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Stress has been linked to the pathogenesis of schizophrenia. 
Genetic variation in neuregulin 1 (NRG1) increases the risk 
of developing schizophrenia and may help predict which 
high-risk individuals will transition to psychosis. NRG1 
also modulates sensorimotor gating, a schizophrenia endo-
phenotype. We used an animal model to demonstrate that 
partial genetic deletion of Nrg1 interacts with stress to 
promote neurobehavioral deficits of relevance to schizo-
phrenia. Nrg1 heterozygous (HET) mice displayed greater 
acute stress-induced anxiety-related behavior than wild-
type (WT) mice. Repeated stress in adolescence disrupted 
the normal development of higher prepulse inhibition of 
startle selectively in Nrg1 HET mice but not in WT mice. 
Further, repeated stress increased dendritic spine density in 
pyramidal neurons of the medial prefrontal cortex (mPFC) 
selectively in Nrg1 HET mice. Partial genetic deletion of 
Nrg1 also modulated the adaptive response of the hypo-
thalamic-pituitary-adrenal axis to repeated stress, with 
Nrg1 HET displaying a reduced repeated stress-induced 
level of plasma corticosterone than WT mice. Our results 
demonstrate that Nrg1 confers vulnerability to repeated 
stress-induced sensorimotor gating deficits, dendritic spine 
growth in the mPFC, and an abberant endocrine response 
in adolescence.
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Introduction

Current theories of schizophrenia pose that the disorder 
arises due to a complex interaction between genetic and 
environmental factors in early development that disturbs 

brain maturation.1–3 Stress may be the common denomina-
tor linking several environmental factors that increase the 
risk of developing schizophrenia.2 Childhood, adolescent, 
and adult stressful life events trigger the onset of schizo-
phrenia symptoms.4 Further, alterations in hypothalamic-
pituitary-adrenal (HPA) axis function such as blunted 
stress-induced levels of cortisol have been observed in 
schizophrenia patients.5,6 Studies on adopted identical 
twins living in different environments suggest that genetic 
predisposition to schizophrenia interacts with stressful 
upbringing to cause schizophrenia.7 Animal studies have 
provided evidence that schizophrenia susceptibility genes 
such as disturbed in schizophrenia 1 and pituitary adenyl-
ate cyclase-activating peptide may confer vulnerability 
to the effects of stress,8,9 but more studies are needed to 
observe whether additional genes play a role.

Human genetic studies have isolated neuregulin 1 
(NRG1) as a putative schizophrenia susceptibility gene, 
and schizophrenia patients show altered expression of 
neuregulin 1-ErbB receptor components.10–13 Genetic 
variation in NRG1 has recently been shown to offer a 
potential genetic marker in the prediction of which ultra-
high-risk individuals transition to psychosis.14 NRG1 is 
involved in various central nervous system developmen-
tal processes including synapse formation and the plas-
ticity of dendrites and particularly dendritic spines.15–17 
Schizophrenia patients and individuals with single nucle-
otide polymorphisms (SNPs) in NRG1 display deficits 
in prepulse inhibition (PPI) of startle.18,19 PPI is a highly 
heritable form of sensorimotor gating in which the organ-
ism shows a weaker startle response to a startling stimu-
lus that is preceded by a lower magnitude, nonstartling 
stimulus.
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Nrg1 HET mice provide a viable animal model to 
explore gene-environment interactions of relevance to 
understanding schizophrenia. These mice show altered 
neurobehavioral sensitivity to drugs of abuse that acti-
vate the HPA axis and are linked to triggering psychotic 
reactions in humans.20–28 Our work on Nrg1-cannabinoid 
interactions has been translated in human studies because 
NRG1 SNPs increase cannabis dependence risk and mag-
nify cannabinoid effects on attentional processing.29,30 
Nrg1 HET mice show impairments in PPI12,23,24,31,32; how-
ever, this phenotype is unstable and difficult to repro-
duce.22,33–35 Here, we will examine if  stress is necessary for 
unmasking PPI deficits in Nrg1 HET mice, a finding that 
would reconcile the inconsistent reports of this pheno-
type in the literature. We used environmentally enriched, 
group-housed control mice to support normal cognitive 
and sensorimotor development as a means to clearly 
characterize whether Nrg1 and stress interact to promote 
PPI deficits.36

The medial prefrontal cortex (mPFC) and hippocam-
pus are strongly implicated in the neurobiology of schizo-
phrenia, stress, and PPI.37–40 Both human and animal 
studies have shown that the mPFC regulates sensorimotor 
gating function.41,42 Infusion of drugs that modulate neu-
rotransmission in the mPFC and deletion of N-methly-
D-aspartic acid (NMDA) receptors selectively from 
pyramidal neurons in layers II/III of the mPFC promotes 
PPI deficits.43–46 The mPFC undergoes significant changes 
in neuronal connectivity in adolescence, which may con-
fer greater vulnerability to the effects of stress on den-
dritic morphology, including the plasticity of dendritic 
spines that harbor the majority of excitatory synapses 
in the brain.16,38,47 Adolescent mice also display a greater 
response to stress than adult mice due to prolonged acti-
vation of the HPA axis.48,49 Glucocorticoids also modulate 
dendritic morphology in the mPFC50,51 and exert higher 
level negative feedback on the HPA axis.52,53 Recent evi-
dence demonstrates that the loss of dendritic spines in 
layers II/III of the mPFC promoted by chronic stress 
exposure reduces the inhibitory influence of the mPFC 
on HPA axis activity.54 In this study, we hypothesize that 
Nrg1 hypomorphism confers vulnerability to the effects 
of stress on sensorimotor gating function, dendritic spine 
density in the mPFC, and regulation of the HPA axis.

