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During the early postnatal period, environmental influences play a pivotal role in shaping the development of the neocortex, including the
prefrontal cortex (PFC) that is crucial for working memory and goal-directed actions. Exposure to stressful experiences during this critical
period may disrupt the development of PFC pyramidal neurons and impair the wiring and function of related neural circuits. However,
the molecular mechanisms of the impact of early-life stress on PFC development and function are not well understood. In this study, we
found that repeated stress exposure during the first postnatal week hampered dendritic development in layers II/lll and V pyramidal
neurons in the dorsal agranular cingulate cortex (ACd) and prelimbic cortex (PL) of neonatal mice. The deleterious effects of early
postnatal stress on structural plasticity persisted to adulthood only in ACd layer V pyramidal neurons. Most importantly, concurrent
blockade of corticotropin-releasing factor receptor | (CRF|) by systemic antalarmin administration (20 ng/g of body weight) during
early-life stress exposure prevented stress-induced apical dendritic retraction and spine loss in ACd layer V neurons and impairments in
PFC-dependent cognitive tasks. Moreover, the magnitude of dendritic regression, especially the shrinkage of apical branches, of ACd layer
V neurons predicted the degree of cognitive deficits in stressed mice. Our data highlight the region-specific effects of early postnatal
stress on the structural plasticity of prefrontal pyramidal neurons, and suggest a critical role of CRF, in modulating early-life stress-induced

prefrontal abnormalities.

INTRODUCTION

The prefrontal cortex (PFC), a highly evolved neocortical
region essential for executive functions, is particularly
sensitive to the detrimental effects of stress (McEwen and
Morrison, 2013). Repeated exposure to severe stress in
critical developmental stages, especially during the early
childhood, may disrupt PFC development and impair
working memory later in life (Evans and Schamberg,
2009; Hanson et al, 2012). Accumulating evidence demon-
strates that early-life stress is one of the major risk factors
for psychiatric disorders, including schizophrenia, depres-
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sion, and anxiety disorders (Bradley et al, 2008; Cutajar
et al, 2010; Nugent et al, 2011) that are associated with
prefrontal dysfunction (Goto et al, 2010) and structural
abnormalities (Black et al, 2004).

The rodent neocortex, including the medial PFC (mPFC),
expands at a dramatic speed that exceeds the rates of most
other brain structures in the first postnatal week (Zhang
et al, 2005). During this critical developmental period, the
lamination of mPFC is yet to be completed (Van Eden and
Uylings, 1985). Dopaminergic fibers and afferents from the
mediodorsal thalamic nucleus and amygdala invade the
layers of mPFC and increase in density (Kalsbeek et al,
1988; Van Eden, 1986; Verwer et al, 1996). Meanwhile, the
pyramidal neurons undergo extensive dendritic outgrowth,
spine formation, synaptogenesis, and functional modifica-
tions (Miller, 1981; Portera-Cailliau et al, 2003; Zhang, 2004)
that can be remodeled by early experiences (Holtmaat and
Svoboda, 2009). As shown by previous studies, postnatal
stress exposure impairs the development of mPFC neurons
and mPFC-dependent cognitive performance in adolescent
and adult animals (Bock et al, 2005; Chocyk et al, 2013;
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Monroy et al, 2010). However, although glucocorticoids
(Wellman, 2001), glutamatergic neurotransmission (Martin
and Wellman, 2011), and protein kinase C (PKC) (Hains
et al, 2009) have been proposed to mediate the adverse
effects of chronic adult stress on the structure and function
of mPFC, a comprehensive insight into the mechanisms
underlying early-life stress-evoked prefrontal abnormalities
is still lacking.

Recently, we and others reported the crucial role of
corticotropin-releasing factor (CRF) and its type 1 receptor
(CRF;) in modulating the negative effects of early-life stress
on the development and plasticity of the hippocampus
(Ivy et al, 2010; Liao et al, 2014; Wang et al, 2011; Wang
et al, 2013). Because CRF- and CRF,-expressing neurons are
found in mPFC (Alon et al, 2009; Kiithne et al, 2012), this
system may also modulate the effects of early-life stress on
the development of mPFC pyramidal neurons and pre-
frontal function.

In this study, we aimed to determine the features and
mechanisms of early postnatal stress-induced structural
alterations of mPFC pyramidal neurons and their behavioral
consequences. Here we applied a naturalistic mouse model
of early-life stress, where an impoverished early environ-
ment is created by providing the dams with reduced nesting
and bedding material from postnatal day 2 (P2) to P9 of
their litter (Rice et al, 2008). This limited nesting and
bedding material procedure has been shown to reduce
the quality of maternal care and provoke prominent and
lasting molecular, morphological, and behavioral alterations
in the offspring (Molet et al, 2014), and has been used to
uncover the involvement of CRF; in early-life stress-
induced anxiety-related behavior and hippocampal dys-
function (Ivy et al, 2010; Wang et al, 2012; Wang et al,
2011). Using this model and thus restricting the time
window of stress exposure to the first postnatal week, the
short- and long-term effects of stress during this critical
period on the morphological development of layers II/III
and V pyramidal neurons in the mPFC were characterized.
Furthermore, the potential role of CRF; in modu-
lating postnatal stress-induced structural changes and
memory deficits was evaluated using the CRF; antagonist
antalarmin.

