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Neurobiology of Disease

Lithium Ameliorates Nucleus Accumbens Phase-Signaling
Dysfunction in a Genetic Mouse Model of Mania

Kafui Dzirasa,"> Laurent Coque,® Michelle M. Sidor,® Sunil Kumar,' Elizabeth A. Dancy,° Joseph S. Takahashi,”
Colleen A. McClung,® and Miguel A. L. Nicolelis>>+%°

Departments of 'Psychiatry and Behavioral Sciences, 2Neurobiology, Psychology and Neuroscience, and *Biomedical Engineering, and >Center for
Neuroengineering, Duke University Medical Center, Durham, North Carolina 27710, Departments of “Psychiatry and "Neuroscience and *Howard Hughes
Medical Institute, University of Texas Southwestern Medical Center, Dallas, Texas 75390-9111, and °Edmond and Lily Safra International Institute of
Neuroscience of Natal, Natal, RN 59066-060, Brazil

Polymorphisms in circadian genes such as CLOCK convey risk for bipolar disorder. While studies have begun to elucidate the molecular
mechanism whereby disruption of Clock alters cellular function within mesolimbic brain regions, little remains known about how these
changes alter gross neural circuit function and generate mania-like behaviors in Clock-A19 mice. Here we show that the phasic entrain-
ment of nucleus accumbens (NAC) low-gamma (30-55 Hz) oscillations to delta (1-4 Hz) oscillations is negatively correlated with the
extent to which wild-type (WT) mice explore a novel environment. Clock-A19 mice, which display hyperactivity in the novel environment,
exhibit profound deficits in low-gamma and NAC single-neuron phase coupling. We also demonstrate that NAC neurons in Clock-A19
mice display complex changes in dendritic morphology and reduced GluR1 expression compared to those observed in WT littermates.
Chronic lithium treatment ameliorated several of these neurophysiological deficits and suppressed exploratory drive in the mutants.
These results demonstrate that disruptions of Clock gene function are sufficient to promote alterations in NAC microcircuits, and raise
the hypothesis that dysfunctional NAC phase signaling may contribute to the mania-like behavioral manifestations that result from

diminished circadian gene function.

Introduction

Nearly all of the genes that control circadian rhythms are ex-
pressed in the mesolimbic pathways, and studies have demon-
strated that these genes play an important role in regulating
behaviors associated with mesolimbic circuit function (Abarca et
al., 2002; McClung et al., 2005; Manev and Uz, 2006; Roybal et al.,
2007; Lynch etal., 2008). For example, disruption of the circadian
genes Period and Clock leads to changes in the reward value for
drugs of abuse (Abarca et al., 2002; McClung et al., 2005; Spanagel et
al., 2005). As such, it has been suggested that alterations in circa-
dian gene function may play a role in mediating human neuro-
psychiatric illnesses. Bipolar disorder is a psychiatric illness that
affects 1-3% of the U.S. population, and is characterized by
manic and depressive symptoms (American Psychiatric Associa-
tion, 2000). Polymorphisms in a number of circadian genes have
been shown to convey risk for this illness, and individuals with
bipolar disorder experience major disruptions in nearly all bio-
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logical rhythms (Benedetti et al., 2003; Nievergelt et al., 2006;
McClung, 2007; Kripke et al., 2009; Soria et al., 2010).

Mice with an N-ethyl-N-nitrosourea (ENU)-induced point
mutation in the circadian gene Clock (Clock-A19 mice) (Vitaterna et
al., 1994; King et al., 1997) display behaviors that are very similar
to human bipolar patients in the manic state. These behaviors
include an increased exploratory drive in novel environments, a
significant reduction in sleep, decreased anxiety-related behav-
iors, and an increase in cocaine preference (Naylor et al., 2000;
Roybal etal., 2007). Many of these aberrant behaviors observed in
Clock-A19 mice can be treated with lithium (Roybal et al., 2007),
amedication commonly used to manage similar behavioral man-
ifestation in human patients suffering from bipolar disorder
(Grandjean and Aubry, 2009). While studies in Clock-A19 mice
have begun to elucidate the molecular mechanism whereby dis-
ruptions in the Clock gene alter cellular function within mesolim-
bic brain regions (McClung et al., 2005), little is known about
how the coalescence of these cellular changes alters gross me-
solimbic circuit function and ultimately generates the behavioral
manifestations observed in these animals. Moreover, the mecha-
nism whereby lithium ameliorates the aberrant mania-like be-
haviors observed in these mice also remains obscure.

Here we set out to quantify mesolimbic circuit function in
Clock-A19 mice by conducting simultaneous neurophysiolog-
ical extracellular recordings across three mesolimbic brain ar-
eas [nucleus accumbens (NAC), prelimbic cortex (PrL—an
anatomical subdivision of medial prefrontal cortex in rats),
and ventral tegmental area (VTA)] as Clock-A19 mice and



Dzirasa et al. @ NAC Phase-Timing Dysfunction in Clock-A19 Mice

Table 1. Implanted coordinates

Area AP (mm) ML (mm) DV (mm)

NAC +1.25 +1.15 -39

PrL +250r +1.7 +0.25 —0.750r —1.8
VTA —3.2 +0.3 —4.25

All coordinates are measured from bregma.

their wild-type (WT) littermate controls explored a novel
environment.

Materials and Methods

Animal care and use. Clock-A19 mice were created by ENU mutagenesis
and produce a dominant-negative CLOCK protein as previously de-
scribed (King et al., 1997). Clock mutants and their WT littermate con-
trols were bred from heterozygous (Clock®'?/+) breeding pairs on a
BALB/c] and C57BL/6] mixed strain background. Male Clock-A19
(Clock®°/ Clock®'®) and WT (+/+) littermate controls, 20—-30 weeks
old, were used for electrophysiological experiments presented in this
study. Mice at Duke University were housed on a 12 h light/dark cycle,
three to five per cage, and maintained in a humidity- and temperature-
controlled room with water available ad libitum. Animals used in the
dendritic morphology and protein expression studies were bred and
housed at University of Texas (UT) Southwestern Medical Center under
similar conditions. For electrophysiological studies, 10 Clock-A19 mice
and 11 WT littermate controls were separated into individual cages, and
surgically implanted with recording electrodes. Experiments were initi-
ated following a 2 week recovery. Experiments were conducted during
the first 6 h of the light cycle, and electrophysiological recordings were
conducted for 10 min as animals explored a 10.75 inch X 10.75 inch
open-field test environment (Med Associates, MED-OFA-MS). Each an-
imal was subjected to only one recording session.

