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ARTICLE INFO ABSTRACT

In an ever-changing and often ambiguous environment, organisms must use previously learned associations
between antecedents and outcomes to predict future associations and make optimal choices. Chronic stress can
impair one’s ability to flexibly adjust behaviors when environmental contingencies change, particularly in cases
of early-life stress. In mice, exposure to elevated levels of the primary stress hormone, corticosterone (CORT),
during early adolescence is sufficient to impair response-outcome decision making later in life, biasing response
strategies towards inflexible habits. Nevertheless, neurobiological mechanisms are still being defined. Here, we
report that exposure to excess CORT in adolescence causes a loss of dendritic spines on excitatory pyramidal
neurons in the lateral, but not medial, orbital prefrontal cortex (1o0PFC) of mice, and spine loss correlates with the
severity of habit biases in adulthood. Excess CORT also reduces the presence of ventral hippocampal (VHC) axon
terminals in the 1oPFC. To identify functional consequences, we inactivated vHC—1oPFC projections in typical
healthy mice during a period when mice must update response-outcome expectations to optimally acquire food
reinforcers. Inactivation impaired the animals’ subsequent ability to sustainably choose actions based on likely
outcomes, causing them to defer to habit-based response strategies. Thus, vVHC—10PFC projections are necessary
for response-outcome expectancy updating and a target of excess glucocorticoids during early-life development.
Their degradation is likely involved in long-term biases towards habit-based behaviors following glucocorticoid
excess in adolescence.

Keywords:

Orbital frontal
Contingency degradation
DREADDs
Action-outcome
Response-outcome

Habit

1. Introduction exposure, which also promotes rigid, outcome-insensitive habits

(Schwabe, 2013), can trigger or exacerbate disease symptomatology.

An organism’s survival in an ever-changing world requires the
ability to predict rewards or threats in the environment. Learned as-
sociations between antecedents and outcomes must be used and flexibly
updated to orchestrate appropriate behavioral responses. An inability to
update associations when environmental contingencies change can
produce maladaptive behaviors resembling core symptoms of a number
of psychiatric disorders, including depression, post-traumatic stress
disorder (PTSD) and substance use disorder (SUD). For example, in
depression, outcomes can be misattributed to current situations rather
than to an individual’s chosen action; thus, depressed individuals may
abstain from initiating actions to achieve goals (Griffiths et al., 2014).
In SUD, continued drug abuse may have increasingly negative con-
sequences, yet individuals struggle to modify behaviors and instead,
exhibit persistent drug seeking (Everitt and Robbins, 2016). Stressor

Dysfunction in the stress-sensitive circuits that guide flexible outcome-
based behavior may be a common feature of seemingly disparate dis-
orders (Griffiths et al., 2014).

The ventral hippocampus (VHC) and orbital prefrontal cortex
(oPFC) are involved in guiding actions based on expected outcomes
(Wikenheiser and Schoenbaum, 2016). The oPFC is thought to generate
internal representations of “task spaces,” integrating abstract informa-
tion about response-outcome and stimulus-outcome relationships, and
even spatial information about goals (Feierstein et al., 2006), into on-
going behavior. The vHC appears to integrate context features, rules for
obtaining outcomes, and predictive associations into representations
that support integrative coding in the oPFC (Wikenheiser and
Schoenbaum, 2016; Wikenheiser et al., 2017). Goal-relevant contextual
information provided by vHC inputs (Komorowski et al., 2013) can also
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be used by the oPFC to help select appropriate behavioral responses for
a given context (Wikenheiser and Schoenbaum, 2016; Mizumori and
Tryon, 2015). Thus, the oPFC and vHC support outcome-based learning
and memory necessary for flexible adaptation of behavior.

In humans, early-life adversity induces biases towards habit-based
behaviors at the expense of response-outcome, “goal-directed” decision-
making strategies (Patterson et al., 2013; see also Schwabe et al., 2012).
Early-life stress also triggers volume atrophy and neuronal morpholo-
gical alterations in the oPFC and hippocampus that are detectable in
adulthood (Teicher and Samson, 2016). Developmental stress or stress
hormone exposure in rodents confers similar long-term behavioral
deficits (Barfield et al., 2017; Zhang et al., 2017) and cortico-limbic
structural changes (Sheth et al., 2017). Stress hormones could con-
ceivably cause decision-making biases by modifying cortico-limbic de-
velopment.

Here, we examined the long-term neurobehavioral consequences of
prolonged exposure to elevated levels of the primary stress hormone,
corticosterone (CORT), during early adolescence in mice. We report
that mice with a history of adolescent CORT exposure fail to adjust
reward-seeking behavior when outcome-predictive associations change.
Deficiencies are long lasting, and they coincide with the loss of den-
dritic spines in the lateral oPFC (1oPFC), as well as inputs from the vHC.
To determine causal relationships, we inactivated vHC—1oPFC projec-
tions in typical healthy mice, revealing that they are indispensable for
sustainably selecting actions based on their likely outcomes.

