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ABSTRACT
BACKGROUND: When exposed to chronic social stress, animals display behavioral changes that are relevant to
depressive-like phenotypes. However, the cascading relationship between incremental stress exposure and neural
dysfunctions over time remains incompletely understood.
METHODS: We characterized the longitudinal effect of social defeat on goal-directed actions and prefrontal cortical
activity in mice using a novel head-fixed sucrose preference task and two-photon calcium imaging.
RESULTS: Behaviorally, stress-induced loss of reward sensitivity intensifies over days. Motivational anhedonia, the
failure to translate positive reinforcements into future actions, requires multiple sessions of stress exposure to
become fully established. For neural activity, individual layer 2/3 pyramidal neurons in the cingulate and medial
secondary motor subregions of the medial prefrontal cortex have heterogeneous responses to stress. Changes in
ensemble activity differ significantly between susceptible and resilient mice after the first defeat session and
continue to diverge following successive stress episodes before reaching persistent abnormal levels.
CONCLUSIONS: Collectively, these results demonstrate that the cumulative impact of an ethologically relevant stress
can be observed at the level of cellular activity of individual prefrontal neurons. The distinct neural responses
associated with resilience versus susceptibility suggests the hypothesis that the negative impact of social stress is
neutralized in resilient animals, in part through an adaptive reorganization of prefrontal cortical activity.
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Stress is associated with increased risk for multiple neuropsy-
chiatric disorders, including major depression (1). A prevailing
framework for stress-related disorders is the idea of allostatic
load, which posits that although acute stress may promote
adaptation, repeated exposures over a prolonged period of time
can lead to persistently heightened reactions and malad-
aptations (2,3). Accordingly, there is growing evidence that acute
and chronic stress are associated with distinct alterations in the
mammalian brain (4,5). However, effects of stress on behavior
and neural functions are generally sampled at the beginning and
end of chronic stress exposure, whereas the adaptations across
successive stress episodes are not understood. One difficulty is
that individuals may exhibit different degrees of resilience, and
therefore, their time-dependent responses to repeated stress
may be variable. Another difficulty is that longitudinal measure-
ments are needed to track the dynamic relationship. For
example, depressive-like phenotypes in rodents are thought to
arise only after chronic stress, yet the timing of when the
dysfunction is precipitated remains poorly understood.

In this study, we characterize the time course of stress ef-
fects on motivated behavior and prefrontal cortical activity in
SEE COMMENTARY

N: 0006-3223 Biolo
mice. Motivated behavior—specifically the capacity to select
appropriate actions based on reinforcing outcomes—is an
essential aspect of learning. Deficits in reward-guided behavior
can be quantified precisely using instrumental decision-
making tasks in multiple animal species and therefore have
translational significance (6). For example, in humans, stress
blunts goal-directed actions and promotes habitual responses
(7). In agreement, rodents subjected to chronic stress para-
digms exhibit a diminished ability to modify actions flexibly in
an outcome-dependent manner (8–11).

A classic assay to measure reward-guided behavior in
stressed rodents is the two-bottle test of sucrose preference,
which is reduced following chronic stress (12,13). However,
reduced preference can arise for at least two reasons. First,
animals could be impaired in their ability to sense or gain
pleasure from sucrose. This would relate to the emotional
reactivity to the reward. Second, the sucrose may remain
desirable, but animals could fail to translate that positive
reinforcement into future actions. These two components of
reward-guided behavior are well known, and the correspond-
ing deficits have been termed “appetitive anhedonia” and
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“motivational anhedonia” (14,15). Unfortunately, the conven-
tional sucrose preference metric does not dissociate these two
forms of reward-processing deficits (16), so a more sophisti-
cated paradigm is necessary to dissect the stress-induced
behavioral alterations.

Reward-guided behavior is thought to involve the distrib-
uted cortical-basal ganglia network including the prefrontal
cortex (6). In addition to deficits in reward processing, the ef-
fects of chronic stress on the prefrontal cortex can be detected
at many levels, including morphological, molecular, and
cellular (4,5). For example, in rodents, prolonged stress expo-
sure causes structural atrophy, including dendritic retraction
and synapse loss (8,17,18), and disrupts synaptic plasticity
and synaptic transmission in the medial prefrontal cortex
(mPFC) (19,20). Although it is obvious that the structural and
synaptic alterations must compromise prefrontal cortical
function, how stress exposure modifies neural activity in vivo is
less clear. There have been several studies of stress effects on
cortical activity patterns (21–24), but they provide few details
on the effect of escalating stress burden over time.

Given the gaps in our current knowledge, the main goal
of this study is to determine how social stress influences
reward-guided behavior and prefrontal cortical activity over
time. Using a novel head-fixed sucrose preference test and
longitudinal two-photon calcium imaging, we show a pro-
gressive emergence of motivational anhedonia and heteroge-
neous neural activity maladaptations as a function of
cumulative social stress and resilience.

METHODS AND MATERIALS

Animals

We used male adult (2- to 6-month-old) mice. Behavioral ex-
periments were performed using wild-type C57BL/6J mice
(catalog no. 000664; Jackson Laboratory, Bar Harbor, ME).
Imaging experiments were performed using heterozygous
CaMKIIa-Cre mice (catalog no. 005359; Jackson Laboratory)
or C57BL/6J mice. For social defeat, aggressive residents
were male retired breeder CD-1 mice, Crl:CD1(ICR) (catalog
no. 022; Charles River Laboratories, Wilmington, MA).

