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Purpose: Although visual deficits can be observed at any stage of schizophrenia, few 
studies have focused on visual cortex alterations in individuals at high risk of schizophrenia. 
This study aimed to investigate the pathological changes of the primary visual cortex in 
a prenatal mouse model of MK801-induced high-risk schizophrenia.
Methods: The high-risk schizophrenia model was generated by MK801 injection into 
pregnant mice. The male offspring without schizophrenia-like behaviors in early adulthood 
were defined as the high-risk mouse model of schizophrenia (HRMMS) and divided into two 
groups. One HRMMS group received the antipsychotic agent risperidone beginning at 
postnatal week 4 and another group did not receive any treatment. After treatment for 4 
weeks, in vivo two-photon calcium imaging was performed to characterize the primary 
visual cortex activity. The novel object recognition test and the prepulse inhibition apparatus 
test were also implemented to assess the cognitive and behavioral performance, respectively.
Results: Both groups of HRMMS mice, with or without antipsychotic treatment, had 
decreased neuronal calcium activity, demonstrating primary visual cortex impairment. 
More notably, antipsychotic treatment did not normalize the impaired neuronal activities in 
the primary visual cortex. Correspondingly, the treatment did not improve the cognitive or 
behavioral impairment.
Conclusion: Visual cortex impairment might be a prominent feature of individuals at high 
risk of schizophrenia that cannot be normalized by early treatment with antipsychotic 
medication, indicating the presence of independent regulatory pathways for visual perception 
disturbance in schizophrenia. Thus, visual system impairment in schizophrenic patients must 
be further studied.
Keywords: schizophrenia, animal model, primary visual cortex, antipsychotics

Introduction
Numerous studies have reported that more than half of patients with schizophrenia 
experience visual perception disturbances, such as visional hallucination, visional 
distortions, etc.,1 which can be detected at any stage of schizophrenia. Moreover, 
such visual perception disturbances can be observed in individuals with a high risk 
of schizophrenia.2,3 The visual disturbances can further deteriorate other psychotic 
symptoms, including auditory impairment, cognitive deficits, memory dysfunction, 
and other symptoms of mental disorders.4–6 To date, the effect of antipsychotic 
medicines on the visual disturbances in patients with schizophrenia remains 
unclear.7,8 Since visual disturbances often occur in high-risk individuals or in the 
early stage of schizophrenia, further understanding of its pathological features 
should help to facilitate the early prevention of schizophrenia and to avoid further 
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disease deterioration.9,10 Thus, it is necessary to investi-
gate the functional alterations of the visual cortex under 
schizophrenia conditions.

During the last decade, many studies have reported visual 
disturbances in patients with schizophrenia that are frequently 
accompanied with structural and functional alterations of the 
brain, based on brain imaging during visual perception tasks. 
For example, Silverstein et al have described that patients with 
schizophrenia presented increased neural activity in the fusi-
form area when performing the spatial frequency-degraded 
faces task.11,12 In addition, Nagel et al have demonstrated 
unique extra-retinal neuronal characteristics during smooth 
pursuit eye movements in patients with schizophrenia.13 

Moreover, Lencer et al have reported reduced neuronal activity 
in the visual cortex and its association with smooth-pursuit 
deficits.14 Furthermore, Onitsuka et al have found a reduced 
gray matter volume of the occipital lobe in male patients with 
schizophrenia.15 Additionally, Calderone et al have shown 
disturbances of electrophysiological recording and blood oxy-
gen signals during the visual contrast responses task in patients 
with schizophrenia.16,17 Schizophrenic patients also had 
impairment of dynamic coupling in the lateral occipital com-
plex during visual perception, as reported by Harvey et al.18 In 
summary, these studies provide evidence that correlates visual 
disturbances with brain pathology in schizophrenic patients.

The aforementioned studies suggest the importance of 
visual perception disturbances in patients with schizophre-
nia as well as in individuals with a high risk of schizo-
phrenia. They all recommended further exploration of the 
pathological features of the visual pathway (especially the 
primary visual cortex alterations) by multiple techniques 
in individuals who are at high risk of schizophrenia. 
Simultaneously, some studies have proposed to analyze 
the effects of antipsychotic agents on the visual perception 
disturbance and the corresponding brain activity altera-
tions in order to explore strategies for early disease pre-
vention and management.9

Considering the urgent need to understand the visual 
pathway alterations in individuals at high risk of schizo-
phrenia, we designed a pilot animal study to investigate 
the functional changes in the primary visual cortex. In this 
novel mouse model of high-risk schizophrenia, we aimed 
to answer the following questions: 1) Compared to healthy 
controls, do offspring mice at high risk of schizophrenia 
have primary visual cortex functional impairment?; and 2) 
Does early treatment with the antipsychotic agent risper-
idone protect the primary visual cortex?

