
Disruption of the neuregulin 1 gene in the rat alters HPA axis
activity and behavioral responses to environmental stimuli

S.B. Taylora,*, A.R. Taylora, J.A. Markhama,b, A.M. Geurtsc, B.Z. Kanaskieb, and J.I.
Koeniga,b

aProgram in Neuroscience, University of Maryland School of Medicine, Baltimore, MD 21201,
USA
bDepartment of Psychiatry, Maryland Psychiatry Research Center, University of Maryland School
of Medicine, Baltimore, MD 21228, USA
cHuman and Molecular Genetics Center, Department of Physiology, Medical College of
Wisconsin, Milwaukee, WI 53226, USA

1. Introduction
Stressful events or changes in hypothalamic-pituitary-adrenal (HPA) axis function are
associated with and precipitate the onset of many psychiatric disorders, including
schizophrenia, bipolar disorder, depression and post traumatic stress disorder (PTSD) [1–5].
The HPA axis facilitates adaptation to disruptions in an animal’s internal or external
homeostatic environment. The adrenal glucocorticoid (GC) hormones are the principal
mediators of the HPA axis. Secretion of GCs is under the stimulatory drive of the neurons in
the paraventricular nucleus of the hypothalamus (PVN) that secrete corticotropin releasing
hormone (CRH) into the hypophysial circulation and stimulate pituitary release of
adrenocorticotrophic hormone (ACTH) leading to the release of GCs from the adrenal gland
[6]. Glucocorticoids regulate further CRH and ACTH release via negative feedback loops by
binding receptors in the pituitary, PVN, hippocampus (HPC) and prefrontal cortex (PFC) to
shut down the stress response in order to return to the homeostatic set point [6].
Corticosterone (CORT), the primary GC in the rat, is the ligand for the glucocorticoid
receptor (GR) and mineralocorticoid receptor (MR), steroid hormone receptors that function
as transcription factors and regulate neuronal gene transcription and metabolism. GR and
MR have different affinities for CORT in the brain. MRs are saturated with circadian levels
of CORT and thus mediate daily changes in HPA axis activity, while GRs are saturated with
stress levels of CORT and govern stress induced changes in HPA axis function [6,7].

Alterations in GC secretion, as well as GR and MR function have implications not only for
stress sensitivity but also for behaviors relevant to neuropsychiatric disorders [8–10]. In fact,
shifts in the MR/GR balance, particularly in the HPC, can create a vulnerability to
psychiatric disease, especially among genetically predisposed individuals [6,11,12]. The
specific susceptibility genes that mediate the interaction with stress in psychiatric
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populations have not been clearly identified. One candidate may be the neuregulin 1 (NRG1)
gene, which has repeatedly been identified by association studies as a susceptibility gene for
schizophrenia and bipolar disorder [13–16]. The region of NRG1 that contains many risk
haplotype associations with schizophrenia includes the exons that encode Type IV and Type
II neuregulin 1 (NRG1) protein, along with additional 5’ non-coding regions [13–15].

In humans, the NRG1 gene is highly complex and can be alternatively spliced into six types
(I–VI) of proteins, based on N-terminal structural and functional differences [17,18]. Similar
splicing appears to exist in the rat, although there is controversy about the production of
some splice variants [19,20]. Types IV and II NRG1 arise from sequences in the 5’ region of
the gene, while Types I, III, V and VI are encoded by more downstream 3’ sequences
[15,21]. All types of NRG1 signal via an epidermal growth factor (EGF)-like domain that
activates ErbB receptor tyrosine kinases, preferentially ErbB4 [22]. NRG1–ErbB4 signaling
plays many roles in neural development, including radial neuron migration, axon guidance,
myelination, oligodendrocyte development and synapse formation [17,22]. In addition,
NRG1 is important for adult neural function, including the regulation of the serotonergic
system, NMDA, GABAA and α7 nicotinic receptors, modulation of long-term potentiation,
transcriptional regulation and hormonal control of puberty [15,17,23,24]. In the rat, the
neurons of the PVN show strong expression of Nrg1 mRNA [25], and Erbb4 mRNA is
expressed in neurons [26] and astroglia [27] of the hypothalamus. Additionally, ErbB4
protein is expressed in the medial basal hypothalamus and preoptic area [24]. However,
there is virtually no information on the role of NRG1 in HPA axis function, and whether the
protein is expressed in the PVN is unknown. Additional evidence to support the need to
examine NRG1 in stress regulation comes from reports of gene by environment interactions.
In patients with schizophrenia, a single nucleotide polymorphism in the 5’ region of NRG1
interacts with psychosocial stress to affect reactivity to expressed emotion [28]. NRG1
genotype also interacts with job strain to increase risk of heart disease [29]. These studies
suggest that NRG1 genotype may create a vulnerability to environmental stimuli.

The present studies utilize a line of Nrg1 mutant rats (Nrg1Tn), generated with the Sleeping
Beauty transposon [30]. The transposon inserted into the first intron, which lies between the
coding sequences for Type IV and Type II NRG1 protein splice variants. This region
corresponds to the 5’ region of the NRG1 gene that is most frequently associated with
schizophrenia [13,15,22,31]. Therefore, this novel rat preparation differs from existing
mouse models of disrupted Nrg1 expression, which have targeted the 3’ region of the gene.
The major goal of the present studies was to establish the utility of Nrg1Tn animals as a
model of disrupted Type II NRG1 expression and to test the hypothesis that altering Type II
NRG1 expression disrupts stress regulation using neuroendocrine and behavioral measures.