Surgery

The Supplement and previous publications (25,26) provide
details of the surgery for head plate implant and imaging
window installation. Briefly, we targeted the cingulate (Cg1)
and medial secondary motor (M2) regions of the mPFC
(anteroposterior = 11.5 mm and mediolateral = 10.4 mm
relative to the bregma). To express genetically encoded cal-
cium indicator in pyramidal neurons, we injected pAAV(AAV1)-
hSyn1-Flex-mRuby2-GSG-P2A-GCaMP6s-WPRE-pA (Addg-
ene, Watertown, MA) in CaMKII-Cre mice. In a subset of ex-
periments, we injected pAAV(AAV1)-CaMKII-GCaMP6f-WPRE-
SV40 (Penn Vector Core, Philadelphia, PA; or Addgene) in
C57BL/6J mice.

Self-Paced, Instrumental Sucrose Preference Task

The head-fixed mouse was placed on a treadmill and posi-
tioned in front of a lick spout made by soldering together 3
blunted 20-gauge hypodermic needles. The spout could
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deliver independently 4 mL of 1 of 3 solutions: 0% sucrose (i.e.,
tap water), 3% sucrose (weight per volume), and 10% sucrose.
During the task, the fluid-restricted mouse must make 10 licks
onto the spouts (FR10) to receive 4 mL of fluid reinforcement.
Following the fluid delivery, there was a 5-second timeout
period (FI5) during which licks do not count toward next FR10.
The reinforcement type cycled from 0%, 3%, 10%, to 3% in a
block design with 1-minute blocks. For details of the task
design and analyses of behavioral data, see the Supplement.

Repeated Social Defeat

We followed published procedures to induce social defeat
stress (27). Note that this protocol was milder than social
defeat protocols in other studies (12,28), because the time for
sensory interaction was shorter. For details, see the
Supplement.

Two-Photon Imaging

The laser-scanning two-photon microscope was equipped
with a resonant scanner unit for imaging at a frame rate of 29.8
Hz (Movable Objective Microscope; Sutter Instrument, Novato,
CA). The Supplement provides details of the imaging setup
and analyses.

Data Availability

The behavioral and imaging data, as well as MATLAB (The
MathWorks, Inc., Natick, MA) code, are available on GitHub
(https://github.com/Kwan-Lab/barthas2020).

RESULTS

A Self-Paced, Instrumental Sucrose Preference
Task for the Head-Fixed Mouse

We designed a self-paced, instrumental sucrose preference
task to characterize reward-directed actions. We had three
major criteria for the task: 1) actions are self-paced to engage
voluntary behavior; 2) sucrose reinforcements are varied to
manipulate the motivational level; and 3) animal is head-fixed
to enable cellular-resolution optical imaging, but mobile to
minimize stress during behavioral testing. To meet these
criteria, we incorporated concepts from prior studies involving
ratio schedules (29), incentive contrast (30,31), and treadmill
(32). During the task, the fluid-restricted mouse makes tongue
licks on a spout and is reinforced on a tandem FR10-FI5
schedule (Figure 1A, B). The FI5 schedule is effectively a
5-second timeout after the reinforcement to avoid counting
consummatory licks toward the subsequent FR10 schedule.
The spout can independently deliver 4 mL of water, 3% su-
crose, or 10% sucrose solution. For simplicity, we will refer to
water as 0% sucrose solution. The task employs a block
design (Figure 1C). Each block lasts 60 seconds and is asso-
ciated with 1 fluid type, always going from 0% to 3% to 10% to
3%, and then the sequence repeats again. Cycling through the
fluid types allows the study of relative reward values, because
a 3% block preceded by a 0% block has different successive
incentive contrast compared with a 3% block preceded by
a 10% block. We refer to these 2 kinds of 3% blocks as
3% positive contrast (3% pc) and 3% negative contrast
(3% nc) blocks. Overall, the self-paced, instrumental sucrose
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Figure 1. A self-paced, instrumental sucrose preference task for the head-fixed mouse. (A) Schematic of the experimental setup. The head-fixed mouse had
access to a composite lick spout with 3 openings, each of which could deliver fluid independently. The mouse sat atop a skewered sphere or a treadmill and
could run forward or backward. (B) The task was based on a tandem fixed-ratio (FR), fixed-interval (FI) schedule. To illustrate the FR10-FI5 schedule, licks
detected and reinforcement delivered from an actual behavioral session are plotted. (C) The task had a block design, cycling through multiple types of
reinforcement including 0%, 3%, and 10% sucrose solutions. The sequence was always 0%, 3%, 10%, 3%, and then 0%, 3%, 10%, 3% again, and so on.
(D) Lick rate for a typical session. Lick rate was calculated in 10-second bins. The colored patches indicated the reinforcement type and duration of the blocks.
Note that there were time gaps between the blocks, because a new block would begin only after the completion of a FR10 action sequence. The mouse
responded for about 30 minutes before stopping due to satiation. (E) Rewards earned for each block. This is the same session as in (D). (F) Rewards earned
per session. Open circles, individual sessions; bar, mean 6 SEM. (G) Rewards earned for each reinforcement type, normalized by rewards earned in 0%
blocks, per session. Open circles, individual sessions; bar, mean 6 SEM. Main effect of reinforcement type (F3,114 = 47.8; p = 4 3 10220), comparisons: 0% vs.
3% positive contrast (pc), p = .012; 0% vs. 10%, p = 4 3 1029; 3% negative contrast (nc) vs. 3% pc, p = .0011; 3% nc vs. 10%, p = 43 1029; 3% pc vs. 10%,
p = 1 3 1027, analysis of variance (ANOVA) with post hoc Tukey-Kramer test. (H) Mean lick density relative to the time of reinforcement, plotted separately for
each reinforcement type. (I) Consummatory licks per reward for each reinforcement type, normalized by the number in 0% blocks. Open circles, individual
sessions; bar, mean6 SEM. Main effect of reinforcement type (F3,114 = 9.0; p = 63 1028), comparisons: 0% vs. 3% pc, p = .02; 0% vs. 10%, p = 53 1027; 3%
nc vs. 10%, p = 2 3 1026; 3% pc vs. 10%, p = .03, ANOVA with post hoc Tukey-Kramer test. (J) A separate cohort of mice was trained on a variant of the
task with the same FR10-FI5 schedule; however, reinforcement type was randomized for each reward. Open circles, individual sessions; bar, mean 6 SEM.
Main effect of reinforcement type (F2,26 = 25.0; p = 9 3 1027), comparisons: 0% vs. 10%, p = 8 3 1027; 3% vs. 10%, p = 1 3 1024, ANOVA with post hoc
Tukey-Kramer test. (K) Another separate cohort of mice was trained on a variant of task in which the reinforcement types were 0, 0.23, and 1 mM sucralose.
(L) Similar to (H) except for sucralose task. Main effect of reward type (F3,105 = 10.6; p = 4 3 1026), comparisons: 0 vs. 1.00, p = .0006; 0.23 nc vs. 0.23 pc,
p = .006; 0.23 nc vs. 1.00, p = 8 3 1026, ANOVA with post hoc Tukey-Kramer test. (M) Similar to (I) except for sucralose task. Main effect of reward type
(F3,105 = 15.9; p = 13 1028), comparisons: 0 vs. 1.00, p = 23 1028; 0.23 nc vs. 1.00, p = 93 1026; 0.23 pc vs. 1.00, p = 13 1024, ANOVA with post hoc Tukey-
Kramer test. Sample sizes were 39 sessions from 39 mice (F–I), 14 sessions from 2 mice (J), and 39 sessions from 9 mice (K–M). *p , .05, **p , .01,
***p , .001. In the list above, if a potential post hoc comparison was unnoted, p $ .05.
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preference task allows us to measure how an animal adjusts its
actions in response to differences in absolute and relative
reward values.

