number= 32; spatial 

resolution = 2.34 × 2.34 × 2.4 mm; scan duration = 390 sec; 130 scans; integrated spatial 

spectral pulse was used for fat suppression. For anatomical registration, an additional single 

scan (GRE-EPI) was acquired in the identical orientation as the fMRI. After 5 volumes of 

discarded acquisitions to allow for scanner equilibrium, electrical stimulation was applied in 

a block paradigm with five six-sec-stimulation epochs interspersed with 1 min of rest, with 

10 min of rest between scans.

fMRI Post-Processing and General Linear Model (GLM) Analysis

A standard pre-processing sequence, including slice scan time correction, three dimensional 

motion correction, temporal filtering (High-pass: Fourier basis set = 5 cycles, and low-pass: 

Gaussian filter, full width at half-maximum = 3.1 sec), and spatial smoothing (Gaussian 

filter with full width at half-maximum = 1.1 pixels) was applied to each data set (Brain 

Innovation, BrainVoyager QX, Netherlands). Double-gamma hemodynamic response 
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function (onset = 6 sec, time to response peak = 11 sec, time to undershoot peak = 21 sec, 

response undershoot ratio = 3) correlated voxel-wise BOLD signal changes with the given 

stimulus protocol were calculated by linear regression. For group analysis, the fMRI data 

were co-registered to the anatomical 3D MPRAGE images using acquired 2D GRE-EPI 

images and 3D swine brain atlas, as previously described (Min et al., 2012; Kim et al., 

2013).

Region of Interest (ROI) Definition

The total voxel size of significant change was measured (mm3), and discrete clusters were 

determined by anatomically defined brain structures in the 3D swine brain atlas as the result 

of a multi-subject general linearized model (GLM). To correct for multiple comparisons and 

exclude false positive and negative voxels, only voxels with significance level less than the 

False Discovery Rate (FDR<0.001) were considered. In addition to and separate from the 

FDR, we applied the more stringent Bonferroni correction (p<0.001) to the original data 

(Table 1). The measure of interest was the maximum or minimum event-related BOLD 

response (e.g., the minimum BOLD signal/5 volume average of baseline BOLD signal). 

This BOLD signal intensity change (%), representing minimum or maximum response 

intensities within each cluster, was labeled “BOLD % change” (mean±SEM).

Stereotactic Intracranial Receptor Antagonist Infusion

For unilateral drug microinfusions, the NAc was targeted from the pre-operative MP-RAGE 

image. A 100 μl syringe and small hub removable needle (23 gauge, 2.1 in) were used for all 

drug infusions (Hamilton CO, Reno, NV, USA). A 40 μl volume of vehicle (n=3), the broad-

spectrum ionotropic glutamate receptor antagonist kynurenic acid (10 mg/mL; n=3), or the 

D1/D2 dopamine receptor antagonist α-flupenthixol (30 mg/mL; n=3) was injected at a 

constant rate of 0.3 μl/min into the NAc. Vehicle consisted of one drop of sodium hydroxide 

(0.1 M) in PBS, final pH adjusted to 7.0 with hydrochloric acid (0.1 M). Kynurenic acid was 

dissolved in one drop of sodium hydroxide (0.1 M) in PBS, with final pH adjusted to 7.0 

with hydrochloric acid (0.1 M). α-Flupenthixol was dissolved in PBS, with final pH 

adjusted to 7.0. Microinfusions were performed using the Ultra micro pump with SYS-

Micro4 controller (World Precision Instruments, Inc., Sarasota, FL, USA) mounted to a 

Kopf stereotactic carrier adapted to the head frame. The Hamilton syringe needle was left in 

place for 10 min post-infusion. α-Flupenthixol and kynurenic acid were purchased from 

Sigma-Aldrich (St. Louis, MO, USA).

fMRI scans were performed 1 h after drug infusion. To confirm drug diffusion was 

contained in the NAc, the contrast agent Magnevist (gadopentetate dimeglumine) was 

injected in a similar manner and volume as drug or vehicle and anatomical MPRAGE scan 

was performed (Figure 1B). Changes in DBS-evoked BOLD increases (FDR, p<0.001) pre- 

and post-infusion were evaluated by calculating the difference in the maximum BOLD 

percent change between pre- and post-drug injection within a single subject. Maximum 

BOLD percent change was then compared between groups. In addition to and separate from 

the FDR, we applied the more stringent Bonferroni correction (p<0.001) to the original data. 

