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a  b  s  t  r  a  c  t

The  immune  system  plays  a  vital  role  in  brain  development.  The  hepatitis  B vaccine  (HBV)  is administered
to  more  than  70%  of  neonates  worldwide.  Whether  this  neonatal  vaccination  affects  brain  development
is  unknown.  Newborn  C57BL/6  mice  were  injected  intraperitoneally  with  HBV  or  phosphate-buffered
saline.  HBV  induced  impaired  behavioral  performances  and  hippocampal  long-term  potentiation  at
8  weeks  (w)  of age  without  influence  at 4 or 12  w.  At 6 w,  there  was  decreased  neurogenesis,  M1
microglial  activation  and  a neurotoxic  profile  of neuroimmune  molecule  expression  [increased  tumor
necrosis  factor-�  and  reduced  interferon  (IFN)-�, brain-derived  neurotrophic  factor  and  insulin-like
growth  factor-1]  in  the  hippocampus  of the  HBV-vaccinated  mice.  In the serum,  HBV  induced  significantly
rain
ognition

higher  levels  of interleukin  (IL)-4,  indicating  a  T helper  (Th)-2  bias.  Moreover,  the  serum  IFN-�/IL-4  ratio
was  positively  correlated  with  the  levels  of neurotrophins  and  neurogenesis  in  the  hippocampus  at  the
individual  level.  These  findings  suggest  that neonatal  HBV  vaccination  of mice  results  in neurobehav-
ioral  impairments  in early  adulthood  by  inducing  a  proinflammatory  and  low  neurotrophic  milieu in  the
hippocampus,  which  follows  the HBV-induced  systemic  Th2  bias.

©  2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Hepatitis B vaccine (HBV) is enrolled in the global routine child-
ood vaccination schedule and is administered to more than 70%
f neonates worldwide (Centers for Disease and Prevention, 2013).
erinatal immune activation has been demonstrated to influence
rain development and behavior (French et al., 2013). The brain

s still developing in the early postnatal time period and thus
mmune activation can impact the developmental programming of
he brain (Bilbo and Schwarz, 2009, 2012; Xia et al., 2014a). Several
nimal models exhibited detrimental impacts of early postnatal
mmune activation, such as increased anxiety or vulnerability to

ater life cognition impairment (Bilbo et al., 2005; Spencer et al.,
005; Walker et al., 2004). Additionally, rats experiencing early

ife bacterial infections were more resistant to stressor-induced
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adult depression (Bilbo et al., 2008). Therefore, early vaccination
with HBV, which induces strong immune activation, is suspected
to influence brain development and behavior.

The T helper (Th)1/Th2 balance serves as an important medi-
ator for the effects of immune activation on the central nervous
system (CNS). Our recent studies showed that maternal influenza
vaccination increased the levels of hippocampal neurogenesis and
neurotrophin expression in both generations and that these neu-
robenefits were positively associated with a systemic Th1 bias (Xia
et al., 2014a; Xia et al., 2014b). Moreover, Bacillus Calmette-Guerin
(BCG) exerted a neuroprotective effect in several CNS disease condi-
tions and improved brain development under normal conditions in
rodents (Bourdette and Naismith, 2014; Laćan et al., 2013; Lee et al.,
2008; Li et al., 2015a,b; Yang et al., 2016a; Yong et al., 2011). Con-
versely, a Th2 bias is regarded as neurodetrimental. A Th2 bias has
been reported to be associated with cognitive deficits (Baruch et al.,
2013; He et al., 2014; Palumbo et al., 2012) that are restored when
the Th2 bias is reversed (Palumbo et al., 2012). This phenomenon
was verified by our study, which demonstrated that neonatal HBV

vaccination impaired the hippocampal synaptic plasticity of rats at
early adulthood (Li et al., 2015a). However, whether neonatal HBV
vaccination, which is a Th2 inducer, influences behavior and neu-
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ogenesis is not clear. We  conducted the present study to address
his question.

. Material and methods

.1. Animals and study design

This study was approved by the Sun Yat-Sen University (SYSU)
nstitute Research Ethics Committee and performed in strict accor-
ance with the U.K. Animals (Scientific Procedures) Act, 1986.
itters of newborn C57BL/6 mice purchased from the SYSU Labora-
ory Animal Center (Guangzhou, China) were housed under specific
athogen-free conditions. The pups were weaned on postnatal day
1 (P21). As shown in Table S4 that provided with the study design,
imeline and precise sample size of the main body of the study, a
eries of tests were performed in this study (Table S4). Each type of
est consisted of two groups of mice: the immunized group (such
s HBV-group) and the control (CON)-group. For the open field test
OFT), six litters of newborn C57BL/6 mice were divided into the
wo groups (HBV-group and CON-group). One male pup and one
emale pup selected from each litter were included in the HBV-
roup, and another male pup and another female pup selected
rom each litter were included in the CON-group. Thus, a total
f 24 neonates were chosen and divided into the two groups (12
ups/group) with matched backgrounds and genders. The pairs of
roups were set similarly for the other tests.