All studies were conducted with approved protocols from the Duke
University and UT Southwestern Medical Center Institutional Animal
Care and Use Committees and were in accordance with the National
Institutes of Health guidelines for the care and use of laboratory animals.

Surgery. Clock-A19 mice and WT littermate controls were anesthetized
with ketamine (100 mg/kg) and xylazine (10 mg/kg), placed in a stereo-
taxic device, and metal ground screws were secured to the cranium. A
total of 32—48 tungsten microwires were arranged in bundle arrays of
6—16 wires (each wire separated by at least 250 wm), and implanted to
target NAC core (some individual microwires in the bundle ended up in
NAC shell), PrL [seven of the WT and Clock-A19 mice were implanted
with microwire arrays in the posterior portion of PrL (1.7 mm ante-
rior to bregma), while the remaining animals (four WT and three
Clock-A19 mice) were implanted in the anterior portion (2.5 mm
anterior to bregma)], and VTA. Implanted coordinates are given in
Table 1.

Implanted electrodes were anchored to ground screws using dental
acrylic.

Neuronal and LFP data acquisition. Neuronal activity was sorted online
and recorded using the Multi-Neuron Acquisition Processor system
(Plexon). At the end of the recording, cells were sorted again using an
offline sorting algorithm (Plexon) to confirm the quality of the recorded
cells. Local field potentials (LFPs) were preamplified (500X), filtered
(0.7-170 Hz), and digitized at 500 Hz using a Digital Acquisition card
(National Instruments) and a Multi-Neuron Acquisition Processor
(Plexon). All electrophysiological recordings were referenced to two
ground screws. Notably, ground wires tested from the two screws were
isoelectric, demonstrating that ground loops were not introduced by this
design. Recording segments demonstrating LFP saturation resulting
from movement artifacts were excluded from analysis (<0.1% of the
total recorded data). LFPs were recorded from every implanted tungsten
electrode. It is important to note that LFP recordings were associated
with significant phase offsets that varied across frequencies (Nelson et al.,
2008). These phase offsets were corrected using the FPAlign function
(Plexon). A 60 Hz bandstop filter was applied to LFPs used to estimate
oscillatory power and cross-structural coherence.
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Determination of LFP oscillatory power. A sliding window Fourier
transform was applied to the LFP signal using Matlab (MathWorks), and
the mean power across the recording periods of interest was determined.
To quantify difference in LEP power between genotypes, we performed a
two-way ANOVA of frequency X power followed by a one-way ANOVA
of the mean LFP power within each frequency of interest. Results were
subjected to a false discovery rate (FDR) correction at a = 0.05/(5 fre-
quencies) (Benjamini et al., 2001). Similar analysis was performed to
determine the influence of speed on oscillatory power.

Determination of phase locking. LFPs were filtered using Butterworth
bandpass filters designed to isolate LFP oscillations within the delta (1-4
Hz), theta (4-11 Hz), beta (15-25 Hz), low-gamma (30-55 Hz), or
high-gamma (70—-100 Hz) frequency range. The instantaneous phase of
the filtered LFP was then determined using the Hilbert transform (Siapas
et al., 2005), and phase locking was detected using the Rayleigh test
(Siapas et al., 2005; Jacobs et al., 2007) at o« = 0.05. Phase-locking analysis
was performed using exactly 400 events/cell to control for the effect of
spike events on phase-locking results. Cells that fired <400 times during
the 10 min recording (<0.66 Hz) were excluded from phase-locking
analysis (15/120 NAC cells, 22/120 PrL cells, and 77/398 VTA cells). All
neuronal phase-locking data in the text are presented in terms of popu-
lation statistics, allowing us to maintain an « level of @ = 0.05 despite the
number of independent comparisons made. Statistically significant dif-
ferences between genotypes were determined using a two-tailed z test
followed by an FDR correction (Benjamini et al., 2001) at a corrected
P value < 0.05.

Determination of LFP cross-frequency phase coupling. To identify the
phase/amplitude bands that displayed coupling, LFPs were filtered using
Butterworth bandpass filters designed to isolate 0.5-19 Hz oscillations
(in 1 Hz increments for phase analysis) and 15-100 Hz oscillations (in 5
Hz increments for amplitude analysis). The instantaneous amplitude
and phase of the filtered LFPs were then determined using the Hilbert
transform, and the modulation index was calculated using the MATLAB
code provided by Canolty et al. (2006). Briefly, a continuous variable z(¢)
is defined as a function of the instantaneous theta phase and instanta-
neous gamma amplitude such that z(t) = A5(f) X e#ﬂ’), where Ag is the
instantaneous gamma oscillatory amplitude, and i, is a function of the
instantaneous theta oscillatory phase. A time lag is then introduced be-
tween the instantaneous amplitude and theta phase values such that z,,,.
is parameterized by both time and the offset between the two variables,
Zor = Apg(t + 1) X eflfi;ﬁt). The modulus of the first moment of z(t),
compared to the distribution of surrogate lengths, provides a measure of
coupling strength. The normalized z-scored length, or modulation in-
dex, is then defined as Myopy = (Mgaw — M)/, where Mg,y is the
modulus of the first moment of z(t), u is the mean of the surrogate
lengths, and o is their standard deviation. Importantly, Myogpy 1S @
Z-score and can be used to determine the probability that a result would
be due to chance.

After determining the optimal bands for phase—amplitude coupling,
LFPs were filtered using Butterworth bandpass filters designed to isolate
1-4 Hz, 30-55 Hz, and 70—100 Hz oscillations. The instantaneous am-
plitude and phase of these filtered LFPs were then determined using the
Hilbert transform and the modulation index value was calculated for
each LFP channel/mouse. Finally, the modulation index was calculated as
the average modulation value observed across all of the LFP channels
corresponding to a single brain area at a Bonferroni-corrected signifi-
cance threshold of @ = 0.0001/[12 (3 brain areas X 2 frequency bands X
2 genotypes)]. Comparisons across genotype were then made by using a
Mann-Whitney U test. A corrected P value <<0.05 was considered
significant.