2. Materials and methods
2.1. Subjects

Group-housed male wild-type C57BL/6 mice (Jackson Labs) were
used, except for dendritic spine imaging experiments, which used male
mice expressing thyl-driven yellow fluorescent protein (YFP; H line
from Feng et al., 2000) that were fully back-crossed onto a C57BL/6
background. Mice were maintained on a 12-h light cycle (0800 on) and
provided food and water ad libitum except during instrumental con-
ditioning when body weights were maintained at ~90% of baseline to
motivate responding. Animal numbers for each experiment are in-
dicated in the respective figure captions. Procedures were approved by
the Emory University IACUC and carried out in accordance with the
recommendations of the Guide for the Care and Use of Laboratory Ani-
mals.

2.2. CORT exposure

4-pregnen-11f 21-DIOL-3 20-DIONE 21-hemisuccinate (Steraloids)
was dissolved in tap water (25 pg/mL free base). CORT-exposed mice
were given CORT in place of normal drinking water, while control mice
consumed tap water. Water bottles were weighed daily, and mice
weighed every other day to calculate average doses (~5-9 mg/kg/day)
of CORT. Every 3 days, water bottles were refilled with fresh tap water
or newly prepared CORT solution. Mice were exposed to CORT or water
from postnatal day (P) 31-42 or P56-67, corresponding to early ado-
lescence and adulthood in rodents (Spear, 2000). After a washout
period of at least 2 weeks, instrumental conditioning began. Timelines
are provided in the respective figures.

Importantly, this procedure was validated for use in adolescent mice
in our prior report (Barfield et al., 2017), confirming that, as in adults,
it elevates blood serum CORT to levels comparable to those following
forced swim stress and causes adrenal and thymus gland atrophy that
recovers when exogenous CORT is removed. Thus, the procedure allows
us to isolate the neurobehavioral consequences of stress-like CORT le-
vels (see also Gourley et al., 2012).
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2.3. Surgery

Experiments requiring intracranial surgery utilized: a fluorescent
anterograde tracer, Fluoro-ruby (Millipore); a retrograde adeno-asso-
ciated virus (AAV) expressing Cre (AAVrg-pmSynl-EBFP-Cre;
Addgene); a recombinant AAV encoding a Cre-driven, inhibitory Gi-
coupled Designer Receptor Exclusively Activated by Designer Drugs
(DREADD) (rAAVS5-hSyn-DIO-hM4D(Gi)-mCherry; UNC Viral Vector
Core); or a control viral vector (rAAV5-hSyn-EYFP or rAAVS5-hSyn-
EGFP; UNC Viral Vector Core).

Fluoro-ruby infusions occurred at P49; viral vector infusions oc-
curred at P49 = 1 day. Mice were anaesthetized with Ketamine/
Dexdomitor (80 mg/kg/0.5 mg/kg, ip.) and placed in a digitized ste-
reotaxic frame (Stoelting). The head was shaved, scalp retracted, and
skull leveled.

For fluoro-ruby infusions, 2 burr holes per hemisphere were drilled,
and fluoro-ruby (10% solution in distilled water) was infused bilaterally
into the vHC (ML = 3.6, AP-2.4, DV-4.5 and ML * 3.3, AP-2.8, DV-
4.8) over 3 min (0.04 pl/site).

For viral vector infusions, 3 burr holes per hemisphere were drilled.
A retrograde Cre-expressing virus was first infused bilaterally into the
1oPFC (ML *= 1.5, AP + 3.0, DV-3.1) over 5min (0.5 pl/site). A virus
expressing a Cre-driven Gi-coupled DREADD or a control viral vector
was then infused bilaterally into the vHC (ML + 3.6, AP-2.5, DV-4.5
and ML + 3.2, AP-2.7, DV-5.0) over 5 min (0.25 pl/site). This strategy
results in the Cre-driven expression of Gi-DREADDs only in vHC neu-
rons that project to the 1o0PFC in experimental mice, while control mice
also express Cre, but not DREADDs.

Throughout, needles were left in place for 5 additional min before
withdrawal and suturing of the scalp. Mice were revived with Antisedan
(1 mg/kg, i.p.). Mice infused with fluoro-ruby were euthanized one
week after surgery. Mice infused with viral vectors were allowed to
recover for at least 2 weeks before behavioral testing.

2.4. Instrumental conditioning

Mice were food-restricted and trained to nose poke for 20 mg grain-
based food reinforcers (Bio-Serv) using Med Associates conditioning
chambers equipped with 2 nose poke recesses and a food magazine.
Training was initiated with a fixed ratio 1 (FR1) schedule of re-
inforcement; mice could earn up to 30 reinforcers for responding on
each of 2 apertures (60 reinforcers/session). Sessions ended when mice
acquired all 60 reinforcers or at 70 min. Following 6 sessions of FR1
training (1/day), mice were shifted to a random interval (RI) 30 sec
schedule of reinforcement for 4 days. 30 reinforcers were again avail-
able (60 reinforcers/session, 1 session/day), and sessions ended when
all 60 pellets had been delivered, or at 70 min. Response acquisition
curves represent both responses/min.

