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Cortical-Amygdalar Circuit Dysfunction in a Genetic Mouse

Model of Serotonin Deficiency
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Although the majority of first-line antidepressants increase brain serotonin and rare polymorphisms in tryptophan hydroxlase-2 (Tph2),
the rate-limiting enzyme in the brain serotonin synthesis pathway, have been identified in cohorts of subjects with major depressive
disorder, the circuit level alterations that results from serotonergic hypofunction remain poorly understood. Here we use chronic
multicircuit neurophysiological recordings to characterize functional interactions across cortical and limbic circuits in mice engineered
to express a human loss-of-function depression allele Tph2-(R441H) [Tph2 knockin (Tph2KI)]. Our results show that Tph2KI mice
exhibit increased intra-network synchrony within medial prefrontal cortex (mPFC) and basal amygdala (AMY) and increased inter-
network synchrony between these two brain networks. Moreover, we demonstrate that chronic treatment with fluoxetine reverses several
of the circuit alterations observed within Tph2KI mice. Together, our findings establish a functional link between functional hyposero-

tonergia and altered mPFC-AMY network dynamics.

Introduction

Major depressive disorder (MDD) is a complex multifactorial
neuropsychiatric illness characterized by profound changes in
mood, sleep, affect, and interests (American Psychiatric Asso-
ciation, 2000; Akil et al., 2010). At least 4% of the U.S. popu-
lation is affected by an MDD each year, and 17% of the
population is expected to experience symptoms of an MDD in
their lifetime (Blazer et al., 1994; Kessler et al., 1994). The
majority of first-line antidepressant pharmacotherapeutics in-
crease brain serotonin (5-HT), and rare naturally occurring
genetic variants in human tryptophan hydroxlase-2 (Tph2;
the rate-limiting enzyme in the brain 5-HT synthesis) have
been shown to confer risk for MDD (Zill et al., 2004; Zhang et
al., 2005; Tsai et al., 2009). Mice genetically engineered to
express one of these rare variants in Tph2 (R441H) observed
in a subset of human subjects with MDD [Tph2 knockin mice
(Tph2KI)] exhibit reduced baseline and evoked extracellular
5-HT levels (Jacobsen et al., 2012). This further suggests that
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dysregulation of brain 5-HT may contribute to the central
pathophysiological changes that confer risk for MDD. Nota-
bly, Tph2KI mice also recapitulate several endophenotypes
associated with MDD and MDD risk in human, including
reduced CSF 5-hydroxyindoleacetic acid (a primary 5-HT me-
tabolite), blunted fenfluramine-induced plasma prolactin
release, blunted 5-HT,,R agonist hypothermia, increased
frontal 5-HT,,R (Jacobsen et al., 2012), and trait anxiety
(Beaulieu et al., 2008).

Functional changes across vast circuits spanning multiple
cortical and subcortical brain areas are thought to contribute
to the endophenotypes comprising MDD (Drevets, 2001; Li-
otti and Mayberg, 2001). For example, positron emission to-
mography, functional magnetic resonance imaging (fMRI),
and postmortem brain studies have identified changes in pre-
frontal cortex (PFC) and amygdala (AMY) function in de-
pressed subjects (Drevets et al., 2008; Savitz and Drevets,
2009b; Covington et al., 2010). Nevertheless, the neurophysi-
ological microcircuit level alterations that confer MDD risk
and how they may relate to changes in serotonergic tone re-
main poorly understood.

Here, we set out to characterize the function of widely distrib-
uted brain circuits in Tph2KI mice by performing simultaneous
neurophysiological recordings across multiple cortical and
limbic brain areas in each subject. These areas, implicated in
mediating depressive endophenotypes, included the follow-
ing: the prelimbic/infralimbic cortex (anatomical subdivi-
sions of mPFC), the orbital frontal cortex (OFC), the frontal
association cortex (FrA), AMY, nucleus accumbens (NAC),
the lateral hypothalamus (LH), the ventral hippocampus
(V_Hipp), the ventral tegmental area (VTA), and the dorsal
raphe nucleus (DR) (Krishnan and Nestler, 2008).
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Table 1. Stereotaxic coordinates for electrode implantation

Area Anteroposterior (mm) Mediolateral (mm) Dorsoventral (mm)
NAC +1.2 +1.25 -39
DR —4.6 0.1 2.25
FrA 27 1.0 1.0
LH —1.0 —1.25 475
OFC 2.7 1.75 1.7
mPFC +1.7 +0.25 —1.75
AMY —16 =25 —475
V_Hipp —34 +3.0 3.25
VTA —34 +0.2 —4.0
Materials and Methods

Animal care and use. Knockin mice carrying the R439H Tph2 allele,
equivalent to the human R441H TPH?2 allele identified in subjects with
MDD (Zhangetal., 2005), were generated as described previously (Beau-
lieu et al., 2008). All animals used in this study were bred from heterozy-
gous breeding pairs on a 129S6/SvEv and C57BL/6] mixed strain
background. Male TPH2-KI (homozygous knockin, Tph2KI) and wild-
type (WT) littermate controls, 4—9 months old, were used for all exper-
iments presented in this study. Mice 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 and food available ad libitum.