Mice Are Sensitive to Sucrose Concentration
and Incentive Contrast

Figure 1D shows a typical behavioral session for an adult male
C57BL/6J mouse. Plotting the number of rewards earned on a
block-by-block basis revealed a sawtooth-shaped modulation,
which matched the rises and falls of the sucrose concentration
(Figure 1E). The mouse could suppress intake when they
anticipate more palatable fluids in the near future (33) and
therefore responded most vigorously for the 10% blocks.
Summarizing performance from 39 mice, the mice earned 201
6 10 reinforcements per session (mean 6 SEM) (Figure 1F).
Mice were motivated to complete more FR10 schedules to
obtain more reinforcements during blocks with more palatable
fluids (p = 4 3 10220, main effect of block type, 1-way analysis
of variance [ANOVA]) (Figure 1G), such that they obtained 33 6
5% more rewards during 10% blocks relative to 0% blocks
(p = 4 3 1029, post hoc Tukey-Kramer test). Animals also
responded significantly more during 3% pc blocks than 3% nc
blocks (p = .0011, post hoc Tukey-Kramer test). Therefore,
both absolute and relative differences in reward values were
relevant for performance in this task. Because ratio schedule is
a well-known approach to induce goal-directed actions (29),
these results emphasize the motivational component of
responding.

Mice licked in bouts with a pause between successive re-
inforcements (Figure 1H). A typical bout would therefore
include 10 licks to complete the fixed-ratio schedule, and then
additional consummatory licks after reinforcement (11.0 6 0.5
licks for water). Animals had more consummatory licks as the
concentration of sucrose was increased (p = 6 3 1028, main
effect of block type, 1-way ANOVA) (Figure 1I). There is an
extensive literature indicating that the number of consumma-
tory licks is directly related to the emotional reaction to rein-
forcement (34,35). Results from task variants (Figure 1J–M; see
the Supplement for details) confirmed that differences in
consummatory licking arises from the appetitive component of
responding and excluded caloric content as the factor under-
lying performance.

Motivational Anhedonia in Mice Susceptible
to Social Defeat Stress

Although it is known that stress can induce anhedonia in ro-
dents, the extent to which behavioral alterations can be
attributed to the motivational versus appetitive components,
as well as the time course of deficits, is not known. Social
defeat stress has ethological relevance for animals (12) and is
associated with maladaptations in the rodent frontal cortex
(13,23,36). In these experiments (Figure 2A), C57BL/6J mice
received 10 days of social defeat and were tested on the self-
paced, instrumental sucrose preference task at 2-day intervals
before, during, and after the defeat episodes.

