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Abstract

Deep brain stimulation (DBS) of the subgenual cingulate gyrus (SCG) has been used to treat 

patients with treatment-resistant depression. As in humans, DBS applied to the ventromedial 

prefrontal cortex of rats induces antidepressant-like responses. Physiological interactions between 

structures that play a role in depression and antidepressant treatment are still unknown. The 

present study examined the effect of DBS on inter-region communication by measuring the 

coherence of local field potentials in the rat infralimbic cortex (IL; homologue of the SCG) and 

one of its major afferents, the ventral hippocampus (VH). Rats received daily IL DBS treatment 

(100 μA, 90 μs, 130 Hz; 8 h/day). Recordings were conducted in unrestrained, behaving animals 

on the day before treatment, after 1 and 10 days of treatment, and 10 days stimulation offset. VH-

IL coherence in the 2–4 Hz range was reduced in DBS-treated animals compared with shams after 

10 days, but not after only 1 day of treatment. No effect of DBS was observed in the 6–10 Hz 

(theta) range, where coherence was generally high and could be further evoked with a loud 

auditory stimulus. Finally, coherence was not affected by fluoxetine (10 mg/kg), suggesting that 

the effects of DBS were not likely mediated by increased serotonin levels. While these data 

support the hypothesis that DBS disrupts communication between regions important for 

expectation-based control of emotion, they also suggest that lasting physiological effects require 

many days of treatment and, furthermore, may be specific to lower-frequency patterns, the nature 

and scope of which await further investigation.

☆NI, MP and CH designed the experiments; NI and MP performed the experiments; NI analyzed the data; NI, JN, WDH, KT, and CH 
wrote the paper.
*Corresponding author at: Research Imaging Centre, Centre for Addiction and Mental Health, 250 College Street, Toronto, ON 
M6T1R8, Canada. Fax: +1 416 979 4739. nathan.insel@utoronto.ca (N. Insel). 

Conflicts of interest
CH is a consultant to St Jude Medical.

Exp Neurol. Author manuscript; available in PMC 2017 October 09.
Published in final edited form as:

Exp Neurol. 2015 July ; 269: 1–7. doi:10.1016/j.expneurol.2015.03.023.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



Keywords

Depression; Oscillations; Synchrony; Delta; Functional connectivity

Introduction

Deep brain stimulation (DBS) of the subgenual cingulate gyrus (SCG) can be effective at 

alleviating depression symptoms in patients who are otherwise treatment-resistant (Mayberg 

et al., 2005; Lozano et al., 2008). Previous experiments from our lab have found that DBS 

applied to the rodent ventral medial prefrontal cortex (vmPFC) can also induce 

antidepressant-like effects (Hamani et al., 2010, 2012, 2014). This treatment model has 

provided a tool to directly probe how the nervous system is affected by stimulation and how 

physiological consequences are linked to depression. For example, recent work found that 

patterns of immediate early gene (IEG) expression across regions become less correlated 

between animals who have received vmPFC stimulation compared with correlations between 

non-stimulated animals (Hamani et al., 2014; Wheeler et al., 2013). This observation can be 

considered alongside demonstrations that brains of depressed patients exhibit abnormally 

high activity correlations (“functional connectivity”) between the SCG and connected 

regions (Greicius et al., 2007; Berman et al., 2011; Zeng et al., 2012; Sambataro et al., 2013; 

Davey et al., 2012), raising the question of whether DBS may disrupt communication 

between brain networks that become pathologically hyperactive in depression. Precisely how 

DBS affects neural signaling between brain regions, and which physiological processes 

might underlie depression-related changes in inter-region activity correlations, remains 

unclear.

In the present set of experiments we test the hypothesis that chronic stimulation of the 

vmPFC disrupts communication with a major afferent, the ventral hippocampus (VH). We 

specifically target the infralimbic cortex (IL), because this region in particular may be part of 

the rodent homologue of the SCG, and because it shows the highest density of projections 

from VH (Swanson, 1981). We record local field potentials (LFPs) from both regions in 

freely-moving rats before as well as after multiple days of high-frequency electrical 

stimulation.

