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Increased hippocampal TrkA expression ameliorates
cranial radiation‑induced neurogenesis impairment
and cognitive deficit via PI3K/AKT signaling
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Abstract. Cognitive deficit is one of the most serious complications of cranial radiotherapy of head and neck cancers. However,
the underlying mechanism of this cognitive impairment
remains unclear. In the present study, the role of tropomyosin
receptor kinase A (TrkA) and its ligand neurotrophin nerve
growth factor (NGF) were investigated following whole‑brain
irradiation (WBI). Young male Sprague‑Dawley rats underwent WBI at a single dose of 10 Gy. WBI was determined to
result in notable memory decline and substantial neurogenesis
impairment in the hippocampus 3 months post‑irradiation.
Compared with the control group, TrkA protein expression
was greater in irradiated rats 1 week after WBI, which then
decreased significantly by the 3‑month time‑point. However,
no difference in NGF expression was observed from 1 day to
3 months post‑WBI. Overexpression of hippocampal TrkA
in rats using adeno‑associated virus ameliorated memory
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decline induced by irradiation. Additionally, upregulating
TrkA expression rescued irradiation‑induced hippocampal
precursor cell proliferation and promoted neurogenesis. PI3K,
Akt and ERK1/2 phosphorylation were also revealed to be
significantly inhibited by WBI, which was ameliorated by
TrkA overexpression. Findings of the present study indicated
that the TrkA‑dependent signaling pathway may serve a critical
role in radiotherapy‑induced cognitive deficit and impairments
in neurogenesis.
Introduction
Radiotherapy has been demonstrated to provide long‑term
survival benefits for patients with primary or secondary
brain tumors (1‑3). However, cognitive dysfunction following
cranial irradiation is the most serious complication in these
patients (4). The main clinical manifestations of this is the
progressive reduction in hippocampal‑dependent learning
and memory and capacity to process information (5,6). These
delayed and long‑term adverse effects can have a serious
impact on the quality of life of the patient. Therefore, the
neurocognitive state following cranial irradiation has been
recommended by the Neurological Therapeutic Response
Assessment Working Group to be one of the primary endpoints
of clinical trials investigating brain tumors (7). Unfortunately,
alternative effective treatment and predictive strategies for
patients with brain tumors remain limited. In addition, a
thorough understanding of the molecular events underlying
irradiation‑induced memory decline is required to identify
novel therapeutic strategies.
Numerous studies have previously indicated that neurogenesis impairment in the hippocampus is critical for
irradiation‑induced cognitive deficit (8,9). There are two main
areas in the brain where neurogenesis primarily occurs: i) The
dentate gyrus of the hippocampus; and ii) the subventricular
area of the olfactory bulb. These new neurons migrate to the
specific brain regions and incorporate into existing neural
networks involved in mediating normal brain function (10,11).
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Nerve growth factor (NGF) is a neurotrophic receptor that
is highly expressed in the hippocampus, cortex and pituitary
gland (12). NGF has been demonstrated to bind tropomyosin
receptor kinase A (TrkA) and serve a key role in the development and functional maintenance of the brain (13,14).
Although NGF can also bind to the p75 neurotrophin receptor
(p75NTR) at a lower affinity compared with TrkA, it is improbable that p75NTR would preferentially transmit death signals in
cells expressing both receptors (14,15). The binding of NGF
to TrkA activates the extracellular signal‑regulated protein
kinase (ERK)1/2 signaling pathway, which in turn activates
the cyclic adenosine monophosphate response element‑binding
protein (CREB). Activation of CREB regulates various downstream signaling pathways required for neural precursor cell
proliferation, survival and memory formation (14,16).
However, the role of NGF‑TrkA signaling in irradiation‑induced memory deficit has not been fully determined.
Therefore, in the present study, a rat model was used to
investigate the influence of irradiation on NGF, TrkA and their
associated downstream signaling events, in addition to their
subsequent effects on hippocampal neurogenesis and memory
deficit.
Materials and methods
Animals and whole‑brain irradiation (WBI). The present study
was approved by the Animal Care and Ethics Committee of
The Affiliated Suzhou Hospital of Nanjing Medical University
and Shandong University (Jinan, China). A total of 36 male
Sprague‑Dawley rats (weight, 50‑60 g; age, 21 days) were
obtained from The School of Medicine, Shandong University.
All the rats were housed with 3‑4 animals per cage with
ad libitum access to tap water and food. The temperature was
set at 24˚C and the relative humidity was 50‑70%. They were
kept under natural light in 12‑h light/dark cycles. All rats were
anesthetized with 4% isoflurane and placed in prone position
in a 23EX linear accelerator (Varian Medical Systems, Inc.). A
total of 1‑2% isoflurane with 0.6‑0.8 l/min flow rate maintained
anesthesia during this process. Each rat was treated with WBI
using a 4‑MeV electron beam at a single dose of 10 or 0 Gy for
the control group. The beam was directed downwards towards
the head, whilst the body was shielded using a customized
block.
Study design. After WBI, each rat received a twice daily intraperitoneal injection of bromo‑deoxyuridine (BrdU; 50 mg/kg
body weight; Sigma‑Aldrich; Merck KGaA) for 4 days prior
to irradiation exposure. All rats were anesthetized with 4%
isoflurane followed by 1‑2% isoflurane with 0.6‑0.8 l/min
flow rate to maintain anesthesia. Adeno‑associated virus
(serotype 8, AAV8) encoding GFP was stereotaxically
infused into the dorsal hippocampus within 24 h after WBI.
All Sprague‑Dawley rats were randomly apportioned into the
following groups (n=12 per group): i) AAV‑control, consisting
of control rats infused with AAV encoding TrkA scramble
sequence; ii) AAV‑irradiation, consisting of irradiated rats
infused with AAV encoding TrkA scramble sequence; and
iii) AAV‑overexpression (ovp)‑TrkA, consisting of irradiated
rats infused within AAV encoding overexpression TrkA.
Morris water maze and open field test was performed at