The cohort tested included 28 stressed and 14 control mice.
Results from social interaction tests confirmed that the defeat
544 Biological Psychiatry October 1, 2020; 88:541–553 www.sobp.org
procedures led to a stress-dependent behavioral outcome
(Figure 2B, C). We analyzed data from the self-paced, instru-
mental sucrose preference task during prestress (days 21 and
1), during-stress (days 5, 7, and 9), and poststress (days 11
and 13) stages. As expected, for control mice, rewards earned
increased with sucrose concentration, and this motivational ef-
fect was stable across days (p = 13 1028, main effect of reward
type; ANOVA with block type and stage as fixed factors and
subject as random factor) (Figure 2D). By contrast, susceptible
mice had diminished sensitivity to both absolute and relative
reward differences that persisted into the poststress stage (p =
7 3 1028, main effect of reward type; p = .003, main effect of
stage) (Figure 2E). Resilient mice also had reduced reward
sensitivity, but the decrease was transient, as sucrose prefer-
ence quickly returned to prestress level following the last defeat
session (Figure 2F). Therefore, mice subjected to repeated social
defeat displayed motivational anhedonia, with the susceptible
subtypes displaying a more prolonged phenotype.
Delayed Emergence of Motivational Anhedonia
From Cumulative Effects of Stress

To gain insight into the factors that drove the motivational
anhedonia, we applied a computational model of response
vigor (37,38). The total cost for performing a lick bout is a sum
of the energetic cost of physical effort in performing actions in
quick succession (37) and the opportunity cost of forgoing a
reward by not performing an action (Figure 3A). Opportunity
costs grow linearly as a function of latency between actions,
with a rate for water rewards (ko) and scaling factors to account
for accelerated rates for other reinforcement types (c3nc, c3pc,
c10). Satiety is captured by marginal utility with exponentially
diminishing returns (a), which occurs after a certain number of
rewards (Ro). At any moment during the task, the goal of the
mouse is to select a latency for the next lick bout to minimize
the total cost.

The model was useful for distilling the session-by-session
variations in behavioral performance into a few parameters.
For each session, we fit the model to the behavioral data
(Figure 3B, C). Focusing on susceptible mice, reward sensi-
tivity was significantly modulated by reward type and day (p =
33 1024, main effect of reward type; p = 3 3 1026, main effect
of day; ANOVA with block type and day as fixed factors and
subject as random factor) (Figure 3D–F). Notably, the motiva-
tional deficit did not emerge immediately following the first few
stress sessions, but rather became detectable starting on day
7. This stress-related blunting of motivational action was se-
vere in susceptible mice, relative to the more variable effects in
resilient mice (Figure 3G). By contrast, the threshold for mar-
ginal utility also increased after stress but did not depend on
susceptibility (Figure 3H–J; see the Supplement for details).
Appetitive anhedonia, as measured by consummatory licks,
was induced by stress but only transiently (Figure 4; see the
Supplement for details). Overall, for motivational anhedonia,
the delayed emergence and protracted time course indicate
that it is a consequence of the cumulative impact of the
chronic stressor.
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Figure 2. Motivational anhedonia as a sustained phenotype in susceptible, but not resilient, mice. (A) Timeline of the chronic social defeat stress and
behavioral experiments. (B) Based on the social interaction (SI) ratio, mice subjected to social defeat were divided into resilient and susceptible mice. Control
mice were handled but did not experience social defeat. Each circle in the bee swarm plot represents a mouse. (C) Example movement trajectories for a
susceptible and a resilient mouse, when the CD1 aggressor mouse was present or absent in the interaction zone (red rectangle). (D) Rewards earned for each
reinforcement type, normalized by rewards earned in 0% blocks, per session, for control mice. For each animal, the value was an average across days ac-
cording to 3 stages: “pre” for days 21 and 1; “stress” for days 5, 7, and 9; and “post” for days 11 and 13. Gray line, individual animal; bar, mean 6 SEM. Main
effect of reinforcement type (F2,117 = 21.4, p = 1 3 1028), but not for stage (F2,117 = 0.57, p = .6) or interaction (F4,117 = 0.16, p = 1), analysis of variance with
reinforcement type and stage as fixed factors, subject as random factor. (E) Similar to (D) for susceptible animals. Main effect of reinforcement type (F2,90 =
20.0, p = 7 3 1028) and stage (F2,90 = 6.16, p = .003), but not interaction (F4,90 = 1.28, p = .3), with comparisons: pre vs. stress, p = .005; pre vs. post, p = .02;
stress vs. post, p = .9, analysis of variance with reinforcement type and stage as fixed factors, subject as random factor, and post hoc Tukey-Kramer test.
(F) Similar to (D) for resilient mice. Main effect of reinforcement type (F2,126 = 40.6, p = 3 3 10214), stage (F2,126 = 5.05, p = .008), but not interaction (F4,126 =
1.70, p = .2), with comparisons: pre vs. stress, p = .013; pre vs. post, p = 1; stress vs. post, p = .02, analysis of variance with reinforcement type and stage as
fixed factors, subject as random factor, and post hoc Tukey-Kramer test. Sample sizes were 14 mice (D), 11 mice (E), and 15 mice (F). *p , .05, **p , .01. nc,
negative contrast; pc, positive contrast.
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Prefrontal Cg1/M2 Region: Imaging the Time
Course of Neural Activity Changes at Cellular
Resolution

The behavioral analysis and particularly the modeling suggest
a progressive emergence of motivational anhedonia. Where
should one look for the accompanying neural alterations? In
rodents, the Cg1 and M2 subregion, which constitutes the
most dorsal aspect of mPFC (39), is important for the
Biological Ps
production of self-initiated (40,41) and reward-guided actions
(26,42–44). Furthermore, Cg1/M2 is a target of stress, as
identified by brainwide mapping of neuronal activation in a
rodent model for depression (45), and its response to the fast-
acting antidepressant ketamine (46–48).