The brain areas that survived Bonferroni correction are listed in Table 2.
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Fast Scan Cyclic Voltammetry (FSCV)

Electrochemical recordings were made using conventional carbon fiber microelectrodes, 

fabricated as previously described (Chang et al., 2012). Electrodes had an exposed diameter 

of 7 μm and length of 50–100 μm. The tip of the fiber was placed in the NAc using 

MPRAGE anatomical imaging. FSCV recording was performed using the wireless 

instantaneous neurotransmitter concentration sensor system (Bledsoe et al., 2009; Shon et 

al., 2010). The carbon fiber microelectrode was held at −0.4 V, and triangular waveforms 

(−0.4 to 1.5 V versus Ag/AgCl at 400 V/sec) were applied at 10 Hz. Background subtracted 

cyclic voltammogram currents were obtained by subtracting the average of 10 

voltammograms obtained prior to electrical stimulation (3 V, 130 Hz, 150 μs for 6 sec) from 

each voltammogram obtained after stimulation. The time course of changes in dopamine 

efflux in response to fornix DBS was determined by plotting changes in peak dopamine 

oxidation currents versus time. For FSCV experiments, a 6 sec stimulation was followed by 

a 5 min rest period.

Results

Fornix stimulation DBS results in BOLD increases within the medial limbic and 
corticolimbic circuits

In order to examine global functional connectivity, BOLD changes were measured 

following direct electrical stimulation of the fornix. With fornix stimulation (3 V), BOLD 

signal intensity increases were observed in areas of the medial limbic circuit, including the 

ipsilateral HP, fornix, entorhinal cortex, parahippocampal gyrus, and the mammillary body, 

as well as hippocampal circuit structures, including the inferior temporal gyrus (ITG) as 

measured by BOLD percent change (FDR, p<0.001). There were additional BOLD increases 

within many structures of the corticolimbic circuit following fornix stimulation. Significant 

BOLD increases were observed in the NAc, PFC, AM, ventral tegmental area (VTA), 

substantia nigra, insular cortex, and dorsal anterior cingulate (Figure 2A). Stimulation 

amplitude effect is shown in figure 2B, highlighting the PFC, NAc, AM, and HP. Finally, 

total voxel size of significant change was measured (mm3), and compared as a function of 

stimulation amplitude, revealing that cluster size increased in the PFC, NAc, HP and AM 

(Table 1). Additional structures connecting to the medial limbic structures showed increased 

BOLD response, including the hypothalamus and primary somatosensory cortex. Increased 

stimulation amplitude also resulted in increased cluster size in additional brain structures, 

including many contralateral structures with increased stimulation amplitude (Table 1 & 

Supplementary Figure 1).

Characterization of NAc dopamine efflux in response to fornix electrical stimulation

Dopamine release within the NAc has been linked to a positive BOLD response in the NAc 

(Knutson and Gibbs, 2007). Although the exact role that dopamine release has on BOLD 

response is unclear, it has been shown to have a direct effect on local cortical blood flow 

(Krimer et al., 1998; Zaldivar et al., 2014). Upon observing a dopaminergic corticolimbic 

involvement following fornix electrical stimulation, local real-time dopaminergic 

transmission in the NAc, associated with indirect BOLD changes, was assessed using FSCV. 