MATERIALS AND METHODS
Animals and Housing

Twelve-week-old male and female C57BL/6 mice (Vital
River Laboratories, Beijing, China) were used for
breeding. After habituation in the vivarium, each female
was housed with one male for 2 weeks and then single
housed. Pregnant females were monitored daily for pup
delivery at 0900 to 1000h, and the day of parturition was
defined as P0. Only male offspring were used in the
experiments.

All mice were housed under a 12-h light/dark cycle (lights
on at 0800h) and constant temperature (23 +1°C) condi-
tions with free access to both food and water. The
experiments were approved by the Peking University
Committee on Animal Care and Use and performed in
compliance with the National Institute of Health’s Guide
for the Use and Care of Laboratory Animals.
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Early-Life Stress Procedure

The limited nesting and bedding material paradigm was
carried out according to an established protocol (Rice et al,
2008; Wang et al, 2011). On the morning of P2, pups were
weighed and litters culled to 6-8 pups with equal numbers
of males and females whenever possible. Control dams were
provided with a sufficient amount of nesting material
(2 squares (4.8 g) of Nestlets, Indulab, Gams, Switzerland)
and 500ml of standard sawdust bedding. In the ‘stress’
cages, dams were provided with a limited quantity of
nesting material (1/2 square (1.2 g) of Nestlets), placed on a
fine-gauge aluminum mesh platform (McNichols, Tampa,
FL, USA). The stress manipulation ended on the morning
of P9.

Experimental Design

In experiment 1, the effects of early-life stress on
morphological development of layers II/III and V pyramidal
neurons in the dorsal agranular cingulate cortex (ACd) and
the prelimbic cortex (PL), which are the major subdivisions
of the dorsomedial and ventromedial PFC respectively, were
examined (Figure la). Immediately after the stress proce-
dure (P9), some of the pups were killed by decapitation and
brains processed for morphological analysis. The other
litters of pups were transferred to standard cages, weaned
on P28, and killed in adulthood (P74-P78) for structural
analysis. Experiments 2 (Figure 3a) and 3 (Figure 5a)
examined the effects of systemic CRF,; blockade on early-life
stress-induced structural abnormalities and cognitive
impairments respectively. Pups received daily vehicle or
antalarmin injections during the stress procedure. In
experiment 2, pups were either decapitated after stress
ended (P9) for the analysis of glucocorticoid receptor (GR)
and mineralocorticoid receptor (MR) protein levels and
neuronal morphology, or killed in adulthood (P70-P77)
for the analysis of dendrites and spines. In experiment 3, all
groups of mice were tested for anxiety-related behavior,
spatial working memory, and temporal order memory in
adulthood (P72-P79). At 24h after behavioral tests, mice
were killed for morphological assessment and correlation
analysis. Because learning experience may induce rapid
structural reorganizations of dendritic spines, whereas the
dendritic arborizations of cortical pyramidal neurons are
relatively stable (Holtmaat and Svoboda, 2009), we only
focused on dendritic morphology in experiment 3. In all
experiments, mice of each group were obtained from 3 to
5 litters. All mice were weighed at P2, P9, P28, P42, P56,
and P70.

Assessment of Maternal Behavior

See Supplementary Information for details.

Drug Treatment

Drug administration was performed at 0900 to 1200h
on P2-P8. In experiments 2 and 3, control or stressed
pups received a daily subcutaneous injection of vehicle
(polyethylene glycol) or antalarmin hydrochloride
(20 ug/g of body weight; Tocris Bioscience, Bristol, UK).
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Figure | Effects of early-life stress on dendritic development of layer V pyramidal neurons in the dorsal agranular cingulate cortex (ACd). (a) Schematic of
the design of experiment |. (b) Diagrams of coronal sections (left) showing the region of interest (shaded areas), a Golgi-stained coronal section (middle;
scale bar=>500 pm) taken through the level of ACd (dashed area), and a Golgi-impregnated ACd layer V pyramidal neuron from a 9-day-old pup (right;
scale bar =20 pm). (c) Representative Neurolucida tracings of ACd layer V pyramidal neurons from control (CT) and early-life stressed (ES) pups. Scale
bar =20 pm. (d, ) Early-life stress reduced the length (d) and complexity (e) of apical but not basal dendrites of ACd layer V pyramidal neurons in neonatal
mice. (f) Diagrams of coronal sections (left) showing the region of interest (shaded areas), a Golgi-stained coronal section (middle; scale bar =500 um) taken
through the level of ACd (dashed area), and a Golgi-impregnated ACd layer V pyramidal neuron from an adult mouse (right; scale bar=50um).
(g) Representative tracings of ACd layer V pyramidal neurons in adult mice. Scale bar =50 pm. (h, i) The length (h) and complexity (i) of apical but not basal
dendrites were reduced in postnatally stressed adult mice. *p <0.05, **p<0.0l. In this and subsequent figures, the number of animals in each group is
indicated in the bar graphs.

