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Abstract

Background—Anhedonia, the diminished ability to experience pleasure, is an important
dimensional entity linked to depression, schizophrenia and other emotional disorders, but its
origins and mechanisms are poorly understood. We have previously identified anhedonia, manifest
as decreased sucrose preference and social play, in adolescent male rats that experienced chronic
early-life adversity/stress (CES). Here we probed the molecular, cellular and circuit processes
underlying CES-induced anhedonia and tested them mechanistically.

Methods—We examined functional brain circuits and neuronal populations activated by social
play in adolescent CES and control rats. Structural connectivity between stress- and reward-related
networks was probed using high-resolution diffusion tensor imaging (DTI), and cellular/regional
activation was probed using cFos. We employed viral-genetic approaches to reduce corticotropin-
releasing hormone (Cr#) expression in amygdalar central nucleus (ACe) in anhedonic rats, and
tested for anhedonia reversal in the same animals.

Results—Sucrose preference was reduced in adolescent CES rats. Social play, generally
considered an independent measure of pleasure, activated brain regions involved in reward
circuitry in both control and CES groups. In CES rats, social play activated Crf-expressing
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neurons in ACe, typically involved in anxiety/fear, indicating aberrant functional connectivity of
pleasure/reward and fear circuits. DTI-tractography revealed increased structural connectivity of
amygdala to medial prefrontal cortex in CES rats. CrirshRNA, but not control ShRNA, given into
ACe reversed CES-induced anhedonia without influencing other emotional measures.

Conclusions—These findings robustly demonstrate aberrant interactions of stress and reward
networks after early-life adversity and suggest mechanistic roles for Cri-expressing amygdala
neurons in emotional deficits portending major neuropsychiatric disorders.
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Introduction

Vulnerability to emotional disorders such as depression is governed in part by early-life
experiences. Indeed, early-life adversity and stress are strongly associated with the
development of adult depression (1-4), as well as alcohol use and addiction (5,6). In rodent
models, this association may be causal, demonstrated by the provocation of adult depressive-
like behaviors by the experimental imposition of chronic early-life stress (7-10).

Human depression and schizophrenia are often associated with or preceded by adolescent
anhedonia, a loss of the ability to experience pleasure (11). Indeed, adolescent anhedonia is
considered a harbinger of major depressive disorder and schizophrenia (12,13), and has
recently been recognized as a crucial Research Domain Criterion (RDoC) by the National
Institute of Mental Health (NIMH) (14). In line with these observations in humans, we have
recently found that chronic early-life adversity, induced by an impoverished environment
and aberrant maternal care, provokes anhedonia-like behaviors in adolescent male rats (15).
Sucrose preference and social play, often considered manifestations of pleasure-like
behaviors [(16-18) but see (19)], were diminished in rats experiencing early-life adversity
(CES rats), indicating significant disruption of pleasure/reward networks. However, the
mechanisms underlying these serious problems have remained unknown.

Early-life adversity, and stress throughout life, engage a complex brain circuitry that
communicates- and overlaps with structures and circuits involved in pleasure/reward (20—
23). Stress influences the expression and function of several hormones and mediators,
including glucocorticoids and their brain receptors and the neuropeptide corticotropin-
releasing factor (CRF; encoded by the Cr/ gene). Early-life stress induces potent epigenetic
mechanisms to persistently alter the expression of several of these molecules, and thus
change enduringly responses to subsequent stress, as well as vulnerability and resilience to
stress-related emotional disorders (24-29). A significant body of work has analyzed the
effects of early-life stress on glucocorticoid receptors in regions influencing pleasure/reward
function such as the hippocampus (26,27), amygdala (28,29) and prefrontal cortex
(28,30,31). In addition, early-life stress influences the expression of Cr#in the central
nucleus of the amygdala (ACe)(32,33). Such changes in expression and function of
amygdala Crfare important, because amygdala CRF has been strongly implicated in anxiety
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(38-40) and fear (41-43). Augmented anxiety would interfere with the ability to experience
joy during normally pleasurable activities. Furthermore, the amygdala communicates
directly with brain regions sub-serving pleasure/reward functions and has been implicated in
reward learning and addiction (19,40-43).

