
 International Journal of 

Molecular Sciences

Article

Behavioral Alterations and Decreased Number of
Parvalbumin-Positive Interneurons in Wistar Rats after
Maternal Immune Activation by Lipopolysaccharide:
Sex Matters

Iveta Vojtechova 1,2,3,* , Kristyna Maleninska 1,2,4, Viera Kutna 1, Ondrej Klovrza 1, Klara Tuckova 1,4,
Tomas Petrasek 1,2 and Ales Stuchlik 2,*

����������
�������

Citation: Vojtechova, I.; Maleninska,

K.; Kutna, V.; Klovrza, O.; Tuckova,

K.; Petrasek, T.; Stuchlik, A.

Behavioral Alterations and Decreased

Number of Parvalbumin-Positive

Interneurons in Wistar Rats after

Maternal Immune Activation by

Lipopolysaccharide: Sex Matters. Int.

J. Mol. Sci. 2021, 22, 3274.

https://doi.org/10.3390/ijms22063274

Academic Editor: Ali Gorji

Received: 25 February 2021

Accepted: 20 March 2021

Published: 23 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 National Institute of Mental Health, Topolova 748, 25067 Klecany, Czech Republic;
Kristyna.Maleninska@nudz.cz (K.M.); Viera.Kutna@nudz.cz (V.K.); o.klovrza@gmail.com (O.K.);
Klara.Tuckova@nudz.cz (K.T.); Tomas.Petrasek@nudz.cz (T.P.)

2 Laboratory of the Neurophysiology of the Memory, Institute of Physiology of the Czech Academy of Sciences,
Videnska 1083, 14220 Prague 4, Czech Republic

3 First Faculty of Medicine, Charles University, Katerinska 32, 12108 Prague 2, Czech Republic
4 Faculty of Science, Charles University, Albertov 6, 12800 Prague 2, Czech Republic
* Correspondence: Iveta.Vojtechova@nudz.cz (I.V.); ales.stuchlik@fgu.cas.cz (A.S.)

Abstract: Maternal immune activation (MIA) during pregnancy represents an important environ-
mental factor in the etiology of schizophrenia and autism spectrum disorders (ASD). Our goal was
to investigate the impacts of MIA on the brain and behavior of adolescent and adult offspring, as
a rat model of these neurodevelopmental disorders. We injected bacterial lipopolysaccharide (LPS,
1 mg/kg) to pregnant Wistar dams from gestational day 7, every other day, up to delivery. Behavior
of the offspring was examined in a comprehensive battery of tasks at postnatal days P45 and P90.
Several brain parameters were analyzed at P28. The results showed that prenatal immune activation
caused social and communication impairments in the adult offspring of both sexes; males were
affected already in adolescence. MIA also caused prepulse inhibition deficit in females and increased
the startle reaction in males. Anxiety and hypolocomotion were apparent in LPS-affected males
and females. In the 28-day-old LPS offspring, we found enlargement of the brain and decreased
numbers of parvalbumin-positive interneurons in the frontal cortex in both sexes. To conclude, our
data indicate that sex of the offspring plays a crucial role in the development of the MIA-induced
behavioral alterations, whereas changes in the brain apparent in young animals are sex-independent.

Keywords: lipopolysaccharide; maternal immune activation; prenatal infection; chronic bacterial
infection; parvalbumin-positive interneurons; macrocephaly; schizophrenia; autism; sex differ-
ences; development

1. Introduction

Maternal immune activation (MIA) represents a severe environmental risk factor
for the development of some neuropsychiatric disorders with unclear etiology, such as
schizophrenia or autism spectrum disorders (ASD) [1,2]. Both schizophrenia and ASD
are neurodevelopmental disorders [3–5] sharing several symptoms, such as abnormal
thinking, deficits in social behavior, impaired communication, cognitive deficits, anxiety,
or inflexibility in novel situations. Other symptoms seem to be disease-specific, e.g.,
hallucinations and delusions in schizophrenia, and childhood-onset, repetitive ritualized
behavioral patterns, and poor eye contact in ASD [4,6,7]. Nevertheless, there is a huge
heterogeneity in the manifestation of particular symptoms in individual patients, not to
mention the “combined” or “intermediate” diagnoses, such as childhood (early-onset)
schizophrenia or schizophrenic autism [8–10]. From a historical perspective, it is notable
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that the term “autism” itself was originally coined to describe the social withdrawal in
schizophrenia [10].