Material and Methods

Mice

Adolescent (postnatal day [PND] 35–49) male and female 
Nrg1 HET mice (C57BL/6JArc background strain) 
and wild-type (WT) littermates were used. Nrg1 trans-
membrane domain knockout mice were generated by 
Prof Richard Harvey (Victor Chang Cardiac Research 
Institute, Sydney) using a targeting vector in which most 
of exon 11, which encodes the transmembrane domain, 
was replaced by a neomycin resistance gene cassette.12 

Homozygous Nrg1 knockout mice die as embryos due 
to cardiac defects; however, Nrg1 HET mice grow to be 
healthy and fertile. Nrg1 HET mice exhibit various schizo-
phrenia-relevant behavioral and neurobiological pheno-
types. They display locomotor hyperactivity that can be 
reversed by clozapine, PPI deficits, a context-dependent 
increase in aggressive behavior, diminished social and 
novel object recognition memory, and impaired contex-
tual fear conditioning.12,55–58 They also exhibit NMDA 
receptor hypofunction and increased expression of sero-
tonin 5-HT2A receptors and serotonin transporters.59,60 
Further details of mice housing conditions are described 
in the supplementary material. All research and animal 
care procedures were approved by the University of 
Sydney’s Animal Ethics Committee and were in agree-
ment with the Australian Code of Practice for the Care 
and use of Animals for Scientific Purposes.

Experimental Design

For an overview of the experimental design see figure 1A. 
Male and female mice were randomly allocated to 4 
experimental groups: (1) WT-no stress (WT NS; n = 17, 
10 female, 7 male); (2) WT-stress (WT S; n = 19, 9 female, 
10 male); (3) Nrg1 HET-no stress (Nrg1 HET NS; n = 18, 
7 female and 11 male); and (4) Nrg1 HET-stress (Nrg1 
HET S; n = 17, 10 female, 7 male).

On PND 35, baseline locomotor activity was measured 
in the open field for 20 minutes to confirm that Nrg1 HET 
mice displayed a hyperactive phenotype (supplementary 
figure S1). From PND 36 (day 1) onward, mice were sub-
jected to 30 min/day of restraint stress for 14 days until 
PND 49 (day 14). Restraint stress was chosen because it 
is a well-characterized psychological stressor in rodents, 
which activates the HPA axis, increases anxiety-related 
behavior, and reduces PPI in rodents.61–64 Furthermore, 
it is well established that repeated restraint stress induces 
morphological changes in the medial prefrontal cortex 
and hippocampus, structures implicated in the pathophys-
iology of schizophrenia and involved in circuits regulating 
PPI.65–69 A study using the psychosocial stressor, chronic 
social defeat stress, demonstrated greater stress-induced 
working memory impairments in adolescent Nrg1 HET 
mice compared with WT mice; however, this study could 
not discern any greater effects of stress on PPI in Nrg1 
HET mice.32 Social defeat studies require control animals 
to undergo social isolation, which we hypothesize led to 
a floor effect on PPI in control Nrg1 HET mice that pre-
cluded the delineation of any Nrg1-stress interaction on 
PPI. Therefore, in this study, we utilized restraint stress, 
which allowed comparison with control mice that were 
group housed under environmentally enriched conditions. 
Environmentally enriched housing is beneficial when 
exploring gene and environment interactions (G × E) in 
mice because it better approximates human cognitive and 
sensorimotor development than standard housing.36

http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt193/-/DC1
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Immediately following the 30 minute restraint stress 
session on days 1 and 14, all animals underwent three 
consecutive tests in a battery of minimally stressful 
behavioral tests to reduce the impact of stress on our 
control mice: first, the elevated plus maze (EPM; 10 min), 
followed by the light-dark test (LDT; 10 min), and finally 
the PPI paradigm (30 min). The EPM and LDT, both ani-
mal models of anxiety, were included to confirm that our 
restraint stress paradigm was an effective stressor and to 
provide a contrast to the observations made in the PPI 
paradigm, which is more relevant to the pathophysiol-
ogy of schizophrenia. A  5-minute rest period occurred 
between the behavioral tests that were conducted in the 
same sequence on both day 1 and day 14. Blood and 
brains were extracted (for corticosterone and dendritic 
morphology analysis respectively) immediately following 

the 30 minute restraint session or 24 h following the final 
restraint stress episode, respectively. In addition, mice 
were examined for their recovery from the stressor by 
sampling plasma 90 minute after the completion of an 
acute restraint stress episode. A  detailed description of 
restraint stress, behavioral testing, corticosterone assays, 
and dendritic morphology quantification procedures can 
be found in the supplementary material.