As shown in the representative pseudo-color plot in figure 3A, fornix stimulation at 3 V 
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induced a triphasic change in the dopamine signature oxidation current with a stimulation-

time locked peak increase within 8 sec after the initiation of stimulation, followed by a peak 

decrease below pre-stimulation baseline within 24 sec, and thereafter a second peak increase 

within 68 sec returning to pre-stimulation baseline levels by 132 sec. The recorded cyclic 

voltammogram exhibited an oxidation peak at +0.6 V and a reduction peak -0.2 V, 

consistent with the oxidation of dopamine and reduction of the electroformed dopamine 

ortho-quinone, respectively (Figure 3B). Figure 3C shows the current vs. time plot in three 

subjects (Mean±SEM).

NAc intracranial dopamine and glutamate receptor antagonist microinfusions change 
fornix stimulation-evoked BOLD response

Given the ability of fornix stimulation to modulate dopaminergic transmission in the NAc, 

global BOLD changes were determined following pharmacological blockade of dopamine 

and glutamate receptors in the NAc to determine the functional connectivity between the 

medial limbic and corticolimbic circuits (Kim et al., 2013; Min et al., 2012). Rather than 

investigating differential dopamine D1-like and D2-like receptor actions in the NAc the 

D1/D2 dopamine receptor antagonist α-flupenthixol was employed. As shown in Figure 4B, 

intra-NAc microinfusion of α-flupenthixol (n=3) resulted in BOLD decrease in the HP and 

AM, as compared to changes following vehicle microinfusions (Figure 4A). These 

attenuating effects of intra-NAc infusions of α-flupenthixol were decreased in comparison 

within the NAc and PFC (Figure 4D). Cluster size analysis revealed that α-flupenthixol 

caused a global decrease in regions of the corticolimbic and medial limbic circuits, whereas 

vehicle microinfusion resulted in little change compared to pre-infusion (Table 2).

Dopamine release in the NAc regulates the way that GABAergic medium spiny neurons 

(MSNs) respond to limbic (AM and HP) and cortical (PFC) excitatory glutamatergic inputs 

(Floresco, 2015). As shown in figure 4C, intra-NAc microinfusions of the broad-spectrum 

ionotropic glutamate receptor antagonist kynurenic acid (n=3) resulted in a similar decrease 

in the BOLD signal in the AM, and in the PFC and HC, as compared to changes following 

vehicle microinfusion (Figure 4D). The BOLD time course pre- and post-drug injection is 

summarized in supplementary figure 2. Cluster size analysis revealed that kynurenic acid 

injection resulted in specific cluster size decreases in regions of the corticolimbic and medial 

limbic circuits, yet did not change the response in the ITG (Table 2). Microinfusion of the 

MRI contrast agent Magnevist, in a similar manner and volume as drug or vehicle prior to 

anatomical MPRAGE scan, confirmed drug diffusion was contained within the NAc (Figure 

1B).

Discussion

The goal of the present study was to examine the global circuit involvement following 

fornix DBS in an anesthetized large animal model mimicking exploratory therapeutic 

application of DBS in AD patients, and the role of the NAc in propagating the stimulation-

induced global changes in the brain. Our fMRI studies revealed that fornix stimulation 

induced global BOLD increases in medial limbic and corticolimbic circuits. In addition, 

using the real-time neurotransmitter monitoring technique of FSCV, fornix stimulation was 
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found to evoke a triphasic change in dopamine oxidation current (corresponding to 

dopamine efflux) in the NAc. Additional fMRI studies following intracranial microinfusion 

indicated that dopamine or glutamate receptor antagonism in the NAc attenuated fornix 

stimulation-induced activity in the HP and AM. These findings are consistent with the 

hypothesis that fornix DBS drives medial and corticolimbic circuit interaction in a 

functional loop, involving dopaminergic and glutamatergic transmission through the NAc.

