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Background: Cranial radiotherapy is clinically used in the treatment of brain tumours;
however, the consequent cognitive and emotional dysfunctions seriously impair the life
quality of patients. LW-AFC, an active fraction combination extracted from classical
traditional Chinese medicine prescription Liuwei Dihuang decoction, can improve
cognitive and emotional dysfunctions in many animal models; however, the protective
effect of LW-AFC on cranial irradiation-induced cognitive and emotional dysfunctions has
not been reported. Recent studies indicate that impairment of adult hippocampal
neurogenesis (AHN) and alterations of the neurogenic microenvironment in the
hippocampus constitute critical factors in cognitive and emotional dysfunctions
following cranial irradiation. Here, our research further investigated the potential
protective effects and mechanisms of LW-AFC on cranial irradiation—induced cognitive
and emotional dysfunctions in mice.

Methods: L W-AFC (1.6 g/kg) was intragastrically administered to mice for 14 days before
cranial irradiation (7 Gy y-ray). AHN was examined by quantifying the number of
proliferative neural stem cells and immature neurons in the dorsal and ventral
hippocampus. The contextual fear conditioning test, open field test, and talil
suspension test were used to assess cognitive and emotional functions in mice. To
detect the change of the neurogenic microenvironment, colorimetry and multiplex bead
analysis were performed to measure the level of oxidative stress, neurotrophic and growth
factors, and inflammation in the hippocampus.

Abbreviations: AHN, adult hippocampal neurogenesis; BDNF, brain-derived neurotrophic factor; BrdU, bromodeoxyuridine;
BSA, bovine serum albumin; CA-30, oligosaccharide fraction of LW-AFC; CAT, catalase; DCX, doublecortin; G-CSF,
granulocyte colony-stimulating factor; GSH, glutathione; GSH-Px, glutathione peroxidase; HCI, hydrochloric acid; HPA,
hypothalamic-pituitary-adrenal axis; HPLC, high-performance liquid chromatography; IGF-1, insulin-like growth factor-1;
IL-1, interleukin-1p; IR, irradiation; IR + LW-AFC, irradiation + LW-AFC; LW, Liuwei Dihuang decoction; LW-AFC, active
fraction combination from Liuwei Dihuang decoction; LWB-B, polysaccharide fraction of LW-AFC; LWD-B, glycoside fraction
of LW-AFC; MDA, malondialdehyde; PBS, phosphate-buffered saline; ROS, reactive oxygen species; SOD, superoxide
dismutase; TCM, traditional Chinese medicine; TNF-a, tumour necrosis factor alpha; VEGF, vascular endothelial growth factor.
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LW-AFC Promotes Adult Hippocampal Neurogenesis

Results: LW-AFC exerted beneficial effects on the contextual fear memory, anxiety
behaviour, and depression behaviour in irradiated mice. Moreover, LW-AFC increased
the number of proliferative neural stem cells and immature neurons in the dorsal
hippocampus, displaying a regional specificity of neurogenic response. For the
neurogenic microenvironment, LW-AFC significantly increased the contents of
superoxide dismutase, glutathione peroxidase, glutathione, and catalase and
decreased the content of malondialdehyde in the hippocampus of irradiated mice,
accompanied by the increase in brain-derived neurotrophic factor, insulin-like growth
factor-1, and interleukin-4 content. Together, LW-AFC improved cognitive and emotional
dysfunctions, promoted AHN preferentially in the dorsal hippocampus, and ameliorated
disturbance in the neurogenic microenvironment in irradiated mice.

Conclusion: | W-AFC ameliorates cranial irradiation-induced cognitive and emotional
dysfunctions, and the underlying mechanisms are mediated by promoting AHN in the
dorsal hippocampus and improving the neurogenic microenvironment. LW-AFC might be
a promising therapeutic agent to treat cognitive and emotional dysfunctions in patients
receiving cranial radiotherapy.

Keywords: traditional Chinese medicine, adult hippocampal neurogenesis, neural stem cells, neurogenic

microenvironment, dorsal hippocampus, ventral hippocampus, cranial irradiation, LW-AFC

INTRODUCTION

People are subjected to irradiation exposure commonly during
the process of radiodiagnosis and radiotherapy (Brenner and
Hall, 2007; Manda and Reiter, 2010; Hladik and Tapio, 2016). A
typical example is cranial irradiation which is essential for the
treatment of lots of cancer types, such as primary and metastatic
brain tumours, and many head and neck malignancies (Monje,
2008). Although cranial irradiation is effective in cancer therapy,
it can produce cognitive and emotional dysfunctions which
seriously impair the life quality of patients (Son et al., 2015).
There are currently no effective clinical interventions for these
cognitive and emotional dysfunctions (D’Antonio et al., 2014);
therefore, finding therapeutic drugs to ameliorate these cognitive
and emotional dysfunctions has become very important.
Cognitive and emotional dysfunctions in patients after
treatment with cranial irradiation point to hippocampal
damage, and recent evidence indicates that the impairment of
adult hippocampal neurogenesis (AHN) is one of the most
important mechanisms involved in cranial irradiation-induced
cognitive and emotional dysfunctions (Raber et al., 2004; Limoli
etal.,, 2007; Naylor et al., 2008; Acharya et al., 2011). It is accepted
that the hippocampus is functionally segregated into the dorsal
region mainly implicated in cognitive function and the ventral
region crucial for emotional process. In the mammalian brain,
AHN occurs in the dentate gyrus of the hippocampus along the
dorsal-ventral axis that continuously results in the generation of
newborn neurons. AHN is a unique form of structural and
functional plasticity and plays an important role in both
cognition and emotion (Ming and Song, 2005; Imayoshi et al.,
2008; Balu and Lucki, 2009). However, AHN can be severely
impaired by cranial irradiation even at low doses, indicating
particular vulnerability (Tada et al, 2000; Monje et al., 2002;

Mizumatsu et al., 2003). It is also reported that the neurogenic
microenvironment (neurogenic niche) in the hippocampus
modulates the different processes of neural stem cell
development and cranial irradiation damages the neurogenic
microenvironment, which mainly correlates with the reduced
AHN (Monje and Palmer, 2003; Fike et al., 2007; Ming and Song,
2011; Huang T.-T. et al., 2012). The extreme radiosensitivity of
neural stem cells and alterations in the neurogenic
microenvironment constitute critical factors in the cognitive
and emotional dysfunctions following cranial irradiation. It
seems probable that successful interventions for these
cognitive and emotional dysfunctions will involve both
protection of AHN and drug-based regulation of the
neurogenic microenvironment (Monje et al, 2002; Jenrow
et al,, 2011).