Methods

Experimental subjects, surgeries, and histology

All procedures were approved by the University of Toronto Animal Care Committee and the 

Animal Care Committee of the Centre for Addiction and Mental Health. Experimental 

subjects were 15 male, Sprague–Dawley rats between 2 1/2 to 4 months old (Charles River). 

Following habituation to our animal facility, the animals were randomly assigned to those 

receiving DBS (n = 8) or sham stimulation (n = 7; electrodes implanted with no stimulation 

being delivered).

Surgeries were performed under isoflurane anesthesia. In each rat, monopolar stimulating 

electrodes (250 μm diameter with approximately 100 μm of insulation removed at tips) were 
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placed bilaterally into the IL (3.0 mm anterior and 0.8 mm to the left and right of bregma 

lowered 4.4 mm ventral from the brain surface). One stainless steel (76 μm diameter bare, 

140 μm coated) electrode was twisted around the right-side stimulating electrode to record 

local field potentials (LFPs), with tips of the two electrodes estimated to be 50 to 200 μm 

from one-another. Using different electrodes for stimulation and recording ensured that 

observed physiological changes could not be explained by stimulation effects on the tissue 

immediately adjacent to the electrode tip. A second LFP recording electrode was placed in 

the CA1 subfield of the ventral hippocampus (6 mm posterior and 5.7 mm to the right of 

bregma, lowered 6.2 mm from the brain surface). Approximate target locations are 

illustrated in Fig. 1A. A third stainless steel electrode was implanted into the cerebellum to 

be used as reference. A ground screw placed above the parietal cortex was wired to the 

ground of the recording equipment and used as an alternative reference channel. Rats were 

given at least two days of recovery from implantation surgery before recordings and 

treatment began.

Following the experiment, the rats were administered an overdose of sodium pentobarbital 

and perfused with 4% paraformaldehyde. Electrode location was confirmed in Nissl-stained 

sections (Fig. 1B).

Schedule of recording sessions and treatments

Fig. 1C shows the timeline of the experiments. Each recording session took place in a 50 × 

50 cm square box where rats were allowed to move freely and involved three recording 

epochs. The first fifteen minutes of the session together constituted the “spontaneous 

behavior” epoch. This was followed by the “auditory stimulation” epoch, during which a 

brief auditory tone (100 ms, 2.5 kHz, 95 DB) was presented from speakers placed 50 cm 

above the rat. The tone was repeated 80 times over 33 min, each pulse presented between 

20–30 s following the previous. The purpose of the auditory stimulation was to evoke 

attentional responses that provided a temporal reference for the analysis of neural activity. 

Following auditory stimulation, recording sessions continued for another 45 min, the “rest” 

epoch, to allow further investigation of physiological patterns across animals' activity states.

Data were collected in 5 or 6 recording sessions for each rat. The first recording session took 

place one day prior to the first day of DBS or sham treatment (Day 0). Other recording 

sessions took place in the evening or night (near the transition of rats' dark-to-light cycles) 

after 1 day of treatment, after 10 days of treatment, and 10 days following the termination of 

treatment (Day Post-10). An additional recording session took place (Day Post-1 or Post-11) 

while rats were injected with the selective serotonin reuptake inhibitor (SSRI) fluoxetine (10 

mg/kg). As a control for the effects of injections, a subset of animals (4 DBS, 3 sham) was 

also recorded from after a single saline injection (Day Post-1). During injection days, 

protocols included pre- (15 min) and post-injection (30 min) baseline recording periods. 

These epochs were followed by a 33 min auditory stimulation epoch and a shortened 

(approximately 20 min) rest epoch.

DBS treatments consisted of 8 continuous hours of unipolar stimulation (90 μs pulses of 100 

μA at 130 Hz) delivered bilaterally to the IL. Treatments were administered in each rat's 

homecage by a handheld medical stimulator (St. Jude Medical model 6510; Plano, Texas), 
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interfaced by a headcap and cable (Plastics One, Roanoke, VA) and commutator to ensure 

freedom of movement. Rats receiving sham stimulation were connected on the same days 

that DBS rats were connected but stimulators were not turned on.