Fornix stimulation drives BOLD increases in medial limbic and corticolimbic circuit 
structures

Our results indicated that fornix stimulation induced a positive BOLD response throughout 

many integral structures within the medial limbic and corticolimbic circuits. There has been 

a great deal of basic and clinical work aimed at understanding these circuits and mechanisms 

by which they interact, providing a wealth of information on the contribution to behavior 

and disease (Adcock et al., 2006; Berke and Hyman, 2000; Goto and Grace, 2008; Kelley, 

2004; Luthi and Luscher, 2014; Sesack and Grace, 2010), yet there are few studies 

investigating the global circuit involvement. Fundamental work investigating the role of this 

circuitry in memory has established that autobiographical memory depends on medial limbic 

circuit structures, is centered around the HP, and that normal aging affects engagement of 

the HP during memory recall (Maguire and Frith, 2003; Squire, 1992, 2004). Additional 

investigation into disease-state alterations has revealed that memory deficit, specifically in 

AD, is directly related to decreased hippocampal network connectivity (Buckner et al., 2005; 

Greicius et al., 2004; Nestor et al., 2006; Zhou and Seeley, 2014). Moreover, AD patients 

show increased pathology in regions of this circuitry, including the HP, ventral striatum, and 

the PFC (Arnold et al., 1991; Geula, 1998; Hyman et al., 1984; Selden et al., 1994). As such, 

our results indicate that fornix DBS increases activity within these areas, which could help 

to decipher findings from fornix DBS clinical trials. Results from these studies indicated that 

bilateral fornix DBS resulted in increased glucose metabolism in structures of the medial 

limbic and corticolimbic circuits after one year compared to baseline, which correlated with 

improvements in memory, cognition and quality of life (Laxton et al., 2010). Additionally, 

two patients in this study experienced hippocampal volume increase, possibly resulting from 

increased activity within the HP following fornix DBS (Sankar et al., 2014). Indeed, recent 

studies suggest that electrical stimulation of the brain may promote neurogenesis and pro-

survival effects on existing cells in the HP (Hardenacke et al., 2013).

More recently, convergence of information from the medial limbic circuit and several 

structures within the corticolimbic circuit are thought to play a critical role in memory recall 

that is dependent on motivationally important events (Lisman et al., 2011; Shohamy and 

Adcock, 2010). The PFC, AM, and NAc, in particular, have been shown to contribute to 

cognitive control of memory consolidation and recall (Badre et al., 2014; Hamann et al., 

1999; Lisman and Grace, 2005; Schedlbauer et al., 2014; Scimeca and Badre, 2012; Speer et 

al., 2014). In the present study fornix DBS resulted in increased BOLD response within the 

NAc, PFC, and AM, and this result may help to explain the improvement in memory recall 

as well as play a role in the observed improvements in cognition with fornix DBS.

Ross et al. Page 8

Neuroimage. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Increases in BOLD response were also observed in structures outside of the medial limbic 

and corticolimbic circuits, including the prepyriform and somatosensory cortices. 

Projections between the HP and the prepyriform cortex have been implicated in AD and 

pathology within the prepyriform has been shown in AD patients (Kawaguchi and Simon, 

1997; Reyes et al., 1987). Additionally, the somatosensory cortex has been shown to be 

vulnerable to degeneration early in the progression of AD, although not as susceptible as 

areas in the temporal lobe and frontal and parietal association areas (Geula, 1998). Together, 

these data point to a potential mechanism underlying clinically effective fornix DBS in AD. 

We recognize that our data are an average of the 5 responses following stimulation and that 

attenuation and potentiation may occur through the course of the scan. We would need to 

conduct further experiments to characterize these effects.

Dopaminergic neurotransmission in NAc in response to fornix stimulation

Communication between the HP and the NAc is critical for memory consolidation and 

retrieval (Adcock et al., 2006; Kahn and Shohamy, 2013; Lisman and Grace, 2005; 

Wittmann et al., 2005). Increase of NAc cellular activity following stimulation of the fornix-

fimbria or ventral subiculum in rat (Boeijinga et al., 1993; Boeijinga et al., 1990; Yang and 

Mogenson, 1984, 1985) and cat (Lopes da Silva et al., 1984) have been previously reported. 