The dosage choice was based on previous studies (Liao  Golgi-Cox Staining and the Analysis of Dendrites and
et al, 2014; Rissman et al, 2012). Before the injection, Spines

the home cage containing the litter was placed on a heating
pad maintained at 30-33 °C. The dam was then removed
from the litter and transferred to a clean cage. Within
each litter, 1-3 male pups were randomly assigned to
each drug treatment group. Pups were marked on the
paw pads with a maker pen, weighed, and injected
with the solution (5ul/g of body weight) into the nape
of the neck. The duration of injection was <15min per ously (Li I 2014
litter. After the injection, the dam was placed back to the previously (Liao et al, )-

: . . Darkly and consistently stained pyramidal neurons in
Eggez 4C Ege and the litters remained undisturbed for the layers II/IIT and V of ACd (Figure 1b and f) and PL (Paxinos

Neonatal and adult brains were immersed in the Golgi-Cox
solution for 9 and 14 days, respectively, and then trans-
ferred to 30% sucrose solution for 2-5 days in the dark at
room temperature. Serial coronal sections (120 pm) were
prepared using a Microm HM 650V vibratome (Thermo
Scientific, Walldorf, Germany), mounted on Superfrost plus
slides (Thermo Scientific) and processed as described
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et al, 2007; Van De Werd et al, 2010) were selected for
structural analysis (ACd: 8-11 neurons for each layer per
animal; PL: 3-8 neurons for each layer per animal). Neurons
were traced at X400 with the Neurolucida software
(MicroBrightField Bioscience, Williston, VT, USA), and
Sholl analysis was performed to measure total dendritic
length, the number of intersections at concentric circles
(20 pm apart), and the number of branch points using
the NeuroExplorer software (MicroBrightField). In experi-
ments 2 and 3, the neuron morphology files generated by
Neurolucida were converted to the SWC format by
NLMorphologyViewer (http://www.neuronland.org/NL.html)
and imported to the NeuronStudio software (http://
research.mssm.edu/cnic/tools-ns.html). The length of apical
main dendrite (the large apical dendrite that connects the
soma to distal tuft dendrites) and apical branches (including
all oblique dendrites that emanate from the apical main
dendrite at various angles and tuft dendrites) (Spruston,
2008) was measured respectively by NeuronStudio.

For dendritic spine analysis of ACd layer V pyramidal
neurons, the inclusion criteria were as follows: (1) the apical
main or oblique dendritic segments initiated at 80 um (for
P9 neurons) or 120 um (for P75 neurons) from the soma
and the distal basal dendrites were selected; (2) the length of
selected segments was longer than 30 pm; (3) the diameters
of selected segments for each dendritic domain were
comparable; and (4) the segment did not overlap with
other segments that would obscure visualization of spines.
Bright-field z-series images of dendritic segments (8
segments for each dendritic domain per animal) were
acquired at x 1000 using a CoolSNAP MP5 CCD (Roper
Scientific, Tucson, AZ, USA) fitted to an Olympus BX51
microscope (Olympus, Tokyo, Japan). Dendritic spines were
categorized as thin, stubby, and mushroom types (Harris
et al, 1992), and manually counted using the NIH Image]
software by an investigator blind to the experimental
conditions. Spine density was expressed as the number of
spines per 10 um of dendrite.

In experiment 2, the length and head diameter of
dendritic spines whose long axes paralleled the imaging
planes were measured by Image]J. Spines that protruded in
back or in front of optical planes were excluded from
analysis because of the poor z-resolution of bright-field
microscopy.

Western Blot

See Supplementary Information for details.

Behavioral Testing

Mice were singly housed at 1 week before testing. The
following tests were conducted between 0900 and 1600 h and
scored by ANY-maze 4.98 (Stoelting, Wood Dale, IL, USA).

Open field and light-dark box.

Information for details.

See Supplementary

Y-maze. The Y-maze apparatus was made of gray poly-
vinyl chloride with three symmetrical arms (30 x 10 x
15cm’) and illuminated at 30lux. Mice were placed in
the end of one arm and allowed to explore freely for 8 min.

Neuropsychopharmacology

The total distance traveled, number of arm entries, sponta-
neous alternation ratio (Wang et al, 2013), and same arm
return ratio (Wall and Messier, 2002; Wietrzych et al, 2005)
were measured.

Temporal order memory test. In a pilot experiment,
preference to the two objects (a 5x5x 5cm’ cube and a
5-cm-diameter, 5-cm-high cylinder, both made of aluminum)
used in the temporal order memory test was determined by
presenting the two objects to a separate cohort of treatment-
and test-naive adult male C57BL/6 mice (n=12) in the
standard cages for 10min. The time spent exploring each
object was recorded, and no object preference was noticed
(26.08£4.77 vs 23.76£2.87s, t;;=0.543, p=0.598). The
temporal order memory test was performed in the open field
arena under low illumination (101ux) as previously described
(Barker et al, 2007) with minor modifications. Before testing,
mice were habituated to the testing environment for 2 min
on 2 consecutive days. The testing procedure consisted of
three consecutive sessions separated by intertrial intervals
of 60min. In sample phases 1 and 2, two cubes and two
cylinders were placed in the open field arena respectively.
In the retrieval phase, one cube (the ‘remote’ object) and one
cylinder (the ‘recent’ object) were presented. In each session,
the animals were allowed to explore the objects for 10 min,
and the time spent exploring each object was measured.

Statistical Analysis

SPSS 16.0 (SPSS, Chicago, IL, USA), GraphPad Prism 5.0
(GraphPad Software, San Diego, CA, USA), and R version 2.15
(http://www.r-project.org/) were used to perform statistical
analyses. Student’s t-test was used to compare pairs of means.
In experiment 1, the number of dendritic intersections and
body weight were analyzed by one-way repeated measures
analysis of variance (ANOVA). In experiments 2 and 3, the
number of branch points, dendritic length, spine density,
protein levels, and behavior were analyzed by two-way
ANOVA (stress x treatment) followed by Bonferroni post hoc
test when a significant interaction was observed; maternal
behavior, body weight, and number of dendritic intersections
were analyzed by two-way repeated measures ANOVA.
For spine size analyses in experiment 2, data were rank and
Box-Cox transformed to achieve a normal data distribution,
and the transformed data were analyzed by two-way ANOVA
followed by Tukey’s post hoc test when appropriate. In
experiment 3, correlations between cognitive performance
and dendritic length were assessed by Pearson’s correlation
coefficient. Statistical outliers with values that fell beyond
2 SD values from the mean were excluded in the final statis-
tical analysis. Data are reported as mean + SEM. Statistical
significance was defined at p <0.05.