1 and 3 months, following which all rats were sacrificed with
carbon dioxide. The animals were placed into a box and CO2
was infused into the box at a rate of 10‑30% of the volume
of the euthanasia box every minute. After 5 min, the animals
exhibited no movements, no breathing, no heartbeat, and pupil
dilation. Then, the infusion of CO2 was terminated and the rats
were observed for another 2 min to confirm the death of the
animal. Thus, a total of 7 min observation was used to confirm
animal sacrifice. All the euthanasia procedures on the use of
experimental animals adhered to the AVMA Guidelines for
the Euthanasia of Animals (17) and the best efforts were made
to minimize animal suffering throughout the experiment. The
humane endpoints of this study included rats quickly losing 20%
of their original body weight and rats that were unable to eat
and drink on their own due to weakness. Immunofluorescence
staining or western blotting were performed to evaluate the
effects of irradiation on neurogenesis and protein expression.
BrdU labeling. Each rat received an intraperitoneal injection
of BrdU (50 mg/kg body weight), twice daily at 8‑h intervals,
for a total period of 4 days before WBI.
AAV and stereotaxic injection. An AAV serotype 8 encoding
GFP vector was used in the present study. AAV8 encoding
TrkA scramble sequence and overexpressing TrkA were
constructed by Jikai Biological Technology Co., Ltd. AAV8
expressing a TrkA scramble sequence served as control. After
anesthesia, rats were bilaterally infused with AAV8 into the
dorsal hippocampus as previously described (18). Briefly,
the injection site was ‑3.7 mm anteroposterior from the
bregma, ±2.2 mm mediolateral from the bregma and 3.5 mm
below the surface of the skull. The titer of AAV8 virus was
3.92x1012 v.g./ml (vector genomes/ml), where a total volume of
2 µl was injected. The rate of infusion was 0.2 µl/min, where
the cannula was left in place for 5 min to ensure the complete
diffusion of the virus into the brain.
Morris water maze test. Place navigation tests were conducted
on days 1‑5, where all rats underwent 4 trials per day. A square
platform, ~9 cm in diameter, was submerged 1.5 cm beneath
the water. The location of the platform remained constant
throughout the trials, but the starting location changed for
each trial. Each rat was given 60 sec to locate the platform,
where it was then permitted to rest for a further 10 sec before
being assisted back into the home cage. If the rat failed to
locate the platform in the allotted time, it was guided to the
platform and allowed to remain on it for 10 sec.
A spatial probe test took place on day 6, where the platform was removed and the rats were allowed to swim freely
for 60 sec. The test was performed within 24 h after the trials
for 4 days. The time taken to reach the platform, path length,
swimming speed and the number of times the target zone was
crossed were recorded.
Open field test. Using an opaque open field (410x410x505 mm),
the middle and inner areas were termed the central region.
Each rat was placed in the central region, and was allowed to
move freely around the open field for 10 min. An automated
video‑tracking system (Shanghai Jiliang Software Technology
Co., Ltd.) was used to assess voluntary locomotor activity.