2. Materials and Methods
2.1. Animals

The novel rat preparation utilized by our laboratory was developed and obtained from the
PhysGen Program in Genomic Applications (http://pga.mcw.edu/) at the Medical College of
Wisconsin. The disruption of the NRG1 gene was created using the Sleeping Beauty
transposon system on a Fischer 344 inbred strain background (F344-
Nrg1Tn(sb-T2/Bart3)2.183Mcwi) [30]. The transposon randomly inserted into the first intron,
which lies between the coding sequences for Type IV and Type II NRG1 protein splice
variants (see http://www.knockoutrat.com/ and
http://rgd.mcw.edu/tools/strains/strains_view.cgi?id=2290103). All animals were housed at
the Maryland Psychiatric Research Center in a light-controlled (lights on 06.00 hr to 20.00
hr) and temperature-controlled facility, with free access to rat chow (Harlan Teklad,
Frederick, MD) and water. All procedures conform to guidelines for animal research
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established by the National Institutes of Health, and were approved by the University of
Maryland School of Medicine Institutional Animal Care and Use Committee.

Genotyping of rats was performed on DNA obtained from tail tip biopsies using polymerase
chain reaction (PCR) amplification. Tail biopsies were digested with 100 µg/ml proteinase
K in lysis buffer (1.21g Tris Base, 2.5 ml 0.2M EDTA, 4 ml 5M NaCl, 1 ml 100mM CaCl2,
2 ml 10%SDS, distilled H20 to 100 mls) at 56°C overnight. Genomic DNAs were
precipitated with isopropanol and washed with 70% ethanol, dried and dissolved in sterile
water. Genomic DNA concentrations were measured using the SmartSpec3000
spectrophotometer (Bio-Rad, Hercules, CA). Nrg1 genotype was determined using three
primer PCR. Two primers flank the mapped insertion site (Nrg1: 5’- agg aac caa aaa agt aga
ctc agt gtg -3’; 3’- gtg agc ttt tct gta agg tgg taa ctt -5’) and a third primer is transposon
specific (ctg acc taa gac agg gaa tt). This method was used to determine the presence and
zygosity of the transposon insertion. The PCR was performed in a PCR Sprint machine
(Thermo Fisher Scientific, Waltham, MA) at 95°C, 10 min for initial PCR activation step,
followed by 94°C 30 sec, 60°C 30 sec, 72°C 40 sec, for 25 cycles followed by 72°C 7 min
and 15°C holding temperature. Amplified products were separated and visualized by agarose
gel electrophoresis. Wild type (WT) rats and rats homozygous for the transposon insertion
(Nrg1Tn) were used in the present studies.

2.2. Reverse Transcription PCR
The insertion of the transposon disrupts gene products by interfering with normal splicing
patterns. To confirm the disruption of Nrg1 mRNA, reverse transcription PCR (RT-PCR)
was utilized. Thirty micrograms of tissue from the cerebral cortex of Nrg1Tn and WT (n=4–
5 per group) rats was used to isolate mRNA. Total RNA was extracted with the RNeasy
Mini Kit (Qiagen, Valencia, CA). RT-PCR was carried out with Qiagen One-Step RT-PCR
kit (Qiagen, Valencia, CA) and contained 75 ng of template RNA, 5× buffer, 10 mM
dNTPs, enzyme mix and 0.6 µM primers [Nrg1 forward 5′-aggactcgccaccttcaca -3′, reverse
5′-gctcgttcccattcttgaac -3′, GAPDH forward 5′-ggatttggccgtatcgg-3′, reverse 5′-
tcgtggttcacacccatca-3′] for a final volume of 50 µl. The RT-PCR was performed in a PCR
Sprint machine (Thermo Fisher Scientific, Waltham, MA) at 50°C, 30 min for reverse
transcription, 95°C, 15 min for initial PCR activation step, followed by 94°C 30 sec, 60°C
30 sec, 72°C 1 min, for 30 cycles. Amplified products were separated and visualized by
agarose gel electrophoresis.

2.3. Western Blotting
Western blots were performed as previously described [32] with the following
modifications. Prefrontal cortex samples from adult WT (n=6) and Nrg1Tn (n=6) rats were
used to compare expression levels of Type II NRG1 between genotypes. In a separate group
of adult male WT animals, PVN (n=5), HPC (n=5) and PFC (n=5) were extracted to
determine localization of Type II NRG1. Pituitary glands (n=11–13 per genotype) were
extracted from the skull of adult male WT and Nrg1Tn rats at the basal and peak time points
of the acute stress experiment (section 2.5) to examine GR expression. Dorsal HPC (n=5–7
per group) and PVN (n=4 per group) were extracted from brains of adult male WT and
Nrg1Tn rats euthanized at the basal time point of the acute stress experiment (section 2.5) to
examine GR and MR expression.

