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Abstract
Exercise can promote adult neurogenesis and improve symptoms associated with schizophrenia and other mental disorders 
via parvalbumin (PV)-positive GABAergic interneurons in the dentate gyrus ErbB4 is the receptor of neurotrophic factor 
neuregulin 1, expressed mostly in PV-positive interneurons. Whether ErbB4 in PV-positive neurons mediates the beneficial 
effect of exercise and adult neurogenesis on mental disorder needs to be further investigation. Here, we first conducted a 
four-week study on the effects of AG1478, an ErbB4 inhibitor, on memory and neurogenesis. AG1478 significantly impaired 
the performance in several memory tasks, including the T-maze, Morris water maze, and contextual fear conditioning, down-
regulated the expression of total ErbB4 (T-ErbB4) and the ratio of phosphate-ErbB4 (p-ErbB4) to T-ErbB4, and associated 
with neurogenesis impairment. Interestingly, AG1478 also appeared to decrease intracellular calcium levels in PV neurons, 
which could be reversed by exercise. These results suggest exercise may regulate adult neurogenesis and PV neuron activity 
through ErbB4 signaling. Overall, these findings provide further evidence of the importance of exercise for neurogenesis 
and suggest that targeting ErbB4 may be a promising strategy for improving memory and other cognitive functions in indi-
viduals with mental disorders.

Yandong Yi and Yuejin Zhang have contributed equally to this 
work.

 * Yisheng Lu 
 Luys@hust.edu.cn

 Yandong Yi 
 yandong_y@163.com

 Yuejin Zhang 
 yuejingzhang1@outlook.com

 Yuanlong Song 
 songyuanlong@hotmail.com

1 Department of Pharmacy, Traditional Chinese and Western 
Medicine Hospital of Wuhan, Tongji Medical College, 
Huazhong University of Science and Technology, 
Wuhan 430030, China

2 Department of Physiology, School of Basic Medicine, 
Huazhong University of Science and Technology, 
Wuhan 430030, China

3 Institute of Brain Research, Collaborative Innovation 
Center for Brain Science, Huazhong University of Science 
and Technology, Wuhan 430030, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s10571-023-01439-0&domain=pdf
http://orcid.org/0000-0003-2112-5868
http://orcid.org/0009-0000-5658-7662
http://orcid.org/0009-0009-6773-6171
http://orcid.org/0000-0002-1616-7812


 Cellular and Molecular Neurobiology           (2024) 44:17    17  Page 2 of 18

Graphical Abstract
Treadmill running and ErbB4 signaling: AG1478 downregulated the expression of T-ErbB4 and the ratio of p-ErbB4 to 
T-ErbB4, while treadmill running enhanced neurogenesis, increased spatial learning and memory, non-spatial working, and 
reference memory and promoted the intracellular  Ca2+ levels in PV neurons.

Keywords Treadmill running · Neurogenesis · ErbB4 · Fear conditioning · Spatial memory · AG1478

Introduction

The subgranular zone of the dentate gyrus (DG) in the 
brain is responsible for adult neurogenesis, which plays 
an important role in cognitive functions (Christian et al. 
2014). Impairment of neurogenesis in the DG is associ-
ated with neuropsychiatric disorders, including bipolar 
disorder and schizophrenia. (Mao et al. 2009; Mertens 
et al. 2015). Physical exercise and enriched environments 
can improve cognitive functions through promotion of 
hippocampal neurogenesis (Kempermann et  al. 1997; 
Pajonk et al. 2010). Parvalbumin (PV)-positive GABAe-
rgic interneurons in the DG are critical for the beneficial 
effects of exercise on adult neurogenesis to alleviate schiz-
ophrenia-related phenotypes in mouse models (Yi et al. 
2020). However, the cellular and molecular mechanisms 
are still not yet clear. ErbB4, a receptor of the neurotropic 
factor neuregulin 1 (NRG1), is a susceptibility gene for 
schizophrenia and bipolar disorder, and critical for the 

activity-dependent release of GABA in the hippocampus 
(Deng et al. 2013; Mei and Xiong 2008). ErbB4 is mostly 
expressed in PV-positive interneurons. Knockout ErbB4 in 
PV interneurons cause cognitive impairments, and inhibit 
neurogenesis in the DG (Zhang et al. 2018). Our previous 
study also observed an increase in ErbB4 expression in 
the hippocampus induced by exercise, however, whether 
NRG1/ErbB signaling affects PV interneuron function 
to mediate exercise effects on adult neurogenesis is still 
unknown.

To investigate the effects of ErbB4 on neurogenesis and 
behavioral phenotypes for running, we pharmacologically 
inhibit ErbB4 by AG1478, and observed its effects on anx-
iety-like behavior and spatial reference memory impair-
ments, as well as adult neurogenesis and intracellular 
 Ca2+ levels in PV neurons. Results showed that AG1478 
treatment increased spatial learning and memory, non-
spatial working, and reference memory impairments, but 
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not anxiety-like behavior, decreased adult neurogenesis, 
and intracellular  Ca2+ levels in PV neurons.

Interestingly, we also found that treadmill running could 
have protective effects against the adverse effects of ErbB4 
inhibition. These results suggest that of ErbB4 signaling may 
be a key mechanism for PV-positive interneuron mediat-
ing the positive effects of exercise on adult hippocampus 
neurogenesis.

Materials and Methods

Animal

C57BL/6 J male mice (7 weeks old) were purchased from 
the Experimental Animals Center of Tongji Medical Col-
lege, Huazhong University of Science and Technology. All 
mice experiments in this research were carried out following 
the recommendations of, and were approved by the Animal 
Welfare Committee of Huazhong University of Science and 
Technology.

The mouse strains used included wild-type C57BL/6 J, 
PV-Cre mice. C57BL/6 male mice (7 weeksold) were pur-
chased from the Experimental Animals Center of Tongji 
Medical College, Huazhong University of Science and 
Technology. PV-Cre mice were described previously (Wen 
et al. 2010), PV-Cre mouse line (Stock No. 017320, Jackson 
Laboratory) used was kindly provided by Dr. Lin Mei (Case 
Western Reserve University). Tail genomic DNA was used 
for genotyping by PCR. A 300-bp fragment was detected for 
the PV-Cre allele.

Mice aged between 7 and 14 weeks were used for all 
experiments. Animals were housed in less than 5 mice per 
cage at 22–24 °C with 40–70% humidity, on a 12 h/12 h 
light/dark cycle schedule, with water and food available ad 
libitum. Mice were all backcrossed with C57BL/6 J mice for 
over 10 generations.

Experimental Design

Protocols for animal experiments were approved by the Ani-
mal  Experimental  Ethics  Committee  of the  Huazhong 
University of Science and Technology (Approval Code: 
82071508) on September 27, 2020. Each experiment and 
the statistical calculations described below were carried out 
in a randomized order by the experimenter blinded to the 
group. A schematic experimental design is shown in Fig. 1. 
AG1478 (HY-13524, MCE) was solubilized in DMSO and 
diluted to a concentration of 10 mg/kg mouse weight in ster-
ile saline. AG1478 or saline (1% DMSO in normal saline), 
at a dose of 50 mg/kg body weight, was chronically admin-
istered intraperitoneally (i.p.) for 2 h before running every 

other day for four weeks. The timing and dose of AG1478 
administration was based on a previous study (Weglicki et al. 
2012).