RESULTS

Persistent Effects of Early-Life Stress on Apical
Dendritic Development of ACd Layer V Pyramidal
Neurons

After exposure to stress during the first postnatal week
(Figure 1a), the outgrowth of apical, but not basal, dendrites
of ACd layer V pyramidal neurons in 9-day-old pups was
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markedly impaired (Figure 1b-e). Compared with the
controls, the length and complexity of apical dendrites in
stressed pups were significantly reduced (length: ;5 =3.299,
p=0.006; complexity: F; 15=4.973, p=0.044). As adults,
postnatally stressed mice still had fewer apical dendritic
arborizations in layer V pyramidal neurons than the
controls (length: t56,,=3.035, p=0.025; complexity:
Fy,10=8.576, p=0.015), indicating that the stress effects
on this neuronal population are long lasting (Figure 1f-i).
In comparison, the deleterious effects of early-life stress on
apical dendritic development of ACd layer II/III pyramidal
neurons were only evident in neonatal (length: ;5 =2.417,
p=0.031; complexity: F, ;5=5.948, p=0.03) but not adult
mice (Supplementary Figure S1). In addition, in stressed
pups, dendritic length of layers II/III and V pyramidal
neurons in the PL region was also significantly reduced.
However, early-life stress hampered dendritic branching
only in PL layer V but not layer II/III neurons at P9, and
these effects did not persist to adulthood (Supplementary
Figure S2). Because the persistent effects of early-life stress
on dendritic morphology were brain region and layer
specific, we then focused on ACd layer V pyramidal neurons
in the following experiments.
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Early-Life Stress Lastingly Impairs Dendritic Spine
Plasticity of the Apical Dendrites of ACd Layer V
Pyramidal Neurons

Spine density in ACd layer V pyramidal neurons was
quantified immediately after stress exposure or in adult-
hood to evaluate the short- and long-term effects of post-
natal stress on spine formation and plasticity (Figure 2a
and d). In stressed pups, spine density on apical oblique
dendrites was significantly reduced (t,, =3.446, p =0.005;
Figure 2b), with the negative stress effects more pronounced
on thin (#,,=2.702, p=0.019) and mushroom spines
(t1,=2.258, p=0.043; Figure 2c). In adult mice with early
stressful experience, the number of spines was decreased on
both apical main (f5,93=3.971, p=0.01) and oblique
dendrites (t,o=4.092, p=0.002; Figure 2e), and the effects
were more evident on thin and mushroom spines (main—
thin: t5.047 = 3.162, p = 0.023; mushroom: tio= 2.853,
p=0.017; oblique—thin: f,,=3.215, p=0.009; Figure 2f).
In contrast, spine density on basal dendrites in neonatal and
adult mice was not affected by stress. These results indicate
that early postnatal stress lastingly impairs the development
and plasticity of dendritic spines, especially thin and
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Figure 2 Short- and long-term effects of early-life stress on dendritic spine density of ACd layer V pyramidal neurons. (a) Representative
photomicrographs of apical main, apical oblique, and basal dendrites of ACd layer V pyramidal neurons in P9 pups. Scale bar =2 pum. (b) Early-life stress
specifically reduced the number of spines on apical oblique dendrites in the neonatal pups. (c) The stress effects were more pronounced on thin and
mushroom spines. (d) Photomicrographs of apical main, apical oblique, and basal dendrites of ACd layer V pyramidal neurons in adult mice. Scale
bar=2pum. (e) In stressed adult mice, spine density on apical main and oblique dendrites was significantly reduced. (f) Early-life stress evoked a loss of thin
and mushroom spines on apical main dendrites and a reduction in thin spines on oblique dendrites. *p <0.05, **p <0.01.
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mushroom spines, on the apical dendrites of ACd layer V
pyramidal neurons.

Blockade of CRF, Attenuates Early-Life Stress-Evoked
Dendritic Regression and Spine Loss in ACd Layer V
Pyramidal Neurons

To examine the potential role of CRF; in postnatal stress-
induced structural abnormalities in the mPFC, pups
received daily antalarmin or vehicle injections during stress

Experiment 2
Stress and daily antalarmin injections
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exposure (Figure 3a). Dams provided with limited nesting
and bedding material exhibited disrupted maternal beha-
vior as indicated by increased number of dam sorties
(Fy,12=54.684, p<0.001) and duration of mother-pup
interaction (F; 1, =6.903, p=0.022), whereas the injection
procedure did not influence maternal care (dam sortie—
injection: F; 1, =1.98, p=0.185; interaction: F; ;,=1.363,
p=0.266; dam-pup interaction—injection: F; ;,=1.393,
p =0.261; interaction: F; ;,=0.033, p=0.859; Supplemen-
tary Figure S3). Moreover, early-life stress persistently
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Figure 3 Effects of CRF, blockade on early-life stress-induced dendritic abnormalities in ACd layer V pyramidal neurons. (a) Schematic of the design of
experiment 2. (b) Representative tracings of apical dendrites of ACd layer V pyramidal neurons at P9. Scale bar=20 um. (c, d) In vehicle (Veh)-injected
pups, early-life stress reduced the length (c) and branching (d) of apical dendrites that were attenuated by blockade of CRF, with antalarmin (Ant).
(e) Representative tracings of apical dendrites of ACd layer V pyramidal neurons at P75. Scale bar=50 pum. (f, g) Antalarmin treatment normalized the
length () and complexity (g) of apical dendrites in stressed adult mice. *p <0.05, ***p <0.001.
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inhibited body weight gain (P9: t;;,=3.927, p<0.001;
P28-P70: F, ;, =4.864, p =0.048), whereas CRF; blockade
during stress exposure increased body weight gain in
adolescence and adulthood (P9—stress: F; 45=60.877,
p<0.001; P28-P70—stress: Fy 33=30.978, p<0.001; treat-
ment: F; 33 =4.182, p=0.049; Supplementary Figure S4).