To determine the effect of speed on the entrainment of NAC low-
gamma oscillations to delta oscillations, we calculated the modulation
index for LFP data selected from periods when mice were moving at <4
cm/s, 4—8 cm/s, and >8 cm/s. To control for the length of LFP record-
ings used for calculation of the modulation index, we oversampled LFP
data to obtain 10 min of LFP data for each speed. This resulted in an
oversampling ranging from ~33% for <4 cm/s data [animals spent 75%
of their time in this speed range (see supplemental Fig. S1, available at
www.jneurosci.org as supplemental material)] to ~900% for >8 cm/s
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data (animals spent ~10% of their time in this range). This approach
skewed modulation index results in a manner that increased values ob-
tained at high speeds. Notably, even with this bias, significant delta mod-
ulation was never observed across NAC, PrL, and VTA at medium (4-8
cm/s) or high (>8 cm/s) speeds in WT or Clock-A19 mice.

Determination of lithium effects on mesolimbic activity in Clock-A19 mice.
Following initial electrophysiological recordings, Clock-A19 mice were
treated with lithium for 10 d as previously described (Roybal et al., 2007), and
electrophysiological recording experiments were repeated. Statistical signif-
icance for within-genotype pairwise comparisons was determined using a
two-tailed z test. A corrected P value <0.05 was considered significant.

Dendritic analysis of NAc neurons. Eight- to ten-week-old wild-type
and homozygous Clock mutant littermates mice were group housed in a
12/12 h light/dark cycle, with ad libitum food and water. Lithium was
administered through the drinking water for 10 d in the form of LiCl at
600 mg/L. Mice were anesthetized by an injection of a mixture of xylazine
and ketamine. Mice were then perfused for 5 min with a solution of 1 X
PBS to allow for exsanguination. Mouse brains were kept for 2 weeks in a
fixative solution containing potassium chromate, potassium dichromate
and mercuric chloride (FD Rapid GolgiStain Kit, FD NeuroTechnolo-
gies). After freezing the brains in isopentane, 150 wm sections were ob-
tained with a cryostat (Leica CM3050 S, Leica Microsystems). After
development, sections were analyzed with Neurolucida software (MBF Bio-
science). Neuron tracing and spine count were performed on medium spiny
neurons of the striatum. The dendrite network analysis of traced neurons
was performed using the Sholl method implemented with the NeuroEx-
plorer software (MBF Bioscience): a series of concentric circles was overlaid
on a projection of a neuron. The total dendrite length and number of nodes
within the shells defined by each pair of consecutive rings was measured. The
total number of dendrite intersections for each Sholl radius was also com-
puted. Total differences across all Sholl circles in dendritic length, nodes, or
intersections were compared using the Wilcoxon signed-rank test with a
one-tailed P; o < 0.05 was used as a threshold for significance.

Tissue collection and SDS-PAGE. Mice were killed with the Muromachi
microwave fixation system to enhance preservation of the proteins’
phosphorylation state. Nucleus Accumbens punches were then taken
from fixed brain slices and immediately frozen. For protein extraction,
tissue samples were homogenized by sonication on wet ice in a buffer
containing 320 mum sucrose, 5 mm HEPES, phosphatase inhibitor cocktail
I and II (Sigma), protease inhibitor (Sigma), 5% SDS, and 50 mm NaF.
Protein homogenate was spun at 12,000 RPM for 10 min at 4°C and the
supernatant carefully removed. DC assays (Bio-Rad) were performed to
quantitate protein levels. Aliquots of sample were combined in Laemmli
sample buffer (Bio-Rad) and 2-mercaptoethanol, and heated at 65°C for
20 min. Samples were quickly spun, loaded (10 pg of total protein per
lane), and electrophoresed on a precast 7.5% Tris-HCI gel (Bio-Rad) at
100 V for ~90 min in 1X TGS buffer (Bio-Rad). Proteins were trans-
ferred overnight at 4°C onto PVDF membranes at 35 V in 1X TG buftfer.

Western blots. Membranes were rewet briefly in a series of methanol,
MilliQ water, and 1X PBS and then blocked in Odyssey Blocking Buffer
(LI-COR Biosciences) for 1 h at room temperature (RT). Membranes
were incubated overnight at RT with the following primary antibodies
diluted in blocking buffer + 0.2% Tween 20: mouse anti-GAPDH (I:
20,000, Santa Cruz Biotechnology) and GluR1 (1:100, Santa Cruz Bio-
technology); and rabbit anti-phospho GluR1 Ser-845 (1:1000, Abcam),
GluR2 (1:400, Abcam), NR1 (1:1000, Cell Signaling Technology), NR2A
(1:500, Abcam), and NR2B (1:2000; Cell Signaling Technology). Blots
were washed in 1X PBS + 0.1% Tween 20 and incubated for 45 min at
RT with infrared (IR)Dye 680-conjugated goat anti-rabbit (1:5000,
LI-COR Biosciences) and IRDye 800-conjugated goat anti-mouse sec-
ondary (1:5000, LI-COR Biosciences) antibodies diluted in 0.2% Tween
20 + 0.02% SDS. Blots were washed in 1 X PBS + 0.1% Tween 20 with a
final wash in 1X PBS. Blots were scanned using the Odyssey Infrared
Imaging System (LI-COR Biosciences) interfaced to a PC running Odys-
sey 2.1 software for quantification.

Protein bands were quantified using an integrated intensity and mean
band background subtraction method. These values were then expressed
asaratio to the corresponding GAPDH integrated intensity to control for
potential discrepancies in amount of protein loaded between samples.
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For visualization purposes only, the contrast and brightness of Western
blot images were enhanced using Adobe Photoshop 9.0 software. Settings
for enhancement were applied across an entire given image to maintain
relative differences in intensities between bands. Significant differences
were determined by two-way ANOVA followed by post hoc tests.

Statistics. Behavioral, anatomical, and biochemical experiments, and
spike sorting were conducted blind to genotype. Analysis, though not
blind for the physiological experiments, was largely automated. All data
are presented as mean = SEM.