Materials and Methods
Animals
Pregnant C57BL/6 mice were housed in an animal facility 
with food and water available ad libitum. To create the 
mouse model of pregnant mice with schizophrenia, 
a single intraperitoneal injection of MK801, also known as 
dizocilpine, a noncompetitive N-methyl-D-aspartic acid 
receptor antagonist that induces schizophrenia-like symp-
toms, was administered at gestation day 7–19 (0.1 mg/kg 
by subcutaneous injection). After the offspring mice were 
born, the surviving male offspring were selected as study 
subjects. When the offspring mice were 4 weeks old, their 
behavior was assessed by the sucrose preference test and the 
prepulse inhibition (PPI) apparatus test.19 The novel object 
recognition (NOR) test was performed according to pre-
viously published methods.20 For the PPI test, a 120-dB 
(40 ms) startle was applied after a 20-ms prepulse at 75 
dB, with a time interval of 100 ms. The background noise 
was controlled at 65 dB. The inter-trial time was set at 30 
s. Generally, three sessions were used, and the scores were 
averaged. The offspring mice were divided into two cate-
gories according to their performance in the PPI test: mice 
without schizophrenic behaviors and mice with schizophre-
nic behaviors. Each category of mice was further divided 
into two groups: one group was administered with the anti-
psychotic agent risperidone for prevention (from the age of 4 
weeks old to 8 weeks old), while the other group did not 
receive any treatment. Only 21 mice survived until the age 
of 8 weeks, including 9 (9/10, surviving/total) mice without 
schizophrenic behaviors and without antipsychotic agent 
prevention, 7 (7/10, surviving/total) mice without schizo-
phrenic behaviors but with antipsychotic agent prevention, 
3 (3/10, surviving/total) mice with schizophrenic behaviors 
but without treatment, and 2 (2/10, surviving/total) mice 
with schizophrenic behaviors and treatment. All experimen-
tal procedures on animals were approved by the Animal 
Ethics Committee of Jining Medical University, The First 
Hospital of Shanxi Medical University, Tianjin Mental 
Health Centre (IRB number: JSTEBSRA-001) in accor-
dance with the guidelines of Institutional Animal Care and 
Use Committee (IACUC).

In vivo Calcium Recordings and Analysis
The neuronal activity in the visual cortex was determined 
according to previously published methods,21 with slight 
modifications. In brief, anaesthetized mice were fixed, and 
a chronic cranial window was created. Then, 200 nL of the 
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adeno-associated virus 2/9-syn-GCaMP6s virus (2×1013 

genome copies/mL; University of Pennsylvania Vector 
Core Facility) was injected bilaterally into the primary 
visual cortex using the following coordinates: −3.1 mm 
from the bregma, ±2.5 mm to the midline. The imaging 
window was covered by a circular coverslip, and the skull 
was sealed using dental cement. A customized steel bar 
was embedded into the skull for fixation of the mouse head 
during the imaging session.

For two-photon in vivo imaging, previously reported 
approaches were followed.22 A two-photon microscope 
(LSM780; Zeiss, Germany) was used with a 16×, 0.8 
numerical aperture water-immersion objectively. Using 
an excitation wavelength of 950 nm, time-series images 
were recorded at 1.96 Hz for 150-s periods. Captured 
images were analyzed using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA). Regions of 
interest were selected manually in ImageJ with the FIJI 
plug-in package,23 followed by the detection and normal-
ization of the calcium transients. In general, for each 
recording time-series, the basal values (F0) were averaged 
based on the first 15-sec values under resting state. 
Fluorescent values in each series were then normalized 
and transformed into relative changes (ΔF=(F-F0)/F0).

Statistical Analysis
All experimental data are presented as the mean ± standard 
error of mean, unless otherwise specified.21 The two- 
sample Student’s t-test or nonparametric Kolmogorov– 
Smirnov test was used to compare means between two 
groups.21 For multi-group comparisons, one-way analysis 
of variance was performed, followed by Tukey’s post hoc 
comparison.21 GraphPad Prism 7.0 was used for statistical 
analyses and data plotting (P<0.05).21

Results
Dysregulation of Visual Cortical Activities 
in Mouse Models at High Risk of 
Schizophrenia
Utilizing in vivo two-photon imaging, the calcium activ-
ities in the layer 2/3 pyramidal neurons in the primary 
visual cortex were recorded in awake and head-fixed 
mice, which had been transfected with the genetically 
encoded calcium indicator GCaMP6s using an adeno- 
associated virus vector. The time-elapsed recordings of 
neuronal activity demonstrated that all groups at high 
risk of schizophrenia (with or without early antipsychotic 

agent intervention) had significantly lower calcium activ-
ities compared to the healthy control mice (One-way 
ANOVA, F (4, 35)=13.63, P<0.001; Tukey’s multiple 
comparison test, P<0.001 between control and HRMMS, 
and between control and HRMMS+Risperidone; Figure 
1A and B). Moreover, no significant difference was 
observed between mice with and without early antipsycho-
tic agent intervention (Figure 1A and B).