.2. Immunization procedures

HBV was administered in a three-dose series (Mast et al.,
999). The time points for immunization of newborn mice imitated
hose for human infants, with P0-P7-P21 imitating P0-P30-P180.
lthough it is difficult to make the chosen ages of mice strictly
orrespond to those of humans, P0-P7-P21 was verified to be appro-
riate in a preliminary study (design: Table S1; results: Table S2 and
ig. S1). Mice in the HBV-group were injected intraperitoneally on
0 with a total volume of 50 �l/mouse of HBV (yeast-derived, Kang-
ai Biological Pharmaceutical Company, China) containing 1 �g of
epatitis B virus surface antigen (HBsAg) and 31 �g of Al3+. We

nitially referred to previous studies (Weeratna et al., 2001) to
elect the HBV dosages that was approximately 1/5 of the dosage
sed in human infants in China. However, the specific dosage was
ventually determined from the results of the preliminary study.
he HBV-mice received two identical doses of HBV as the booster

noculations on P7 and P21. The control groups matching each
mmunized group were injected with phosphate-buffered saline
PBS) in the corresponding procedures.

.3. Behavior tests

.3.1. Selection of the time points for the behavior and
lectrophysiology tests

The ethological tests were performed at three ages: four, eight
nd twelve weeks (w). These age points span the vital development
eriod when mice grow from juveniles into adults.

.3.2. OFT
The OFT tasks were performed as described previ-

usly (Chandran et al., 2008). Each mouse was placed in a
0 cm × 40 cm × 38 cm Plexiglas cubicle. Locomotor activities,
earing, distances travelled and the time proportion spent in the

enter zone by each mouse during a 30 min  task were calculated
sing the Flex-Field activity system (San Diego Instruments, CA,
SA). After each trial, the apparatus was cleaned thoroughly with
0% ethanol.
inology 73 (2016) 166–176 167

2.3.3. Elevated plus maze (EPM)
Each mouse was allowed to explore the EPM apparatus freely for

5 min  after being placed in the center facing a constant open arm.
Their behavior was recorded with a video tracking system (Noldus
EthoVision XT, the Netherlands). The time spent in and the num-
bers of entries into the open arms and the number of times the
mice reached the ends of the open arms were analyzed. The EPM
apparatus was  cleaned as described for the OFT apparatus.

2.3.4. Morris water maze (MWM)
The MWM  task was performed as previously described (Yang

et al., 2016a). There is a circular pool with 100 cm in diameter and
60 cm in height in the apparatus. The pool was filled with water
with a depth of 30 cm and with a temperature at (22 ± 1)◦C, which
was colored with non-toxic white dye. Four imaginary quadrants
were set in the pool and a white circular platform of 9 cm in diam-
eter and 29 cm in height was placed in a constant quadrant. An
MT-200 Morris image motion system (Chengdu Technology & Mar-
ket Corp., China) was used to record the latency (time spent by
animals) and the distance covered by each to find the platform.
Briefly, each animal was subjected to four successive trials a day
for 4 consecutive days. In each trial, the mouse was given a ceiling
time of 60 s to find the hidden platform. On the 5th day, the mouse
was given a single probe trial including a 60 s free swim with the
platform removed. Mice were dried with a towel and blown by a
warming fan for 20 min  after every trial.

2.4. Electrophysiology

The mice were anaesthetized with urethane (1.5–1.7 g/kg)
(Scott et al., 2012). The skull co-ordinates of the mice used for the
in vivo long-term potentiation (LTP) tests were the same as those
described by Kameda et al. A unipolar-recording electrode was
located 2 mm posterior to the bregma, 1.4 mm lateral to the mid-
line and deepened into the hilus of the DG; a bipolar-stimulating
electrode was located ipsilaterally 2.5 mm lateral to lambda and
deepened by 1.5 mm into the perforant pathway (Kameda et al.,
2012). After setting the stimulation strength to produce half of
the maximal population spike (PS) amplitude, we began recording
for a 20 min  baseline period followed by a 60 min  post-LTP period.
LTP was induced using a 400 Hz high-frequency stimulation (HFS)
protocol consisting of six trains of six pulses (pulse width 50 �s,
inter-train interval 100 ms)  repeated six times (15 s between rep-
etitions) (Kameda et al., 2012). To describe the LTP, the data were
averaged into two-minute bins and normalized to the average exci-
tatory postsynaptic potential (fEPSP) slope in the baseline period.
The magnitude of the LTP was calculated between 58 and 60 min
in the last bin of the recording session and was expressed as the
percentage change from the fEPSP slope baseline. Values from the
final 2 min  bin were compared within each pair of groups using
Student’s t-test.