Brain regions were identified using the Paxinos and Watson brain atlas [33]. Brain tissue
samples from the PFC, HPC and PVN were isolated from 1mm frozen coronal sections
using a 1mm rat brain punch (Stoelting, Wood Dale, IL). Bilateral punches were used for
each area with a total of 4 punches for the PFC, 6 punches for dorsal HPC, and 2 punches
for the PVN. Due to the irregular shape of the PVN, some tissue adjacent to the PVN was
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likely included in these punches. Tissue samples were homogenized via sonication in lysis
buffer with protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) and protein
concentrations were determined using a protein assay kit (Bio-Rad, Hercules, CA). Brain
tissue extracts were diluted in Laemmli sample buffer (Bio-Rad, Hercules, CA) to a
concentration of 30µg of protein per lane and resolved by electrophoresis on a 10%
polyacrylamide gel (Bio-Rad, Hercules, CA). Proteins were electrotransferred from the gel
onto PVDF membranes (Bio-Rad, Hercules, CA). Membranes were blocked with 1× Tris-
buffered saline with 0.5% Tween-20 (TBS-T) and 3 % bovine serum albumin (BSA) for 1 h
and then incubated with the appropriate primary antibody for 24 or 48 h at 4°C: Type II
NRG1 (1:1000; AF2015, R&D systems, Minneapolis, MN); GR (BuGR2, 1:1000; ab2768,
Abcam, Cambridge, MA); MR (1:1000; sc-11412, Santa Cruz Biotechnology, Santa Cruz,
CA). After washing with TBS-T and 3% BSA, membranes were incubated with the
appropriate horseradish peroxidase-labeled secondary antibody for 1 h at room temperature:
goat anti-rabbit (1:2500; AP307P), goat anti-mouse (1:5000; AP124P) and rabbit anti-goat
(1:2500; AP106P) (Millipore, Temecula, CA). Membranes were then washed with TBS-T
and the protein detected using Pierce ECL Western blotting substrate (Thermo Fisher
Scientific, Waltham, MA). Blots were developed by exposure to chemiluminescent film
(Amersham, GE Healthcare, Buckinghamshire, UK). Densitometric measurements of the
protein bands were made using AIS 6.0 software (Imaging Research Inc., St. Catharines,
ON, Canada). Following image collection, membranes were stripped using Restore plus
Western blot stripping buffer (Thermo Fisher Scientific, Waltham, MA) and reprobed for
MR (HPC only) and actin (1:10,000; MAB1501, Millipore, Temecula, CA). Protein
expression levels were normalized to actin expression. One Nrg1Tn pituitary sample was
identified as a statistical outlier using the Grubbs test; therefore this animal was dropped
from the study.

2.4. Maternal Behavior
Maternal behavior was measured in WT and Nrg1Tn dams. Arched-back nursing (n=10–15
per group) was measured using a modified version of periodic spot check observation [34].
Observations were recorded over a five day period during the first week of postnatal life.
Spot checks occurred three times a day, between 10.00 and 11.00h, 13.00 and 14.00h, and
16.00 and 17.00h. Behavior was recorded randomly during each of the three time intervals.
Average percent of observations spent arched-back nursing was calculated and compared
between genotypes. To examine pup retrieval, home cages were moved from the housing
rack to a cart within the vivarium. Pup retrieval (n=10 per group) was only measured if this
mild disturbance elicited the dam to disperse her nursing pups throughout the cage. After the
pups detached, latency to retrieve the first pup, resulting in its return to the original or a new
nest, was recorded. Latencies were recorded in bins, ≤30s, 31–60s, 61–90s, 91–120s. The
upper limit of each bin that the observation fell into was scored for an estimated average
latency. This method was utilized to minimize disruption of normal maternal care. Nest
building (n=9–14 per group) was measured on the fourth day of observation. Additional
bedding was added to the front of each home cage and the time to incorporate the bedding
into the nest was scored. A score of 3 was given if the dam began moving the bedding into
the nest within 5 minutes, a score of 2 was given if the dam began moving the bedding
within 15 minutes and a score of 1 was given if the bedding was moved into the nest after 4
hours. All dams observed moved the bedding to their nest within 4 hours.

2.5. Acute Restraint Stress
Adult (76–79 days of age) and adolescent (43–45 days of age) male WT (n=6–12 per group/
per time point) and Nrg1Tn (n=6–11 per group/per time point) rats were moved from the
vivarium to a temperature and light controlled behavioral testing room for acclimation.
Animals were handled for 2 days for 1–2 minutes. For the next 5 days, animals were
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handled with light restraint in a towel for 1 minute each day. On the eighth day, beginning at
approximately 08.30 h, animals were again lightly restrained in a towel and tail clipping was
used for blood collection as outlined by Vahl and colleagues [35]. Animals were then
immediately placed in cylindrical plastic restraint tubes for 30 minutes according to our
previously published protocol [36]. At the end of the acute restraint, blood was again
collected. Animals were then returned to their home cage for 120 minutes, at which point a
final blood sample was collected. After the conclusion of blood collection, animals were
returned to their home cages. Serum was isolated by centrifugation and stored at −80°C.

