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Nucleus Accumbens Deep Brain Stimulation Produces
Region-Specific Alterations in Local Field Potential
Oscillations and Evoked Responses In Vivo
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Deep brain stimulation of the nucleus accumbens (NAC) region is an effective therapeutic avenue for several psychiatric disorders that
are not responsive to traditional treatment strategies. Nonetheless, the mechanisms by which DBS achieves therapeutic effects remain
unclear. We showed previously that high-frequency (HF) NAC DBS suppressed pyramidal cell firing and enhanced slow local field
potential (LFP) oscillations in the orbitofrontal cortex (OFC) via antidromic activation of corticostriatal recurrent inhibition. Using
simultaneous multisite LFP recordings in urethane-anesthetized rats, we now show that NAC DBS delivered for 90 min at high or low
frequency (LF) selectively affects spontaneous and evoked LFP oscillatory power and coherence within and between the medial prefrontal
cortex (mPFC), lateral OFC, mediodorsal thalamus (MD), and NAC. Compared with LF or sham DBS, HF DBS enhanced spontaneous slow
oscillations and potentiated evoked LFP responses only in OFC. HF DBS also produced widespread increases in spontaneous beta and
gamma power and enhanced coherent beta activity between MD and all other regions. In contrast, LF DBS elevated theta power in MD and
NAC. Analysis of acute NAC-induced oscillations showed that HF DBS increased and LF DBS decreased induced relative gamma coher-
ence compared with sham DBS. These data suggest that HF (therapeutic) and LF (possibly deleterious) NAC DBS produce distinct
region-specific and frequency band-specific changes in LFP oscillations. NAC DBS may achieve therapeutic effects by enhancing rhyth-
micity and synchronous inhibition within and between afferent structures, thereby normalizing function of a neural circuit that shows
aberrant activity in obsessive-compulsive disorder and depression.

Introduction
Deep brain stimulation (DBS) of the nucleus accumbens (NAC)
and nearby white matter tracts of the anterior internal capsule has
emerged as an effective treatment strategy for a number of psy-
chiatric disorders that fail to respond to standard pharmacolog-
ical or behavioral therapies. Originally developed as a replace-
ment for ablative surgery in the treatment of severe obsessive-
compulsive disorder (OCD), long-term clinical trials have now
shown that NAC DBS significantly improves symptoms in refrac-
tory OCD patients (Greenberg et al., 2009) and is also effective in
treating major depression (Schlaepfer et al., 2008; Malone et al.,
2009). Furthermore, case studies have suggested that NAC DBS
may be indicated for treatment-resistant Tourette’s syndrome
(Flaherty et al., 2005; Kuhn et al., 2007b) and addiction (Kuhn et
al., 2007a).

Despite this interest, relatively little is known regarding the
mechanisms of action of DBS. Given the immense potential of
NAC DBS for use in a variety of otherwise treatment-resistant
psychiatric disorders, a better understanding of these mecha-

nisms is critical. Early studies of DBS for movement disorders
(i.e., targeting the thalamus, globus pallidus, or subthalamic nu-
cleus) suggested that DBS decreased activity in the stimulated
area, through either depolarization blockade or enhanced local
GABAergic transmission (Boraud et al., 1996; Benazzouz et al.,
2000; Beurrier et al., 2001; Kiss et al., 2002); in effect, creating a
functional lesion of the stimulated nucleus. However, electrical
brain stimulation at clinically effective intensities preferentially
excites axons as opposed to cell bodies (Nowak and Bullier,
1998a,b), indicating that activation of afferent and efferent axons,
and consequent modulation of neuronal activity in sites distal to
the stimulated nucleus, may contribute substantially to the ther-
apeutic effects of DBS (Vitek, 2002; McIntyre et al., 2004; Mc-
Cracken and Grace, 2007; Hammond et al., 2008).

We showed previously that NAC DBS delivered at high fre-
quency (130 Hz; HF) for 30 min reduced pyramidal cell firing in
the anesthetized rat orbitofrontal cortex (OFC), most likely
through enhanced recurrent inhibition driven by antidromic ac-
tivation of corticostriatal axon collaterals (McCracken and
Grace, 2007). These changes in neuronal firing were accompa-
nied by an enhancement of local field potential (LFP) oscillations
in the slow/delta band (0.5– 4 Hz) that developed gradually over
the 30 min DBS session and an NMDA-dependent potentiation
of acute NAC-evoked short-latency excitatory LFP responses in
OFC. Low-frequency (10 Hz; LF) stimulation failed to produce
any changes in LFP activity. The frequency dependence of these
changes in LFP activity is noteworthy; in the clinic LF DBS for
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most indications generally does not produce therapeutic effects
and may in fact be deleterious (Moro et al., 2002; Kupsch et al.,
2003; Timmermann et al., 2004; Kuncel et al., 2007; Cooper et al.,
2008; Florin et al., 2008), although more recent evidence suggests

that in some conditions (i.e., pedunculo-
pontine stimulation for Parkinson’s dis-
ease), LF stimulation may be beneficial
(Nandi et al., 2008). Here, we extend our
previous findings by examining how NAC
DBS delivered for 90 min at high and low
frequencies affects spontaneous and
evoked LFP oscillatory power and coher-
ence within and between the medial pre-
frontal cortex (mPFC), lateral OFC, me-
diodorsal thalamus (MD), and NAC;
regions comprising a circuit that often ex-
hibits aberrant metabolism in patients suf-
fering from OCD or major depression
(Deckersbach et al., 2006; Evans et al., 2006).