Data collection

Behavioral and neural data were acquired during each recording session. Movements were 

monitored by an overhead camera (14 Hz frame rate) tracking red LEDs attached to the 

headcap. Movement data was synchronized with neural data using a custom-built program in 

Python (https://www.python.org/) implementing the OpenCV library (http://opencv.org/). 

Position information was computed from video using a custom-written program in 

MATLAB (MathWorks; Natick, MA). Neural data was collected using a Tucker Davis 

Technologies (Alachua, FL) RZ5D system and consisted of LFPs sampled at 2034 Hz and 

filtered between 0.1 and 400 Hz, collected from the right infralimbic cortex and the right 

ventral hippocampus. All were referenced against the cerebellar electrode. The cerebellar 

reference electrode was recorded against the ground screw to allow for re-referencing.

Data analysis

Coherence during spontaneous behavior—All analyses were implemented in 

MATLAB. Coherence measures relied on a multitaper technique provided within the 

Chronux toolbox (http://www.chronux.org/). LFP signals during the first 15 min of 

recording (the spontaneous behavior epoch) were segmented into non-overlapping, 10 s 

windows. Three to five tapers were applied to each window and a Fast-Fourier Transform 

was used to compute spectra of LFPs recorded in each individual regions and the cross 

spectra between regions. Coherence was defined as the square of the cross-spectra divided 

by the product of the individual spectra (i.e., magnitude squared coherence). These scores 

were then averaged across windows. The frequency resolution for the chosen sampling rate 

and window length was 0.06 Hz.

Signal amplitude during spontaneous behavior—LFP signal amplitude can vary 

according to non-physiological factors such as electrode impedance and precise position. To 

standardize measurements of LFP spectra across animals we used the relative amplitude of 

one frequency component compared with another. As described in the Results, theta (6 to 10 

Hz) coherence was not found to significantly change with DBS treatments; we therefore 

used the ratio of 2–4 Hz to theta amplitude as our dependent variable.

Movement and coherence—Instantaneous velocity was computed for each 14 Hz (about 

71 ms) sampled video interval from the position information. To reduce the impact of jitter, 

video data were first smoothed by convolving with a 10-sample (roughly 700 ms) hamming 

window (analyses were additionally run on non-smoothed data for confirmation). Total 

movement in a session was then calculated as the cumulative sum of instantaneous velocity 

divided by the video sampling rate. Orienting responses to the auditory stimulus were 

quantified by averaging the stimulus-aligned instantaneous velocity traces. The relationship 

between LFP coherence and movement was evaluated by binning instantaneous velocity 

vectors into 714 ms intervals (i.e., converting 14 Hz signals to 1.4 Hz). From these, 80 bins 

were selected at random that fell within 1 cm/s intervals, up to 20 cm/s. The 80 bins for a 
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given velocity window were treated as “trials,” over which signal amplitude and coherence 

were computed at both 2–4 Hz and 6–10 Hz frequency bands.

Stimulus-related coherence and amplitude—Instantaneous measures of amplitude 

and coherence were computed so that stimulus-related changes could be evaluated. 

Amplitude of 2–4 Hz and 6–10 Hz LFP patterns was computed by first filtering the signals 

at the respective frequency bands with a 3rd order, Chebyshev Type I filter and then taking 

the absolute value of the Hilbert transformation. For improved temporal resolution, phase 

correlations were measured not with magnitude squared coherence but by using a phase 

synchronization method. To compute phase differences between the two regions, signals 

were 1) filtered as just described, 2) transformed using the Hilbert transform, 3) converted to 

phase values by taking the arctangent of real and imaginary components, 4) subtracted one 

from the other using circular subtraction, and 5) the result was averaged over window 

lengths of 500 ms (2–4 Hz) or 200 ms (6–10 Hz), stepped at 250 and 100 ms respectively.

Significance testing—Significance was assessed by comparing scores between animal 

groups, as described on a case-by-case basis in the Results. In most cases, scores across 

animals were assumed to vary according to a Gaussian distribution, and we therefore often 

applied t-tests and ANOVAs.