These studies, in combination with previous fMRI studies in rats showing BOLD increase in 

NAc following main hippocampal afferent pathway stimulation, are in agreement with the 

present data (Helbing et al., 2013; Krautwald et al., 2015). The HP, VTA, and NAc have 

high intrinsic functional interconnectivity, which provides the framework for this interplay 

(Kahn and Shohamy, 2013). Dopaminergic projections from the VTA to the NAc are 

strongly influenced by medial limbic circuit structures, and glutamatergic afferent 

projections from the HP to the NAc have a strong resultant excitatory effect on dopamine 

synaptic activity (Floresco et al., 2001). Based on this connectivity, functional connections 

between medial limbic and corticolimbic circuits provide a framework for known 

dopaminergic and glutamatergic interactions. Neurochemical and behavioral evidence 

suggests that dopaminergic and glutamatergic synaptic convergence in the NAc provides 

information that dictates cognitive function involved in memory, learning, attention, and 

motivation (Berke and Hyman, 2000; Day et al., 2007; Flagel et al., 2011; Kelley, 2004; 

Pennartz et al., 2011).

Given the observation of increased BOLD changes in NAc, AM, PFC, and the HP, specific 

neurotransmitters involved at the level of the NAc were investigated following fornix DBS. 

We found an initial increase then decrease followed by a relatively long and latent increase 

in dopamine efflux in the NAc following fornix stimulation. The precise neural circuitry 

involved in the modulation of NAc dopamine release by fornix stimulation was not 

definitively determined in the present study. It is important to note that our fMRI 

experiments were cyclical, with a 6 sec stimulation period followed by 60 sec rest, whereas 

the FSCV measurements involved a single stimulation period. These stimulation pattern 

differences could have resulted in qualitatively and/or quantitatively altered dopamine-

release kinetics, which were not addressed here.
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Previous studies in rodents have provided the foundation to address the potential pathways 

involved in DA release in the NAc following fornix stimulation. HP stimulation-evoked 

dopamine efflux is, at least in part, mediated by ionotropic glutamate receptors within the 

NAc (Blaha et al., 1997). The major cell population in the NAc is GABAergic MSNs, with 

predominant extrinsic innervation from excitatory glutamatergic projections from the HP, 

PFC, and AM (Friedman et al., 2002; Kelley and Domesick, 1982; Sesack and Grace, 2010). 

There are several pathways through which fornix stimulation may modulate dopaminergic 

activity in the NAc. The first is a direct monosynaptic pathway that involves glutamatergic 

efferent fibers that project from the ventral subiculum of the HP, through the fornix, and into 

the NAc (Kelley and Domesick, 1982), where they synapse on MSNs in close apposition 

with VTA projection terminals (Totterdell and Smith, 1989). HP afferents to the NAc via the 

fornix are necessary for NAc neurons to enter an active state (O'Donnell and Grace, 1995). 

In addition, there are at least three distinct polysynaptic pathways that provide the neuronal 

framework for dopamine release within the NAc following fornix stimulation. The first 

involves ventral HP glutamatergic projections through the fornix to the NAc to activate 

GABAergic projections to the ventral pallidum to inhibit pallidal GABAergic input to VTA 

dopamine neurons (disinhibition) (Floresco et al., 2001; Valenti et al., 2011), while the 

second involves dorsal HP glutamatergic projections to GABAergic neurons in the lateral 

septum that, in turn, project to GABAergic interneurons in the VTA to also disinhibit VTA 

dopamine neurons (Luo et al., 2011; Rossato et al., 2009). Finally, a third involves an 

excitatory loop with glutamatergic projections from the HP through the fornix to the PFC 

that, in turn, send glutamatergic projections to dopaminergic cells in the VTA (Saunders and 

Aggleton, 2007; Rossato et al., 2009; Luo et al., 2011).