Results

Clock-A19 mice exhibit deficits in NAC low-gamma

phase coupling

Mice recovered very well and behaved normally after the surgical
implantation with microelectrodes, allowing us to simulta-
neously record LFP and neuronal activity across three structures
that contribute to mesolimbic circuits in awake, non-restrained
conditions (Fig. 1A,B). Electrophysiological recordings were
conducted as 11 WT and 10 Clock-A19 explored a novel environ-
ment consisting of an open field. When we quantified mesolim-
bic LFP power in the two groups, our results indicated that WT
and Clock-A19 mice displayed similar oscillatory power across all
of the mesolimbic areas and frequencies examined [two-way
ANOVA revealed insignificant genotype by frequency interac-
tions (Fis044300) = 0.52, 0.43, and 0.18 for NAC, PrL, and VTA
oscillatory power, respectively; P > 0.05 for all comparisons)
(Fig. 1C)]. In addition to the amplitude component, the phase
component of LFP oscillatory activity has also been shown to
correlate with neural network function (Bragin et al., 1995; Siapas
et al., 2005; Canolty et al., 2006; Sirota et al., 2008; Dzirasa et al.,
2009; Sigurdsson et al., 2010). Thus, we set out to examine
whether Clock-A19 mice displayed any alterations in mesolimbic
LFP phase activity. Cross-frequency phase coupling (CFPC), a
phenomenon in which the amplitude of high-frequency neural
oscillatory activity is modulated by the phase of low-frequency
neural oscillations (Fig. 2A), has been observed across mesolim-
bic brain structures such as hippocampus and prefrontal cortex
(Bragin et al., 1995; Sirota et al., 2008; Dzirasa et al., 2009). Thus,
we quantified mesolimbic CFPC in WT and Clock-A19 mice. We
found that WT mice displayed phase coupling between low-
gamma (3055 Hz) and local delta (1-4 Hz) neural oscillations
within NAC, and phase coupling between high-gamma (70-100
Hz) oscillations and delta activity within NAC and PrL. No sig-
nificant CFPC was observed within VTA in WT mice. Clock-A19
mice also displayed phase coupling between high-gamma (70—
100 Hz) oscillations and local delta activity within NAC and PrL
(P =0.23 and 0.35 for comparisons of NAC and PrL high-gamma
CFPC between genotypes, respectively); however, phase coupling
between NAC low-gamma oscillatory activity and delta activity
was disrupted in these mutants, and PrL low-gamma CFPC
tended to be decreased (P = 0.01 and 0.19 for comparisons of
NAC and PrL low-gamma CFPC, respectively, between geno-
types) (Fig. 2C). Additionally, VTA low- and high-gamma CFPC
modulation values tended to be lower in Clock-A19 mice; how-
ever, these differences did not reach statistical significance (P =
0.24and P = 0.10 for comparisons of VTA low- and high-gamma
CFPC between genotypes, respectively), and the overall VTA
modulation measured for both genotypes and frequency values
were lower than the threshold for significant modulation. Since
our results indicated that the dysfunctional NAC low-gamma
CFPC observed in Clock-A19 mice represented a selective (i.e.,
brain area and frequency specific) and profound neurophysio-
logical deficit, we investigated whether normal NAC low-gamma
CFPC correlated with behaviors in WT mice.
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nificant NAC low-gamma CFPC at any of
the speeds of forward locomotion we ex-
amined (NAC low-gamma CFPC: 2.52 *=
0.52,1.38 = 0.27,and 1.04 = 0.28 at 0—4

Accumbens

v

cm/s, 4—8 cm/s, and >8 cm/s, respective-
ly; Fig. 2E). Together, these results show

VTA

that Clock-A19 mice fail to display the
NAC low-gamma CFPC observed in WT
mice during behaviorally immobile peri-
ods (P = 0.02 for comparison of NAC
low-gamma CFPC between genotypes at
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<4 cm/s). When we investigated whether
these deficits were due to alterations in
NAC LFP oscillatory power at low speeds
in Clock-A19 mice, a two-way ANOVA
between WT and Clock-A19 mice revealed
no significant genotype effect in NAC LFP
power at speeds ranging from 0 to 4 cm/s
(F(1.3804) = 2.04). Overall, since CFPC
deficits were observed during periods
when Clock-A19 mice were not engaged in

VTA

aWT
®m Clock-A19
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Frequency (Hz)
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Figure 1.

NAC low-gamma CFPC correlates with exploratory behaviors
in WT mice

We found that NAC low-gamma CFPC was negatively correlated
with the total distance each mouse traveled during the recording
period in WT mice [R = —0.61, P = 0.047 (R= —0.73,P = 0.011
for regression of logarithmic values)]. Moreover, although NAC
CFPC was disrupted during periods of forward locomotion
(NAC low-gamma CFPC: 1.29 * 0.27 and 1.05 * 0.22 at 4-8
cm/s and >8 cm/s, respectively; P < 0.01 for both speeds com-
pared to CFPC values observed at <4 cm/s), the CFPC values
observed during the 10 min recording period were directly cor-
related with CFPC values observed when analysis was restricted
to periods when WT mice were not engaged in forward locomo-
tion (i.e., <4 cm/s; R = 0.97, P < 0.0001). Finally, the CFPC
values observed during periods when animals were not engaged
in forward locomotion were also directly correlated with CFPC
values observed during quiet waking periods while WT mice were
in their home cage (R = 0.72, P = 0.019). Thus, the differences in
NAC low-gamma CFPC observed across WT mice were still
present when animals were not actively engaged in forward loco-
motion, suggesting that the NAC low-gamma CFPC values seen
across mice did not simply reflect their average speed during the
recording period. Rather, NAC low-gamma CFPC correlated
with the likelihood that animals would engage in forward loco-
motion. Incidentally, we also found that NAC high-gamma
CFPC was disrupted during periods of forward locomotion in
WT mice (NAC high-gamma CFPC: 2.37 * 0.56 and 2.09 = 0.51
at 4-8 cm/s and >8 cm/s, respectively; P = 0.13 and 0.51,
respectively).