In both neonatal and adult mice, early stressful experi-
ence and antalarmin interacted to shape apical dendritic
morphology of ACd layer V pyramidal neurons (P9
length—stress: F; o =106.218, p <0.001; treatment: F; ,, =
65.408, p<0.001; interaction: F; ;o =35.681, p<0.001; P9
complexity—stress: F; ,0=73.492, p<0.001; treatment:
Fi,20=42.739, p<0.001; interaction: F; ,o=26.204,
p<0.001; P75 length—stress: F; ,o=40.62, p<0.001; treat-
ment: F; ,0=16.105, p=0.001; interaction: F; o =26.629,
p<0.001; P75 complexity—stress: F; ,0=51.671, p<0.001;
treatment: F; ,0=13.527, p=0.001; interaction: F; ,o=
32.524, p<0.001; Figure 3b and e). Consistent with the
results of experiment 1, early-life stress decreased the length
(p<0.001, Bonferroni’s test) and complexity (F; ;o= 84.739,
p<0.001) of apical dendrites in vehicle-injected pups, and
this effect persisted to adulthood (length: p<0.001,
Bonferroni’s test; complexity: F; ,o=>54.076, p<0.001).
Although stressed pups treated with antalarmin had
reduced apical dendritic length (p <0.05, Bonferroni’s test)
and complexity (F; ;0=06.672, p=0.027) compared with
antalarmin-injected controls, they had significantly longer
(p<0.001, Bonferroni’s test) and more complex (F; 0=
43.509, p<0.001) dendrites than vehicle-injected stressed
pups (Figure 3c and d). In adulthood, antalarmin treatment
abolished postnatal stress-induced dendritic regression
(ES-Ant vs ES-Veh—Iength: p<0.001, Bonferroni’s test;
complexity: F; 1o=236.772, p<0.001; Figure 3f and g). We
also analyzed the number of branch points and the length of
apical trunk dendrite and apical branches (Supplementary
Table S1). During development and adulthood, early-life
stress reduced, whereas antalarmin increased, the number
of branch points. Interestingly, the effects of early-life stress
and antalarmin were mostly evident on apical dendritic
branches but not apical main trunk.

Next, we evaluated the effects of antalarmin treatment on
early-life stress-induced apical dendritic spine loss in ACd
layer V pyramidal neurons (Figure 4a and d). In neonatal
pups, antalarmin increased the number of spines on apical
main dendrites (treatment: F; ,0=20.387, p<0.001) and
prevented stress-induced spine loss on apical oblique
dendrites (stress: F; ,o=7.824, p=0.011; treatment: F; 5o =
11.917, p=0.003; interaction: F; ,o=5.423, p=0.030;
Figure 4b). Detailed analysis showed that early-life stress
and antalarmin regulated the number of thin and stubby
spines on apical dendrites (main: thin—treatment: F; 5o =
15.657, p=0.001; oblique: thin—stress: F; ,y=6.912,
p=0.016; treatment: F;,,=6.769, p=0.017; stubby—
treatment: F; ,o = 4.497, p =0.047; Figure 4c). In adult mice,
antalarmin treatment during postnatal stress exposure
prevented the adverse stress effects on spine density on
apical main and oblique dendrites (main—stress: F; 0=
50.781, p<0.001; treatment: F; ,o=14.528, p =0.001; inter-
action: Fy ,,=28.306, p<0.001; oblique—stress: F; ,o=
25.302, p<0.001; treatment: F; 5o =16.901, p =0.001; inter-
action: F; ,y=25.220, p<0.001; Figure 4e). Detailed analysis
showed that early-life stress and antalarmin exerted
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dendritic domain- and spine subtype-specific effects (main:
thin—stress: Fj 59 =25.363, p<0.001; treatment: F, ;o=
7.052, p=0.015; interaction: F; ,0=15.523, p=0.001;
mushroom—stress:  F; ,0=26.851, p<0.001; oblique:
thin—stress: F; ,0=10.519, p=0.004; interaction: F; ,o=
4.624, p=0.044; stubby—interaction: F; ,0=8.101,
P=0.010; Figure 4f). Consistent with these spine classifica-
tion data, we further revealed that early-life stress decreased
spine length in both neonatal and adult mice, which
was prevented by antalarmin treatment. Moreover, anta-
larmin normalized spine head diameter on apical oblique
dendrites in postnatally stressed adult mice (Supplementary
Figure S5).