Mice were next tested in a response-outcome contingency de-
gradation procedure, as in our prior reports (e.g., Gourley et al., 2012;
Barfield et al., 2017) and also similar to the method of Barker et al.
(2018). In a 25-min “non-degraded” session, one nose poke recess was
occluded, and responding on the other was reinforced using a variable
ratio 2 schedule of reinforcement. During a 25-min “degraded” session
the next day, the opposite aperture was occluded, and responding on
the available aperture produced no programmed consequences. Re-
inforcers were instead delivered into the magazine at a rate matched to
each animal’s reinforcement rate on the previous day. Thus, the re-
inforcement schedule associated with one nose poke was enriched,
while the causal relationship between the other response and the out-
come was degraded. The order of these sessions and the location of the
nose poke aperture associated with an intact or degraded response-
outcome contingency were counter-balanced, except in the experiment
using DREADDs, which is described in greater detail below.

Response strategies were assessed the following day in a 5-min
choice test conducted in extinction. Both apertures were available.
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Preferential engagement of the response that was most likely to be re-
inforced is indicative of a goal-directed response strategy; by contrast,
engagement of both responses equally is considered habit based
(Balleine and O’Doherty, 2010). Response preference scores, calculated
as responses on the aperture associated with a “non-degraded” con-
tingency / “degraded” contingency, are also shown. Here, values > 1
indicate goal-directed responding, while values ~1 indicate no pre-
ference, habitual behavior.

For experiments utilizing DREADDs, the “non-degraded” session
preceded the “degraded” session, and then all mice were administered
the DREADDs ligand Clozapine N-Oxide (CNO) immediately following
the “degraded” session, during a period of oPFC-dependent response-
outcome memory updating (Zimmermann et al., 2018). On each of the
next 2 days, mice underwent 3 successive 5-min choice tests to track
response preferences over time. To minimize potential confounding
effects of injection stress, all mice were given saline injections (i.p.) for
several days prior to the contingency degradation procedure.

2.5. CNO preparation and administration

CNO (1 mg/kg in a volume of 1 ml/100 g, i.p., Sigma-Aldrich) was
dissolved in a 2% dimethyl sulfoxide (DMSO, Sigma-Aldrich) solution
in 0.9% sterile saline and prepared on the day of injection. Injections
were delivered immediately following the contingency degradation
training session, described above, then mice were tested the next day,
drug-free. Importantly, all mice, regardless of viral vector, received
CNO, equally exposing all mice to any unintended consequences of the
drug, such as conversion to clozapine (Gomez et al., 2017). Notably, we
have confirmed that the same dose of CNO does not itself have any
effects in the same task, nor does it affect activity of the master cy-
toskeletal regulatory protein cofilin in the oPFC (Whyte et al., 2019).
Similarly, Barker et al. (2018) confirmed that a higher 2 mg/kg dose
does not impact sensitivity to instrumental contingency degradation.

2.6. Dendritic spine imaging and reconstruction

thy1-YFP-expressing mice given water or CORT-infused water from
P31-42 were euthanized at P100, following behavioral testing. Mice
were rapidly decapitated, brains were extracted and submerged in
chilled 4% paraformaldehyde for 48 h, then transferred to 30% w/v
sucrose, and sectioned at 40 um using a freezing microtome. Dendritic
segments on deep-layer pyramidal neurons in the lateral and medial
oPFC (loPFC, moPFC), located between Bregma +2.8— +2.22, were
imaged with a spinning disk confocal (VisiTech International) on a
Leica microscope.

Between 1-5 independent segments from secondary and tertiary
basilar dendritic branches, 15-20 um in length, within 50-100 pm of
the soma, were collected from each animal. Images were processed and
dendritic spines were enumerated and reconstructed in 3D by a single
blinded rater using Imaris software (described Gourley et al., 2013).
Group sizes were 6-8 mice for the 1o0PFC and 4-5 mice for the moPFC
(less than 1oPFC due to sparseness of YFP signal in this region). Each
mouse contributed a single density value (its average) to statistical
comparison by t-test.

We also classified spines as mushroom or non-mushroom in their
shape, because mature mushroom-shaped spines are considered durable
and likely to contain stable synapses. Mushroom-shaped spines were
<4um in length and had a head:neck ratio =1.5um (Radley et al.,
2013). Dendrites within the rostral vs. caudal loPFC were divided, with
the rostral loPFC being defined as between Bregma +2.8 — +2.46 mm,
and caudal sections posterior to 2.46. Each mouse contributed a single
rostral vs. caudal value, representing the average density of mushroom-
shaped spines per region per mouse.
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2.7. Histology and axon terminal quantification

Mice were deeply anaesthetized and transcardially perfused with
4% paraformaldehyde one week following fluoro-ruby infusions, or
after behavioral tests. Brains were extracted, stored in chilled 4% par-
aformaldehyde for 48 h, then stored in 30% w/v sucrose, and sectioned
at 40 ym. Sections were mounted and coverslipped with Vectashield
Mounting Medium; Vectashield with DAPI was used for sections con-
taining fluoro-ruby. Infusion sites were verified by imaging fluoro-ruby,
blue fluorescent protein (BFP, retro-Cre), mCherry (Gi-DREADDs), or
GFP/YFP (control viral vector). Mice with mis-targeted infusions in at
least 1 hemisphere were excluded from all analyses (n = 2 from fluoro-
ruby experiments, n = 2 from DREADDs experiments).

