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Abstract: Although there is a high risk of mood disorders and cognitive impairment in congenital human cytomega-
lovirus (HCMV) infections, the molecular pathogenetic mechanisms of HCMV have not yet been fully determined.
In this study, we show that immediate-early 2 (IE2) protein modulates affective and cognitive behaviors. We used
a UL122 genetically-modified mice model that can continuously express IE2 protein. We used a series of animal
behavior tests to determine the relationship between HCMV-encoded IE2 and psychiatric disorders. In open-field,
elevated plus-maze test and tail suspension tests, we found that UL122 genetically-modified mice displayed more
anxiety-depression behavior than did wild-type (WT) mice. The Morris water maze test and novel object recognition
test showed that spatial learning and memory were lower in UL122 genetically-modified mice model than in WT
mice. Level of fibroblast growth factor 2 (FGF2) protein in the hippocampus cornu ammonia areas (CA1, CA3) and
dentate gyrus (DG) of the experimental group was significantly lower, consistent with immunohistochemical stain-
ing and western blot for neuron-specific nuclear protein (NeuN) and glial fibrillary acidic protein (GFAP). Levels of
SYP and PSD-95 proteins were lower in the hippocampus UL122 genetically-modified mice. These data suggest the
importance of HCMV-encoded IE2 for studying anxiety and depression behaviors and for the spatial learning and
memory. This would help to further explain the molecular pathological mechanism of psychiatric disorders caused
by HCMV infection.
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Introduction

Anxiety-depression and cognitive impairment
affect millions of people worldwide. The suicide
rate is much higher for people with mood disor-
ders than for the general population [1]. Cog-
nitive impairment, including impaired learning
and memory deterioration, are implicated in
neurological diseases such as Alzheimer’s [2].
The molecular mechanisms of anxiety-depres-
sion and cognitive impairment are closely relat-
ed to synaptic plasticity [3].

Human cytomegalovirus (HCMV) is a double-
stranded DNA virus that belongs to the family
Herpesviridae and subfamily Betaherpesviri-
nae [4]. The primary target of HCMV is the hip-
pocampus, a key brain region involved in mem-
ory and emotional processing. Several studies

have shown that HCMV infection may lead to
long-term neurodevelopmental impairment that
may in turn cause neurological disorders and
intellectual impairment [5]. Several studies
have demonstrated that congenital HCMV in-
fection induces cognitive impairment by inhibit-
ing the synaptic plasticity of the mice [6, 7]. A
recent study suggests that mood disorders,
such as depression and anxiety, may be associ-
ated with HCMV infection [8].

HCMYV generates two major viral gene products,
immediate early IE1 and IE2 proteins; these are
expressed at the highest levels during the viral
stage of replication [9]. IE2 is encoded by the
gene UL122; it is the most important protein
with respect to HCMV latency and replication
[10]. Because of the highly species-specific
nature of HCMV, the study of IE2 is limited to in
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vitro models of infection. The establishment of
UL122 overcame this species specificity and
provided an effective method to study the
influence of IE2 on symptoms of depression,
anxiety, and cognitive impairment. This animal
model can be used to study HCMV infection
and contribute to understanding the mecha-
nism by which IE2 participates in pathogene-
sis, as well as help to provide a theoretical
basis for the prevention and treatment of vari-
ous diseases.

Despite the substantial evidence that HCMV
infection triggers mood disorders and cognitive
impairment by inhibiting synaptic plasticity, the
crucial role IE2 played in HCMV-caused psychi-
atric disorders remains to be identified. There-
fore, we investigated whether HCMV-encoded
IE2 affected mood and cognitive-related behav-
iors in UL122 transgenic mice. A series of ani-
mal behavior tests were used to assess po-
tential links between HCMV-encoded IE2 and
mood disorders and cognitive impairments.

Materials and methods
Animals

Four UL122 genetically-modified mice, two fe-
male and two male that constitutively express
IE2 were obtained from the Laboratory of Pa-
thogenic Biology of Qingdao University. All ani-
mal experiments were authorized by the Ani-
mal Experiments Committee of Qingdao Uni-
versity. We extracted the DNA from the tails of
two-week-old mice. Subsequently, the UL122
genetically-modified mice were verified using
PCR technology. UL122-positive mice were cat-
egorized as the experimental group and the
negatives were the controls.