Notably, in both vehicle- and antalarmin-injected stressed
pups, GR and MR protein levels in the neocortex and GRs
levels in the hippocampus were significantly downregulated
(neocortical GR—stress: F; 9 =23.304, p<0.001; neocorti-
cal MR—stress: F; 50 =4.374, p =0.049; hippocampal GR—
stress: F; 50 =>5.490, p=0.030; Supplementary Figure S6a
and b). In addition, the protein levels of actin, which was
used as the loading control, were not altered by early-life
stress or antalarmin treatment (Supplementary Figure S6c).
These results indicate that systemic antalarmin administra-
tion does not abolish hypothalamic-pituitary-adrenal
(HPA) activity and stress response in neonatal pups, and
that antalarmin prevents early-life stress-evoked structural
abnormalities mainly through the blockade of central CRF;.

Blockade of CRF, Prevents Early-Life Stress-Induced
Cognitive Deficits, But Not Anxiety-Related Behavior, in
Adult Mice

Because antalarmin treatment during early-life stress
exposure ameliorated the deleterious stress effects on the
development and plasticity of dendrites and spines in ACd
neurons, we further investigated its impact on postnatal
stress-induced behavioral abnormalities in adult mice
(Figure 5a). All groups of mice exhibited similar anxiety-
related behavior in the open field arena (Supplementary
Figure S7a), whereas early-life stress significantly reduced
the number of entries into and time spent in the brightly
lit compartment in the light-dark box test (entry—stress:
F 24=>5.769, p=0.024; time—stress: F; ,, =4.4, p =0.047;
Supplementary Figure S7b). Furthermore, stressed mice
were less active in the Y-maze apparatus compared with the
control groups (distance—stress: F; ,4=6.714, p=0.016;
arm entry—stress: F; ,, =4.433, p =0.046; Supplementary
Figure S7c). However, antalarmin had no effect on early-life
stress-induced anxiety-related behavior.

Postnatal antalarmin treatment improved spatial working
memory performance in the Y-maze test as shown by
increased spontaneous alternation rates in antalarmin-
injected groups (F; ,4=8.359, p=0.008). In addition,
antalarmin treatment normalized stress-increased same
arm return ratio (treatment: F; ,,=8.757, p=0.007; inter-
action: F; ,4=4.663, p=0.041; Figure 5b), which reflects
certain aspects of attention (Wall and Messier, 2002;
Wietrzych et al, 2005). In each sample phase of the tem-
poral order memory test, all groups of mice explored the
two copies of an identical object similarly (Supplemen-
tary Figure S7d). In the retrieval phase, significant effects
of treatment (F; ,=7.682, p=0.01) and interaction
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Figure 4 Effects of CRF, blockade on early-life stress-induced spine loss on the apical dendrites of ACd layer V pyramidal neurons. (a) Photomicrographs
of apical main and oblique dendrites of ACd layer V pyramidal neurons at P9. Scale bar =2 pum. (b) Antalarmin treatment increased total spine density on
apical main dendrites and prevented stress-induced spine loss on apical oblique dendrites in neonatal pups. (c) Early-life stress and antalarmin modulated the
formation of thin and stubby spines on apical dendrites. (d) Photomicrographs of apical main and oblique dendrites of ACd layer V pyramidal neurons at P75.
Scale bar=2pm. (e) Antalarmin treatment during postnatal stress exposure prevented the deleterious stress effects on spine density on apical main and
oblique dendrites in adult mice. (f) Early-life stress and antalarmin exerted dendritic compartment- and spine subtype-specific effects in adult mice. *p <0.05,

#%p <001, ¥ <0001

(F1,26=5.531, p=0.027) were noticed. All groups of mice,
except for stressed mice with vehicle injection, discrimi-
nated the object presented least recently from the one
presented more recently (CT-Veh: t=3.576, p=0.012;
ES-Veh: t; =0.853, p =0.422; CT-Ant: t; =2.582, p =0.036;
ES-Ant: t5=9.295, p<0.001; Figure 5c). Moreover, vehicle-
injected stressed mice performed worse than vehicle-treated
controls (p<0.05, Bonferroni’s test). In comparison,
stressed mice with antalarmin treatment showed intact
temporal order memory and performed significantly better
than vehicle-injected stressed mice (p<0.01, Bonferroni’s
test). Taken together, these results imply that blockade
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+1;) <005 T+ p<0.001, stress effect; &p <0.05, &&&p <0.001, treatment effect.

of CRF, during early-life stress exposure specifically
prevents stress-evoked impairments in mPFC-dependent
cognition but not anxiety-related behavior.

Following behavioral tests, we again measured the length
of apical dendrites of ACd layer V pyramidal neurons
and further assessed the correlations between dendritic
length and cognitive performance. Consistent with the
results of experiment 2, antalarmin treatment preven-
ted early-life stress-induced dendritic shrinkage (total
dendritic length—stress: F; ,;=12.294, p=0.002; treat-
ment: F; ,;=13.967, p<0.001; interaction: F; ,,=11.322,
p=0.002; complexity—stress: F; ,;=14.182, p<0.001;
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dendrites: r= —0.722, p<0.001; apical branches: r= —0.720, p <0.001). (f) Both total dendritic Ieggth and total branch length significantly correlated with

temporal order memory performance in the two stressed groups. *p <005, **p<0.01; *p <0.05,

recent objects within the same group; #*p <0.01, treatment effect.