Fluoro-ruby-positive axon terminal punctae in the 1oPFC, moPFC,
and prelimbic cortex (PL) were imaged using a spinning disk confocal
microscope. Z-stacks were collected with a 100 X 1.4 NA objective
using a 0.2um step size, then collapsed into a maximum intensity
projection (MIP) using ImageJ. All MIPs contained 45 serial sections.
MIPs were converted to binary images using the threshold tool, then
punctae were separated using the Watershed segmentation plugin and
quantified (as the % of image area containing punctae) using the
Analyze Particles command. Eight images were collected per animal per
brain region, and each animal contributed a single value (its average) to
statistical analyses. A single blinded experimenter collected and pro-
cessed all images.

2.8. Statistical analyses

Two-tailed statistical analyses with a < 0.05 were performed using
SPSS. Response rates and response preference ratios were compared by
1- 2- or 3-factor mixed analysis of variance (ANOVA), with session,
time, or aperture as a within-subjects (repeated measure) factor, as
appropriate. Following interactions, post hoc t-tests were applied, and
results are indicated graphically. Response preference ratios were also
compared using a 1-sample t-test against 1 (no preference) for each
group. When 2 groups were compared (as for dendritic spine density
and axonal punctae analyses), 2-tailed unpaired t-tests were used.
Correlations were analyzed by linear regression. Throughout, values
+/—2 standard deviations from the mean were considered outliers and
excluded. The data in Fig. 1 were sourced from a dataset originally
published as part of Barfield et al., 2017. All subsequent findings are
new.

3. Results

3.1. Excess CORT during adolescence has long-term behavioral
consequences

In both humans and rodents, excess glucocorticoid exposure can
induce biases towards habit-based behavior, at the expense of goal-di-
rected action (Gourley et al., 2012; Guenzel et al., 2014). Further,
stressor exposure during early developmental periods appears to confer
long-term habit biases across rodent and primate species (Grissom et al.,
2012; Patterson et al., 2013). Here, we attempt to clarify the long-term
effects of excess CORT during adolescence on key neurocircuits asso-
ciated with goal-directed action, and to identify causal relationships
with action/habit balance.

First, we exposed mice to CORT in the drinking water from P31-42,
analogous to early adolescence in humans. We used a procedure that
recapitulates the CORT response to forced swim stress and triggers
modifications in cortio-limbic neurotrophin systems (Barfield et al.,
2017). It also induces habit biases, a finding that we recapitulate here:
In adulthood, we trained mice to nose poke 2 recesses for food re-
inforcers (Fig. 1A). Mice demonstrated no side biases, nor group dif-
ferences (F < 1; F(1,15) = 2.7, p = 0.12; no time x group interaction F
(9,135) = 1.6, p = 0.12), and response rates are collapsed across the
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Fig. 1. Excess CORT exposure during adolescence impairs the ability of mice to update outcome expectancies in adulthood. (A) Mice were trained to nose
poke for food reinforcers in operant conditioning chambers. Next, the contingency between one response and its outcome was ‘degraded’ by providing food pellets
independently of the mouse’s responses. The ability to update expectancies and select responses based on anticipated outcomes was then assessed in a brief choice
test conducted in extinction. (B) Experimental timeline is above. First, mice exposed to excess CORT during adolescence were trained to nose poke as adults. All mice
acquired the nose poke responses. “FR1” and “RI” denote the schedules of reinforcement used throughout. (C) A probe test following instrumental contingency
degradation revealed that control mice preferentially engaged the response most likely to be reinforced (“non-degraded” vs. “degraded”), a goal-directed response
strategy. Meanwhile, CORT-exposed mice generated habit-based response strategies, failing to differentiate between behaviors that were or were not likely to be
reinforced. (D) Response rates were converted to preferences scores (“non-degraded”/“degraded”), again highlighting goal-directed responding in control mice
(scores > 1) and non-preferential, habit-based responding following excess CORT (scores ~1). n = 8/group. (E) Separate mice were exposed to excess CORT in
adulthood. In this case, CORT was insufficient to alter preference ratios. n = 6/group. Symbols in B represent means + SEMs, symbols in C-E represent individual
mice, bars represent means + SEMs. *p < 0.05. B and C are reprinted from Barfield et al. (2017), and D and E were generated from a dataset originally reported in

that manuscript. Experiments were conducted twice.

two responses for simplicity (Fig. 1B). To assess whether mice behaved
according to goal-directed or habit-based strategies, we used an in-
strumental contingency degradation procedure, in which responding on
one recess becomes significantly less likely to be reinforced, while re-
sponding on the other remains reinforced (Fig. 1A). A goal-directed
strategy is to preferentially engage the reinforced behavior in a sub-
sequent probe test (also termed “choice test”). Meanwhile, habit-based
responding does not change, because it is by nature insensitive to re-
sponse-outcome contingencies (Balleine and O’Doherty, 2010). Control
mice preferred the consistently reinforced behavior, as expected.
Meanwhile, adult mice with a history of adolescent CORT exposure
assumed habit-based strategies, failing to differentiate between the
behaviors that were more, vs. less, likely to be reinforced (interaction F
(1,13) = 6.0, p = 0.03) (Fig. 1C).