The mPFC and the CA1 region of  the hippocampus 
were chosen for dendritic morphology analysis because 
they are both involved in the regulation of  PPI, are stress 
sensitive, and are implicated in the pathophysiology of 
schizophrenia.39,70,71 We chose to focus on layers II/III of 
the dorsal anterior cingulate cortex and prelimbic cortex 
because these areas are vulnerable to dendritic atrophy 
following restraint stress in both rats and mice.38,47,67,72–74 

Fig. 1.  Examination of the acute and repeated effects of restraint stress on anxiety-related behaviors in adolescent WT and Nrg1 HET 
mice. (A) Overview of the experimental design. (B) Time in the open arms, and (C) entries in the open arms in the elevated plus maze. 
(D) Time in the hide box and (E) entries into hide box in the light-dark test. Acute restraint stress significantly increased time in the hide 
box of Nrg1 HET mice compared with nonstressed Nrg1 HET mice *P < .05. C represents a significant main effect of stress condition 
in the two factor ANOVA. Data are presented as means ± SEM. WT, wild-type mice; Nrg1 HET, neuregulin 1 heterozygous mice; NS, 
nonstressed homecage controls; S, mice subjected to restraint stress.
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The dorsal anterior cingulate and prelimbic cortices are 
difficult to distinguish in Golgi-stained tissue, therefore 
they were analyzed together as previously described.51 
Another reason for focusing on layers II/III is that there 
is a preponderance of  morphological and neurobiologi-
cal abnormalities that have been observed in homolo-
gous regions of  the schizophrenia brain.75 In particular, 
pyramidal neurons of  layer III of  the dorsolateral pre-
frontal cortex of  schizophrenia brain show reductions 
in dendritic spine density.76,77 We chose the CA1 region 
of  the hippocampus because this region also undergoes 
loss of  dendritic spines following repeated restraint 
stress.47,78 Furthermore, in adolescent mice, dendritic 
spines exhibit greater plasticity in the CA1 region than 
in the CA3 region in response to genetic differences in 
stress reactivity.79

Statistical Analysis

Statistical analyses were performed using SPSS (IBM) 
or Statview (SAS Institute Inc) software. All data were 
analyzed using 3- or 4-factor ANOVA (between subjects 
or mixed model analyses) with, where appropriate, gen-
otype, condition, or day as between-subject factors and 
day or prepulse intensity as within-subject factors. Two-
factor ANOVA for day 1 or day 14 data separately were 
also performed. PPI data were analyzed by 2-factor 
ANOVA with repeated measures (for prepulse intensity) 
on days 1 and 14. Planned Bonferroni-corrected com-
parisons were conducted to further analyze differences 
between experimental groups on all measures using 
the following analyses (WT-no stress vs Nrg1 HET-no 
stress, WT-stress vs Nrg1 HET-stress, WT-no stress 
vs WT-stress, and Nrg1 HET-no stress vs Nrg1 HET-
stress). The results of  all analyses were deemed signifi-
cant at P < .05.

Results

Acute but Not Repeated Restraint Stress Increased 
Anxiety-Related Behavior in a Task-Specific Manner 
Selectively in Nrg1 HET Mice

Data for the EPM and LDT paradigms is given in fig-
ure 1. Three-factor mixed model ANOVA of  time spent 
on the open arms of  the EPM data showed a signifi-
cant effect of  day (F1,63 = 11.23, P < .01) and trend for 
a genotype by condition by day interaction (F1,63 = 3.81, 
P = .07). Two-factor ANOVA of  day 1 data revealed no 
effect of  genotype or a genotype by condition interac-
tion for time spent on the open arms (figure 1B). There 
was a significant effect of  condition (F1,64  =  4.27, P < 
.05), indicating stress significantly increased time spent 
on the open arm following acute stress. On day 14, no 
effect of  genotype, condition, or a genotype by con-
dition interaction was observed. Three-factor mixed 
model ANOVA of  entries into the open arms of  the 

EPM showed a significant effect of  day (F1,62 = 9.92, P 
< .01) only, with mice entering the open arms less on 
day 14 than on day 1 (figure 1C). Two-factor ANOVA 
showed no effect of  genotype, condition, or a signifi-
cant genotype by condition interaction on day 1 or day 
14. Planned Bonferroni comparisons of  time spent in 
the open arms and number of  entries in the open arms 
revealed no significant differences between any of  the 
groups on day 1 or day 14.