The procedures have been described previously (Yi 
et al. 2020). The mice in running groups underwent adap-
tive run-training sessions in individual lanes of a tread-
mill (FT-200, Taimeng, China) (5 m/min for 45 min) for 
5 days, and running sessions (5 m/min for 10 min, 8 m/
min for 30 min, 5 m/min for 10 min) for the next 4 weeks 
to prevent stress-induced inhibition of hippocampal neuro-
genesis (Leem et al. 2018). Mice in the static groups were 
placed on the stationary treadmill for the same duration, 
and they often did not move or move by themselves. The 
running time is fixed in the morning.

BrdU Injections

5′-bromo-2′-deoxyuridine (BrdU; Sigma) in saline 
was administered i.p. 1 h before running every 4 hours 
(100 mg/kg), twice 1 day, for 6 days. Animals were sacri-
ficed five weeks after the last BrdU injection.

Behavioral Analysis

All behavioral tests were performed during light periods, 
and all mice were handled for at least 5 min twice a day for 
3 days before the behavioral test (Albarran-Zeckler et al. 
2012). Behavioral analysis was performed on 12-week-
old mice by investigators unaware of their genotype and 
groups.

Animals were tested in sequential order of least disruptive 
(absence of noxious stimulation: open field and T-maze) to 
most disruptive (e.g., MWM, fear conditioning test, and con-
textual fear discrimination learning, which involved physical 
stimuli, such as loud noise, foot shock, or cool water).

Open Field Test (OFT)

To provide measures of locomotor activity and general anx-
iety-like behavior, locomotor activity was recorded in the 
open field, made of a rectangular chamber (45 × 45 × 45 cm). 
The floor illumination level is set to 200 lux by LED lights 
on both sides of the wall. The mouse was gently placed on 
the center square and allowed to freely explore the arena for 
5 min. The total distance traveled during a session, the time 
spent moving, and the total duration spent in the center were 
measured by an automated video tracking system (TMV-
100S, TaiMeng, China) above the open field. After each 
trial, the apparatus was swept out with 75% alcohol to avoid 
the presence of olfactory cues. General activity and anxiety 
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were assessed by calculating the total distance traveled, total 
movement time, and time spent in the center of the field, 
respectively.

Forced‑Choice Spontaneous Alternation in T‑Maze 
Test

A forced-choice paradigm was employed to encourage a 
higher level of alternation (Hughes 2004). The apparatus 
was an enclosed maze with 3 arms, a start arm (38 × 7 cm), a 
central choice area (7 × 7 cm), and two symmetrically choice 
arms (30 × 7 cm). In brief, each trial consisted of a 5-min 
acquisition phase, an inter-trial interval (ITI; 2 min), and a 
final 5-min test phase. ITIs of 2 min were included to assess 
the persistence of short-term spatial memory (Lalonde et al. 
2003). During the acquisition phase, the mouse was placed 

in the starting arm facing the wall and allowed to explore 
the apparatus. As soon as the animal entered (with all four 
paws) one of the two choice arms, the compartment door 
was closed for 30 s. Then, the mouse was gently removed 
from the maze to the home cage for the ITI. At the test, the 
block was removed, and the mouse was placed back in the 
starting arm for a second-choice trial. The novel arm in the 
second trial was the right choice, the arena was thoroughly 
cleaned using 70% ethanol to remove any scent cues, that 
could identify the novel arm. The test was conducted in the 
room where the animals were housed and consisted of 10 
trials.

Correct percentage (%) = total novel arm in the second trials
total trials

× 100%

Fig. 1  AG1478 neutralized treadmill running effect on ErbB4 phos-
phorylation in the hippocampus. A Schematic experimental design. 
B The body weight of both the vehicle:run group and AG1478: run 
group weighs less than the relevant control group (vehicle: static 
group and AG1478: static group), while AG1478 does not affect 
it. Data are expressed as mean ± SEM, Three way ANOVA: F (4, 
180) = 862.7, p < 0.0001; Tukey’s multiple comparisons test: in the 
2nd week: vehilce: static vs. vehicle:run: p = 0.0096, AG1478: static 
vs. vehicle: run: p = 0.0477, in the 3rd week: vehilce: static vs. vehi-
cle: run: p < 0.0001, AG1478: static vs. AG1478: run: p = 0.0038, 
AG1478: static vs. vehicle: run: p = 0.0070, in the 4th week: AG1478: 
static vs. AG1478: run: p < 0.0001, AG1478: static vs. vehicle: run: 
p < 0.0001, vehicle: static vs. AG1478: run: p < 0.0001, vehicle: 

static vs. vehicle: run: p < 0.0001, *p < 0.05, ****p < 0.0001. n = 8. 
C Representative western blots of total ErbB4 and phosphate-ErbB4 
in the hippocampus. a-Tubulin was used for normalization. n = 5. 
D Quantitative analysis of the expression of total ErbB4 in the hip-
pocampus. Two way ANOVA: F (1, 16) = 0.008286, P = 0.9286, 
Tukey’s multiple comparisons test: AG1478: static vs. vehicle: run: 
p = 0.0385. E Quantitative analysis of the relative phosphate-ErbB4 
level to total ErbB4 in the hippocampus. n = 5, Two way ANOVA: 
F (1,16) = 0.5757, p = 0.4590, Tukey’s multiple comparisons test: 
vehicle: static vs. AG1478:static: p = 0.0242, vehicle:static vs. vehi-
cle: run: p = 0.0245, vehicle:run vs. AG1478: static: p < 0.0001, 
AG1478:static vs. AG1478:run: p = 0.0026
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Contextual and Cued Fear Conditioning Test

The contextual and cued fear conditioning test is the behav-
ioral paradigm used to evaluate associative fear learning, 
hippocampus-dependent, and hippocampus-independent 
memory function memory in rodents (Shoji et al. 2014). 
Briefly, the mouse was placed in the conditioning chamber 
using the Freeze Monitor system (San Diego Instruments, 
San Diego, CA, USA) for 3 min as an accommodation 
period and then a tone-foot-shock pairing (tone, 30 s, 65 dB, 
1 kHz; foot shock, 2 s, 0.75 mA) was delivered. The mouse 
was allowed to explore the chamber for another 30 s after 
the shock to study postshock freezing.

The contextual fear conditioning test was assessed 24 h 
after training by placing the mice back in the same test 
chamber for 3 min to assess short-term memory. The floor 
illumination level is set to 100 lux by LED lights. The cued 
fear conditioning test was assessed 2 h after the contextual 
fear conditioning test in a novel acrylic triangular chamber 
with a flat, white floor, covered with a transparent lid cham-
ber (context C) changed smell (A drop of lemon juice on one 
wall) and tone of the training for 3 min. The floor illumina-
tion level is set to 30 lux by LED lights.

Freezing behavior, defined as the absence of all visible 
movement of the body except the movement necessitated by 
respiration, was scored by a observing software. At the end 
of each test, the chamber was cleaned with 75% alcohol to 
avoid the presence of olfactory cues.

Morris Water Maze

To assess hippocampal-dependent spatial learning and mem-
ory, mice were tested in the Morris water maze (MWM,XR-
XM101; Shanghai Softmaze Information Technology Co., 
Ltd., Shanghai, China) (130 cm diameter, 45 cm high) con-
taining opaque water (24–26 °C) and a circular platform 
(10 cm diameter, approximately 1 cm below the water sur-
face) located in the center of the target quadrant. The MWM 
was virtually divided into four equal imaginary quadrants by 
the AnyMaze software. The test was executed as previously 
described (Montag-Sallaz and Montag 2003). Briefly, the 
test consisted of a 4-day hidden platform training test and a 
one-day single probe test. In the training test, the mouse was 
allowed to face the pool wall in a random starting place to 
find the hidden platform. The mouse was allowed 120 s to 
find the platform they sat for 20 s. If the mouse did not find 
the platform within 120 s, it was gently guided there and 
allowed to stay on it for 30 s. Twenty-four hours after the last 
training session, the platform was removed from the pool, 
the mouse was placed in the opposite quadrant, and a 60-s 
probe trial was performed. The escape latency, the percent-
age of time spent on the target, and the number of platform 
crossings were recorded.