Tph2KI mice and age-matched WT littermate controls were separated
into individual cages and surgically implanted with recording electrodes.
Experiments were initiated after a 2—4 week recovery, and neurophysio-
logical recordings were performed for 20 min while mice explored a
10.75 X 10.75-inch open-field test environment (MED-OFA-MS; MED
Associates) located inside a sound-attenuating cubicle. The chamber il-
lumination was measured at 35 lux, 5 inches from the ceiling-mounted
light source (ENV-221CL; MED Associates). These experiments then
were repeated in mice after chronic fluoxetine treatment (see below).

All studies were conducted with approved protocols from the Duke
University Institutional Animal Care and Use Committee and were in
accordance with the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals.

Tail-suspension task. Tail suspension was performed as described pre-
viously (Beaulieu et al., 2008). Briefly, naive animals were examined
during the last 6 h of the light cycle using a MED Associates apparatus.
Immobility times were measured over a 6 min period using MED Asso-
ciates software.

Surgery. Tph2KI mice and WT littermate controls were anesthetized
with ketamine (100 mg/kg) and xylazine (10 mg/kg) and placed in a
stereotaxic device, and metal ground screws were secured to the cranium
above cerebellum and anterior cortex. A total of 32—64 tungsten mi-
crowires (35 wm diameter) were arranged in array bundles (Dzirasa et al.,
2011a) and implanted as shown in Table 1 (all coordinates are measured
from bregma). Implanted electrodes were anchored to ground screws
using dental acrylic. The full details for electrode construction and sur-
gical implantation have been described previously (Dzirasa et al., 2011a).
After our initial studies, five to six additional WT and Tph2KI mice were
implanted with recording electrodes solely in AMY and mPFC. Several of
these mice were implanted in the anterior portion of mPFC (2.4 mm
anteroposterior, 0.25 mm mediolateral, —1.0 mm dorsoventral from
bregma).

Neuronal and local field potential 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, based on cluster analysis
(Plexon), to confirm the quality of the recorded cells. Only clearly de-
fined single-unit cell clusters with interspike intervals >2 ms were used
for analysis. Local field potentials (LFPs) were preamplified (500X), fil-
tered (0.7-300 Hz), and digitized at 1000 Hz using a Digital Acquisition
card (National Instruments) and a Multi-Neuron Acquisition Processor
(Plexon). All electrophysiological recordings were referenced to two
ground screws, and neuronal recordings were referenced online against
other wires implanted in the same brain area that did not exhibit unit
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activity. Notably, ground screws were connected such that they were
isoelectric. LFPs were recorded from every implanted tungsten elec-
trode, and recording segments demonstrating LFP saturation result-
ing from movement artifacts were excluded from analysis (<0.1% of
the total data recorded). Neurophysiological recordings were per-
formed in a 10.75 X 10.75-inch open-field test environment (MED-
OFA-MS; MED Associates).

Determination of LFP oscillatory power and cross-area synchrony. Two
microwires implanted in each structure were pseudorandomly selected
for LFP analysis. Using MATLAB, a sliding window Fourier transform
was applied to the first 10 min of the LFP signal recorded usinga 1 s
window with a 1 s step. The Fourier transform parameters were chosen to
allow for a frequency resolution of 0.5 Hz. The LFP oscillatory power
values used for analysis were then assigned as the mean power observed
across the two LFP channels used for analysis. All values were averaged
across the recording time window.

LFP cross-structural coherence was calculated from the LFP pairs used
for LFP oscillatory power analysis using the MATLAB (MathWorks)
mscohere function at a 1 s sliding window with a 1 s step. The transform
parameters were chosen to allow for a frequency resolution of 0.5 Hz.
This process yielded four continuous cross-structural synchrony values
(one for each LFP channel pair), and the average of the four synchrony
values was used for analysis. To determine the threshold for significant
synchrony across a specific circuit, we performed a bootstrapping
method in which the LFP time series recorded from one of the brain areas
was reversed before coherence analysis. All bootstrapped measurements
calculated for each brain area were grouped together across genotype to
determine the range of coherence values that would be expected from
two waves randomly oscillating at the same frequency.