Materials and Methods
All procedures were performed in accordance
with the guidelines outlined in the NIH Guide
for the Care and Use of Laboratory Animals,
and were approved by the Institutional Animal
Care and Use Committee of the University of
Pittsburgh.

Animals and surgery
Male Sprague Dawley rats (275– 400 g) were
anesthetized with urethane (1.5 g/kg, i.p.) and
placed in a stereotaxic frame. Body temperature
was maintained at 37°C with a temperature-
controlled heating pad. In all surgical prepara-
tions the scalp was exposed and burr holes were
drilled in the skull overlying the lateral OFC,
mPFC, the NAC core, and the MD. Concentric
bipolar stimulating electrodes (NEX-100;
Kopf) were placed in the NAC—anteroposte-
rior (AP) �1.2 mm (from bregma), mediolat-
eral (ML) �2.0 mm, dorsoventral (DV) �6.9
mm (from skull); Teflon-insulated stainless-
steel recording electrodes (0.1 mm diameter,
Plastics One) were slowly lowered into the OFC
(AP: �3.2 mm, ML: �3.4 mm, DV: �5.5 mm),
mPFC (AP: �3.2 mm, ML: �0.7 mm, DV: �4
mm), and MD (AP: �3.3 mm, ML: �0.7 mm,
DV:�5.5 mm). Recording commenced no earlier
than 30 min following electrode implantation.

Recording
LFP signals from the recording electrodes were
amplified (gain: 1000), analog filtered (0.1–500
Hz) by a multichannel amplifier (A-M Systems)
and displayed on an oscilloscope (Tektronics).
The data were digitized at 1 kHz and acquired
using custom-designed computer software
(Neuroscope) and stored for off-line analysis.
The animal ground was used as a reference for
LFP recordings. DBS was applied to separate
groups at 130 Hz (HF) or 10 Hz (LF) using
standard parameters (0.2 mA, 0.1 ms pulse du-
ration). Another group had the DBS electrode
implanted but was not stimulated (SHAM).
DBS was applied for three 30 min sessions for a
total of 90 min; sessions were separated by 5
min intervals where spontaneous and evoked
LFP data were sampled with DBS OFF. For

spontaneous recordings, LFPs were recorded for 2 min at a number of
different time points with DBS ON or OFF—pre-DBS baseline (OFF),
during the first 5 min of DBS (ON), after 25 min of DBS (ON), after 30
min of DBS (OFF), after 55 min (ON), 60 min (OFF), 85 min (ON), and

Figure 1. Stimulation and recording protocol. A, Representative nonoverlapping electrode placements in the me-
diodorsal thalamus, nucleus accumbens, and medial prefrontal and orbitofrontal cortices. B, Schematic of experimental
design. LFP activity was sampled with DBS off after 30, 60, and 90 min of stimulation and also with DBS on at discrete time
points.

Figure 2. HF stimulation produces a time-dependent increase in slow/delta oscillations selectively in the OFC. A, HF NAC DBS produces
a time-dependent enhancement of slow oscillations (0.5– 4 Hz) in OFC compared with LF and SHAM DBS (top left). Analysis of LFP activity
with HF DBS on demonstrates that this effect was not apparent early in the stimulation period, but was maintained during the “off” period
(top right). There were no changes in delta oscillations in the other regions with any stimulation frequency (bottom). *Significantly
different from LF and SHAM. B, Representative OFC voltage traces and time–frequency spectrograms before and after 90 min HF NAC DBS
showing increased low frequency activity following 90 min DBS. Calibration: 5 s, 0.2 mV.
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90 min (OFF). Figure 1 shows a schematic of the recording procedure.
During OFF periods, spontaneous LFP data were recorded, followed
immediately by evoked data, after which DBS was turned ON again. For
evoked LFP responses, baseline input– output curves were generated us-
ing 4 stimulus intensities (0.2, 0.4, 0.8, 1.2 mA, 0.2 ms pulse duration, 20
stimulation sweeps at 0.4 Hz for each intensity). LFP data were recorded
for 0.2 s before stimulus and 1 s after stimulus. Evoked activity was
reassessed following 30, 60, and 90 min of DBS.

Multisite LFP data were recorded from a total of 33 animals (11/
group). Stimulating electrodes were located in the NAC core (one pole of
the stimulating electrode was used to record spontaneous NAC LFP ac-
tivity when stimulation was off), OFC recording electrodes in the lateral
OFC and ventral agranular insular cortex, mPFC electrodes in the pre-
limbic and infralimbic cortices, and MD electrodes in the mediodorsal
thalamus (Fig. 1). All data from animals with incorrectly placed NAC
stimulating electrodes were excluded; for the other regions data were
excluded on a region by region basis, leaving final group sizes of 7–10
animals/group. Spontaneous and evoked LFP activity were sampled be-
fore DBS, and after 30, 60, and 90 min of SHAM (implanted but not
stimulated), LF or HF stimulation. “Spontaneous” LFP activity was also
recorded during DBS ON; after 1, 25, 55, and 85 min of LF or HF stim-
ulation (see Fig. 1 for schematic). However, in the LF group, there were
acute evoked responses from the stimulation that irrevocably contami-
nated the analysis of oscillatory activity with DBS ON. Accordingly, all
statistical comparisons between SHAM, LF, and HF groups were made
during the stimulation off periods.