Regretfully, in this pilot study, we did not successfully 
acquire the in vivo two-photon imaging and staining ima-
ging from all the model mice. We only successfully 
acquired the imaging of seven mice (total nine mice) with-
out schizophrenic behaviors and without early antipsycho-
tic agent’s prevention, five mice (total seven mice) without 
schizophrenic behaviors but with antipsychotic agent pre-
vention, two mice (total three mice) with schizophrenic 
behaviors but without early antipsychotic agent’s preven-
tion, and none of mice (total two mice) with schizophrenic 
behaviors and with early antipsychotic agent’s prevention.

Effectiveness of Risperidone in the Early 
Prevention of Disease Phenotypes
Both PPI and NOR tests demonstrated that the early usage 
of the antipsychotic agent risperidone failed to prevent 
visual cortical neural activity in mice with a high risk of 
schizophrenia (PPI: One-way ANOVA, F (4, 35)=14.22, 
P<0.001; NOR: One-way ANOVA, F (4, 30)=9.83, 
P<0.001; Tukey’s multiple comparison test, P<0.001 
between control and HRMMS, and between control and 
HRMMS+Risperidone; Figure 1C and D). Moreover, we 
also tested if there are side effects of Risperidone on naïve 
mice by those two behavioral paradigms. Results showed 
that the early application of Risperidone did not cause 
significant change of either PPI or NOR functions.

Discussion
To the best of our knowledge, the present pilot study 
provides the first piece of evidence of visual impairments 
including sensory integration in the visual cortex using 
in vivo two-photon imaging on a mouse model of high- 
risk schizophrenia. In addition, we also investigated the 
effect of the early administration of the antipsychotic agent 
risperidone on normalization of the functional deficits. 
Two phenomena generated from this pilot study are 
worth further investigations.

First, we found impairment of neural activity in the 
primary visual cortex in mice with a high risk of 
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developing schizophrenia. This finding provides evidence 
that brain function impairments occur even before psycho-
tic episodes take place. Thus, it is likely that such deficits 
in the visual cortex might occur in individuals with a high 
risk of schizophrenia. In fact, many functional magnetic 
resonance imaging studies in humans have reported the 
existence of structural and functional impairments in the 
visual cortex in individuals with a high risk of 
schizophrenia.11–13,16 Our pilot study agreed with these 
previous studies, supporting the hypothesis that visual 
impairment might be one early marker of schizophrenia 
that can aid in disease diagnosis.

Second, and perhaps most importantly, early intervention 
using the antipsychotic agent risperidone did not restore 
normal function of the primary visual cortex or improve the 
cognitive and behavioral performance. Some magnetic reso-
nance imaging studies have reported that early intervention 
using antipsychotic agents can protect against brain 

impairment in individuals at a high risk of developing 
schizophrenia,24,25 but we did not observe any improvement 
of neural activity by two-photon imaging in the animal 
model. In contrast, one previous study9 has reported that 
antipsychotic agent administration to patients with schizo-
phrenia reduced the effect on the primary visual cortex. We 
suggest that such discrepancy and ineffectiveness of drug 
intervention may exist in the time point of treatment initia-
tion. At week 4, most of the brain circuits have been func-
tionally matured, and further drug treatment may not 
dramatically change the neural circuit deformation and dys-
function. In future, the early intervention may help to 
improve psychiatric disorders caused by prenatal stress.

There are several limitations of this pilot study that 
must be mentioned. First, since the survival rate of the 
mice in this model was relatively low, survivor bias may 
exist, thus affecting the interpretation of the results. 
Second, we only observed the visual cortex impairment 

Figure 1 The differences in visual cortex function by in vivo two-photon calcium imaging (A and B) as well as behavioral (C and D) performance among the healthy control 
group, the high-risk mouse model of schizophrenia (HRMMS) group, and the HRMMS + risperidone group.
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but not retina alterations in model mice. Hence, our find-
ing cannot fully represent the visual system impairment in 
model mice. In future studies, in vivo two-photon imaging 
and optical coherence tomography will be performed to 
investigate the mice at high risk of schizophrenia system-
atically to further explore the full visual pathway (from 
visual organization [eye]26,27 to the primary and high 
visual cortex) as well as the structural and functional 
alterations so that prevention and intervention strategies 
for schizophrenia can be developed.

In conclusion, despite certain limitations, this pilot 
study in animals provides the first piece of evidence show-
ing impairments of the visual cortex in a model of schizo-
phrenia. More importantly, this pilot study showed that the 
impairments in the visual cortex could not be reversed and, 
in some cases, were even further deteriorated by treatment 
with an antipsychotic agent. In summary, our findings 
indicate that visual cortex impairment might be a marker 
of schizophrenia that cannot be normalized by early treat-
ment with antipsychotic medication. Thus, there is an 
urgent need to address the issue of visual system impair-
ments in patients with schizophrenia.
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