Determination of LEP phase coherence and temporal offset for optimal
phase coupling. The same LFPs used for spectral coherence analysis be-
tween AMY and mPFC were used for phase synchrony analysis. LFP data
acquired during the first 5 min of the recording period was filtered using
Butterworth bandpass filters designed to isolate LFP oscillations within a
2 Hz window using a 1 Hz step (1-100 Hz). The instantaneous phase of
the filtered AMY and mPFC LFPs was then determined using the Hilbert
transform, and the instantaneous phase offset (Ppaniy — Pmprc); Was
calculated for each time point. The deviation from circular uniformity
for the phase offset time series was then calculated using the Rayleigh’s
test (Siapas et al., 2005; Jacobs et al., 2007). To determine that significant
deviation from circular uniformity did not simply result from compari-
sons between two LFPs oscillating in the same frequency, we applied two
separate bootstrapping methods. First, we reversed the phase time series
for the mPFC LFP signals and recalculated the deviation from circular
uniformity the Rayleigh’s statistic. The Rayleigh’s statistic values using
this bootstrapping approach were three to four orders of magnitude less
than those observed during our initial analysis. Second, we introduced
temporal offsets [—2000, 2000 ms] between the two LFPs and recalcu-
lated Rayleigh’s statistic at each temporal offset. We found that the intro-
duction of temporal offsets greater that 500 ms virtually eliminated phase
synchrony between the two LFPs. Although successive points in the
phase offset time series were not truly independent at a sampling rate of
1000 Hz, our second bootstrapping approach demonstrated that phase
synchrony did indeed exist between AMY and mPFC oscillations because
the maximum phase synchrony value within the [—100, 100 ms] offset
window exceeded phase synchrony within the [—2000, —500 ms] and
[500, 2000 ms] offset windows for all of the animals examined in this
study (n = 22, corresponding to a p value <0.00001). Most importantly,
the same approach was used to quantify AMY-mPFC phase synchrony in
both WT and Tph2KI mice; thus, differences identified between the two
genotypes represented true phenomena. The temporal offset for optimal
phase coupling was determined for each frequency band as the offset at
which the highest Rayleigh’s statistic value was observed.

Determination of cross-frequency phase coupling. The quantification of
cross-frequency phase coupling (CFPC) using the modulation index has
been described previously (Canolty et al., 2006; Dzirasa et al., 2009,
2010). 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’s-corrected significance threshold of o =
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Figure 1. Chronic fluoxetine ameliorate behavioral dysfunction in Tph2KI mice. A, Immobility
time on a tail-suspension taskin WT and Tph2KI mice. *p < 0.05 using FDR-corrected paired ttest for
within-drug comparisons across genotype; *p << 0.05 using FDR-corrected paired ¢ test for within-
genotype comparisons; n = 10 mice per genotype per drug condition. B, Locomotor behavioral
profiles in WT and Tph2KI mice. *p << 0.05 using FDR-corrected paired ¢ test for within-genotype
comparison; n = 10 WTand 13 Tph2KI mice treated with water, and 10 WT and 9 Tph2KI mice treated
with fluoxetine.
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Figure2.  Neurophysiological circuit examined in Tph2KI mice. A, Widely distributed circuit
proposed to underlie behavioral endophenotypesin MDD. B, Ten second trace of LFP oscillations
recorded concurrently from the entire circuit shown in A in a freely behaving WT mouse.
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Figure 3.
mice were not powered to reach statistical significance (n = 6 mice per genotype).
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0.0125 (0.05/2 brain areas/2 genotypes). Comparisons across genotype
were then made using a two-tailed ¢ test. Drug effects on CFPC were
quantified using a two-way ANOVA of genotype X drug effects.

Determination of phase locking. LFPs were filtered using Butterworth
bandpass filters designed to isolate LFP oscillations within the delta (2—4
Hz) frequency range. The instantaneous phase of the filtered LFP was
then determined using the Hilbert transform, and phase locking was
detected using the Rayleigh’s test at e = 0.05 (Siapas et al., 2005; Jacobs et
al., 2007). Because phase-locking analysis is highly influenced by the
number of spike events used for analysis, we used exactly 600 spike events
to quantify phase locking. The first 600 spike events observed for each cell
were used for analysis, and cells that fired <600 times during the 20 min
recording period were excluded from this study (six mPFC and two AMY
cellsin WT mice, and three mPFC cells and four AMY cells in Tph2KI mice).

Fluoxetine treatment. After our initial neurophysiological recordings,
WT and Tph2KI mice were given fluoxetine (77 mg/L) in their drinking
water for 21 d. This corresponded with a daily dose of ~13-15
mg - kg ™'+ d ', Water bottles were replaced twice a week.

Statistics. Circuit analysis was initially performed using data from the
first five to six implanted WT and Tph2KI mice from which we were able
to acquire neurophysiological signals for a given brain area or brain area
pair. LFP oscillatory power and spectral coherence was averaged within
the delta (2-4 Hz), theta (4-11 Hz), beta (15-30 Hz), low-gamma
(30-55Hz), and high-gamma (70-100 Hz) frequency bands and subject
to power analysis [power = 0.9, & = 0.0011 for spectral power analysis
(0.05/9 brain areas/5 frequency bands) and a = 0.0006 for coherence
analysis (0.05/17 cross area comparisons/5 frequency bands)] to exclude
all of the differences in specific frequency bands that were not powered to
exhibit statistical differences using 12 or less mice per genotype. We
chose a population size of 12 mice per group for our power analysis
because multiple previous studies have shown that this population size is
sufficient to characterize gross circuit alterations induced by genetic dis-
ruptions (Dzirasa et al, 2010, 2011b; Sig-
urdsson et al., 2010). This corresponded with
an effect size threshold of 1.8 and 1.9 for spec-
tral power and coherence, respectively, in
which the effect size was given as the difference
between the mean values observed in WT and
Tph2KI mice normalized to the pooled SD of
the two populations (Cohen’s d effect size). We
then implanted five more mice per genotype
across the brain areas that were powered to dis-
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quency bands. All data in the text are presented
as mean * SEM unless otherwise specified.
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Results Table 2. Stats table of Cohen'’s d values for LFP power analysis between WT and