Neuronal firing leads to somatic calcium transients in
pyramidal neurons (49), which could be visualized using a
fluorescent calcium indicator. We used a recently developed
ychiatry October 1, 2020; 88:541–553 www.sobp.org/journal 545
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Figure 3. A model of self-paced, instrumental sucrose preference based on motivational vigor. (A) Schematic of the model. Animal should select a response
time that minimizes the total cost. Total cost is the sum of an energetic cost, incurred if actions have to be performed in quick succession, and an opportunity
cost, incurred when potential rewards are delayed due to inaction. The opportunity cost depends on the expected reinforcement type and a marginal utility
term for diminishing returns due to satiation. From the optimal response time, we could estimate the number of completed actions per block. (B) Task
performance and model fit for an example session on day 21. (C) Similar to (B) on day 9 for the same animal. (D) The opportunity cost coefficients determined
by fitting model to individual sessions for control mice. Line, mean 6SEM. Shading, days with social defeat. Main effect of reinforcement type (F2,305 = 14.0,
p = 23 1026), but not for day (F11,305 = 1.33, p = .2) or interaction (F22,305 = 0.541, p = 1), analysis of variance (ANOVA) with reinforcement type and day as fixed
factors, subject as random factor. (E) Similar to (D) for susceptible animals. Main effect of reinforcement type (F2,269 = 8.43, p = 3 3 1024) and day (F10,269 =
4.82, p = 3 3 1026), but not for interaction (F20,269 = 0.983, p = .48), ANOVA with reinforcement type and day as fixed factors, subject as random factor.
Comparisons for the c10 parameter vs. day21: p = 1.0 for day 1; p = 1.0 for day 3; p = .06 for day 5; p = .04 for day 7; p = .02 for day 9; p = .04 for day 11; p = .7
for day 13, from post hoc Tukey-Kramer test. (F) Similar to (D) for resilient mice. Main effect of reinforcement type (F2,344 = 13.8, p = 23 1026) and day (F11,344 =
3.39, p = 2 3 1024), but not for interaction (F22,344 = 0.544, p = 1.0), ANOVA with reinforcement type and day as fixed factors, subject as random factor.
Comparisons for the c10 parameter vs. day21: p = 1.0 for day 1; p = 1.0 for day 3; p = .1 for day 5; p = .4 for day 7; p = .5 for day 9; p = 1.0 for day 11; p = 1.0 for
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day 13, from post hoc Tukey-Kramer test. (G) The opportunity cost coefficient for the 10% sucrose reinforcement. On a mouse-by-mouse basis, the mean
prestress values are plotted against the during-stress values. For susceptible mice, correlation coefficient = 0.77, p = .006. For resilient mice, correlation
coefficient = 0.43, p = .1. Each circle in the scatter plot represents a mouse. Black crosshair, mean 6 SEM. (H) The change-point parameter for the marginal
utility, determined by fitting model to individual sessions for control mice. Line, mean 6 SEM. Shading, days with social defeat. No effect of day (F11,101 =
0.416, p = 1), ANOVA with day as fixed factor, subject as random factor. (I) Similar to (H) for susceptible mice. Main effect of day (F10,89 = 3.89, p = 3 3 1024),
ANOVA with day as fixed factor, subject as random factor. Comparisons vs. day 21: p = 1.0 for day 1; p = .07 for day 3; p = .07 for day 5; p = .008 for day 7;
p = .004 for day 9; p = .2 for day 11; p = 1.0 for day 13, from post hoc Tukey-Kramer test. (J) Similar to (H) for resilient mice. Main effect of day (F11,114 = 5.00,
p = 3 3 1026), ANOVA with day as fixed factor, subject as random factor. Comparisons vs. day 21: p = 1.0 for day 1; p = .08 for day 3; p = .05 for day 5;
p = .0006 for day 7; p = .0001 for day 9; p = .1 for day 11; p = 1.0 for day 13, from post hoc Tukey-Kramer test. Sample sizes were 14 mice (D, H), 11 mice (E, I),
15 mice (F, J). *p , .05, **p , .01. nc, negative contrast; pc, positive contrast.

Figure 4. Chronic social defeat had only transient effect on consummatory actions. (A, top) Lick raster, chosen randomly from 10 trials of each rein-
forcement type from a session on day 21. (Bottom) Mean lick density relative to the time of reinforcement, plotted separately for each reinforcement type, for
the same session. (B) Similar to (A) on day 9 for the same mouse. (C) Consummatory licks per reward for each reinforcement type, normalized by the number in
0% blocks, for control mice. For each mouse, the value was an average across days according to 3 stages: “pre” for days 21 and 1; “stress” for days 5, 7, and
9; and “post” for days 11 and 13. Gray line, individual mouse; bar, mean 6 SEM. Main effect of reinforcement type (F2,117 = 6.49, p = .002), but not for stage
(F2,117 = 0.99, p = .4) or interaction (F4,117 = 0.28, p = .9), analysis of variance with reinforcement type and stage as fixed factors, subject as random factor.
(D) Similar to (C) for susceptible mice. Main effect of reinforcement type (F2,90 = 3.35, p = .04) and stage (F2,90 = 3.30, p = .04), but not interaction (F4,90 = 0.22,
p = .9), with comparisons: pre vs. stress, p = .048; pre vs. post, p = .9; stress vs. post, p = .2, analysis of variance with reinforcement type and stage as fixed
factors, subject as random factor, and post hoc Tukey-Kramer test. (E) Similar to (C) for resilient mice. Main effect of reinforcement type (F2,126 = 13.3, p = 5 3