Many traditional Chinese medicine (TCM) prescriptions
“nourishing” in the TCM theory system have the effects of
improving cognition and emotion (Nishiyama et al., 1994; Itoh
et al,, 1998; Lin et al., 2003; Yang et al., 2006; Zhang et al., 2016;
Hu et al, 2020; Shang et al., 2020). Furthermore, TCM shows
good prospects in promoting AHN (Zhang et al, 2014
Sreenivasmurthy et al, 2017; Chen et al, 2019). Liuwei
Dihuang decoction (LW), a classical TCM prescription, has
been used for the treatment of various diseases with features
of “kidney yin” deficiency for about 900 years in China (Huang Y.
et al., 2012; Chen et al., 2021). LW consists of six traditional
Chinese  herbs, Rehmannia  glutinosa  (Gaertn.) DC.
[Orobanchaceae; Rehmanniae radix], Dioscorea oppositifolia L.
[Dioscoreaceae; Dioscoreae rhizoma], Cornus officinalis Siebold
and Zucc. [Cornaceae; Corni fructus], Alisma plantago-aquatica
L. [Alismataceae; Alismatis rhizoma], Wolfiporia extensa (Peck)
Ginns (syn. Poria cocos (Schw.)).Wolf [Polyporaceae; Poria], and
Paeonia x suffruticosa Andrews [Paeoniaceae; Moutan cortex],
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mixed in a ratio of 8:4:4:3:3:3 (Zhou W. et al,, 2016). LW is
included in the Chinese Pharmacopoeia (2010 version). In the
clinic, LW has been used to prevent and treat cognitive
dysfunction, depression, climacteric syndrome, cancer,
diabetes, and cardiovascular disease (Cheng et al., 2019). A
previous study reported that LW could promote AHN in adult
rats (Lee et al., 2005). LW-AFC is a new formula of the main
active fraction combination extracted from LW. There are three
active components in LW-AFC, including polysaccharide
fraction (LWB-B), glycoside fraction (LWD-B), and
oligosaccharide fraction (CA-30) (Wang et al, 2017a).
Previous studies showed that LW-AFC facilitated learning and
memory, reduced the amyloid-p (AB) plaque load, and restored
the imbalance of the hypothalamic—pituitary—adrenal (HPA) axis
in the mice model of Alzheimer’s disease (Wang et al., 2016;
Wang et al, 2017b). LW-AFC also ameliorated long-term
potentiation (LTP) impairment in mice induced by acute
stress or lipopolysaccharide (Zeng et al, 2019b; Huang et al.,
2019). Moreover, LW-AFC was found to enhance learning and
memory performance and reduce anxiety- and depression-like
behaviour in mice induced by chronic stress (Shen et al., 2018;
Zhu et al., 2018; Zeng et al.,, 2019a). It showed that LW-AFC
improved cognitive and emotional dysfunctions in many animal
models; however, whether LW-AFC possesses therapeutic effects
on cognitive and emotional dysfunctions induced by cranial
irradiation has not been reported. Meanwhile, it is not clear
whether LW-AFC has beneficial effects on cranial
irradiation-induced impairments in AHN along the
dorsal-ventral axis and in the neurogenic microenvironment.
The present study aimed at investigating the protective effects of
LW-AFC on cognitive and emotional dysfunctions in cranially
irradiated mice and whether the underlying mechanisms were
mediated by promoting AHN along the dorsal-ventral axis of the
hippocampus and ameliorating the neurogenic microenvironment.
Given that the dorsal hippocampus is mainly implicated in cognitive
function and the ventral hippocampus is predominantly involved in
emotional regulation, AHN is not regulated uniformly along the
dorsal-ventral axis depending on the stimulus presented (Felice et al.,
2012; O'Leary et al., 2012; Vivar et al., 2016). Therefore, in this study,
we detected the effect of LW-AFC on AHN in both the dorsal and
ventral hippocampus of cranially irradiated mice. Based on the view
of regulating AHN and the neurogenic microenvironment, this study
should offer a potentially effective treatment for cranial
irradiation-induced cognitive and emotional dysfunctions from
the resource of TCM and provide scientific evidence for
facilitating its application in the clinic. In addition, this study
developed a scientific method to investigate whether TCM and its
bioactive components could promote AHN accurately in different
subregions of the hippocampus along the dorsal-ventral axis.

MATERIALS AND METHODS

Animals

Male Cs;BL/6] mice (20-22 g, 8 weeks old) were acquired from
Beijing Sibeifu Animal Company (Animal Licence No. SCXK
2016-0002; Beijing, China). The mice were housed in groups (4

LW-AFC Promotes Adult Hippocampal Neurogenesis

per cage) and kept under the standard condition (12/12 h light/
dark cycle, 22 + 1°C, food and water ad libitum). All mice adapted
to ambient rearing conditions for 7 days before the experiments.
All efforts were made to ensure the respect and comfort of the
animals. All of the animal’s care and treatment, feeding
management, and experimental protocols were approved by
Institute Animal Care and Use Committee (IACUC) of the
National Beijing Center for Drug Safety Evaluation and
Research (NBCDSER) (No. 2018-030), in compliance with the
National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals (NIH Publications No. 80-23, revised 1996).

Drugs and Reagents

Bromodeoxyuridine (BrdU) (B5002), Triton X-100 (T8787), and
bovine serum albumin (BSA) (A3858) were purchased from Sigma-
Aldrich (St. Louis, MO, United States). Paraformaldehyde (CAS:
30525-89-4), sucrose (CAS: 57-50-1), hydrochloric acid (HCI) (CAS:
7647-01-0), boric acid (CAS: 10043-35-3), and alcohol (CAS: 64-17-
5) were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Sodium pentobarbital (Lot. 34-06-12) was
purchased from Shanghai Chemical Reagent Assembly Factory
(Shanghai, China). These drugs and reagents were all of
analytically pure grade.