treatment: F; ,;=13.509, p=0.001; interaction: F, ,;=
15.029, p<0.001; total branch length—stress: F; ,;=
13.841, p =0.001; treatment: F; ,; =11.700, p =0.002; inter-
action: F; ,;=9.799, p=0.004; Supplementary Figure S8).
In the Y-maze test, both total apical dendritic length and
apical branch length significantly correlated with sponta-
neous alternation rates (apical dendrites: r=0.578,
p=0.030; apical branches: r=0.543, p =0.045; Figure 5d)
and inversely correlated with the ratio of same arm returns
(apical dendrites: r= —0.623, p=0.017; apical branches:
r= —0.597, p=0.024; Figure 5e) in stressed mice. In
the temporal order memory test, significant correlations
between dendritic length and time with the remote object in
the retrieval phase were revealed in the two stressed groups
(apical dendrites: r=0.546, p=0.035; apical branches:
r=0.528, p =0.043; Figure 5f). In vehicle-injected stressed
mice, the extent of dendritic shrinkage predicted the degree
of cognitive impairment. In comparison, antalarmin-treated

#5<0.001 for comparisons between the remote and

stressed mice with longer apical dendrites showed better
cognitive performance. In control mice, we did not observe
significant correlations between dendritic length and
cognitive performance, except for a significant inverse
correlation between apical branch length and same arm
return ratio (r = — 0.546, p = 0.044). These data suggest that
dendritic shrinkage, especially the regression of apical
dendritic branches, of ACd layer V pyramidal neurons may
underlie cognitive deficits in stressed mice.

DISCUSSION

Animal models of early-life stress provide the opportunity
to study experience-dependent neural plasticity and are
useful to disentangle the mechanisms of stress-related
psychiatric disorders. In this study, we showed that early
postnatal stress persistently disrupted the development and
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plasticity of apical dendrites of layer V pyramidal neurons
in ACd. Most importantly, we found that CRF; blockade
during stress exposure ameliorated these region-specific
morphological alterations and restored cognitive function,
indicating that CRF; modulates the effects of early-life stress
on prefrontal development and function.

The Region-Specific Effects of Early Postnatal Stress
Suggest a Sensitive Period for the Development of mPFC
Layer V Pyramidal Neurons

Recent studies have reported that early-life stress alters
dendritic morphology and spine density of prefrontal pyra-
midal neurons (Chocyk et al, 2013; Monroy et al, 2010;
Muhammad and Kolb, 2011). However, the results are
variable. The discrepancy among these studies may be
ascribed to the status of neuroendocrine function upon stress
challenge, as stress exposure before, during, or after the stress
hyporesponsive period (Schmidt, 2010) may exert distinct
effects on the remodeling of dendrites and spines in mPFC
neurons (Bock et al, 2005; Gos et al, 2008). Yet another
possibility is that, in these studies, the time window of stress
exposure spanned various developmental stages that are diffe-
rent in the expression of synaptic molecules and the degree of
connectivity and functionality (Lohmann and Kessels, 2014).
Using a robust and naturalistic mouse model of early-life
stress (Rice et al, 2008), we evaluated the spatial and
temporal characteristics of the effects of stress exposure
around the first postnatal week on the morphology of layers
II/III and V pyramidal neurons in ACd and PL. We found
that pyramidal neurons in both layers of ACd were affected
after stress ended, yet the lasting effects of early-life stress
were only present in layer V pyramidal neurons. In PL,
although the stress effects did not persist to adulthood,
the short-term influences of early-life stress were more
prominent in layer V than in layer II/III neurons. These data
indicate that the first postnatal week might be a stress-
sensitive period for the development of layer V neurons.
During neocortical development, sequentially generated
pyramidal neurons migrate in an ‘inside-out’ pattern, and
the upper layer (II/III) neurons are younger than those
settled in the lower layers (V and VI) (Franco and Miiller,
2013). In addition, the structural changes of layer V
pyramidal neurons precede those of layer II/III neurons in
the visual cortex (Miller, 1981). Therefore, the critical
periods for dendritic outgrowth and branching in layers
II/IIT and V neurons may overlap only partially, contributing
to their differential morphological phenotypes after early
postnatal stress exposure. Moreover, we observed that the
acute and long-term effects of early-life stress on dendritic
development and spine formation in ACd pyramidal
neurons were confined to apical dendrites. These layer-
and dendritic domain-specific effects of early-life stress may
be relevant to molecules that show layer-specific expression
patterns. For example, the transcription factors Cuxl and
Cux2 are specifically expressed in upper layer neurons and
regulate the morphological and functional maturation of
layer II/III but not layer V neurons (Cubelos et al, 2010).
Similarly, another transcription factor Fezf2 is selectively
expressed by lower layer neurons and regulates dendrite
and spine development in layer V but not layer II/III
neurons (Chen et al, 2005). However, it remains to be
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studied whether these molecules are involved in early-life
stress-induced prefrontal alterations and whether stress
mediators, including CRF and CRF,, interact with these
molecules to differentially modulate the development and
plasticity of neuronal subpopulations in mPFC. In addition,
it would also be worthwhile to examine whether stress
exposure during later postnatal stages (the second or third
postnatal week) would affect upper vs lower layer neurons
disparately.

CRF, Blockade during Stress Exposure Prevents
Early-Life Stress-Induced Dendritic Regression and
Spine Loss and Restores mPFC-Dependent Cognitive
Performance

CREF and its receptors are key mediators of neuroendocrine,
cognitive, and behavioral responses to stress. Once the
stressor is perceived, CRF is rapidly released and activates
CRF, that, in turn, interacts with neurotransmitter systems
and synaptic molecules to modulate neural circuit devel-
opment and synaptic plasticity (Andres et al, 2013; Tan
et al, 2004; Wang et al, 2013). Using the same stress
paradigm, we and others have demonstrated the critical role
of the CRF-CRF; system in mediating the effects of early-
life stress on the development, plasticity, and function of
the hippocampus. Repeated administration of a CRF, anta-
gonist antalarmin during stress exposure attenuates hippo-
campal synaptic abnormalities in stressed pups (Liao et al,
2014), whereas pharmacological blockade or transgenic
inactivation of central CRF; after stress restores hippo-
campal synaptic plasticity and spatial learning and memory
in adult mice (Ivy et al, 2010; Wang et al, 2011). Our present
study extended these findings and showed that concurrent
antalarmin treatment could attenuate early-life stress-
evoked apical dendritic regression and spine loss in ACd
layer V pyramidal neurons.

