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ABSTRACT

BACKGROUND: The prefrontal cortex plays a critical role in regulating emotional behaviors, and dysfunction of
prefrontal cortex—dependent networks has been broadly implicated in mediating stress-induced behavioral disorders
including major depressive disorder.

METHODS: Here we acquired multicircuit in vivo activity from eight cortical and limbic brain regions as mice were
subjected to the tail suspension test (TST) and an open field test. We used a linear decoder to determine whether
cellular responses across each of the cortical and limbic areas signal movement during the TST and open field test.
We then performed repeat behavioral testing to identify which brain areas show cellular adaptations that signal the
increase in immobility induced by repeat TST exposure.

RESULTS: The increase in immobility observed during repeat TST exposure is linked to a selective functional
upregulation of cellular activity in infralimbic cortex and medial dorsal thalamus, and to an increase in the spatio-
temporal dynamic interaction between these structures. Inducing this spatiotemporal dynamic using closed-loop
optogenetic stimulation is sufficient to increase movement in the TST in stress-naive mice, while stimulating above
the carrier frequency of this circuit suppressed movement. This demonstrates that the adaptations in infralimbic
cortex-medial dorsal thalamus circuitry observed after stress reflect a compensatory mechanism whereby the
brain drives neural systems to counterbalance stress effects.

CONCLUSIONS: Our findings provide evidence that targeting endogenous spatiotemporal dynamics is a potential
therapeutic approach for treating stress-induced behavioral disorders, and that dynamics are a critical axis of
manipulation for causal optogenetic studies.
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Major depressive disorder (MDD) is the leading cause of
disability in the world. Despite the heterogeneous nature of the
disorder, multiple studies support hyperactivity and/or network
hyperconnectivity involving the subgenual cingulate cortex
(Brodmann area 25) as key neurophysiological alterations in
MDD (1-3). Though these neural biomarkers have been
exploited to guide the development of deep brain stimulation
and transcranial magnetic stimulation into viable MDD thera-
peutics (4,5), we hypothesize that the spatiotemporal dy-
namics are a key feature associated with subgenual cingulate
cortex—dependent network pathology in MDD. Knowledge of
these pathological dynamics would be particularly important
because they potentially could be controlled to optimize brain
stimulation-based therapies.

In this study, we used a data-driven strategy to identify the
brain regions in mice that showed neural processing adapta-
tions in response to repeat tail suspension stress. Using
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machine learning, we found that repeat tail suspension stress
induced hyperreactivity in the infralimbic cortex (IL), which is
the rodent anatomical equivalent of the subgenual cingulate
cortex in humans based on anatomical connections (6). We
then developed a closed-loop stimulation system based on the
precise spatiotemporal alterations observed in IL-dependent
long-range circuitry after stress exposure. In particular, we
monitored the activity within the circuit and controlled activity
in medial dorsal thalamus (Thal) in a way that produced a
specific set of spatiotemporal dynamics within the whole cir-
cuit. Closed-loop stimulation increased tail suspension test
(TST) activity in stress-naive mice, while two standard fixed-
frequency stimulation patterns either failed to show effects or
suppressed movement. We suggest that spatiotemporal
dynamics that are endogenously activated in healthy animals
to compensate for stress pathology can by harnessed and
exploited to optimize brain stimulation-based treatments.
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The TST is a classic assay used to probe the impact of
antidepressant therapeutics on the behavioral response of
mice to a challenging experience (7,8). In this assay, mice are
subjected to an inescapable stressor in which they are sus-
pended upside down by their tail. The test induces a robust
stress response (9), and the time animals spend immobile
relative to the time they spend engaging in escape actions is
interpreted as an indicator of their behavioral response to the
uncontrollable stressor (7). Critically, prior exposure to stress
diminishes behavioral responses during the TST (10). Thus, the
TST assays an animal’s behavioral adaptation in response to
prior stress exposure, and the test in and of itself induces a
strong stress response. We exploited these two features of the
test for our experiments. First, we measured behavioral and
neurophysiological activity continuously during the TST
(Figure 1A). We defined the strength of the neural responses
during an initial TST session in naive mice. We then repeated
testing on the subsequent day. This approach diminished their
behavioral responses on the TST. Overall, this experimental
strategy allowed us to monitor neural responses in the
same animals when they were stress naive, and again after
exposure to stress (in this case, the stress induced by the
first TST session) using a single behavioral assay that is
responsive to stress. We then uncovered the spatiotemporal
dynamics across the specific brain areas that showed neural
adaptions during the repeat test. Finally, we also performed
control behavioral experiments using repeating testing in an
open field.

