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Schizophrenia is characterized by the disorder of “social brain”. However, the alternation of connectivity
density in brain areas of schizophrenia patients remains largely unknown. In this study, we successfully
created a rat model of schizophrenia by the transfection of EGR3 gene into rat brain. We then investi-
gated the connectivity density of schizophrenia susceptible regions in rat brain using functional magnetic

Key‘f‘"’rdS: 4 resonance imaging (fMRI) in combination with multivariate Granger causality (GC) model. We found that
SRCI;“ZOPhrema the average signal strength in prefrontal lobe and hippocampus of schizophrenia model group was
al

. significantly higher than the control group. Bidirectional Granger causality connection was observed

Granger causality model ! .2 . . .. .
Connectivity between hlppqcampus and thalamic in schizophrenia model group. Both connectivity density and
fMRI Granger causality connection were changed in prefrontal lobe, hippocampus and thalamus after ris-
peridone treatment. Our results indicated that fMRI in combination with GC connection analysis may be
used as an important method in diagnosis of schizophrenia and evaluation the effect of antipsychotic
treatment. These findings support the connectivity disorder hypothesis of schizophrenia and increase

our understanding of the neural mechanisms of schizophrenia.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

disturbance of functional connectivity in brain is especially
emphasized [1].

1. Introduction

Schizophrenia is a prevalent mental disorder affecting approx-
imately 0.5—1% of the world's population. The pathogenesis of
schizophrenia is complex including multiple genes and contrib-
uting environmental effects that adversely impact neuro-
development. Nevertheless, a final common result, present in many
subjects with schizophrenia, is the disorder of “social brain” and
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Early growth response (EGR) genes play important roles in
signal transduction in brain including neuronal activation, brain
development, and synaptic plasticity [2]. In particular, EGR3 gene
has been reported to as a potential susceptibility gene and is
abnormally expressed in the brains of schizophrenic patients [3].
EGR3 might be the key regulatory factor in the calcineurin/NFAT
signaling pathway. Dysfunction of this pathway led to the devel-
opment of schizophrenia [4]. EGR3 protein can also regulate a va-
riety of other signaling pathways related to neural and brain
development, including nerve growth factor (NGF)-, brain-derived
neurotrophic factor (BDNF)- and neuregulin 1 (NRG1)-mediated
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conduction pathways [4—7]. Furthermore, Egr-3 knockout mice are
resistant to the adverse effects of antipsychotic drugs [8], which is
similar to patients with schizophrenia.

Great interest has been focused on brain structure, functional
connectivity and metabolism of individuals with schizophrenia.
It was reported that the volume of bilateral hippocampus,
especially left hippocampus was significantly reduced in
schizophrenia [9—12]. Decrease in NAA (N-acetylaspartate) level
was observed in multiple brain regions of patients with chronic
schizophrenia including prefrontal cortex, thalamus, cingulate
gyrus, hippocampus, which may be related to the presence of
mitochondrial dysfunction [13—15]. Thalamus plays a key role in
regulation of emotional experience and expression. Both NAA
concentration and NAA/Cr ratio were significantly reduced in
thalamus of patients with schizophrenia [16]. Our previous study
also revealed the abnormal accumulation of choline (Cho) in
hippocampus [17]. Therefore, in this study, hippocampus, pre-
frontal cortex and thalamus were selected as schizophrenia
susceptible brain regions.

The integration of functional magnetic resonance imaging
(fMRI) with cognitive and affective neuroscience paradigms en-
ables examination of multiple brain systems and alternations
associated with psychiatric diseases [18]. Multivariate neural
data provide the basis for assessing interactions in brain net-
works. Among myriad connectivity measures, Granger causality
(GC) has proven to be statistically intuitive, easy to implement,
and a viable technique for analyzing fMRI Data [19]. Limited
study is available on fMRI study of schizophrenia using Granger
causality model.

In the present study, the rat model of schizophrenia was
successfully created and characterized by the transfection of
lentiviral particles carrying EGR3 gene into hippocampus and
dentate gyrus. Granger causal model and time cluster analysis
TCA method were used to investigate the function changes in the
prefrontal lobe, hippocampus and thalamus associated with
schizophrenia. The interaction patterns and functions of pre-
frontal lobe, hippocampus and thalamus in the schizophrenia
rats before and after risperidone therapy were explored.