Electrical stimulation (100 Hz) in the ventral subiculum of the HP has previously been 

shown to evoke dopamine release in the NAc in rats, beginning with an initial transient 

increase in the dopamine signal above baseline, followed by an immediate decrease below 

baseline, and thereafter by a prolonged increase in the dopamine signal above baseline, 

which were all blocked by transection of the fimbria-fornix (Blaha et al., 1997). The 

observation that increases in dopamine cell firing is accompanied by an increase in 

dopamine efflux in the NAc suggests that projections from the ventral subiculum of the HP 

may modulate NAc dopamine release via direct changes in dopamine neuron activity both at 

the terminal and cell body level (Floresco et al., 2003; Blaha et al., 1997; Legault et al., 

2000). Recent research has shown that neurons projecting to the NAc are neurochemically 

diverse, and include not only projections that release dopamine, but also glutamate and 

GABA (Stuber et al., 2010; Zhang et al., 2015). This suggests that this mechanism may be 

more complicated and may involve more comprehensive circuit interactions. Based on these 

findings, we next sought to further determine the connectivity and the role of glutamate and 

dopamine receptors within the NAc mediating fornix stimulation.

Intracranial NAc dopamine and glutamate receptor antagonism selectively modulates 
regional connectivity

Dopamine receptors in the NAc play a role in regulating activity in both glutamatergic and 

dopaminergic afferent and efferent projections (David et al., 2005; West et al., 2003). We 

showed that dopamine receptor antagonism decreased BOLD changes in HP and the AM. 
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Dopamine receptors within the NAc have previously been shown to play an integral role in 

memory consolidation and retrieval (Manago et al., 2009; Setlow, 1997). Dopamine 

afferents to the HP arising in the VTA have been shown to play a modulatory role in HP 

activity (Bethus et al., 2010). It has also been shown that striatal activation, including the 

NAc, plays a role in HP-dependent memory formation, possibly by enhancing memory 

consolidation (Wittmann et al., 2005). Concurrent dopamine receptor activation in the NAc 

and AM has also been shown to play a critical role in memory consolidation (LaLumiere et 

al., 2005). Thus, these studies may explain the role of dopamine receptor activation in the 

NAc following fornix stimulation as a possible mechanism underlying fornix DBS 

improvement of cognition and memory in AD patients. We observed that glutamate receptor 

blockade in the NAc also significantly decreased BOLD changes in the HP and the AM. 

Glutamate receptor antagonism in the NAc has been previously shown to block hippocampal 

modulation of VTA cell population activity (Floresco et al., 2001), consistent with this 

finding. Glutamate receptor signaling in the AM, together with dopamine receptor signaling 

in the NAc has been shown to promote motivated behavior (Ramirez et al., 2015; Stuber et 

al., 2011). We showed cluster size decreases throughout corticolimbic and medial limbic 

circuit structures with dopamine and glutamate receptor antagonism compared to vehicle 

microinfusion. We also observed a similar BOLD decrease in the HP and the AM with 

fornix DBS following dopamine and glutamate receptor antagonism. Future studies 

examining the global circuit recruitment are necessary to determine the precise role of 

glutamate and dopamine receptors in the NAc following fornix stimulation. However, this 

study provides fundamental information regarding the global circuit effects and potential 

mechanism behind the observed clinical improvement in cognition and memory recall on 

AD patients receiving fornix DBS.

Conclusion

Our data suggest that clinical fornix DBS may increase neurotransmitter release and 

activation of neural activity in medial limbic and corticolimbic circuit structures, which may 

underlie the observed restoration in basal activity levels within dysregulated circuits. We 

used a swine model due to the large brain volume (∼160 g), which is comparable to the non-

human primate (rhesus macaque: ∼100 g), and with a gyrencephalic cortex, it more closely 

represents human brain anatomy than do the brains of small animal models (Wakeman et al., 