Anti-BrdU antibody (ab6326) was obtained from Abcam
(Cambridge, United Kingdom), and anti-doublecortin (DCX)
antibody (#4604) was purchased from Cell Signaling
Technology (Boston, MA, United States). Alexa Fluor
488-conjugated donkey anti-rat IgG (A21208) and Alexa Fluor
594-conjugated goat anti-rabbit IgG (A11037) were acquired
from Thermo Fisher Scientific (Waltham, MA, United States).
The fluorescent mounting medium containing DAPI (ZLI-9557)
was purchased from Zhongshan Jinqiao Biotechnology Co., Ltd.
(Beijing, China). Phosphate-buffered saline (PBS) (AR0030) was
obtained from Boster Biological Technology Co., Ltd. (Wuhan,
China). Normal saline (Lot. 1811242004) was purchased from
Shijiazhuang Siyao Co., Ltd. (Shijiazhuang, China).

The Preparation of LW-AFC

The original herbs of Liuwei Dihuang decoction (LW) were
purchased from Beijing Tongrentang Pharmacy (Beijing,
China), which included 32% Rehmannia glutinosa (Gaertn.)
DC. [Orobanchaceae; Rehmanniae radix] (Lot. 20150130), 16%
Dioscorea oppositifolia L. [Dioscoreaceae; Dioscoreae rhizoma]
(Lot. 1503028), 16% Cornus officinalis Siebold and Zucc.
[Cornaceae; Corni fructus] (Lot. 20151126), 12% Alisma
plantago-aquatica L. [Alismataceae; Alismatis rhizoma] (Lot.
20160116), 12% Wolfiporia extensa (Peck) Ginns (syn. Poria
cocos (Schw.)). Wolf [Polyporaceae; Poria] (Lot. 1601001), and
12% Paeonia x suffruticosa Andrews [Paeoniaceae; Moutan
cortex] (Lot. 20160526) at a proportion of 8:4:4:3:3:3. The
total dry weight was 3kg. They were authenticated by
Professor Yimin Zhao and Shanyi Qiao (Department of
Phytochemistry, Beijing Institute of Pharmacology and
Toxicology) according to Chinese Pharmacopoeia (2010
version). The voucher specimens were stored at the
Department of Phytochemistry, Beijing Institute of
Pharmacology and Toxicology.
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FIGURE 1 | The HPLC fingerprint of LW-AFC. LW-AFC consists of polysaccharide fraction (LWB-B), glycoside fraction (LWD-B), and CA-30. (A) The HPLC
fingerprint of LWB-B and CA30 mixture. The peak at 6.26, 6.83, 8.19, 18.30, and 21.50 min represents, respectively, fructose, glucose, sucrose, mannotriose, and
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LW-AFC was prepared from LW. The details are displayed in
Supplementary Materials 2. We briefly describe the method of
preparation here. Six herbs of LW, including Rehmannia
glutinosa (Gaertn.) DC. [Orobanchaceae; Rehmanniae radix],
Dioscorea oppositifolia L. [Dioscoreaceae; Dioscoreae rhizomal,
Cornus officinalis Siebold & Zucc. [Cornaceae; Corni fructus],
Alisma plantago-aquatica L. [Alismataceae; Alismatis rhizoma],
Wolfiporia extensa (Peck) Ginns (syn. Poria cocos (Schw.)). Wolf
[Polyporaceae; Poria], and Paeonia X suffruticosa Andrews
[Paeoniaceae; Moutan cortex], were mixed according to the
dry weight ratio of 8:4:4:3:3:3. The mixture of herb materials
was decocted with 10 volumes of deionized water with boiling
refluxing thrice, 2 h each time. After finishing the extraction, the
materials were filtered through a 6-layer gauze to yield three
extraction solutions at 50°C, allowed to cool to room temperature,
and centrifuged (2500 rpm/min, 25min). The supernatant
filtered from LW was concentrated into a quintessence. The
quintessence was then extracted using ethanol to produce the
supernatant (LWD), and the sediment left in the deionized water
was concentrated into the dried LWB-B. LWD was concentrated,
and ethanol was removed. LWD was then dissolved in deionized
water and eluted in turn with deionized water and 30% ethanol on
microporous adsorptive resins. The 30% ethanol elution of LWD
was cryodesiccated into LWD-B, and the water elution of LWD
was concentrated and eluted in turn with 5% ethanol and 30%
ethanol on an active carbon absorption column. The 30% ethanol
elution was then concentrated, ethanol was removed, and the
elution was cryodesiccated into the CA-30.

The HPLC Fingerprint for Quality Control of

LW-AFC

LW-AFC includes 20.3% LWB-B, 15.1% LWD-B, and 64.6%
CA-30 at a dry weight ratio. LWD-B mainly contains loganin,
loganic acid, morroniside, sweroside, paeoniflorin, acteoside,
isoacteoside, jionoside A, jionoside A,, jionoside B, jionoside
B,, and 5-hydroxymethyl-furaldehyde. CA-30 mainly contains
mannotriose and stachyose. LWB-B is mainly composed of

polygalacturonic acid, rhamnogalacturonic acid polysaccharide,
arabinogalactan, and dextran (Cheng et al.,, 2019).

The LW-AFC components were detected using the high-
performance liquid chromatography (HPLC) method for quality
control. The HPLC fingerprint of LW-AFC is shown in Figure 1.
In brief, for LWB-B and CA30 mixture, the chromatographic
separation was obtained on a NucleosilNH2 100 A column; five
chromatogram peaks were observed, representing fructose, glucose,
sucrose, mannotriose, and stachyose. The retention time of these
peaks was 6.260, 6.829, 8.186, 18.305, and 21.506 min, respectively
(Figure 1A). For LWD-B, chromatographic separation was obtained
on a Diamond C18 column; there were 17 chromatogram peaks in
the fingerprint of LWD-B. The S peak represented loganin
(Figure 1B).