2.5. Selection of the time point for the cellular and molecular tests

Cellular and molecular mechanisms underlying behavior,
including neurogenesis, microglial activation and neurochemicals,
should be affected by systemic immune activation theoretically
earlier than behavior. Therefore, neurogenesis, microglial activa-
tion and certain neuroimmune molecules were examined at 6 w
since significant behavior effects were found at 8 w. In terms of

neurogenesis, the test time point, that is 2 w earlier than the age
when behavior was  significantly influenced, is consistent with the
timeline for the maturing of newborn neurons in the hippocampus
(Zhao et al., 2008).
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.6. Immunofluorescence and cell quantification

.6.1. 5-bromo-2-deoxyuridine (BrdU) labeling and tissue
reparation

At 6 w of age, the mice were injected with BrdU (Sigma-
ldrich, 50 mg/kg body weight, dissolved in 0.9% NaCl and filtered,

ntraperitoneally) twice a day to label dividing cells. The animals
ere deeply anaesthetized and transcardially perfused with 4%

araformaldehyde (PFA) at different time points (2, 7 and 21 days
fter the first injection). Their brains were excised two days after
he first injection and prepared for the examination of BrdU+

ells, 7 days after the first injection for BrdU+/doublecortin (Dcx)+

ells and 21 days after the first injection for BrdU+/neuronal nuclei
NeuN)+ cells. After excision, the brains were immediately fixed
vernight in 4% PFA at 4 ◦C and dehydrated with 10% sucrose
ollowed by 20% and 30% sucrose for 24 h each at 4 ◦C. Serial coro-
al sections (40 �m)  obtained using a freezing microtome (Leica
M2000R) were stored in PBS at 4 ◦C prior to immunostaining.

.6.2. Immunofluorescence staining and cell quantification
Free-floating sections were washed in 0.1 m PBS and then incu-

ated in 2 N HCl for 30 min  at 37 ◦C. Then the sections were
locked in PBS containing 1% bovine serum albumin, and 0.25%
riton X-100 (Sigma-Aldrich) for 1 h. For single labeling, the
pecimens were then incubated overnight at 4 ◦C with either
at anti-BrdU (1:500; Oxford Biotechnology) or rabbit anti-Iba-1
1:1000; Wako Chemicals). For the double labeling, the sections
ere stained with specified combinations of primary antibod-

es as follow: rat anti-BrdU (1:500; Oxford Biotechnology)/goat
nti-DCX (1:100; Santa Cruz Biotechnology), or rat anti-BrdU
1:500; Oxford Biotechnology)/mouse anti-NeuN (1:1000; sigma)
r rabbit anti-Iba-1 (1:1000; Wako Chemicals)/rat anti-MHC-2
1:100; IQ Products). Specimens were washed three times before
ncubated at 37 ◦C for 2 h with secondary antibodies, including
lexa594-conjugated donkey anti-rat, Alexa Fluor 488-conjugated
oat anti-rabbit, Alexa594-conjugated donkey anti-rat/Alexa488-
onjugated donkey anti-goat or Alexa594-conjugated donkey anti-
at/Alexa488-conjugated goat anti-mouse, Alexa488-conjugated
onkey anti-rat/Alexa Fluor 555-conjugated goat anti-rabbit. All
hese secondary antibodies (Invitrogen) were diluted to 1:400.

The labeled cells were quantified as previously described (Hong
t al., 2007). The unilateral DG of each animal were estimated
sing a stereology system, Stereo Investigator (MicroBrightField,
illiston, USA). For each DG, a total of six coronal sections equidis-

antly spanning the entire rostrocaudal extent of the DG were
sed. After measuring the actual section thickness, the appropri-
te guard zones both at the top and the bottom of each of the
ections were defined to avoid oversampling. Counting frames of
5 × 15 × 20 �m were set in a 40 × 40 �m matrix (for estimating
he BrdU+ and BrdU+/Dcx+ cells) that were randomly superimposed
nto the regions of interest. The coefficient of error in all estimation
ere less than 0.10. The numbers of BrdU+/NeuN+ and Iba-1+ cells

n all six selected sections were straightly quantified, without using
 grid or counting frames. All the four types of cells, mentioned
bove were quantified in the granular cell layer and the hilus of the
G. Zeiss LSM 780 confocal laser-scanning microscope was used to
apture the representative confocal micrographs of labeled cells.