METHODS AND MATERIALS

Animal Care and Use

Clock-A19 mice were created by N-ethyl-N-nitrosurea muta-
genesis and produce a dominant-negative circadian locomoter
output cycles kaput protein as previously described (11). Mice
used for TST recording experiments were bred from hetero-
zygous (Clock®'%/+) mice that were backcrossed >8 genera-
tions onto a BALB/CJ strain background. The breeders were
initially maintained on a BALB/CJ and C57BL/6J mixed strain
background before backcrossing. Male Clock-A19 (Clock®'®/
Clock*'®) and wild-type (+/+) littermate control mice were
used for all electrophysiological recording experiments pre-
sented in this study. Inbred BALB/cJ male mice (strain:
000651) purchased from the Jackson Laboratory (Bar Harbor,
ME) were used for optogenetic stimulation and neural Closed
Loop Actuator for Synchronization Phase (nCLASP) experi-
ments. Mice were housed 3 to 5 per cage on a 12-hour
light/dark cycle, and maintained in a humidity- and
temperature-controlled room with water and food available ad
libitum. Behavioral and electrophysiological experiments were
conducted during the light cycle (Zeitgeber time 4-12). All
studies were conducted with approved protocols from the
Duke University 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.

Behavioral Testing

Headstages were connected without anesthesia, and animals
were habituated to the recording room for 90 minutes prior to
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testing. All behavioral testing was conducted under low-
illumination conditions (1-2 Ix). Mice were initially placed in a
17.5-inch-long X 17.5-inch-wide X 11.75-inch-high chamber
for 5 minutes of open field testing (OFT). The location of the
animals was acquired in real time using NeuroMotive (Black-
rock Microsystems, Inc., Salt Lake City, UT). Mice were then
transferred to a TST apparatus (MED-TSS-MS; Med Associ-
ates, Inc., St. Albans, VT) that was modified to allow for
continuous acquisition of animal motion. Mice were sus-
pended 1 cm from the tip of their tail for 10 minutes. The
activity trace was digitized at 2000 Hz and stored in real time
with our neurophysiological recording data. OFT and TST
neurophysiological data were acquired during a single testing
session, and the behavior testing session was repeated the
next day. The quality of video tracking was confirmed offline
using NeuroMotive.

Neurophysiological Data Acquisition

Neurophysiological recordings were performed during the OFT
and TST. Neuronal activity was sampled at 30 kHz, high-pass
filtered at 500 Hz, sorted online, and stored using the CerePlex
Direct acquisition system (Blackrock Microsystems, Inc.).
Neuronal data were referenced online against a wire within the
same brain area that did not exhibit a signal-to-noise ratio
greater than 3:1. At the end of the recording, cells were sorted
again using an offline sorting algorithm (Plexon Inc., Dallas, TX)
to confirm the quality of the recorded cells. Local field poten-
tials (LFPs) were bandpass filtered at 0.5 to 250 Hz and stored
at 1000 Hz. All neurophysiological recordings were referenced
to a ground wire connected to both ground screws. Video
recordings were acquired in real time using NeuroMotive and
synchronized with neurophysiological data.

RESULTS

Broad cortical and limbic firing signaled TST-related behavior
during the initial TST session. We used an unbiased approach
to perform in vivo neurophysiological recordings of action
potentials and LFPs. Specifically, animals were implanted in
the IL and seven additional brain regions that mediate
emotional behavior, including the prelimbic cortex, nucleus
accumbens (core and shell), amygdala (AMY) (basolateral AMY
and central AMY), Thal, dorsal hippocampus, and ventral
tegmental area. Recordings were obtained while animals were
subjected to a TST, and each recording session was imme-
diately preceded by an OFT run in low lighting conditions so as
to be nonstressful. This enabled us to distinguish movement-
related neuronal responses in the TST from those responses
observed in a nonstressful test (Figure 1A). The location of
each mouse was recorded continuously during the OFT using
video tracking, and behavioral activity was measured contin-
uously during the TST using an accelerometer. When we per-
formed event triggered averaging analysis relative to
movement onset/offset, we found a wide array of neural
responses. For example, we found cells that fired with move-
ment onset, cells that fired prior to movement, and cells that
fired after movement was initiated (see Figure 1B; see also
Supplemental Figure S1 for examples). To quantify the rela-
tionship between cellular firing and the complex patterns of
movements measured during the two behavioral tests, we