Analysis
The spectral power of LFP oscillations in each region and coherence
between regions was analyzed using routines from the Chronux software
package (www.chronux.org) for Matlab (MathWorks). Chronux uses a
multitaper method of spectral analysis, where data are multiplied by a
specified number of orthogonal tapers, before applying a fast Fourier
transform (FFT) to the tapered waveforms. The transformed spectral
data are then averaged over tapers as a way of reducing variance and bias.
These methods have now been successfully applied to neural data in a
number of cases (Mitra and Pesaran, 1999; Pesaran et al., 2002; Womels-
dorf et al., 2006; DeCoteau et al., 2007). To assess coherence between
simultaneously recorded signals, the FFTs of the tapered waveforms were
calculated individually for each taper. Cross-spectra of the signals were
derived from the FFTs for each taper and trial and then were averaged
over tapers. Coherence was then calculated as C � (S12)/�S1 � S2,
where S12 represents the average cross-spectral density and S1 and S2
represent the average power spectral density of the two signals. For spon-
taneous LFP data, recordings were downsampled at 200 Hz and seg-
mented (10 s window). Each segment was detrended to remove any slow
DC components and padded with zeros to increase frequency resolution.

Multitaper spectral power and coherence were calculated for each seg-
ment in the following frequency bands: slow/delta (0.5– 4 Hz); theta
(4 –12 Hz); beta (13–30 Hz); and gamma (30 –70 Hz, not including
58 – 62 Hz to avoid line noise). Data for each frequency band were then
averaged over segments. To compare across different groups, power and
coherence values for each animal in a group were normalized to the mean
baseline values for that group and are referred to as “relative power” and
“relative coherence”.

Evoked responses. Acute NAC stimulation produced a negative-going
short-latency peak in OFC and mPFC termed N1; N1 amplitude was
defined as the peak voltage deflection subtracted from the voltage value
0.5 ms before stimulation.

Induced oscillations. Induced oscillatory activity was calculated using
the two higher stimulation intensities. Spectral power and coherence
values in the gamma band in the 1 s after stimulus were normalized to
prestimulus baseline (200 ms) and averaged across stimulation sweeps
for each time point. To compare across different groups, the values for
each animal in a group were normalized to the mean baseline values for
that group.

Statistics
Changes in spontaneous and evoked power in each region and coherence
between regions due to time and DBS frequency were analyzed using

two-way ANOVA with time as a repeated measure and Holm-Sidak post
hoc test. Changes in N1 amplitude were calculated using two-way
ANOVA with time and stimulation intensity as repeated measures, and
Holm-Sidak post hoc test. Significance was set at p � 0.05.

Results
Spontaneous oscillatory activity
Power
In OFC, there was a time-dependent increase in slow/delta power
with HF stimulation that was apparent after 60 and 90 min of
stimulation [significant main effects of time (F(3,69) � 7.98, p �
0.001) and frequency (F(2,69) � 3.813, p � 0.039), but no signif-
icant interaction (F(6,69) � 1.693, p � 0.138)] (Fig. 2A).

Comparison of DBS ON versus OFF in the HF group (Fig. 2A)
shows that these effects developed over time with no acute effects
of stimulation, such that 5 min ON was not significantly different
from baseline, and 85 min (ON) was not significantly different
that 90 min (OFF). In all other brain regions (mPFC, MD, NAC),
there was no significant effect of HF DBS on slow/delta power
compared with SHAM or LF stimulation (significant main effect
of time; F � 6.61, p � 0.001 in all cases, but post hoc analysis
revealed no significant differences between SHAM, LF, and HF
groups at any time point in any region) (Fig. 2A).

Theta (4 –12 Hz). In both MD and NAC (Fig. 3A), theta power
in the LF groups was significantly increased compared with both
SHAM and HF groups after 90 min of stimulation [main effects
of time (F � 8.495, p � 0.001 in both regions), but not frequency
(F � 1.597, p � 0.223 in both region), and no interaction effects
(F � 1.458, p � 0.255 in both regions)]. In contrast, in OFC and
mPFC (Fig. 3A), neither HF nor LF stimulation produced any
effects that were significantly different from SHAM [significant

Figure 3. Only LF stimulation affected theta activity. A, LF NAC DBS produces a time-
dependent increase in theta oscillation power (4 –12 Hz) in MD and NAC compared with HF and
SHAM DBS. *Significantly different from HF and SHAM. B, Representative MD time–frequency
spectrograms before and after 90 min LF NAC DBS show increases in theta band activity.
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main effects of time (F � 19.44, p � 0.001 in both regions), with
no significant effects of frequency (F � 0.739, p � 0.488 in both
cases) and no significant interactions (F � 1.235, p � 0.298 in
both cases); post hoc tests showed no difference between any
groups at any time point in either region].