ONCOLOGY REPORTS 44: 2527-2536, 2020

Total track length, recorded as the total distance traveled and
the time spent in the central region, were measured using the
automated video‑tracking system.
Western blotting analysis. Immediately after the behavior
experiment, the experimental animals were sacrificed with
carbon dioxide. The hippocampus tissue homogenates were
lysed in RIPA buffer (cat. no. P0013B; Beyotime Institute
of Biotechnology) and subjected to 10% SDS‑PAGE
(cat. no. ST628; Beyotime Institute of Biotechnology). Protein
concentrations were determined using the bicinchoninic
acid protein assay kit (cat. no. P0009; Beyotime Institute of
Biotechnology). The polyvinylidene difluoride membranes
were blocked in 5% milk in TBST for 1 h at room temperature,
incubated with primary antibodies overnight at 4˚C, and
then incubated with secondary antibodies for 1 h at room
temperature. The following antibodies were used: Anti‑NGF
(1:1,000; product code ab6199; Abcam), anti‑TrkA (1:2,000;
product code ab76291; Abcam), anti‑phosphorylated (p)‑PI3K
(1:1,000; cat. no. 511120; ZenBioscience), anti‑p‑AKT (1:1,000;
cat. no. 310022, ZenBioscience) and anti‑p‑Erk1/2 (1:1,000;
cat. no. 310064; ZenBioscience). Anti‑GAPDH (1:5,000;
cat. no. ABS16), anti‑β ‑actin (1:10,000; cat. no. AV40173)
and anti‑tubulin (1:10,000; cat. no. T3526) were purchased
from Sigma‑Aldrich, Merck KGaA. Goat anti‑mouse HRP
(1:10,000; code no. 115‑035‑166) and goat anti‑rabbit HRP
(1:10,000; code no. 111‑035‑003) were purchased from
Jackson ImmunoResearch, Laboratories Inc. Immunolabeling
of membranes was detected by ECL chemiluminescence
(P0018S; Beyotime Institute of Biotechnology). The integrated
densities of each band were quantified using ImageJ Software
(version 2006.02.01; National Institutes of Health).
Immunohistochemistry. Immediately after the behavior
experiment, the rats were anesthetized and perfused with
ice‑cold saline followed by ice‑cold 4% paraformaldehyde.
Brain tissues were then removed and post‑fixed overnight in
4% paraformaldehyde at 4˚C followed by equilibration in 30%
sucrose. Sagittal sections at 30‑µm‑thick were cut at ‑20˚C by
frozen slicer (Leica CM1950; Leica Microsystems, Inc.). The
sections were treated with 2 M HCl at 37˚C for half an hour
and then washed in 1X Tris‑buffered saline pH 8.5 before
incubation in 5% BSA (cat. no. ST023; Beyotime Institute of
Biotechnology) and 5% Triton X‑100 (Beyotime Institute of
Biotechnology) in PBS for 1 h at room temperature. Tissue
sections were incubated with rabbit anti‑doublecortin (DCX;
1:100; cat. no. D9818; Sigma‑Aldrich; Merck KGaA), mouse
anti‑neuronal nuclei (NeuN; 1:50; cat. no. MAB377; Thermo
Fisher Scientific, Inc.), rabbit anti‑glial cell marker glial fibrillary acidic protein (GFAP; 1:100; cat. no. ab207165, Abcam)
or rabbit anti‑BrdU (1:500; cat. no. B8434; EMD Millipore)
primary antibodies at 4˚C overnight, followed by a ﬂuorescent
secondary antibody conjugated with Alexa Fluor ® 488 goat
anti‑mouse (1:500; cat. no. A11001; Invitrogen; Thermo Fisher
Scientific, Inc.) or Cy3‑conjugated goat anti‑rabbit (1:500;
cat. no. 111‑165‑144; Jackson ImmunoResearch Laboratories,
Inc.) secondary antibodies for 2 h at room temperature. Cell
nuclei were stained with 100 ng/ml DAPI (cat. no. C1002;
Beyotime Institute of Biotechnology) for 10 min at room
temperature.
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A confocal laser‑scanning microscope (Olympus
Corporation) with x20 objective was used to analyze the tissue