DNA extraction and PCR

DNA extraction was prepared from each mouse
tail using a DNeasy tissue Kit (TIANGEN). The
cycling condition details of HCMV IE2 gene
were as follows: Pre-denaturation at 94°C for
5 min and then 35 cycle of 94°C, 30 s; anneal-
ing at 60°C for 35 s; extension at 72°C for 1
min and further at 72°C for 10 min. The primer
sequences were 5-3": CAGTCCGCCCTGAGCAA-
AGA (Forward) and 5-3": TATGAACAAACGACCC-
AACAC-CC (Reverse).

Open-field test (OF)

The mice were placed in the middle of the
enclosed testing chamber divided into center
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and periphery. Five-minute testing behaviors
in the center and periphery of the chamber
were recorded using Ethovision software with
a camera-driven tracker system. In the open
field test, the time that was spent in the cen-
ter and periphery of the arena were used to
evaluate anxious behavior. After each test, the
instrument was cleaned with 70% alcohol to
avoid interference.

Elevated plus-maze test (EPM)

Anxiety-like behavior was evaluated using the
elevated plus-maze test, consisting of two ex-
posed arms and two closed arms. The four
arms were linked using a neutral platform. Ini-
tially, every mouse was positioned in the junc-
tion area facing a closed arm and was permit-
ted to freely explore for 5 minutes. The time
spent in the open and closed arms was record-
ed as a proxy for anxious behavior.

Tail suspension test (TST)

TST is a depressive-like behavior model, in
which immobility suggests desperate behavior
under stressful circumstance. We suspended
mice separately for 6 min on the rim of a rod
60 cm above the floor. When they were hung
down inactively, the mice were regarded as
immobile. The immobility time-duration was
considered in the last 5 min.

Morris water maze test (MWM)

Cognitive impairment in the UL122 mice was
determined using the MWM test. Water maze
equipment included circular tanks filled with
running water and covered with white plastic
foam. The pool was divided into four quadrants,
and was filled to a depth of 30 cm with water
with an invisible platform in one quadrant cen-
ter. Parameters measured were average speed,
platform crossings and quadrant time (%) in the
objective quadrant without the platform on the
last day.

Novel object recognition test (NOR)

We investigated the exploration of familiar and
novel objects using the NOR, which assesses
cognitive ability. Briefly, mice were adapted to
the empty box for 5 min each day over an adap-
tation period of 2 days. Mice were placed in the
box for 5 min during the training stage. During
testing sessions, one familiar object was alter-
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nated with one novel object of similar size in
the same position as in the training phase, and
exploration was allowed for 5 min. The recog-
nition index (RI) was represented as the time
exploring the novel objects divided by the total
time spent exploring both objects.

Microarray analysis

MRNA samples were isolated from the hippo-
campus of UL122 and control mice. Three bio-
logical replicates were utilized in this experi-
ment. Microarray analysis was conducted using
the lllumina Hiseq platform, and differentially
expressed genes were identified by comparing
the expression profiles of the two sets of mice.
The genes related to neurogenesis were further
investigated using high-throughput quantitative
polymerase chain reaction (QPCR).

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using an RNA isolation
kit (TITANGEN) according to the manufacturer’s
instruction. The cDNA was synthesized using a
reverse transcription kit (Roche). Five microli-
ters of reverse transcripts were added to a 15
ul PCR mixture (FastStart Essential DNA Green
Master) for 40 cycles using a Bio-Rad instru-
ment. The levels of FGF2, NeuN, GFAP, and
B-actin mRNA were measured using the SYBR
Green | assay. The primers were as follows: 5'-
AAGCGGCTCTACTGCAAGAACG-3" and 5-CAGC-
CGTCCATCTTCCTTCATAGC-3’ (FGF2, 186 bp);
5-TGGAGCGGTCGTGTATCAGGATG-3* and 5-
TCAGCAGCGGCATAGACTCTACC-3’ (NeuN, 138
bp); 5-CCGCCAAGCCAAGCACGAAG-3' and 5™
CTCCTCCTCCAGCCGAGCAAG-3’ (GFAP, 178 bp).

Western blot

The hippocampus was harvested for protein
extraction. All protein extracts were boiled for
5 min and separated on SDS-polyacrylamide
gels. Proteins were transferred to nitrocellulo-
se membranes. The membranes were blocked
with blocking buffer. The following antibodies
were incubated with the membranes: rabbit
anti-mouse FGF2 (Bioss, 1:3000), rabbit anti-
mouse GFAP (Bioss, 1:3000), rabbit anti-mouse
NeuN (Abcam, 1:5000), rabbit anti-mouse SYP
(Abcam, 1:5000) and rabbit anti-mouse PSD-
95 (Abcam, 1:5000). Horseradish peroxidase-
conjugated goat anti-rabbit antibodies were
used as secondary antibodies, and the immu-
noblots were visualized using ECL reagents.
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Hematoxylin-eosin (HE) staining

Hippocampal neuron morphology was obser-
ved using H&E staining. Approximately 3-um
paraffin sections the hippocampus tissues
were stained with hematoxylin solution for 5
min and eosin solution for 3 min in sequence.
Histopathological changes were examined us-
ing a light microscope (Olympus, Japan).