Chronic fluoxetine treatment ameliorates behavioral Tph2Kl mice

dysfunction in Tph2KI mice Cohen’s d effect size
The tail-suspension test is commonly used to model depression- Low High
like phenotypes in rodents and to evaluate the efficacy of antide- ~ Area n(WT/Tph2Kl) ~ Delta  Theta  Beta gamma  gamma
pressant agents (Crawley, 2007). Consistent with our previous NAC 6/6 0.106 0.544 0.219 0.545 0.023
report (Beaulieu et al., 2008), Tph2KI mice exhibited increased  AmY 6/6 0.423 0.800 0.444 0.162 0.012
immobility in the tail-suspension test compared with WT miceat DR 6/6 0214 0379 0391 0.150 0.221
baseline [two-way ANOVA of genotype X drug treatment re-  FrA 6/6 0518 0251 0043 0.101 0.344
vealed a significant genotype X drug interaction (F, 55 = 10.4, LH 6/6 0071~ 052 0084  0.201 0751
= 0.0027), followed by two-tailed unpaired ¢ test (¢,,5, = 2.53 OFC 6/6 0607 0.419 1119 0.848 0.541
p i . Y P. (18) > mPFC 6/6 0.219 0.081 0.398 0.774 0.147
p = 0.02); n = 10 mice per genotype; Fig. 1A]. Importantly, no g 6/6 0415 1109 0371 0373 0320
differences in gross locomotor activity were observed between v Hipp  6/6 0347 0.007 0.081 0.247 0351

WT and Tph2KI mice at baseline [mixed-
model ANOVA of genotype X drug treat-
ment revealed a significant drug effect
(Fho1) = 2265, p = 1.1 X 10 %);
unpaired two-tailed ¢ test failed to reveal
significant genotype effects on baseline lo-
comotor aCtiVity (t(ZU = 0.24, p= 0'81); 20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
n = 10 WT and 13 TphZKI mice per Frequency (Hz) Frequency (Hz) Frequency (Hz)

group; Fig. 1B]. Chronic fluoxetine treat- DR -VTA ; FrA-NAC_ ; LH - NAC
ment decreased immobility in Tph2KI = Tphaki
mice (t,7) = 3.14, p = 0.006; n = 9 mice

treated with fluoxetine) but had no effect
on immobility time in WT mice (f 5 =
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tivity across widely distributed cortical and
limbic circuits in awake, non-restrained
conditions (Fig. 2). First, we set out to de-
termine whether Tph2KI mice exhibited
changes in neurophysiological oscillatory
power across any of the implanted brain 1
areas. Although Tph2KI mice tended to
exhibit lower OFC total oscillatory power,
no differences across any of the brain ar-
eas or frequency bands examined were e
powered to reach statistical significance Frequency (Hz2)

using the number of animals outlined for
this study (i.e., low Cohen’s d effect size,
including AMY and mPFC; Fig. 3 and
Table 2).

Because cross-brain area synchrony
has been implicated as a neurophysiological correlate of brain When we performed power analysis on spectral coherence values
circuit function, we also examined whether Tph2KI mice exhib-  observed across select individual frequency bands and brain area
ited differences in spectral coherence across the circuit shown in  pairs, we found that only the AMY—mPFC delta spectral coher-
Figure 2A that were powered to research statistical significance  ence band was powered to reach statistical significance with the
using the number of animals outlined for this study (Fig. 4).  number of animals proposed (i.e., high effect size; Table 3). Thus,
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Figure 4.  Cross-area spectral coherence across limbic circuits in WT and Tph2KI mice. Data are shown as mean == SEM. The
significance threshold for cross-area synchrony is shown in green for each plot (maximum of 95% confidence interval); n = 5- 6
mice per genotype per circuit.
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Table 3. Stats table for LFP spectral coherence power analysis between WT and
Tph2KI mice