2. Materials and methods
2.1. Animals and husbandry

A randomized, controlled animal study was conducted in School
of Medicine, Peking University, China in accordance with the
Guidance Suggestions for the Care and Use of Laboratory Animals,
issued by the Ministry of Science and Technology of the People's
Republic of China. Twenty-four healthy, male Sprague—Dawley rats
(aged 4 weeks, weighing 100 + 10 g) were purchased from Vital
River, Beijing, China (license no. SCXK (Jing) 2012-0001). Animals
were housed in a temperature- (22—24 °C) and humidity
(40—55%)-controlled vivarium.

2.2. Viral vector

Lentiviral particles containing EGR3 gene were purchased from
the Fuyishengke Biomedical Scientific Research Service Center,
Shanghai, China. The sequence is based on NCBI Reference
Sequence: NM_018781.2. The lentivirus was packaged using a four-
plasmid system containing psPAX2, pMD2G, pLVX-IRES-ZsGreen1
and PLVX-IRES-ZsGreen1-EGR3. PLVX-IRES-ZsGreen1 can express
GFP (green fluorescent protein) as described before [17].

2.3. EGR3 transfection

To initiate the rat schizophrenia model, the lentivirus particle
carrying the EGR3 gene was injected bilaterally into the hippo-
campus and dentate gyrus of rats as previously described [17].
Briefly, the rats were anesthetized by intraperitoneal injection
with 10% chloral hydrate (10 ml/kg), and placed in a stereotaxic
frame (ST-51600, Kopf Instruments, Tujunga, CA, USA). The skin
of the calvarium was sterilized with 75% alcohol, and an incision
of about 0.5 cm, was made. After sterilization with 0.05% H,0,,
the Bregma was exposed. Bilateral holes (0.8 mm) were drilled in
the skull above the injection site using a cranial drill (Fig. STA).
The lentivirus particle was slowly injected into each side of the
hippocampus (—3.0 mm anterioposterior and +2.0 mm medio-
lateral to Bregma; —2.2 mm dorsoventral to the skull surface)
using a 1-pL microinjector over 20 min (Fig. S1B). The needles
were maintained in position for a further 20 min, and then the
incision was sutured. The animals were returned to their home
cages when they could move spontaneously. Rats in the sham-
surgery group (n = 6) underwent an identical procedure except
the lentivirus particle carried green fluorescent protein instead of
EGR3. Morris water maze working memory test and the Open
Field Test were used to characterize EGR3 transfected schizo-
phrenia model as described before [17].

After a 2-week recovery period, EGR3 transfected rats received
intraperitoneal injections of risperidone (0.2 mg/kg; Sigma, St.
Louis, MO, USA) for 14 consecutive days. The other three groups
received intraperitoneal injections of normal saline at each
administration time point corresponding to the risperidone
treatment. In summary, four groups were set up in this study with
8—13 replicates in each group including control group (rats
without surgery + normal saline), sham group (rats + GFP
gene + normal saline), schizophrenia model group (rats + EGR3
gene + normal saline) and RT group (rats + EGR3
gene -+ risperidone).

2.4. Immunofluorescence staining of rat brain tissues

Immunohistochemistry staining for ERR3 was performed on
frozen rat brain tissue sections as described by Schneider et al. [20].
Briefly, The 12—16 mm-thick rat brain cryosections were mounted
onto gelatin-coated slides and fixed with paraformaldehyde. The
sections were incubated in primary antibody (rat anti-Egr3, 1:1000)
(Santa Cruz Biotechnology, USA) for 60 min. The image was ac-
quired using Nikon Ti Eclipse Confocal Microscope (Nikon, Japan).
The number of positive cells in the visual filed was counted (n = 6).