Biological Psychiatry December 15, 2017; 82:904-913 www.sobp.org/journal 905


http://www.sobp.org/journal/www.sobp.org/journal

Biological . . .
Psychiatry IL-Thal Activation Enhances Resilience

A B

NAC_Core MMyt UEIINHNL A URPAAIARE 04GR H.l..M.',\‘ R b Mww- NAc_Core
NAc Shell J!‘:‘uul'd,, it e 1.;&\,”.',.'4 " © 4y
IL
i \ \wv"wu {Q,"r.. H“fu( ) ‘..u H.,“H ‘M )r;‘,.‘u. 30
i \ '
wwﬁrw'rw urn'm‘ w‘w"(mh\'m-\mwmjﬂw-m" v:i'\“‘grfr.-”wp =
”r‘u\ W, “‘”}I Pyl Iu e, ‘\S‘ﬁ“ ' ‘“)"“L'\‘\:\(:l' I \4\9\
Ehfl -uHuh‘(uwm-m .,m; .d‘\ -,u”-ppnj;.-I)m;. 0 N 3] 0 0 0250 . —
4 bt l bl ot bt gy A S e ) L | e -250 0 250 -250 0 250 -250 0 250 -
D_Hip )”! Mu .“‘"’lh' ‘;“‘\.' A ,'M Hvﬂr ‘T;m \f v‘ .‘.‘1\(""”'. Movement Onset (ms) Movement Onset (ms)
NAC_COTE et i it JO e 1™ pin s oSt A NAc_Sh PiL
NAc_Shell ) .
AMY JUNEAE NN SN NS I
L
VTA Ut P T NN G
Thal N At oo NG et b S
PrL NN A S, I 0 NN, i g e I
D Hi AR A gt~y | SV ) \°
N \®Q 0 0 &Q 0 0
TST- Activity /\/V\NNM\N\,/"\/V\MMW/V’\N’\'M/\/A/\MM —250 0 250 -250 0 250 250 0 250 -250 0 250
Movement Onset (ms) Movement Onset (ms)
500ms I
OFT TST
OFT TST
¥ 4
5min 10 min ©
\@Q
0 0
-250 [} 250 -250 0 250
Movement Onset (ms) Movement Onset (ms)
Open Field Test (Velocity) Tail Suspension Test (Activity)
Max Max
0 0
75s RFE:0.00 75s RFE:0.10

Rate
(imp/50ms)
E
Rate
(imp/50ms)
[

NAc_Sh = NAc_Sh
D E
14 ' PrL
. il NAc_Core NAc_Shell Thal PrL
. N=42 N =65 N =40 N =96
OFT TST OFT _TST OFT TST OFT TST

e Open Field RFE

0'8;5 p 105 11 115 12 21% 14% 26% 6% 15% 55% 20% 25% 30%  20% 13% 35%

eTail Suspension RFE

. ; IL AMY IL D_Hip VTA
w : o N =43 N =81 N=88 N =227
_“; 1.1 : ® OFT TST OFT TST OFT TST OFT TST
@ 5.
= .
8_ 1} - - [
©]
(J]

7% 23% 37% 15% 14% 44% 17% 44% 32% 26% 39% 25%

a
A
'
1

1.05 1.1 11512 125 13
eTail Suspension RFE

906 Biological Psychiatry December 15, 2017; 82:904-913 www.sobp.org/journal


http://www.sobp.org/journal/www.sobp.org/journal

IL-Thal Activation Enhances Resilience

employed a linear decoder. This decoder allowed us to model
the extent to which any specific pattern of behavior observed
during a task condition (e.g., movement onset, acceleration,
velocity, deceleration, immobility) was related to the spiking of
each neuron. This approach quantified movement relative to
neuronal spiking (rather than neuronal spiking relative to
movement [Figure 1B]; see also Supplemental Figure S4), by
creating a model based on the behavioral profile observed in
the 1-second window surrounding neuronal firing. This model
returned an error metric, based on the reduction in fractional
error (RFE) (12), that indicated how much behavioral variance
was explained by the spiking of each neuron (Figure 1C). If any
type of movement observed during a test condition was related
to the firing of a neuron, the model returned an RFE value
>0 (Figure 1D). On the other hand, if neuronal firing was not
related to any type of movement observed during a test con-
dition, the RFE returned a value =0. Using the decoder, we
identified neurons from each cortical and limbic brain area that
signaled movement during the TST, OFT, or both tests during
theinitial session (Figure 1D). Several areas, including the ventral
tegmental area and dorsal hippocampus, showed neurons that
encoded movement generated during both tests. Other areas,
including the IL, the nucleus accumbens shell, and AMY,
showed stronger bias toward signaling TST movement
compared with movement in the OFT (Figure 1E). Thus as ex-
pected, because the OFT and TST are very different contexts,
many neurons exhibited firing that was related to the specific
patterns of movement elicited during each test condition (8,13).