Immunohistochemistry

First, 3-um hippocampus sections were placed
on charged slides, baked at 70°C for an hour,
then deparaffinized, rehydrated, and placed in
boiling water for two minutes pretreated for
antigen retrieval with sodium citrate buffer.
Slides were cooled to room temperature, then
washed with double distilled water and PBS for
15 min. Three percent hydrogen peroxide was
used to inactivate endogenous catalase. Then,
sections were incubated for one hour with
primary antibodies (anti-FGF2, anti-NeuN and
anti-GFAP antibodies diluted at 1:3000, Bioss;
anti-lE2 antibody diluted at 1:100, Millipore,
USA). Sections were incubated with secondary
antibodies for 40 min. The tissue sections were
then exposed to DAB for 1 min and hematoxylin
for 2 seconds, and observed after placement of
neutral gum seal.

Statistical analysis

Statistical analyses were performed using
Prism 9.0 (GraphPad, La Jolla, CA, US). Study
results were expressed as means * standard
deviations. Statistics from animal behavior
test, gRT-PCR, and western blot were analyzed
using Student’s-t test. P<0.05 was considered
significant. Statistical significance was also
taken as "P<0.05, ""P<0.01 and ""P<0.001.

Results
Identification of the UL122 mice

PCR showed that we extracted UL122 genes
from mice (Figure 1A). The mice were separat-
ed into experimental and control groups based
on the presence or absence of UL122. UL122-
positive mice were the experimental group (IE)
and the UL122-negative mice served as con-
trols (NC). Expression of IE2 in mice hippocam-
pus was observed using immunohistochemis-
try; IE2 expression in the experimental group
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Figure 1. HCMV-encoded IE2 induces anxiety-depressive and cognitive impairment in UL122 genetically-modified mice. A. Identification of positive (Lanes 1-2) and
negative mice (Lanes 3-5) using PCR (lanes 6-7 are water). B. Compared with the control group (NC), nuclear staining was stronger positive in the CA1 of the experi-
mental group (IE). Bar: 400 um. C. Time spent in the center regions of the open field. D. Time spent in the periphery of the open field. E. Time spent in the open arms
in elevated plus-maze test. F. Relative time spent in the closed arms in the elevated plus-maze test. G. Immobility time of the experiment group was significantly
longer on the tail suspension test. H. There was no significant difference in average speed in the MWM between groups. |. The number of platform crossings was
significantly lower in the IE group. J. The IE group spent less amount time in the objective quadrant. K. There was no significant difference in overall exploration in
NOR. L. Rl in the experimental group was lower. Statistical significance was set as “*P<0.001.

4090 Int J Clin Exp Pathol 2019;12(11):4087-4095



HCMV-encoded IE2 induces anxiety-depression and cognitive impairment

Figure 2. Effect of IE2 on morphological
changes in the hippocampal CA1, CA3 and
DG region of UL122 transgenic mice. A. The
histologic zonal structure of hippocampal.
B. Compared with the control group, neuron
morphology and arrangement in the experi-
mental group show substantial abnormali-
ties. Bar: 400 pm.

was strongly positive, but was negative in the
control group (Figure 1B).

Anxiety-like behaviors were increased in
UL122 mice

We performed open field and elevated plus-
maze tests to measure anxiety-like behavior.
IE mice spent significantly less time in the cen-
tral regions of the open field (P<0.001; Figure
1C) and significantly more time motion in the
periphery (P<0.001; Figure 1D) than did NC
mice. Results of the elevated plus-maze test
were consistent with those of the open field
test, with the IE group showing similar anxiety
behaviors. The IE group tended to spend less
time in the open arms (P<0.001; Figure 1E) and
longer periods in the closed arms than did NC
group mice (P<0.001; Figure 1F).

Depressive-like behaviors were increased in
UL122 mice

We used the tail suspension test to assess de-
pression-like behavior. Traditionally, immobility
is perceived as abandonment behavior that
can be expressed as depression in the test.
We observed that the IE group showed sub-
stantially more such behavior than did the NC
group (P<0.001; Figure 1G).