Here, we found several measures of anhedonia in adolescent rats that had experienced early-
life adversity, associated with aberrant structural and functional interaction of the pleasure/
reward and stress circuitries. Because aberrant activation of the ACe during pleasurable
activities involved CRF-producing neurons, we reasoned that the peptide might interfere
with normal pleasure/reward functions. Indeed, reducing expression of Cr/in the ACe using
shRNA reversed the anhedonic phenotype without affecting other emotional function,
suggesting a mechanistic role for ACe CRF in early-life stress-related anhedonia.

Materials & Methods

Animals

Primiparous, time-pregnant Sprague Dawley rat dams were obtained from Harlan (now
Envigo; Livermore, CA) on E15, and maintained in an uncrowded, quiet animal facility
room on a 12 h light/dark cycle with ad /ibitum access to lab chow and water. Parturition
was checked daily, and the day of birth was considered postnatal day (P)0. Four separate
cohorts of rats were used, as described below. All experiments were performed in
accordance with National Institutes of Health (NIH) guidelines and were approved by the
UC Irvine animal care and use committee.

Chronic early-life stress (CES)

CES was induced P2-P9 using our laboratory’s standard protocol, as described previously
(44,45)(see Supplement).

Assessment of anhedonia- and depressive-like behaviors

To examine for anhedonia, we assessed sucrose consumption (17), as well as social play
behavior, an independent measure of behaviors considered to denote pleasure (18) that
involves the activation of brain pleasure/reward pathways (16,50,51). We also examined
traditional measures of depressive-like behaviors in rodents, including immaobility time in
the forced-swim test, considered a measure of “behavioral despair” (52). Sucrose
consumption and the forced-swim test were conducted in the same rats both prior to
lentiviral injections and following recovery (Cohort 1), enabling a within-subjects design to
better assess rescue by CrirshRNA (see Figure 1A for experimental timeline). The social
play test was conducted only after lentiviral injections in Cohort 1. Cohort 2 was tested for
social play only, and sacrificed 90 min later for assessment of circuit activation using c-Fos
immunocytochemistry. Behavioral tests were conducted as previously described (15)(see
Supplement) during the light cycle between 8 am and 12 pm (lights on at 6:30 am), without
knowledge of treatment group.
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Functional connectivity assessments using c-Fos immunocytochemistry

Ninety minutes following a 15-min social play experience, rats from Cohort 2 were
euthanized with sodium pentobarbital and perfused with 0.9% saline followed by ice-cold,
freshly prepared 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB; pH=7.4).
Brains were cryoprotected and stored, then sectioned coronally into 30-um thick slices using
a cryostat (1:12 series). Fos immunocytochemistry (ICC) was performed on free-floating
sections as previously described (53)(see Supplement).

c-Fos and CRF dual-label immunocytochemistry

For assessment of Fos, sections were processed as described above. Once this process was
complete, sections were treated in 0.3% H,0O5 in 0.01 M PBS-T for 20 min, followed by 4%
paraformaldehyde for 15 minutes and then rinsed (3x5 min PBS-T). Sections were then
processed for CRF immunohistochemistry as previously described (54)(see Supplement).

Structural circuitry assessments using Magnetic Resonance Imaging (MRI)

To avoid the brain artifacts resulting from viral injections, two separate cohorts (Cohorts 3 &
4) of 8-week-old male rats including both CTL and CES (n=8-9/group) were subjected to ex
vivo high-resolution diffusion tensor imaging (DTI; see Supplement).

Stereotaxic injection of lentiviral vectors

CrirshRNA-containing lentiviral vectors (Fig. S1), previously validated /n vitroand in vivo
to knock down Crf1gene expression and CRF protein levels, were produced as described
previously (38). To administer them into the ACe, rats were stereotaxically injected with 1 pl
of lentiviral vectors using a Hamilton syringe connected to a motorized nanoinjector at a rate
of 0.2 pl/min. Lentiviruses contained either Cr/-shRNA or unrelated, non-specific small-
interfering RNA (unrelated-shRNA) labeled with green fluorescent protein (GFP), and were
lowered into the ACe (bregma coordinates= ML +4.0, AP -2.0, DV -8.5) under isoflurane
anesthesia, as previously described (38). To allow the solution time to diffuse into the brain
tissue, the needle was left in the brains for an additional 5 min after injection and between
sides. Following surgery, animals were single-housed and allowed to recover for 2 weeks
before behavioral assessments.

Effect of Crh-shRNA on immunoreactive CRF

Two months following the end of behavioral testing, rats from Cohort 1 were euthanized
with sodium pentobarbital and perfused as above. Brains were cryoprotected and sectioned,
CRF immunocytochemistry was performed as described for Cohort 2 (see Supplement).