Two and five days later, the same animals were again handled for 1 minute. One week after
the first acute restraint stress, animals were exposed to a second acute restraint stress.
Animals were randomly divided into groups and each group was euthanized by decapitation
at a different time point: before (basal time point, n=18–19/genotype), at the end of (peak
time point, n=12–14/genotype) or 120 minutes after (recovery time point, n=16–17/
genotype) exposure to a 30 minute restraint stress session. Trunk blood was collected and
plasma was isolated by centrifugation. Brains and pituitary glands were rapidly removed
from the skull and frozen on powdered dry ice. Both brains and plasma were stored at
−80°C until use. Serum and plasma levels of CORT were determined by radioimmunoassay
according to protocols provided by the manufacturer (MP Biomedicals, Orangeburg, NY).
Samples that fell below the limits of the standard curve were excluded (i.e. less than 5 ng/
ml), resulting in the removal of 2 WT and 1 Nrg1Tn tail clip samples in addition to 2 WT
and 3 Nrg1Tn trunk samples.

2.6. Open Field Testing and Habituation
For five days prior to testing, adult male WT and Nrg1Tn rats (n=13 per group) were handled
for 1–2 minutes each day. On the morning of the third day, animals were moved from the
vivarium to the behavioral testing room and allowed to acclimate. Animals were habituated
to the open field arena for 10 minutes each, on 2 consecutive days. The arena was a 62 × 62
× 46 cm box with black Plexiglas walls. The floor of the arena was covered with unscented
cat litter to allow for easy removal of urine and feces between each animal. Locomotor
activity was recorded and analyzed using an ANY-maze video tracking system (version 4.6,
Stoelting, Wood Dale, IL).

2.7. Statistical Methods
Statistical analyses were conducted using SPSS statistical software (version 12.0). To
analyze CORT data obtained by RIA, multivariate analysis of variance (ANOVA) was used.
CORT data from adult and juvenile animals were combined, as age was not found by
ANOVA to interact with any other factor. Unpaired t-tests were used to compare maternal
behaviors and mean protein expression in Western blots. In the PVN, Welch’s correction
was used with an unpaired t-test to account for differences in variance in GR expression.
Pituitary samples of animals euthanized at the basal and peak time points were combined for
analysis because GR expression was not significantly different between the two time points.
For open field habituation, repeated measures ANOVAs were conducted, with trial included
as a repeated measures factor. Post hoc tests, conducted using l-matrix contrast statements in
SPSS, were used to follow up any significant main effects or interactions.

3. Results
3.1. Nrg1Tn Rat Preparation

The F344-Nrg1Tn(sb-T2/Bart3)2.183Mcwi (Nrg1Tn) strain was identified as previously described
[30] as an insertion of the BART3 gene-trap transposon vector in intron 1 of Nrg1 (Fig. 1A).
Presence of the insertion was confirmed by sequencing and intercross offspring were
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genotyped using three primer PCR to distinguish homozygous from heterozygous carriers
(see section 2.1). Splicing of the Nrg1 gene is highly complex and produces several isoforms
[37], most of which are not yet defined in the rat (see GenBank accessions AF194993-
AF194997 for partial expressed sequence tags encoding presumptive rat Type II NRG1
isoforms). The insertion is predicted to intercept splicing from exon 1 and therefore disrupt
Type II NRG1 isoforms in tissues where they are expressed. It should be noted that it is not
currently known whether Type IV [19,21], identified in human, is transcriptionally
conserved in the rat or whether the gene trap insertion would disrupt this isoform.

3.1.1. Expression of Nrg1 mRNA and Type II NRG1 Protein—Expression of Nrg1
mRNA in the Nrg1Tn rats was determined with RT-PCR, while protein expression of the
Type II NRG1 splice variant was assessed by Western blotting. The RT-PCR utilized
primers for Nrg1 that corresponded to exons 1 and 2, which encode the Type IV and Type II
NRG1 protein splice variants, respectively. Primers for GAPDH, the housekeeping gene,
were included as a positive control. RT-PCR revealed that the expression of the first two
exons of Nrg1 in the Nrg1Tn rats was greatly reduced, while expression of GAPDH mRNA
was unaffected by the insertion of the transposon (Fig. 1A). In addition, expression of Type
II NRG1 in tissue samples obtained from the PFC shows that Nrg1Tn rats have reduced
expression of Type II NRG1 protein compared to WT rats (p<0.03; Fig. 1B). The Universal
Protein Knowledge Base (UniProtKB) was used to identify Type II NRG1 as isoform 9 of
NRG1 in humans (http://www.uniprot.org/uniprot/Q02297), which has 79% sequence
similarity with the rat Type II NRG1. The predicted molecular weight of this isoform is
approximately 86 kDa (http://www.uniprot.org/uniprot/Q9ESA5). The band shown is the
most reactive band with a molecular weight of approximately 95 kDa. The reduction but not
elimination of immunoreactive NRG1 confirms that the Nrg1Tn rats are hypomorphic for
Type II NRG1.