Three-factor mixed model ANOVA of LDT data (see 
figures 1D and 1E) revealed a trend toward an increased 
time spent in the hide box and a significant increase in 
the number of entries into the hide box following the 
stress condition (F1,66 = 3.27, P = .07; F1,66 = 5.20, P < .05, 
respectively). There was also a significant effect of day for 
both of these measures (F1,66 = 4.89, P < .05; F1,66 = 12.96, 
P < .001, respectively). Two-factor ANOVA of day 1 data 
revealed a significant effect of condition on the time 
spent and entries into the hide box (F1,66 = 5.14, P < .05; 
F(1,66)  =  3.62, P < .05, respectively), demonstrating that 
restraint stress significantly increased anxiety-like behav-
iors in the LDT. However, there was no effect of genotype 
or a genotype by condition interaction for both these 
measures. Planned Bonferroni comparisons showed that 
stressed Nrg1 HET mice spent significantly more time in 
the hide box than nonstressed Nrg1 HET mice (P < .05). 
No significant comparisons were evident when compar-
ing WT-stress with WT nonstressed animals, nor when 
comparing homecage control Nrg1 HET and WT mice 
for either hide time or entries into the hide box on day 
1. For day 14, 2-factor ANOVA showed no main effects 
of genotype or condition, and there was no significant 
genotype by condition interaction. Bonferrroni compari-
sons showed no significant differences between any of the 
groups on day 14. The effects observed on anxiety-related 
behavior in the EPM and LDT cannot be explained by 
changes observed in locomotor activity in these tests as 
assessed by total entries and total distance travelled data 
collected in these models, respectively (see supplementary 
f﻿igure S2).

Adolescent Nrg1 HET Mice but Not WT Mice 
Exposed to Repeated Restraint Stress Failed to 
Normally Develop PPI

Data for the PPI paradigm is given in figure 2. Four-factor 
mixed model ANOVA found a significant main effect of 
condition (F1,67 = 6.64, P < .05) and a significant genotype 
by condition interaction (F1,67 = 4.75, P < .05). In addi-
tion, we observed a significant effect of prepulse intensity 
(F2,66 = 123.93, P < .0001). While there was no overall sig-
nificant effect of day in the 4-factor mixed model ANOVA, 
nonstressed Nrg1 HET mice and WT mice (both non-
stressed and stressed) together displayed a developmental 
increase in PPI (effect of day, 2-factor repeated measures 
ANOVA: F1,53 = 4.86, P < .05) that was not evident in the 

http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt193/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt193/-/DC1
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repeatedly stressed Nrg1 HET mice. Three-factor mixed 
model ANOVA of day 1 data similarly showed a signifi-
cant effect of prepulse intensity (F1,67 = 101.99, P < .001),  
highlighting that %PPI increased with the prepulse 
intensity (figure  2A). No other effects were observed 
on day 1.  On day 14 (figure  2B), 3-factor mixed model 
ANOVA revealed a significant effect of prepulse intensity 
(F1,67 = 95.67, P < .001), a trend for an effect of genotype 
(F1,67 = 3.90, P = .05) and a significant effect of condition 
(F1,67 = 10.15, P < .01). Importantly, there was a signifi-
cant genotype by condition interaction (F1,67 = 5.91, P < 
.05) because stressed Nrg1 HET mice selectively showed 
reduced %PPI unlike stressed WT mice. Bonferroni-
corrected planned contrasts indicated that restraint stress 
on day 14 significantly reduced %PPI in Nrg1 HET mice 
at prepulse intensities of 74 (P < .01), 82 (P < .01), and 86 
dB (P < .01). No such effects were observed in WT mice.

The PPI deficit observed in Nrg1 HET mice following 
repeated restraint stress cannot be confounded by stress-
induced changes in body weight (supplementary table S1) 
or the startle response because we observed no concomi-
tant effects on these measures. Three-factor mixed model 
ANOVA of startle response data showed a significant main 
effect of condition (F1,67 = 7.66, P < .01), a significant effect 
of day (F1,67 = 9.47, P < .01), and trend for a genotype by 
condition by day interaction (F1,67 = 3.81, P = .05) (figure 
2C). On days 1 and 14, 2-factor ANOVA revealed no effect 
of genotype or a genotype by condition interaction for star-
tle response; however, a trend toward an effect of condition 
was observed on both days (F1,67 = 3.94, P = .05; F1,67 = 5.69, 
P < .05, respectively). On day 1, unlike WT mice, stress expo-
sure significantly reduced the startle response in Nrg1 HET 
mice compared with nonstressed controls, as highlighted by 
Bonferroni-corrected planned comparisons (P < .05).