CRF-immunoreactivity was analyzed without knowledge of group on digitized images of
sections at coronal levels corresponding to sections 18-21 of the Paxinos atlas (55) to
examine the ACe, as well as the paraventricular nucleus of the hypothalamus (PVN) as a
non-virally-manipulated region. ImageJ(v2) was used to determine the optical densities
(ODs) of CRF-immunoreactive products. Background was corrected for by subtracting the
OD of signal over the corpus callosum. Because the distribution of CRF is not homogenous

Biol Psychiatry. Author manuscript; available in PMC 2019 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bolton et al.

Page 5

throughout the amygdala, we selected a prioritwo anatomically matched regions rich in
CRF-immunoreactive fibers and included these two matched sections per rat in the analysis.

Verification of injection site

Serial sections were employed to verify the injection site of the lentiviral vectors, which
were engineered to express GFP. Briefly, sections were mounted onto gelatin-coated slides.
DAPI was used to enhance visualization of landmarks to verify localization of the GFP-
expressing lentivirus to the ACe. Two rats lacking evidence of successful injection (one CTL
+CrirshRNA and one CES+Cri-shRNA) were excluded from analysis. Every remaining rat
had robust expression of the virus in the left hemisphere, whereas the right hemisphere did
not consistently contain GFP in the ACe. Viral GFP expression in the right hemisphere was
found in the caudate putamen or internal capsule (slightly dorsal or medial to the ACe) in the
vast majority of brains (Table S1). However, these regions do not contain CRF-producing
cell bodies, and thus could not have been impacted by the Cri-shRNA manipulation. Thus,
virtually all brains had successful transfection of the ShRNA in the left ACe, and lower
expression in the right ACe, with effectively no meaningful non-specific transfection outside
it.

Data analysis

Results

All data throughout these experiments were analyzed without knowledge of treatment group.
No data were eliminated arbitrarily, and the Grubb test was used to examine if a given value
was an outlier. Data were analyzed by t-test or 2-way ANOVA as required (see Supplement),
and significant interactions were followed up with Newman-Keuls multiple comparisons test
to distinguish among groups. Significance levels were set at 0.05, and data are presented as
mean + SEM. All statistical analyses were performed using GraphPad Prism 6.0 software
(San Diego, CA).

Preference for sucrose is diminished in adolescent male rats that experienced early-life

adversity

Sucrose consumption was significantly lower in 56-day-old rats that had experienced early-
life stress (A1,21)=8.85, p<0.01; Fig. 1B-C), in line with our prior report (15). This was the
case for both absolute sucrose consumption as well as the proportion (%) of the dilute
sucrose solution of overall fluid intake (Fig. S2A-B). Reduced sucrose preference is
generally considered an indicator of anhedonia.

Aberrant structural connectivity of stress and pleasure/reward circuits in CES rats

Complex behaviors including pleasure/reward and fear/anxiety are mediated via interactions
of several underlying brain regions that are grouped into networks or circuits (19,53). The
anhedonia in CES rats raised the possibility that pleasurable activities in these rats might be
aborted or confounded by aberrant interactions of the pleasure/reward with the fear/anxiety
circuits. We conducted high-resolution MRI followed by assessments of diffusion tensors
and tractography (Fig. 2A). Analyses of tracts/streamlines connecting the amygdala
[encompassing both the ACe and BLA subregions, which are extremely difficult to
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distinguish via MRI (57)] to the medial prefrontal cortex in control vs. CES rats was
revealing: In the latter group, increased tract number was observed for both hemispheres of
the brain (left hemisphere: #3=2.29, p<0.05; right hemisphere: £3=1.93, p=0.07; Fig. 2B) as
well as an apparent increase in cross-midline connections originating from both hemispheres
(left hemisphere origin: £3=2.30, p<0.05; right hemisphere origin; #3=2.23, p<0.05; Fig.
2C). Together, these data suggested that white-matter pathways among the components of
the reward and stress networks were altered in CES rats, consistent with aberrant functional
outputs, i.e., anhedonia.