staining. Cell counts were evaluated in 5‑10 tissue sections per
rat using a multi‑channel configuration with ImageJ software
(version 2006.02.01). Cell counts were limited to regions in
the granule cell layer and hilus. The volumes of the granule
cell layer and hilus were used to normalize the numbers of
positive cells.
Statistical analysis. SPSS 22.0 software (IBM Corp.) was used
to analyze all statistical data, and the results are expressed as the
mean ± standard error of the mean (SEM). Data were analyzed
using unpaired t‑test, one‑way analysis of variance (ANOVA),
or two‑way ANOVA. Student‑Newman‑Keuls was used as the
post hoc test following ANOVA. Mann‑Whitney U‑test was
used to analyze non‑normally distributed behavior test data.
P<0.05 was considered to indicate a statistically significant
difference.
Results
Cranial irradiation induces spatial memory dysfunction.
The effects of radiation on spatial learning and memory were
investigated using spatial navigation tests 3 months after
WBI. In the place navigation test, all rats displayed improved
performance during days 1‑4. On days 4 and 5, the irradiated
rats exhibited significantly increased latency times before
locating the submerged platform, compared with those of
the non‑irradiated rats (P<0.05; Fig. 1A). Furthermore, in
the spatial probe test, the irradiated rats spent significantly
less time in the target quadrant compared with that of the
non‑irradiated rats (P<0.01; Fig. 1B and C). These results
demonstrated that irradiation was associated with spatial
memory dysfunction.
An open field test was subsequently applied to assess the
anxiety levels and spontaneous movement. The results revealed
no significant differences in spontaneous movement or
anxiety‑like behavior between the two groups (Fig. 1D and E),
which eliminates the influences of exercise and emotion on
spatial memory dysfunction.
Cranial irradiation inhibits cellular proliferation and neuro‑
genesis in the hippocampus. The results of the BrdU‑labeling
assay revealed that irradiated rats exhibited 74.2 and 73.9%
fewer proliferating cells (P<0.01; Fig. 2A and B) compared
with those in non‑irradiated rats after 1 and 3 months, respectively. Immature neurons were labeled with BrdU and DCX,
a microtubule‑associated protein expressed in migrating
neuroblasts (19). The results revealed an 85.4 and 73.7%
decrease in the number of BrdU‑ and DCX‑positive cells
after cranial irradiation (P<0.01; Fig. 2C and D). In addition,
double labeling of BrdU and the glial cell marker GFAP
also revealed reduced staining (32.9 and 66.7%) in irradiated rats compared with those in the non‑irradiated rats at 1
and 3 months (P<0.01; Fig. 2E and F). Mature neurons that
had undergone recent division were labeled with BrdU and
NeuN (BrdU+/NeuN+). The irradiated rats exhibited 68.5 and
88.6% fewer BrdU+/NeuN+ cells compared with those in the
non‑irradiated rats at 1 and 3 months, respectively (P<0.01;
Fig. 2G and H). These results indicated WBI inhibited
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Figure 1. Behavioral testing following cranial irradiation. (A‑C) Morris water maze test. (A) Escape latency and (B) percentage of target quadrant exploration
time in the 0 and 10 Gy irradiation groups. (C) Representative images of swimming paths. (D and E) Open field test. Number of (D) spontaneous movements and
(E) distance traveled in the central area recorded during 10 min of exposure to the training box. All data are presented as the mean ± SEM. *P<0.05 and **P<0.01.