Beta (13–30 Hz). In OFC and MD, there were significant in-
creases in beta power in the HF group (Fig. 4A) compared with
SHAM and LF groups after 90 min of stimulation [main effects of
time (F � 9.781, p � 0.001 in both cases) but not frequency (F �
1.597, p � 0.223 in both cases) and no significant interactions
(F � 1.969, p � 0.084 in both cases)]. In the NAC (Fig. 4A), both
LF and HF stimulation increased beta power compared with
sham after 60 and 90 min of stimulation [main effect of time
(F(3,75) � 6.232, p � 0.001), but not frequency (F(2,75) � 3.158,
p � 0.062), and a significant interaction (F(2,75) � 2.263, p �
0.048)]. There were no significant differences in beta power in
mPFC between groups at any time point.

Gamma (30 –70 Hz). In OFC and mPFC, there were signifi-
cant increases in spontaneous gamma power in the HF group
(Fig. 4B) compared with SHAM and LF groups after 60 and 90
min of stimulation [main effects of time (F � 24.006, p � 0.001 in
both cases) and frequency (F � 4.475, p � 0.024 in both cases)
and significant interaction effects (F � 2.861, p � 0.016 in both

cases)] and in MD (Fig. 4A) after 90 min of stimulation [main
effect of time (F(3,66) � 14.325, p � 0.001) but not frequency
(F(2,66) � 2.311, p � 0.125) and no significant interaction (F(6,66)

� 1.445, p � 0.213)]. In NAC (Fig. 4A), gamma power in the HF
group was significantly increased compared with LF (but not
SHAM) after 60 min of stimulation and significantly increased
compared with SHAM (but not LF) after 90 min of stimulation
[main effect of time (F(3,75) � 13.051, p � 0.001) but not fre-
quency (F(2,75) � 2.985, p � 0.071), and no interaction (F(6,75) �
2.009, p � 0.077)].

Thus, HF DBS enhanced slow oscillations over time only in
OFC, and also produced widespread time-dependent increases in
beta (OFC and MD) and gamma (OFC, mPFC, and MD) power.
In contrast, LF DBS produced specific, time-dependent eleva-
tions in theta power in MD and NAC.

Relative coherence
There were no main effects of time (F � 1.959, p � 0.133 in all
cases) or frequency (F � 1.959, p � 0.133 in all cases) and no
interaction effects (F � 1.726, p � 0.135 in all cases) on sponta-
neous relative coherence in the slow and theta bands between any
regions (data not shown).

Beta. There were no significant differences in relative OFC-

Figure 4. HF stimulation causes widespread increases in beta and gamma band activity. A, HF NAC DBS significantly enhances beta activity (13–30 Hz) in OFC and MD compared with LF and SHAM
DBS. B, HF NAC DBS increases gamma oscillation (30 –70 Hz) power in OFC, mPFC, and MD compared with LF and SHAM DBS. *Significantly different from HF and SHAM. C, Representative OFC
time–frequency spectrograms before and after 90 min HF NAC DBS showing increases in beta and gamma band activity in this region.
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mPFC beta coherence between SHAM, LF,
and HF groups at any time point (Fig. 4A),
whereas OFC–MD relative beta coherence
(Fig. 5A) was significantly increased in the
HF group compared with SHAM and LF
after 60 min of stimulation and signifi-
cantly increased compared with LF (but
not SHAM) after 90 min of stimulation
[main effect of time (F(3,60) � 3.421, p �
0.023), but not frequency (F(2,60) � 3.009,
p � 0.072), and a significant interaction
(F(6,60) � 2.487, p � 0.032)]. In addition,
relative beta coherence between both PF-
C–MD and MD–NAC (Fig. 5A) was signif-
icantly increased in the HF group com-
pared with SHAM and LF groups after 60
and 90 min of stimulation [main effects of
time (F � 2.816, p � 0.048 in both cases)
and frequency (F � 5.391, p � 0.015 in
both cases) and significant interaction ef-
fects (F � 2.467, p � 0.036 in both cases)].
In contrast, there were no changes in rela-
tive beta coherence between OFC–NAC
(Fig. 4C) or PFC–NAC (Fig. 4E).

Gamma. MD–NAC gamma coherence
was significantly elevated in the HF group
compared with SHAM and LF groups after
60 min of stimulation [main effect of time
(F(3,57) � 4.943, p � 0.004), but not fre-
quency (F(2,57) � 5.631, p � 0.062), and no
interaction (F(6,67) � 2.014, p � 0.081)].
There were no significant changes in gamma coherence between
any other regions at any time point (data not shown).

Thus, the major effects of HF DBS were specific increases in
coherent beta activity between MD and all other regions (OFC,
mPFC, and NAC), suggesting increased synchrony of fast rhythmic
thalamocortical activity associated with interneuron networks.

Evoked LFP activity—amplitude
Acute NAC stimulation produced robust short-latency LFP re-
sponses in OFC and mPFC (Fig. 6), with average N1 latencies of
5.33 � 0.08 ms and 3.91 � 0.17 ms, respectively. We showed
previously that NAC-evoked LFP responses in OFC had distinct
glutamatergic and GABAergic components that were likely due
to antidromic activation of recurrent collaterals, and that N1
amplitude was potentiated following 30 min of HF but not LF
NAC DBS (McCracken and Grace, 2007). NAC-evoked re-
sponses in mPFC were qualitatively similar, and since both OFC
and mPFC project to the NAC core stimulation site (Gabbott et
al., 2005), these responses are likely analogous to those recorded
in OFC. We did not observe reliable short-latency responses to
acute NAC stimulation in MD (i.e., no N1) and as such did not
assess the effects of DBS on NAC evoked responses in this region.