ACe is aberrantly activated during social play in CES adolescents

Anhedonia can arise from disruption of the function of several components of the pleasure/
reward circuitry (54,55). To gain insight into the functional integrity and interconnections of
the relevant brain structures after CES, we examined neuronal activation induced by social
play, an acute measure for pleasure (as opposed to the chronic nature of sucrose
consumption) in CES rats compared with controls. In our prior report, we demonstrated that
CES resulted in decreased play with a younger, same-sex conspecific, without altering total
interaction time (15). Accordingly, the pleasurable experience of social play induced c-Fos
activation in salient brain regions including nucleus accumbens (NAcc), ventral tegmental
area (VTA), medial prefrontal cortex (mPFC), habenula, and several amygdala nuclei,
including medial and basolateral, in control rats (see Table S2). The same regions were
activated in CES rats, but with several important distinctions: First, whereas the number of
cells activated in the NAcc and VTA did not distinguish the groups, there was augmented c-
Fos activation in the infralimbic mPFC (4=2.55, p<0.05; Fig. S3B,C), a reward-related
region functionally connected to the amygdala, and considered to constrain anxiety and fear
(56,57). However, this activation by social play involved a larger percentage of the
parvalbumin-producing interneurons in this region in CES rats than controls (#=2.30,
p<0.05; Fig. S3D,E; no change in total number of these interneurons, data not shown),
predicting an overall decrease in functional output of the infralimbic cortex and thus more
fear/anxiety in CES rats. Within amygdala, the medial nucleus (MeA), a region involved in
several aspects of reward (60,62), expressed lower numbers of Fos+ neurons in CES rats
than in controls (%=2.81, p<0.05) following social play (Fig. S4). Remarkably, augmented
activation of the ACe was noted in CES rats compared with controls, indicated by an
increased number of Fos+ neurons in this region (Fig. 3A,C; &= 2.12, p=0.06), regardless of
hemisphere (Fig. 3D,E; nonsignificant repeated-measures ANOVA for left vs. right ACe,
£>0.9). In contrast, there was no significant difference between groups in the number of Fos
+ neurons in the neighboring basolateral amygdala (BLA; Fig. 3A,C). Together, these data
suggest that a pleasure-like activity induces an aberrant pattern of activation in structures
contributing to the regulation of pleasure/reward circuitry. Notably, ACe, an anxiety/fear hub
that influences hedonic activity, was overactive, suggesting aberrant functional circuitry in
CES rats.

ACe cell populations activated by social play secrete CRF

Because the ACe is a major hub of stress-related circuitry with a high density of CRF-
producing neurons, we next queried whether the neurons activated by social play
preferentially in CES rats secreted CRF, and if this activation of CRF neurons that are
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typically involved in fear and anxiety (28-31) differed between CES and control groups.
Following social play, three times the number of CRF neurons were activated in CES rats
than CTL rats (Fig. 4A,B; £=2.45, p<0.05, no change in total number of CRF+ cells, data
not shown), regardless of hemisphere (Fig. 4C,D; nonsignificant repeated-measures ANOVA
for left vs. right ACe, p>0.05). Thus, a population of CRF-producing neurons in ACe was
aberrantly activated by social play, suggesting a potential role for these stress- and anxiety-
related neurons in the anhedonia in CES rats.

To test directly if ACe-CRF is causally involved in the observed anhedonia-like behaviors of
CES rats, we employed viral-directed reduction of Cr/expression in ACe of young-adult
rats and tested for anhedonia in the same animals before and after intervention.

Administration of Crh-shRNA reduces CRF levels in ACe

To examine the efficacy of the viral-targeted approach in silencing Crh/expression, we
assessed peptide expression using CRF immunocytochemistry (Fig. 4C). Cri-shRNA
lentiviral infusion decreased the optical density (OD) of CRF cells and fibers in the ACe of
both control and CES rats (Fig. 4D; significant main effect of Cr/-shRNA, A1 17)=6.19,
p<0.05); this effect was independent of early-life experience. GFP expression was examined
as an indicator of viral and ShRNA presence, and was robust in the left ACe (Fig. 4E).
Surprisingly, GFP intensity was low in the right ACe, likely as a result of technical error
during the stereotaxic surgical set-up (see Methods and Table S1 for more details).
Therefore, the left amygdala was used for measuring the effects of intervention on CRF
levels (Fig. 4D). As an additional specificity control, we analyzed peptide levels in the
hypothalamic paraventricular nucleus (PVN; Fig. S5A), a CRF-rich area not targeted by
viral infusions. CRF levels in the PVN did not distinguish among groups and were not
affected by viral injections (no significant main effects or interactions, £>0.05). These data
suggest that the shRNA intervention specifically attenuated CRF levels in the ACe, and not
in other Crf-expressing regions, a conclusion supported by the (repeated-measures ANOVA
for interaction of brain region X treatment group (A3 17j=4.01, p<0.05).