Results

Effects of DBS on VH-IL coherence during spontaneous behavior

Coherence between the ventral hippocampus and the infralimbic cortex was significantly 

reduced in low frequency bands following 10 days of DBS treatment as compared against 

sham controls (Fig. 2A). To control for behavioral state, these initial analyses considered 

only the first 15 min after rats were placed in the environment before auditory cues were 

presented (i.e., the spontaneous behavior epoch). The coherence difference during this time 

exceeded 99% confidence limits (estimated using independent sample t-tests) for a 

continuous frequency range between 1.3 to 4.3 Hz, but was particularly robust between 2 to 

4 Hz (Fig. 2B; independent sample t-test comparing 2–4 Hz coherence in sham and DBS: p 

= 3.6 × 10−3; paired t-test on DBS group day 10 vs. day 0: p = 0.022; 2-way repeated 

measures ANOVA test for interaction between treatment and stimulation day: F(3,56) = 

3.61, p = 0.023). Although some frequency bins within the 10–15 Hz range met the 99% 

criteria, there were notably no differences in the 6–10 Hz (theta) band, where coherence 

between the two regions was highest, or in frequencies above 15 Hz (computed for all 

frequency bins below 100 Hz).

To gain more information on whether DBS influenced the VH-IL connection specifically, or 

whether it caused more general changes in 2–4 Hz brain activity, we examined DBS effects 

on LFPs separately in each region. Low frequency (2–4 Hz) amplitude was measured 

relative to theta amplitude to control for electrode impedance and other non-physiological 

variables (see Methods). In the IL, the ratio of 2–4 Hz to theta amplitude did not differ 

between DBS and sham animals either before treatment (independent sample t-test: p = 

0.84) or after ten days of treatment (p = 0.94; Figs. 2C & D). In the VH, no difference was 

observed before treatment (p = 0.21) but there appeared to be reduced, relative 2–4 Hz 
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amplitude in the DBS animals over days (t-test between groups at 10 days: p = 0.074, 

significant using a one-tailed test; repeated measures ANOVA test for interaction between 

treatment group and relative 2–4 Hz amplitude across days: F(3,56) = 3.89, p = 0.017; Figs. 

2E & F). Additionally, the relative amplitude of hippocampal 2–4 Hz activity was directly 

correlated with coherence between the regions (r = 0.57, p = 0.028). The data were thus 

consistent with a general or indirect effect of DBS on brain activity in the 2–4 Hz range.

We next investigated the relationship between coherence changes and behavior. If VH-IL 

coherence is correlated with behavior on a moment-by-moment basis, then it raises the 

question of whether the physiological change is an epiphenomenon of altered behavior. 

Instantaneous velocity was computed for each ~70 ms interval (14 Hz—the temporal 

resolution of the camera) of each recording session. No differences were observed in the 

average, cumulative movement of DBS and sham-treated animals after ten days of 

stimulation (Fig. 3A; independent sample t-test at 15 min: p = 0.17, at 100 min: p = 0.36). 

Nor were movement responses found to differ between the two groups when rats were 

presented with a loud auditory stimulus (Fig. 3B; two-sample t-test of cue-locked averages 

of instantaneous velocity, at peak response: p = 0.82). Moreover, VH-IL coherence in the 2–

4 Hz range did not vary with how fast the rat was moving at a given time (Fig. 3C, top-left 

panels). This was evaluated statistically by applying a regression model that included 

variables for velocity, day, treatment group, and an interaction variable of treatment group-

by-day. Only coefficients for treatment group and the group-by-day interaction variable 

statistically differed from zero (based on both 95 and 99% confidence limits). In contrast, 

coherence in the theta band changed across days, but no interaction was observed between 

treatment group and days (again based on both 95% and 99% confidence limits). Although 

coherence did not vary with velocity, the amplitude of both 2–4 Hz and theta activity did. 

This was true in both the VH (Fig. 3C, middle panels) and the IL (lower panels).