.7. Molecular tests

.7.1. Multiplex assay
The mouse cytokine/chemokine panel (MCYTOMAG-70K-04;
illipore, Billerica, MA,  USA) and bead-based Luminex system were
sed to detect the concentrations of interferon (IFN)-�,  interleukin
IL)-4, TNF-� and IL-1� in the sera and hippocampi. Hippocampus
omogenates were also assayed to determine the concentration of
inology 73 (2016) 166–176

brain-derived neurotrophic factor (BDNF) and insulin-like growth
factor (IGF)-1 using the MPTMAG-49K-01 and the RMIGF187K
kits, respectively (Millipore, Billerica, MA,  USA). The serum sam-
ples were diluted 1:2 with assay buffer. The hippocampi were
homogenized in radioimmunoprecipitation assay buffer (50 mM
Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, protease
inhibitor cocktail and phosphatase inhibitor cocktail I and II; Sigma)
according to the manufacturer’s instructions (Milliplex MAP kit,
Millipore). The total protein concentration of each sample was
adjusted to 4.5 mg/ml  using the BCA protein assay kit (Biotime).
Then the prepared serum and hippocampi samples were used for
the multiplex assays, strictly according to the manufacturer’s pro-
tocols. The assays were run in triplicate to confirm the results. The
data were collected on a Bio-Plex-200 system (Bio-Rad, Hercules,
CA, USA) and analyzed using a professional software (Bio-Plex Man-
ager).

2.7.2. RT-PCR analyses
After the total RNA was isolated using TRIzol reagent (Sangon

Biotech, Shanghai, China), the mRNAs (2 �g) were converted
to cDNAs by means of a GoScript TM cDNA Reverse Transcrip-
tion Kit (Promega, Madison, USA). The expression of several
interested mRNAs was  assayed using real-time quantitative PCR
(RT-PCR). The quantitative PCR reactions were conducted in
triplicate for each sample using the TransStart Tip Green qPCR
SuperMix (TransGen Biotech, Beijing, China). The reference gene
was �-actin according to its stability in the hippocampus. The
amplification cycles were set as 94 ◦C for 5 s and 60 ◦C for 30 s.
A melting curve was constructed to evaluate the specificity
of the reaction. All quantitative real-time PCR reactions were
determined and analyzed using a Bio-Rad IQ5 Real-Time PCR
System with the comparative Ct method. The primers used in this
study were: IL-6, Forward 5′-TCTGGGAAATCGGGAAATGAG
and Reverse 5′-TCTCTGAAGGACTCTGGCTTTGTC;
IL-1�, Forward 5′-TGTCTTTCCCGTGGACCTTC and
Reverse 5′-CTAATGGGAACGTCACACACC; Ym1, For-
ward 5′-GGCATACCTTTATCCTGAG and Reverse
5′CCACTGAAGTCATCCATGTC; ARG, Forward 5′-
AGCCAATGAAGAGCTGGCTGGT and Reverse
5′AACTGCCAGACTGTGGTCTCCA; and �-action, For-
ward 5′-GGTACCACCATGTACCCAGG and Reverse
5′-ACATCTGCTGGAAGGTGGAC.

2.8. Corticosterone measurements

At 6 w,  serum was  prepared and was  assayed for corticosterone
levels using ELISA kits (from EIAab Science Co, Wuhan, China)
according to the manufacturer’s specifications.

2.9. Statistical analyses

The data were statistically analyzed using the Statistical Package
for the Social Sciences 17.0. Because no significant differences were
found between genders in the immune responses to HBV (Tables
S2–S3), gender has been included as a factor only in the analyses
for data from behavior, LTP and neurogenesis experiments in the
formal study that were not immune indices (Supplementary mate-
rial 2). The results (Supplementary material 2) show that there is
not significant effects of gender on any indices in all the experi-
ments. Therefore, gender was  not been included in the analyses
that were described and shown in the Results and Figures of the
main text. Data from the place navigation task (part of the data

from the MWM  test) were analyzed using two-way (group × time)
repeated measures analysis of variance (RM-ANOVA) followed by a
post-hoc test (Bonferroni). The remaining data were analyzed using
Student’s t-test or a nonparametric test for comparisons between
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Fig. 1. The HBV-group showed increased anxiety-like behavior at 8 w.  Data represent the average numbers of locomotion activities (A), rearing activities (B), distances (C)
and  center time proportion (D) of each group in the OFT. Data represent the average time proportion spent in the open arms (E), the proportion of the numbers of entries
i  open 
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nto  the open arms in that into both open and closed arms (F) and the proportion of
nd  closed arm ends). (G) for each group of mice. Data represent the mean ± SEM. *p
est.  The experiment was repeated three times with similar results and a represent

roups. Correlations between the serum IFN-�/IL-4 ratio and the
evels of neurogenesis and neurotrophin expression were assessed
y correlation analysis (Pearson). The significance level was set to

 = 0.05.

. Results

.1. HBV decreased locomotor activity and increased the anxiety
f mice at 8 w

In the OFT, the HBV-group showed a significant decrease in
ocomotion (t-test, t = −3.513, df = 18, p = 0.002), rearing (t-test,

 = −2.276, df = 18, p = 0.035), distance (t-test, t = −4.078, df = 18,
 < 0.001) and center time proportion (t-test, t = −2.504, df = 18,
 = 0.022) compared to the matched CON-group at 8 w but no sig-

ificant alterations were detected at 4 or 12 w (Fig. 1A–D).