Lowered coghnitive ability in UL122 mice

To measure cognitive-related behavior of mice,
we used the Morris water maze test and the
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novel object recognition test. On MWM test, the
difference in average speed in the IE group did
not differ from that of the NC group (P>0.05;
Figure 1H). The number of platform crossings
was significantly lower in the IE group than in
the NC group (P<0.001; Figure 1l). The IE group
spent less amount time in the objective quad-
rant than did the NC group (P<0.001; Figure
1J). As in the NOR, there were no differences
in terms of overall exploration, suggesting no
spontaneous bias for an object relative to NC
mice (P>0.05; Figure 1K). The recognition in-
dex in the IE group was significantly lower than
that of the NC during the test period (P<0.001)
(Figure 1L). This suggests that IE2 impaired
cognitive ability to some degree.

IE2 promoted hippocampal neuron damage in
UL122 mice

The damage of hippocampal neurons in the
UL122 transgenic mice was assessed using
light microscopy (Figure 2). HCMV-encoded IE2
expression gave rise to disorganization of hip-
pocampal neurons in the IE group. Some neu-
rons were observed to be damaged, character-
ized by neuron shrinkage with wider intercellu-
lar spaces than in NC group. Compared with
the NC group, neuronal damage in the IE group
was substantial, suggesting that IE2 might
have caused neurodegenerative changes in
CA1, CA3, and DG of the hippocampus (Figure
2A and 2B).
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Figure 3. IE2 down-regulates FGF2 expression in UL122 transgenic mice hippocampus. (A-C) Microarray analysis
data (A), real-time qPCR (B) and semiquantitative PCR (C) showing that IE2 inhibits neurogenesis-related gene ex-
pression. (D and E) Immunohistochemistry (D) and western blot (E) showing that IE2 inhibits the expression of FGF2

protein. Bar: 400 pm. "*P<0.001.

IE2 down regulates FGF2 expression in the
hippocampus of UL122 mice

Microarray analysis data showed that IE2 in-
hibited neurogenesis-related genes expressed
in transgenic mouse hippocampus. There was
decreased expression of neurogenesis-relat-
ed genes, including Fgf2, Foxo3, Cdkl3, Apoe,
Cpeb3, Etvl, Ilk and Mef2c (Figure 3A). This
was further confirmed using qPCR (Figure 3B).
In particular, Fgf2 is closely involved with de-
pression, anxiety, and cognitive impairment.
Quantitative and semiquantitative PCR were
used to investigate mMRNA expression of Fgf2
(P<0.001; Figure 3B and 3C). Western blot and
immunohistochemistry were used to measure
FGF2 protein expression. We found that FGF2
expression was lower in the |IE group than in the
NC group (P<0.001; Figure 3D and 3E).

Decreased NeuN and GFAP expression in
UL122 mice

NeuN (mature neuronal marker) and GFAP (as-
trocyte marker) modulate synaptic plasticity;
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neurons and astrocytes play important roles in
depression, anxiety, and cognitive impairment
[11-14]. We found significantly lower levels of
MRNA expression for NeuN and GFAP in the
CA1, CA3 and DG of the hippocampus of the IE
group than that of the NC group (P<0.05; Figure
4A and 4B). We also measured protein levels of
NeuN and GFAP using immunohistochemistry
(Figure 4C and 4D) and western blot (P<0.01;
Figure 4E and 4F). We found that levels of
NeuN and GFAP in the CA1, CA3 and DG of the
hippocampus were significantly lower in the IE
group than in the NC group.

Decreased SYP and PSD-95 proteins in hippo-
campus of UL122 mice

It is reported that NeuN and GFAP have signifi-
cant influence on neurodevelopment and syn-
aptic plasticity in the hippocampus implicated
in cognition and emotion [15, 16]. To further
explore effect of decreased NeuN and GFAP
expression on synaptic plasticity in UL122
mice, we measured the expression of synapto-
physin (SYP) and postsynaptic density 95 (PSD-

Int J Clin Exp Pathol 2019;12(11):4087-4095
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Figure 4. Decreased the level of NEUN, GFAP, SYP and PSD-95 expression in UL122 transgenic mice. (A and B)
Semiquantitative PCR (A) and qPCR (B) showing that IE2 inhibits the expression of NeuN and GFAP. Immunohisto-
chemistry (C and D) and western blot (E and F) showing that IE2 inhibits the expression of NEUN and GFAP protein.
(G and H) SYP and PSD-95 protein levels in hippocampus. "P<0.05, "*P<0.01, "**P<0.001.