Cohen’s d effect size
Low High
Areal  Area2 n(WT/Tph2Kl) ~ Delta ~ Theta  Beta gamma  gamma
NAC V_Hip  6/6 0240  0.004 0520  0.047 0.581
AMY NAC 6/6 1.665 0524 1.469°  0.896 0.847
AMY DR 6/6 0686 0160 0721 0517 0.994
AMY  LH 6/5 1.060  0.409 0835  0.785 0.758
AMY mPFC 6/6 2.869°  0.834 15517 0.800 0.642
AMY  V_Hipp  6/5 0342 0432 1549  0.680 0.786
DR NAC 6/5 0.696 0.948  0.029 0.235 0.039
DR mPFC 6/6 0181 0489 0292  0.048 0.403
DR VTA 6/5 0.055 0281 0271 0.107 0.653
FrA NAC 6/5 0.250  0.083 0.047 0519 0.393
LH NAC 6/5 0.866 0350 0508  0.161 0.352
OFC NAC 6/6 0.190 0.234  0.207 0.175 0.107
mPFC  NAC 6/6 0675 0178 0405 0515 0.170
mPFC  VTA 6/6 0.649 0.078  0.621 0.219 0.579
mPFC  V_Hipp  6/5 0127 0047 1.038 0564 1.090
VTA NAC 6/6 0760 0611 0172 0343 0.303

“Values that corresponded to comparisons powered to reach statistical significance with <20 mice per group.
®Cohen’s d values that corresponded with comparisons powered to reach statistical significance with <<12 mice per
group.

we implanted five to six additional WT and Tph2KI mice with
recording electrodes solely in AMY and mPFC and focused our
analysis on investigating AMY-mPFC delta network function in
Tph2KI mice. Because our additional animals were implanted in
AMY-mPFC, we also investigated AMY-mPFC beta network
function in the full group of mice (i.e., 11 WT and 12 mutant
mice). Our findings in the full group of mice confirmed that
Tph2KI mice exhibited statistically significant increases in AMY—
mPFC delta and beta spectral coherence [two-way ANOVA of
genotype X frequency band revealed a significant genotype effect
on spectral coherence between AMY and mPFC (F, ;o) = 15.84
p = 1.3 X 10 *); FDR-corrected one-way ANOVA showed sig-
nificant genotype effects on delta and beta synchrony (F, ,,, =
13.56,p = 1.5 X 10 "*and F, ,,) = 4.83, p = 0.039 for delta and
beta spectral coherence, respectively); n = 11-12 mice per geno-
type; Fig. 5A]. Notably, these significant differences were still
observed when our analysis was restricted to periods in which
WT and Tph2KI mice were not moving [two-way ANOVA of
genotype X frequency band revealed a significant genotype effect
on delta/beta spectral coherence between AMY and mPFC
(F1,41)=16.02,p=3X10 ~*); FDR-corrected one-way ANOVA
showed significant genotype effects on delta and beta synchrony
(F(1.20) = 9.19,p = 0.007 and F; 59y = 6.9, p = 0.017 for delta and
beta spectral coherence, respectively); Fig. 5B]. This provides ev-
idence that the enhanced AMY-mPFC synchrony observed in
Tp2KI mice did not simply reflect subtle differences in the loco-
motor profiles of these mice.

Network dynamics of mPFC-AMY circuits

Although the increased AMY-mPFC delta and beta spectral co-
herence in Tph2KI mice demonstrated that the mutants exhibit
increased synchronization between the two areas, our findings
did not disambiguate whether the synchrony was attributable to
correlated fluctuations in oscillatory amplitude or to a consistent
phase relationship between the two signals (which relates to os-
cillation timing) (Adhikari et al., 2010). Thus, to further investi-
gate the increased AMY—-mPFC spectral synchrony observed in
Tph2KI mice, we quantified the phase relationship between on-
going AMY and mPFC oscillations within the delta and beta fre-

J. Neurosci., March 6, 2013 - 33(10):4505— 4513 * 4509

Y6 8 = wr
2 e « W Tphaki
o 14 o 14

g g

g2 L2

g S

D 08 T o

Nos N o

T 04 T o

o Eo

S S

Z o z

Delta (2-4H2)

Beta (15-30Hz) Delta (2-4Hz) Beta (15-30Hz2)

C D

Delta (2-4Hz) Beta (15-30Hz) AMY x mPFC - Phase Coherence

70000 350000

- wr
B Tph2ki

Count

* *

0

o
o 20 40 60 80 100

T 0 T 0 T
Phase Offset Phase Offset Frequency (Hz)

wT
8o mPFC
= o
= —
5
5190 e AMY
P
= 8 mPFC
=
2 o
= -—
100! AMY
o 20 40 60 80 100

Frequency (Hz)

Figure 5.  Cortico-amygdala synchrony dysfunction in Tph2KI mice. A, Two-way ANOVA of
genotype X frequency followed by one-way ANOVA of within-frequency band spectral coher-
ence revealed significantly increased AMY—mPFC delta and beta spectral coherence in the full
group of Tph2KI mice. Data are shown as the mean coherence within the delta and beta fre-
quency bands normalized to the mean values observed in WT mice within the same frequency
band (mean = SEM); *p << 0.05. The threshold for significant coherence is shown in green
(maximum of 95% confidence interval). B, AMY—mPFC LFP spectral coherence in WT and
Tph2KI mice when mice were not engaged in forward locomotion (i.e., speeds below the de-
tection threshold of 3 cm/s). Data are shown as the mean coherence within the delta and beta
frequency bands normalized to the mean values observed in WT mice within the same fre-
quency band (mean = SEM); *p << 0.05. C, Distribution of oscillatory phase offsets between
AMY and mPFC delta (left) and beta (right) oscillations in a WT mouse. D, AMY-mPFC delta and
beta phase coherence in WT and Tph2KI mice (Z corresponds to Rayleigh's statistic; *p << 0.05
for comparisons of delta and beta phase coherence across genotype; n = 11-12 mice per
genotype). E, Temporal offsets in which the optimal phase coherence between AMY and mPFC
LFPs were observed for each frequency. The mean = 95% confidence interval is shown; n = 11
mice per genotype. F, Histology showing representative microwire lesions tracks in mPFC and
AMY. Microwire tips are highlighted by red circle.