Contextual Fear Discrimination Learning

Pattern separation is a fundamental computational func-
tion of DG (Faghihi and Moustafa 2015; McNaughton et al. 
1986), which depends on normal adult neurogenesis. This 
paradigm tests the animal's ability to distinguish between 
similar contexts (Sahay et al. 2011). The shock-associated 
training context A (with foot shock) and the similar context 
B (without foot shock) shared many features, including an 
exposed stainless-steel grid floor and roof. Four black and 
white inserts were applied to cover the walls, and a plexi-
glass floorboard was above the stainless-steel grid floor in 
context B. A non-alcoholic antiseptic solution was used to 
clean the grids between trials. In pilot experiments, mice 
were exposed to context A, where they received a single 
2 s 0.75 mA foot shock, 185 s following placement in the 
soundproof chamber (29 × 29 × 24 cm; Coulbourn instru-
ments, Allentown, PA, USA, model H10-11 M-7C-SF) 
and the floor's illumination level is set to 100 lux by the 
LED lights. In discrimination learning, mice were exposed 
to the training context A. One hour later, mice were placed 
in a similar context C, and left for 180 s without foot shocks. 
When no mouse movement is detected for more than 2 s, its 
behavior is counted as “freezing.”

Freezing behavior during the test is tracked and measured 
as an index of fear memory using video tracking software 
daily. Context discrimination ratio was calculated as follows: 
a score of 0 indicated a complete lack of discrimination, i.e., 
freezing levels were the same in similar and training contexts 
(Freezing similar context = Freezing training context).

In Vitro and In Vivo Calcium Imaging

To assess the effect of AG1478 on intracellular  Ca2+ levels 
in PV neurons, calcium signals from cells were observed 
in brain slices. First, the brain slice was quickly removed 
and placed in 4 °C artificial cerebrospinal fluid (ACSF) 
composed of (in mM) choline chloride 110, KCl 2.5, 
 NaH2PO4 1.25,  NaHCO3 26.0,  CaCl2 0.5,  MgCl2 7, d-glu-
cose 10, Na-ascorbate 11.6, Na-pyruvate 3.1, and atro-
pine sulfate 0.01. The coronal slices (300 μm) were cut 
using a Leica VT1000S vibratome and then incubated 
in standard ACSF containing (in mM) NaCl 126, KCl 3, 
 NaH2PO4 1.25,  NaHCO3 26.0,  CaCl2 2,  MgSO4 2, d-glucose 
11 saturated with 95%  O2 and 5%  CO2. Next, hippocam-
pus slices were kept at 32 °C for approximately 30 min 
before recording. The  Ca2+ signals were visualized by an 
inverted fluorescent microscope (Olympus, USA) with 

Discrimination ratio

=
Freezing training context A − Freezing similar context B
Freezing training context A + Freezing similar context B
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a water-immersion objective lens (40X, LUMPlanFL, 0.80 
numerical aperture; OLYMPUS). Brain slices from one ani-
mal were divided into two groups. One group was incubated 
for 30 min at 32 °C in ACSF as the control group, whereas 
another in 10 μmol/L AG1478 as the experiment group. 
Upon excitation at 488 nm, calcium-complexed GCaMP6 
was collected at ten frames per second using the Image-pro 
plus 7.0 software. The  Ca2+ levels in slices were calculated 
as following using calcium imaging in vitro assay.

To further assess the effect of AG1478 on intracellular 
 Ca2+ levels in PV neurons of the running mice, calcium sig-
nals from cells in awake animals with head-fixed animals 
were observed by in vivo calcium imaging. Firstly, 300 nL 
of AAV-EF1α-DIO-GCaMP6m-WPRE-hGH-pA viruses 
(BrainVTA, catalog# PT-0283) were injected into the DG 
of PV-Cre mice using a stereotaxic instrument. The stereo-
tactic technology procedures have been described previously 
(Yi et al. 2020). Adult PV-Cre mice were anesthetized with 
chloral hydrate (400 mg/kg, i.p.) and head-fixed in a stere-
otaxic device (RWD Life Science; 68,025). Viruses were 
unilaterally injected (0.3 mL per side, 0.05 nL/min) with 
a glass pipette (Cetin et al. 2006) (tip size, ~ 20 mm) at 
the following coordinates relative to bregma: anteroposte-
rior, − 1.94 mm; dorsoventral, − 2.14 mm; and mediolat-
eral, ± 1.5 mm. After injection, the glass pipette was left in 
place for 15 min before slowly removing it. The titers of 
AAV-EF1α-DIO-GCaMP6m-WPRE-hGH-pA (BrainVTA, 
catalog #: PT-0283) were 2 ×  1012 genome copies per mL. 
Secondly, 4 weeks after virus injection, the gradient-index 
(GRIN) lens (0.5 mm in diameter and 5.901 mm in length, 
Gofoton, USA, GRIN Tech) was firmly mounted to a stere-
otaxic holder. The GRIN lens were inserted into the DG 
(either the left or the right side) and positioned at 0.10 mm to 
0.20 mm above the highest viral injection site. Next, dental 
cement (New Century Dental Materials Co. Ltd., Shanghai, 
China) was applied to secure the GRIN lens. During record-
ing, the distance from the microscope to the GRIN lens was 
adjusted by a micro-manipulator until the field of view was 
in focus. The gain was set at 16, and the LED (470 nm) 
power was maintained at 100%. Images were collected at 
30 frames per second using the MiniScope V2.0 software.

In vivo  Ca2+ imaging experiments, we divided the mice 
into two groups. Both groups received a dose of vehicle, 
and the  Ca2+ signals in the static state were recorded 30 min 
later. Subsequently, one group continued to receive vehicle, 
while the other group was administered AG1478.  Ca2+ sig-
nals were recorded once more after another 30 min. Finally, 
following a period of running exercise, we recorded the  Ca2+ 
signals again. All comparisons were based on the  Ca2+ sig-
nal intensity recorded during the static state.

Images were processed using MATLAB R2020b (Math-
works, Natick, MA) with customized code (https:// github. 
com/ think ertec h333/ analy sisfo rmini scope, Thinkertech, 

Nanjing, China), and Cellsort 4.0 software. After motion 
correction (set at 10) and denoising (set at 100), the region 
of interest was manually selected according to the fluores-
cence intensity. The  Ca2+ signals in the first 5 s were con-
sidered baseline, and the average  Ca2+ signal in this period 
was used as a reference (F0) to normalize the fluorescence 
signal (DF/F). The formula is as follows:

Fsignal is the real-time  Ca2+ signal intensity of the cells 
of interest, F0 is the average  Ca2+ signal intensity in the 
baseline period.

Immunofluorescence

Mice were anesthetized with chloral hydrate and perfused 
transcardially with 4% paraformaldehyde (PFA) in phos-
phate-buffered saline (PBS, pH7.4), and tissues were fixed 
overnight in 4% PFA at 4 °C. After cryoprotected in 30% 
sucrose, brain tissues were frozen in OCT and cut into 40 μm 
by a cryostat (Thermo Scientific, HM550).