The layer V pyramidal neurons in ACd integrate
widespread inputs from various brain regions (Hoover
and Vertes, 2007) and project to multiple subcortical areas,
including striatum, amygdala, dorsal raphe, and spinal cord
(Gabbott et al, 2005), to facilitate emotional expression,
motor coordination, and temporal organization of behavior.
In adult mice with early-life stressful experiences and
vehicle treatment, mPFC-dependent cognition, including
certain aspects of attention (reflected by the percentage of
same arm returns) and temporal order memory, was
markedly impaired. In contrast, daily antalarmin adminis-
tration during stress exposure restored cognition in adult
mice. Moreover, in stressed mice with vehicle treatment,
impaired cognitive performance was closely associated with
shrinkage of apical dendrites. These results strengthen the
link between dendritic morphology and cognition, and
pinpoint the role of the CRF-CRF; system in shaping the
structure and function of mPFC pyramidal neurons and
related neural circuits under stressful situations.

It should be noted that systemic antalarmin administra-
tion antagonizes both central and peripheral CRF,;. Block-
ade of CRF, in the pituitary will disrupt HPA activity and
may thus confound the current findings. However, our
results indicate that the treatment strategy we applied
generally preserved HPA activity and stress response. As
shown previously, postnatally stressed animals exhibit



elevated corticosterone secretion, inhibited body weight
gain, and reduced expression levels of GRs and MRs in the
hippocampus (Schmidt, 2010). Similarly, we observed that
compared with the controls, stressed pups with vehicle or
antalarmin treatment had significantly lower body weight
and reduced GR and MR protein levels in the neocortex
and/or the hippocampus. Therefore, the effects of antalar-
min on stress-induced structural alterations and cognitive
impairments may be largely attributed to the blockade
of central CRF,, instead of attenuated HPA activity by
pituitary CRF; blockade. Nonetheless, future studies using
more region-specific approaches are needed to clarify the
role of prefrontal CRF, in early-life stress-associated
prefrontal abnormalities.

The molecular mechanisms underlying the effects of CRF,
and early-life stress on prefrontal development and function
remain unclear. Previous studies have shown that CRF
facilitates the phosphorylation of PKC in PFC slices (Tan
et al, 2004), whereas inhibiting PKC activity rescues chronic
adult stress-induced apical dendritic spine loss in mPFC
neurons and working memory deficits (Hains et al, 2009).
Intriguingly, the protein levels of PKC isoforms increase
rapidly around the first postnatal week (Roisin and Barbin,
1997). In future studies, the involvement of PKC and other
candidate molecules, including nectin-3 that interacts with
CRF,; to modulate the negative stress effects on hippocam-
pal plasticity (Wang et al, 2013) as well as glucocorticoids
and glutamate receptors, in postnatal stress-induced pre-
frontal dysfunction should be determined.

Early-Life Stress, Anxiety, and CRF,

The current data showed that early-life stress-induced
anxiety-related behavior was not influenced by systemic
antalarmin administration. In comparison, we reported
previously that transgenic deletion of forebrain CRF,, which
initiates at the end of the second postnatal week, partially
prevented the anxiogenic effects of early-life stress in adult
mice (Wang et al, 2012). The inconsistency between these
studies is likely ascribed to the broad brain regions
manipulated by pharmacological blockade compared with
the region-specific knockout in conditional CRF; mutants.
As revealed by recent studies, the modulation of anxiety by
CRF; is complicate and delicate: CRF; in forebrain gluta-
matergic neurons mediates anxiogenic effects, whereas
CRF; in the globus pallidus and midbrain dopaminergic
neurons exerts anxiolytic effects (Refojo et al, 2011;
Sztainberg et al, 2011). Alternatively, these results may
indicate that the timing of CRF, inactivation is crucial for
attenuating the effects of early-life stress on anxiety-related
behavior.

Clinical Implications

Early-life stress is a risk factor for psychiatric disorders
including schizophrenia and depression, with prefrontal
dysfunction as a shared hallmark of these disorders (Goto
et al, 2010). Notably, in schizophrenia patients, the
dendritic complexity of PFC layer V pyramidal neurons is
markedly reduced (Black et al, 2004). Our findings that
early postnatal stress lastingly impairs structural plasticity
of ACd layer V neurons may therefore have clinical
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relevance. However, because of interspecies differences in
the anatomical and functional organizations and postnatal
development of PFC (Uylings et al, 2003; Van Eden and
Uylings, 1985), the translation of these findings to clinical
situations is challenging. Further studies in non-human
primates are warranted to validate our data and evaluate the
therapeutic potential of CRF, antagonists in early-life stress-
induced prefrontal abnormalities.

In summary, our study reveals the spatial and temporal
features of the influences of early postnatal stress on the
development of mPFC pyramidal neurons, and highlights
CRF, as a key molecule in modulating the detrimental stress
effects on the structural organizations of mPFC and mPFC-
dependent cognition.
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