normal neuronal proliferation, differentiation, maturation and
survival in the hippocampus.
Changes in hippocampal NGF and TrkA expression following
cranial irradiation. Continuity detection was performed via
western blotting, which was used to assess changes in the
expression of NGF and TrkA in the rat hippocampus after
irradiation. No differences in NGF protein expression were
detected between irradiated and non‑irradiated rats from 1 day
to 3 months post‑WBI (Fig. 3A and C). However, compared
with that in the non‑irradiated group, TrkA protein expression
was found to be increased on days 1 and 3, in addition to after
1 week (P<0.05), which was then decreased after the 1‑month
time‑point and was significantly reduced after 3 months
(P<0.05; Fig. 3B and D).
TrkA overexpression prevents memory deficit in irradiated
rats. The effects of TrkA overexpression on irradiation‑induced
memory deficit were subsequently investigated. AAV8s
encoding TrkA scramble sequence and overexpressing
TrkA (AAV‑ovp‑TrkA) were injected into the hippocampus
of irradiated rats within 24 h after WBI (Fig. S1). In
control rats, AAV8s encoding a TrkA scramble sequence
were injected into irradiated rats (AAV‑irradiation) and
non‑irradiated rats (AAV‑ctl), respectively. Western blotting
demonstrated the successful overexpression of TrkA in the
hippocampus (Fig. S2). The influence of AAV8 injection
on irradiated rats was also ruled out (Fig. S3). The levels of
hippocampal TrkA expression in these three groups of rats
were then detected by western blotting (Fig. 4A and B), which
verified the effectiveness of AAV‑ovp‑TrkA infection. Morris
water maze test was used to evaluate spatial memory function
3 months after WBI.
In the place navigation test, rats in the AAV‑ovp‑TrkA
group exhibited shorter latency times prior to arrival at the

hidden platform compared with those in the AAV‑irradiation
group on days 4 and 5 (P<0.05; Fig. 4C). In the spatial
probe trial, rats in the AAV‑ovp‑TrkA group also spent
significantly more time in the target quadrant compared
with those in the AAV‑irradiation group (P<0.05; Fig. 4D).
There was no statistical difference between the AAV‑ctl and
AAV‑ovp‑TrkA groups. The swim tracks revealed that rats
in the AAV‑irradiation group spent more time searching for
the submerged platform compared with those in the other two
groups (Fig. 4E).
AAV‑induced TrkA overexpression in the irradiated rat
hippocampus restores neurogenesis. At 3 months after WBI,
intrahippocampal infusion of AAV‑ovp‑TrkA significantly
prevented a reduction in neurogenesis when compared with
rats in the AAV‑irradiation group (Fig. 5A‑D). The rats in
AAV‑ovp‑TrkA group exhibited a 41.6% increase BrdU+/NeuN+
cells compared with those in the AAV‑irradiation group
(P<0.05; Fig. 5D). These results indicated TrkA overexpression
in the irradiated rat hippocampus restored neurogenesis.
Phosphorylation of PI3K, AKT and ERK1/2 is mediated by
TrkA. The effect of cranial irradiation on the PI3K/AKT and
ERK1/2 pathways was subsequently evaluated. The results
revealed that the phosphorylation of PI3K, AKT and ERK1/2
was decreased following WBI (all P<0.05; Fig. 6A and B).
However, tissues from the AAV‑ovp‑TrkA group exhibited
increased PI3K, AKT and ERK1/2 phosphorylation compared
with those in the AAV‑irradiation group (Fig. 6A and B).
Discussion
Radiation cognitive impairment is a common side effect of
radiotherapy for head and neck tumors, including glioma,
nasopharyngeal carcinoma and brain metastatic tumors,
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Figure 2. Cranial irradiation inhibits cellular proliferation and neurogenesis in the rat hippocampus. Confocal micrographs of hippocampal sections labeled
with BrdU (red), DCX (green), GFAP (green) and NeuN (green). (A and B) Proliferating cells labeled with BrdU. (C and D) Immature neurons labeled with
BrdU and DCX. (E and F) Differentiated astrocytes labeled with BrdU and GFAP. (G and H) Recently‑divided mature neurons labeled with BrdU and NeuN.
All histograms represent the mean ± SEM. *P<0.05 and **P<0.01. BrdU, 5‑bromodeoxyuridine; DCX, doublecortin; GFAP, glial fibrillary acidic protein;
NeuN, neuronal nuclei. Green: (C) DCX, (E) GFAP, and (G) NeuN; Red: BrdU.