Clock-A19 mice exhibit deficits in NAC low-gamma CFPC
during immobile periods

In Clock-A19 mice, NAC low-gamma CFPC was not correlated
with the total distance traveled during the 10 min recording pe-
riod (P = 0.72). Moreover, Clock-A19 mice failed to exhibit sig-

20 40 60 80 100
Frequency (Hz)

Multisite electrophysiological recordings in WT and Clock-A19 mice. A, Raster plot of LFPs and 35 neurons simulta-
neously recorded from NAG, PrL, and VTA in an awake behaving animal. B, Diagram of mesolimbic dopamine reward circuit (note
that projections from NAC to VTA are not direct). ¢, LFP spectral power in WT and Clock-A19 mice during recording session.

forward locomotion, these results dem-
onstrate that Clock-A19 mice display
profound deficits in NAC low-gamma
CFPC (compared to WT mice) that are
not due to the increased behavioral pro-
files displayed by the mutants (see Fig.
4D and supplemental Fig. S1, available
at www.jneurosci.org as supplemental material). Notably,
though NAC low-gamma CFPC tended to be lower in Clock-
A19 mice compared to WT mice during periods of quiet wak-
ing while animals were in their home cage, these differences
did not reach statistical significance (NAC low-gamma CFPC:
6.90 = 1.85 and 4.79 = 1.06 for WT and Clock-A19 mice,
respectively; P = 0.35).

Clock-A19 mice exhibit neuronal entrainment deficits in NAC
To investigate whether these alterations in LFP phase coupling
were consistent with changes in neuronal phase activity in Clock-
A19 mice, we chronically recorded the extracellular activity of
638 neurons, distributed as follows: 120 neurons in the nucleus
accumbens, 120 neurons in the prelimbic cortex, and 398 neu-
rons in the VTA from WT mice and Clock-A19 mice (Table 2).
Phase locking, a phenomenon in which neuronal firing is phase
synchronized to LFP oscillatory activity (Fig. 3B), has been ob-
served across several mesolimbic brain structures (Jones and
Wilson, 2005; Siapas et al., 2005; Jacobs et al., 2007). Thus, we
quantified neuronal phase locking to delta oscillations (i.e.,
1-4 Hz) occurring within each of the mesolimbic brain areas
examined (supplemental Fig. S2, available at www.jneurosci.org as
supplemental material). This frequency band was chosen for our
analysis because our results had previously indicated that mesolim-
bic gamma neural oscillatory activity phase coupled to low-
frequency oscillations occurring in this range.

Detailed analysis of our neuronal data revealed that a signifi-
cant proportion of NAC (52%, n = 50), PrL (30%, n = 56), and
VTA (42%, n = 155) neurons phase locked to locally recorded
delta oscillatory activity in WT mice (Fig. 3D). Moreover, we
found that NAC, PrL, and VTA neurons tended to optimally
phase lock to the rising phase of locally recorded delta oscilla-
tions. Clock-A19 mice also displayed a significant proportion of
NAC (30%, n = 53), PrL (43%, n = 42),and VTA (50%, n = 166)
neurons that phase locked to locally recorded (within the same
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brain area) delta oscillations, and phase
locked neurons tended to optimally cou-
ple to the rising phase of locally recorded
delta oscillations (as they had in WT
mice). However, the proportion of NAC-
neurons that phase locked to local oscilla-
tory activity was significantly diminished
in Clock-A19 mice (Fig. 3E). Notably,
since we controlled for the number of = NAC
spike events used for phase-locking anal-

Amplitude Freq (Hz)

WT
100
_
ysis (phase-locking analysis is highly de- s

pendent on the number of spike events o

used for quantification), the deficits in
NAC-neuron delta phase locking ob-
served in Clock-A19 mice were not simply
due to differences in neuronal firing rates PrL
(supplemental Fig. S3, available at www.
jneurosci.org as supplemental material).
Together, our results strongly suggest that 15,
Clock-A19 mice display deficits in delta
oscillation NAC phase signaling (CFPC
and neuronal phase locking) that do not
simply result from changes in LFP oscillatory
power or changes in neuronal firing rates.

00

Amplitude Freq (Hz)

00

VTA
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Lithium ameliorated CFPC and 15
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Previous studies have demonstrated that
chronic treatment with lithium attenuates
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fect of chronic lithium treatment on the
delta oscillation phase-signaling deficits
we had identified in Clock-A19 mice. Fol-
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lowing our initial baseline recordings,
seven Clock-A19 mice were treated with
lithium for 10 d, and electrophysiological
recordings were repeated as mice explored
the open field. Chronic lithium treatment
significantly increased NAC low-gamma
CFPC in Clock-A19 mice [NAC low-
gamma CFPC = 6.36 = 0.74 in lithium-
treated Clock-A19 mice during periods of
immobility (i.e., <4 cm/s); P = 0.002 com-
pared with untreated Clock-A19 mice], and
ameliorated the NAC neuronal phase-
locking deficits (53% of NAC neurons entrained to delta oscillations,
n = 32; P < 0.05) and behavioral hyperactivity observed in untreated
Clock-A19 mice (Fig. 4). Notably, treatment with lithium did not alter
high-gamma CFPC across any of the brain areas examined in Clock-A19
mice and WT mice, nor NAC low-gamma CFPC or NAC phase locking
(n = 24 neurons) in WT mice (P > 0.05 for all comparisons).

Figure2.

Clock-A19 mice exhibit diminished AMPA receptor subunit
expression in NAC

Overall, our results suggested that the delta oscillation phase-
signaling deficits displayed by Clock-A19 mice were primarily
limited to NAC. Thus, we investigated whether these phase-
signaling deficits were associated with biochemical and morpho-
logical changes in NAC microcircuits. Computational models
have indicated that NAC phase signaling is highly dependent on

Cross-frequency phase coupling across mesolimbic brain areasin WT and Clock-A19 mice. 4, Two-second 1— 4 HzNAC
oscillation trace (green) overlaid on simultaneously recorded 30—55 Hz oscillations (red). Red arrows show bouts of increased
gamma oscillation amplitudes that were phase coupled to 1- 4 Hz oscillation peaks. B, Sample of NACLFP channel from Clock-A19
mouse. Notice peaks in gamma oscillatory power are not consistent with a 1— 4 Hz oscillation phase. €, The modulation index (M)
was determined for all mesolimbic brain areas examined. The images depict group averages of stepwise modulation values for
amplitude oscillations occurring between 15 and 100 Hzand phase oscillations occurring between 0.5 and 19.5 Hz. Clock-A19 mice
displayed diminished coupling between the phase of 1-4 Hz oscillations and the amplitude of low-gamma (3055 Hz)
oscillations. The blue line indicates threshold for significant phase coupling; *Corrected P < 0.05. D, Modulation index of
NAC low-gamma oscillations versus total distance traveled. E, Clock-A19 mice failed to display CFPC during periods when
they were moving <4 cm/s.