The free-floating sections were rinsed three times in PBS, 
blocked in PBS with 0.3% Triton and 10% goat serum, and 
0.1% Triton-X 100 (PBST) for 60 min at room temperature. 
Sections were then incubated with primary antibodies in 
PBST at 4 °C overnight. After washing with PBS 3 times, 
samples were incubated with second antibodies in PBST 
for 1 h at room temperature. Samples were mounted with 
mounting medium, antifading (with DAPI) (S2110, Beijing 
Solarbio Science & Technology), and images were taken 
with a Zeiss Axioplan light microscope. Label quantifica-
tion of labeling was determined by counting all fluorescent 
cells in 3–5 sections per animal. Adobe Photoshop CS6 (PS) 
software was used to calculate the areas of the DG. Next, we 
used the counting tool to count the number of cells in the 
target area. The density of positive cells was calculated by 
the number of positive cells divided by the area of the DG.

For BrdU staining, sections were incubated with 2 N 
HCl for 30 min at 37 °C to denature the DNA, followed by 
neutralization with 0.1 M borate buffer (pH 8.5) for 10 min 
at room temperature. After neutralization, sections were 
rinsed with PBS several times before incubation with pri-
mary antibodies.

Immunocytochemistry used following antibodies: rab-
bit anti-KI67 (1:500, Abcam, Cambridge, UK, catalog #: 
ab15580, PMID: 34420159), rat anti-BrdU (1:300, FITC 
conjugated, Abcam, Cambridge, UK, catalog #:ab74545, 
PMID: 32117963), mouse anti-NeuN (1:500, Abcam, 
Cambridge, UK, catalog #: ab104224, PMID: 32117963), 
rabbit anti-PV (1:100, Abclonal, Shanghai, CN, cata-
log #: A2791,PMID: 32117963), donkey anti-rabbit IgG 

ΔF∕F =
Fsignal − F0

F0

https://github.com/thinkertech333/analysisforminiscope
https://github.com/thinkertech333/analysisforminiscope
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conjugated with Alexa Fluor 594 (1:200, Jackson Immu-
noResearch, USA, catalog #: R37119, PMID: 32117963), 
goat anti-rabbit IgG conjugated with Alexa Fluor 488 
(1: 250, Proteintech, CN, catalog #: SA00006-2, PMID: 
30208760), goat anti-mouse 488(1:250, Proteintech, CN, 
catalog #: SA00013-1, PMID: 31849642).

Western Blot

One day after behavioral tests, the mice were anesthetized 
with 5% chloral hydrate (8 ml/kg), and tissues were rapidly 
collected. The tissue homogenates were prepared on ice in 
RIPA buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM 
NaCl, 5% sodium deoxycholate, 1% NP40, 1 mM PMSF, 
and 1 μg/ml protease inhibitor cocktail. For immunoblotting 
p-ErbB4, homogenates were subjected to immunoprecipita-
tion with ErbB4 antibody and protein-A (Roche) at 4 °C 
overnight. Homogenates or bound proteins were resolved 
on SDS/PAGE and transferred to PVDF membranes, which 
were incubated in Tris–Phosphate buffer (TBS) contain-
ing 0.1% Tween-20 and 5% milk (TBST) for 1 h at room 
temperature before the addition of primary antibodies for 
incubation overnight at 4  °C. After washing, the mem-
branes were incubated with HRP-conjugated secondary 
antibodies (1: 30000, Biosharp, catalog #: BL003A, PMID: 
32117963) in TBS for 1 h at room temperature. Primary 
antibodies used and blotting conditions were: rabbit anti-
phosphate-ErbB4 (1:1000, Abcam, Cambridge, UK, catalog 
#: Ab76132, PMID: 31043588), ErbB4 (1:1000, catalog #: 
ab19391, Cambridge, UK), rabbit polyclonal anti-a-Tubulin 
(AC003, 1:500, Abclonal, Abclonal, Shanghai, CN, PMID: 
32117963). These bands were visualized using enhanced 
chemiluminescence (Biorad, UK, catalog #: 1705060), 
scanned by MicroChemi 4.2 (DNR Bio-imaging Systems, 
ISRAEL), and quantified with Image J software (National 
Institutes of Health, Bethesda, MD, USA). Protein levels 
were quantified by measuring the density of each band using 
Image J software and then normalized to the α-Tubulin level.

Statistical Analysis

All statistical analyses were performed by GraphPad Prism 
8.0 Software (GraphPad Software, San Diego, CA) and 
detailed in the corresponding figure legends. The quantita-
tive data were expressed as Mean ± SEM. Group compari-
sons were made using two-way ANOVA followed by Tuk-
ey’s post hoc tests for multiple comparisons. A mixed 3-way 
ANOVA was applied in case of repeated measurements (for 
instance, for the body weight in Fig. 1B, the open field data 
in Fig. 3B, and pattern separation in Fig. 5H) with “running” 
and “treatment” as between groups factors and “time bins” 
as within groups factor. *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001. Comparisons with no asterisk or ‘NS’ had 
p > 0.05 and were considered not significant.

Results

AG1478 Neutralized Treadmill Running Effect 
on ErbB4 Phosphorylation in the Hippocampus

AG1478, an ErbB signaling inhibitor, has been shown 
to block exercise-induced NRG1/ErbB signaling trans-
duction in the heart (Cai et al. 2016). To investigate the 
effect of treadmill running on ErbB4 signaling activation 
in the brain, AG1478 was administered 2 h before each 
treadmill session. The animals were randomly assigned 
into four groups according to treatment: (1). AG1478: 
static: the group subjected to daily AG1478 injection and 
static treadmill, (2). vehicle: static: the group subjected 
to saline injection and static treadmill, (3). AG1478: run: 
the group subjected to daily AG1478 injection and run-
ning treadmill, (4). vehicle: run: the group subjected to 
saline injection and running treadmill (Fig. 1A). Consist-
ent with the previous study (So et al. 2017), all groups 
gained weight, but the two running groups weight gain 
was less than the two static groups.. However, AG1478 
did not affect body weight within 4 weeks (Fig. 1B). One 
day after behavioral tests, the mice were anesthetized, and 
tissues were collected rapidly. The immunoprecipitation 
assay was conducted to further detect ErbB4 phosphoryla-
tion. No change in total ErbB4 protein levels was observed 
in AG1478: static and vehicle: static mice (Fig. 1C, D), 
However, vehicle: run mice exhibited significant upregula-
tion of ErbB4 phosphorylation (Y1258) and total ErbB4 
expression in the hippocampus compared to the AG1478: 
static group. In contrast, significant reductions in relative 
pErbB4 levels to total ErbB4 were observed in AG1478: 
static mice compared to the vehicle: static group. These 
decreased levels in the hippocampus of AG1478: static 
mice were attenuated by running (Fig. 1C, E).