The same response rates can be converted to preference ratios (non-
degraded/degraded), in which values > 1 reflect goal-directed beha-
vior, while values ~1 reflect no response preference, a habitual re-
sponse strategy. Again, control mice differentiated between the two
responses (t7y = 6.1, p = 0.001 vs. 1), while mice with a history of
CORT exposure failed to differentiate between responses that were
more or less likely to be reinforced (t, = 0.69, p = 0.51 vs. 1; unpaired
t-test between groups: t;4y) = 3.8, p = 0.002) (Fig. 1D). Thus, elevated
CORT in adolescence primes mice to utilize habit-based response

strategies as adults.

In contrast to adolescents, exposing adult mice to subchronic CORT
is insufficient to cause habit biases (Barfield et al., 2017). To further
confirm this impression, we converted response rates from our prior
report (Barfield et al., 2017) to preference ratios as above. As expected,
both control mice and mice exposed to CORT during adulthood could
develop goal-directed response strategies (te) = 4.4, p = 0.005 vs. 1;
te) = 4.6, p = 0.004 vs. 1; unpaired t-test between groups: tu2) = 0.19,
p = 0.85) (Fig. 1E). Thus, adolescent mice are more vulnerable to the
habit-inducing consequences of excess CORT than adults are.

3.2. Excess CORT during adolescence induces long-term dendritic spine loss
on excitatory neurons in the loPFC

The oPFC (particularly the lateral subregion; see Parkes et al., 2018)
is essential for goal-directed action, countering habit-based behaviors.
To determine whether excess CORT during adolescence has long-term
structural effects in the oPFC, which may contribute to long-lasting
behavioral changes, we euthanized the thy1-YFP-expressing mice from
our appetitive conditioning experiments (Fig. 1) and enumerated den-
dritic spines on layer V pyramidal neurons in the IoPFC (Fig. 2A). As a
comparison, we also enumerated spines in the moPFC (Fig. 2A). Den-
dritic spines in the 1oPFC were lost in CORT-exposed mice (t2) = 2.8,
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Fig. 2. Excess CORT in adolescence induces dendritic
spine loss in the 1o0PFC: Correlations with decision-making
abnormalities. (A) Experimental time (left). thyl-YFP-ex-
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p = 0.016) (Fig. 2B), while densities in the adjacent moPFC were ap-
parently unaffected (t;,= —0.6, p = 0.6) (Fig. 2C). Notably, mice were
euthanized over 8 weeks following the cessation of adolescent CORT
exposure, indicating that dendritic spine loss in the 10PFC is detectable
well into adulthood. Also notable, 3D reconstruction of dendritic spines
revealed that response preference ratios positively correlated with the
density of mature, mushroom-shaped spines in the rostral loPFC
(r = 0.56, p = 0.048) (Fig. 2D and E). We did not identify correlations
with immature spine types, or any correlations with dendritic spine
densities in the caudal 10PFC or moPFC (not shown).

3.3. Excess CORT during adolescence diminishes VHC projections to the
loPFC

The rostral oPFC receives input from limbic structures involved in
complex decision-making processes. One such structure is the vHC
(Cenquizca and Swanson, 2007) (Fig. 3A), thought to provide goal-re-
levant information necessary for guiding outcome-based learning and
memory (Wikenheiser et al., 2017). vHC—1oPFC projections mature
during adolescence (Lebel and Beaulieu, 2011), making them a poten-
tial target of glucocorticoid excess during this period. To assess the
long-term effects of excess CORT during adolescence on these

control

projections, we exposed mice to exogenous CORT during early adoles-
cence (from P31-42 as above), then infused the fluorescent tracer,
fluoro-ruby, into the vHC at P49 (Fig. 3B). We then collected brains 1
week later, in early adulthood, corresponding with the onset of beha-
vioral studies above.

Fluoro-ruby has both anterograde and retrograde properties, but
connectivity between the vHC and loPFC is predominantly unidirec-
tional, with minimal (if any) direct projections from the loPFC to the
VvHC (Cenquizca and Swanson, 2007). Accordingly, retrogradely labeled
cell bodies in the 10PFC were largely absent in our mice, while axonal
punctae were abundant. Mice exposed to CORT during adolescence had
fewer fluoro-ruby-positive axonal punctae in the loPFC (tg7) = 3.9,
p = 0.001) (Figs. 3C and D), consistent with fewer dendritic spines in
this region (Fig. 2). Meanwhile, in the moPFC, the amount of fluoro-
ruby-positive punctae did not differ between groups (tg7) = 1.4,
p = 0.17) (Fig. 3E), consistent with no CORT-induced changes in
moPFC dendritic spines (Fig. 2). As an additional point of comparison,
we also examined vHC-originating terminals in the PL. We identified no
differences (tys) = 0.2, p = 0.8) (Fig. 3F). Altogether, these patterns
indicate that vHC—IloPFC projections are particularly vulnerable to
adolescent CORT exposure.
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Fig. 3. Excess CORT during adolescence degrades vHC—1oPFC input. (A) Mice exposed to CORT from P31-42 received infusions of the anterograde tracer fluoro-
ruby into the vHC to characterize vHC projections to the oPFC. (B) At left: The spread of fluoro-ruby in the vHC is transposed onto an image from the Mouse Brain
Library (Rosen et al., 2000). At right: Representative image of fluoro-ruby in the vHC. (C) Unprocessed images of fluoro-ruby-positive axon terminal punctae in the
1oPFC. Comparator regions are also highlighted on an image from the Mouse Brain Library (Rosen et al., 2000). (D) Adolescent CORT exposure reduced the presence

of vHC terminals in the 10PFC, (E) but not the moPFC (F) or PL. n = 9-11/group. Bars represent means =+

SEMs, symbols represent individual mice. **p < 0.001.