The effects of NAC DBS on evoked LFP responses were as-
sessed by constructing input– output curves with four stimula-
tion intensities before DBS, and after 30, 60, and 90 min of stim-
ulation (Fig. 6A). N1 amplitude recorded in the OFC using the
two higher stimulation intensities was significantly increased
compared with baseline following 60 and 90 min of stimulation
[significant main effects of time (F(3,69) � 4.043, p � 0.020) and
intensity (F(3,69) � 86.926, p � 0.001), and a significant interac-
tion effect (F(9,69) � 4.275, p � 0.001)]. In contrast, for both
SHAM and LF groups there were no significant differences be-

tween time points at any stimulation intensity for either group. In
mPFC (Fig. 6B), there were no significant differences between
time points at any stimulation intensity for any group.

Stimulus-induced gamma activity—power and coherence
Acute NAC stimulation frequently resulted in induced oscilla-
tions (i.e., not time locked to the stimulus; see Fig. 7A) in all
recording sites, particularly at the higher acute stimulation inten-
sities (0.8 and 1.2 mA). Changes in induced oscillations as a func-
tion of time and stimulation frequency were quantified by exam-
ining the spectral power within regions and coherence between
regions in the 1 s following stimulation, normalized to activity in
the 200 ms before stimulation. Analysis was restricted to the
gamma band due to the relatively short prestimulus baseline.

Induced gamma power
Induced gamma activity in the SHAM and HF groups was signif-
icantly reduced compared with the LF group (but was not differ-
ent between SHAM and HF) in both OFC and mPFC (Fig. 7B)
following 30, 60, and 90 min of stimulation [main effect of time in
mPFC (F(3,66) � 33.727, p � 0.001) but not OFC (F(3,69) � 1.609,
p � 0.193), main effects of frequency in both regions (F � 4.649,
p � 0.017 in both cases), and significant interactions in both
regions (F � 8.44, p � 0.001 in both cases)]. No significant dif-
ferences were found in MD between SHAM, LF, and HF groups at
any time point (Fig. 7B).

Induced gamma coherence
Induced relative gamma coherence between both OFC–PFC and
OFC–MD (Fig. 7C) was significantly elevated in the HF group
compared with LF (but not SHAM) after 30 min of stimulation.
Following 60 min of stimulation, relative OFC–MD coherence
was significantly increased in the HF group compared with LF

Figure 5. HF stimulation increases relative beta band (13–30 Hz) coherence in thalamocortical system. A, HF NAC DBS en-
hances coherent activity in the beta band between MD and all other regions compared with LF and SHAM DBS. *Significantly
different from LF and SHAM. B, Representative OFC time–frequency coherence plots before and after 90 min HF NAC DBS showing
increased beta band coherence between OFC and MD.
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and SHAM, and after 90 min of stimulation, relative coherence
between OFC–PFC and OFC–MD was significantly higher in the
HF group than in either the LF or the SHAM group [main effects
of time (F � 2.777, p � 0.047 in both cases) and frequency (F �
3.407, p � 0.044 in both cases) and significant interactions (F �
4.208, p � 0.001 in both cases)]. Furthermore, relative gamma
coherence was significantly decreased between OFC–MD and
OFC-mPFC in the LF group compared with HF and SHAM
groups following 90 min of LF stimulation (Fig. 7C). Induced
relative PFC–MD gamma coherence (Fig. 7C) was significantly
elevated in the HF groups compared with the LF and SHAM
groups after 30, 60, and 90 min of stimulation [main effect of time
(F(3,54) � 16.636, p � 0.001) and frequency (F(2,54) � 7.084, p �
0.003) and a significant time � frequency interaction (F(6,54) �
6.882, p � 0.001)].

Thus, HF DBS produced a significant increase and LF DBS a
significant decrease in coherent gamma activity between OFC–
PFC and OFC–MD. This effect suggests that HF DBS leads to
coordinated induced activity in the gamma band. The opposite
effect of LF DBS is particularly noteworthy given the divergent
effects of HF and LF DBS in the clinic.

Discussion
NAC DBS delivered for 90 min produced widespread changes in
spontaneous and evoked LFP oscillations in brain regions with

known involvement in obsessive-compulsive disorder, and af-
fected coordinated activity (coherence) between these regions.
Many of these changes occurred in a region- and frequency band-
specific manner, and were strongly dependent on stimulation
frequency such that HF and LF DBS each produced a unique
constellation of effects on rhythmic LFP activity (Fig. 8).

The major findings specific to HF (i.e., therapeutic) DBS in-
clude a time-dependent enhancement of spontaneous slow oscil-
latory activity specific to OFC, and time-dependent increases in
fast oscillatory activity in a number of regions. These within-
region changes in rhythmic activity were accompanied by HF
DBS-specific increases in spontaneous and stimulus-induced co-
herent activity between regions in the higher frequency bands,
particularly in the thalamocortical system. In the clinic, success-
ful outcomes have been achieved targeting both white matter
tracts of the anterior internal capsule (Greenberg et al., 2009;
Malone et al., 2009) and NAC gray matter itself (Sturm et al.,
2003; Schlaepfer et al., 2008). While stimulation of one target
(e.g., NAC gray matter) likely affects the other (capsular white
matter) to some extent due to current spread, our data suggest
that the one common element across all studies is activation of
descending cortical fibers that either traverse (in the context of
white matter) or terminate in NAC. Indeed, chronaxie studies
indicate that the brief stimulus pulse duration would favor acti-
vation of myelinated fibers rather than neuronal somata (Ranck,
1975; Nowak and Bullier, 1998a).

