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Abstract 

Background Where the gene is expressed determines the function of the gene. Neuregulin 1 (Nrg1) encodes a 
tropic factor and is genetically linked with several neuropsychiatry diseases such as schizophrenia, bipolar disorder 
and depression. Nrg1 has broad functions ranging from regulating neurodevelopment to neurotransmission in the 
nervous system. However, the expression pattern of Nrg1 at the cellular and circuit levels in rodent brain is not full 
addressed.

Methods Here we used CRISPR/Cas9 techniques to generate a knockin mouse line  (Nrg1Cre/+) that expresses a 
P2A‑Cre cassette right before the stop codon of Nrg1 gene. Since Cre recombinase and Nrg1 are expressed in the 
same types of cells in  Nrg1Cre/+ mice, the Nrg1 expression pattern can be revealed through the Cre‑reporting mice or 
adeno‑associated virus (AAV) that express fluorescent proteins in a Cre‑dependent way. Using unbiased stereology 
and fluorescence imaging, the cellular expression pattern of Nrg1 and axon projections of Nrg1‑positive neurons were 
investigated.

Results In the olfactory bulb (OB), Nrg1 is expressed in GABAergic interneurons including periglomerular (PG) and 
granule cells. In the cerebral cortex, Nrg1 is mainly expressed in the pyramidal neurons of superficial layers that 
mediate intercortical communications. In the striatum, Nrg1 is highly expressed in the Drd1‑positive medium spiny 
neurons (MSNs) in the shell of nucleus accumbens (NAc) that project to substantia nigra pars reticulata (SNr). In 
the hippocampus, Nrg1 is mainly expressed in granule neurons in the dentate gyrus and pyramidal neurons in the 
subiculum. The Nrg1‑expressing neurons in the subiculum project to retrosplenial granular cortex (RSG) and mammil‑
lary nucleus (MM). Nrg1 is highly expressed in the median eminence (ME) of hypothalamus and Purkinje cells in the 
cerebellum.

Conclusions Nrg1 is broadly expressed in mouse brain, mainly in neurons, but has unique expression patterns in 
different brain regions.
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Background
Neuregulin 1 (Nrg1) encodes a tropic factor and is genet-
ically associated with several neuropsychiatric diseases 
such as schizophrenia, bipolar disorder and depression 
[1–4]. NRG1 also shows neuroprotective effects in animal 
models of some neurological disorders such as ischemic 
stroke, epilepsy and Alzheimer’s disease [5–8]. NRG1 is 
a transmembrane protein and includes the N-terminal 
extracellular domain (ECD) and the C-terminal intracel-
lular domain (ICD) [9]. The ECD of NRG1 binds with 
ErbB3 and ErbB4 receptors and activates the down-
stream signaling pathway. The NRG1-ErbB signaling is 
important for neurodevelopment such as myelination 
and GABAergic circuit formation [10–13]. NRG1-ErbB 
signaling also regulates synaptic transmission and plas-
ticity such as GABA release and long-term potentiation 
(LTP) [14–18]. The ICD of NRG1 interacts with LIM 
kinase 1 (LIMK1) and sodium channel Nav1.1 to regu-
late glutamatergic transmission and neuronal excitability, 
respectively [19–22]. In addition, the ICD of NRG1 can 
bind with the gene promoter to regulate gene transcrip-
tion [23–25].

Nrg1 mRNA has different splicing isoforms, each with 
a distinct N-terminal region. At least 6 types of splic-
ing isoforms of Nrg1 mRNA were expressed throughout 
the brain [26]. Nrg1  is highly expressed in neurons in 
the mammalian brain [14, 27–29] although some stud-
ies reported Nrg1 was also expressed in glia cells [26, 
27]. In the cerebral cortex and hippocampus, Nrg1 is 
mainly expressed in excitatory pyramidal neurons [6, 10, 
27] while the ErbB4 receptor is specifically expressed by 
GABAergic interneurons [12, 30, 31].

The current knowledge about the function of NRG1 is 
mainly from the experiments with purified NRG1-ECD 
or ICD. The functions of endogenous Nrg1 and the Nrg1-
expressing neurons are relatively unexplored [32, 33]. A 
prerequisite for addressing these issues is to understand 
the cellular expression pattern of Nrg1 and the axon 
projections of Nrg1-expressing neurons, i.e. expression 
pattern of Nrg1 at the cellular and circuit levels. The pre-
vious studies on the cellular expression pattern of Nrg1 
include those from in situ hybridization (ISH), immuno-
histochemistry and translating ribosome affinity purifica-
tion (TRAP) [14, 27, 28, 34]. However, the results from 
previous studies were sometimes controversial and did 
not reveal the expression pattern of Nrg1 at the circuit 
level.

The recently developed techniques of genetic labeling 
have enabled clear visualization of gene expression at the 
cellular level. These techniques usually include the use 
of a knockin mouse line which expresses the Cre recom-
binase immediately before the stop codon of the gene 
of interest, and a reporting mouse line which express 

fluorescent proteins in a Cre-dependent manner [31, 
35–37]. Here we used CRISPR/Cas9 techniques to gener-
ate  Nrg1Cre/+ knockin mice which express the Cre recom-
binase immediately before the stop codon of Nrg1 gene. 
By crossing the  Nrg1Cre/+ mice with the Cre-dependent 
reporting mice (Ai14) [35], we generated the Nrg1-
reporting mice which express tdTomato in Nrg1-positive 
cells. We then analyzed the cellular expression pattern 
of Nrg1 in the brain of Nrg1-reporting mice. We further 
injected Cre-dependent reporting AAV into the brain 
regions of adult  Nrg1Cre/+ mice. Through this approach, 
we explored Nrg1 expression pattern and the axon pro-
jections of Nrg1-positive neurons in adult mouse brain. 
These results provide a fundamental framework for the 
study of Nrg1 function in the rodent brain. Moreover, 
the  Nrg1Cre/+ mice generated here may represent a use-
ful tool to study the function of neuronal populations 
expressing Nrg1.