Strikingly, when we trained additional linear decoders on
data acquired during the TST session on the second day and
compared them to the first TST session, we found that the
brain-wide population of neurons showed an increase in their
ability to signal TST movement, as evidenced by an overall
increase in the RFE values obtained for the neurons’ models
(Kolmogorov-Smirnov test [Kgtat = 0.11, p < .001]; n = 647 and
620 neurons during sessions 1 and 2, respectively; Figure 2A).
As expected, animals exhibited higher immobility during the
second testing session as well (paired t test [ti3 = 3.8,
p =.002]; n = 14; Figure 2C, left). In contrast, no differences
were observed in open field movement-related signaling
(Kolmogorov-Smirnov test [Kgat = 0.06, p = .23]; Figure 2B) or
in the distance traveled in the open field between sessions
(paired t test [t13 = 0.3, p = .74]; Figure 2C, right). Thus, both
the neural and behavioral adaptations that occurred with
repeat testing were specific to the stressful assay.

After finding that repeat exposure to the TST increased test-
specific movement-related neuronal responses, we tested
whether these neural changes were specific to any brain
regions. We found that only the IL and Thal showed significant
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increases in the portion of TST-responsive neurons that
showed an RFE >0 (p < .05 using G-test with Williams
correction; Figure 2E). Thus, our unbiased approach sug-
gested that the changes in behavior that occurred with repeat
testing were selectively associated with changes in IL and
Thal population activity. This increase in the portion of
TST-responsive neurons suggested that either new IL-Thal
neurons were added to the ensemble that encoded the TST
movements observed during the first session, and/or that
additional IL-Thal neurons signaled a new type of TST move-
ment that emerged during the second session.

To determine whether the IL and Thal hyperreactivity
observed in normal animals during the second TST session
were behaviorally relevant and not simply a reflection of
repeated exposure to the same TST assay, we performed our
recording protocol in a genetic mouse line (Clock-A19 mice)
that we have previously shown to exhibit resilience to multiple
distinct assays of behavioral challenge including the forced
swim test and learned helplessness (14-16). As expected,
Clock-419 mice were resilient to the adaptation induced by
repeated TST exposure in the full group of normal animals
(for session X genotype interaction using two-way analysis of
variance [ANOVA] [F; 25 = 6.51, p = .017]; for post hoc testing
using a paired t test within Clock-419 genotype [t;> = 0.2,
p = .83]; see Figure 2D). No differences in TST immobility were
observed across genotype within the first testing session (post
hoc testing across genotype using unpaired t test [tos = 0.3,
p = .75]). Thus, Clock-419 mice were resilient to the behavioral
adaptation induced by repeat TST exposure. Critically, no
changes in IL or Thal TST activity (or any of the other brain
areas) were observed in the Clock-A19 mice (Figure 2F). Thus,
repeat TST testing failed to induce IL or Thal hyperreactivity in
a mouse model of stress resilience. This suggests that the
reorganization of the IL and Thal that occurred with repeat TST
was linked to the susceptibility of the wild-type animals to the
initial exposure.

After determining that only the IL and Thal showed changes
in TST-related firing during repeat testing, we set out to test
whether repeat testing also altered neurophysiological in-
teractions between these structures. Cross-frequency phase
coupling (CFPC) analysis has been shown to signal emotional
responses across corticolimbic circuitry (17,18). Thus, we
calculated CFPC between the IL and Thal LFP activity. We
limited our analysis to LFP segments selected from intervals
when animals were immobile on the TST to ensure that dif-
ference in coupling observed across testing sessions did not
simply reflect differences in the total movement (19). Using this
approach, we found that the phase of 3-Hz to 7-Hz activity in
IL coupled to the amplitude of low-gamma activity (30-70 Hz)