Significance of changes in LFP activity
Rhythmic oscillatory fluctuations in LFP recordings arise from
synchronous activity in relatively large groups of neurons
(Mitzdorf, 1985; Logothetis, 2003) and have been characterized
in a number of brain regions. LFP oscillations in discrete fre-
quency bands correspond to behavioral states across the sleep–
wake cycle, in addition to particular aspects of neural computa-
tion (Steriade, 2006). Mechanistic interpretations of changes in
LFP oscillations as they relate to cognitive processes in anesthe-
tized rodents are challenging. Nonetheless, both spontaneous
and evoked/induced oscillations have been characterized in brain
slices and anesthetized animals. Slow/delta oscillations are prom-
inent in sleep and anesthesia (Steriade et al., 1993; Cowan and
Wilson, 1994), and theta, beta, and gamma oscillations have all
been characterized in anesthetized or in vitro preparations (Ka-
mondi et al., 1998; Faulkner et al., 1999; Neville and Haberly,
2003; Hajós et al., 2008; Yamawaki et al., 2008). Drawing from
these data, analyses of the effects of DBS on rhythmic LFP activity
can shed light on how DBS affects basic mechanisms of neural
synchronization within and between regions. Furthermore, LFP
activity correlates with blood-flow-dependent imaging methods
to a greater degree than do measures of neuronal spiking (Logo-
thetis et al., 2001; Maier et al., 2008) and therefore provide a
better translational index of activity states when comparing ef-
fects of DBS in animals and humans. Indeed, acute HF NAC DBS
in OCD patients produced cerebral blood flow changes that cor-
respond well to the pattern of changes in LFP activity observed
here (Rauch et al., 2006).

DBS effects on spontaneous LFP oscillations
Slow/delta LFP oscillations are proposed to represent synchro-
nous changes in membrane potential produced by recurrent ac-
tivity (Steriade et al., 1993; Sanchez-Vives and McCormick, 2000;
Shu et al., 2003). We showed previously that HF but not LF NAC
DBS increased slow/delta oscillations in OFC; an effect that was
not apparent immediately after stimulation began but developed

Figure 6. HF DBS selectively potentiates short-latency evoked responses in OFC. A, HF NAC
DBS produces a time-dependent potentiation of NAC-evoked short-latency LFP responses (N1
amplitude) in OFC. LF or SHAM DBS failed to alter evoked LFP responses in OFC. Traces show
average of five stimulation sweeps of NAC-evoked OFC responses before and after 90 min HF
NAC DBS. *Significantly different from LF and SHAM. Calibration: 20 ms, 0.2 mV. B, NAC DBS did
not produce any effects at any frequency on NAC-evoked LFP responses in mPFC. Traces show
average of five stimulation sweeps of NAC-evoked mPFC responses before and after 90 min HF
NAC DBS. Calibration: 20 ms, 0.2 mV.
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over 30 min of DBS (McCracken and
Grace, 2007). We show here that this effect
is specific to OFC and demonstrates a pro-
gressive increase in magnitude over the 90
min stimulation period. There are two
likely possibilities for the observed re-
gional specificity of this effect: (1) the OFC
sends comparatively denser projections to
the NAC stimulation site, and therefore is
more strongly activated. Thus, the en-
hanced slow oscillations in the OFC may
be due to increased recurrent activity
stemming from preferential antidromic
activation of OFC projection neuron re-
current collaterals (McCracken and Grace,
2007); alternately, (2) the specific changes
in slow oscillations are due to regional dif-
ferences in intrinsic network properties.
Indeed, recent studies suggest that mPFC
and OFC respond differently to similar
stimuli (Crombag et al., 2000; Homayoun
and Moghaddam, 2006; Moghaddam and
Homayoun, 2008).

Theta oscillations in the rodent, best
studied in the hippocampus (Buzsáki,
2002), have also been identified in pre-
frontal cortex (Paz et al., 2008) and stria-
tum (DeCoteau et al., 2007), and are
involved in spatial navigation and mne-
monic processes. LF NAC DBS enhanced
theta activity in MD and NAC, similar to
that reported for in vitro cortical prepara-
tions, where LF (4 Hz) stimulation pro-
moted theta activity (Yamawaki et al.,
2008). The significance of these changes is
unclear; however, LF DBS for movement
disorders often produces deleterious ef-
fects in the clinic (Moro et al., 2002; Kup-
sch et al., 2003; Cooper et al., 2008; Florin
et al., 2008) and thus the enhanced theta
power in these regions may represent a
physiological correlate of a pathological state. Supporting this
idea, patients with OCD display higher theta activity than con-
trols (Karadag et al., 2003; Desarkar et al., 2007), and further-
more, NAC stimulation at 	10 Hz increased compulsive-like
behavior in a rodent model of OCD (van Kuyck et al., 2003).