AG1478 Neutralized Treadmill Running Effect 
on NSCs Survival and Proliferation in the DG

To investigate cell survival, BrdU was injected during 
the first week of treadmill running to label proliferat-
ing progenitor cells. NeuN was used as a neuron marker 
of postmitotic steps to assess their maturation. Ki67, a 
marker of intrinsic proliferating cells, was observed at the 
end of training. As shown in Fig. 2A, the number of Ki67 
cells decreased in the AG1478: static compared to the 
vehicle:static. In line with numerous reports (van Praag 
et al. 1999), treadmill running enhanced the proliferation 
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Fig. 2  AG1478 neutralized treadmill running effect on NSCs sur-
vival and proliferation in the DG. A Representative images of  Ki67+ 
cells and DAPI in the DG. Scale bar, 100  μm. B Quantification of 
 Ki67+ cells reveals a significant decrease in their total number in the 
AG1478: static mice when compared to vehicle: static mice, which 
are increased by running. Two way ANOVA: F (1, 16) = 0.2847, 
p = 0.6009, Tukey’s multiple comparisons test: vehicle: static 
AG1478: static vs. AG1478: static p = 0.0051, vehicle: static vs. vehi-
cle: run: p = 0.0090, AG1478: static vehicle: run vs. AG1478: static: 
p < 0.0001, AG1478: static vs. AG1478: run: p = 0.0407, AG1478: 
run vs. vehicle: run: p = 0.0011, **p < 0.01, ****p < 0.0001. n = 5 

mice in each group, 5 section per mice. C Representative images of 
 BrdU+ cells and their colocalization with NeuN in the DG. Scale 
bar, 100 μm. D Quantification of BrdU +NeuN+ cells reveals a sig-
nificant decrease in the AG1478: static mice when compared to 
vehicle: static mice, which are increased by running. Two way 
ANOVA: F (1, 16) = 4.446, p = 0.0511, Tukey’s multiple com-
parisons test: vehicle:static vs. AG1478: static: p = 0.0003, vehicle: 
static vs. vehicle: run: p = 0.001, AG1478: static vs. AG1478: run: 
p < 0.0001, AG1478: static vs. vehicle: run: p < 0.0001, **p < 0.01, 
****p < 0.0001. n = 5 mice in each group, 3 section per mice
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of NSCs in the DG of the vehicle:run group. The pop-
ulation of Ki67-positive cells was also increased in the 
vehicle:run compared to AG1478: run (Fig. 2B). Upon 
analyzing the late BrdU and postmitotic (NeuN) neu-
ronal cells, the AG1478: run group exhibited an elevated 

population of NeuN/BrdU-positive cells in comparison 
to AG1478: vehicle, however, no significant change was 
observed between the AG1478: run group and vehicle: run 
group (Fig. 2C, D). These results indicate that the effect 
of exercise on adult neurogenesis in the DG might depend 
on Erb signaling.

Fig. 3  Treadmill running beneficial effect on hyperactivity, but 
not anxiety neutralized by AG1478. A Representative traces of 
mice movement during the open field test. Test duration: 5  min. B 
The total movement distance traveled. Three way ANOVA: F (12, 
140) = 0.2786, p = 0.9918, Tukey’s multiple comparisons test: vehi-
cle: static vs. AG1478: static: p = 0.0001, vehicle: static vs. vehi-
cle: run: p = 0.0058, AG1478: static vs. vehicle: run: p < 0.0201, 
AG1478: static vs. AG1478: run: p < 0.0001. *p < 0.05, ***p < 0.001, 
****p < 0.0001. n = 8. C The total movement time travelled. Three 
way ANOVA: F (1, 28) = 0.08744, p = 0.7696, Tukey’s multiple 
comparisons test: vehicle: static vs. vehicle: run: p = 0.0010, vehicle: 
static vs. AG1478: run: p = 0.0001, AG1478: static vs. vehicle: run: 
p = 0.0201, AG1478: static vs. AG1478: run: p = 0.0031. *p < 0.05, 

***p < 0.001, ****p < 0.0001. n = 8. D The percentage of time spent 
in the center of the field. n = 8. Two way ANOVA: F (1, 28) = 38.61, 
p < 0.0001, Tukey’s multiple comparisons test: vehicle: static vs. 
vehicle: run: p < 0.0001, AG1478: static vs. vehicle: run: p < 0.0001, 
AG1478: static vs. AG1478: run: p < 0.0001. ****p < 0.0001. n = 8. 
E Schematic illustration of the T-maze test. F The correct percent-
age of the right arm in the T-maze test. Two way ANOVA: F (1, 
28) = 0.6000, p = 0.4451, Tukey’s multiple comparisons test: vehi-
cle: static vs. vehicle: run: p = 0.0022, vehicle: static vs. vehicle: run: 
p = 0.0003, AG1478: static vs. vehicle: run, p < 0.0001, AG1478: 
static vs. AG1478: run: p < 0.0001, vehicle: run vs. AG1478: run: 
p = 0.0326. ***p < 0.001, ****p < 0.0001. n = 8
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Treadmill Running Beneficial Effect 
on Hyperactivity, but not Anxiety Neutralized 
by AG1478

To investigate the effect of AG1478 treatment on locomo-
tor activity and anxiety-like behaviors, we used the open 
field test (Fig. 3A). AG1478-treated static animals exhib-
ited a robust increase in total distance traveled, while 

AG1478-treated running mice showed significant decreases 
in total distance traveled. Importantly, there was no differ-
ence between AG1478-treated running mice and vehicle-
treated static mice (Fig. 3B), suggesting that running effec-
tively ameliorates hyperactivity through ErbB4 signaling.

Furthermore, when looking at the total movement time 
and time in the center of the arena, the vehicle-treated run-
ning mice exhibited remarkable less anxiety-like behavior 
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compared to the control group as they spent more time in 
the center of the arena. However, no significant change 
was observed between the vehicle-treated static group and 
the AG1478-treated static group (Fig. 3A–D), indicating 
that treadmill running was effective in ameliorating anxi-
ety, but may not be through the ErbB4 signaling pathway. 
These findings suggest that ErbB4 signaling plays a role 
in modulating hyperactivity, while treadmill running may 
be an effective means to reduce anxiety.

Effect of Treadmill Running on Working Memory 
and Partial Spatial Memory Compromised 
by AG1478

To analyze the impact of AG1478 treatment on working 
memory, we examined spontaneous alternations through the 
T-maze test. As shown in Figs. 3E and F, animals treated 
with AG1478 had fewer correct entries, indicating possi-
ble impairment of working memory caused by AG1478. 
However, after treadmill running, the decrease in correct 
entries was ameliorated, suggesting that ErbB4 signaling 
may play a significant role in enhancing working memory 
during running.

The Morris water maze (MWM) is a widely used tech-
nique for detecting spatial memory (Brandeis et al. 1989; 

McGarrity et al. 2017; Sakurai 1994). We used the MWM 
to evaluate cognitive functions related to adult hippocampal 
neurogenesis. In the acquisition trial, mice learned the loca-
tion of a submerged platform in the target quadrant. Escape 
latency reduced over time, indicating that the mice in all 
test groups were able to learn the task. AG1478 resulted in 
a significant increase in escape latency for the platform dur-
ing four days of training in the MWM when compared to the 
control group (p < 0.005), A significant decrease in escape 
latency was observed in the AG1478:run compared to both 
the AG1478:static and vehicle: static groups (Fig. 4A). In 
the probe trial, when the platform was removed, there were 
no significant differences in the total distance traveled and 
average velocity among the four groups (Fig. 4B–C). How-
ever, the percent time spent in the correct quadrant and num-
bers for crossing the platform were significantly lower in 
the AG1478: static group than the two vehicle:static groups 
(Fig. 4D–F). Notably, the AG1478 : run group showed a sig-
nificant increase in this parameter after running, suggesting 
AG1478 may affect spatial learning.

To investigate the role of hippocampus-dependent mem-
ory, we measured non-spatial memory using a contextual and 
cued fear conditioning paradigm (Fig. 4G). The AG1478-
treated mice exhibited decreased fear responses compared 
to the control group. However, after running, we observed a 
significant increase in freezing responses in the AG1478: run 
group (Fig. 4H), indicating that ErbB4 signaling enhances 
contextual fear memory. Later, we tested the mice for their 
auditory cue memory in a new shape context (context B) 
that is hippocampus independent; the results showed no sig-
nificant difference between the AG1478-treated and control 
mice. Moreover, no abnormal nociceptive responses were 
observed between the static and running groups (Fig. 4I), 
suggesting that ErbB4 signaling can enhance hippocampus-
dependent fear memory during running, whereas hippocam-
pus-independent memory is unaffected.