Methods
Generation of  Nrg1Cre/+ knockin mice
A P2A-Cre cassette was placed between the coding 
sequence of axon 9 (immediately before the stop codon) 
and the 3’ UTR of mouse Nrg1 gene (Fig. 1A). The P2A 
is a small peptide originally from porcine teschovirus 
and can be self-cleaved at its C terminus in all eukaryotic 
cells [38]. In the  Nrg1Cre/+ knockin mice, a fusion protein 
NRG1-P2A-Cre are transiently expressed but NRG1 and 
Cre proteins are ultimately separated after P2A-mediated 
cleavage. The detail of using CRISPR/Cas9 techniques to 
do gene editing in mice was described previously [39]. 
Briefly, sgRNA, Cas9 mRNA, and targeting vectors were 
injected into the cytoplasm of one-cell stage embryos 
through the injection needle. Injections were performed 
using an Eppendorf transferMan NK2 micromanipula-
tor. Injected zygotes were transferred into pseudopreg-
nant female C57BL/6 mice after 2-h culture in KSOM 
medium. This strain was generated in Beijing Biocyto-
gen Co., Ltd., and maintained on a C57BL/6 background. 
The F0 chimera mice were crossed with wild type (WT) 
mice to get the germline transmission F1 mice. The cor-
rect targeting of the  Nrg1Cre/+ in F1 mice was confirmed 
by southern blot and gene sequencing. The primers for 
genotyping the WT-Nrg1 and Nrg1::Cre allele are as fol-
lows: forward: 5’atggccacattgccaataggttgga3’; reverse: 
5’tgctctcgacataacataacataaaggca3’. The PCR products for 
WT-Nrg1 and Nrg1::Cre alleles were 514 and 1633  bp, 
respectively.

Generation of Nrg1‑reporting mice
The F1  Nrg1Cre/+ mice were backcrossed with WT 
mice to get the F2 Nrg1Cre/ + mice. The F2  Nrg1Cre/+ 
mice were crossed with heterozygous Ai14 mice 
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 (Rosa26LSL−tdTomato/+ mice, JAX stock #007908) [35] to 
get the  Nrg1Cre/+;Rosa26LSL−tdTomato/+ mice (abbrevi-
ated to Nrg1-reporting mice). The tdTomato was spe-
cifically expressed in the cells with Cre activity which 
was controlled by the Nrg1 promoter. Cre dependent 
expression of tdTomato has frequently been used to 
study the expression pattern of genes with a high tem-
poral and spatial resolution [31, 35–37]. Mice were 
housed at 23  °C with a 12  h light/dark cycle and food 
and water available ad  libitum. Both female and male 
Nrg1-reporting mice were used and showed similar 
Nrg1 expression pattern in forebrain regions. For the 
quantification, at least three different mice were used 
for each group. The Nrg1-reporting mice were crossed 
with Gad67-GFP mice [40] to visualize Nrg1 expression 
in GABAergic interneurons. All experimental proce-
dures were reviewed and approved by the institutional 
animal care and use committee of East China Normal 
University.

Fluorescence in situ hybridization (FISH)
FISH for mRNA expression was performed manually 
using the RNAscope Multiplex Fluorescent Reagent Kit 
v2 (Advanced Cell Diagnostics, Inc., Hayward, CA, USA) 
following the manufacturer’s instruction. The RNAscope 
probes targeting Nrg1, tdTomato and Drd1 were from 
Advanced Cell Diagnostics. The reference numbers are as 
follows: 418181-C3 for Nrg1 probe, 317041 for tdTomato 
probe, 406491 for Drd1 probe.

Immunofluorescence
After being anesthetized with euthatal (from Merck) 
(60  mg/kg), the Nrg1-reporting mice (2  months old) 
were transcardially perfused with PBS (2  ml/g of body 
weight), followed by 4% PFA in PBS. Brains were har-
vested, incubated in 4% PFA overnight, and dehydrated 
at 4  °C in two steps with 20% and 30% sucrose in PBS. 
Brains were frozen in OCT (catalog #14-373-65; Fisher) 
and sectioned into 40 µm slices on a cryostat microtome 

Fig. 1 Generation and validation of Nrg1‑reporting mice. A Schematic diagram of the gene targeting strategy to insert the P2A‑Cre cassette 
immediately before the stop codon of the Nrg1 locus, between exon 9 and 3’ untranslational region (3’UTR). The p2A peptide will be cleaved and 
two independent protein NRG1 and CRE will be expressed. B Southern blot screen for  Nrg1Cre/+ mice using Spel‑digested genomic DNA and 
the Cre probe indicated in panel A. The targeted Nrg1 allele will yield a DNA fragment of 6.9 kb. C Southern blot screen for  Nrg1Cre/+ mice using 
Ndel‑digested genomic DNA and the 5’ probe indicated in panel A. The wild‑type and targeted Nrg1 allele will yield a DNA fragment of 5.5 kb and 
6.6 kb, respectively. D The breeding strategy to get the Nrg1‑reporting mice. The female  Nrg1Cre/+ mice were crossed with the male  Rosa26LSL−

tdTomato/+ (Ai14) mice to get the  Nrg1Cre/+;  Rosa26LSL−tdTomato/+ mice, i.e., the Nrg1‑reporting mice. E Double fluorescence in situ hybridization 
(dFISH) of tdTomato and Nrg1 mRNA in the striatum of Nrg1‑reporting mice. The arrows indicate Nrg1‑positive granule cells in the OB. Scale bar, 
200 μm. F The enlarged image from the rectangle in panel E. Scale bar, 50 μm. G–H Similar NRG1 protein levels in the striatum between WT and 
Nrg1‑reporting mice. G, representative western blots, the total lysates of striatum from WT and Nrg1‑reporting mice were probed with anti‑NRG1 
and anti‑GAPDH antibodies. H, quantification results. NS, not significant, n = 3, unpaired t‑test
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(Bosch Microm HM550) at −  20  °C. Brain slices were 
permeabilized with 0.3% TritonX 100 and 5% BSA in PBS 
and incubated with primary antibodies at 4 °C overnight. 
The brain slices were not treated with Triton- × 100 when 
staining with anti-GAD67 antibodies. After washing with 
PBS for three times, samples were incubated with Alexa 
Fluor-488 or -647 secondary antibodies (1:1000, Ther-
moFisher Scientific) for 1  h at room temperature. Sam-
ples were mounted with Vectashield mounting medium 
(Vector) and images were taken by Leica TCS SP8 con-
focal microscope. The following primary antibodies were 
used: rabbit anti-NeuN (1:500, Abcam, ab177487), rabbit 
anti-TH (1:250, Millipore, MAB152), mouse anti-NRGN 
(1:200, R&D, MAB7947), mouse anti-PV (1:500, Sigma, 
P3088), mouse anti-GFAP (1:250, Millipore, MAB360); 
rabbit anti-S100β (1:200, Abcam, Ab52642) and mouse 
anti-GABA (1:1000, Invitrogen, PA5-32241).