Table 2. Total number of neurons isolated per mouse per brain area

NAC PrL VTA
WT mice 5.1 6.7 16.8
(Clock-A19 mice 6.4 46 214

NAC glutamatergic signaling. For example, one model suggested
that decreases in the NMDA/AMPA ratios may be sufficient to
disrupt the entrainment of NAC neurons to afferent oscillatory
activity (Wolf et al., 2005). Since our findings indicated that the
entrainment of NAC neuronal and low-gamma LFP activity to
delta oscillations was diminished in Clock-A19, we wanted to
investigate whether Clock-A19 mice exhibited changes in the ex-
pression of glutamate receptor subunits in NAC. Using Western
blot analysis, we found that levels of the AMPA receptor subunit,
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Il sitization to psychostimulants and
depression-related behavior following ma-
ternal separation (Li et al., 2004; Monroy et
al., 2010). Thus, we stained brain sections
containing the NAC of both Clock-A19 and
WT mice with the Golgi method to examine
changes in dendritic length, complexity, and
spine density (Fig. 6A). Using Neurolucida
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spines per segment, we found no difference
PiL VTA in spine density between Clock-A19 mice

16 and their WT littermates (Fig. 6 B). Further-
more, treatment with chronic lithium did
not alter the spine density of either the
Clock-A19 or WT animals. Next, to deter-
mine whether there were any differences in
dendritic length or complexity in NAC neu-
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correction, *Corrected P << 0.05.

GluR1, and p-GluR1 were significantly reduced in the NAC of
Clock-A19 mice compared to WT littermates (Fig. 5A, B). When
we calculated the ratio of P-GluR1/GluR1, we found no differ-
ences across genotype or with lithium treatment (data not
shown), suggesting that Clock-A19 mice display a reduction in
total GluR1 levels, but not in the degree of GluR1 phosphoryla-
tion. Notably, chronic lithium treatment did not increase GluR1
or p-GluR1 levels in Clock-A19 mice, but did lead to a decrease in
GluR1 and p-GluR1 levels in wild-type animals (Fig. 5A,B). We
also measured levels of the GluR2 subunit of the AMPA receptor
and found no differences in expression across genotypes or treat-
ments (Fig. 5C). Similarly, when we measured levels of the
NMDA receptor subunits NR1, NR2A, and NR2B, we found no
differences in expression (Fig. 5D-F).

Clock-A19 mice exhibit altered NAC medium spiny

neuron morphology

Several studies have also associated structural plasticity of NAC me-
dium spiny neurons with complex behavioral measures such as sen-

-n Phase (Radians) m

Neuronal phase locking across mesolimbic brain areasin WT and Clock-A19 mice. A, Example of four neurons isolated
from NAC. From left to right: depiction of the four extracellularly recorded waveforms of the unit (x-axis 1400 ps; y-axis 188 wV);
projection of the clusters correspondent to the units and the noise based on analysis of the first two principal components of the
waveforms recorded (x-axis, PC1; y-axis, PC2); and interspike interval histogram. B, Example of single-neuron phase locking, and
the phase distribution of NAC neuron shown above. The activity of the depicted neuron was phase locked to the 1—4 Hz oscillation
peak. €, Raleigh statistic for all NAC, PrL, and VTA neurons in WT and Clock-A19 mice. D, NAC, PrL, and VTA neurons in WT and
(lock-A19 mice optimally phase locked to the rising phase of delta oscillations. E, Clock-A19 mice displayed a significantly lower
proportion of NAC neurons that were phase locked to delta oscillatory activity than did WT mice. Two-tailed paired z test with FDR

-n Phase (Radians) n

(Fig. 6C). In addition, the dendrites of these
neurons intersected the Sholl circles more
often, indicating that their pattern was more
complex than the dendrites in WT animals
(Fig. 6 D). Lithium treatment significantly
reversed the number of intersections in the
Clock-A19 mice, and there was a trend to-
ward a reversal in total dendritic length.
Lithium treatment had the opposite effect
on dendritic length and intersections in the
WT animals, leading to a general increase in
length and a greater number of intersec-
tions. Lithium treatment in WT animals
also resulted in a significant increase in den-
dritic nodes; however, there was no differ-
ence between the Clock-A19 with or without
lithium and WT animals in this measure
(Fig. 6E). Together, these results indicated
that the medium spiny neurons in the NAC
of Clock-A19 mice had longer and more
complex dendrites than those of WT mice. Furthermore, lithium
treatment in Clock-A19 mice reversed some of these structural dif-
ferences, making the dendrites more like those of WT animals. On
the other hand, lithium treatment in WT mice had the opposite
effect, in that it made the dendrites of these animals longer and more
complex.

Discussion

Bipolar disorder is a heterogeneous neuropsychiatric disorder
characterized by manic and depressive symptoms. As with other
neuropsychiatric illnesses, bipolar disorder undoubtedly results
from complex changes across widely distributed brain circuits
(Akil etal., 2010). As such, many independent genetic changes are
likely to yield the structural and biochemical changes underlying
this disorder, and many different structural and biochemical
changes are likely to be sufficient to alter circuits critical to nor-
mal behavioral function in bipolar patients. Here we show that a
disruption of the Clock gene is sufficient to induce biochemical,
morphological, and neurophysiological changes in NAC micro-
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circuits. While all patients with bipolar A
disorder do not exhibit alterations in cir-
cadian genes, our findings do provide a
circuit-based link between the genetic
changes observed in at least a specific sub-
set of bipolar patients and the behavioral
manifestations associated with the disorder.
Notably, the circuit-based manifestations
that we report in Clock-A19 mice may re-
flect a common neurophysiological path-
way that is disrupted by many of the genetic
alterations associated with bipolar disorder.