1026), but not stage (F2,126 = 1.27, p = .3) or interaction (F4,126 = 0.39, p = .8), analysis of variance with reinforcement type and stage as fixed factors, subject as
random factor. Sample sizes were 14 mice (C, D), 11 mice (E, F), and 15 mice (G, H). *p , .05. nc, negative contrast; pc, positive contrast.
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Figure 5. Longitudinal imaging of spontaneous activity of layer 2/3 pyramidal neurons in cingulate and medial secondary motor subregions. (A) Timeline of
the experiments. (B) A fixed coronal section showing the extent of virally mediated expression of GCaMP6s-mRuby2 in cingulate and medial secondary motor
subregions. (C) In vivo two-photon images from an awake, head-fixed mouse for GCaMP6s (green) and mRuby2 (red) in pyramidal neurons in cingulate and
medial secondary motor subregions. The images were taken 6 days apart. (D) Spontaneous fluorescence transients for an example cell from (C), recorded 2
days apart across 7 sessions spanning 13 days during a social defeat experiment. The insets show a still frame of the in vivo GCaMP6s and mRuby2
fluorescence on the corresponding days. (E) Similar to (D) for 2 other cells. dF/F, fractional change in fluorescence.
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bicistronic vector (50) to express the genetically encoded
calcium indicator GCaMP6s along with the fluorophore
mRuby2 in pyramidal neurons in Cg1/M2 (Figure 5A–C; see
the Supplement for experimental considerations). Using a
two-photon microscope and relying on static mRuby2 fluo-
rescence to identify cell assemblies, we could reliably track the
same layer 2/3 neurons for up to 7 sessions spanning 13 days
(Figure 5D, E).
Social Defeat Stress Initially Elevates the Activity
of Prefrontal Pyramidal Neurons

To determine the short-term effect of social stress on Cg1/M2,
we compared the spontaneously occurring calcium transients
in layer 2/3 pyramidal neurons in awake mice, before versus
after a single defeat (Figure 6A). Social interaction tests were
548 Biological Psychiatry October 1, 2020; 88:541–553 www.sobp.org
used to classify the imaging mice into susceptible and resilient
subtypes (Figure 6B). To infer activity rates from somatic
fluorescence signals, we used a peeling algorithm based on
template matching (51,52). Prior to stress, cells from the
different mice had no appreciable difference in their sponta-
neous activity (Figure 6C). After a single defeat, susceptible
mice had elevated spontaneous activity, relative to control
mice (control vs. susceptible: p = .002, Wilcoxon rank-sum
test) (Figure 6D). Intriguingly, resilient and control mice were
indistinguishable by this measure of median activity change
(control vs. resilient: p = .3, Wilcoxon rank-sum test). However,
when we plotted the distribution of activity changes, a more
nuanced picture arose. The distribution of the activity change
was more dispersed for susceptible and resilient mice (inter-
quartile range: 0.27 for control mice, 0.54 for susceptible, 0.47
for resilient) (Figure 6E). For resilient mice, this means that
/journal
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Figure 6. Social defeat rapidly alters the prefrontal cortical activity. (A) The timeline for experiments to determine the impact of social defeat stress on
prefrontal cortical activity. The shaded green area represents the time window used for analysis of the short-term effects. (B) Based on the social interaction
ratio, mice subjected to social defeat were divided into resilient and susceptible mice. Control mice were handled but did not experience social defeat. Each
circle represents a mouse. Note that the imaging mice were a new cohort and not part of the behavior-only study. (C) Baseline rate of calcium events on
day 21 for control, susceptible, and resilient mice. Filled circles, median; bar, 25th and 75th percentiles. Control vs. susceptible mice, p = .6; control vs.
resilient mice, p = .4; susceptible vs. resilient mice, p = .4; Wilcoxon rank-sum test. Control vs. susceptible mice, p = .2; control vs. resilient mice: p = .01;
susceptible vs. resilient mice, p = 1 3 1024; Kolmogorov-Smirnov test. (D) Change in neural activity from day 21 to 1 for control, susceptible, and resilient
mice. The activity change was a normalized difference in the rate of events inferred from fluorescence transients, calculated separately for each cell. Filled
circles, median; bar, 25th and 75th percentiles. Control vs. susceptible mice, p = .002; control vs. resilient mice, p = .3; susceptible vs. resilient mice, p = .0001;
Wilcoxon rank-sum test. (E) Histogram of the neural activity change from day 21 to 1 for control, susceptible, and resilient mice. Control vs. susceptible mice,
p = 2.1 3 1025; control vs. resilient mice, p = .005; susceptible vs. resilient mice, p = 6.1 3 1026; Kolmogorov-Smirnov test. (C–E) Sample sizes were 62 cells
from 4 control mice, 86 cells from 4 susceptible mice, and 59 cells from 3 resilient mice. **p , .01, ***p , .001.
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although the median did not change, there were more cells
with greater decrease or increase in spontaneous activity
following stress relative to control mice (control vs. resilient:
p = .005, Kolmogorov-Smirnov test). Collectively, these results
demonstrate that a single stress episode already had a
detectable impact on the activity of layer 2/3 pyramidal neu-
rons in Cg1/M2. Moreover, there is a resilience-specific
compensation that dampened the overall activity after stress
to be comparable to control mice.