Partial silencing of ACe-Crh reverses CES-induced anhedonia in individual rats

To test if ACe-CRF influenced anhedonia-like behaviors in individual rats, we examined
sucrose preference after the viral-genetic interventions in the same rats tested prior to
interventions. Sucrose consumption remained lower in CES rats provided with a Cr/-
unrelated shRNA compared with the other groups (Fig. 5A-B; post hoc, p<0.05). In
contrast, sucrose consumption of CES rats provided with CrA-targeting viruses were
indistinguishable from that of controls (Fig. 5A-B; CES X Cr/*shRNA interaction,
F1,171=10.42, p<0.005). This indicated that intervention to knock-down Cr#1expression in
the ACe during adulthood, after the emergence of poor sucrose preference, was effective in
reversing this measure of CES-induced anhedonia. Notably, overall fluid consumption was
not influenced by CrA-shRNA administration (Fig. S6A), and relative amount of sucrose
consumed showed a similar trend to absolute sucrose consumption (Fig. S6B).

We next examined directly the effects of ShRNA on sucrose consumption in the same
individual rat (pre- vs. post- intervention). Change in sucrose consumption varied
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significantly by treatment group (Fig. 5C; significant CES X CrA-shRNA within-subjects
interaction, A1,17j=7.31, p<0.05). Specifically, sucrose preference was increased by Crfr
targeting only in CES rats and not in controls. Notably, no change in sucrose preference was
observed when unrelated sShRNA constructs were used. (Fig. 5D; significant CES x Cr/-
shRNA between-subjects interaction, A1,171=6.64, p<0.05; post hoc, p<0.05).

CRF reduction in the ACe rescues CES rats from deficits in social play

As a second, independent measure of anhedonia in rodents (15,47), we assessed peer-play
behaviors. CES rats provided with an unrelated-shRNA engaged in play behaviors for
shorter durations compared with controls (Fig. 6A; significant CES X Cr-shRNA
interaction, A1,161=4.96, p<0.05; post hoc, p<0.05), in agreement with our previous findings
(15). In this measure of anhedonia as well, partial silencing of Crf1in the ACe of young-
adult rats was sufficient to rescue social play behavior in CES animals. Interestingly, CRF
reduction seemed to specifically rescue contact play behavior, such as pinning, pouncing,
kicking, boxing and wrestling (Fig. 6B; significant CES X CrA-shRNA interaction,
F11,16=6.40, p<0.05; post hoc, p<0.05), with little effect on deficits in playful following/
chasing (Fig. 6C; significant main effect of CES, A1 16j=9.02, p<0.01), though these were
somewhat increased overall (significant main effect of Cr/-shRNA, A1,16j=8.92, p<0.01).
Notably, neither CES nor CrA-shRNA altered total social interaction or locomotion,
indicating specific effects on behaviors considered to denote pleasure, rather than a change
in general activity or social anxiety (Fig. 6D,E).

CES and Crh-shRNA do not influence depressive-like behavior in young-adult male rats

Anhedonia often precedes or accompanies depression in humans, though it can be found
alone or within the context of other neuropsychiatric disorders such as schizophrenia. Here,
to examine the spectrum of depressive-like behaviors influenced by amygdala CRF levels,
we tested CES rats provided with Crf-specific or unrelated constructs in the Porsolt forced-
swim test. In line with previous results (15), CES did not influence immaobility time in
adolescent/young-adult male rats in comparison to controls (Fig. 7A-B). Lentivirus
administration did not affect this result (Fig. 7B), and Cr/-shRNA had no effect on
immobility time (Fig. 7A) or the percent change in despair-like behavior from pre- to post-
shRNA (Fig. 7C).

Discussion

Here we demonstrate that early-life adversity provokes severe anhedonia by altering
interactions of pleasure/reward and stress-related networks involving CRF-producing
neurons in the amygdala. Specifically, we found that CES caused anhedonia, measured as
decreased sucrose preference and reduced social play. During the normally pleasurable
experience of play, early-life stress resulted in augmented, abnormal activation of CRF-
producing neurons in the ACe of adolescent rats compared with controls, and diffusion
tensor imaging delineated heightened connection of both amygdalae and components of the
pleasure/reward circuit. Accordingly, targeted unilateral reduction of CRF levels in the ACe
sufficed to reverse the CES-induced anhedonia in individual rats. Together, these findings
provide the first mechanistic evidence for aberrant structural and functional circuitry
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encompassing reward and anxiety/stress networks after CES, and for a role of CRF-
producing amygdala neurons in emotional deficits that portend major neuropsychiatric
disorders.