The nucleus accumbens has been im-
plicated in mediating behaviors associated
with reward, addiction, and mood (Nes-
tler, 2004; Nestler and Carlezon, 2006),
and Clock-A19 mice have been shown to
display a mania-like syndrome character-
ized by increased novelty-induced behav-
ioral hyperactivity, a significant reduction
in sleep, decreased anxiety-related behav-
iors, and an increase in several reward-
related behaviors (McClung et al., 2005;
Naylor et al., 2000; Roybal et al., 2007).
Here we show that NAC low-gamma
CFPC correlates with exploratory behav-
iors in WT mice. We also show that Clock-
A19 mice exhibit deficits in NAC low-
gamma CFPC during periods when their
behavioral profiles are similar to those ob-
served in WT animals, and we demon-
strate that Clock-A19 mice exhibit deficits
in NAC neuronal phase locking. Impor-
tantly, these phase-signaling deficits are
not accompanied by changes in LFP oscil-
latory power or changes in NAC firing
rates. Finally, we show that all of the neu-
rophysiological deficits observed in Clock-
A19 mice can be ameliorated by lithium treatment (an agent
commonly used to manage symptoms in bipolar patients). To-
gether, our findings suggest that NAC phase-signaling dysfunction
may contribute to the neurophysiological mechanisms underlying
the mania-like behavioral manifestations that result from dis-
rupted circadian gene function.

Neural phase signaling has gained attention as a putative cod-
ing mechanism through which the brain binds the activity of
neurons across mesolimbic brain structures to generate percepts,
feelings, and behaviors. For example, studies have suggested
that the synchronization of hippocampal and amygdalar neural
oscillatory activity may play a role in fear conditioning (Seiden-
becher et al., 2003), and the phase synchronization of rhinal and
hippocampal oscillations is observed during memory formation
(Fell et al., 2001). Moreover, multiple studies in rodents have
suggested that the phase locking of hippocampal and prefrontal
cortical single neurons to hippocampal neural oscillatory ac-
tivity may play a role in coordinating spatial-cognitive processes
(Jones and Wilson, 2005; Siapas et al., 2005). More recently,
changes in neural oscillatory synchrony across mesolimbic circuits
have been associated with the generation of abnormal repetitive
behaviors in mice acutely depleted of norepinephrine (Dzirasa et
al,, 2010), and it has been reported that alterations in hippocampal
and prefrontal cortical cross-frequency phase coupling may facilitate
spatial cognitive dysfunction (Dzirasa et al., 2009). Together, these
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Chronic lithium treatment reverses NAC phase timing deficits seen in Clock-A19 mice. A, B, Treatment with lithium
significantly increased coupling between the phase of 1—4 Hz oscillations and the amplitude of 3055 Hz oscillations in NAC
(compare with Fig. 2(). Mann—Whitney U test; *P << 0.05. The blue line indicates threshold for significant phase coupling. €,
Treatment with lithium significantly increased NAC neuronal phase locking to delta oscillations in Clock-A19 mice, but had no
significant effect on phase locking in WT mice. D, Treatment with lithium significantly decreased novelty-induced hyperactivity in
(lock-A19 mice; n = 5-11 per group; Student’s t test.

studies suggest that phase signaling may play an important role in
coordinating mesolimbic network function, and raise the hypothesis
that alterations in neural oscillatory phase signaling may mediate
several neuropsychiatric disorders (Uhlhaas and Singer, 2006; Uhl-
haas et al., 2008). Importantly, recent studies have suggested that
alterations in neural oscillatory phase timing may mediate the be-
havioral manifestations observed across other brain disorders, such
as Parkinson’s disease and schizophrenia, as well (Fuentes et al.,
2009; Sigurdsson et al., 2010).

NAC low-gamma CFPC was negatively correlated with the
overall behavioral profile of WT mice exploring the novel envi-
ronment. Since CFPC values observed across WT mice were pos-
itively correlated with CFPC values quantified while animals were
not engaged in forward locomotion, and while animals were in
their home cage, our findings suggest that the differences in NAC
low-gamma CFPC observed across WT mice do not simply re-
flect their overall behavior profile. Rather, our findings suggest
that NAC low-gamma CFPC negatively correlates with the extent
to which WT mice are likely to explore a novel environment
(exploratory drive). Notably, NAC low-gamma activity has been
shown to reflect both the initiation of movement and reward
delivery (van der Meer and Redish, 2009). On the other hand, our
findings indicate that Clock-A19 mice display a selective (brain
area and frequency specific) disruption of NAC low-gamma
CFPC. Since Clock-A19 mice display hyperactivity in novel envi-
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computational models of NAC medium
spiny neuron function suggest that alter-
ations in NMDA and AMPA expression
may be sufficient to disrupt the phasic en-
trainment of medium spiny neurons to af-
ferent inputs (Wolfet al., 2005). While these
models were designed to test the entrain-
ment of medium spiny neurons to afferent
inputs in the theta range, it is plausible that
these results hold true for the entrainment
of NAC neurons to oscillatory input in the
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Figure5.  Analysis of NAC glutamatergic functionin WT and Clock-A19 mice. Levels of AMPA and NMDA receptor subunits were

quantified by Western blotting in Clock A19 mutants and WT controls treated with vehicle or lithium. Representative blots are
shown below the corresponding graph. There was a significant decrease in GluR1 (4) and phospho-ser845 GIuR1 (B) in ClockA 19
mutant mice relative to WT. Lithium decreased protein levels of GluRT and P-GluR1 in WT mice only. No changes in GluR2 (C), NR1
(D), NR2A (E), or NR2B (F) levels were observed. All values are expressed as ratios relative to levels of GAPDH. n = 5—6/group;
comparisons made by two-way ANOVA followed by post hoc analysis, *p << 0.05, **p << 0.01, for across genotype comparisons.

#p < 0.05, *p < 0.01, for lithium treatment comparisons.

ronments and alterations in reward processing (McClung et al.,
2005; Roybal et al., 2007), the altered NAC low-gamma CFPC
observed in Clock-A19 mice may correspond with deficits in
NAC microcircuits involved in regulating their exploratory drive.