Punctae were imaged and enumerated by a single, blinded rater; 2 independent cohorts of mice contributed to the dataset.

3.4. vHC—IoPFC projections are necessary for goal-directed decision
making

Exposure to excess CORT during adolescence had long-term mala-
daptive consequences for the ability of mice to associate actions with
their outcomes (Fig. 1). Adolescent CORT also eliminated dendritic
spines in the 1oPFC (Fig. 2) and projections from the vHC to the loPFC
(Fig. 3). To determine whether the destabilization of vHC—1oPFC
projections could account for deficiencies in response-outcome decision
making, we infused naive mice with Cre-expressing retrograde viral
vectors into the 1o0PFC and Cre-driven Gi-coupled DREADDs or a control
fluorophore in the vHC (Fig. 4A and B). In this case, activation of the
DREADD specifically silences vHC—10PFC projections. (We opted for
this approach over an alternative strategy in which we might have at-
tempted to rescue response preferences by stimulating vHC—loPFC
projections following CORT. Our fluoro-ruby studies suggested that
VHC—10PFC projections were lost with early-life CORT excess; thus, it
would be difficult to interpret null effects, if any, given that they could
be attributable to insufficient connectivity between the vHC and
1oPFC.)

All mice learned to nose poke for food reinforcement, without group
differences (F,19y) = 2.3, p = 0.15; no time x group interaction F < 1)
(Fig. 4C). Immediately following response-outcome contingency de-
gradation, during a period of response-outcome memory updating
(Zimmermann et al., 2018), all mice were injected with the DREADD
ligand CNO, which would inactivate vHC—IloPFC projections in
DREADDs-expressing mice, but have no effect in mice not expressing
DREADDs.

When mice were tested the following day, drug-free, control mice
overall preferred the response that was likely to be reinforced
(tey = 3.0, p = 0.014 vs. 1) (Fig. 4D). This pattern indicates that they
updated response-outcome associations to generate goal-directed re-
sponse strategies. Meanwhile, Gi-DREADDs mice failed to differentiate
between the responses, deferring to a habit-based response strategy
(taoy = 1.6, p = 0.15 vs. 1, no preference) (Fig. 4D). Thus, vHC—10PFC

projections are necessary for selecting actions based on their outcomes.
These connections are destabilized by glucocorticoid excess (Fig. 3),
and inactivating them recapitulates decision-making biases caused by
adolescent CORT exposure.

We also evaluated response preferences across multiple time bins
over multiple days to track their stability. Over the course of 2 days,
previously-inactivated mice generated consistently low preference
scores (main effect of group F 15 = 5.5, p = 0.03; no time x group
interaction F < 1) (Fig. 4E), indicating that vHC—1loPFC projections
are necessary for stable response-outcome memory that sustains goal-
oriented response selection.

4. Discussion

We report that excess glucocorticoid exposure during adolescence
impairs the ability of adult mice to modify behaviors based on response-
outcome relationships. Instead, mice with a history of excess CORT
defer to habitual response strategies that are insensitive to con-
sequences. While chronic CORT exposure can induce the same beha-
vioral deficiencies in adults (Gourley et al., 2012), we find that even
subchronic exposure triggers behavioral abnormalities in adolescents
and yet, is without consequence in adults (Fig. 1). This pattern suggests
that adolescents are particularly vulnerable to the long-term behavioral
consequences of excess CORT and provides a platform for under-
standing these vulnerabilities at a neurobiological level. These in-
vestigations are important because early-life stress in humans also
causes habit biases later in life, behavioral attributes that can contribute
to obesity, smoking, drug addiction and other negative outcomes
(Patterson et al., 2013).

4.1. The loPFC bears a durable signature of early-life glucocorticoid excess
To understand the long-term consequences of excess CORT exposure

during adolescence, we focus here on the oPFC. The oPFC is con-
ceptualized as building “task spaces,” allowing organisms to link



E.T. Barfield and S.L. Gourley

contingency intact

A (all mice)
surgery  operant conditioning
! =)
postnatal 40 50 60 70
day

retro-Cre

C training D
25

20

1.0 -@ YFP control
-@- Gi-DREADD

responses / min

0.5

response preference
(non-degraded / degraded)

FR1 RI
0.0 0

13 5 7 9

Psychoneuroendocrinology 110 (2019) 104436

choice test

choice test

contingency degradation
CNO

Cre-dependent Gi-DREADD

choice test, day 1 E

. day 1 L day2

o«

-@- YFP control
-@- Gi-DREADD

1.2 3 4 5 6

response preference
(non-degraded / degraded)

session & 5-min bins

Fig. 4. Inactivating vHC—10PFC projections weakens goal-directed response selection. (A) Experimental timeline. Note that the DREADDs ligand CNO was
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of this article).