Analysis of Nrg1‑positive cells in brain slices
Images were taken on a Leica TCS SP8 scanning confo-
cal microscopy. Unbiased stereology (Tissue Gnostics, 
Vienna, Austria) was applied to quantification of  Nrg1+ 
cell number in brain slices [36, 37]. The detailed meth-
ods for cell number counting is available on the website 
(https:// tissu egnos tics. com/ produ cts/ single- cell- analy 
sis/ tissu equest). To compare the Nrg1 expression among 
different brain regions of adult mice, we count the den-
sity of  Nrg1+ cells. The density was calculated from 
eight continuous sections in Z-stack. Coronal brain 
slices from 4.3 to 3.9  mm relative to bregma were used 
to study OB, 1.7 to 1.4 mm relative to bregma were used 
to access striatum, −  1.5–−  1.8  mm relative to bregma 
were used to study primary somatosensory cortex (SS1), 
− 1.7–− 1.9 mm relative to bregma were used to investi-
gate dorsal hippocampus.

Western blot
Homogenates of striatum from WT and Nrg1-reporting 
mice were prepared in RIPA buffer containing 50  mM 
Tris–HCl, pH 7.4, 150  mM NaCl, 2  mM EDTA, 1% 
sodium deoxycholate, 1% SDS, 1  mM PMSF, 50  mM 
sodium fluoride, 1  mM sodium vanadate, 1  mM DTT, 
and protease inhibitors cocktails. Homogenates were 
resolved on SDS/PAGE and transferred to nitrocellulose 
membranes, which were incubated in the TBS buffer 
containing 0.1% Tween-20 and 5% milk for 1 h at room 
temperature before the addition of primary antibody for 
incubation overnight at 4 °C. After wash, the membranes 
were incubated with HRP-conjugated secondary anti-
body in the same TBS buffer for 1 h at room temperature. 
Immunoreactive bands were visualized by ChemiDocTM 
XRS + Imaging System (BIO-RAD) using enhanced 
chemiluminescence (Pierce) and analyzed with Image J 

(NIH). The following antibodies were used: rabbit anti-
NRG1 (1:1000, Cell Signaling Technology, #2573) and 
mouse anti-GAPDH (1:8000, Arigo, ARG10112).

Stereotaxic injection of AAV into brain regions
The Cre-reporting AAV (pAAV-EF1α-loxp-stop-loxp-
tdTomato-WPRE-polyA, titer 1 ×  1013/µl) was gener-
ated by Obio Technology (Shanghai) Corp., Ltd. Adult 
 Nrg1Cre/+mice (2-month-old) were anesthetized with 
euthatal (60 mg/kg, i.p. injection) and headfixed in a ster-
eotaxic device (RWD life science). Each injection used 
0.5  μl AAV and took 10  min. After injection, the glass 
pipette was left in place for 10 min to facilitate diffusion 
of the virus. The injection sites were examined at the end 
of the experiments, and animals with incorrect injection 
site were excluded from the data analysis. Injection coor-
dinates are as follows: anteroposterior (AP) 3.92  mm, 
dorsoventral (DV) 1.75 mm, mediolateral (ML) 0.75 mm 
relative to bregma for olfactory bulb; AP −  1.82  mm, 
DV 1.90  mm, and ML 1.12  mm relative to bregma for 
dentate gyrus; AP + 1.42  mm, DV 5.00  mm, and ML 
1.15 mm relative to bregma for striatum; AP − 6.24 mm, 
DV 2.00 mm, and ML 0 mm relative to bregma for cer-
ebellum. Four weeks after AAV injection, mice were sub-
jected to experiments. All surgery was conducted with 
aseptic technique.

Statistics
All the data were shown as mean ± SEM. Comparisons 
between two groups were made using unpaired t test. 
Comparisons between three or more groups were made 
using one-way ANOVA analysis followed by Tukey’s 
post hoc test. Analysis of the data from different layers 
of multiple cortical regions were performed using two-
way-ANOVA followed by Tukey’s multiple comparison 
test. The p values were provided in the figure legends and 
were significant when smaller than 0.05. The statistical 
analysis was performed with the software of GraphPad 
Prism 8.

Results
Generation and validation of Nrg1‑reporting mice
We first generated  Nrg1Cre/+ knockin mice where a 
P2A-Cre cassette was placed right before the stop 
codon (UAA) of Nrg1 gene (Fig. 1A) (see details in the 
Method). In the  Nrg1Cre/+ knockin mice, the expres-
sion of Cre is under the control of endogenous Nrg1 
promoter and thus Cre and Nrg1 are expressed in the 
same types of cells. The results from Southern blot val-
idated the insertion of P2A-Cre into the target locus, 
indicating that the generation of  Nrg1Cre/+ mouse line 
is methodologically reliable (Fig. 1B, C). To acquire the 
Nrg1-reporting mice, the  Nrg1Cre/+ mice were crossed 

https://tissuegnostics.com/products/single-cell-analysis/tissuequest
https://tissuegnostics.com/products/single-cell-analysis/tissuequest
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with the Cre-reporting Ai14 mice [35] (Fig.  1D). The 
Nrg1-reporting mice develop normally and are fertile. 
To verify that tdTomato is specifically and faithfully 
expressed in Nrg1-positive cells from Nrg1-reporting 
mice, we performed FISH to detect the Nrg1 mRNA 
in the nucleus accumbens (NAc) where the expres-
sion of Nrg1 is high [41]. As shown in Fig. 1E, F, Nrg1 
mRNA was well colocalized with tdTomato in the NAc 
of Nrg1-reporting mice. Most tdTomato-positive cells 
(94 ± 1.2%) in the NAc of Nrg1-reporting mice express 
Nrg1 mRNA. In addition, the protein levels of NRG1 
in the striatum are similar between the Nrg1-reporting 
mice and their wild type (WT) littermates (Fig.  1G, 
H). Thus, we validated on mRNA levels that tdTomato 
from Nrg1-reporting mice can be used as a faithful 
indicator of Nrg1-positive cells.