Anhedonia during adolescence had originally been implicated as a harbinger or
accompanying feature of later depression (61) or schizophrenia (12,13). Notably, the
importance of anhedonia as a biological entity is being increasingly recognized (14).
Anhedonic behavior can arise as a result of a number of problems at different ‘nodes’ of the
mesocorticolimbic pleasure/reward circuitry (16,19). This system encompasses the nucleus
accumbens, ventral pallidum and prefrontal cortex, with critical input from amygdala,
hippocampus, habenula and other regions and pathways (59,60). Recently, the concept that
anhedonia might arise from dysfunctional interactions between the stress and reward/
pleasure systems has been proposed (61), and has significant support from clinical studies.
Here, we employed mechanistic interventions in rodent models to provide plausible,
biologically-relevant potential mechanisms for the relationship of stress, fear/anxiety and
anhedonia.

Indeed, in the current set of experiments, anhedonia in late-adolescent and adult rats was a
result of experimentally imposed early-life adversity. Therefore, we focused on the
interaction of stress and pleasure/reward networks. We have previously demonstrated
abnormal development of brain circuits following CES (61,62), as well as augmented CRF
levels in a number of brain regions. These included the hippocampus and amygdala (32,61),
and there is a robust literature implicating amygdala CRF in emotional functions including
anxiety, fear and depression-like behaviors (34,35,63,64). These converging observations
provided the impetus for testing the hypotheses that aberrant development of the amygdala
and brain circuitry involved in reward/pleasure might underlie CES-induced anhedonia, and
that amygdala CRF contributes to abnormal responses to pleasurable cues, including sucrose
and social partners.

In this young-adult cohort we did not identify upregulation of CRF levels in the ACe.
However, we identified a tripling of the activation of ACe-CRF cells by social play. The
notion that the augmented activation of CRF-producing neurons in the ACe during social
play was a result of hyper-connectivity of amygdala with reward circuitry (via the mPFC)
was supported by high-resolution DTI. Notably, the mPFC and amygdala are classically part
of both the reward and stress-related networks, which places them in an ideal position to
mediate the interactions of these two circuits (23). The reversal of anhedonia in individual
rats upon partial silencing of ACe-Cr#1supports a causal role for amygdala CRF in the
disruption of stress- and reward-related circuitry that results in anhedonia. Notably, the
current experimental design could not definitively ascertain unilateral and regional
specificity of ACe-CRF in CES-induced anhedonia.

Surprisingly, we found complete reversal of CES-induced anhedonia upon reduction of CRF
levels unilaterally. For technical reasons, the reduction took place in left amygdala. Although
unilateral side-specific regulation of CRF production in the amygdala (69), ipsilateral effects
of manipulating amygdala activity (70), and side-specific actions of several amygdala nuclei
(71) have been demonstrated, we do not propose a functional distinction of left vs right
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amygdala. Indeed, Fos expression was indistinguishable in the left vs. right ACe following
social play (Fig. 3D,E), and the number of CRF cells activated by play was also similar in
both hemispheres (Fig. 4C,D). These data support the idea that the left amygdala is not
functionally distinct from the right amygdala in the context of our experiments, and
unilateral Cr/ishRNA knockdown in either ACe would likely have similar effects. To probe
the potential mechanisms for bilateral effects of unilateral silencing of ACe-Crh, we carried
out magnetic resonance imaging, focusing on detection of connections and circuits using
high-resolution DTI. Unexpectedly, DTI revealed enriched bilateral connections of the
amygdala to the mPFC in CES rats, which may have enabled unilateral Cr# silencing to
reverse CES-induced anhedonia. Together, these findings support the notion that early-life
stress promotes anhedonia via aberrant maturation of reward and fear circuits and hyper-
connectivity between them.