3.1.2. Maternal Behavior—No differences in the examined maternal behaviors were
observed. Estimated latency to retrieve the first pup did not differ between WT and Nrg1Tn

rats (p=0.5; Fig. 2A). Likewise, percent of observations during which dams were arched-
back nursing was not significantly different between the two genotypes (p=0.96; Fig. 2B).
Finally, no differences in average scores based on time to incorporate new bedding into
nests were detected (p=0.5; Fig. 2C).

3.2. Stress Reactivity
3.2.1. NRG1 in the PVN—Figure 3 depicts a representative Western blot establishing that
protein for the Type II splice variant of NRG1 is expressed in the PVN, HPC and PFC of
adult WT animals. Thus Type II NRG1 is expressed in sites that are the primary modulators
of the HPA axis in the brain. In the case of the PVN, where surrounding tissue may have
contributed to the findings of Type II NRG1 expression, it should be noted that Chen and
colleagues [25] found the mRNA signal for Nrg1 to be specific to the PVN, with negligible
expression in the surrounding tissue.

3.2.2. Acute Restraint Stress—In order to determine if tail clip was a viable method for
blood collection in Fischer 344 WT and Nrg1Tn rats, a 2×3×2 ANOVA (Genotype (WT vs.
Nrg1Tn) × Time (basal vs. peak vs. recovery) × Method (tail clip vs. trunk blood) was run.
This analysis revealed that method significantly interacted with time. Post-hoc analysis
revealed a significant difference between methods only at the recovery time point. These
analyses showed the tail clip samples had significantly higher CORT levels than trunk blood
samples at the recovery time point, indicating that the stress of repeated blood collection
may have led to prolonged CORT secretion. In addition, these findings could reflect that
Fischer rats may be more sensitive to the additional stressor intensity induced by the tail clip
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procedure (data not shown). As a consequence, all subsequent analyses were conducted with
trunk blood samples from the second acute restraint stress.

A 2×3 (Genotype (WT vs. Nrg1Tn) × Time (basal vs. peak vs. recovery)) ANOVA revealed
a significant effect of time (F2,85=532.312, p<0.001; Fig. 4) on CORT levels obtained from
trunk blood samples after a 30 minute restraint stress. Regardless of genotype, all animals
mounted a stress response and recovery, with peak CORT levels being significantly greater
than both basal (p<0.001) and recovery (p<0.001) CORT levels (Fig. 4). In addition, this
effect interacted with genotype (F2,85=3.78, p<0.03; Fig. 4). Post-hoc analyses revealed that
Nrg1Tn rats had significantly increased basal CORT concentrations compared to WT rats
(p<0.02; Fig. 4) whereas there was no difference between the two genotypes at subsequent
time points (Fig. 4). However, at the recovery time point, 120 minutes after the termination
of the restraint stress, Nrg1Tn rats showed lower recovery CORT levels relative to their own
basal levels (p<0.01), while recovery levels were indistinguishable from basal levels among
WT animals (Fig. 4).

3.2.3. Glucocorticoid and Mineralocorticoid Receptor—With changes in CORT
secretory dynamics during exposure to acute stress, it became relevant to assess whether GR
expression was altered in the Nrg1Tn rats. In the pituitary, adult male Nrg1Tn rats showed
increased expression of GR compared to WT rats (p<0.05; Fig. 5A). Conversely, adult male
Nrg1Tn rats showed decreased expression of GR in the PVN (p<0.05; Fig.5B). The highest
concentration of MR in the brain is the HPC, therefore both GR and MR were examined in
this structure [6]. In the HPC, GR expression was also significantly increased in Nrg1Tn rats
compared to WT rats (p<0.02; Fig. 5C) whereas no difference was found in MR expression
between Nrg1Tn and WT rats (Fig. 5D). Consequently, the MR/GR ratio was found to be
significantly decreased in the HPC of Nrg1Tn rats (p<0.03; Fig. 5E).

3.2.4. Open Field Testing and Habituation—2×2 repeated measures ANOVAs
(Genotype (WT vs. Nrg1Tn) × trial (exposure 1 vs. exposure 2)) were conducted on indices
of locomotor activity during the open field testing, with trial included as the repeated
measure. These analyses revealed that time spent mobile (F1,24=20.12, p<.001; Fig. 6A) and
number of line crossings (F1,24=8.5, p<.001; Fig. 6B) both decreased with repeated exposure
to the open field arena, however this effect interacted with genotype for both indices (time
mobile, F1,24=5.2, p<.05; line crossings, F1,24=7.2, p<.05). Post hoc analyses revealed that
the interaction was due to the fact that on the second day of exposure to the open field, WT
rats spent significantly less time mobile (p<0.05; Fig. 6A) and made fewer line crossings
(p<0.05; Fig. 6B) than they did during their first exposure to the open field. On the other
hand, Nrg1Tn rats failed to show a reduction in activity during the second exposure to the
open field (Fig. 6 A–C). This pattern resulted in Nrg1Tn rats spending significantly greater
time mobile than WT rats on the second day of exposure (p<0.05; Fig. 6A). While there was
not a significant interaction between exposure and genotype on distance traveled, planned
comparisons within genotypes revealed that, similar to the pattern observed for line
crossings, WT animals significantly decreased distance traveled on the second day of
exposure (p<0.01; Fig. 6C) while Nrg1Tn animals did not.