Expression pattern of Nrg1 in the olfactory bulb
We analyzed the densities of Nrg1-positive cells in sev-
eral brain regions of Nrg1-reporting mice, and revealed 
that the olfactory bulb (OB) had the most abundant 
Nrg1-positive cells (Additional file 1: Fig. S1). The OB is 
the first brain region where olfactory information is pro-
cessed. The OB can be divided into olfactory nerve layer 
(ONL), glomerular layer (GL), external plexiform layer 
(EPL), mitral layer (ML), internal plexiform layer (IPL) 
and granular cell layer (GCL) (Fig. 2A, B). The Nrg1-pos-
itive cells were most abundant in the GCL, accounting 
for 73.4 ± 2.3% of the total Nrg1-positive cells, followed 
by the ML and GL, accounting for 23.6 ± 3.0% and 
7.27 ± 2.8% of the total Nrg1-positive cells, respectively 
(Fig. 2B, C). Nrg1 is also highly expressed in the granule 
cell layer of the accessory olfactory bulb (GrA) (Fig. 2B). 

Fig. 2 Expression pattern of Nrg1 in the olfactory bulb. A Diagram of mouse brain sagittal section (top) and coronal section (bottom). The line 
in the sagittal section diagram indicates the position of the coronal section. B Fluorescent images of tdTomato, Gad67‑GFP and NeuN in the OB 
of 2‑month‑old Nrg1‑reporting mice. D, dorsal. M, medial. Scale bar, 300 μm. C The percentage of Nrg1‑positive cells in different layers among 
total Nrg1‑positive cells in the OB. P < 0.0001, n = 3 mice (9 slices), one‑way‑ANOVA. D Expression of tdTomato after injection of Cre‑reporting 
AAV into the GCL of 2‑month‑old  Nrg1Cre/+ mice. Four weeks after AAV injection, the brain slices were collected and analyzed. Scale bar, 300 μm. 
E Fluorescent images of tdTomato, Gad67‑GFP and NeuN in the GCL, from the rectangle E in panel B. Arrows indicate Nrg1‑positive granular cells 
in the GCL. Scale bar, 50 μm. F Fluorescent images of tdTomato, Gad67‑GFP and NeuN in the ML, from the rectangle F in panel B. Arrows indicate 
Nrg1‑positive GABAergic interneurons in the ML. Scale bar, 50 μm. G Fluorescent images of tdTomato, Gad67‑GFP, TH and DAPI in GL. Arrows 
indicate Nrg1‑positive PG cells expressing Gad67‑GFP but not TH. Scale bar, 50 μm. The Nrg1‑reporting mice were crossed with Gad67‑GFP mice to 
visualize the expression of Nrg1 in GABAergic interneurons. ONL: olfactory nerve layer; GL: glomerular layer; EPL: external plexiform layer; ML: mitral 
cell layer; IPL: internal plexiform layer; GCL: granular cell layer; GrA: granule cell layer of the accessory olfactory bulb; RMS; rostral migratory stream



Page 6 of 16Ding et al. Cell & Bioscience           (2023) 13:79 

However, few Nrg1-positive cells are distributed in ONL, 
EPL, IPL and rostral migratory stream (RMS) (Fig. 2B, C). 
Adult expression of Nrg1 in the GCL of OB has not been 
well reported, which raises the possibility that the tdTo-
mato signal we observed may arise from the transient 
expression of Nrg1 in the early development instead of 
in the adulthood. To address this possibility, we injected 
Cre-reporting AAV into the GCL of 2-month-old WT 
and  Nrg1Cre/+ mice. After injecting AAV into the GCL 
of WT mice, tdTomato did not appear in granule cells 
(data not shown). However, when AAV was injected into 
the GCL of  Nrg1Cre/+ mouse, the expression of tdTomato 
was observed in granule cells (Fig.  2D). These results 
indicated that Nrg1 is, indeed, expressed in the granule 
cells of OB in adult mice.

We crossed the Nrg1-reporting mice with Gad67-GFP 
mice to investigate whether Nrg1 is expressed in the 
GABAergic interneurons. In the GCL and ML, Nrg1 is 
expressed in the GABAergic interneurons as indicated 
by the co-localization of tdTomato and GFP (Fig. 2E, F). 
In the GL, Nrg1 is expressed in the periglomerular (PG) 
cells that are GABAergic interneurons as evidenced by 
the co-localization of tdTomato with GFP (Fig.  2G). In 
contrast, tdTomato was not co-localized with tyrosine 
hydroxylase (TH, a protein marker for short-axon cells 
in the GL), which suggests that Nrg1 is not expressed 
in short-axon cells in the GL (Fig.  2G). Together, these 
results demonstrate that Nrg1 is mainly expressed in 
GABAergic interneurons in mouse OB.

Expression pattern of Nrg1 in the cerebral cortex
The cerebral cortex is the outer most structure of the 
mammalian brain having a distinct six-layer composition. 
Here, high-level processing occurs for many processes 
including motor control, sensory perception, attention, 
and memory. Nrg1-positive cells were widely distributed 
in different cortical regions. The density of Nrg1-positive 
cells is relatively higher in the cingulate cortex, area 1 
(Cg1), retrosplenial cortex (RS), piriform cortex (Pir) and 
auditory cortex (Au) than that in the primary motor cor-
tex (M1), secondary motor cortex (M2), primary soma-
tosensory cortex (SS1), secondary somatosensory cortex 
(SS2) and lateral entorhinal cortex (LE) (Fig.  3A). Nrg1 
was expressed in different layers of cerebral cortex. How-
ever, the percentage of Nrg1-positive cells in the super-
ficial layers is significantly higher than deep layers in 
multiple cortical regions (Fig. 3B). In the following study, 
we take the cortical region of SS1 as an example.

In the SS1, tdTomato signal was mainly distributed 
in the superficially layer 2–3 (Fig. 3D, E). The tdTomato 
signal was localized in some fiber-like structure and cell 
bodies that express NeuN (a pan neuronal marker) and 
neurogranin (NRGN, a pyramidal neuronal marker), but 

not all NRGN-positive cells expressed Nrg1 (3E and 3F). 
We further crossed the Nrg1-reporting mice with Gad67-
GFP mice to investigate whether Nrg1 is expressed in the 
GABAergic interneurons in the SS1. As shown in Fig. 3G, 
we did not observe the co-expression of tdTomato and 
GFP in the same cells, indicating low expression of Nrg1 
in GABAergic interneurons in the SS1. Overall these data 
suggest that Nrg1 is mainly expressed in part of pyrami-
dal neurons in the superficial layers of SS1.