Treadmill Running Effect on Pattern Separation 
Compromised by AG1478

In previous studies, it has been shown that contextual fear 
discrimination learning relies on the proper function of 
adult-generated DG cells (Kheirbek et al. 2012; McHugh 
et al. 2007) and is essential for the accuracy of memory 
encoding (Clelland et al. 2009). To discriminate between 
similar items in memory, distinct and high-fidelity repre-
sentations must be formed via pattern separation. This pro-
cess is thought to rely on the hippocampus, specifically the 
dentate gyrus, to orthogonalize overlapping inputs. Pattern 
separation is involved in context discrimination and the for-
mation and retrieval processes of memory by storing the 
diversity of experience.

Fig. 4  AG1478 partially compromised movement-dependent effect 
on spatial memory. A The escape latency to find platform of the 
Morris water maze in the acquisition trial. Three way ANOVA, F (3, 
112) = 26.37, p < 0.0001, Tukey’s multiple comparisons test: vehi-
cle: static vs. AG1478: static: p = 0.0038, vehicle: static vs. vehicle: 
run: p = 0.0002, vehicle: static vs. vehicle: run: p = 0.0020, AG1478: 
static vs. vehicle: run, p < 0.0001, AG1478: static vs. AG1478: run: 
p < 0.0001. ***p < 0.001, ****p < 0.0001. n = 8. B–D No signifi-
cantly difference among the four groups of total distance travelled, 
average velocity for total distance travelled, F (1, 28) = 0.8334, 
p = 0.3691, for average velocity, F (1, 28) = 0.8334, p = 0.3691, 
p = 0.411; for the percent time spent in the correct quadrant, n = 8. 
D The percent time spent in the correct quadrant in the probe trial. 
Two way ANOVA: F (1, 28) = 4.851, p = 0.0360, vehicle:static 
vs. AG1478:static: p = 0.0436, AG1478: static vs, vehicle: run: 
p = 0.0062, AG1478: static vs. AG1478: run: p = 0.0027. *p < 0.05, 
***p < 0.001. n = 8. E Swimming trajectory images of the mice in the 
probe trial. F The number of times crossed the platform in the probe 
trial. Two way ANOVA: F (1, 28) = 2.597, p = 0.1183, Tukey’s mul-
tiple comparisons test: vehicle:static vs. AG1478: static: p = 0.0198, 
vehicle: static vs. vehicle: run: p = 0.0034, vehicle: static vs. vehi-
cle: run, p = 0.0277, AG1478: static vs.vehicle,: run: p < 0.0001, 
AG1478: static vs. AG1478: run: p < 0.0001. *p < 0.05, **p < 0.01, 
****p < 0.0001. n = 8. G. Schematic experimental design of contex-
tual and cued fear conditioning test. H Freezing levels of the contex-
tual fear conditioning test. n = 8. Two way ANOVA: F (1, 28) = 3.189, 
p = 0.0850, Tukey’s multiple comparisons test: vehicle: run: 
p < 0.0001, vehicle: static vs. vehicle: run: p < 0.0001, vehicle: static 
vs. AG1478: run: p = 0.0008, vehicle: static vs. AG1478: static vs. 
vehicle: run, p < 0.0001, AG1478: static vs. AG1478: run: p < 0.0001, 
vehicle: run vs. AG1478: run: p < 0.0001. ****p < 0.0001. n = 8. I 
Freezing levels of the cued fear conditioning test. Two way ANOVA: 
F (1, 28) = 2.127, p = 0.1558

◂
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During the fear acquisition phase, pattern separation may 
be less necessary because the current context cannot be com-
pared to a previous one. This could result in reduced activa-
tion in both structures which are important for retrieving 
contextual fear memories and recognition memory.

In this study, altered hippocampal neurogenesis was 
observed in two running groups of mice compared to two 
relative controls. To further investigate the signaling of hip-
pocampal neurogenesis in running mice, a contextual fear 
discrimination paradigm was used to analyze their behavior. 
The mice were placed in a training chamber and received 
a foot shock for training. One hour later, the same mice 
were returned to the same context with a foot shock or to 
a modified context with no foot shock. They were allowed 
to explore each context for 3 min over five days, and their 
freezing behaviors were evaluated (Fig. 5A).

For the first 3 days, there was no difference in freezing 
behavior among the four groups (Figure S1A–D). On the 
fourth day, three groups could distinguish between contexts 
A and C, but the AG1478: static group showed only a trend 
towards lower freezing in context C relative to context A 
(Fig. 5B). On the fifth day, all mice exhibited similar levels 
between the two contexts, and the running groups showed 
significantly decreased freezing response in context C com-
pared to context A (Fig. 5C).

The mice treated with AG1478 in the two groups dis-
played significantly decreased discrimination ratio compared 
to the running mice on the fourth day; however, on the fifth 
day, mice in all groups exhibited a significant increase in 
the discrimination ratio between the two similar contexts 
(Fig. 5D). Running significantly enhanced the discrimination 
ratio when compared to vehicle-treated mice.

The behavioral deficits induced by AG1478 were highly 
correlated with neurogenesis. These results suggest that 
treadmill running may compromise the effect of pattern 
separation on contextual fear discrimination learning when 
ErbB4 signaling is affected by AG1478. By reversing the 
AG1478-induced deficits through running, neurogenesis 
could be involved in this process.

Treadmill Running Effect on Intracellular  Ca2+ 
Increases in  PV+ Neurons Attenuated by AG1478

In a previous study, running increases the number of  PV+ 
cells in the DG (Yi et al. 2020). To further assess the effect 
of AG1478 on PV activity, we injected AAV-EF1α-DIO-
GCaMP6m-WPRE-hGH-pA into the DG of PV-Cre mice. 
We then observed intracellular calcium signals of cells in 
brain slice imaging. As shown in Fig. 6A–C, the intracellular 
 Ca2+ levels in PV neurons of both groups were incompa-
rable during the first 5 s. After that period, AG1478 treat-
ment decreased the intracellular  Ca2+ level in PV neurons 

compared to ACSF treatment. This difference became more 
significant over time.

Using in vivo calcium imaging, we further assessed the 
intracellular  Ca2+ levels in the PV neurons during treadmill 
running. As shown in Fig. 6D–F, AG1478 treatment signifi-
cantly decreased the intracellular  Ca2+ levels in PV neurons 
compared to the control (vehicle: static), while running treat-
ment (vehicle: run) showed significantly higher intracellular 
 Ca2+ levels. The effect of running on the intracellular  Ca2+ 
levels was attenuated by AG1478 treatment (AG1478: run), 
suggesting that ErbB4 signaling regulates the intracellular 
 Ca2+ increase in PV neurons during animal movement.