Effects of DBS on VH-IL coherence following stimulus presentation

To gain more insight into the underlying cognitive or computational processes that 2–4 Hz 

coherence between VH and IL may relate to, we examined how coherence was affected by 

the presentation of a loud auditory cue (during which rats were arguably in an alert, 

attentive, and potentially anxious state). Presentation of an auditory stimulus evoked several 

characteristic LFP wave patterns in both the IL and VH (Figs. 4A & B). The relative 

contribution of 2–4 Hz and theta oscillations to these “event related potentials,” were 

assessed by comparing the amplitudes of the two frequency bands immediately before 

versus after cue presentation (i.e., based on cue-locked averages of the filtered and rectified 

signals). Activity in the theta frequency was significantly increased in both regions during 

the first one-second after stimulus-presentation relative to the preceding second (Figs. 4C & 

D; n = 15 rats, t-test comparing z-score normalized averages on the pre-treatment, Day 0 

session; IL: p = 4.1 × 10−4; VH: p = 0.03). In contrast, taking into account a slightly longer 

time period, slower, 2–4 Hz activity patterns decreased in both regions following 

presentation of sounds (Figs. 4E & F; comparing 2 s after vs. 2 s before, IL: p = 0.0065, VC: 

p = 0.012). Stimulus-evoked effects on coherence between regions paralleled changes in 

power, with increases observed in theta coherence (Fig. 4G; measured continuously using a 

phase synchrony method, as described in Methods; p = 0.040), and decreases in the 2–4 Hz 
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band (Fig. 4H; p = 0.023). Note that while significant increases in theta synchrony following 

stimulus presentation were also observed on all subsequent recording sessions, the decreases 

in 2–4 Hz synchrony were only observed on Day 0. Altogether, however, there was no 

evidence that stimulus-evoked changes were influenced by DBS treatment (Figs. 4I & J).

Effects of fluoxetine on VH-IL coherence

The most common pharmacological treatment for depression is selective serotonin reuptake 

inhibitors (SSRIs), which can acutely increasing synaptic serotonin levels throughout the 

brain, including within the medial prefrontal cortex (Beyer and Cremers, 2008) and the 

hippocampus (Sabol et al., 1992). To determine whether serotonin increases influence VH-

IL coherence, we recorded from the same rats that had received DBS or sham treatments 

after they had been injected with the SSRI fluoxetine (n = 15) and, during a separate session, 

injected with saline (n = 7). Comparisons between fluoxetine and saline values failed 

significance testing for all individual frequency bins (independent sample t-tests, alpha = 

0.05; Fig. 5A) and for õaveraged values within the 2–4 Hz band (p = 0.66). There were also 

no interactions between prior DBS treatment and fluoxetine injection on coherence spectra 

(Fig. 5B). Fluoxetine did not decrease the amplitude of 2–4 Hz activity, relative to theta 

amplitude, in either the IL (Fig. 5C) or VH (Fig. 5D). Finally, fluoxetine did not appear to 

influence the degree to which IL-VH phase synchronization was affected by presentation of 

the auditory stimulus (Figs. 5E & F).

Discussion

The present experiments were designed to investigate the hypothesis that DBS treatments of 

depression reduce communication between specific neural pathways thought to be 

overactive in depressed patients. We specifically chose to examine the IL because of 

convergent evidence that the human homologue, the SCG, behaves abnormally in depression 

(Mayberg et al., 1999; Kennedy et al., 2001; Drevets et al., 2002), and chose the VH because 

it provides a major, unreciprocated projection to the IL (Swanson, 1981; Jay et al., 1989; Jay 

and Witter, 1991; Hoover and Vertes, 2007; Jones and Witter, 2007). To make inferences 

about communication between these regions we measured coherence of the respective local 

field potentials. The data confirmed that VH and IL activity become less correlated 

following DBS treatments, but the reduction is primarily restricted to the 2–4 Hz frequency 

band. Changes were not evident after a single day of treatment, but could be observed after 

ten days. They also were strongest when rats were awake and spontaneously exploring the 

environment, although they did not vary with movement speed on a moment-by-moment 

basis, suggesting that the communication change was relevant for online processing but was 

not directly driven by, or driving, sensorimotor activity.

This experiment had several limitations. Most notable was the inability to record neural 

signals during the stimulation itself. However, although clinical studies report immediate 

effects of SCG DBS, they also report progressive improvements in depressive symptoms 

over the course of weeks and months, which can be subsequently maintained for several 

weeks following cessation of stimulation (e.g., Mayberg et al., 2005). It is therefore 

interesting that the physiological effects observed in the present study were observed only at 
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the longer, 10 day time point, and not after only one day, suggesting that only long-term 

treatment was sufficient to induce those plasticity processes supporting the coherence 

changes.