Experiment Design

Male Cs;BL/6] mice of 8 weeks old were randomly divided into three
groups: control group, irradiation group, and irradiation + LW-AFC
group (IR + LW-AFC). Each group had 24 mice. Before irradiation,
the mice of the IR + LW-AFC group were given an intragastric
administration of LW-AFC (1.6 g/kg body weight) for 2 weeks, while
the mice in the control and IR group were given the same volume of
distilled water. Next, the mice in the IR and IR + LW-AFC group
received 7 Gy y-ray cranial irradiation, while the mice of the control
group were placed into the irradiation device without irradiation.
Two days before irradiation, the contextual fear conditioning test was
performed, until the end of the experiment. On the first day after
irradiation, the open field test and tail suspension test were
performed. When the behavioural tests were completed, half of
the mice in each group were transcardially perfused and the
brains of mice were removed for immunofluorescent staining. In
addition, the other half of mice in each group were sacrificed for the
multiplex bead analysis and assay of oxidative stress level
(Figure 2A).

LW-AFC is a new formula of the main active fraction
combination extracted from LW. From the previous experiments
in our laboratory, we have demonstrated that LW-AFC (1.6 g/kg) is
the optimal resource in improving cognitive and emotional
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FIGURE 2 | Scheme of the experimental procedure and schematic representation of the dorsal and ventral hippocampus in mice. (A) Scheme of the experimental
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dysfunctions in many animal models (Wang et al.,, 2016; Wang et al,
2017b; Shen et al,, 2018; Zhu et al., 2018; Zeng et al,, 2019b; Huang
etal,, 2019). Therefore, we selected the dose of LW-AFC as 1.6 g/kg in
this study.

Preparation of the Mice Model of Cranial

Irradiation

For cranial irradiation, mice were anaesthetised by intraperitoneal
injection of 1% sodium pentobarbital in normal saline (0.05 ml/10 g
body weight), covered with a sliding shield which protected the body
of mice and exposed only the hippocampus to irradiation, and finally
irradiated with y-ray at a single dose of 7 Gy. After the irradiation was
completed, the mice were placed into a box containing cotton around
the electric heater for rising the temperature quickly so that they wake
up as soon as possible. The mice were returned to the home cage for
further rearing.

Bromodeoxyuridine Treatment

After water bath at 37°C for 30 min, BrdU was dissolved in
normal saline at a concentration of 2 mg/ml. To test the cell
proliferation, mice of all groups received intraperitoneal injection
of BrdU solution (50 mg/kg body weight, twice a day, 6 h interval)

after irradiation exposure and were perfused for 16 h after the last
BrdU injection.

Preparation of Brain Sections in the Dorsal

and Ventral Hippocampus

After perfusion, mice brains were fixed in 4% paraformaldehyde
in PBS (0.1 M, pH 7.4) at 4°C for 12 h and dehydrated with 30%
sucrose in PBS for 3 days. 40 um-thick sections were cut with a
freezing microtome (CM 1950, Leica, Germany) and stored in
PBS at 4°C before use. The sections from the dorsal and ventral
hippocampus were used for immunofluorescent staining. The
dorsal hippocampus and the ventral hippocampus were
dissociated according to coordinates: -0.94 to -2.30 mm
relative to the bregma for the dorsal hippocampus and -2.46
to —3.80 mm for the ventral hippocampus (O’Leary et al., 2012;
Zheng et al, 2017). Five sections were chosen for dorsal
hippocampus or ventral hippocampus, respectively.

Immunofluorescent Staining

The proliferation of neural stem cells and the level of immature
neurons are the sensitive indicators for detecting AHN, which can
be evaluated by BrdU-positive cells and DCX-positive cells with
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immunofluorescent staining. For BrdU-positive cell detection,
the sections were washed three times in PBS first. Then, the
sections were treated with 2M HCl for 1 h at room temperature to
denature DNA followed by immersion in 0.1 M boric acid (PH
8.5) for 10 min at room temperature, rinsed three times in PBS,
blocked in 0.1% Triton X-100 and 3% BSA in PBS for 1h, and
incubated with rat anti-BrdU antibody (1:200) in PBS with 0.1%
Triton X-100 and 3% BSA overnight at 4°C. The next day, after
washing in PBS, sections were incubated with Alexa Fluor 488-
conjugated donkey anti-rat IgG (1:1,000) in PBS with 0.1%Triton
X-100 and 3% BSA for 1 h at room temperature. After washing in
PBS again, the sections were mounted on slides with the
fluorescent mounting medium containing DAPI, covered with
coverslips, and stored at —20°C for further examination.

For DCX-positive cell detection, the sections were washed
three times in PBS first. Next, the sections were treated with
0.5%Triton X-100 for 30 min at room temperature, blocked in
0.1% Triton X-100 and 3% BSA in PBS for 1 h, and incubated
with rabbit anti-DCX antibody (1:400) in PBS with 0.1%Triton
X-100 and 3% BSA overnight at 4°C. The next day, after
washing in PBS, sections were incubated with Alexa Fluor
594-conjugated goat anti-rabbit IgG (1:1,000) in PBS with
0.1%Triton X-100 and 3% BSA for 1h at room temperature.
After washing in PBS again, the sections were mounted on
slides with the fluorescent mounting medium containing
DAPI, covered with coverslips, and stored at -20°C for
further examination. BrdU-positive cells and DCX-positive
cells were visualized and counted using a Zeiss 880 confocal
microscope (Zeiss, Oberkochen, Germany).

Measurement of Inflammatory,

Neurotrophic, and Growth Factors

The proinflammatory factors to be detected include interleukin-
1p (IL-1p), IL-6, IL-17A, and tumour necrosis factor alpha
(TNF-a). Anti-inflammatory factors include IL-4, IL-10,
granulocyte colony-stimulating factor (G-CSF). Neurotrophic
and growth factors include brain-derived neurotrophic factor
(BDNF), insulin-like growth factor-1 (IGF-1), and vascular
endothelial growth factor (VEGF). All of them were detected
by multiplex bead analysis as previously described (Wang et al.,
2016). The samples of the hippocampus were analysed using
Luminex 200™ (Luminex, TX, United States). The levels of these
factors were measured using a multifactor detection kit
(LXSAMSM-11, R&D Systems, United States) according to the
manufacturer’s instructions.