quency bands. We found that WT mice exhibited a consistent
phase relationship between AMY and mPFC oscillations within
the delta and beta frequency bands (Fig. 5C). Additionally, AMY—
mPFC delta and beta phase synchrony were significantly
increased in Tph2KI mice [two-way ANOVA of genotype X fre-
quency revealed a significant genotype effect on phase synchrony
between AMY and mPFC (F(; 10, = 18.98, p = 3.2 X 10 °) and
FDR-corrected one-way ANOVA of within-band phase syn-
chrony showed significant genotype effects on delta and beta
synchrony (F(, ,;) = 6.03,p = 0.023 and F, ,;, = 9.60, p = 0.006
for delta and beta phase synchrony, respectively); n = 11 mice per
genotype; Fig. 5D]. Interestingly, when we introduced temporal
offsets into AMY and mPFC oscillations and recalculated phase
synchrony, we found that AMY delta oscillations optimally phase
synchronized with mPFC delta oscillations recorded 20 * 4 and
16 = 3 ms in the past in WT mice and Tph2KI mice, respectively
(Fig. 5E). Conversely, AMY beta oscillations better phase syn-
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chronized with ongoing mPFC beta oscil-
lations in WT mice and Tph2KI mice
(optimal beta phase synchrony delay, 4 +
2and 3 = 1 ms in WT and Tph2KI mice,
respectively).

After demonstrating that Tph2KI mice
exhibit increased delta and beta synchrony,
we examined whether delta and beta oscilla-
tions were coupled within AMY and mPFC.
The phase of lower-frequency oscillations
has been shown to modulate the amplitude
of higher-frequency oscillations across mul-
tiple limbic brain regions, including mPFC,
V_Hipp, and NAC in normal mice (Bragin
et al., 1995; Sirota et al., 2008; Dzirasa et al.,
2009, 2010). When we performed CFPC
analysis, we found significant coupling be-
tween the phase of delta oscillations and the
amplitude of beta oscillations in AMY and
mPFC in WT mice (Fig. 6A,B). Further-
more, AMY and mPFC delta—beta CFPC
was significantly increased in the mutants
(ta0) = 242, p = 0.03 and f5) = 2.44, p =
0.02 for mPFC and AMY, respectively; Fig.
6B). Unit activity was coupled to the phase
oflocal delta oscillatory activity, confirming
that AMY and mPFC delta oscillations were
locally relevant (n = 7 of 31 AMY single
units and 8 of 28 mPFC units that exhibited
phase locking to local delta oscillations in
WT mice; Z = 6.3 £ 0.7 and 11.3 = 4.0 for
significantly phase-locked AMY and mPFC
units, respectively, where Z = —In( P); Fig.
6C,D). AMY and mPFC delta oscillations
were locally relevant in Tph2KI mice as well
(n = 3 of 19 AMY single units and 4 of 14
mPFC units that exhibited phase locking to
local delta oscillations in Tph2KI mice; Z = 4.5 = 0.5 and 6.4 + 1.0
for significantly phase-locked AMY and mPFC units, respectively;
Fig. 6C,D).

mPFC
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Count

Figure 6.

Circuit dysfunction in Tph2KI mice exhibits predictive
validity with MDD

When we examined the effect of chronic fluoxetine treatment on
the neurophysiological changes observed in Tph2KI mice, we
found that such a treatment decreased AMY-mPFC delta coher-
ence [mixed-model ANOVA of genotype X drug treatment
revealed a significant genotype X treatment effect on delta coher-
ence between AMY and mPFC (F, ;;) = 4.68, p = 0.045); FDR-
corrected two-tailed paired ¢ test showed significant treatment
effects on delta synchrony in Tph2KI mice (¢, = 4.62, p =
9.48 X 10 ~*); n = 11 Tph2KI mice; Fig. 7]. Conversely, chronic
fluoxetine treatment had no effect on AMY-mPFC delta coher-
ence in WT mice [FDR-corrected two-tailed paired ¢ test failed to
show significant treatment effects on delta synchrony (¢, = 1.13,
p = 0.30; n = 8 WT mice); Fig. 7].