Fig. 2.  Partial genetic deletion of Nrg1 conferred vulnerability to repeated stress-induced prepulse inhibition (PPI) deficits and a blunted 
HPA axis response to stress in adolescence. (A) %PPI following acute stress, and (B) repeated stress. Repeated restraint stress significantly 
reduced %PPI in Nrg1 HET mice compared with nonstressed Nrg1 HET mice at 74, 82, and 86 dB prepulse intensities  
**Ps < .01. (C) Startle response to a 120 dB stimulus. Acute stress significantly reduced the startle response in Nrg1 HET mice compared 
with nonstressed Nrg1 HET mice *P < .05. (D) Plasma corticosterone concentrations sampled immediately after restraint stress and 
following recovery from stress when sampled 90 minutes after the restraint stress episode. Acute and repeated stress significantly 
increased corticosterone compared with respective nonstressed mice in both WT and Nrg1 HET mice ***Ps < .001, ****P < .0001. 
Following repeated stress, stress-induced plasma corticosterone concentrations were significantly lower in Nrg1 HET mice than WT mice 
**P < .01. Data are represented as means ± SEM. a.u., arbitrary units; WT, wild-type mice; Nrg1 HET, neuregulin 1 heterozygous mice; 
NS, nonstressed homecage controls; S, mice subjected to restraint stress; R, mice after 90-minute recovery from acute stress.

http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt193/-/DC1
http://schizophreniabulletin.oxfordjournals.org/lookup/suppl/doi:10.1093/schbul/sbt193/-/DC1
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Repeated Restraint Stress Induced Increased 
Corticosterone Levels in Adolescent WT Mice Relative 
to Nrg1 HET Mice

Data for plasma corticosterone levels is given in figure 2D. 
Three-factor between-subject ANOVA revealed a signifi-
cant effect of genotype (F1,66 = 6.66, P < .05), condition 
(F1,66 = 110.47, P < .0001), and day (F1,66 = 4.67, P < .05)  
but no significant interactions. A  2-factor ANOVA 
on day 1 data revealed a significant effect of condition 
(F2,45 = 36.55, P < .001) because both WT and Nrg1 HET 
mice exhibited an equivalent elevation in plasma corticos-
terone levels in response to an acute restraint stress ses-
sion. This was further supported by planned Bonferroni 
comparisons that showed acutely stressed WT and Nrg1 
HET mice had significantly increased corticosterone lev-
els compared with their respective homecage controls 
(P < .001) and that the levels of stressed WT and Nrg1 
HET mice did not significantly differ. Nrg1 HET and WT 
mice both displayed an equivalent complete recovery to 
baseline plasma corticosterone levels 90 minutes after the 
acute restraint stress episode (P > .05).

Two-factor ANOVA of animals subjected to 14 days of 
daily 30-minute restraint stress showed a significant effect 
of genotype (F1,32 = 9.86, P < .01) and stress (F1,32 = 67.95, 
P < .001) on plasma corticosterone levels but no geno-
type by stress interaction. Planned Bonferroni compari-
sons indicated that repeated restraint stress maintained 
an elevated plasma corticosterone level in both WT and 
Nrg1 HET mice compared with their respective homecage 
controls; however, stressed WT mice had a significantly 
increased plasma corticosterone concentration compared 
with stressed Nrg1 HET mice (P < .001). No significant 
differences were observed between nonstressed WT and 
Nrg1 HET groups on day 14 (P > .05).

Repeated Restraint Stress Increased Apical Dendritic 
Spine Density and Decreased Apical Dendritic Lengths 
and Complexity in Layer II/III Pyramidal Neurons of 
the mPFC in Adolescent Nrg1 HET mice but not in 
WT Mice

Data for dendritic spine densities, dendritic lengths, and 
dendritic complexity in the mPFC is given in figure  3. 
There was a significant effect of dendritic branching 
order (F1,3 = 323.35, P < .0001) and importantly signifi-
cant interactions of genotype by condition (F1,24 = 6.15, 
P < .05), genotype by order (F3,72 = 2.86, P < .05) and a 
trend toward a genotype by condition by order interac-
tion (F3,72 = 2.53, P = .06; figure 3A). When analyzing all 
of the branch orders separately using 2-factor ANOVA, 
there were no significant effects for apical dendritic spine 
density in the mPFC for orders 1–3. Two-factor ANOVA 
of fourth order dendrites in the mPFC showed no effect 
of genotype or condition but a significant genotype by 
condition interaction (F1,23  =  6.94, P < .05) (figure  3B; 
see figure  3E for photomicrographs of representative 

dendritic spine segments). Planned Bonferroni compari-
sons of fourth order apical dendrite spine densities in the 
mPFC revealed that repeatedly stressed Nrg1 HET mice 
exhibited a significantly increased dendritic spine density 
compared with homecage Nrg1 HET controls (P < .05) 
and repeatedly stressed WT mice (P < .05). Repeatedly 
stressed WT mice showed a nonsignificant trend toward 
a reduced dendritic spine density compared with WT 
homecage controls.

Two-factor ANOVA revealed a significant genotype by 
condition interaction for dendritic lengths (F1,24 = 7.34, 
P < .05) and dendritic complexity as supported by the 
number of intersections determined using Sholl analysis 
(F1,24 = 7.45, P < .05) in the mPFC (figures 3C and 3D, 
respectively, also see figure  3F for representative traced 
apical dendrites). Planned Bonferroni comparisons 
showed that repeatedly stressed Nrg1 HET mice had sig-
nificantly lower cumulative dendritic lengths and number 
of intersections than Nrg1 HET control mice (Ps < .05, 
respectively) and repeatedly stressed WT mice (Ps < .05, 
respectively).