2.5. fMRI imaging acquisition

Functional and structural images were acquired on a Phillips 3T
Achieva scanner (Philips, The Netherlands) using a standard whole-
body rat coil (Shanghai Chenguang Medical Science and Technol-
ogy, Shanghai, China). Specific methods are as follows: The rats
were anesthetized by intraperitoneal injection of 10% chloral hy-
drate (1.5 ml/kg) before scanning. The rats was placed in prone
position and the heads of rats were fixed with a vacuum pillow and
band to reduce head movement. T2WI coronal, axial and sagittal
images were collected using Spin Echo method (Fig. S2). T2WI
image parameters: FOV = 40 x 40 mm, TR = 1696 ms, TE = 96 ms,
number of slice = 7, slice thickness = 1.5 mm, layer space = 1.5 mm,
NSA = 3. Imaging parameters of fMRI: slice number: 20, interlayer
space = 0 mm, TR = 2000 ms, TE = 20 ms, flip angle of 90°,
FOV = 40 x 40 mm, NSA = 1.
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2.6. Select of schizophrenia susceptible brain area

Bilateral prefrontal lobe, bilateral hippocampus, and bilateral
thalamus were selected as regions of interest (Fig. S3).

3. Post-processing methods

3.1. The time clustering (TCA) method and granger causality
analysis model (GCA)

TCA method is to determine the time of the maximum and
minimum responses in regions of interest (ROIs) of fMRI images [21].
This approach could reduce the noise caused by head movements
or unworthy registration. The time and space of max response can
be determined without experimental paradigm. If fMRI image has
m x n pieces of pixels and there are p images in a sequence, the
image sequence can be represented by the following matrix:

51,151,251,3"' ..Aslvp
8218228237+ v e e e e e Sy

S=| S31532533+ o+ v e e e e Sy (1)
Smxn,lsmxn,zsmxnj“' Sm><nA,1:v

TCA principle (1): If the baseline of the ith pixel value is defined
as Si, 0 and matrix V has the same dimension with matrix S, Vi, j can
be calculated as follows:

ISij — Siol

Vij= S, (1<i<mxn1<j<p) (2)

W=[W;], 1<i<mxn1<j<p):

w11l V= max{V;q,Vi2, Vi3, ... ... Vip} (3)
2 0, otherwise

Equation (3) can be used to select a set of pixels which reaches
the maximum at the same time. In addition, one-dimensional time
change of the time cluster size can be calculated using matrix W
and K:

mxn
K= (Ki,K2.Ks, ... ..Kp), where Kj=> W (4)
i=1

Firstly, the maximum number of pixels of different slices was
counted and the mean number in each group was calculated
(Fig. S4). The vertical axis is maximum pixels' number, the hori-
zontal axis is the number of slice. In this study, ROIs are in 9th, 10th,
13th and 14th slices. We calculated the average number of
maximum pixels in ROIs, which is the average signal strength of the
ROIs. S10T1-4 in Fig. S5 showed the average number of maximum
pixels in 0—190 time points of the 10th slice.

3.1.1. Granger causal model approach

Two time series sequences X and Y of fMRI images in brain ROIs
were extracted and the time series sentence order was assembled
using BIC (Bayesian Information Criterion) [22,23]. The regression
model was then established using the following equation:

p
Xe=Y @iXei+ e
i1

P
Ye=> byiYei+exn
i1

eit,1 = 1,2,3,4 represents the prediction error, p is the model order.

The joint auto-regression model was also established:
p p
Xe=> X i+ Y oY i+es
i=1 i—1

p p
Ye=> byYe i+ Y doiXe i+ eq
i=1 i=1
eir,1 = 1,2,3,4 represents the prediction error, p is the model
order. Granger causes is calculated using the following equation [24]:

var(eq)
Fox =In{ ———=
yax (Var(€3t)
var(ej),i = 1,3 represents the prediction error variance.
Finally, one-sample T test was conducted for F,,,. When F, 5,>0,

Y is Granger reason to X; When F, 5, = 0, Y is not Granger cause to X.
Similarly, whether Y is Granger cause to X or not is determined.

3.2. Statistical analysis

Differences among the four groups were analyzed using one-
way ANOVA followed by LSD test. p < 0.05 was considered to be
statistically different.

4. Results
4.1. Overexpression of EGR3 in dentate gyrus of rat brain

The expression of EGR3 gene in dentate gyrus region of rat brain
was analyzed at one week after the lentivirus injection. Our results
showed that EGR3 positive cell count was 2.67 times as the GFP
transfection sham group which indicated that over-expression of
ERG3 rat model had been successfully constructed (Fig. 1A and B).