Expression pattern of Nrg1 in the striatum
Apart from locomotion, the striatum has been closely 
implicated in regulating reward and motivation. The 
dorsal and ventral part of striatum are composed of the 
caudate putamen (CPu) and NAc, respectively. Most 
neurons in the striatum are GABAergic medium spiny 
neurons (MSNs) which receive dopaminergic input from 
substantia nigra (SN) and ventral tegmental area (VTA). 
In the striatum, Nrg1-positive cells were mainly distrib-
uted in the regions of ventral striatum including the shell 
of NAc (AcbSH) and olfactory tubercle (Tu) (Fig. 4A–D). 
By contrast, the Nrg1-positive cells are quite sparse in the 
core of NAc (AcbC) and CPu (Fig. 4B, D).

We crossed Nrg1-reporting mice with Gad67-GFP 
transgene mice to verify whether Nrg1 is expressed in 
the GABAergic MSNs in the striatum. All Nrg1-posi-
tive cells in the Tu and AcbSH are GABAergic MSNs 
but not vice versa because all the tdTomato-positive 
cells express GFP while only some of the GFP-positive 
cells express tdTomato (Fig.  4C, D). One type of MSNs 
express dopamine D1 receptor (Drd1) and directly pro-
ject to substantia nigra pars reticulata (SNr), which is 
called the direct pathway [42]. The other type of MSNs 
express dopamine D2 receptor (Drd2) and connect with 
SNr indirectly through external globus pallidus (GPe) 
and subthalamic nucleus, which is referred to indirect 
pathway [42]. Intriguingly, we found strong expression 
of axon fiber-like tdTomato signal in the SNr (Fig.  4E), 
which suggest that Nrg1-positive cells in the NAc have 
axon projections to the SNr. To verify this hypothesis, we 
performed stereotaxic injection of Cre-reporting AAV 
into the NAc of 2-month-old  Nrg1Cre/+ mice. Four weeks 
after AAV injection, we found tdTomato-positive cells in 
the NAc and tdTomato-positive axon fibers in the SNr 
(Fig. 4F, G). These results indicate that Nrg1-positive cells 
directly send their axons to SNr, i.e., Nrg1 is expressed in 
the MSNs of the direct pathway. We further performed 
FISH to investigate whether Nrg1 and Drd1 (a maker 
for the MSNs in the direct pathway) are expressed in the 
same type of cells. This is indeed the case because most 
Nrg1-positive cells also expressed Drd1 (Fig. 4H and 4I). 
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Together, these results demonstrate that Nrg1 is mainly 
expressed in the MSNs of the direct pathway in the NAc.

Expression pattern of Nrg1 in the hippocampus
The hippocampus, located beneath the cerebral cor-
tex, is critically involved in learning and memory, in 
addition to spatial navigation. The hippocampus can be 
divided into cornu ammonis (CA) 1, 2, 3 areas, the den-
tate gyrus (DG), subiculum (Sub) and fasciola cinereum 
(FC) (Fig. 5A). The tdTomato-positive cells were mainly 
distributed in the DG and Sub but were very sparse in the 
CA and FC (Fig.  5B, C). In addition, we observed axon 
fiber-like tdTomato signals in the CA3 region which 
resemble the mossy fiber from DG granule cells (Fig. 5B). 
These results suggest that Nrg1 is mostly expressed in the 
DG and Sub of mouse hippocampus.

To solidify the expression of Nrg1 in the DG and Sub 
of adult mouse hippocampus, we performed stereotaxic 
injection of Cre-reporting AAV into the DG and Sub of 

2-month-old  Nrg1Cre/+ mice, respectively. Four weeks 
after AAV injection, we found tdTomato-positive cells in 
the DG and Sub (Fig. 5D, F), which verify the expression 
of Nrg1 in the DG and Sub of adult mouse hippocampus. 
Nrg1 is expressed by the mature granule neurons in the 
DG evidenced by the co-localization of tdTomato and 
NeuN, a protein marker for mature neurons (Fig.  5E). 
We did not observe the colocalization of tdTomato with 
GFAP or S100β (two protein markers for astrocytes) in 
the DG (Additional file 2: Fig. S2), indicating that Nrg1 is 
rarely expressed in astrocytes. In the Sub, Nrg1 is prob-
ably expressed in the excitatory pyramidal neurons since 
tdTomato was co-localized with NeuN (a pan neuronal 
marker) but not GABA (a GABAergic neuronal marker) 
(Fig. 5G, H).

We further analyzed the tdTomato expression in a series 
of coronal sections to explore the projections of Nrg1-pos-
itive cells in adult mouse hippocampus. We found tdTo-
mato expression in the cells of DG and mossy fiber of CA3 

Fig. 3 Expression pattern of Nrg1 in the cerebral cortex. A The densities of Nrg1‑positive cells in different regions of cerebral cortex from 
2‑month‑old Nrg1‑reporting mice. P < 0.0001, n = 3 mice (6 slices) for Au and LE, n = 3 mice (9 slices) for other cortical regions, one‑way‑ANOVA. 
B The percentage of Nrg1‑positive cells in different layers among total Nrg1‑positive cells from multiple cortical regions. Layer factor P < 0.0001, 
region factor P > 0.99, n = 3 mice (9 slices) for each cortical region, two‑way‑ANOVA. C Diagram of mouse brain sagittal section (top) and coronal 
section (bottom). The line in the sagittal section diagram indicates the position of the coronal section. The rectangle indicates the brain region 
shown in panel D. D Fluorescent images of tdTomato in the SS1. Scale bar, 300 μm. E Fluorescent images of tdTomato, NRGN and NeuN, from the 
rectangle in panel D. Scale bar, 150 μm. F Fluorescent images of tdTomato, NRGN and NeuN, enlarged from the rectangle in panel E. Arrows indicate 
Nrg1‑positive pyramidal neurons. Scale bar, 50 μm. G Fluorescent images of tdTomato and gad67‑GFP in the SS1. Scale bar, 50 μm. Au: auditory 
cortex; RS: retrosplenial cortex; Cg1: cingulate cortex, area 1; Pir: piriform cortex; SS1: primary somatosensory cortex; LE: lateral entorhinal cortex; SS2: 
secondary somatosensory cortex; M1: primary motor cortex; M2: secondary motor cortex; PtA: parietal association cortex
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region (Fig. 6A). Moreover, tdTomato was expressed in the 
cells of Sub and axon fibers in the retrosplenial granular 
cortex (RSG), dorsal fornix (DF), fornix (F) and mammil-
lary nucleus (MM) (Fig. 6A–C). Intriguingly, Sub pyramidal 
neurons send their axon projections to MM through for-
nix, which is part of the Papez circuit [43]. Taken together, 
these results demonstrate that Nrg1 is mainly expressed in 
DG-CA3 pathway and Papez circuit in mouse hippocam-
pus (Fig. 6D).