What, then, might be the specific plasticity processes that result in altered coherence after 

ten days of DBS treatment? This question speaks to a second limitation of the experiment: 

by targeting the VH-IL circuit specifically, it is difficult to know whether the coherence 

changes were unique to this circuit or reflected more global changes in brain activity. 

Synapses connecting VH to IL can be modified by experience (reviewed by Laroche et al., 

2000), and a straightforward explanation of DBS-mediated coherence reductions is reduced 

synaptic strength resulting from chronic stimulation of the post-synaptic area (the IL) in the 

absence of chronic presynaptic (VH) neuron activity. However, two other observations seem 

inconsistent with this view. First, coherence changes were not observed in the theta 

frequency band, within which these regions are known to interact; it is not clear why 

generalized decreases in synaptic depression might only affect low-frequency activity 

correlations. Second, decreased 2–4 Hz coherence was correlated with, and therefore 

potentially a result of, decreased 2–4 Hz activity patterns locally within the VH (notably, not 

in the IL) as measured by amplitude relative to the 6–10 Hz theta frequency. These 

observations can be considered alongside other data on hippocampal–prefrontal coherence 

patterns to build a case for a more generalized effect of IL stimulation, one that may also 

include the catecholamine system.

VH-IL coherence in both treatment groups was strongest within the 6 to 10 Hz theta 

frequency band. These data are consistent with previous examinations of communication 

between the medial prefrontal cortex and hippocampus of rodents (Siapas et al., 2005; Jones 

and Wilson, 2005a, 2005b; Hyman et al., 2005, 2010; Sirota et al., 2008; Hartwich et al., 

2009; Young and McNaughton, 2009; Adhikari et al., 2010; Benchenane et al., 2010; also 

reviewed by Colgin, 2011). Most research in this area has looked at neural activity 

correlations between the dorsal hippocampus and the prelimbic cortex, located just dorsal to 

the IL, and patterns have been linked to cognitive variables such as working memory (Jones 

and Wilson, 2005b; Hyman et al., 2005) and expectation-based decision-making 

(Benchenane et al., 2010). Meanwhile, coherence between the VH and the prelimbic cortex 

has been linked to anxiety (Adhikari et al., 2010). This is not inconsistent with the present 

observation that theta amplitude and coherence increases following presentation of loud 

auditory cues.

Importantly, we found that DBS did not affect theta coherence, but rather coherence in the 2 

to 4 Hz band. In contrast with theta, correlated activity patterns in the 2 to 4 Hz range during 

waking have been treated with less depth and may in some cases have been overlooked. 

Spectral power in this range is normally referred to as either “delta” or “slow-theta.” 

Although delta is defined as 1–4 Hz activity, it is typically used to refer to a specific 

phenomenon taking place during non-REM sleep, characterized by transitions between low-

activity (“DOWN”) to high-activity (“UP”) network states, and mediated by interactions 

between cortex and thalamus (Steriade et al., 1993). In the present study, coherence between 

2 and 4 Hz was not found to change between movement and non-movement. Theta 

oscillations, meanwhile, can be as slow as 4 Hz, particularly in motionless animals (referred 
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to by Vanderwolf and colleagues as Type II theta; Kramis et al., 1975). In the present 

experiment, the strong theta oscillation at 6 to 10 Hz exhibited very different relationships to 

movement speed and tone presentation compared with 2 to 4 Hz activity. Taken together, it 

is possible that 2–4 Hz coherence shares neither the same mechanisms nor the same 

functions as theta or sleep-related delta oscillations. What those mechanisms and functions 

are, however, remains unclear. The most thorough examination of this frequency band in the 

behaving rodent may be that of Fujisawa and Buzsáki (2011), who found that coherence 

between 2 and 5 Hz increased between the ventral tegmental area (VTA) and prelimbic 

cortex during an odor-to-place matching task, and that this oscillation was phase-coupled 

with theta in the dorsal hippocampus. This report extended previous observations that VTA 

neurons often fire action potentials at regular intervals of 4 Hz (Hyland et al., 2002; Paladini 

and Tepper, 1999; Bayer et al., 2007; Dzirasa et al., 2010; Kobayashi and Schultz, 2008). 