4.2. EGR3 transfected rat model of schizophrenia verification result

We used Morris water maze and open field experiment to test
the behavior of rats with EGR3 gene transfection. Morris water
maze was used to estimate working memory ability of rats and
working memory reflects individual cognitive function. The results
showed the escape latency time in rats with EGR3 gene transfection
was significantly longer than control group and the sham group
(p < 0.05), suggesting that EGR3 gene transfection group showed
poor working memory capacity. Treatment of risperidone can
reverse the phenomenon (Fig. 2A).

Open field experiment was designed to study spontaneous ac-
tivity in rats. The total central distance can reflect the capability in
exploring an unfamiliar environment and adaptability. We found
that the central distance in 30 min in model group mice was
significantly less than the normal group (p < 0.05) which indicated
the decrease of the capability in exploring an unfamiliar environ-
ment. The distance of risperidone treated group were increased,
which indicated that risperidone has the therapeutic effect
(Fig. 2B).

These results indicated that EGR3 gene transfection rat model of
schizophrenia has the key clinical characteristics of schizophrenia
patients.

4.3. The average signal intensity measured by TCA in prefrontal
lobe, hippocampus and thalamus

TCA showed that the gray value in prefrontal lobe and hippo-
campus were statistically different among the four groups
(F =398.323, p = 0.000 and F = 414.100, p = 0.000, respectively)
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Fig. 1. The expression of EGR3 in dentate gyrus region of rat brain.
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Fig. 2. Schizophrenia-like behavior abnormalities in rats transfected with EGR3 gene. A: Morris water maze test for spatial working memory capacity B: Open filed test for
spontaneous activity. Data was mean + SD (N = 8—13). Group indexed by different letters indicated significant difference (p < 0.05) according to one-way ANOVA followed by
Tukey's test. Model group: rats with EGR3 transfection. RT group: schizophrenia-like rats treated with risperidone. Sham group: rats with GFP gene transfection and treated with
normal saline. Control group: rats without gene transfection and treated with normal saline.

Table 1
Comparison of the average signal intensity value in different brain regions.

Group Average signal intensity value

Prefrontal lobe Hippocampus Thalamus
Model group 67.03 + 7.327% 76.45 + 3.284% 73.67 + 8.715%
RT group 39.05 + 4.652° 46.66 + 9.182° 81.17 + 8.903°
Sham group 28.24 + 5.973¢ 38.46 + 4.142° 69.17 + 2.222°

Control group 40.04 + 8.942° 51.46 + 2.051° 71.50 + 9.0722

Data was collected by fMRI followed by TCA method. Model group: rats with EGR3
transfection. RT group: schizophrenia-like rats treated with risperidone. Sham
group: rats with GFP gene transfection and treated with normal saline. Control
group: rats without gene transfection and treated with normal saline. Data indexed
by different letters in the same column indicated significant difference (n = 6,
p < 0.05).

(Table 1). The order of average signal intensity in four groups was
model group > control group > RT group > sham group. No sta-
tistical difference was observed in gray value of thalamus
(F = 2.198, p = 0.120). These results indicated that prefrontal lobe
and hippocampus might be the susceptible regions of schizo-
phrenia (see Tables 2).

Table 2
Changes of average signal strength in brain regions after risperidone treatment.

Group Changes of average signal strength

Model group RT group
Prefrontal lobe 7.00 + 8.585 —27.84 + 13.377*
Hippocampus 7.02 + 25.074 —29.66 + 28.472*

*: p < 0.05 compared with model group (n = 6). Model group: rats with EGR3
transfection. RT group: schizophrenia-like rats treated with risperidone.
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4.4. Granger causality connection analysis

We then analyzed the Granger causality connection in pre-
frontal lobe, hippocampus and thalamus in four groups (Fig. 3 and
Table 3). In control group without EGR3 transfection, one-way
Granger causality connection was observed from prefrontal cortex
to hippocampus and from hippocampus to thalamus (Fig. 3A).
Similarly, there were one-way Granger causality connections from
hippocampus to prefrontal lobe and from hippocampus to thal-
amus in sham group (Fig. 3B). However, in EGR3 transfection
schizophrenia model group, there was bidirectional Granger cau-
sality connection between prefrontal lobe and hippocampus. One-
way Granger causality connections are present from thalamus to
prefrontal lobe and from hippocampus to thalamus (Fig. 3C). After
resperidone treatment, no bidirectional connections were found
between prefrontal lobe and hippocampus. Only one-way
connection from hippocampus to prefrontal lobe was present
(Fig. 3D). There were bidirectional Granger causality connections
from hippocampus to thalamus.