4. Discussion
4.1. Summary of Findings

Insertion of the Sleeping Beauty transposon into the first intron of the Nrg1 gene reduced
expression of both the mRNA and protein corresponding to the Type II NRG1 isoform.
These findings establish the Nrg1Tn rat preparation as a functional hypomorph of Type II
NRG1. Because we found NRG1 to be expressed in the neurocircuitry involved in
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regulating HPA axis responses to environmental stimuli, the Nrg1Tn rats were used to test
the hypothesis that altered expression of Type II NRG1 disrupts stress regulation and
reactivity. In support of this hypothesis, Nrg1Tn rats demonstrated increased basal CORT
concentrations and lower CORT concentrations after recovery from a 30 minute restraint
stress compared to their own basal levels. Additionally, Nrg1Tn rats showed increased
expression of GR in the pituitary and HPC. In the HPC, the change in GR expression
resulted in an imbalanced MR/GR ratio. Interestingly, in the PVN, Nrg1Tn rats have
decreased GR expression. Maternal behavior is known to alter later life HPA axis function
[38–40], but maternal behavior was not affected by the disruption of Nrg1 in these rats.
Finally, Nrg1Tn rats sustain reactivity to novel environments, as demonstrated by a failure to
habituate to an open field. Together, these findings point to NRG1 as a potential novel
regulator of hormonal and behavioral stress reactivity.

4.2. Nrg1 Hypomorphic Rats
The present studies are the first to describe the phenotype of Nrg1Tn rats as hypomorphic for
Type II NRG1, as well as to characterize neuroendocrine responses to a bout of restraint
stress. The transposon insertion caused a partial loss of Type II Nrg1 mRNA and
corresponding protein, which are encoded by exons in the 5’ region of the Nrg1 gene that
contains the most risk haplotype associations with schizophrenia and bipolar disorder [13–
16]. Both the location of the disruption to Nrg1 and its hypomorphic nature lend a unique
translational opportunity to this rat model. Two features of this model are particularly
noteworthy. First, the disruption of Nrg1 occurs in a region of the gene that has not
previously been disrupted, i.e., within intron 1 in the 5’ region of the gene. In all Nrg1
mutant mouse preparations, mutations have been targeted to 3’ regions of the Nrg1 gene,
including the transmembrane domain [13,23,41–43], the EGF domain [44] and
immunoglobulin-like domain [45]. These Nrg1 knockout (KO) mouse models have been
shown to express several schizophrenia-like phenotypes, but HPA axis function was not
tested. In addition, it should be noted that Nrg1 KO models targeting the EGF domain would
be expected to disrupt signaling of all types of NRG1, whereas in the Nrg1Tn rats, only one
type of NRG1 is expected to be disrupted. A second feature is the lack of lethality associated
with the homozygous disruption of Type II NRG1. In all of the mouse models mentioned
above, homozygous mutations are embryonically lethal, but homozygous disruption of Type
II NRG1 by transposon insertion in rats does not result in embryonic lethality. Furthermore,
this is the first non-mouse model of Nrg1 disruption. Thus, this preparation provides the
unique opportunity to investigate the neurobiology of a form of NRG1 that has been shown
to be reduced in schizophrenia [46]. Moreover, the studies reported here are among the first
to specifically examine stress reactivity in any animal model of disrupted NRG1 function.

4.3. Stress Reactivity
4.3.1. NRG1 in the PVN—Stress reactivity is controlled by a neurocircuit that involves
the PFC, HPC, amygdala and hypothalamic PVN, with the latter structure representing the
final site for integration of brain information regarding environmental stresses [47]. Nrg1
mRNA has been found in many of these brain regions, but this study is the first to
demonstrate that Type II NRG1 protein is expressed in the PVN, in addition to the PFC and
HPC in WT rats. Detection of Type II NRG1 in brain regions associated with stress
reactivity suggested that additional studies on the role of NRG1 in the control of both
behavioral and neuroendocrine responses to stress were warranted.

4.3.2. Neuroendocrine Alterations—In order to conserve animals, tail clip procedures
were initially utilized to determine HPA axis responses to acute stress as outlined by Vahl
and colleagues [35]. These investigators showed that stress hormone profiles were identical
in blood samples obtained by tail clipping and decapitation in Sprague-Dawley rats.
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However, in the present study, we did not find that these procedures resulted in identical
hormone profiles. This difference may be due to the use of Fischer 344 rats in our study,
which are known to have enhanced HPA axis responses to stress exposure compared to
Sprague-Dawley rats [48–50]. Thus, to insure that CORT concentrations were an accurate
reflection of the response to acute restraint stress, rather than to the tail clip procedure, only
trunk blood data were fully analyzed.