Assay of the Oxidative Stress Level

The indexes of oxidative stress include glutathione (GSH),
glutathione peroxidase (GSH-Px), catalase (CAT), superoxide
dismutase (SOD), and malondialdehyde (MDA). These indexes
were detected by colorimetry. After hippocampus tissues were
homogenized and centrifuged, the supernatant was collected and
measured using specific commercial kits related to these indexes
(A006-1-1, A005-1-2, A007-1-1, A001-1-1, and A003-1-1;
Nanjing Jiancheng Institute of Biological Engineering, China)
according to the manufacturer’s instructions.

LW-AFC Promotes Adult Hippocampal Neurogenesis

Open Field Test
The open field box is made of black polyvinyl chloride

(420 x 420 x 420 mm), and there is a center zone in the
middle of the box with a permanent marker (205 x 205 mm).
The mice were handled every day to be familiar with the
experimenter before all behavioural tests. Before the open field
test, the mice adapted to the environment of the experimental
room for 1 h first. Next, the mice were put into the box of open
field gently and explored freely for 5 min. The trajectories of mice
were recorded by ANY-maze software (Stoelting Co.,
United States). When the mice were taken out, the box was
wiped with 75% alcohol to remove the odour before the next mice
to be tested. ANY-maze software recorded the time of mice in the
center zone of the open field within 5 min.

Contextual Fear Conditioning Test

The contextual fear conditioning test was conducted in chambers
with internal dimensions of 30 cm width x 30 cm length x 60 cm
height. A house light above the chamber provided illumination. The
mice were placed in the environment of the experimental room to
adapt for 1 h before the test. The experiment lasted 3 days. The first
day was the adaptation period, and the mice were gently placed in the
experiment chamber to explore freely for 30 min. The second day was
the learning period, and the mice were shocked to absorb the harmful
stimulus in the chamber for 5min. The current parameters were
0.8 mA and 5 times/300 s, the interval time for shock was 60 s, and
the duration time for shock was 2 s. The third day was the test period.
All the contexts in the experiment chamber remained unchanged.
The mice were gently put into the experiment chamber, and the
freezing time of mice was recorded within 5 min.

Tail Suspension Test

The mice accommodated the environment of the experimental
room for 1 h before the test. First, the tails of mice were stuck to
one side of the adhesive plaster, and the other side of the adhesive
plaster was stuck to the hooks of the experiment box as soon as
possible. When all mice were suspended to the hangers, the
ANY-maze software recorded the trace of mice for 6 min. The
immobility time of mice in the latter 4 min in the experiment box
was needed for statistical analysis.

Statistical Analysis

Data were expressed as mean + standard deviation (S.D.). Data
were analysed using the unpaired Student’s ¢ test and one-way
analysis of variance (ANOVA) with the appropriate post
hoc test for multiple comparisons where appropriate. The
value of p < 0.05 was considered as statistically significant.

RESULTS

LW-AFC Pretreatment Improved Cognitive
and Emotional Dysfunctions in Cranially

Irradiated Mice
To observe the effects of LW-AFC pretreatment for 2 weeks on
cognitive and emotional dysfunctions induced by cranial
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FIGURE 3 | LW-AFC improves cognitive and emotional dysfunctions in IR mice on day 1 after irradiation. (A) Quantification of the total distances travelled by mice
during the open field test. (B) Quantification of the center time of mice during the open field test. (C) Quantification of the freezing time of mice during the contextual fear
conditioning test. (D) Quantification of the immobility time of mice during the tail suspension test. The values denote mean + S.D., n = 8. *p < 0.05 and **p < 0.01, versus
the control group; *p < 0.05, #p < 0.01, and **#p < 0.001, versus the IR group. Abbreviation: IR, irradiation.

irradiation, the contextual fear conditioning, open field, and tail
suspension tests were used on the first day after irradiation.

In the open field test, there was no difference in the total
distances travelled by mice among the three groups, suggesting
that the locomotor activity of mice was not changed (Figure 3A).
A significant increase in the time in the center zone was observed
in IR mice compared with the control mice, and this change was
restored by LW-AFC pretreatment (p < 0.001) (Figure 3B). The
results revealed that cranial irradiation reduced the anxiety level
in mice and LW-AFC reversed cranial irradiation-induced
reduction in the anxiety level.

In the contextual fear conditioning test, compared with the
control mice, the freezing time of IR mice was significantly
reduced and this change could be reversed by LW-AFC
pretreatment (p < 0.01) (Figure 3C). The results demonstrated
that cranial irradiation impaired the contextual fear memory in
mice and LW-AFC significantly improved cranial
irradiation-induced impairment in the contextual fear memory.

In the tail suspension test, compared with the control mice, the
immobility time in IR mice displayed an increasing tendency. The
immobility time in IR mice pretreated with LW-AFC was

significantly decreased compared with the IR mice (p < 0.05)
(Figure 3D). The results suggested that cranial irradiation tended
to induce depression-like behaviour in mice and LW-AFC
reduced depression-like behaviour in IR mice.

Collectively, cranial irradiation led to cognitive and emotional
dysfunctions in mice on the first day after irradiation, and these
dysfunctions could be ameliorated significantly by LW-AFC.