which limits the efficacy of radiotherapy and damages the
quality of life of patients (20). At present, it has attracted the
attention of oncologists. The present study adds important
clinical significance to the pathogenesis of radiation cognitive
impairment.
Impairments in hippocampal neurogenesis have been
demonstrated to serve a critical role in the progression of neurodegenerative diseases (8,10,21). A number of studies have also
indicated an association between neurogenesis impairment

and memory decline in radiotherapy‑treated animals (8,9).
Rola et al (9) first reported this phenomenon, showing a
correlation between hippocampal neurogenesis and cognitive impairment after a single dose of WBI (5‑10 Gy X‑ray)
in young mice. Since then, a series of studies have suggested
that hippocampal neurogenesis impairment is significantly
associated with the occurrence of cognitive defects (8,22,23).
However, the majority of these previous aforementioned
studies only focused on the acute radiation response.
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Figure 3. NGF and TrkA protein expression in the rat hippocampus following cranial irradiation. (A and C) NGF protein expression between irradiated and
non‑irradiated rats from 1 day to 3 months post‑irradiation. (B and D) TrkA protein expression from 1 day to 3 months post‑irradiation. All the images reveal
non‑adjacent bands from the same gel. Data are presented as the mean ± SEM. *P<0.05. NGF, nerve growth factor; TrkA, tropomyosin receptor kinase A.

Neural stem/progenitor cells are highly sensitive to
irradiation in a dose‑dependent manner (8,9,24). Brain development in rats on postnatal day 21 is comparable to that of
the preadolescent in humans (25). Because the rat brain is
more resistant to radiation than the human brain, a 10‑Gy
dose in the rat approximates a clinically relevant dose in
humans according to the Biological Effective Dose (BED)
assuming an α /β ratio of 2 for late effects in normal brain
tissue (26). Previous studies have found that 10 Gy WBI
induced a decrease in neurogenesis in the rat hippocampus
and resulted in spatial memory retention deficits after
3 months (9,24,25,27). Therefore, in the present study, all rats
received single WBI at 10 Gy to determine the persistence
and severity of the relatively early effects on neurogenesis
3 months after irradiation. The results revealed that 10 Gy
irradiation induced long‑term and sustained impairments
in cell proliferation as revealed by BrdU labeling, neuronal
maturation as demonstrated by DCX labeling and neurogenesis as determined by BrdU and NeuN co‑labeling. The
Morris water maze test also revealed that WBI induced
spatial memory deficits. These results indicated that cranial
irradiation induces long‑term impairment in hippocampal
neurogenesis and spatial memory.
NGF is an important neurotrophin involved in the development of neural stem cells and synaptic plasticity (12,14,28). In
the adult brain, NGF also supports neural maintenance and
repair (12). NGF binds to and activates specific receptor tyrosine kinases to facilitate neural stem cell differentiation. TrkA
has been identified as the primary NGF receptor involved in
both neuroprotection and neurodegenerative diseases (16,29).
Therefore, investigating changes in the expression of NGF
and TrkA may provide a therapeutically beneficial target for

radiotherapy‑induced neurogenesis impairment and memory
decline. NGF mainly binds to TrkA to activate downstream
related signaling pathways. Conversely, p75NTR has only a low
affinity (30). Thus, in the present study, the potential inhibitory
effects of irradiation on NGF‑TrkA signaling were investigated
in hippocampal tissues. NGF expression levels were revealed to
be similar between irradiated and non‑irradiated rats from 1 day
to 3 months post‑WBI. This result is not consistent with those
from studies of other neurodegenerative diseases (12,14,16).
However, in clinical application, the treatment strategy
developed for neurotrophins, such as NGF and brain‑derived
neurotrophic factor, has not shown the desired effect (28,31,32).
Therefore, it was hypothesized that defects in the neurotrophins
themselves may prevent their use as effective biotherapeutic
agents. The therapeutic application of natural neurotrophins
is also limited by poor oral bioavailability, poor permeability
through the blood‑brain barrier, undetermined pharmacokinetics and a short plasma half‑life (28,31,33). Notably, the
expression of various specific neurotrophin receptors was
revealed to be absent in patients with neurodegenerative and
brain injury diseases, thereby limiting the biological roles of
neurotrophins in a therapeutic setting (16,34,35).
In the present study, the expression levels of TrkA were
detected in the hippocampus following irradiation. Dynamic
changes in TrkA expression were revealed, with TrkA protein
expression upregulated during week 1, before gradually
decreasing 1 and 3 months post‑WBI. In several previous
studies of neurodegenerative diseases, changes in TrkA
receptor expression have been revealed to be closely associated with neurological function (33,34,35). In addition, TrkA
expression is closely related to neuronal survival and development. In a study conducted by Haque et al (36), calotropis
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Figure 4. TrkA overexpression prevents memory deficit in the irradiated rat. (A and B) Levels of TrkA in hippocampal extracts from rats in the AAV‑ctl,
AAV‑irradiation and AAV‑ovp‑TrkA groups following AVV administration. (C‑E) Morris water maze test data. (C) Escape latencies and (D) percentage of target
quadrant exploration time in the probe test among rats in the AAV‑ctl, AAV‑irradiation and AAV‑ovp‑TrkA groups. (E) Representative images of swimming paths.
Data are presented as the mean ± SEM. *P<0.05 and **P<0.01. AAV, adeno‑associated virus; ovp, overexpressing; TrkA, tropomyosin receptor kinase A; ctl, control.