In the EPM, the HBV-group spent less time in the open arms
t-test, t = −4.104, df = 17, p < 0.001) and had less open arms entries
t-test, t = −9.554, p < 0.001) and end explorations (arriving at the
arm end explorations in the total end explorations (arriving at both open arm ends
5, **p  < 0.01, ***p < 0.001; n = 9–10 mice/group; Student’s t-test or Mann-Whitney U
xperiment is shown.

ends of the open arms) (t-test, t = −7.444, df = 17, p < 0.001) than
the CON-group at 8 w but had no significant alterations at 4 or 12 w
(Fig. 1E–G).

3.2. HBV impaired spatial cognition and hippocampal LTP of mice
at 8 w

The HBV-group showed a longer mean escape latency (RM-
ANOVA; group: F1,18 = 6.44, p = 0.021; time: F3,54 = 22.32, p < 0.001;
group × time: F3,54 = 0.98, p = 0.409) and a longer mean swimming
path (RM-ANOVA; group: F1,18 = 6.11, p = 0.024; time: F3,54 = 27.47,
p < 0.001; group × time: F3,54 = 0.84, p = 0.477) without differ-
ent velocity (RM-ANOVA; group: F1,18 = 0.863, p = 0.367; time:
F3,54 = 1.855, p = 0.150; group × time: F3,54 = 0.367, p = 0.777) and

had less platform area crossings (In the probe test, the numbers
of crossing the area where the platform had been put during the
first four days) (t-test, t = −2.226, df = 18, p = 0.039) and less time
spent in the target quadrant (t-test, t = −2.489, df = 18, p = 0.023)
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Fig. 2. The HBV-group showed impaired spatial cognition at 8 w. (A-B) Learning-memory lines show the average latency (A) or average swimming path (B) to reach the
platform. (C) Data show the average swimming velocity of the 8 w mice. Two-way RM-ANOVA followed by the Bonferroni post-hoc test; *p < 0.05, **p < 0.01: significant
post-hoc differences. (D) Data show the average numbers of platform area crossings. (E) Data show the average time proportion spent in the target quadrant by each group
o  Data 
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f  mice. Student’s t-test or Mann-Whitney U test; *p < 0.05: significant differences.
hree  times with similar results and a representative experiment is shown.

han the controls at 8 w but had no significant alterations at 4 or
2 w (Fig. 2).

The hippocampal LTP is involved in cognitive processes in the
WM task (Bannerman et al., 1995; Femenia et al., 2012); thus, we

ecorded the hippocampal LTP of mice at 8 w when learning and
emory were significantly impaired. HBV inhibited the induction

f LTP (t-test, t = −2.410, df = 18, p = 0.027) (Fig. 3) compared with
he controls.

.3. HBV impaired hippocampal neurogenesis

Because behavior alterations were significant at 8 w,  neuroge-
esis and several neuroimmune molecules were examined at 6 w,
hich is two weeks earlier than described previously (Zhao et al.,

008). The neurogenesis of mice was examined in the dentate gyrus
DG) at 6 w after the mice were administered BrdU to label the
roliferating cells. There were significantly smaller numbers of pro-
iferating cells (BrdU+) (t-test, t = −2.553, df = 10, p = 0.029), new
rogenitors (BrdU+/Dcx+) (t-test, t = −2.418, df = 10, p = 0.036) and
ew neurons (BrdU+/NeuN+) (t-test, t = −2.488, df = 10, p = 0.032) in
he DG of the HBV-group than in the controls (Fig. 4).
represent the mean ± SEM of 10 animals per group. The experiment was  repeated

3.4. HBV induced M1 microglial activation without altering the
microglia numbers in the hippocampi

Microglia are important immune cells that mediate the influ-
ences of peripheral immune signals on the CNS (Schwartz
and Shechter, 2010). Therefore, we examined whether neonatal
HBV vaccination altered their numbers and phenotypes in the
hippocampi. The HBV-mice showed significantly increased hip-
pocampal mRNA levels of IL-1� (t-test, t = 6.579, p < 0.001) and IL-6
(t-test, t = 8.046, p < 0.001) (M1-type genes) compared to the con-
trols (Fig. 5A). Additionally, a few microglia (Iba-1+ cells) in the
HBV-mice co-expressed MHC-2 (Fig. 5B–F), which is one marker for
proinflammatory microglial activation (Shi et al., 2011). However,
the microglial numbers were not significantly different between
the two groups (t-test, p > 0.05) (Fig. 5G–I).

3.5. HBV induced a neurodetrimental hippocampal neuroimmune
molecular profile and a serum th2 bias
In the hippocampus, the HBV-group showed significantly lower
IFN-�, BDNF and IGF-1 and higher TNF-� levels at 6 w (t-test,
p < 0.05) (Fig. 6A, B). Tests for serum cytokine levels showed that
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Fig. 3. The HBV-group showed impaired hippocampal LTP at 8 w. (A, B) Data in (B)
are expressed as the percent change from the fEPSP slope baseline of the last 2 min
bin in (A). Traces in (C) represent the typical PS recorded before (full line) and after
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dotted line) HFS. Data represent the mean ± SEM. *p < 0.05; n = 10/group; Student’s
-test.  The experiment was repeated twice with similar results and a representative
xperiment  is shown.