Hippocampal–prefrontal coherence in the 4 Hz band can also increase when dopamine is 

injection directly into the prefrontal cortex (Benchenane et al., 2010). The emphasis on 

dopamine in these examples may be misleading, in that the dopamine system has received 

disproportionate experimental attention, and might be only one of many systems 

participating in neural changes at 2 to 4 Hz. In the present experiment, coherence in this 

frequency domain was not found to be influenced by fiuoxetine injection, and therefore is 

unlikely to be related to serotonin concentrations.

Aside from the question about the underlying mechanisms of 2–4 Hz coherence changes is 

the question of how these observations can be used to inform clinical diagnosis or treatment. 

Previous work using electroencephalograms (EEGs) to examine inter-region coherence in 

depressed versus control patients have yielded complex results, with differences found in the 

proximity of electrode pairs, their hemisphere, and frequency bands (Fingelkurts et al., 

2007; Leuchter et al., 2012). The effects on EEG of treatment with SCG DBS are also 

complex, although generally appear to make depressed brains appear more similar to non-

depressed controls (Broadway et al., 2012; Quraan et al., 2014). The source of complexity in 

these results is unclear, and might reflect effects from any number of interacting variables 

common to human depression or its treatment-related relief. By identifying a particular 

frequency band affected by frontal DBS within a particular neural circuit, and controlling for 

many potential confounds in clinical populations by using an animal model that has not been 

otherwise manipulated, the present results may be tapping into a primary consequence of 

stimulation treatments. Future clinical examinations may therefore find value in focusing on 

2–4 Hz activity in the hippocampus (such as by using LORETA or other advanced 

localization techniques), or other affected regions, as a marker for the primary effects of 

SCG DBS on the brain.

In summary, the present data provide evidence consistent with the theory that chronic DBS 

treatments disrupt communication between regions of the limbic system, namely, the VH 

and IL. They are consistent with the hypothesis that depression involves hyperactive 

communication between emotion-processing regions of the brain that include the IL, while 

also raising a number of questions about the source, scope, and function of brain oscillations 

in the 2 to 4 Hz range.
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Fig. 1. 
Experimental design. A) Illustration of a rat brain horizontal section roughly 5.3 mm ventral 

from bregma (Paxinos and Watson, 1998). Black circles show approximate target locations 

for the bilateral IL stimulating/recording electrodes and the VH stimulating electrode. B) 

Nissl-stained coronal sections showing example electrode tracks and estimated tip location 

in one rat brain for both the IL (left) and hippocampal (right) electrodes. Arrows point to 

estimated electrode tip locations. C) Timeline of epochs within a session, for all non-

injection sessions. D) Timeline of treatment and recording sessions. Recordings were 

performed on the day before treatment, following 1 and 10 days of treatment, and 1, 10, and 

11 days after treatment ended; on Post-Day 1 and 11 rats were treated with either fluoxetine 

or saline (dashed lines).
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Fig. 2. 
LFP coherence and amplitude across days. A) Coherence spectra for VH and IL LFP 

recordings for DBS-treated rats (black) and sham-treated animals (gray) during the 

spontaneous behavior epochs on days 0, 1, 10, and post-10 (top to bottom panels; mean ± 

s.e.m.). Inset in Day 10 panel shows the inverse of the statistical probability (1/p) that values 

from both groups were sampled from the same distribution, dashed horizontal line is the 

99% confidence interval. A robust effect of DBS was observed only after 10 days of 

treatment in the 2–4 Hz range. B) Difference between 2–4 Hz, VH-IL coherence across days 

of treatment (error bars are s.e.m.). C) LFP spectral density in the IL, relative to the 

maximum amplitude within the 6 to 10 Hz (theta) band, following 10 days of treatment. No 

differences were observed in relative signal amplitude between DBS- and sham-treated 

animals at any frequency bin. D) Amplitude of 2–4 Hz-to-theta LFP signals in the IL across 

treatment days. E & F) As in C & D respectively, but for VH. In contrast with IL, rats treated 

with sham stimulation appeared to have stronger 2–4 Hz patterns than DBS-treated rats after 