gigantean was revealed to promote the neuritogenic and
synaptogenic potential of hippocampus neurons via the activation of NGF‑TrkA‑Erk1/2 signaling, which was inhibited by a
TrkA‑specific inhibitor. Another previous study demonstrated
that organophosphate pesticides reduced the survival time of
basal forebrain cholinergic neurons by inhibiting TrkA (35).
Results of the present study revealed that irradiation specifically decreased TrkA expression but that of NGF remained
unchanged. This finding indicated that TrkA serves a prominent
role in radiotherapy‑induced neurogenesis impairment.
To verify the role of TrkA in radiotherapy‑induced neurogenesis impairment and memory decline further, an AAV virus
was constructed to overexpress TrkA. TrkA overexpression in
the irradiated rat hippocampus was revealed to ameliorate spatial
memory decline and prevent hippocampal neurogenesis impairment, which further supports the crucial protective role of TrkA.

NGF‑TrkA interactions may activate multiple intracellular signaling pathways, such as the MAPK, PI3K‑AKT
and phospholipase Cγ cascades (12,16,37). Furthermore, key
signaling molecules downstream of TrkA were investigated,
including those involved in cell survival and death. The
present study demonstrated that 10 Gy WBI inhibited ERK1/2
and PI3K‑Akt activation. Following the activation of TrkA,
ERK1/2 was able to upregulate the transcription factor CREB,
which regulates the transcription of various genes responsible
for the maintenance of neurogenesis, plasticity and memory
consolidation (38). AKT phosphorylation activated by TrkA is
also considered to be one of the key factors in the regulation of
cell survival and apoptosis (37).
In conclusion, results from the present study indicated a
previously unreported radiation‑induced memory deficit and
neurogenesis impairment in a manner that is dependent on
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Figure 5. AAV‑TrkA expression in the irradiated rat hippocampus prevents neurogenesis impairment. TrkA overexpression rescued irradiation‑induced
neurogenesis impairment. NeuN, BrdU and NeuN+/BrdU+ double staining in (A) AAV‑ctl, (B) AAV‑irradiation and (C) AAV‑ovp‑TrkA groups. (D) Number of
NeuN+/BrdU+ cells in the AAV‑ctl, AAV‑irradiation and AAV‑ovp‑TrkA groups. Data are presented as the mean ± SEM. *P<0.05 and **P<0.01. Green, NeuN;
red, BrdU; yellow, NeuN+/BrdU+. BrdU, 5‑bromodeoxyuridine; AAV, adeno‑associated virus; TrkA, tropomyosin receptor kinase A; NeuN, neuronal nuclei;
ctl, control; ovp, overexpressing.

Figure 6. Downstream signaling molecules of TrkA after AAV‑TrkA expression. PI3K (A), AKT (B) and ERK1/2 (C) phosphorylation in the AAV‑ctl, AAV‑irradiation
and AAV‑ovp‑TrkA groups was examined. All the images reveal non‑adjacent bands from the same gel. Data are presented as the mean ± SEM. *P<0.05 and
**
P<0.01. TrkA, tropomyosin receptor kinase A; p‑, phosphorylated; AAV, adeno‑associated virus; ctl, control; ovp, overexpressing.

TrkA‑dependent signaling. Therefore, future development of
TrkA‑dependent signaling agonists may serve as a promising

therapeutic approach for reducing radiation‑induced adverse
effects in patients with brain tumors.
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