Notably, we found increased c-Fos activation in the portion of the mPFC that has been
implicated in constraining fear and anxiety. Indeed, connections of PFC and amygdala have
been well-studied (43,72). In rodents, the infralimbic PFC inhibits amygdala activity and
fear responses, and enhanced fronto-amygdala connectivity is associated with decreased
anxiety-like behaviors (73). Therefore, our finding of increased c-Fos+ cell number in the
infralimbic mPFC (IL-mPFC) was surprising. To further probe this observation, we tested if
the activated cells were glutamatergic or inhibitory interneurons. We found that whereas
there was no difference in the overall numbers of parvalbumin (PV)-producing interneurons
in IL-mPFC of CES and control rats, there was a significant increase in c-Fos+ PV+ neurons
(Fig. S3). Thus, social play preferentially activated inhibitory interneurons in IL-mPFC of
CES rats, likely inhibiting the fear-constraining function of the IL-mPFC projection onto the
amygdala.

In summary, the findings described here suggest that anhedonia provoked by early-life stress
involves aberrant interaction of stress-related and reward networks, mediated, at least in part,
by augmented activation of CRF-producing amygdala neurons. CRF is also found in
pleasure/reward-related brain regions, such as the nucleus accumbens (74-76), and future
studies will investigate the potential disruption in expression or function of the peptide by
CES. The current studies uncover plausible mechanisms for the major emotional
consequences of CES; importantly, they point out novel, potentially effective interventional
strategies in the adult, with strong translational potential.
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Figure 1.
Sucrose consumption, a measure of anhedonia, is diminished in male adolescent rats that

experienced chronic early-life adversity (CES) provoked by rearing in limited nesting and
bedding cages during a sensitive early postnatal period. (A) Timeline of within-subjects
experimental design for Cohort 1. Additional cohorts included Cohort 2, in which rats were
sacrificed at P42 for Fos quantification following social play, and Cohorts 3 and 4, in which
rats were sacrificed at P56 for ex vivo high-resolution MRI. (B) Consumption of sucrose
(mL) was reduced over a 2-week period in Cohort 1 rats reared in a CES-promoting
environment during P2-9 compared with those reared in routine cages (CTL). (C) Data are
also presented as the daily average consumption of sucrose for the groups. Values are
expressed as mean £ SEM (n7=11-12 rats per group; *p < 0.05).
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Aberrant structural connectivity of stress and reward circuits in CES rats. (A) Representative
images of high-resolution MRI with assessments of diffusion tensors and tractography in 2
separate cohorts of CTL and CES rats (Cohorts 3 and 4), including analyses of tracts (i.e.,
streamlines) connecting the medial prefrontal cortex and the amygdala (encompassing the
BLA and ACe, which are highly difficult to distinguish via MRI) (B) In the CES rats, an
increased number of tracts connecting the amygdala and medial prefrontal cortex was
observed in both hemispheres of the brain, as well as an apparent increase in cross-midline
connections (C). Values are expressed as mean + SEM (n7= 8-9 rats per group; *p < 0.05).
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The central nucleus of the amygdala (ACe) is aberrantly activated during social play in CES
adolescent rats. (A) Representative images of Fos+ cells in the counted regions, including
ACe (top) and BLA (bottom), in CTL and CES adolescent rats sacrificed 90 min. following
social play (Cohort 2). Scale bar = 100 um. (B) Low-magnification image of the brain
regions where Fos+ cells were counted, including the ACe and BLA. Scale bar = 200 pm.
(C) Although the pleasurable experience of play induced c-Fos activation in multiple brain
regions in both groups of rats, a key region that distinguished CES from CTL was the ACe:
Social play activated a greater number of cells in the ACe of CES rats compared to controls
(top), whereas Fos activation in the neighboring BLA did not distinguish between the groups
(bottom). (D) When analyzed separately, both the right and left hemispheres of the ACe
showed an increase of Fos+ cells in CES rats following social play. (E) Within individual
rats, the number of Fos+ cells activated on the right vs. left hemisphere of the ACe did not
significantly differ. Values are expressed as mean + SEM (n= 5 rats per group; *p = 0.05).
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Figure 4.
ACe cell populations activated by social play secrete CRF, and administration of lentiviral