Chronic fluoxetine also tended to decrease AMY-mPFC beta
coherence and mPFC delta—beta CFPC in Tph2KI mice, al-
though these results did not reach statistical significance [mixed-
model ANOVA of genotype X drug treatment failed to reveal a
significant treatment effect on beta coherence between AMY and
mPFC (F; ;7 = 2.18, p = 0.16); mixed-model ANOVA of geno-
type X drug treatment failed to reveal a significant treatment
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effect on mPFC delta—beta CFPC (F(, ;;) = 4.04, p = 0.061)].
Treatment with fluoxetine had no effect on AMY delta—beta
CFPC [mixed-model ANOVA of genotype X drug treatment
failed to reveal a significant treatment effect on beta coherence
between AMY and mPFC (F, ,,, = 0.102, p = 0.75); Fig. 7].

Discussion

Cross-structural neural oscillatory synchrony has gained atten-
tion as a putative mechanism through which the brain binds the
activity of populations of neurons distributed across many corti-
cal and subcortical structures to generate behavior. For example,
studies have shown that enhanced synchronization of amygdalar
and hippocampal oscillations reflects fear memory retrieval (Se-
idenbecher et al., 2003) and that hippocampus and PFC oscilla-
tions synchronize during anxiety (Adhikari et al, 2010).
Together, these studies suggest that the long-range synchroniza-
tion of neural oscillatory activity may play a role in coordinating
activity within and between structures that define broad emo-
tional circuits and raise the hypothesis that alterations in neural
oscillatory phase signaling may mediate several neuropsychiatric
disorders (Uhlhaas and Singer, 2006; Uhlhaas et al., 2008). Im-
portantly, recent studies have suggested that alterations in neural
oscillatory phase timing may mediate the behavioral manifesta-
tions observed across other brain disorders, such as Parkinson’s
disease, schizophrenia, and bipolar disorder (Fuentes et al., 2009;
Dzirasa et al., 2010, 2011b Sigurdsson et al., 2010).

Here we describe functional neural network changes in a
mouse engineered to express a loss-of-function polymorphism in
TPH2 identified in human depressed subjects. Our findings show
that Tph2KI mice carrying the Tph2(R439H) allele exhibit an
increase in AMY—-mPFC delta synchrony. LFP oscillations reflect
a mixture of local and regional signals (Kajikawa and Schroeder,
2011). As such, increased delta synchrony observed across a given
brain circuit can result from artifacts including volume conduc-
tion of delta oscillations from a distinct brain area or increased
delta activity at a common ground source. These factors are un-
likely to account for the increased AMY—mPFC delta synchrony
observed in Tph2KI mice given that all of the brain areas we
recorded in Tph2KI mice were referenced to a common ground,
and the strongest gene effect sizes were observed across the AMY—
mPFC circuit (Table 3). Additionally, local single-unit activity
and local beta activity entrains to delta oscillations within AMY
and mPFC. Finally, delta synchronize between AMY and mPFC
optimally synchronize in the delta frequency range when mPFC
oscillations precede AMY oscillations by ~15-20 ms (timing
consistent with the activation of a single monosynaptic efferent
from mPFC to AMY) (Kumar et al., 2013). Together, this sug-
gests that the enhanced AMY-—mPFC delta synchrony observed in
Tph2KI mice likely reflects altered function across a top-down
control network (i.e., cortical influence over subcortical activity).
Conversely, because AMY and mPFC beta oscillations optimally
phase synchrony with no delay, the increased AMY-mPFC beta
synchrony observed in the mutants may result from altered ac-
tivity across a third (and as yet unidentified) brain area. This is
consistent with our previous findings that demonstrate that di-
rect optogenetic activation of mPFC projection neurons in the
delta frequency range is sufficient to enhance beta synchrony
throughout the limbic circuit (Kumar et al., 2013).

Our results also showed that Tph2KI mice exhibit in-
creased coupling between local delta and beta oscillations
within mPFC and AMY. Treatment with fluoxetine reduced
AMY-mPFC delta coherence and tended to reduce mPFC del-
ta—beta coupling in Tph2KI mice, in addition to normalizing
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Figure 8.  Model of genetic and antidepressant effects on PFC and AMY circuits. PFC delta
oscillations exhibit a directional influence on AMY delta oscillations (top-down signal). Delta
oscillations phase couple with beta oscillations within AMY and PFC. AMY and PFC beta oscilla-
tions show instantaneous coupling, suggesting that these oscillations may be synchronized by
athirdunknown structure. In Tph2KI mice, delta and beta cross-area synchrony and within-area
delta— beta coupling are increased. Antidepressants suppress delta coupling between AMY and
PFC.

the immobility time of the mutants on the tail-suspension task
(for a summary of findings, see Fig. 8). Together, this suggests
that these neurophysiological changes may represent state (as
opposed to trait) markers of MDD endophenotypes. Notably,
these neurophysiological signatures may reflect compensatory
changes in cortical driven feedback/feedforward control cir-
cuits in response to an upstream amygdalar dysfunction
(Savitz and Drevets, 2009a); however, additional studies will
be necessary to test this hypothesis.