BV induced a Th2 bias (lower IFN-�/IL-4 ratio and less TNF-�)
t-test or nonparametric test, p < 0.05) (Fig. 6C, D).

.6. The serum IFN-�/IL-4 ratio positively correlated to the levels
f  the hippocampal neurotrophins and neurogenesis at the
ndividual  level

A  total of 30 neonatal mice were vaccinated with HBV. At 6 w,
he levels of the hippocampal neurotrophins and neurogenesis and
he serum IFN-�/IL-4 ratio were examined. Positive correlations
ere found between the serum IFN-�/IL-4 ratio and the hippocam-

al BDNF levels (Pearson’s correlation coefficient, r = 0.419, p < 0.05)
nd the hippocampal IGF-1 levels (Pearson’s correlation coeffi-
ient, r = 0.467, p < 0.01) (Fig. 7A, B). Positive correlations were
lso found between the serum IFN-�/IL-4 ratio and hippocampal
eurogenesis (proliferating cells: Pearson’s correlation coefficient,

 = 0.467, p < 0.01; new progenitors: Pearson’s correlation coeffi-
ient, r = 0.397, p < 0.05) (Fig. 7C, D).

.7. Immunization of hen egg lysozyme (HEL) with alum induced
ffects  on Th bias and behavior similar to HBV’s effects

The HBV that we used contained HBsAg and an aluminum adju-
ant. Immunization with a protein antigen with an aluminum
djuvant, such as the HEL in alum, primarily drives the Th2 response
Yip et al., 1999). Therefore, we investigated whether immuniza-
ion with HEL/alum had effects similar to those observed for HBV
sing a CON-group and a HEL-group (details in the Supplementary

aterial). In agreement with the HBV results, neonatal HEL/alum

njection decreased the serum IFN-�/IL-4 ratio at 6 w, impaired spa-
ial cognition and increased anxiety-related behavior at 8 w (Table
5).
inology 73 (2016) 166–176 171

3.8. No effects of aluminum hydroxide (ALH) alone on Th bias and
neurobehavior

The ALH contained in HBV may  impair neurobehavior (Dórea
and Marques, 2010). Therefore, a CON-group and an ALH-group
were set (details in the Supplementary material). No significant
alterations in the serum IFN-�/IL-4 ratio, spatial cognition and
anxiety-related behaviors were detected between the two  groups
(Table S6).

3.9.  No alteration in the activity of the
hypothalamic–pituitary–adrenal (HPA) axis in HBV-mice

Activity of the HPA axis is another important aspect involved in
the complicated pathophysiology of behavior (Idayu et al., 2011;
Pariante and Lightman, 2008). Serum level of corticosterone is the
most observed hallmark of activation of the HPA axis in rodents
(Antidepressant-like effects of mixture of honokiol and magnolol
from the barks of Magnolia officinalis in stressed rodents). To
determine whether administration of HBV affect the production
of glucocorticoids, we  measured serum corticosterone levels of
animals three days after immunization procedure. There is no sig-
nificant difference in the level of corticosterone between HBV-mice
and CON-mice (Fig. S2, t = 0.843, p = 0.843, n = 6).

3.10. HBV also induced a serum th2 bias and reduced mood and
cognition-related behavior in mice reared in a conventional
animal room

Human neonates and wild mice are subjected to the normal
immune stimuli. These multiple immune stimuli may  have com-
plex influences on immune system as well as the CNS and therefore
might modify the neurobehavior effects of the neonatal HBV vacci-
nation. To address this issue, another experiment were conducted
where CON-mice and HBV-mice were housed in a conventional ani-
mal  room (section 4 of the Supplementary materials and Methods).
This experiment showed similar effects to that housed in SPF con-
dition (Table S8). To be specific, HBV also induced a serum Th2 bias
and reduced mood and cognition-related behavior in mice reared
in a conventional animal room.

4. Discussion

This study demonstrates that early HBV vaccination impairs
the behavior, hippocampal LTP and neurogenesis of mice in early
adulthood, which has not been previously reported. One possible
mechanism underlying these effects is the alterations in the brain
neuroimmune milieu following the systemic Th2 bias.