behaviors and stimuli with anticipated outcomes, even when these as-
sociations are not readily observable (Stalnaker et al., 2015), and it is
necessary for response-outcome association updating, including in the
specific task used here (Zimmermann et al., 2017, 2018; Whyte et al.,
2019). As in many brain regions, excitatory oPFC neurons are subject to
CORT-induced dendritic spine loss, but unlike in other regions, spine
loss is long lasting, detectable after CORT exposure (Gourley et al.,
2013). Mice in prior investigations (Gourley et al., 2013) were exposed
to significantly longer periods of excess CORT, and neurons were im-
aged one week after CORT cessation. Here we find that < 2 weeks of
exposure to stress-like CORT levels (see Barfield et al., 2017) triggers
dendritic spine loss on layer V excitatory neurons in the loPFC; and
importantly, spine loss is detectable multiple months later. We have
identified few comparable investigations, but notably, paternal depri-
vation in the biparental rodent Octodon degus similarly results in long-
lasting (multi-month) dendritic spine loss on layer II/III neurons in the
1oPFC (Helmeke et al., 2009). Thus, 1oPFC neurons in multiple layers
appear to bear a long-term signature (dendritic spine loss) of early-life
adversity.

Dendritic spines are the primary sites of postsynaptic excitatory
plasticity in the brain, and the density of large, mushroom-shaped
spines (those likely to contain mature synapses) in the rostral loPFC
correlated with response selection strategies. Specifically, lower den-
sities were associated with habit-like responding, the result of failing to
update response-outcome associations. This pattern is consistent with
evidence that successful response-outcome conditioning increases the
proportion of spines with large, mature heads in the 10PFC (DePoy
et al., 2016; Whyte et al., 2019) and suggested to us that the loss of
excitatory connections to the rostral 1oPFC contributed to failures in
updating response-outcome associations.

The rostral 1o0PFC receives innervation from limbic structures with
cognitive functions, such as the vHC (Cenquizca and Swanson, 2007).
We thus examined VHC—oPFC projections, revealing fewer axon
terminals in the 10PFC of adult mice with a history of excess CORT in
adolescence. Considerable evidence indicates that stressors during
adolescence influence hippocampal and PFC development (Sheth et al.,
2017), and adolescent stressor exposure disrupts synaptic transmission
in a hippocampal-PFC pathway (Koseki et al., 2009). Our findings
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suggest that one causal factor could be a CORT-mediated destabiliza-
tion of anatomical connectivity between these structures.

As with dendritic spine densities, the loss of vHC axons was selective
to the 1oPFC and not detected in medial PFC structures. Why might this
be? Firstly, aspects of 1o0PFC development are particularly prolonged
relative to more medial structures (reviewed Shapiro et al., 2017),
potentially opening a window of vulnerability to CORT-induced dis-
ruptions that are longer lasting or more resistant to recovery than in
more medial PFC structures. Secondly, levels of several neuronally-ex-
pressed cytoskeletal regulatory elements and the neurotrophin re-
ceptor, tyrosine/tropomyosin receptor kinase B (trkB), are higher in the
oPFC relative to medial PFC during adolescence (Shapiro et al., 2017).
These proteins presumably serve essential functions for still-developing
neurons, and insults that disrupt them could potentially render certain
neuron populations particularly vulnerable to structural atrophy. For
instance, prolonged CORT reduces expression of the trkB ligand Brain-
derived Neurotrophic Factor in the 1o0PFC (Gourley et al., 2009). One of
many expected consequences would be the destabilization of dendritic
spines and subsequent atrophy of apposing presynaptic terminals (re-
viewed Barfield and Gourley, 2018), which could account for the loss of
vHC axon terminals here. Conversely, CORT-induced vHC damage, if
any, could instead trigger spine loss in the 1oPFC. In support of this
notion, VHC lesions degenerate VHC terminals and fibers in the 1oPFC
(Halim and Swerdlow, 2000) and decrease dendrite lengths and den-
dritic spine densities on layer V pyramidal neurons in the PFC (Lipska
et al., 2001). Dissecting cause-and-effect relationships could yield cri-
tical insight into circuit-level and ontogenetic mechanisms of stressor
vulnerability.

4.2. vVHC—IoPFC connections are essential for goal-directed action

Both humans and rodents can learn to associate actions with their
outcomes. When contingencies change, and expected outcomes do not
match actual outcomes, internal schemas must be updated so that be-
haviors can be modified. Flexible, goal-directed behavior therefore
necessitates updating and retaining internal representations of outcome-
predictive associations, considered key functions of the loPFC. In one of
many examples, inactivating the loPFC immediately following instru-
mental contingency degradation occludes the ability of mice to update
and retain new response-outcome associations, such that subsequent
responding is inefficient and habit-biased, even when the 10PFC is back
“on-line” (Zimmermann et al., 2017, 2018; Whyte et al., 2019). Mul-
tiple impactful reports have focused on how loPFC outputs, for example
to the basolateral amygdala or dorsal striatum, coordinate goal-directed
action selection, but inputs are also likely important for forming es-
sential associations. For instance, organisms can form associations be-
tween contexts and response-outcome contingencies (Trask and Bouton,
2014). When familiar contingencies are violated and require updating,
the hippocampus detects a mismatch between the expected features of
the context (e.g., its association with known response-outcome con-
tingencies) and actual features, and alerts other brain regions to update
response selection strategies (Mizumori and Tryon, 2015). The vHC is
likely responsible for the generation and transmission of these signals,
since the ventral, and not dorsal, hippocampus encodes abstract, goal-
relevant features of contexts (Komorowski et al., 2013). Thus, we en-
visioned that the loss of vVHC—10PFC projections following excess CORT
was causally related to failures in response-outcome expectancy up-
dating.