Figure 1. Distributed corticolimbic neuronal activity signals escape actions. (A) Raster plot showing unit and local field potential activity acquired
concurrently from cortical and limbic brain areas during the tail suspension test (TST) (top). Schematic of behavioral recording sessions (bottom). (B) Raster
plot and perievent time histograms showing examples of neuronal firing time locked to movement onset in the open field test (OFT) (red) and TST (blue).
Histograms show average unit impulses per millisecond (imp/ms). (C) Example of firing rate histogram of a nucleus accumbens shell (NAc_Shell and NAc_Sh)
neuron (bottom) relative to the movement activity trace (top) in the OFT (left) and TST (right). Note that for this neuron, high TST movement was observed during
periods of high cell activity (green arrows highlight peak-to-peak correlations). (D) Example plots showing the relationship between spiking and behavioral
activity for each of the prelimbic cortex (PrL) and infralimbic cortex (IL) neuron measured using a metric based on the reduction in fractional error (RFE). Units

that showed eRFE

values >1 (RFE >0) explained signal action during each behavioral test. (E) Venn diagrams quantify the portion of neurons in each brain area

that signal action during each behavioral test. All data shown is from wild-type mice. AMY, amygdala; D_Hip, dorsal hippocampus; MC_Thal, medial dorsal

thalamus; NAc_Core, nucleus accumbens core; VTA, ventral tegmental area.
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Figure 2. Infralimbic cortex and thalamic re-
sponses increase during repeat tail suspension test
(TST) testing. Histograms of test-related neuronal
firing for all neurons recorded during repeated (A)
TST and (B) open field test (OFT) testing. Test-
related firing was quantified using the reduction in
fractional error (RFE) of our spike-behavioral models
(p < .05 for comparisons across days using
Kolmogorov-Smirnov test; n = 682 and 655 units for
day 1 and day 2, respectively). (C) Immobility time
and distance traveled during repeat TST and OFT
testing in wild-type (WT) mice (**p < .01 using paired
t test; n = 14 for WT mice). (D) Immobility time and
distance traveled during repeat TST and OFT testing
in Clock-419 mice (*p < .05 for genotype X session
effect of TST immobility using mixed-model analysis
of variance; n = 14 WT mice and 13 mutant mice;
p > .05 using paired t test for immobility time and
distance travelled; n = 13 for Clock-419). No sta-
tistical difference in the variance of the immobility
change was observed across the two populations
of mice (two-sample F test for equal variances
[F13,12 = 0.66, p = .47]). (E) Area-specific expansion
of TST-related movement function in WT mice
(™p < .05 using G-test of independence with
Williams correction). (F) No area-specific expansion
of TST-related movement function was observed in
Clock-419 mice (p > .05 for all comparisons using
G-test of independence with Williams correction).
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in the Thal (Figure 3A, B). Critically, CFPC between these
structures increased across testing sessions (paired t test
[t13 = 3.3, p = .0059]; Figure 3B), similar to the cellular and
behavioral changes described above. The strength of IL-Thal
CFPC exhibited by individual animals was directly related to
their immobility time during both testing sessions (p < .05 for
both comparisons using linear regression; Figure 3C), and this
relationship became stronger during the second session
(analysis of covariance [F14 = 5.63; p = .026]). Thus, the
behavioral relevance of this circuit increased with repeated
testing. Directionality analysis showed that 3-Hz to 7-Hz LFP
activity in the IL temporally preceded oscillatory activity in the
Thal, providing evidence that IL-Thal CFPC reflected direc-
tional activity in the IL-Thal pathway (Figure 3D). No differences
in low-frequency (2-12 Hz) power within IL or Thal, or coher-
ence between the two structures were observed across testing
sessions (F11,286 = 0.68, 0.63, and 0.08; p = .58, .53, and .94,
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for comparison of cortical power, thalamic power, and IL-Thal
coherence, respectively, using repeated measures ANOVA;
Figure 3E). However, we found an increase in IL and Thal
gamma power and coherence between across two testing
sessions (t3 = 5.68, 3.53, and 4.28; p = 7.5 X 107, .004, and
9 X 10“‘, for comparison of cortical power, thalamic power,
and IL-Thal coherence, respectively, using repeated measures
ANOVA; Figure 3F). Thus, the adaptations in IL-Thal function
that resulted from TST exposure were specific to the spatio-
temporal dynamics involving gamma oscillatory across these
brain areas.