Expression pattern of Nrg1 in the hypothalamus 
and thalamus
The hypothalamus is a deep structure in the brain and 
is localized below the thalamus (Fig. 7A). The hypothal-
amus is important for regulating metabolism, tempera-
ture and instinctive behaviors such as sleep, hunger, 
thirst, fear and maternal behaviors. In the hypothala-
mus of Nrg1-reporting mice, the tdTomato-positive 
cells were mainly distributed in the ventromedial 

Fig. 4 Expression pattern of Nrg1 in the striatum. A Diagram of mouse brain sagittal section (top) and coronal section (bottom). The line in the 
sagittal section diagram indicates the position of the coronal section. The rectangle indicates the brain region shown in panel B. B Expression 
of tdTomato in the striatum of 2‑month‑old Nrg1‑reporting mice. Scale bar, 500 μm. C–D Fluorescent images of tdTomato and Gad67‑GFP in 
the Tu C and AcbSH D from the rectangles in panel B. Arrows indicate Nrg1‑positive cells which are GABAergic MSNs. Scale bar, 50 μm in panel 
C, 150 μm in panel D. The Nrg1‑reporting mice were crossed with Gad67‑GFP transgene mice to visualize the expression of Nrg1 in GABAergic 
MSNs. E Expression of tdTomato in axon fiber‑like structures in the SNr. Scale bar, 300 μm. F–G Expression of tdTomato in the NAc F and SNr (G 
after injection of Cre‑reporting AAV into the NAc of 2‑month‑old  Nrg1Cre/+ mice. Four weeks after AAV injection, the brain slices were collected 
and analyzed. Scale bar, 300 μm. H Double fluorescence in situ hybridization (dFISH) of Nrg1 and Drd1 mRNA in the striatum of WT mice. Scale 
bar, 300 μm. I The enlarged image from the rectangle in panel H. The solid arrows indicate Nrg1‑positive cells expressing Drd1. The empty 
arrows indicate Nrg1‑positive cells not expressing Drd1. Scale bar, 50 μm. CPu: caudate putamen; Den: dorsal endopiriform nucleus; aca: anterior 
commissure, anterior part; AcbC: accumbens nucleus, core; AcbSH: accumbens nucleus, shell; Tu: olfactory tubercle; SNr: substantia nigra, reticular 
part



Page 9 of 16Ding et al. Cell & Bioscience           (2023) 13:79  

nucleus (VM), arcuate nucleus (ARC) and median 
eminence (ME) (Fig.  7B). These results suggest that 
Nrg1 is mostly expressed in the VM, Arc and ME of 
mouse hypothalamus. We also crossed Nrg1-reporting 
mice with Gad67-GFP mice to see whether Nrg1 was 
expressed in GABAergic interneurons. In the VM, Nrg1 
is expressed in putative excitatory neurons as tdTomato 
is co-localized with NeuN (a pan neuronal marker) but 
not GFP (Fig. 7C).

The ARC contains both NPY/AgRP neurons, which 
are inhibited by insulin and leptin and, when activated, 
stimulated food intake, and POMC neurons, which 

reduce food intake and are stimulated by insulin and 
leptin [44]. NPY/AgRP neurons can inhibit POMC 
neurons via synaptic release of GABA [45]. Interest-
ingly, about two-third of tdTomato-positive cells are 
GABAergic in the ARC (Fig.  7D), indicating this pop-
ulation of Nrg1-positive cells are probably AgRP neu-
rons. The tdTomato signal is highly co-localized with 
GFP in the ME (Fig.  7E), a region that severs as the 
gateway for release of hypothalamic hormones [46]. In 
the thalamus, the tdTomato-positive cells are mainly 
distributed in the superior colliculus (SC) (Fig. 7F, G), a 
structure that is involved in coordinating eye and head 

Fig. 5 Expression pattern of Nrg1 in the hippocampus. A Diagram of mouse brain sagittal section (top) and coronal section (bottom). The line in 
the sagittal section diagram indicates the position of the coronal section. The rectangle indicates the brain region shown in panel B. B Expression of 
tdTomato in the dorsal hippocampus of 2‑month‑old Nrg1‑reporting mice. Scale bar, 300 μm. C The percentage of Nrg1‑positive cells in different 
subregions of dorsal hippocampus among total Nrg1‑positive cells. P < 0.0001, n = 3 mice (9 slices) for FC, n = 6 mice (12 slices) for other regions, 
one‑way‑ANOVA. D Expression of tdTomato in DG and CA3 region after injection of Cre‑reporting AAV into the DG of 2‑month‑old  Nrg1Cre/+ 
mice. Four weeks after AAV injection, the brain slices were collected and analyzed. Scale bar, 300 μm. E Fluorescent images of tdTomato and NeuN 
from the rectangle in panel D. Scale bar, 25 μm. F Expression of tdTomato in Sub and RS region after injection of Cre‑reporting AAV into the Sub 
of 2‑month‑old  Nrg1Cre/+ mice. Four weeks after AAV injection, the brain slices were collected and analyzed. Scale bar, 200 μm. G Fluorescent 
images of tdTomato and GABA from the rectangle in panel F. Scale bar, 25 μm. H Fluorescent images of tdTomato, NeuN and DAPI in the Sub of 
hippocampus. Scale bar, 25 μm. FC: fasciola cinereum; Sub: subiculum; CA1: cornu ammonis 1; CA2: cornu ammonis 2; CA3: cornu ammonis 3; DG: 
dentate gyrus; ml: molecular layer; gr: granular layer; pl: polymorph layer; RSA: retrosplenial agranular cortex; RSG: retrosplenial granular cortex; V2: 
secondary visual cortex
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movements [47]. These results suggest that Nrg1 is 
highly expressed in the SC of mouse thalamus. Intrigu-
ingly, nearly all tdTomato-positive cells in the SC 
express GFP but not vice versa (Fig. 7H). These results 
suggest that Nrg1 is mostly expressed in GABAer-
gic interneurons, but not all GABAergic interneurons 
express Nrg1 in the mouse SC.