A role for NRG1 in the regulation of the HPA axis has not been previously investigated.
Interestingly, we found that Nrg1Tn rats exhibited increased basal CORT compared to WT
rats, and a more robust inhibition of CORT after stress exposure relative to their own basal
levels. These findings suggest that Nrg1Tn animals have increased basal HPA axis drive. The
changes found in GR expression support these findings. Lower expression of GR in the PVN
of Nrg1Tn rats would be consistent with reduced inhibitory GC influence over basal CORT
levels. In addition, the increased hippocampal GR expression, with no concomitant increase
in MR, suggests that the MR/GR balance was disrupted in the Nrg1Tn animals. The
equilibrium between MR and GR is known to be crucial for the set point of the HPA axis as
well as for HPA axis response to stress [6,11]. A relative reduction in MR activity could
lead to increased HPA axis drive. In fact, acute treatment with a selective MR antagonist has
been shown to increase morning basal levels of CORT without having an effect on acute
stress recovery CORT [51]. While elevated GR expression in both the pituitary and HPC of
Nrg1Tn rats may result in increased inhibitory influence over HPA axis activity following
exposure to restraint stress, further studies utilizing dexamethasone suppression or a pre-
stress GC challenge would be needed to clarify differences in GR mediated negative
feedback [6,52,53].

A differential change in GR expression across brain areas in the Nrg1Tn rats was an
unexpected finding, which may suggest that there are more complex factors involved in the
local regulation of GR gene expression. For example, Uchida and colleagues reported that
inhibitory miRNAs are concentrated in the PVN compared to HPC of Fischer rats, which
could lead to a selective alteration in PVN GR expression relative to the HPC [54]. In
addition, it has been shown that dexamethasone induces NRG1 production and alters
expression and dimerization patterns of ErbB receptors in mouse fetal lung cells [55]. Thus a
more complex interaction between GC and NRG1-ErbB4 signaling may exist and further
experiments will be needed to examine this interaction more thoroughly.

Previous studies by Meaney and colleagues suggest that HPA axis activity can be
programmed by maternal care, such that animals exposed to less maternal care show
enhanced basal CORT secretion and augmentation of stress responsivity [38–40]. NRG1 has
been implicated in the control of pubertal development [24], but to our knowledge there are
no data on the role of this gene in maternal behavior. We found that neither pup retrieval,
arched-back nursing nor nest building behaviors differ between the WT and Nrg1Tn rats.
These findings indicate that the alterations in HPA axis activity observed in the Nrg1Tn rats
are not due to the quality or quantity of maternal care provided to the pups.

4.3.3. Behavioral Reactivity—On the first exposure to the open field arena, no
differences in indices of locomotor activity were observed between WT and Nrg1Tn rats.
However, Nrg1Tn rats failed to habituate to the open field on the second exposure, as
demonstrated by persistent mobility, line crossing and distance traveled. In essence, the
Nrg1Tn rats appear to find the open field arena just as novel on the second exposure as they
do on the first. We have preliminary evidence that the Nrg1Tn rats are competent on object
recognition memory in the same environment (unpublished results), so it does not appear
that the Nrg1Tn rats have gross memory difficulties in this environment that could account
for their failure to habituate to the testing arena. This is an important point as the present
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findings may indicate that Nrg1Tn rats interpret their environment differently, and sustain
reactivity to novel environments for longer than normal.

In Nrg1 KO mouse models, several groups have identified a locomotor or exploration
related hyperactive phenotype [41–43,56]. This phenotype is primarily found in the KO
models that disrupt expression of the transmembrane and EGF domains of NRG1, but not in
the immunoglobulin-like domain KO models [45]. The present studies in Nrg1Tn rats did not
identify a hyperactive phenotype, highlighting the importance of different domains of NRG1
and different species in behavioral phenotypes. Fewer studies have examined habituation to
an open field/novel environment. In heterozygous KO mice for the EGF domain of NRG1,
an improved ability to habituate to a novel environment was found [56]. On the other hand,
in heterozygous KO mice for the transmembrane domain of NRG1, a failure to habituate,
similar to that reported here, was found [57]. Interestingly, in rats with hippocampal lesions,
habituation of exploration is impaired [58]. This may be of relevance given the disruption of
normal MR/GR balance found in the HPC of Nrg1Tn rats in the present study. Furthermore,
NRG1 coordinates the organization of glutamatergic and GABAergic synapses in the brain
[15,17]. Since these neurotransmitters play a critical role in the regulation of behavioral
responses, disruptions in behavior might be anticipated due to a slight change in the balance
between hippocampal excitation and inhibition. Further studies will be required to examine
the importance of changes in these neurotransmitter systems in the Nrg1Tn rats and the
relationship of those changes to the behavioral findings of the present study.

4.4. Conclusions
Alterations in HPA axis function are a robust finding in several psychiatric disorders.
Patients with schizophrenia frequently experience a disrupted ability to resume normal HPA
axis activity following an acute stress [59] and elevated cortisol levels have been reported
both during an acute phase of chronic schizophrenia and during the first psychotic episode
[60–62]. Additionally, depressed individuals have been reported to show HPA axis
dysregulation with decreased negative feedback [63,64]. Many patients and individuals at
risk for developing a psychiatric disorder, including depression and psychosis, show HPA
axis hyperactivity [65–68]. Conversely, patients with PTSD frequently present with
enhanced GR-mediated negative feedback inhibition (see [69] for review). Stress-based
animal models of schizophrenia, depression and PTSD confirm the importance of stress and
HPA axis dysregulation as etiological factors for these disorders [36,70–76]. Furthermore,
the disruption of the MR/GR balance reported here is similar to animals with enhanced fast
feedback, found in the single-prolonged stress model of PTSD in rats [77].