After demonstrating that the IL and Thal cellular adaptations
induced by stress were marked by changes in the spatiotem-
poral dynamics across IL-Thal circuitry, we set out to test
whether the patterns we observed in IL-Thal circuitry were
causally related to behavior. To accomplish this, we developed
a new approach to manipulate spatiotemporal dynamics
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Figure 3. Limbic reorganization is specific to stress-induced behavioral adaptation. (A) Infralimbic cortex (IL_Cx) and medial dorsal thalamus (Thal) local field
potential (LFP) traces (top). (B) Image shows coupling between the phase of IL oscillations in frequencies ranging from 0.5 to 9.5 Hz, and the amplitude of Thal
oscillations ranging from 15 to 70 Hz (left). Cross-frequency phase coupling (CFPC) was quantified between IL 3-7-Hz oscillations and Thal 30-70-Hz
oscillations across tail suspension test (TST) testing sessions (p < .05 using paired t test; n = 14 mice; right). (C) IL-Thal CFPC was directly correlated
with the immobility time observed across animals (p < .05 using linear regression; bottom). This relationship increased across testing sessions (o < .05 using
analysis of covariance). (D) Temporal offsets at which IL and Thal oscillations optimally phase synchronized at each frequency (figure shows 95% confidence
interval observed across animals for both testing days; n = 14; top). Frequencies that showed significant lag did not overlap with zero offset. (E) IL and Thal
2-12 Hz power and IL-Thal 2-12 Hz coherence across testing sessions (p > .05 for all three measures across testing sessions using repeated measures
analysis of variance; data shown as mean + SEM). (F) IL and Thal gamma power and IL-Thal gamma coherence across testing sessions (p < .05 for all three
measures across testing sessions using paired t test; data shown as mean + SEM). Freq, frequency.

across prefrontal cortex (PFC)-dependent networks. Specif-
ically, we injected a transsynaptic wheat germ agglutinin-
tagged Cre recombinase (20) into the PFC (IL and prelimbic
cortex) of mice naive to behavioral challenge. Infection with
wheat germ agglutinin-tagged Cre recombinase results in
high Cre expression in PFC neurons and modest Cre
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expression in the other neurons in the brain that form synaptic
connections with PFC (both efferent and afferent synaptic
connections). We then infected Thal with a floxed ultra-fast
channelrhodopsin-2 variant (ChETA) (21) (Figure 4A; see also
Supplemental Figure S5). This strategy ultimately resulted in
ChETA expression in cortical neurons that projected to
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Figure 4. Properly timed infralimbic cortex (IL)-medial dorsal thalamus (Thal) stimulation increases resilience to behavioral challenge. (A) Schematic of
protocol for IL-Thal stimulation (top), viral infection strategy (middle), and histological images (bottom). Enhanced yellow fluorescent protein (EYFP) expression
was present in layer V/IV prefrontal cortex (PFC) neurons and their apical dendrites, PFC axon terminals in the Thal, and the soma of the Thal neurons (bottom).
(B) Detailed schematic for nCLASP system (top). This protocol was used to deliver light pulses to Thal at the trough of IL 3-7-Hz oscillations (bottom).
Histogram shows the IL phase distribution at which gamma pulses were initiated during a tail suspension test (TST) session. Phase coupling of gamma burst
light pulses was quantified using the Rayleigh test where Z = —log(P) (bottom left). IL and Thal evoked activity during nCLASP stimulation. (C) Effects of
nCLASP stimulation on open field test and TST behavior (p < .01 for comparison of blue and yellow light stimulation groups using repeated measures analysis
of variance for TST behavior; red bars on the x axis highlight time points where p < .05 for post hoc testing using unpaired t test; data shown as mean + SEM).
Mean TST activity was quantified as millivolts per gram (mV/g) mouse. (D, E) Effects of two open-loop stimulation protocols on open field test and TST
behavior (*p < .05, **p < .01 for comparison of total activity across groups using students t test; n = 6-8 mice/group). ChETA, floxed ultra-fast channelr-
hodopsin-2 variant; Cre, Cre recombinase; LFP, local field potential; n.s., not significant; PrL, prelimbic cortex; WGA, wheat germ agglutinin.
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thalamus, thalamic neurons that received input from the PFC,
and thalamic neurons that sent efferents to the PFC. Finally,
we invented nCLASP to stimulate this subset of PFC axonal
terminals and Thal neurons with gamma bursts timed to
ongoing oscillatory activity in cortex (Figure 4B). nCLASP
allowed us to drive bursts of Thal gamma activity that were
phase-coupled to 3-Hz to 7-Hz oscillations in cortex, paral-
leling the CFPC physiological parameters of the IL-Thal circuit
we measured during the TST. We calibrated this nCLASP
system to deliver gamma bursts (three successive 5-ms light
pulses with an interpulse interval of 15 ms) initiated at the rising
phase of IL 3-Hz to 7-Hz oscillatory cycles (Figure 4B).
Experimental animals were stimulated with blue light to acti-
vate ChETA and control animals were stimulated with yellow
light, which does not activate the opsin (Figure 4B). Behavioral
and neural responses were monitored while these animals
were subjected to the TST. Stimulation with blue, but not
yellow, light evoked Thal gamma activity (Figure 4B; unpaired
t test [t13 = 1.2 and 4.8; p = .24 and .0003] for comparisons of
IL- and Thal-evoked potential amplitude, respectively; n = 7-8
mice per group).