Expression pattern of Nrg1 in the cerebellum
The cerebellum plays important roles in motor con-
trol, emotion and cognitive functions such as attention 
and language. The cerebellar cortex is divided into three 

layers. At the bottom lies the thick granular layer (GL), 
densely packed with granule cells, along with interneu-
rons. In the middle lies the Purkinje layer (PL), a narrow 
zone that contains the cell bodies of Purkinje cells and 
Bergmann glia (BG) cells. At the top lies the molecular 
layer (ML), which contains the dendritic trees of Purkinje 
cells, along with two types of GABAergic interneurons: 
stellate cells and basket cells.

In the Nrg1-reporting mice, we found that tdTo-
mato is mainly expressed in the PL and ML, but absent 
in the GL (Fig.  8A, B). We crossed the Nrg1-reporting 
mice with Gad67-GFP mice to study whether Nrg1 is 

Fig. 6 Axon projections of Nrg1‑positive neurons in the hippocampus. A–C Expression of tdTomato in coronal brain slices at the positions of 
bregma − 1.7 mm A, − 0.82 mm B and − 3.16 mm C after injection of Cre‑reporting AAV into the DG and Sub of 2‑month‑old  Nrg1Cre/+ mice. Four 
weeks after AAV injection, the brain slices were collected and analyzed. Scale bar, 500 μm. D Summary of the projections of Nrg1‑positive neurons 
in the DG and Sub of mouse hippocampus. DG: dentate gyrus; RSG: retrosplenial granular cortex; MF: mossy fiber; F: fornix; DF: dorsal fornix; Sub: 
subiculum; MM: mammillary nucleus



Page 11 of 16Ding et al. Cell & Bioscience           (2023) 13:79  

expressed in the GABAergic interneurons. The tdTo-
mato proteins were mainly expressed in the cell body of 
Purkinje cells in the PL, as well as in the dendritic trees 
of Purkinje cells and some GABAergic interneurons 
in the ML (Fig. 8C). Although NeuN is present in most 
neuronal cell types, it is not expressed in Purkinje cells 
(Fig. 8C), consistent with previous findings [48]. To verify 
that Nrg1 is expressed in the Purkinje cells in adult mice, 
we injected Cre-reporting AAV into the PL of cerebellum 
in 2-month-old  Nrg1Cre/+ mice (Fig.  8D). As shown in 
Fig. 8E, the tdTomato proteins were expressed in the cell 
bodies and dendritic trees of Purkinje cells, indicated by 
the co-localization of tdTomato with parvalbumin (PV), 
a protein marker for Purkinje cells. These results solidify 
the finding from Nrg1-reporting mice that Nrg1 is indeed 
expressed in the Purkinje cells of adult mice.

Discussion
In this paper, we generated Nrg1-reporting mice using 
the cre-loxp strategy to investigate the cellular expression 
pattern of Nrg1 in mouse brain. Meanwhile we revealed 
the axon projections of Nrg1-positive neurons in the 
mouse basal ganglion and hippocampus. These results 
provide fundamental information needed for under-
standing the function of NRG1 at the cellular and circuit 
levels. Here, we discuss the findings revealed by Nrg1-
reporting mice and their relevance to physiology and 
brain disorders.

The results from Nrg1-reporting mice indicated that 
Nrg1 was highly expressed in the granule cells of mouse 
OB. These findings are consistent with the previous study 
showing Nrg1 expression in the developing mouse OB 
[49]. The reciprocal dendro-dendritic synapses formed 

Fig. 7 Expression pattern of Nrg1 in the hypothalamus and thalamus. A Diagram of mouse brain sagittal section (top) and coronal section 
(bottom). The line in the sagittal section diagram indicates the position of the coronal section. The rectangle indicates the brain region shown 
in panel B. B Expression of tdTomato in the hypothalamus of 2‑month‑old Nrg1‑reporting mice. Scale bar, 150 μm. C–E Fluorescent images of 
tdTomato, Gad67‑GFP and NeuN in the VM C, ARC D and ME E from the rectangles in panel B. The solid arrows indicate Nrg1‑positive cells which 
are GABAergic. The empty arrows indicate Nrg1‑positive cells not expressing Gad67‑GFP. Scale bars, 50 μm. The Nrg1‑reporting mice were crossed 
with Gad67‑GFP mice to visualize the expression of Nrg1 in GABAergic neurons. F Diagram of mouse brain sagittal section (left) and coronal section 
(right). The line in the sagittal section diagram indicates the position of the coronal section. The rectangle indicates the brain region shown in panel 
G. G Expression of tdTomato and Gad67‑GFP in the SC of thalamus from 2‑month‑old Nrg1‑reporting mice. Scale bar, 50 μm. H Fluorescent images 
of tdTomato, Gad67‑GFP and NeuN from the rectangle in panel G. The solid arrows indicate GABAergic neurons expressing Nrg1. The empty arrow 
indicates GABAergic neurons not expressing Nrg1. Scale bar, 50 μm. DM: dorsomedial nucleus; VM: ventromedial nucleus; ARC: arcuate nucleus; ME: 
median eminence
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between mitral and granule cells are considered to be 
important for the synchronization of mitral cells, affect-
ing the ability of odor discrimination [50]. Intriguingly, a 
recent study indicated that the ErbB4 receptor of NRG1 
is selectively expressed in the GABAergic interneu-
rons in the GL and GCL of OB and regulates the abil-
ity of ordor discrimination in mice [51]. NRG1-ErbB4 
has been implicated in regulating synapse formation or 

function through a cell-adhesion and diffusion manner, 
respectively [12, 14, 18, 52]. Future works are warranted 
to study the role of NRG1-ErbB4 signaling in the forma-
tion and function of synapse between mitral and granule 
cell, and whether disruption of NRG1-ErbB4 signaling in 
the OB causes olfactory dysfunction that is commonly 
observed in schizophrenia patients [53].