5. Discussion
5.1. Functional changes of frontal lobe in rat model of schizophrenia

Attention disorder is divided into auditory and visual attention
disorder. Attention disorder can cause difficulties in processing

Table 3
Granger causality connection in prefrontal lobe (F), hippocampus (H) and thalamus
(T) in four groups.

Groups Fand H Fand T Hand T
F->H H->F F->T T->F H->T T->H
Sham group — 0.17 — — 0.2 —
RT group — 0.17 — 0.17 0.1 0.1
Model group 0.12 0.63 0.14 — 0.15 -
Control group 0.11 - - — 0.13 -
0,1 | H
.e/
N
bl

A

&u 1:¥—® F o H
\\\ /
N\

b "/
\ '
—

T
C

information and is prevalent in patients with schizophrenia. It is a
core cognitive dysfunction and might affect other cognitive activ-
ities [25]. Now, attention disorder is considered to be related to the
functional damage of frontal lobe [26].

Previous studies showed that the role of the prefrontal cortex in
working memory is quite complex, including memory attention,
inhibition, management, integration and other functions [27]. It
was reported that working memory training is the training of the
central system related to working memory, which activates pre-
frontal lobe [28]. Neuropsychological evidence showed that pre-
frontal cortex is closely related to implementation process. Patients
with the damage of prefrontal lobe display the decrease of capacity
related to judging, organization, planning, decision making,
behavioral inhibition and mental damage [29].

In this study, we found that the gray value in the prefrontal lobe
was statistically different among the four groups. The rank order of
gray value is model group > control group > risperidone
group > sham group. The increase of gray value in prefrontal lobe
activity in model group indicated that excessive hyperactivity
might lead to attention disorders. Activity of prefrontal lobe was
decreased in model group after risperidone treatment and lower
than control group. Clinical symptoms of schizophrenia dis-
appeared after risperidone treatment, suggesting that attention
disorder was improved. These results also confirmed that pre-
frontal lobe plays an important role in schizophrenia. Enhanced
activities in prefrontal lobe might be related to the pathogenesis of
schizophrenia. We also found that bilateral frontal activity was
suppressed in sham group, which might be related to trauma.

5.2. Functional changes of hippocampus in schizophrenia rats

Patients with schizophrenia have extensive memory disorders
and function defects of hippocampus [30]. Hippocampus is
considered to be the brain area related to information storage [31].
Working memory dysfunction is an important part of memory
dysfunction in schizophrenia. It takes much longer time for coding

D

Fig. 3. The Granger causality connection in prefrontal lobe (F), hippocampus (H) and thalamus (T). Note: A: control group; B: sham group; C:model group; D: RT group. Model
group: rats with EGR3 transfection. RT group: schizophrenia-like rats treated with risperidone. Sham group: rats with GFP gene transfection and treated with normal saline. Control

group: rats without gene transfection and treated with normal saline.
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information in schizophrenia model group and is less accurate than
the control group in completing difficult tasks [32,33]. Executive
function is the high-level cognitive processes and plays a role of
coordination in completing a specific task [34].

We found that gray value in the hippocampus in schizophrenia
model group was greater than any other groups. The rank order of
gray value is schizophrenia model group > control
group > risperidone group > sham group. These results indicated that
excessive hyperactivity in hippocampus might lead to schizophrenia.

5.3. Thalamus functional changes in schizophrenic rats

NAA concentration decreased in multiple brain regions of pa-
tients with chronic schizophrenia such as prefrontal cortex, thal-
amus, cingulate gyrus and hippocampus [13]. NAA, NAA/Cr values
of thalamus, as an important brain area related to emotional
experience and expression, were reduced in patients with schizo-
phrenia [16]. However, there is no statistical difference in NAA/Cr
value of thalamus in model group compared with other groups.
There is no significant changes in thalamic function after treated
with risperidone. This indicates that the metabolic changes might
occur prior to the changes of function.

The activity of prefrontal lobe and hippocampus was enhanced
in schizophrenia model group. After treatment with risperidone,
the activity was suppressed. The symptoms related to attention and
memory disorders were also restored. Therefore, the enhanced
activity in prefrontal lobe and hippocampus might be the indicator
for the diagnosis of schizophrenia.
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