LW-AFC Pretreatment Increased the
Number of Proliferative Neural Stem Cells in

the Dorsal Hippocampus of Irradiated Mice
To assess the effect of LW-AFC pretreatment on the proliferation
of neural stem cells in the dentate gyrus of the hippocampus along
the dorsal-ventral axis in IR mice, the number of BrdU-positive
cells visualized by immunofluorescence staining was quantified.
BrdU is a thymine nucleoside analogue, which can replace
thymine (T) to penetrate into the replicating DNA molecules
during cell proliferation (Martel et al., 2016). A schematic
representation of the dorsal and ventral hippocampus is
exhibited in Figures 2B-D. On the first day after irradiation,
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FIGURE 4 | LW-AFC promotes the proliferation of neural stem cells preferentially in the dorsal hippocampus of IR mice on day 1 after irradiation. Representative
immunofluorescence images of BrdU-positive cells in the (A) dorsal hippocampus and the (B) ventral hippocampus. The area of white square frame in the left image
indicates the enlarged image of BrdU-positive cells in the right. The confocal images in the left are of 10x, and the enlarged images in the right are of 40x. Quantification of
BrdU-positive cells in the (C) dorsal hippocampus and the (D) ventral hippocampus. The scale bar in the left image = 300 um, and the scale bar of the enlarged
image = 100 um. The values denote mean + S.D., n = 4. **p < 0.001, versus the control group; *p < 0.01, versus the IR group. Abbreviation: IR, irradiation.
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compared with the control mice, the number of BrdU-positive
cells in the dorsal hippocampus of IR mice was significantly
decreased and this change could be improved significantly by
LW-AFC pretreatment (p < 0.01) (Figures 4A,C). Compared
with the control mice, a significant decrease in the number of
BrdU-positive cells in the ventral hippocampus was observed in
IR mice; however, the LW-AFC pretreatment did not improve
this change (Figures 4B,D). The results showed that the
proliferation of neural stem cells in the hippocampus along
the dorsal-ventral axis was significantly damaged on the first
day after irradiation and LW-AFC significantly improved cranial
irradiation-induced impairment in the proliferation of neural
stem cells in the dorsal hippocampus with no effect in the ventral
hippocampus.

LW-AFC Pretreatment Increased the
Number of Immature Neurons in the Dorsal
Hippocampus of Irradiated Mice

To examine the effect of LW-AFC pretreatment on immature
neurons in the dentate gyrus of the hippocampus along the
dorsal-ventral axis in IR mice, the number of DCX-positive
cells visualized by immunofluorescence staining was

quantified. DCX is commonly used as a marker of
immature neurons. On the first day after irradiation,
compared with the control mice, the number of DCX-
positive cells in the dorsal hippocampus of IR mice was
significantly reduced and this change could be ameliorated
significantly by LW-AFC pretreatment (p < 0.05) (Figures
5A,C). Compared with the control mice, the number of DCX-
positive cells in the ventral hippocampus of IR mice was
significantly decreased; however, this decrease could not be
attenuated by the LW-AFC pretreatment (Figures 5B,D). The
results showed that cranial irradiation reduced the number of
immature neurons in both the dorsal and ventral
hippocampus on the first day after irradiation. LW-AFC
ameliorated cranial irradiation-induced reduction in the
number of immature neurons in the dorsal hippocampus
but had no effect on the ventral hippocampus.

Combined with the experimental data about the effect of
LW-AFC on the proliferation of neural stem cells, we
concluded that AHN was significantly damaged along the
dorsal-ventral axis on the first day after irradiation and LW-
AFC improved the impaired AHN predominantly in the dorsal
hippocampus, which might be related to the improvement of
behavioural dysfunctions.
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immunofluorescence images of DCX-positive cells in the (A) dorsal hippocampus and (B) ventral hippocampus. The area of white square frame in the left image indicates
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LW-AFC Pretreatment Ameliorated the
Neurogenic Microenvironment in the

Hippocampus of Irradiated Mice

The neurogenic microenvironment regulates the development
and fate of neural stem cells, but cranial irradiation can lead to the
alterations in the neurogenic microenvironment, which
significantly contributes to the AHN impairment and cognitive
and emotional dysfunctions from the cranial irradiation (Monje
et al., 2002; Monje and Palmer, 2003; Jenrow et al., 2011; Ming
and Song, 2011). Therefore, we further investigated whether
LW-AFC  pretreatment  improved  the  neurogenic
microenvironment in the hippocampus of IR mice on the first
day after irradiation. We focused on the changes in the level of
oxidative stress, neurotrophic and growth factors, and
inflammation in the hippocampus of mice among three groups.

The Effect of LW-AFC Pretreatment on the Level of
Oxidative Stress in the Hippocampus of Irradiated
Mice

To evaluate the effect of LW-AFC pretreatment on the level of
oxidative stress in the hippocampus of IR mice, the contents of
SOD, GSH-Px, GSH, CAT, and MDA were detected. The
contents of SOD, GSH-Px, and CAT were reduced

significantly, the GSH content tended to decrease, and the
MDA content tended to increase in the hippocampus of IR
mice, compared with the control mice. The LW-AFC
pretreatment significantly increased the contents of SOD
(p < 0.001), GSH-Px (p < 0.001), GSH (p < 0.01), and
CAT (p < 0.001) and significantly reduced the content of
MDA (p < 0.05) in the hippocampus of IR mice (Figure 6).
The results showed that cranial irradiation increased the level of
oxidative stress in the hippocampus of mice and this change could
be reversed by LW-AFC.

The Effect of LW-AFC Pretreatment on the Level of
Neurotrophic and Growth Factors in Hippocampus of
Irradiated Mice

To assess the effect of LW-AFC pretreatment on the level of
neurotrophic and growth factors in the hippocampus of IR mice,
the contents of BDNF, IGF-1, and VEGF were examined. The
contents of BDNF, IGF-1, and VEGF were significantly decreased
in the hippocampus of IR mice compared with the control mice.
The contents of BDNF (p < 0.05) and IGF-1 (p < 0.05) were
significantly increased in the hippocampus of IR mice by
LW-AFC pretreatment (Figure 7). The results suggested that
cranial irradiation reduced the level of neurotrophic and growth
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FIGURE 6 | LW-AFC reduces the oxidative stress level in the hippocampus of IR mice on day 1 after irradiation. Concentrations of (A) GSH, (B) GSH-Px, (C) CAT,
(D) SOD, and (E) MDA were detected. The values denote mean + S.D., n = 6. *p < 0.05, **p < 0.01, and ***p < 0.001, versus the control group; *o < 0.05, ¥p < 0.01, and
##p < 0.001, versus the IR group. Abbreviation: IR, irradiation.
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FIGURE 7 | LW-AFC increases the level of neurotrophic and growth factors in the hippocampus of IR mice on day 1 after irradiation. Concentrations of (A) BDNF,
(B) IGF-1, and (C) VEGF were detected. The values denote mean + S.D., n = 4. *p < 0.05 and **p < 0.01, versus the control group. *p < 0.05, versus the IR group.