Alterations in PFC and AMY function have been described in
human subjects with MDD (for a critical review, see Drevets et al.,
2008). Indeed, brain stimulation modalities (i.e., deep-brain
stimulation and transcranial magnetic stimulation) that directly
modulate PFC activity have been shown to ameliorate symptoms
in humans subjects with MDD (Mayberg et al., 2005; George et
al., 2010) and rodents models of depression (Covington et al.,
2010; Kumar et al., 2013). Furthermore, alterations in AMY func-
tional connectivity with multiple cortical brain regions have been
described in human depressed subjects (Anand et al., 2005; Frie-
del et al., 2009). Although these studies tended to identify de-
creased functional connectivity between AMY and cortical areas,
it is important to note that the neurophysiological signals ana-
lyzed in these fMRI studies were sampled at much lower frequen-
cies (i.e., <0.1 Hz) than those described in our study (i.e., 2-100
Hz). Conversely, in a small study using magnetoencephalography
(i.e., neurophysiological activity sampled at 0-300 Hz), increases
in amygdalo-cortical beta coherence during a working memory
task were shown to negatively predict a rapid antidepressant re-
sponse to ketamine in human depressed subjects (Salvadore etal.,
2010). Interestingly, studies also link alterations in AMY-mPFC
circuit function with polymorphisms in genes responsible for
5-HT homeostasis in humans and rodents (Friedel et al., 2009;
Narayanan et al., 2011).

Here, we showed that Tph2KI mice exhibit increased AMY-
mPFC beta synchrony and increased delta—beta coupling in
AMY. Moreover, these neurophysiological alterations persisted
after treatment with chronic fluoxetine (for a summary of find-
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ings, see Fig. 8). Thus, AMY-mPFC beta coherence and AMY
delta—beta coupling may represent trait markers of MDD endo-
phenotypes. Alternatively, because the human polymorphism ex-
pressed in the Tph2KI mice was originally identified in human
subjects with treatment refractory MDD (Zhang et al., 2005),
these neurophysiological alterations may reflect brain circuit
modifications that are refractory to standard pharmacotherapeu-
tics that target the 5-HT system. Additional studies will be neces-
sary to test these hypotheses. Nevertheless, because AMY-PFC
delta coherence corresponds with a top-down directional control
circuit, and the altered AMY circuit function observed in the
mutant mice persists despite treatment with fluoxetine, our find-
ings raise the hypothesis that 5-HT deficiency yields dysfunc-
tional regulation of AMY function by cortical inputs and
ultimately leads to affective deregulation. Notably, our recent
findings demonstrate that the direct activation of PFC projection
neurons is sufficient to enhance beta synchrony across limbic
networks (Kumar et al., 2013). Thus, the enhanced limbic beta
synchrony observed in the Tph2KI mice may indeed reflect a
5-HT-dependent dysregulation of cortical-dependent feedback
control networks.

Overall, our findings link functional changes in brain 5-HT
homeostasis that may confer risk for MDD with neurophysiolog-
ical deficits in AMY and mPFC microcircuits. Notably, although
our findings described changes in AMY-mPFC circuit function
in Tph2KI mice, several other putative significant circuit changes
(i.e., area interactions with medium effect sizes) were overlooked
because of the large number of brain areas investigated in this
study and the limited number of mice recorded in our study (i.e.,
AMY-NAC circuits). Thus, future structurally targeted studies
with larger groups of mice are warranted to further characterize
several other putative AMY-based circuit deficits that may be
present in the Tph2KI animals.

Depression is a heterogeneous neuropsychiatric illness,
and all animal models generated to date have failed to recapit-
ulate the full spectrum of endophenotypes observed in the
disorder (Nestler and Hyman, 2010). Furthermore, it remains
unclear the extent to which the behavioral alterations ob-
served in animal models of depression (i.e., the Tail Suspen-
sion Test) actually exhibit face or predictive validity with the
behavioral endophenotypes observed in human subjects (Nes-
tler and Hyman, 2010). Here we use multicircuit neurophysi-
ological recordings in a hyposerotonergic mouse that exhibits
construct and face validity (as judged by multiple biochemical
and behavioral endophenotypes) with MDD risk. Although
the genetic mutation expressed in Tph2KI mice has only been
identified in a small subset of human subjects with depression
(Zhang et al., 2005), Tph2KI mice have been validated as a
genetic mouse model of robust 5-HT deficiency (Beaulieu et
al., 2008), and other polymorphisms in the Tph2 gene have
been described in human patients with MDD (Zill et al., 2004;
Tsai et al., 2009). Thus, it is likely that many different genetic
factors that confer risk for MDD may converge on the same
neurophysiological circuits that were found to be dysfunc-
tional in the Tph2KI mice. Importantly, the altered circuits
identified in the Tph2KI mice exhibit predictive and face va-
lidity with circuit endophenotypes observed in humans with
MDD. Thus, our findings highlight a novel approach that can
be used to investigate the role that various genetic risk factors
play in mediating brain circuit-based endophenotypes ob-
served across neuropsychiatric illnesses.
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