To directly test the hypothesis that degradation of vHC—1oPFC in-
puts triggers habit biases, we used Cre-dependent Gi-coupled DREADDs
to selectively and inducibly inactivate vVHC—loPFC projections in
otherwise typical mice. We silenced vHC—1oPFC projections im-
mediately following instrumental contingency degradation, when mice
must update, encode, and retain new expectations (i.e., the expectation
that one response is no longer likely to be reinforced). Inactivated mice
failed to generate adaptive response preferences in a later test, even
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though vHC—1oPFC connections were back “on-line.” Importantly, si-
lencing vHC—IoPFC projections did not fully ablate response pre-
ferences, likely because multiple inputs (and outputs) contribute to
oPFC function in this task, as has been reported in other contexts (e.g.,
Groman et al., 2019). The most striking consequence was that lower
response preferences were sustained across multiple test sessions and
days. Whatever information the VHC transmits (contextual or other-
wise), it appears necessary for sustaining subsequent goal-directed re-
sponse strategies.

In another report, VHC inactivation impeded optimal responding
and altered the coding properties of oPFC neurons in a reversal task
(Wikenheiser et al., 2017). The authors argue that vHC-oPFC connec-
tions, among others, are necessary for sustaining task states, referring to
the flexible use of previously acquired information to guide future be-
haviors. We feel that the present findings can be explained in the same
terms: The contingency degradation procedure causes mice to update
response-outcome expectations as they come to recognize that a fa-
miliar behavior is no longer reinforced. In the absence of vHC-oPFC
plasticity, updating is suboptimal, causing mice to defer to a more
stable task representation formed during training, when responding on
both nose poke apertures, equally and without preference, was the
optimal strategy.

In addition to instrumental contingency degradation, reinforcer
devaluation is popularly used to determine whether an animal’s beha-
vior is goal-directed or habit-based. In this case, the value of a food
reinforcer is decreased by pairing it with nausea or satiety. Inhibiting
responding for the devalued outcome is considered goal-directed, while
habitual behavior does not change. Interestingly, vHC inactivation does
not appear to impact sensitivity to reinforcer devaluation (Yoshida
et al., 2019). While these findings might seem to contradict our own,
reinforcer devaluation procedures present considerably less task am-
biguity relative to contingency degradation, and thus, may not recruit
the vHC for “task state” updating.

It is also important to note that the vHC is anatomically positioned
to coordinate both goal-directed actions (as shown here) and habits. For
instance, it projects to the anterior central nucleus of the amygdala,
essential to habitual behavior (Lingawi and Balleine, 2012), and vHC—
nucleus accumbens shell connections support habits induced by ex-
tended response training (Barker et al., 2018). An intriguing possibility
is that adolescent CORT exposure weakens some VHC connections while
strengthening others, for instance, favoring connections involved in
habit-based behaviors at the expense of projections involved in goal
seeking.

4.3. Summary and broader implications

The 1oPFC is implicated in a variety of functions necessary for goal-
directed behavior, including encoding outcome expectancies, attri-
buting discrepancies between expected and actual outcomes to specific
causes (i.e., credit assignment), and forming a cognitive map of task
space (Stalnaker et al., 2015). The vHC, which provides a direct
monosynaptic projection to the oPFC (Cenquizca and Swanson, 2007),
transmits mismatch signals to the PFC, triggering learning-related
plasticity that updates internal representations of outcome-predictive
associations (Numan, 2015). Considered together with the observation
that adolescent CORT exposure here caused loPFC dendritic spine and
vHC—IoPFC projection loss, and with the behavioral consequences of
vHC—1oPFC projection inactivation, we argue that the vHC—1oPFC
pathway is: 1) essential for updating response-outcome expectations
necessary for sustained goal-directed behavior and 2) exceptionally
vulnerable to excess glucocorticoids during adolescence, rendering
CORT-exposed mice biased towards inflexible, habit-based behaviors.
In humans, chronic stress or adverse experiences during childhood or
adolescence increases the incidence of depression, PTSD, and SUD (Carr
et al., 2013), illnesses commonly characterized by maladaptive, out-
come-insensitive behaviors (resembling inflexible habits) and structural
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and functional abnormalities in the oPFC and vHC, and in cortico-
limbic connectivity (Godsil et al., 2013). The long-term effects of ado-
lescent glucocorticoid excess on vVHC—oPFC projections in particular
may contribute to risk for, or severity of, psychopathology by disrupting
executive functions mediated by this connection.
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