Discussion

The family of ErbB receptors, including ErbB1-4, is fun-
damental to the proper physiological function of vertebrate 
tissue due to their involvement in numerous essential cel-
lular functions such as cell growth, division, migration, 
adhesion, and apoptosis.. Among these receptors, ErbB1, 
and ErbB4 are expressed in dopamine and GABA neurons, 
while oligodendrocytes, astrocytes, and their precursors 
mainly present ERBB1, 2, and/or 3. Neural stem cells in the 
subventricular zone (SVZ) are highly enriched with ErbB1, 
whereas interneurons in the hippocampus and neocortex, as 
well as cerebellar Purkinje cells, express ErbB1 (Abe et al. 
2009; Namba et al. 2009; Werner et al. 1988). Interestingly, 
ErbB1 activation in GABAergic neurons induces their de-
differentiation, while ErbB2: ErbB4 heterodimers influence 
the morphological differentiation of hippocampal neurons 
(Gerecke et al. 2004; Nagano et al. 2007; Namba et al. 
2006). ErbB3 expression is also observed in neural precur-
sor cells in the adult hippocampus and contributes to their 
proliferation, although the expression is modest (Mahar et al. 
2011). Furthermore, ErbB4 signals may accelerate neural 
differentiation in specific cell populations, potentially atten-
uating ErbB1 signaling (Woo et al. 2007). However, these 
processes also involve ErbB1, and therefore, the interplay 
between ErbB4 and ErbB1 needs to be further characterized 
to reveal the complete mechanism (Li et al. 2012) (Abe et al. 
2009). Most importantly,  PV+ interneurons in the prefrontal 
cortex and hippocampus are  ErbB4+ (Bean et al., 2014). 
These findings suggest that the ErbB receptor family plays 
an essential role in numerous biological processes, including 
neural differentiation and migration. Thus, it is crucial to 
comprehend the distinct effects of these receptors to develop 
an understanding of the underlying pathophysiology of vari-
ous neurological diseases.

AG1478, while commonly considered an inhibitor of 
ErbB4, has also been shown to effectively inhibit the acti-
vation of EGFR (ErbB1).The combinatorial assemblies of 
ErbB receptors, which have varying patterns of appearance, 
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Fig. 5  AG1478 compromised movement-dependent effect on pat-
tern separation. A Mice were tested in a contextual fear discrimina-
tion learning paradigm. Briefly, in two similar contexts, foot shook 
was only present in context A After several trials training in con-
text A and C, mice could discriminate context A but not C as the 
cue of foot shook tested by freezing. B The fourth day of contextual 
fear discrimination learning. All mice without AG1478 treatment 
could discriminate between the context A and context C Two way 
ANOVA: F (3, 56) = 2.065, p = 0.1152. Tukey’s multiple comparisons 
test: vehicle:static: p = 0.0011, vehicle: run: p = 0.0001. *p < 0.05, 
****p < 0.0001. n = 8. C The fifth day of contextual fear discrimi-
nation learning. All mice could discriminate between the context A 
and context C. Two way ANOVA: F (3, 56) = 8.104, p = 0.0001, Tuk-
ey’s multiple comparisons test: vehicle: static: p < 0.0001, AG1478: 

static: p = 0.0016, vehicle: run: p < 0.0001, AG1478: run: p < 0.0001. 
***p < 0.001, ****p < 0.0001. n = 8. D The discrimination ratio indi-
cates that the learning ability of the mice changed along the learn-
ing period, AG1478 significantly decrease the discrimination ratio 
in the AG1478: static group compared to those in the vehicle: static 
group, which are enhanced by running in the fifth day. TWO way 
ANOVA: F (3, 56) = 2.439, p = 0.074, Tukey’s multiple comparisons 
test: in the fourth day: vehicle: static vs. AG1478: static: p = 0.0016, 
AG1478: static vs. vehicle: run: p = 0.0004, vehicle: run vs. AG1478: 
run: p = 0.03205 in the fifth day: vehicle: static vs. AG1478: static: 
p = 0.0172, vehicle: static vs. vehicle: run: p = 0.0023, AG1478: 
static vs. vehicle: run: p < 0.0001, AG1478: static vs. AG1478: run: 
p = 0.00908, vehicle: run vs. AG1478: run: p = 0.0042. *p < 0.05, 
***p < 0.001, ****p < 0.0001. n = 8
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seem to play a major role in determining their activity in 
different tissues (Kokai et al. 1989). Local receptor-ligand 
interactions have also been found to be crucial in determin-
ing their activities (Olayioye et al. 2000), (Holbro and Hynes 
2004; Qian et al. 1994). Differential expression and localiza-
tion patterns of ErbB receptors and their ligands in various 
tissues also affect their coordinated functions (Gerecke et al. 
2001; Shelly et al. 2003). The importance of interactions 
between NRG1 expressed by ganglion neurons and ErbB2/
ErbB4 expressed by Corti supporting cells for the survival 
of adult spiral ganglion neurons (Stankovic et al. 2004). 
Another study showed that activation of ErbB1/ErbB2 

signaling by TGF in tanycytes, a type of ependymoglial cell, 
induces cellular plasticity and the release of TGF1 (Prevot 
et al. 2003). Similarly, NRG1 signaling through ErbB2/
ErbB4 has been found to aid neurite extension and arboriza-
tion in cultured hippocampal neurons (Gerecke et al. 2004) 
When conducting experiments to detect ErbB receptor acti-
vation, researchers typically measure the quantity of tyrosine 
phosphorylation as an indicator of activation magnitude or 
occurrence. With the exception of ErbB2, all ErbB recep-
tors have known ligands, while all but ErbB3 have relatively 
active kinase domains. EebB2 has minimal activity in ligand 
binding, but it is a favored partner for heterodimerization 

Fig. 6  Treadmill running effect on pattern separation compromised 
by AG1478. A Schematic diagram of virus injection into the DG 
of PV-Cre mice. B Schematic diagram of calcium imaging of brain 
slices in  vitro. The fluorescence intensity of calcium ion signals in 
the DG region of brain slices was recorded by upright fluorescence 
microscopy under a patch-clamp perfusion system. C The representa-
tive calcium signal of PV neurons changed with time, the upper four 
cells changed the calcium ion signal under perfusion ACSF condi-
tion, and the lower four were under perfusion AG1478 condition. 
Each horizontal strip corresponds to the time course of the Ca 2+ sig-
nal in each cell. D Traces of  Ca2+ signals from PV neurons in brain 
slices from PV-Cre mice with injecting AAV-EF1α-DIO-GCaMP6m-

WPRE-hGH-pA, n = 11  -  36 cells from 3 mice. Asterisks in black 
denote the significance between the ACSF-treated control and 
AG1478-treated brain slice. E Schematic of in vivo calcium imaging. 
Embed a GRIN lens onto the mouse head to DG and record real-time 
calcium signal fluorescence intensity by a head-mounted microscope. 
F Traces of  Ca2+ signals from PV neurons in the DG of PV-Cre mice 
from the four groups. n = 6-11 cells from 4 mice. G Quantification of 
ΔF/F. Asterisks in black denote the significance between the control 
and AG1478-treated brain slice. Data are presented as means ± SEM. 
*p < 0.05, ****p < 0.0001, 2-tailed Student’s t test (C), Two way 
ANOVA with Bonferroni’s post hoc test
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with other ErbB receptors. Although ErbB3 has minimal 
kinase activity, it is much reduced compared to other ErbB 
receptors. EGF-family ligands bind and activate EGFR, 
whereas heregulin-family ligands, also called neuregulins 
(NRG), interact with ErbB3 and ErbB4. No ligand has 
been identified for ErbB2, which instead acts as a preferred 
dimerization partner for other ErbB receptors in both ligand-
dependent and -independent manners (Kumagai et al. 2001, 
2003; Riese and Stern 1998).