Nrg1 HET Mice Exhibit Significantly Shorter Apical 
Dendritic Lengths and Reduced Dendritic Complexity 
Than WT Mice in the CA1 Region of the Hippocampus

Partial genetic deletion of Nrg1 or stress did not alter 
dendritic spine density in the CA1 region of the hip-
pocampus (figure 4A). There was a significant effect of 
dendritic branching order (F1,3 = 418.89, P < .0001) and 
a significant interaction between branch order and gen-
otype (F3,72 = 3.11, P < .05) for dendritic spine density. 
Two-factor ANOVA of each of the branch orders sepa-
rately revealed no significant differences in apical spine 
density in the CA1 region of adolescent Nrg1 HET and 
WT mice.

Two-factor ANOVA of apical dendrite lengths and 
complexity of pyramidal neurons of the CA1 region of 
the hippocampus revealed significant effects of genotype 
(F1,24 = 5.05, P < .05; F1,24 = 6.73, P < .05, respectively) 
because Nrg1 HET mice exhibited significantly reduced 
cumulative apical dendritic lengths and number of inter-
sections compared with WT mice irrespective of their 
stress condition (figures 4B and 4C, respectively, see fig-
ure  4D for representative traced apical dendrites). No 
effect of condition or a genotype by condition interaction 
was observed. Planned Bonferroni comparisons revealed 
no significant differences between specific experimental 
groups for dendritic length or number of intersections.

Discussion

Our results show that partial genetic deletion of the 
schizophrenia susceptibility gene Nrg1 coupled with 
repeated restraint stress impairs normal sensorimotor 
gating development, correlating with altered dendritic 
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morphology of pyramidal neurons in the mPFC and a 
reduced repeated stress-induced plasma concentration of 
corticosterone. Repeated restraint stress in adolescence 
disrupted the normal development of PPI selectively in 
Nrg1 HET mice but not in WT mice. We then examined 
the neuronal basis for this effect by examining dendritic 
morphology in the mPFC, a structure involved in higher 

order regulation of sensorimotor gating.80,81 We found 
that repeated stress selectively enhanced dendritic spine 
density while also decreasing dendritic length and com-
plexity in the mPFC of Nrg1 HET mice. As glucocor-
ticoid systems are involved in the plasticity of dendritic 
spines82,83 and pyramidal neurons in layers II/III of the 
mPFC exerts an inhibitory influence on HPA activity,54,84 

Fig. 3.  Partial genetic deletion of Nrg1 promoted a repeated stress-induced increase in apical dendritic spine density and a decrease in 
dendritic lengths and complexity in layers II/III of the medial prefrontal cortex (mPFC). (A) Dendritic spine density per µm of apical 
dendrites with increasing dendritic branch order. (B) Dendritic spine density on fourth order dendrites. (C) Cumulative apical dendritic 
lengths and (D) no. of intersections as determined by Sholl analysis. Repeatedly stressed Nrg1 HET mice exhibited significantly increased 
dendritic spine density and decreased dendritic lengths and dendritic complexity, in the mPFC compared with nonstressed Nrg1 HET 
mice or stressed WT mice, *Ps < .05. (E) Representative photomicrographs of Golgi-stained dendritic spines on fourth order apical 
dendrites in the mPFC, scale bar = 5 µm. (F) Representative tracings of Golgi-stained mPFC apical dendrites in nonstressed vs stressed 
Nrg1 HET mice, scale bar = 50 µm. WT, wild-type mice; Nrg1 HET, neuregulin 1 heterozygous mice; NS, nonstressed homecage controls; 
S, mice subjected to restraint stress.
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we also measured plasma corticosterone levels and 
observed that Nrg1 HET mice displayed a blunted stress-
induced corticosterone response following repeated stress 
compared with WT mice.

PPI provides a useful endophenotype to improve our 
understanding of the pathophysiology of schizophrenia, 
which is complex in its symptomology and genetic and 
environmental determinants. The study of PPI also has 
its advantages because it can be reproduced in animals 
enabling controlled studies to clearly dissect gene-envi-
ronment interactions and more detailed neurobiologi-
cal assessments. Individuals with NRG1 variants display 
deficits in PPI18,19 although another publication could not 
demonstrate such a relationship.85 Here, we demonstrated 
PPI deficits were only penetrant following repeated stress 
exposure in mice with a partial genetic deletion of Nrg1. 
Our results suggest that the interaction of Nrg1 and stress 
does not trigger a PPI deficit per se, but rather derails 
the normal developmental increase in PPI that occurs 
from adolescence to adulthood.86,87 These findings fur-
ther clarify the interactive effects of genetic modulation 
of Nrg1 and stress on neurobehavioral phenotypes in ani-
mals32,62,88,89 and humans.90 Johnson and Adler91 observed 
that stress promoted sensorimotor gating deficits in 

humans; however, there was a large variability in this 
response that might be explained by genetic factors. Our 
findings suggest that variation in NRG1 confer vulner-
ability to repeated stress-induced PPI deficits in humans, 
particularly if  stress exposure occurs prior to the com-
plete development of PPI in adulthood.