Abbreviation: IR, irradiation.

factors in the hippocampus of mice and this reduction could be  significantly increased the content of IL-4 (p < 0.01) in the
mitigated by LW-AFC. hippocampus of IR mice. The results demonstrated that cranial
irradiation elevated the level of inflammation in the hippocampus
The Effect of LW-AFC Pretreatment on the Level of of mice and this elevation could be attenuated by LW-AFC through
Inflammation in the Hippocampus of Irradiated Mice modulating the anti-inflammatory factor.
To observe the effect of LW-AFC pretreatment on the level of Together, our study indicated that cranial irradiation
inflammation in the hippocampus of IR mice, the  disrupted the neurogenic microenvironment in the
proinflammatory factors and anti-inflammatory factors were  hippocampus of mice and LW-AFC ameliorated cranial
detected. The proinflammatory factors included IL-1pB, IL-6, IL-  irradiation-induced  disturbance = in  the  neurogenic
17A, and TNF-a. The anti-inflammatory factors included IL-4,  microenvironment characterized by decrease in the level of
IL-10, and G-CSF. The contents of IL-6, TNF-a, and IL-17A were  oxidative stress and increase in the level of neurotrophic and
significantly increased (Supplementary Figure S1) and the contentof ~ growth factors as well as the anti-inflammatory factor, which
IL-4 was significantly decreased in the hippocampus of IR mice, = were associated with LW-AFC-induced promotion of AHN and
compared with the control mice (Figure 8A). LW-AFC pretreatment ~ protection against cognitive and emotional dysfunctions.
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DISCUSSION

Cranial radiotherapy is a necessary strategy in the treatment of
primary and metastatic brain tumours, but it also leads to
cognitive and emotional deficits, which are closely related to
hippocampal dysfunctions. Some reports suggest that cranial
irradiation-induced cognitive and emotional deficits are
significantly linked to reduced AHN in the dentate gyrus of
the hippocampus (Raber et al, 2004; Winocur et al., 2006).
Moreover, cranial irradiation causes disturbance in the
neurogenic microenvironment, which damages the neurogenic
potential of the hippocampus and potentially contributes to these
cognitive and emotional deficits (Monje et al., 2002; Rola et al.,
2004). Promoting endogenous AHN and regulating the
neurogenic microenvironment represent a new strategy for
ameliorating cranial irradiation-induced functional deficits. In
this study, we found that LW-AFC, when given 2 weeks before
7Gy y-ray cranial irradiation, could significantly improve
cognitive and emotional deficits after cranial irradiation, and
this effect was mediated by promoting AHN preferentially in the
dorsal hippocampus and ameliorating the neurogenic
microenvironment of the hippocampus in mice. It suggested
that LW-AFC protected against the adverse effects and aided
the recovery of hippocampal function following cranial
irradiation.

Lots of studies have shown that the hippocampus is a structure
with different anatomical connections, molecular features, and
functions along the dorsal-ventral axis (Thierry et al., 2000; Kishi
et al., 2006; Cenquizca and Swanson, 2007; Tanti et al., 2012). The
dorsal hippocampus is mainly implicated in cognitive function,
and the ventral hippocampus mainly mediates affective processes
(Moser and Moser, 1998; Bannerman et al., 2004). AHN is a
special neuroplasticity that produces the newborn neurons in the
dentate gyrus of the hippocampus throughout the life of
mammals (Gongalves et al., 2016; Abbott and Nigussie, 2020).
It is noted that AHN differs along the dorsal-ventral axis; for
example, the dorsal hippocampus displays a faster maturation
rate of newborn neurons than the ventral hippocampus (Snyder
et al., 2009; Jinno, 2011; Snyder et al., 2012). AHN may also be
preferentially affected in either the dorsal hippocampus or ventral
hippocampus depending on the exact stimulation of the
experiments, which suggests a regional specificity of AHN

response; for example, a previous research revealed that
environmental enrichment increased AHN in the dorsal
hippocampus preferentially (Tanti et al., 2012). Therefore, it is
reasonable to consider that the hippocampal function varies
along the dorsal-ventral axis when AHN is examined,
especially in experiments where drug therapy may affect AHN
(O’Leary et al., 2012; Vivar et al,, 2016; Zhou Q.-G. et al., 2016).

A previous study showed that the mice with ablation of AHN
by cranial irradiation displayed more time in the open arm in the
elevated plus maze and exhibited no difference in the immobility
time in the forced swimming test, indicating reduced anxiety-like
behaviour in neurogenesis-deficient mice (Tsai et al., 2015). Some
studies revealed that cranial irradiation induced depression-like
behaviour in mice (Wong-Goodrich et al., 2010; Son et al., 2014).
Ablation of AHN by cranial irradiation had been previously
reported to impair contextual fear conditioning in mice
without affecting spatial memory, including the Morris water
maze task and place recognition task of Y maze (Saxe et al., 2006).
Another research showed that cranial irradiation reduced AHN
and impaired performance of the object location task in rats;
however, no overall cognitive impairment was observed (Lensu
et al., 2020). Differences in studies about how AHN damage
affected cognitive and emotional behaviour resulted from
multiple factors, such as strain, gender, age of the animals,
and experimental procedures.

Our study demonstrated that cranial irradiation decreased the
number of proliferating neural stem cells and immature neurons
in both the dorsal and ventral hippocampus on the first day after
irradiation, suggesting that the AHN of mice was seriously
damaged along the dorsal-ventral axis. Our results also
revealed that mice with AHN damage exhibited the
impairment of contextual fear memory, reduced anxiety level
in the open field test, and showed an elevated tendency in the
depression level in the tail suspension test on the first day after
irradiation. Combined with the data on AHN and behaviour, we
concluded that the impairment of AHN in both the dorsal and
ventral hippocampus contributed to cognitive and emotional
dysfunctions in mice.