10 days of treatment.
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Fig. 3. 
Movement and coherence. A) Cumulative head movements over the course of 100 min 

during the Day 10 session for DBS (black) and sham (gray) treated rats. There were no 

significant differences between groups in the amount the rats moved during the session. B) 

Head movement responses to the auditory stimulus, also on session Day 10. The orienting, 

or startle, movements reached a maximum around 300 ms after cue onset, but neither latency 

nor magnitude of the movements differed between the two treatment groups. C) The 2–4 Hz 

coherence between VH and IL (top panels) and relative amplitude within each region 

(middle and bottom panels) on Day 0 (left column) and Day 10 (right column) across 

velocity bins. In this case, relative amplitude refers to value z-scores across velocity bins; 

i.e., the middle and lower plots illustrate only whether or not DBS and sham rats differed in 

the degree to which the strength of 2–4 Hz signals were affected by the rat's movement 

speed. Although signal amplitude appeared to be affected by speed, coherence between 

regions did not, and coherence in DBS-treated rats differed from sham controls across all 

velocity bins (upper right panel). D) As in C, but for theta patterns. Theta amplitude was 

related to movement speed in both treatment groups.
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Fig. 4. 
Neural response to auditory stimulation. A & B) The averaged LFP (i.e., “event related 

potential,” or ERP) aligned over presentations of the auditory stimulus (zero on x-axis) on 

recording Day 0, for IL (A) and VH (B) electrodes. Thin lines above and below thicker trace 

are s.e.m. of values across rats. Several notable components appear in the across-animal 

averages, although these are difficult to interpret since precise electrode positions differed 

between animals, resulting in different fields of electrical sources and sinks. C & D) 

Averaged LFP theta amplitude for IL (C) and VH (D) electrodes on Day 0. LFP signals were 

filtered and rectified before averages were computed. Theta amplitude increased strongly in 

both recorded regions for nearly one second following stimulus presentation. E & F) 

Averaged LFP 2–4 Hz amplitude for IL (E) and VH (F) electrodes on Day 0. In contrast with 

theta amplitude, 2–4 Hz signals decreased following stimulation. Note that the initial early 

peak is likely an artifact from an initial broadband activity spike following stimulus onset. 

G) VH-IL theta phase synchrony, aligned and averaged across presentations of the auditory 

stimulus. Theta synchrony increased in the seconds following stimulus onset, suggesting that 

the theta amplitude increases in the two regions (C & D) were in phase with one-another. H) 

VH-IL 2–4 Hz phase synchrony averaged across presentations of the auditory stimulus. 

Synchronization decreased in the seconds following stimulus onset on Day 0. I) Degree of 

change, in standard deviations, of theta amplitude (first and second bar pairs) and coherence 

(third bar pair) for DBS (filled bars) and sham (unfilled bars) rats on treatment Day 10. 

There was no evidence for a differential effect of the auditory stimulus in DBS- compared 

with sham-treated animals. J) Same as in I, but for 2–4 Hz coherence. Once again, no 

differences were observed between DBS and sham-treated animals in the neural response to 

auditory stimuli.
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Fig. 5. 
LFP coherence and amplitude following fiuoxetine vs. saline injections. A) VH-IL LFP 

coherence spectra for fiuoxetine (10 mg/kg; light-gray), saline (dark-gray), and on the pre-

treatment, Day 0 (dashed black lines). Although coherence was generally reduced following 

both injections, there were no observable differences between fiuoxetine and saline 

treatments. B) VH-IL LFP coherence spectra for DBS (black) and sham (gray) treatment 

groups on the day of fiuoxetine administration. There were no observable interactions 

between stimulation and fiuoxetine. C & D) Spectral amplitude of LFP patterns relative to 

theta amplitude in the IL (C) and VH (D). Colors same as in part A. No differences were 

observed on fiuoxetine versus saline days. E & F) Phase synchrony in the theta (E) and 2–4 

Hz (F) band, averaged across presentations of the auditory stimulus. Colors same as in part 

A. No differences were observed in the two treatment groups.
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