Activation of the IL-Thal circuit using nCLASP rendered the
stress-naive mice more resilient to the behavioral adaptation
that occurred within a TST session. Specifically, mice stimu-
lated with blue light exhibited less immobility and higher ac-
tivity profiles compared with the animals stimulated with yellow
light (for light effect on immobility time [Fg 117 = 3.89, p = .008];
for light effect on mean activity [Fg117 = 2.73, p = .009];
comparisons of blue and yellow light groups were made using
repeated measures ANOVA; comparison of full test immobility
time using Student’s t test [t13 = 3.3, p < .05]; Figure 4C).
Importantly, no differences in gross locomotion were observed
when animals were stimulated in the open field (two-tailed
Student’s t test [t;1 = -0.59; p = .57]), showing that stimulation
of the IL-Thal pathway induced a behavioral effect that was
specific to the TST paradigm. This was consistent with our
findings that IL neurons preferentially signal behavior in the
TST (compared with the OFT; see Figure 1D). Furthermore,
IL-Thal stimulation had no impact on the immobility time or
mean activity observed during the first 4 minutes of the TST
(Figure 4C), demonstrating that this stimulation approach did
not simply induce hyperactivity. Rather, stimulation of the
IL-Thal pathway using nCLASP diminished the behavioral
adaptation that occurred across the 10-minute TST session.

Next, we tested two additional open-loop patterns in a new
group of stress-naive mice. Our first open-loop stimulation
protocol was designed to deliver the same number of light
pulses as nCLASP, but in a manner not linked to oscillatory
activity in the cortex or local gamma oscillations (constant
14.05-Hz, 5-ms pulse width; see Figure 4D). IL-Thal stimulation
with blue light reduced TST escape behavior during testing
(two-tailed Student’s t test [t;o = -2.24 and 2.27, p = .049 and
0.047] for full test immobility time and activity, respectively),
though this stimulation had no impact on OFT behavior (two-
tailed Student’s t test [t1o = 1.5, p = .316]; see Figure 4D). Thus,
IL-Thal circuit stimulation using nCLASP induced escape be-
haviors, while IL-Thal stimulation using open-loop stimulation
at 14.05 Hz suppressed escape behaviors. Notably, the carrier
frequency used for our first open-loop stimulation protocol was
three times as fast as the carrier frequency of IL to Thal input
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(14.05 Hz compared with 2-7 Hz). Our second open-loop
control stimulation was designed to deliver gamma bursts
consisting of three light pulses at 4.68 Hz (14.05 Hz + 3; see
Figure 4E), which was similar to the frequency administered
during nCLASP stimulation but, importantly, was not timed to
IL activity. Stimulation with this open-loop pattern had no
effect on TST behavior (two-tailed Student’s t test [t;o = 0.13
and 0.45, p = .899 and 0.659] for full test immobility time
and activity, respectively) or OFT behavior (Student’s t test
[tg = -0.57 and p = .582]; see Figure 4E). Thus, gamma burst
stimulation of the IL-Thal pathway had to be timed to the
endogenous IL oscillations to induce movement, and carrier
stimulation frequencies above the normal input frequency of
the pathway (2-7Hz) suppressed it.