Fig. 8 Expression pattern of Nrg1 in the cerebellum. A Diagram of mouse brain sagittal section (top) and coronal section (bottom). The line in the 
sagittal section diagram indicates the position of the coronal section. The rectangle indicates the brain region shown in panel B. B Fluorescent 
images of tdTomato, Gad67‑GFP and NeuN in the cerebellum of 2‑month‑old Nrg1‑reporting mice. Scale bar, 250 μm. C Fluorescent images of 
tdTomato, Gad67‑GFP and NeuN in three layers of cerebellar cortex from the rectangle in panel B. The arrows indicate the Nrg1‑positive Purkinje 
cells, and the arrowheads indicate the Nrg1‑expressing GABAergic interneurons. Scale bar, 50 μm. The Nrg1‑reporting mice were crossed with 
Gad67‑GFP mice to visualize the expression of Nrg1 in GABAergic interneurons. D Diagram showing the stereotaxic injection of Cre‑reporting 
AAV into the PL of 2‑month‑old  Nrg1Cre/+ mice. Four weeks after AAV injection, the brain slices were collected and analyzed. E Immunofluorescent 
images of tdTomato and PV in the PL of SC of  Nrg1Cre/+ mice. The arrows indicate Purkinje cells expressing Nrg1 in adult mouse cerebellum. 
Scale bar, 50 μm. Sim: simple lobule; Cic: commissure of the inferior colliculus; 2cb: 2nd cerebellar lobule; GL: granular layer; PL: Purkinje layer; ML: 
molecular layer; PV: parvalbumin
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The data from Nrg1-reporting mice revealed that Nrg1 
was mainly expressed in the layer 2–3 of cerebral cortex. 
By contrast, a previous study using in situ hybridization 
showed that type I/II Nrg1 mRNA was mainly expressed 
in layer 2–3 while type III Nrg1 mRNA was mostly 
expressed in layer 5 of mouse cerebral cortex [14]. These 
discrepancies could be due to the different sensitivity to 
reflect the expression of different Nrg1 splicing isoforms 
between the methods of genetic reporter and in  situ 
hybridization. The pyramidal neurons in the layer 2–3 of 
cerebral cortex are responsible for the communication 
between different cortical regions [54, 55]. Future work is 
required to investigate the function of Nrg1 in regulating 
the crosstalk between different cortical regions.

Here we showed that Nrg1 was highly expressed in 
the Drd1-positive MSNs of mouse striatum, which is 
consistent with the single-cell RNA sequencing results 
from mouse striatum [29]. We further showed that Nrg1-
positive neurons in the NAc send their axon projections 
the SNr and thus were in the direct pathway of basal gan-
glion. Interestingly, the ErbB4 receptor is expressed in 
the dopaminergic neurons in the SNr [31, 56]. The dys-
function of the direct pathway in the basal ganglion leads 
to deficits in locomotion and sociability [57, 58]. Future 
study is warranted to investigate how the dysregulation 
of NRG1-ErbB4 signaling in the NAc would affect the 
balance between direct and indirect pathway in the basal 
ganglion.

The expression of Nrg1 in the DG of mouse hippocam-
pus has been reported by previous studies [14, 59], which 
is in line with our findings in the Nrg1-reporting mice. 
Although previous studies showed moderate expression 
of Nrg1 in the CA1-3 pyramidal neurons [14, 26], the 
results from Nrg1-reporting mice indicate sparse expres-
sion of Nrg1 in the CA1-3 regions of hippocampus. By 
contrast, we showed here that Nrg1 is highly expressed 
in the subiculum, the major output region of hippocam-
pus. The subiculum has projections to many cortical and 
subcortical regions. Here we showed that Nrg1-positive 
neurons in the subiculum send axon projections to RSG 
where the Erbb4 receptor is also highly expressed [31]. 
Moreover, Nrg1-positive neurons in the subiculum also 
have projections to the mammillary nucleus through 
fornix, which belongs to the Papez circuit [43]. It will be 
interesting to study the function of Nrg1 in the Papez 
circuit that plays important roles in the regulation of 
emotion [60, 61]. The data from Nrg1-reporting mice 
indicated that Nrg1 was mainly expressed in neurons but 
not astrocytes in the hippocampus under basal condi-
tions. However, it is possible that Nrg1 can be expressed 
in reactive astrocytes in vivo or primary cultured astro-
cytes in vitro [26, 27].

The functions of Nrg1 in the thalamus and hypothala-
mus are relatively less well understood compared to 
cerebral cortex and hippocampus. The finding here that 
Nrg1 is highly expressed in the SC subregion of thalamus 
raises a possibility for Nrg1 in regulating coordination 
between visual stimulation and movement. We found 
here that Nrg1 is highly expressed in the ARC of hypo-
thalamus. The ARC has no blood–brain barrier and can 
be directly affected by the circulating hormones such as 
insulin and leptin. Our results indicate that Nrg1 might 
be expressed in both the NPY/AgRP neurons and POMC 
neurons. Both types of neurons in the ARC project to 
adjacent paraventricular nucleus (PVN) to reduce food 
intake. Intriguingly, the ErbB4 receptor of NRG1 is highly 
expressed in the PVN of hypothalamus [31]. These results 
suggest the possibility that NRG1-ErbB4 signaling might 
regulate food intake through the ARC-PVH circuit. Nrg1 
is also highly expressed in the GABAergic interneurons 
of ME, which raises a possibility that Nrg1 may regulate 
the release of hypothalamus hormones.

Here we found that Nrg1 is strongly expressed in the 
Purkinje cells in the PL of cerebellum. By contrast, the 
ErbB4 receptor of NRG1 is not expressed in the PL of 
cerebellum [31]. However, the ErbB3 receptor is highly 
expressed in the Bergmann glia cells in the PL and 
important for BG development and cerebellar lamination 
[62]. These results indicate that NRG1-ErbB3 signaling 
might regulate the maturation of BG cells. Nrg1 is also 
expressed in the GABAergic interneurons in the GL of 
cerebellum. In contrast, the ErbB4 receptor is expressed 
in a few glia cells but not GABAergic interneurons in the 
GL [31]. Future studies are warranted to investigate the 
role of Nrg1 in regulating the cerebellum functions.

Conclusion
Nrg1 is broadly expressed in mouse brain, mainly in 
neurons, but has unique expression patterns in differ-
ent brain regions. The Nrg1-expressing neurons are 
highly presented in the direct pathway of basal ganglia, 
the DG to CA3 pathway and the Papez circuit. The data 
presented here may provide fundamental information for 
the study of the functions of Nrg1 and the related neural 
circuits in the future.
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