2006). Although there are inherent limitations of translating findings from healthy animals 

to human pathologic conditions, the global and local circuitry effects in this study are 

significant in understanding the functional connectivity and potential mechanisms 

underlying effective fornix DBS modulating pathological brain activity in AD patients. Our 

collective findings compliment previous reports of circuit connectivity between the medial 

and corticolimbic circuits and provide a foundation for multimodal functional organization 

studies of the global impact of local pharmacological manipulations. Our study indicates that 

fornix stimulation drives medial and corticolimbic circuit interactions in a functional loop, 

which is partially involving regulation of major excitatory input into and through the NAc.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Fornix deep brain stimulation results in hemodynamic increases in medial 

limbic and corticolimbic circuit structures

• Fornix deep brain stimulation results in triphasic dopamine release in the 

nucleus accumbens

• Fornix deep brain stimulation-induced hemodynamic increases in the 

hippocampus and amygdala are at least partially dependent on circuit 

involvement via the nucleus accumbens
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Figure 1. 
Experimental setup and DBS electrode target confirmation. (A) Experimental timeline of the 

three distinct experimental paradigms. (B) Contrast agent intracranial microinjection into 

NAc for drug injection target and diffusion confirmation. (C) CT-based DBS electrode 

target confirmation pre-surgical MRI and post-surgical CT showing the electrode contacts 0, 

and 1. Anatomical confirmation of the DBS lead for each subject marked on the axial plane 

of the swine atlas (reprinted from (Felix et al., 1999) with permission from Elsevier, 

copyright 1999). Abbreviations: AM, medial anterior thalamic nucleus; CA, anterior 

commissure; CH, habenular commissure; CP, posterior commissure; DM dorsal medial 

thalamic nucleus; Fx, Fornix; Hip, Hippocampus; HM, medial habenular nucleus; PTM, 

medial pretectal nucleus; V1, first ventricle; V3, third ventricle.
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Figure 2. 
fMRI BOLD effects following fornix stimulation. (A) Fornix DBS-evoked positive BOLD 

responses in medial limbic and corticolimbic structures (3 V, 130 Hz, 150 μsec pulse width). 

(B) BOLD signal intensity change (%) following fornix DBS. The representative BOLD 

signal intensity change (y axis) for all subjects (n=5), five stimulation blocks averaged in 

each volume of interest. Abbreviations: AM, amygdala; BOLD, blood oxygenation-level 

dependent; dACC, dorsal anterior cingulate cortex; EC, entorhinal cortex; Ins, Insular 

cortex; DBS, deep brain stimulation; HP, hippocampus; PHG, parahippocampus; ITG, 

inferior temporal gyrus; NAc, nucleus accumbens; S, septum; SN/VTA, substantia nigra/

ventral tegmental area; aPFC, anterior prefrontal cortex; Stim, stimulation.
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Figure 3. 
Fornix DBS (3 V, 130 Hz, 150 μsec) evoked DA release in the NAc. (A) Fornix DBS results 

in biphasic DA release. Representative three-dimensional color plot from a single subject 

shows stimulation (6 sec) time-locked and latent DA response. Background subtraction (1). 

(B) Representative cyclic voltammogram depicted from color plot (2). (C) Current versus 

time plot at +0.6 V showing DA (black line) release following electrical stimulation ±SEM 

(grey bars) (n=3, 2 samples per subject).
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Figure 4. 
fMRI BOLD changes following intracranial drug microinfusion in NAc. (A) Representative 

brain atlas slice showing stimulation-induced BOLD response pre- and post-vehicle 

microinfusion (3 V, 130Hz, 150 μsec). (B) Representative brain atlas slice showing BOLD 

response pre- and post- flupenthixol microinfusion. (C) Representative brain atlas slice 

showing BOLD response pre- and post-kynurenic acid microinfusion. (D) The peak BOLD 

% change pre- and post-drug microinfusion of vehicle, kynurenic acid as a general 

ionotropic glutamate receptor antagonist, or flupenthixol microinfusion as a general D1/D2 

receptor antagonist (n=3 per treatment group). Abbreviations: Abbreviations: AM, 

amygdala; aPFC, anterior prefrontal cortex; dACC, dorsal anterior cingulate cortex; HP, 

hippocampus; Ins, insular cortex; ITG, inferior temporal gyrus; NAc, nucleus accumbens; 

Veh, vehicle; KA, kynurenic acid; Flu, α-flupenthixol.
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