Crh-shRNA reduces CRF levels in the ACe. (A) Representative images of CRF and Fos
immunostaining in the ACe from CTL and CES adolescent rats sacrificed 90 min. following
social play (Cohort 2). Insets display a CRF+ cell that lacks Fos in a CTL rat (/eft, marked
by white arrowhead), and a CRF+ Fos+ (dual-labelled) cell in a CES rat (right, marked by
black arrowhead). Scale bar= 50 um. (B) Of the total number of neurons activated in ACe by
social play, three times as many were identified to be CRF-producing cells (CRF+ Fos+/Fos
+) in CES adolescent rats compared to CTL. (C) When analyzed separately, both the left and
right hemispheres of the ACe showed an increase in the number of CRF+ cells activated by
social play in CES rats. (D) Within individual rats, the number of CRF+ cells activated on
the left vs. right hemisphere of the ACe did not significantly differ. (E) Representative
images from each group (Cohort 1) of the ACe after immunohistochemistry using an
antiserum directed against CRF. (F) Cr/rshRNA significantly reduced CRF
immunoreactivity in the ACe of both CTL and CES rats (data shown for left hemisphere).
(G) GFP expression, indicating viral and shRNA presence, was more robust in the left
hemisphere and specifically the left ACe. Values are expressed as mean + SEM (7= 4-5 rats
per group for A-D; n= 5-6 rats per group for E-G; *p < 0.05).
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Figure 5.
Partial silencing of ACe-Cr#reverses CES-induced anhedonia in individual rats. (A) Sucrose

preference was reduced in CES rats provided with sShRNA unrelated to Cr#. In contrast,
sucrose consumption of CES rats provided with CrA-targeting viruses were indistinguishable
from that of controls. Data are also presented as daily average consumption of sucrose (mL)
for each group after shRNA administration (B). (C) Within individual rats, the augmentation
in sucrose preference provided by CrA-targeting was apparent in CES but not control rats.
Sucrose consumption did not change with unrelated constructs (pre-shRNA data from Figure
1). Data are also presented as the relative change in daily sucrose consumption from pre-
shRNA to post-shRNA for each group (D). Values are expressed as mean = SEM (/7= 5-6
rats per group; *p < 0.05).
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Figure 6.
CRF reduction in the ACe rescues CES rats from deficits in social play. (A) As a second,

independent measure of anhedonia in rodents, we assessed the duration of play behavior
during a social interaction test. CES rats provided with an unrelated-shRNA engaged in
lower durations of play behaviors. In this measure of pleasure as well, CrA-targeting in the
ACe was sufficient to rescue play behavior in CES rats. Of the multiple play behaviors
measured, CRF reduction specifically rescued contact play such as pinning, pouncing,
kicking, boxing and wrestling in CES rats (B), with little effect on deficits in playful
following/chasing (C). Overall, CrirshRNA did slightly increase the duration of following/
chasing behavior, regardless of early-life experience. (D) Neither CES nor Cri-shRNA
altered the total duration of social interaction, which includes play behavior as well as non-
play activities such as anogenital investigation. (E) Neither CES nor Cr/+shRNA altered the
total duration of locomotion, or walking around the apparatus. Values are expressed as mean
+ SEM (= 5-6 rats per group; *p < 0.05).
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Figure 7.

Neither early-life experience nor CRF reduction affect depressive-like behavior in young-
adult male rats. (A) CES did not influence immobility time in the forced-swim test, and
lentivirus administration did not influence this result. (B) The change in immobility time
following CrhA-targeting did not differ significantly by treatment group. Data are also
presented as the relative change in immobility time in the forced-swim test from pre-shRNA
to post-shRNA for each group (C). Values are expressed as mean + SEM (77 = 5-6 rats per
group; *p < 0.05).

Biol Psychiatry. Author manuscript; available in PMC 2019 January 15.



	Abstract
	Introduction
	Materials & Methods
	Animals
	Chronic early-life stress (CES)
	Assessment of anhedonia- and depressive-like behaviors
	Functional connectivity assessments using c-Fos immunocytochemistry
	c-Fos and CRF dual-label immunocytochemistry
	Structural circuitry assessments using Magnetic Resonance Imaging (MRI)
	Stereotaxic injection of lentiviral vectors
	Effect of Crh-shRNA on immunoreactive CRF
	Verification of injection site
	Data analysis

	Results
	Preference for sucrose is diminished in adolescent male rats that experienced early-life adversity
	Aberrant structural connectivity of stress and pleasure/reward circuits in CES rats
	ACe is aberrantly activated during social play in CES adolescents
	ACe cell populations activated by social play secrete CRF
	Administration of Crh-shRNA reduces CRF levels in ACe
	Partial silencing of ACe-Crh reverses CES-induced anhedonia in individual rats
	CRF reduction in the ACe rescues CES rats from deficits in social play
	CES and Crh-shRNA do not influence depressive-like behavior in young-adult male rats

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