Our results indicate that compared to WT mice, the NAC me-
dium spiny neurons of Clock-A19 mice display longer and more
complex dendrites and a reduced expression of the AMPA receptor
(AMPAR) subunit GluR1 and p-GluR1. Notably, decreased phos-
phorylation of GluR1 at Ser845 is associated with a reduced synaptic
expression of GluR1-containing receptors and decreased AMPA
transmission (Song and Huganir, 2002; Mangiavacchi and Wolf,
2004). Since neuronal phase locking is thought to occur via complex
interactions between individual neurons that belong to local or far-
away populations (Siapas et al., 2005), alterations in NAC dendritic
morphology and glutamatergic receptor gene expression may con-
tribute to disruptions of phase signaling. Supporting this hypothesis,

the entrainment of NAC neurons and
low-gamma oscillations to delta oscilla-
tions. Since treatment with lithium did
not increase GluR1 or p-GluR1 expres-
sion in Clock-A19 mice, nor did it fully
restore NAC phase signaling in Clock-A19
mice to levels observed in WT littermates
(though lithium did increase NAC phase
signaling overall), our findings suggest that treatment with lith-
ium likely increases NAC phase signaling in Clock-A19 mice viaa
GluR1-independent mechanism. On the other hand, treatment
with lithium decreased NAC GluR1 and p-GluR1 expression, and
altered the dendritic morphology of NAC neurons in WT mice.
Notably, lithium did not alter NAC CFPC or the phase locking of
NAC to local oscillatory activity in WT mice, suggesting that
reductions in NAC GluR1 and p-GluR1 expression are likely
not sufficient (in and of themselves) to induce all of the neu-
rophysiological changes observed in Clock-A19 mice. This is
supported by our data, which demonstrate that Clock-A19
mice display normal NAC low-gamma CFPC during periods
of quiet waking in their home cage.

One potential mechanism underlying the disruption of NAC
low-gamma CFPC and phase signaling observed in Clock-A19
mice may involve a selective alteration of physiological activity in
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NAC neurons expressing D,-dopamine
receptors (D,-DRs). D,-DRs modulate
GSK-3B phosphorylation via an Akt-
mediated signaling pathway (Beaulieu et al.,
2004), and this pathway has been shown to
be a major target of lithium (Beaulieu et al.,
2004; Gould and Manji, 2005). Thus, the
morphological, biochemical, and electro-
physiological changes observed in the NAC
of Clock-A19 mice may be due to a persis-
tent overactivation of NAC D,-DR-
mediated GSK-38 signaling. Another
mechanism underlying the phase-signaling
deficits observed in Clock-A19 mice may in-
volve changes in VTA feedback control due
to alterations in D, autoreceptor signaling.
Incidentally, studies have demonstrated
that Clock-A19 mice display increased
bursting of dopaminergic neurons in VTA
(McClung et al., 2005), and VTA dopami-
nergic cell bursting has been shown to pro-
mote mesolimbic dopamine release
(Floresco et al., 2003). Moreover, selective
restoration of Clock function in the VTA of
Clock-A19 mice attenuates several of the be-
havioral manifestations observed in these
animals (Roybal et al., 2007).

The present findings raise the hypothesis
that the diminished phase locking observed
in Clock-A19 mice may occur via a mecha-
nism whereby disruption of the Clock gene
leads to increased VTA cell bursting, which
in turn promotes increased NAC dopamine
release. This increased dopamine release
then fosters changes in NAC microcircuits
that diminish the overall weight of afferent
glutamatergic inputs from prefrontal cor-
tex. When coupled with changes in mesolim-
bic activity that normally follow novelty
exposure, these microcircuit disruptions ulti-
mately diminish the ability of NAC neurons to
entrain to afferent input in the delta frequency
range, leading to the phase-signaling deficits
observed in Clock-A19 mice.

Together, our findings suggest that dis-
ruptions of Clock gene function lead to di-
minished NAC phase signaling, ultimately
fostering mania-like behavioral dysfunc-
tion. Notably, the multidisciplinary findings
presented in this manuscript are largely cor-
relational across various layers of analysis.
Thus, future studies will be critical to estab-
lish a causal link between the biochemical,
morphological, neurophysiological, and be-
havioral alterations exhibited by Clock-A19
mice. Moreover, additional studies will be
necessary to clarify whether the alterations in
NAC neurophysiological function and dys-

functional behaviors described here lie upstream or downstream
or remain independent of the circadian rhythm disruptions that
follow diminished Clock gene function. Nevertheless, since the
neurophysiological and behavioral changes that follow circadian
gene disruption correspond with altered NAC LFP oscillatory
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Figure6.  Analysis of the structural plasticity of NACneurons in WT and Clock-A 19 mice. Brains from Clock-A19 and WT animals

with or without 10 d of lithium treatment (600 mg/L) were subjected to Golgi staining and then sliced into 150 um sections.
Twenty-five to twenty-nine cells from the NAC were analyzed and averaged from five mice per group. A, Example of a Golgi-stained
medium spiny neuron from NAC. B, Dendritic spine density was measured. There were no differences in spine density between
groups. C, Dendritic length across Sholl circles was measured. Clock-A19 mice have anincrease in overall dendritic length across all
Sholl radii compared to WT mice (P << 0.01). Lithium treatment tended to reduce overall dendritic length in the Clock-A19 mice,
though this trend did not reach statistical significant (P = 0.095). Lithium treatment increased the length of dendrites in WT mice
(P<<0.01). D, The number of dendritic intersections of Sholl circles was calculated. Dendrites from Clock-A19 mice intersect Sholl
circles more often than those of WT mice (P << 0.01). Lithium treatment significantly decreases these intersections in Clock-A19
mice (P << 0.05). Lithium treatment increases the number of dendritic intersections of Sholl circles in WT mice (P << 0.01). E, The
number of dendritic nodes was calculated across Sholl circles. No significant differences were found between Clock-A19 and WT
mice; however, lithium treatment increased the number of nodes in WT animals (P << 0.05). Insets for C—E show totals measured
across all lengths; *P << 0.05 for across genotype comparison, *P << 0.05 for within genotype comparison of lithium effect.

phase signaling, our findings highlight a novel electrophysiolog-
ical biomarker of mania-like behaviors that can potentially be
used to directly diagnose or detect vulnerability to bipolar disor-
der in humans using emerging noninvasive techniques such as
magnetoencephalography.
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