Providing a neurobiological correlate for the abnor-
mal development of PPI in stressed Nrg1 HET mice, we 
observed that repeated restraint stress selectively increased 
dendritic spine densities and decreased dendritic lengths 
and complexity in the mPFC of Nrg1 HET mice but not 
in WT mice. The dorsolateral PFC, the human homolog 
of the rodent mPFC, has been strongly associated with 
abnormal sensorimotor gating in schizophrenia patients,42 
and animal studies show that the mPFC exerts higher 
order control over the striato-pallido-tegmento-pontine 
pathway that mediates sensorimotor gating. Indeed, infu-
sions of agents that affect dopaminergic, glutamatergic, 
and cannabinoid neurotransmission in the mPFC modu-
late PPI.43–45 Further, deletion of NMDA receptor obliga-
tory subunits selectively from pyramidal neurons in layers 
II/III of the mPFC triggers PPI deficits.46 Altered den-
dritic morphology in the mPFC of stressed Nrg1 HET 
mice might impair the normal developmental increase of 

Fig. 4.  Partial genetic deletion of Nrg1 decreased apical dendritic lengths and complexity in pyramidal neurons of the CA1 region of 
the hippocampus. (A) Dendritic spine density per µm of apical dendrites with increasing dendritic branch order. (B) Cumulative apical 
dendritic lengths and (C) no. of intersections as determined by Sholl analysis. Nrg1 HET mice exhibited shorter apical dendritic lengths 
and less dendritic complexity than WT mice in the CA1 region, *P < .05 represents main effect of genotype. (D) Representative tracings 
of Golgi-stained apical dendrites of pyramidal neurons in the CA1 region of the hippocampus, scale bar = 50 µm. WT, wild-type mice; 
Nrg1 HET, neuregulin 1 heterozygous mice; NS, nonstressed homecage controls; S, mice subjected to restraint stress.
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PPI from adolescence to adulthood by increasing activa-
tion of the ventral striatum via direct excitatory gluta-
matergic inputs to presynaptic dopamine terminals in the 
nucleus accumbens.92 Although layers II/III of the mPFC 
only modestly innervate the ventral striatum, the pre-
dominant cortico-cortical connections stemming from 
these mPFC layers might also play a role in mediating 
the interaction of Nrg1 and stress on the development of 
PPI.93–96

It is not entirely surprising that Nrg1 and stress interact 
to modulate dendritic morphology given both Nrg1 and 
stress alone have been shown to modulate the growth and 
development of dendrites and dendritic spines.15–17,38,47,65 
However, future research is needed to delineate the precise 
molecular mechanisms subserving the interaction of Nrg1 
and stress in the regulation of dendritic morphology in 
the mPFC. The increased dendritic spine densities in the 
mPFC of stressed Nrg1 HET mice may be mediated by 
inflammatory cytokines because Nrg1 HET mice exposed 
to chronic social defeat stress show reduced expression of 
interleukin 1β (IL-1β) in the PFC.32 IL-1β has been shown 
to decrease dendritic spine size and dendritic complex-
ity, and schizophrenia patients with SNPs in IL-1β show 
increased brain activation in the PFC.97,98 It was surpris-
ing to observe here that increased dendritic spine den-
sity occurred with a concomitant reduction in dendritic 
lengths and complexity. More intensive chronic restraint 
stress paradigms in adult rodents trigger the retraction of 
dendrites and diminution of dendritic spine densities.38,47,69 
However, there are instances of stress inducing oppos-
ing effects on dendritic lengths/complexity and dendritic 
spines, particularly when stress is applied prenatally.99–101 
How these apparently conflicting stress-induced changes 
on dendritic morphology alters the functional connectiv-
ity of the mPFC needs to be addressed in future work.

Our findings of a blunted stress-induced corticoste-
rone response in Nrg1 HET mice, a genetic animal model 
of schizophrenia, accord with studies showing reduced 
cortisol release following stress in medication-naive 
schizophrenia patients with first-episode psychosis.6 
The mPFC exerts inhibitory control over the HPA axis 
under conditions of stress. Recent evidence shows that 
repeated stress-induced loss of dendritic spines in lay-
ers II/III of the prelimbic cortex promotes overactivity 
of the mPFC-anterior bed nucleus of the stria terminalis 
(aBNST) circuit that normally exerts inhibitory control 
over the paraventricular nucleus (PVN) of the hypothala-
mus and ultimately plasma levels of corticosterone under 
acute stress conditions.54,102,103 Therefore, it is possible that 
the increased dendritic spine densities in layers II/III of 
mPFC observed in Nrg1 HET mice following repeated 
stress may have dampened repeated stress-induced HPA 
axis activation in these animals via enhancing activation 
of the inhibitory mPFC-aBNST-PVN circuit.