Social Defeat Stress Exerts Heterogeneous
Long-term Effects on Prefrontal Cortical Activity

We continued to image the stressed mice and, for a majority of
the cells, tracked their activity throughout and beyond the social
defeat manipulation (Figure 7A). Using heat maps, we could
visualize and compare how the spontaneous activity levels of
the same layer 2/3 pyramidal neurons in Cg1/M2 changed
relative to prestress baseline (Figure 7B). We applied hierar-
chical clustering to agglomerate cells with similar time courses
of stress-induced activity changes, which segregated into 4
major clusters: types 1, 2, 3, and 4 (Figure 7C–E; Figure S1).
Type 1 cells included neurons with an initial elevation of spon-
taneous activity, followed by decreases for the next 2 sessions
Biological Ps
down to a sustained level below the baseline. This was the
most frequently observed type of time course; cells with this
profile could be found in both susceptible and resilient mice
(p = .49, c2 test). Type 2 cells had a monotonic decline in
spontaneous activity in response to repeated stress. The
decrease continued across the initial stress sessions before
stabilizing to a steady below-baseline level. Notably, type 2
cells were significantly more common in resilient mice (p =
.002, c2 test). By contrast, types 3 and 4 cells were more
abundant in the susceptible animals, although the compari-
sons did not reach statistical significance likely because there
were few cells with these time courses (type 3: p = .05, type 4:
p = .20, c2 test). Types 3 and 4 cells had a time course that was
either steady near the baseline or had prolonged heighted
spontaneous activity. In particular, type 4 cells might be the
most related to the stress-induced motivational anhedonia, as
they were predominantly found in susceptible mice (6 of 7
cells) and mirrored the progression of the behavioral deficit.
The prestress activity levels of these functional cell types did
not appear to predispose a mouse to be susceptible
(Figure 7F). Together, these results show the stress-induced
emergence of heterogeneous neural adaptations in prefron-
tal pyramidal neurons.
ychiatry October 1, 2020; 88:541–553 www.sobp.org/journal 549
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Figure 7. Social defeat induces heterogeneous long-term activity changes in the prefrontal cortex. (A) The timeline for experiments to determine the impact
of social defeat stress on prefrontal cortical activity. The shaded green area represents the time window used for analysis of the long-term effects. (B) Heat
maps showing the change in spontaneous activity relative to the prestress baseline. Each row is a cell. The left and right heat maps contain the 58 cells from 4
susceptible mice and 35 cells from 3 resilient mice, respectively. Red indicates an increase in spontaneous activity relative to prestress day 21. Blue indicates
a decrease. (C) The dendrogram and pairwise similarity matrix for the hierarchical clustering with Euclidean distance as the distance metric on the entire data
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DISCUSSION

In this study, we measured the longitudinal effects of repeated
social defeat on reward-directed actions and determined the
concomitant profiles of activity changes for layer 2/3 pyramidal
neurons in Cg1/M2. There are two main findings. First,
behavioral and neural deficits in response to social defeat build
over multiple stress episodes. This suggests that the response
to repeated stress is not a unitary behavioral condition, but
rather represents a continuum where accumulating exposure
progressively deteriorates reward processing. The progression
was observed in behavior as well as in activity of individual
neurons. Second, resilience is associated with neural activity
adaptations that are not only distinct from susceptible mice,
but also dissimilar from control mice. This finding raises
the possibility that resilience involves the capacity to reorga-
nize prefrontal cortical activity adaptively to counteract the
negative impact of social stress.

On average across all cells, we showed an initial elevation
and then subsequent reduction of spontaneous activity in
prefrontal pyramidal neurons in susceptible mice. These re-
sults match well with what we know in terms of stress-induced
glutamatergic dysfunction in the prefrontal cortex (53). Spe-
cifically, acute restraint stress leads to an immediate increase
in extracellular glutamate recorded in the mPFC, which peaks
20 minutes after the termination of stress but continues to be
elevated up to the latest data point measured at 80 minutes
poststress (54). This initial hyperexcitation may underlie the
increased surface levels of glutamatergic receptors, as well as
potentiated synaptic responses following acute exposure to
stress (55). Studies of chronic stress exposure have generally
showed the opposite trend of prefrontal cortical hypoactivity.
Mice subjected to 10 days of social defeat have reduced
glutamate levels in the prefrontal cortex (36). A number of
cellular mechanisms may underlie the reduced glutamatergic
signaling, including the loss of AMPA and NMDA receptors
(19), structural atrophy such as dendritic retraction and syn-
apse loss (17,18), and maladaptive synaptic inhibition (56).