Cytokines and neurotrophins can mediate the effects of periph-
eral immune activation on the CNS. (Fidel et al., 1994; Shi et al.,
2003; Urakubo et al., 2001; Xia et al., 2014a). Under physiological
conditions IFN-� exerts a neurobenefitial role, including elevating
levels of neurogenesis (Baron et al., 2008) and inducing neuronal
differentiation (Butovsky et al., 2006), whereas TNF-� has a detri-
mental effect on many neurobehavior processes (Brennan et al.,
2004; Gerber et al., 2004). In this study, we  found that there were
reduced levels of IFN-� and increased levels of TNF-� in the hip-
pocampi of HBV-mice than that in the CON-mice. These findings
suggest that HBV induced a profile of cytokine expression in the
hippocampus, which may  be neurodetrimental. Moreover, it was
also found that HBV reduced the hippocampal levels of BDNF and
IGF-1. BDNF and IGF-1 are neurotrophic and the decreased expres-

sion of them could result in impairments in cellular and behavior
activities and functions of the CNS (Hoshaw et al., 2005). There-
fore, such alterations in the expression of these cytokines and
neurotrophins may  be, at least part of, the mechanism by which
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ig. 4. HBV decreased hippocampal neurogenesis. (A-F) Representative confocal m
C  and F) in DG. (I) Bars represent the average numbers of the BrdU+, BrdU+/Dcx+ an
tudent’s t-test. Scale bar: 50 �m.  The experiment was repeated twice with similar

he peripheral immune activation by HBV vaccination impaired
ehavior, hippocampal LTP and neurogenesis. To speculate the
echanism, the altered expression of IFN-� and TNF-� may  con-

ribute to the mediation of the neurobehavior effects of HBV,
ither directly influencing the neurobehavior function or influ-
ncing the neurobehavior function through altering the BDNF and
GF-1 expression (Butovsky et al., 2005; Raison et al., 2006; Russo
t al., 2012; Terrando et al., 2010).

What is the pathway by which peripheral immune activation
ffects the CNS? Cytokines derived peripherally may  directly affect
he CNS by permeating into it (Banks, 2005). Moreover, cytokines
n the brain may  exhibit crosstalk with the microglia and alter
heir phenotypes by regulating their secretion of neuroimmune

olecules, including cytokines and neurotrophins (Schwartz and
hechter, 2010). In the present study, a few microglia in the hip-
ocampi of HBV-mice were found to express CD11b. There were

nconsistences between the directionality and magnitude of the
lterations of cytokine expression in the periphery and those in
he hippocampi. Thus, the accurate mechanism remains unclear.

owever, one possible mechanism may  be differential cytokine
roduction by the resident immune cells (Yirmiya and Goshen,
011) and the differential transport of cytokines across the BBB
Banks, 2005).
aphs of labeled cells: BrdU+ (A and D), BrdU+/Dcx+ (B and E) and BrdU+/NeuN+ cells
U+/NeuN+ cells in DG. Data represent the means ± SEM. *p < 0.05; n = 6 mice/group;
s and a representative experiment is shown.

Microglia can be activated into two different phenotypes: the
M1 and M2  phenotypes (Colton, 2009). Classically activated M1
microglia produce proinflammatory cytokines and affect neuro-
genesis and neuronal activities, whereas alternatively activated
M2 microglia exert neuroprotective effects primarily through anti-
inflammatory molecules and neurotrophins. This study verified
that neonatal HBV vaccination skewed the microglia towards the
M1 phenotype (Fig. 4). This result may  explain the hippocampal
neurodetrimental expression profile of neuroimmune molecules.
Despite the M1  phenotype shift, HBV did not alter the numbers of
microglia in the hippocampi (Fig. 4). In agreement with the report
by Chen et al. (Chen et al., 2012), these results suggested that the
neurobehavioral impairments were associated with microglial acti-
vation without affecting their numbers.

The HBV-induced systemic Th2 bias may  have mediated the
neurodetrimental neuroimmune milieu and thereby resulted in
neurobehavioral impairment. The peripheral Th1/Th2 balance is
associated with the effects of peripheral immune activation on the
CNS. For instance, maternal influenza vaccination was  shown to

increase hippocampal neurogenesis and neurotrophin expression
in both generations; these neurobenefits were positively associ-
ated with a systemic Th1 bias (Xia et al., 2014a; Xia et al., 2014b).
Moreover, BCG is a well-known Th1 bias inducer that has been
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Fig. 5. HBV induced M1-activated microglia in the hippocampi but did not alter the microglial numbers. (A) Data represent the relative mRNA expression of the M1  and
M2-type genes in the hippocampi compared to the CON-mice. (B–F) Representative confocal micrographs of the M1-activated microglia (Iba-1+/MHC-2+) in 6-w-old HBV-
m howin
S  each g
m lts and

f
e
Y
a
b
t
t
o
T
g
(

h
i
f
c
r

ice.  Scale bar, 50 �m in (B), 20 �m in (C–F). (G–H) Representative micrographs s
cale bar, 100 �m.  (I) Data represent the average numbers of microglia in the DG in
ice/group; Student’s t-test. The experiment was repeated twice with similar resu

ound to be neuroprotective (Bourdette and Naismith, 2014; Laćan
t al., 2013; Lee et al., 2008; Li et al., 2015a,b; Yang et al., 2016a,b;
ong et al., 2011). In contrast, a Th2 bias has been verified to be
ssociated with cognitive deficits that are restored when the Th2
ias is reversed (Palumbo et al., 2012). Our previous study showed
hat neonatal HBV vaccination impaired the hippocampal synap-
ic plasticity of rats at early adulthood (Li et al., 2015a). Moreover,
ther mechanisms might underlie HBV’s neurobehavioral effects.
his topic requires further study in the future, such as an investi-
ation of the regulation of the hypothalamic-pituitary-adrenal axis
Spencer et al., 2005).