Fast oscillations in the beta and gamma bands occur in re-
sponse to sensory stimuli (Barth and MacDonald, 1996; Tallon-
Baudry, 2003) and are associated with higher-order cognitive
processes including attention and perception (Singer, 1993;
Farmer, 1998; Schnitzler and Gross, 2005). On a cellular level, fast
rhythmic activity is generated via synchronous inhibition within
networks of GABAergic interneurons, with oscillation frequency
and duration modulated by glutamatergic input (Traub et al.,
2004). The exact relationship between beta and gamma genera-
tion remains unclear. In vivo and in vitro studies suggest that
stimulus-elicited gamma oscillations are often followed immedi-
ately by beta oscillations (Traub et al., 1999; Haenschel et al.,
2000); however, these rhythms may also coexist simultaneously
(Bressler, 1984; Roopun et al., 2006). Computational studies in-
dicate that while both rhythms promote synchronization, beta
activity is synchronizing over relatively longer distances and time
scales compared with gamma (Kopell et al., 2000). HF DBS pro-

duced widespread increases in spontaneous beta and gamma
power and enhanced fast coherent thalamocortical activity. This
enhanced fast oscillatory synchronization may stem from LTP-
mediated increased drive onto interneurons in afferent regions
produced by NAC DBS (McCracken and Grace, 2007). Within
the context of OCD, the enhancement of beta activity by DBS
may have important functional implications. EEG studies suggest
that OCD patients have lower beta activity than healthy controls
(Kuskowski et al., 1993; Serra et al., 1994; Karadag et al., 2003;
Pogarell et al., 2006), fail to exhibit the enhanced beta activity to
olfactory stimulation seen in controls (Locatelli et al., 1996), and
show lower levels of postmovement beta synchronization (Leo-
cani et al., 2001). Sensory-evoked beta oscillations have been
linked to novelty detection (Kisley and Cornwell, 2006). Thus, al-
though speculative, increasing beta activity in OCD patients may
enhance salience of external stimuli, thereby interrupting ritualistic
patterns and promoting reengagement of other behaviors.

DBS effects on induced LFP oscillations
While spontaneous measures represent the general activity
state of the system, stimulated responses provide an index of
responsivity of the system to activation, such as in the process-

Figure 7. LF stimulation increases relative induced gamma power whereas HF stimulation increases gamma coherence. A, Represen-
tative raw voltage trace (top; calibration: 25 ms, 0.1 mV), bandpass-filtered trace (middle; calibration: 25 ms, 25�V) and time–frequency
spectrogram (bottom) of NAC stimulation-induced gamma oscillations in OFC. Arrowhead indicates time of stimulation. B, LF DBS signif-
icantly increases relative induced gamma power in OFC and mPFC compared with HF and SHAM DBS. *Significantly different from LF and
SHAM. C, HF DBS enhances relative induced coherence in the gamma band between all regions compared with SHAM DBS and LF DBS. In
addition, LF DBS significantly decreases relative induced gamma coherence compared with HF and SHAM DBS between OFC-mPFC and
OFC–MD. *Significantly different from LF and SHAM; �significantly different from HF and SHAM.
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ing of stimuli. Acute NAC stimulation induced gamma oscil-
lations in afferent regions; we therefore assessed the effects of
DBS on this induced activity. Induced gamma activity in OFC
and mPFC was decreased compared with prestimulus baseline
in the SHAM and HF groups, but remained elevated with LF
DBS, possibly representing another correlate of a pathological
state. HF DBS enhanced induced gamma coherence between
all regions compared with SHAM and LF DBS; conversely, LF
DBS decreased induced gamma coherence between OFC–PFC
and OFC–MD compared with SHAM. Thus, the effects pro-
duced by HF and LF DBS both were different from SHAM but
opposite in directions; this situation is analogous to the ther-
apeutic versus deleterious effects produced by HF and LF
stimulation, respectively, in the clinic.

DBS effects on evoked LFP response amplitude
Acute stimulation of the NAC DBS electrode produced short-
latency large-amplitude LFP responses in OFC and mPFC. We
showed previously that the initial negative-going component of
this evoked potential (N1) is glutamate-dependent and likely
stems from synchronous activation of corticostriatal recurrent
collaterals; this response was potentiated following 30 min of HF
NAC DBS in a NMDA-dependent manner (McCracken and
Grace, 2007). We report here that this potentiation was un-
changed following 60 and 90 min of HF DBS; SHAM or LF DBS
did not potentiate N1 amplitude. Evoked responses in mPFC
were qualitatively similar, suggesting a mechanism similar to
OFC responses; however, N1 amplitude in mPFC did not change

with any stimulation condition. As with changes in slow oscilla-
tions, the lack of potentiation of mPFC evoked responses is likely
due to either less activation of mPFC3NAC axons, intrinsic
differences in mPFC and OFC anatomy or function, or active
suppression of mPFC activity by OFC.