The novelty of this study is that we have measured the
heterogeneous changes in cellular activity as the animal ex-
periences successive stress episodes and develops a behav-
ioral response to that stress. Previous studies have hinted at
heterogeneous neural responses on a short-term time scale.
For example, it has been reported that prefrontal cortical
neurons can have either transient or protracted firing re-
sponses to restraint (57). Moreover, stress-related excitatory
synaptic modifications may be selective to a subset of pre-
frontal cortical neurons (20). In the current study, we used
hierarchical clustering to identify several major profiles of
stress-induced activity changes in prefrontal cortical neurons.
The most numerous neuronal subtype (type 1) displays
=

set of 93 cells. (D) Cells were classified as types 1 to 4 based on the cluster memb
spontaneous activity was averaged across cells. Solid line, median. Dotted lines
mice that was classified as types 1 to 4. Comparing the proportions between sus
c2 test) and did not reach significance for type 1 (p = .49), type 3 (p = .05), and typ
resilient mice for types 1 to 4 cells. Filled circles, median; bar, 25th and 75th pe
group. Main effect of cell type (F3,85 = 14.0; p = 23 1027), but not for mouse group
comparisons: type 1 vs. 2, p = .0005; type 1 vs. 3, p = .04; type 1 vs. 4, p = .3; typ
mPFC, medial prefrontal cortex.
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bidirectional activity changes involving initial hyperactivity fol-
lowed by sustained hypoactivity. This time course might be
expected based on the glutamatergic dysfunction associated
with acute and chronic stress. Interestingly, both susceptible
and resilient mice had a large number of type 1 neurons,
suggesting that this functional cell type may not be the dis-
tinguishing feature of susceptibility versus resilience. Instead,
types 2, 3, and 4 neurons have a monotonic progression of
activity changes over time, and their proportions differ
depending on the mouse’s reactivity to social stress. The
implication is that a minor fraction of prefrontal cortical neu-
rons may be particularly relevant for mediating the stress-
induced behavioral deficits.

The progressive alterations of prefrontal cortical activity
would be accompanied by the structural retraction of dendrites
that have been widely documented in rodent mPFC including
the Cg1/M2 areas (58,59). There is evidence to suggest that
the functional and structural maladaptations may occur in
lockstep. On the one hand, structural atrophy is expected
to reduce dendritic excitability and diminish the firing rates of
pyramidal neurons (60). On the other hand, perturbations in
glutamatergic neurotransmission could induce stress-related
structural remodeling in mPFC (61). The bidirectional relation-
ship may be the basis for a positive feedback loop that pro-
motes functional and structural neural maladaptations.
Moreover, just as we showed that pyramidal neurons exhibit
different types of activity changes in response to repeated
social defeat, it has also been reported that stress-related
dendritic remodeling can be heterogeneous across cell types.
For example, among layer 2/3 pyramidal neurons in the mPFC,
repeated immobilization stress caused dendritic retraction
in the entorhinal cortex-projecting subpopulation, but had no
effect on the amygdala-projecting subpopulation (62).

In addition to the long-term differences in time courses, we
demonstrated distinct features in neural activity changes
following a single defeat between susceptible and resilient
mice. Intriguingly, resilient mice were different from both sus-
ceptible and control mice. At the ensemble level, resilient mice
were characterized by a wide range of activity changes,
yielding a median activity change that is comparable to that of
control mice but significantly lower than that of susceptible
mice. These observations suggest that resilience is associated
with adaptations of prefrontal cortical activity that brings the
overall equilibrium to a normal level. By contrast, susceptibility
to social stress may represent a failure to reorganize neural
activity appropriately to counteract the stress effects, leading
to a hyperactive state. More experiments will be needed to
relate these findings to other molecular and network mecha-
nisms that have been suggested to confer vulnerability and
resilience to social stress (63,64). The idea that resilience is not
ership identified by the hierarchical procedure. For each type, the change in
, 20th and 80th percentiles. (E) Proportion of cells in susceptible or resilient
ceptible and resilient mice, the difference was significant for type 2 (p = .002,
e 4 (p = .20). (F) Baseline rate of calcium events on day 21 in susceptible or
rcentiles. Two-way analysis of variance with factors of cell type and mouse
(F1,85 = 2.0; p = .2) or interaction (F3,85 = 2.0; p = .1). Post hoc Tukey-Kramer
e 2 vs. 3, p = 6 3 1027; type 2 vs. 4, p = .002; type 3 vs. 4, p = 1. **p , .01.
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the same as unstressed, but rather is “stressed plus neural
compensations,” is in agreement with the current perspective
for how brain structure and connectivity in humans may adapt
to early-life stress (65). Our cellular-resolution investigation
provides clues for how the network-level reorganization may
take shape.

To sum, the results presented here demonstrate a pro-
gressive development of behavioral and neural deficits in
response to an ethologically relevant social stress. The data
provide direct support for the allostatic load hypothesis, which
posits that maladaptations arise from the cumulative burden of
repeated stress (2). Looking ahead, a number of studies have
shown that depressive-like phenotypes in rodents may be
reversed by inducing synaptic plasticity in the mPFC. This may
be achieved by controlling firing rates using optogenetics
(13,66) or by the administration of fast-acting antidepressants
such as ketamine (21,47,67). Except in a few cases (68,69), to
date most studies have manipulated prefrontal pyramidal
neurons indiscriminately. By showing that individual cells can
have distinct profiles of activity adaptation in response to so-
cial stress, our findings suggest that neural interventions that
target functional subtypes of pyramidal neurons may approx-
imate more closely the physiological process of resilience and
therefore be effective at promoting behavioral modifications.
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