There are currently no successful or effective interventions for
cranial  irradiation-induced  cognitive and  emotional
dysfunctions  (D’Antonio al, 2014). Many TCM
prescriptions “nourishing” in the TCM theory system have the
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FIGURE 9 | A schematic illustration of the protective mechanisms of LW-AFC against cranial irradiation—induced cognitive and emotional dysfunctions via
increasing AHN in the dorsal hippocampus and modulating the neurogenic microenvironment.

effects of improving cognition and emotion and display the ability
to promote AHN (Zhang et al,, 2014; Sreenivasmurthy et al.,
2017). LW, a classical TCM prescription, has been used clinically
in the treatment of various diseases with signs of “kidney yin”
deficiency (Hsich et al.,, 2003; Zhou W. et al,, 2016; Dai et al,,
2016). A previous study showed that LW could promote AHN in
adult rats (Lee et al,, 2005). LW-AFC is an active fraction
combination derived from LW. Previous studies had revealed
that LW-AFC ameliorated cognitive and emotional dysfunctions
in model mice of Alzheimer’s disease or stress (Zeng et al., 2019a;
Huang et al., 2019; Cheng et al., 2020). In the present study, we
further investigated the effects of LW-AFC on cognitive and
emotional dysfunctions and AHN impairment along the
dorsal-ventral axis induced by cranial irradiation. Our results
showed that LW-AFC ameliorated behavioural dysfunctions in
the contextual fear conditioning and open field tests on the first
day after irradiation. In addition, in the tail suspension test,
LW-AFC reduced the immobility time in IR mice. LW-AFC also
improved cranial irradiation-induced impairment in the
proliferation of neural stem cells and reduction in the number
of immature neurons preferentially in the dorsal hippocampus on
the first day after irradiation. Taken together, our study showed
that LW-AFC ameliorated cranial irradiation-induced cognitive
and emotional dysfunctions as well as promoted AHN
preferentially in the dorsal hippocampus, and the amelioration

of behavioural dysfunctions was related to the promotion
of AHN.

Apart from the beneficial effect on AHN, we also investigated
the effect of LW-AFC on the neurogenic microenvironment in
the hippocampus of IR mice. The neurogenic microenvironment
is composed of neural stem cells and their surrounding cells in the
hippocampus, as well as the regulatory factors secreted by them
(Zhao et al., 2008; Ming and Song, 2011; Nicola et al., 2015), and
plays an important role in regulating the different stages of AHN
(Mosher and Schaffer, 2018; Arredondo et al., 2020). Several
reports indicated that regulating the changes in the neurogenic
microenvironment might be an effective strategy for promoting
AHN and improving cognitive and emotional dysfunctions
following cranial irradiation, such as the reduction of
inflammation and oxidative stress or the application of
cytokines (Monje et al, 2003; Manda et al., 2009; Ramanan
et al, 2009; Jenrow et al, 2010; Kim et al, 2010). Our
research suggested that cranial irradiation induced disturbance
in the neurogenic microenvironment of the hippocampus which
was characterized by the increase in the level of oxidative stress
and inflammation and the reduction in the level of neurotrophic
and growth factors. It showed that LW-AFC increased the
contents of SOD, GSH-Px, GSH, and CAT and decreased the
content of MDA in the hippocampus of IR mice, as well as
increased the contents of BDNF, IGF-1, and IL-4. The results
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demonstrated that LW-AFC ameliorated the disturbance in the
neurogenic microenvironment in the hippocampus by reducing
the level of oxidative stress and increasing the level of
neurotrophic and growth factors as well as anti-inflammatory
factor. Interestingly, LW-AFC promoted AHN and ameliorated
cognitive and emotional dysfunctions despite having no effect on
cranial  irradiation-induced elevation hippocampal
proinflammatory cytokines, suggesting that the molecular
signals triggered by LW-AFC could override this inhibitory effect.

In this study, there are some issues to be illustrated. First, AHN
involves proliferation, differentiation, maturation, and migration
with neural markers which can be used to quantify different
stages (Faigle and Song, 2013). The proliferation and
differentiation of neural stem cells have higher vulnerability to
cranial irradiation (Bellinzona et al., 1996; Nagai et al., 2000;
Lonergan et al., 2002; Andres-Mach et al., 2008). They are the two
most important stages of AHN, which are closely linked to the
generation of newborn neurons. They are positively correlated on
the whole. Upon activation, the population of quiescent neural
stem cells gives rise to a proliferative pool of neural stem cells and
these cells continue to differentiate into immature neurons that
express the marker of DCX in a multistep process (DeCarolis
et al., 2013; Braun and Jessberger, 2014; Sibbe and Kulik, 2017).
Second, there are currently no clinically available drugs for cranial
irradiation treatment by promoting AHN. Although amifostine is
the only proved radioprotective drug for radiotherapy in patients,
its main pharmacological feature is antioxidant activity and it has
many side effects (Anné, 2002; Vacha et al, 2003). We also
searched the literature of similar studies and have found no
suitable positive drug (Ji et al.,, 2014; Fan et al., 2017; Ji et al,,
2020). Therefore, we also did not design positive drug treatment
in our study. In addition, we have detected the neurogenic
microenvironment in the whole hippocampus to observe the
overall effect of LW-AFC. The change of the neurogenic
microenvironment along the dorsal-ventral axis of the
hippocampus is not examined. Further study is needed to fully
solve this inadequacy.

in

CONCLUSION

In conclusion, first, our research demonstrated that cranial
irradiation impaired AHN in both the dorsal and ventral
hippocampus, which significantly contributed to the
pathogenesis of cognitive and emotional dysfunctions
following cranial irradiation. Second, LW-AFC significantly
ameliorated cognitive and emotional dysfunctions after cranial
irradiation. The underlying mechanisms included promoting
AHN preferentially in the dorsal hippocampus and
ameliorating disturbance in the neurogenic microenvironment.
LW-AFC might be a promising therapeutic agent to treat
cognitive and emotional dysfunctions induced by cranial
irradiation (Figure 9), having the hope of safeguarding the
health of brain tumour patients receiving cranial radiotherapy.
Third, LW-AFC displayed a region-specific effect of neurogenic
response along the dorsal-ventral axis of the hippocampus. We

LW-AFC Promotes Adult Hippocampal Neurogenesis

developed a scientific method to investigate whether TCM and its
bioactive components could promote AHN accurately in
different subregions of the hippocampus. Finally, the formula
of TCM is advantageous in the treatment of complicated diseases
for the integrative and synergistic effects exerted by its multiple
components through multitargets. Our study provided a scientific
method to develop the medication against cognitive and
emotional dysfunctions induced by cranial irradiation from
the resource of TCM.
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