Growing evidence has demonstrated that the NRG1-
ErbB4 pathway affects neurogenesis in both the embryonic 
and adult rostral migratory stream (RMS) of mice (Curtis 
et al. 2007). ErbB4 expression is detected in projection fields 
of the prefrontal cortex and ventral hippocampus, including 
the ventral striatum. As such, Nrg1/ErbB4 signaling might 
be required to maintain normal hippocampal structures and 
may influence related behaviors. The ErbB4 receptor, spe-
cifically its JM-a-derived 4ICD fragment, has been shown 
to promote neuronal progenitor migration (Flames et al. 
2004). In particular, the number of mature newborn neurons 
 (BrdU+NeuN+) decreased in the hippocampus of mice after 
deleting ErbB4 in PV neurons (Zhang et al. 2018). Phos-
phorylation of the ErbB4 receptor leads to the recruitment 
of adaptor/effecter molecules (Olayioye et al. 2000) and 
activates numerous downstream signaling pathways crucial 
to neuronal development, migration, axonal navigation, and 
synaptic function (Mei and Nave 2014). These findings may 
be beneficial for understanding ErbB4 and NRGs as modu-
lators of the proliferation and migration of neural stem and 
progenitor cells. The present study investigated the effects of 
ErbB4 inhibition using AG1478, an ErbB signaling inhibi-
tor, on neurogenesis and cognitive function in mice. The 
results showed a significant decrease in the relative total 
ErbB4 levels in the hippocampus of the AG1478-treated 
mice compared to the vehicle control group. The decreased 
relative pErbB4 levels in the hippocampus of AG1478: static 
mice could be attenuated by running (Fig. 1C, D). Phospho-
rylation of ErbB4 activates downstream signaling pathways 
crucial to neuronal development, migration, axonal naviga-
tion, and synaptic function (Mei and Nave 2014), which may 
explain the observed deficits in neurogenesis and cognitive 
function. These included phosphorylation events mediated 
through STAT3 activation-a typical pathogenic pathway (Liu 
et al. 2012, 2013), ERK MAP kinase, and Akt pathway acti-
vation (Wandinger et al. 2016), which account for a variety 
of phosphorylation-dependent signaling mechanisms known 
to contribute to cell survival and proliferation.

Neurogenesis is a multistep process whereby precur-
sor cells undergo lineage-directed cell division to produce 
immature neurons, of which only a fraction are selected to 
survive and contribute to hippocampal function. Activation 
of ErbB receptors impacts cell proliferation, migration, dif-
ferentiation, and apoptosis in various cell types (Liu et al. 

2018). BrdU labeling data showed that ablation of ErbB4 in 
PV neurons promotes hippocampal neural progenitor cell 
(NPC) proliferation (Zhang et al. 2018). In contrast, our 
study found that AG1478 treatment blocked the running-
induced activation of ErbB4 and led to decreased prolifera-
tion of hippocampal NPCs with deficits in neuronal survival. 
This suggests that the mechanism of running may be related 
to the activation of ErbB4 signaling, which is crucial for cell 
proliferation and survival. Ki67 is expressed in the cell cycle 
during all except the G0 and early G1 phases and is used to 
provide evidence of proliferation (Gerdes et al. 1983). To 
pharmacologically dissect ErbB4 functions on neurogenesis, 
we treated mice with AG1478, an inhibitor of ErbB sign-
aling, to inhibit ErbB4. Our report of putatively dividing 
and synthetic cells indicates proliferation and survival cells 
in the DG of the running mice, as previously suggested. 
However, AG1478 blocked running-induced activations of 
ErbB4, and it exhibited decreased proliferation of hippocam-
pal neural progenitor cells with deficits in neuronal survival. 
These further suggest that the mechanism of running may 
be related to the activation of ErbB4 signaling. Future stud-
ies might be needed to make firmer conclusions about the 
exact time course of running effects on various neurons by 
employing thymidine analogs.

To understand the contributions of cognitive function, 
we sought to determine which aspects of cognition could be 
rescued. Behavioral analysis revealed AG1478-treated mice 
showed hyperactivity without changes in anxiety-related 
behavior in the OFT task. In the T-maze and the MWM 
task, we found significant changes in working memory and 
spatial learning by running. Additionally, AG1478 treatment 
decreased contextual fear memory without alterations in 
cued fear conditioning, while treadmill running rescued the 
contextual fear memory. These findings suggest that tread-
mill running may be involved in hippocampus-dependent 
cognitive functions.

The adult brain produces new neurons in the hippocam-
pus, a region important for learning and memory. Recent 
studies reveal that a decrease in new neurons can impair pat-
tern separation, a process critical for discriminating similar 
experiences (Anacker and Hen 2017; Lepousez et al. 2015). 
On the other hand, an increase in new neurons promotes 
pattern separation and executive function. To examine this 
phenomenon, we rendered the contextual fear discrimina-
tion learning paradigms to test pattern separation. Our study 
found that the mice treated with AG1478 had a decreased 
ability to discriminate between two similar contexts, reveal-
ing a disruption in pattern separation. However, when the 
mice underwent physical exercise, their performance on 
the pattern separation task improved. We also observed a 
decrease in new neurons in the treated mice, as indicated by 
the ki67-positive and  BrdU+  NeuN+ labels.
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The changes in behavior and neurogenesis are likely 
to increase the responsiveness of granule cells in the hip-
pocampus to stimulation during cognitive tasks involving 
context and spatial memory (Deng et al. 2009; Saxe et al. 
2006). Disturbances in the maturation of the hippocampus 
have been reported in psychiatric disorders such as schizo-
phrenia and depression (Hagihara et al. 2013), indicating the 
importance of understanding the cellular processes underly-
ing these conditions. Our study sheds light on a potential 
therapeutic target for improving cognitive function in psy-
chiatric disorders. Further investigations are necessary to 
explore the involvement of signaling pathways mediated by 
the ErbB4 receptor in these disorders.

In neuroscience, neurons play a key role in maintain-
ing normal brain function. The firing of an action poten-
tial and the transmission of synaptic input contribute to 
rapid changes in intracellular free  [Ca2+] levels in neurons 
(Dur-e-Ahmad et al. 2011; Miyakawa et al. 1992). Among 
the various types of neurons that make up the brain,  PV+ 
interneurons are a critical subpopulation, despite compris-
ing less than 2% of all neurons in the hippocampus (Kontou 
et al. 2021). These neurons express parvalbumin (PV), a 
 Ca2+-binding protein vital for proper neuronal function. As 
a member of the family of EF-hand  Ca2+-binding proteins 
(CaBPs), PV serves as a component of the  Ca2+-signaling 
toolkit, acting as a Ca2 + buffer (Berridge et  al. 2003). 
Knockout mice lacking PV  (PV−/−) exhibit altered kinet-
ics of intracellular  Ca2+ signals, modulating the short-term 
synaptic plasticity of hippocampal PV neuron synapses 
(Vreugdenhil et al. 2003). Understanding the physiologi-
cal roles of  PV+ interneurons is therefore crucial for com-
prehending the intricate workings of the brain. The present 
study also investigated the involvement of intracellular  Ca2+ 
activity in  PV+ interneurons in the effects of AG1478 and 
treadmill running.  PV+ interneurons play crucial roles in 
shaping neuronal network activity (Kontou et al. 2021), and 
our results showed that calcium activity levels increased in 
the population of PV cells of the DG after treadmill running, 
whereas AG1478 treatment led to a distinct decrease in this 
calcium activity.

In summary, our findings provide strong evidence that 
AG1478 is capable of inducing neurogenesis deficits in the 
adult hippocampus and impairing hippocampus-dependent 
memory. Additionally, the ErbB4 signaling pathway is 
implicated in altering hippocampal interneuron activity and 
animal behavior. These results underscore the interactions 
between intracellular  Ca2+ activity in PV cells and neuro-
genesis, shedding light on potential targets for preventing 
and treating of neuropsychiatric disorders such as schizo-
phrenia and depression. Further studies are needed to better 
understand the specific mechanisms involved.
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