Implications
The widespread and specific alterations in synchronous LFP ac-
tivity produced by HF NAC DBS provide further evidence that
the therapeutic actions of DBS depend on considerably more
than activity in the stimulated nucleus; indeed, our results point
to a constellation of changes across an entire corticostriatotha-
lamic circuit. Moreover, these data provide a potential physiolog-
ical underpinning to the frequency-dependent effects of DBS ob-
served in the clinic. Our previous studies showed that NAC DBS
decreased OFC pyramidal cell firing by driving recurrent in-
hibition; the present work demonstrated widespread increases
in synchronous activity known to be mediated through inter-
neurons, such that the therapeutically relevant effects of DBS
may not be due to inhibition per se, but to enhanced synchro-
nization of inhibition across cortical and subcortical net-
works. Increased interneuron-mediated rhythmic gating pro-
cesses and enhanced synchronous inhibition in afferent
structures represent potential mechanisms by which NAC
DBS may reduce the pathological metabolic hyperactivity and
reintroduce normalized oscillatory activity in prefrontal sub-
regions associated with OCD and depression.

Figure 8. Summary of changes in LFP power and coherence produced by high (HF) and low (LF) frequency NAC DBS. Upward and downward arrows indicate significant increases or decreases,
respectively, in power or coherence compared with SHAM DBS. No significant changes were observed in slow/delta or theta coherence between any regions under any stimulation condition; for
clarity these data have been omitted the figure. Horizontal line, No change; gray boxes, not tested.
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Kupsch A, Klaffke S, Kühn AA, Meissner W, Arnold G, Schneider GH, Maier-
Hauff K, Trottenberg T (2003) The effects of frequency in pallidal deep
brain stimulation for primary dystonia. J Neurol 250:1201–1205.

Kuskowski MA, Malone SM, Kim SW, Dysken MW, Okaya AJ, Christensen
KJ (1993) Quantitative EEG in obsessive-compulsive disorder. Biol Psy-
chiatry 33:423– 430.

Leocani L, Locatelli M, Bellodi L, Fornara C, Hénin M, Magnani G, Mennea S,
Comi G (2001) Abnormal pattern of cortical activation associated with
voluntary movement in obsessive-compulsive disorder: an EEG study.
Am J Psychiatry 158:140 –142.

Locatelli M, Bellodi L, Grassi B, Scarone S (1996) EEG power modifications
in obsessive-compulsive disorder during olfactory stimulation. Biol Psy-
chiatry 39:326 –331.

Logothetis NK (2003) The underpinnings of the BOLD functional magnetic
resonance imaging signal. J Neurosci 23:3963–3971.

Logothetis NK, Pauls J, Augath M, Trinath T, Oeltermann A (2001) Neuro-
physiological investigation of the basis of the fMRI signal. Nature
412:150 –157.

Maier A, Wilke M, Aura C, Zhu C, Ye FQ, Leopold DA (2008) Divergence of
fMRI and neural signals in V1 during perceptual suppression in the awake
monkey. Nat Neurosci 11:1193–1200.

Malone DA Jr, Dougherty DD, Rezai AR, Carpenter LL, Friehs GM, Eskandar
EN, Rauch SL, Rasmussen SA, Machado AG, Kubu CS, Tyrka AR, Price
LH, Stypulkowski PH, Giftakis JE, Rise MT, Malloy PF, Salloway SP,
Greenberg BD (2009) Deep brain stimulation of the ventral capsule/
ventral striatum for treatment-resistant depression. Biol Psychiatry
65:267–275.

McCracken CB, Grace AA (2007) High-frequency deep brain stimulation of
the nucleus accumbens region suppresses neuronal activity and selectively
modulates afferent drive in rat orbitofrontal cortex in vivo. J Neurosci
27:12601–12610.

McIntyre CC, Savasta M, Kerkerian-Le Goff L, Vitek JL (2004) Uncovering
the mechanism(s) of action of deep brain stimulation: activation, inhibi-
tion, or both. Clin Neurophysiol 115:1239 –1248.

Mitra PP, Pesaran B (1999) Analysis of dynamic brain imaging data. Bio-
phys J 76:691-708.

Mitzdorf U (1985) Current source-density method and application in cat
cerebral cortex: investigation of evoked potentials and EEG phenomena.
Physiol Rev 65:37–100.

5362 • J. Neurosci., April 22, 2009 • 29(16):5354 –5363 McCracken and Grace • Accumbens DBS and Multisite LFP Activity



Moghaddam B, Homayoun H (2008) Divergent plasticity of prefrontal cor-
tex networks. Neuropsychopharmacology 33:42–55.

Moro E, Esselink RJ, Xie J, Hommel M, Benabid AL, Pollak P (2002) The
impact on Parkinson’s disease of electrical parameter settings in STN
stimulation. Neurology 59:706 –713.

Nandi D, Jenkinson N, Stein J, Aziz T (2008) The pedunculopontine nu-
cleus in Parkinson’s disease: primate studies. Br J Neurosurg 22 [Suppl
1]:S4 –S8.

Neville KR, Haberly LB (2003) Beta and gamma oscillations in the olfactory
system of the urethane-anesthetized rat. J Neurophysiol 90:3921–3930.

Nowak LG, Bullier J (1998a) Axons, but not cell bodies, are activated by
electrical stimulation in cortical gray matter. I. Evidence from chronaxie
measurements. Exp Brain Res 118:477– 488.

Nowak LG, Bullier J (1998b) Axons, but not cell bodies, are activated by
electrical stimulation in cortical gray matter. II. Evidence from selective
inactivation of cell bodies and axon initial segments. Exp Brain Res
118:489 –500.
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