DISCUSSION

The TST is widely used as a preclinical model of MDD due to
the assay’s sensitivity to acute treatment with clinically rele-
vant antidepressants. Additional testing is typically performed
in an open field to clarify whether pharmacological/genetics
manipulations induce TST activity due to their specific
antidepressant-like effects or because they more generally
induce hyperactivity. The TST is classically performed during a
single 6-minute session in mice (7). However, to exploit the
observation that the TST induces a robust stress response (9),
we performed neural recordings during two TST sessions on
successive days. This approach allowed us to concurrently
dissect both the neural circuits responsible for TST escape
action under normal conditions and the behaviorally relevant
neural adaptions induced by repeated stress exposure.

Using a linear decoder, we found that neurons in all the
cortical and limbic regions we probed exhibited firing linked to
TST movement. Furthermore, many cells in these areas
signaled movement in the TST but not in the OFT. Thus, either
a different set of movements were induced by the two tests or
a different population of cells encoded the overlapping set of
movements induced by the two distinct tests. In both in-
stances, the cellular responses we discovered clearly
demonstrate that the OFT and TST exploit distinct neural
processes reflected across limbic circuitry. The differential
sensitivity of TST and OFT-related movement to acute anti-
depressant treatment may be due to these nonoverlapping
neuronal responses. Importantly, while immobility during the
TST by no means recapitulates the range of symptoms
observed across MDD (22), our findings suggest that the TST
can indeed be used to effectively probe the function of widely
distributed brain networks implicated in MDD. Normal TST
behavior reflects normal function in these brain networks, and
altered activity in the brain areas that compose the TST
network can be reflected by behavioral dysfunction in the TST
versus the OFT. Additional experiments will be needed to
clarify the exact nature of the information that is encoded by
these TST movement-related neurons.

Repeated TST-stress exposure selectively induced changes
in IL and Thal firing. Based on the spatiotemporal dynamics
observed between IL and Thal, our findings showed that
IL-Thal CFPC was directly correlated with TST immobility
during the initial testing session. Paradoxically, the correlation
slope between IL-Thal CFPC and TST immobility increased
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during the repeat TST session (see Figure 3C), such that the
amount of immobility exhibited by mice during the second
session was lower than expected based on their IL-Thal CFPC.
Consistent with the observations that direct PFC stimulation
induces an antidepressant-like effect in multiple MDD-related
test paradigms (6,23), these findings suggested that IL-Thal
CFPC may reflect a neurophysiological process that induces
TST movement. When we used our nCLASP system to reca-
pitulate the spatiotemporal dynamic we identified in IL-Thal
circuitry, our findings confirmed that IL-Thal CFPC induces
TST-related movement. Importantly, though we found that
gamma power increased across the IL-Thal circuit with repeat
TST exposure, open-loop gamma stimulation of the circuit had
no behavioral effect. Taken together, these results indicate that
IL-Thal CFPC likely reflects a compensatory circuit (i.e., circuit
adaptations that occur in an attempt to return neural systems
to homeostasis). This circuit is activated in response to
uncontrollable stress, and disruption of the spatiotemporal
dynamic observed in this circuit using an open-loop stimulation
above the circuit carrier frequency (circuit jamming) renders
animals less tolerant to stress. Critically, additional experiments
will be needed to dissect the primary circuit changes that
promote increases in TST immobility in response to stress.

It remains unknown whether the IL-Thal compensatory cir-
cuit we found diminishes the subjective stress experience or
activates behavior that counters the behavioral stress
response; nevertheless, it holds promise as a target for further
research into its therapeutic potential. For example, the
spatiotemporal dynamic patterns we identified in the IL-Thal
circuit may serve as a preclinical biomarker of stress-induced
behavioral dysfunction that can be exploited for therapeutic
development. Future experiments that probe the impact of
antidepressant treatment on IL-Thal CFPC are warranted.
These experiments may also prove useful in dissecting the
primary circuit adaptations that result from stress exposure.

Conclusions

Overall our nCLASP stimulation system induced escape be-
haviors in naive mice during the TST, while stimulation using a
standard open-loop protocol that delivered an equivalent
number of light pulses with a different carrier frequency tended
to have the opposing effect (circuit jamming). This finding
provides clear evidence that the neural state timing at which
stimulation is delivered plays a critical role in determining the
impact of cellular activation on behavior. This principle has
particularly profound implications for interpreting the link be-
tween the activity of specific cell types and behavior, and for
optimizing deep brain stimulation-based therapies. Critically,
these findings also raise the provocative hypothesis that
stress-induced behavioral disorders may result from altered
neural timing across widely distributed circuits.
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