The  current study provides more evidence supporting this
ypothesis. First, HEL/alum induced a Th2 bias and behavioral

mpairments that were similar to HBV. Second, a more power-

ul supporting finding is that the serum IFN-�/IL-4 ratio positively
orrelated with the levels of hippocampal neurotrophins and neu-
ogenesis at the individual level. Third, it has also been found that
g the microglia (Iba-1+) in the DG in the HBV-mice (G) and CON-mice (H) at 6 w.
roup of mice. The data in (A) and (I) represent the means ± SEM. *** p < 0.001; n = 6

 a representative experiment is shown.

HBV induced a serum Th2 bias and neurobehavior impairments in
mice even reared in a conventional animal room where the mice
were subjected to the normal and complex immune stimuli. These
findings suggest that the serum Th2 bias induced by HBV may  be
the critical bridge connecting the vaccination and the neurobe-
havior effects, instead of other aspects induced or associated by
vaccination.

Along this line, similar neurobehavior effects of the HBV  and
the HEL/alum may  be seen when vaccinated with other vaccine
that consists of a protein and the aluminum hydroxide adjuvant
and induces a systemic Th2 bias. But there are not many such vac-
cines. In fact, only pertussis-diphtheria-tetanus triple vaccine, one
of these vaccines, is given to human infants (at three month old).
We will observe whether the pertussis-diphtheria-tetanus triple

vaccine can induce neurobehavior effects in the future work.

HBV’s behavioral effects are only detectable at the age of early
adulthood (at 8 w but not at 4 or 12 w). These findings suggest that
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Fig. 6. HBV altered the hippocampal levels of cytokines and neurotrophins and the serum Th2 cytokine bias. (A–C) The bars represent the average levels of these molecules
in the hippocampi (A, B) and serum (C) in each group. (D) The bars represent the Th1/Th2 cytokine balance in the serum of each group. The data represent the means ± SEM.
*p  < 0.05; ** p < 0.01; ***p < 0.001; n = 6/group; Student’s t-test, Welch’s t-test or nonparametric test. Hi: hippocampus; Se: serum. The experiment was repeated twice with
similar  results and a representative experiment is shown.

Fig. 7. Positive correlation of the serum IFN-�/IL-4 ratio with neurotrophic factors and neurogenesis in the HBV-mice. (A–B) Correlation analyses between the serum IFN-
� : r = 0
t 0.397,
w

t
e
c
t
1
s

/IL-4  ratio and the hippocampal levels of BDNF (A: r = 0.419, p < 0.05) and IGF-I (B
he  numbers of proliferating cells (C: r = 0.467, p < 0.01) and new progenitors (D: r = 

ith  similar results and a representative experiment is shown.

he vaccine’s influence on behavior has a latency period prior to
mergence and that the vaccine’s influences are transient. Mice
ould be considered in the pubertal stage at 8 weeks, and this puber-

al stage might alter behavior in ways that may  not be evident at 4 or
2 weeks. However, the significant difference found in the present
tudy is between the immunized mice and the control mice, rather
.467, p < 0.01). (C–D) Correlation analyses between the serum IFN-�/IL-4 ratio and
 p < 0.05). n = 30, Pearson’s correlation analysis. The experiment was repeated twice

than between the mice of 8-week-old and the mice of another age.
Therefore, this difference does reflect the effects of the neonatal
vaccination. The mechanism underlying the latency and transient

phenomenon is very complex and needs further studies for well
understanding, because such latency involves many aspects of the
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mmune responses in the periphery and CNS as well as neural plas-
icity.

This work reveals for the first time that early HBV vaccination
nduces impairments in behavior and hippocampal neurogenesis.
his work provides innovative data supporting the long suspected
otential association of HBV with certain neuropsychiatric disor-
ers such as autism and multiple sclerosis (Gallagher and Goodman,
010; Stubgen, 2012). This study used the same vaccine and a
imilar time schedule to those used for human infant vaccina-
ion in China. Therefore, these findings suggest that there may  be
imilar effects of neonatal HBV vaccination on brain development
nd behavior in humans. Given the huge welfare brought by the
BV vaccination in the protection against hepatitis B, the proper

mplications of findings in the present study should be that HBV
accination of human infants may  be attempted to be performed
ith non-Th2 bias-inducing vaccine (eg, DNA vaccine) or even at

ifferent ages.
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