95) in the hippocampus. Western blotting was
used to assess the expression of SYP and PSD-
95. We found that expression levels of SYP and
PSD-95 protein were significantly lower in the
hippocampus of IE mice (Figure 4G and 4H),
suggesting NeuN and GFAP modulate synaptic
plasticity.

Discussion

To the best of our knowledge, this study is the
first to describe cognitive and emotion-related
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behaviors in UL122 genetically-modified mice.
Using behavioral tests, we showed greater lev-
els of anxiety-like behaviors of UL122 geneti-
cally-modified mice in open field and elevated
plus-maze tests. UL122 mice also demonstrat-
ed more depressive-like behaviors in tail-sus-
pension test. Furthermore, UL122 mice dem-
onstrated reduced cognitive capacity in the
Morris water maze and novel object recognition
test. These data suggest changes in cognition
and mood associated with HCMV-encoded IE2.

Int J Clin Exp Pathol 2019;12(11):4087-4095
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The IE2 encoded by UL122 in HCMV has been
extensively studied because it plays an impor-
tant role in viral replication and has been impli-
cated in the pathogenesis of some diseases
[17]. Furthermore, the biologic role of IE2 in
the nervous system has attracted more atten-
tion. IE2 was associated with brain dysfunc-
tion, mental retardation, visual and hearing dis-
orders, seizures, and epilepsy [18]. High levels
of HCMV seropositivity correlated with cogni-
tive decline in patients with Alzheimer’s dis-
ease [19]. Subsequently, our data of MWM and
NOR tests suggested that cognitive capacity
was lower in UL122 mice. People with higher
CMV-specific antibody titers were more likely to
be depressed and anxious [8]. We observed
similar phenomena in OF and TST. Taken toge-
ther, these findings support the notion that IE2
genes are important in emotional and cognitive
disorders.

Emotional and cognitive abilities are modulat-
ed by synaptic plasticity, reflecting synaptic
function. NeuN (mature neuronal marker) and
GFAP (astrocyte marker) have significant influ-
ence on neurodevelopment, and synaptic plas-
ticity in the hippocampus that is implicated in
modulation of cognition and emotion [15, 16].
To further determine whether synaptic function
was affected by decreased NeuN and GFAP
expression in UL122 mice, we measured ex-
pression levels of SYP and PSD-95 that are syn-
aptic plasticity-associated proteins [20]. The
low levels of expression of SYP and PSD-95
reflected decreased synaptic plasticity. The de-
creased synaptic plasticity of UL122 geneti-
cally-modified mice was consistent with the
results of the animal behavior tests. These find-
ings suggest that decreased NeuN and GFAP
had a profound negative impact on the synap-
tic function.

Among 22 FGF family members, several lines of
evidence show that expression of FGF2 protein
plays a key role in the development of mood
disorders and cognitive impairments by regu-
lating neurogenesis and synaptic plasticity dur-
ing development and adulthood [21, 22]. Lower
levels of FGF2 mRNA were detected in brains
of human cadavers who had suffered from ma-
jor depressive disorders than in controls [23].
Consequently, several possible applications of
FGF2 have been proposed as therapies for ne-
urodegenerative conditions, including Alzhei-
mer's disease and Parkinson’s disease [24].

4094

Several lines of evidence suggest that neuro-
genesis and synaptic plasticity may be impor-
tant for memory and mood [25]. FGF2 has also
been associated with NEUN and GFAP expres-
sion. Both in neuronal and in glial cells in the
CNS, FGF2 is expressed abundantly. FGF2 tre-
atment increases neurogenesis, survival, and
proliferation of neurons and astrocytes in sev-
eral studies. We found that IE2 significantly
down-regulated the expression of NeuN, GFAP
and FGF2 in UL122 mice. Decreased FGF2 was
keeping with the downregulation of NeuN, GFAP
synchronously.

In summary, we demonstrated a key role of the
HCMV immediate-early 2 (IE2) protein in HCMV-
caused cognitive and anxiety-depressive beha-
viors. In UL122 mice, because of synchronous-
ly decreased expression levels of NeuN, GFAP
and FGF2, we propose that IE2-FGF2-mediated
NeuN and GFAP may represent a novel mecha-
nism underlying the mechanisms of HCMV-in-
duced depression, anxiety, and cognitive im-
pairment.
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