Since Stefansson et  al12 first reported PPI deficits in 
Nrg1 HET mice, many studies have failed to replicate this 

phenomenon highlighting that it is unreliable and subject 
to the influence of environmental, neurodevelopmental, 
and methodological factors.33–35 In our experience, adult 
Nrg1 HET animals (>5 months of age) are more likely to 
exhibit PPI deficits23,25 than adolescent mice, which at best 
only display a very mild PPI deficit.22,24 A recent article 
reported adolescent Nrg1 HET mice displayed marked 
PPI deficits and that chronic social defeat stress did not 
accentuate these deficits.32 We propose that the baseline 
adolescent PPI deficits in the homecage controls observed 
by Desbonnet et al32 are explained by the unintended stress 
exposure experienced through single housing. Therefore, 
no greater effect of chronic social defeat stress on PPI 
could be discerned as they had already induced a signifi-
cant PPI deficit in their control Nrg1 HET mice. Here, 
we reconcile the many discordant findings made in the 
literature by demonstrating in environmentally enriched, 
adolescent Nrg1 HET mice that stress is necessary for 
unmasking PPI deficits. Our work complements the find-
ings of Desbonnet et al32 who demonstrated that adoles-
cent stress promoted selective impairments in working 
memory function in Nrg1 HET mice.

Adolescent Nrg1 HET mice displayed a selective acute 
stress-induced increase in anxiety-related behavior in 
the LDT, unlike their stressed WT counterparts. This 
effect disappeared with repeated stress exposure and was 
model specific because no differential effect of stress was 
observed in the EPM. Our prior research in adult Nrg1 
HET mice revealed that these animals display a margin-
ally greater acute restraint stress-induced rise in plasma 
corticosterone levels compared with WT mice62; however, 
such a difference in adolescent animals was not apparent 
here. A prolonged behavioral stress response was evident 
in our Nrg1 HET mice because the differential effect on 
anxiety-related behavior in the LDT was observed after 
testing in the EPM. Taylor et  al89 showed that type-II 
Nrg1 hypomorphic rats displayed an impaired recovery 
to basal plasma corticosterone levels following restraint 
stress, which might explain our finding. However, here 
we showed no genotypic differences in the recovery of 
plasma corticosterone levels following acute stress.

Homecage control Nrg1 HET mice had shorter api-
cal dendrite lengths and lower dendritic complexity in 
the CA1 region of the hippocampus compared with WT 
mice. One allele of the transmembrane domain of Nrg1 is 
deleted in Nrg1 HET mice, which would reduce all 6 Nrg1 
isoforms.12 Nrg1 has neurotrophic effects on hippocam-
pal neurons in primary culture, and depletion of ErbB4 
decreases the number of primary neurites, whereas stimu-
lation of ErbB4 using a soluble form of NRG1 results 
in exuberant dendritic arborization.104,105 Our results are 
consistent with the notion that Nrg1 HET mice harbor 
reduced levels of synaptic Nrg1 compared with WT mice 
in the hippocampus, leading to diminished dendritic 
lengths and complexity of the apical pyramidal neurons 
in the CA1 region.
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There is conflicting evidence for the role of  the 
Nrg1-ErbB system in schizophrenia, with overactivity 
and underactivity of  this system suggested by human 
and animal studies. Postmortem studies provided evi-
dence of  increased expression of  NRG1 isoforms in the 
PFC and hippocampus of  schizophrenia patients.106–108 
However, other studies reported a decrease in NRG1 
isoform expression in the PFC.109 Indeed, NRG1 iso-
form expression may be simultaneously increased and 
decreased in the PFC, dependent on the isoform.110 
Brain area–specific alterations in NRG1 cleavage prod-
ucts in postmortem tissue have also been demonstrated, 
with increased expression of  N-terminal NRG1 frag-
ments in the PFC and decreased levels of  soluble 50 kDa 
NRG1 fragments in the hippocampus being measured 
from the same postmortem samples.111 Simply a change 
in neuregulin expression (whether it be increased or 
decreased) may be sufficient to increase schizophrenia-
related phenotypes, as animal studies show that under-
expression (like in Nrg1 HET mice) and overexpression 
of  Nrg1 increased schizophrenia-relevant behaviors 
such as hyperactivity, PPI deficits, and cognitive impair-
ments.17,25,32,112 Reconciling how bidirectional changes 
in Nrg1-ErbB signaling may increase schizophrenia-
relevant phenotypes and response to stress will be an 
important aim for future research. Studies may exam-
ine the role of  NMDA receptors in Nrg1-stress interac-
tions given evidence that both increased or decreased 
Nrg1-ErbB4 signaling may promote NMDA receptor 
hypofunction.113

In conclusion, we showed that partial genetic deletion 
of Nrg1 and repeated stress interact in adolescence to 
impair the development of sensorimotor gating, blunt 
the HPA axis response to stress, and alter apical dendritic 
morphology in the mPFC.
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