The present experiments are among the first to describe a relationship between disrupted
NRG1 expression and stress reactivity. Transposon knockdown of Type II NRG1 resulted in
increased basal CORT and relatively reduced CORT concentrations 120 minutes after
exposure to an acute stressor. In addition, disruption of Type II NRG1 expression in the rat
brain caused a decrease in GR expression in the PVN and an increase in GR expression in
both the pituitary and HPC, thereby disrupting the critical balance between MR and GR in
the HPC. Furthermore, Nrg1Tn rats failed to habituate to an open field, which may be an
indication of increased behavioral reactivity related to increased basal HPA axis drive.
Importantly, these findings can not be attributed to differences in maternal care. The
hypomorphic disruption of NRG1 expression in these rats and the present findings
implicating NRG1 in stress regulation may make this model amenable to investigating the
effects of gene by environment (i.e. stress) interactions with outcomes potentially relevant to
multiple psychiatric disorders.

Research Highlights
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• Nrg1Tn rats exhibit reduced expression of Type II NRG1 mRNA and protein

• Type II NRG1 is expressed in the neurocircuitry that regulates HPA axis
responses

• Nrg1Tn rats exhibit altered neuroendocrine stress reactivity

• Nrg1Tn rats exhibit altered GR expression and disrupted corticosterone secretion

• Type II NRG1 plays a role in behavioral habituation to environmental stimuli
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Figure 1.
Expression of Nrg1 mRNA and Type II NRG1 Protein. (A) Representative gel containing
RT-PCR products from WT and homozygous Nrg1Tn rats. Lanes 1–2: WT GAPDH, lanes
3–4: Nrg1Tn GAPDH, lanes 5–6: WT exons 1–2 Nrg1 mRNA, and lanes 7–8: Nrg1Tn exons
1–2 Nrg1 mRNA. Expression of the first two exons of Nrg1 in the Nrg1Tn rats was greatly
reduced (the original gel showed faint bands that could not be captured in an image), while
expression of GAPDH mRNA was unaffected by the insertion of the transposon. (B) Upper
panel shows a representative Western blot of Type II NRG1 and the re-blot for actin in WT
and Nrg1Tn rats. Image analysis revealed a significant reduction in Type II NRG1 protein in
Nrg1Tn rats (*p<0.03). Bars represent mean ± SEM.
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Figure 2.
Maternal Behavior. No differences were observed between WT and Nrg1Tn maternal
behaviors. (A) Average latency to retrieve first pup did not differ between WT and Nrg1Tn

rats (p=0.5). (B) Likewise, percent of observations during which arched-back nursing was
observed was not significantly different between the two genotypes (p=0.96). (C) Average
scores based on time to incorporate new bedding into nests were not different (p=0.5). Bars
represent mean ± SEM.
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Figure 3.
Type II NRG1 protein expression in stress related brain regions. The representative Western
blot shows the expression of Type II NRG1 in the PVN (top panel), PFC (middle panel) and
HPC (bottom panel) of WT rats.
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Figure 4.
Acute Restraint Stress. Basal, peak and recovery corticosterone (CORT) levels in adult male
WT and Nrg1Tn rats following a 30 minute restraint stress. Both genotypes mounted a
CORT response to the stress with peak CORT levels being significantly greater than basal
(p<0.001) and recovery (p<0.001) CORT levels. Nrg1Tn rats exhibited significantly greater
basal CORT concentrations than WT rats (*p<0.02) whereas there was no difference
between the two genotypes at subsequent time points. In addition, Nrg1Tn rats showed
enhanced suppression of recovery CORT levels relative to their basal levels (**p<0.01)
which was not present in WT rats. Bars represent mean ± SEM.
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Figure 5.
Glucocorticoid and Mineralocorticoid receptor expression. Upper panels show
representative Western blots of GR or MR and actin in WT and Nrg1Tn rats. (A) In the
pituitary, adult male Nrg1Tn rats showed increased expression of GR compared to WT rats
(*p<0.05). (B) In the PVN, GR expression was decreased in Nrg1Tn rats compared to WT
rats (*p<0.05). (C) In the HPC, GR expression was also significantly increased in Nrg1Tn

rats compared to WT rats (*p<0.02), (D) whereas no difference was found in MR expression
between Nrg1Tn and WT rats. (E) Consequently, the MR/GR ratio was found to be
significantly decreased in the HPC of Nrg1Tn rats (*p<0.03). Bars represent mean ± SEM.

Taylor et al. Page 20

Physiol Behav. Author manuscript; available in PMC 2012 August 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Open Field Testing and Habituation. (A) WT rats spent significantly less time mobile
(*p<0.05), (B) made fewer line crossings (*p<0.05) and (C) significantly decreased distance
traveled (**p<0.01) upon re-exposure to the open field on the second day of testing
compared to their first exposure. However, Nrg1Tn rats failed to show a reduction in (A)
time mobile, (B) line crossings and (C) distance traveled during the second exposure to the
open field. This pattern resulted in Nrg1Tn rats spending significantly greater time mobile
(A) than WT rats on the second day of testing (*p<0.05). Bars represent mean ± SEM.
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