On the level of brain morphology, typical “schizophrenic” and “autistic” patients
show different characteristics. Schizophrenia usually shows a reduction of hippocampal
volume, enlargement of brain ventricles, or reduced thickness of the cortex [11]. In ASD,
morphological findings are less consistent, but rather the enlargement of brain volume, par-
ticularly of the cerebellum, and various alterations of the cortical thickness or hippocampal
volume have been reported [12–16].

Recent studies also suggest that deficits of parvalbumin-positive (PV+) interneurons,
leading to disrupted inhibition of neuronal networks, could be one of the mechanisms
behind abnormal thinking and psychosis in schizophrenia [17–20]. The decreased number
or function of PV+ interneurons could have a fatal impact on correct neuronal signaling and
the balance of excitation/inhibition leading to the discoordination of neuronal networks
(reviewed in [21]). However, genetic manipulations in mice showed the connection of PV+
interneurons not only to schizophrenia-like [22,23] but also ASD-like phenotype [24–26].

In laboratory rodents, MIA can be modeled by application of viral particles, or more
often their synthetic RNA analog polyinosinic:polycytidylic acid (polyI:C), and bacterial
lipopolysaccharide (LPS) during a critical period of early development [27–32]. LPS is
a major component of the cell wall of Gram-negative bacteria, such as Escherichia coli or
Salmonella, causing strong immune system reaction with the release of pro-inflammatory
cytokines, such as interleukin (IL)-6, IL-1β or tumor necrosis factor (TNF)-α [33–36]. LPS
administered to pregnant dams caused an increase of pro-inflammatory cytokines in the
fetal rat brain even after a single injection [37]; higher cytokine levels after chronic prenatal
exposure to LPS could persist in adulthood [38].

It has been shown that MIA induced by viral or bacterial infection during pregnancy
alters brain development and causes behaviors resembling schizophrenia or ASD in the
rodent offspring (see [39] for a review). However, research in MIA models is laden with
discrepancies in methodology between studies. Therefore, it is extremely difficult to
generalize and judge the validity of the MIA models. In addition, clinical diagnostics in
humans is based predominantly on verbally expressed symptoms whereas only objective
signs (behavioral or neurobiological) are available in rodent models. This makes the
difference between ASD-like and schizophrenia-like phenotypes in animals even more
indistinct and subjective.

The aim of this study was to investigate a behavioral phenotype and brain charac-
teristics of Wistar rats prenatally exposed to bacterial lipopolysaccharide (from E. coli,
subcutaneous injections of a dose 1 mg/kg, from 7th day of a pregnancy to the delivery,
every other day), and to validate this chronic MIA model with regard to schizophrenia and
ASD. The relevant domains of behavior in the LPS- and saline-exposed offspring of both
sexes were tested twice, in early adolescence and adulthood, to provide insights into the on-
togeny of behavioral signs, and to evaluate the face validity of the model. We hypothesized
that sex would also affect the character or time course of the behavioral alterations, because
in both schizophrenia and autism, there are sex-dependent differences in prevalence and
severity [40–42]. To evaluate the construct validity, we examined the frontal cortex and
dorsal hippocampus of the juvenile offspring for PV+ interneuron numbers, and the overall
morphology of the key structures in search of early endophenotypes. We hypothesized that
the LPS juveniles would show a decreased number of PV+ interneurons and morphological
changes corresponding to schizophrenia- or ASD-like phenotypes. We also measured sex
effects and behavioral developmental changes in our study.
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2. Results
2.1. Brain Analysis in P28-Old Rats
2.1.1. Macrocephaly without Changes in Other Brain Morphology Parameters in Rats after
Prenatal Exposure to LPS

Both rat males and females born to LPS-treated dams exhibited larger brain size, which
was measured as the area of four different brain sections, compared to the offspring of saline-
treated dams, as shown by the three-way analysis of variance with repeated measures
(3wANOVA-RM), suggesting overall enlargement of the brain (Figure 1a, Table A2 in
the Appendix B). Although the graph in Figure 1b indicates a thicker cortex in females
prenatally exposed to LPS, two-way ANOVA (2wANOVA) did not show the difference to
be significant (Table A2). The ventricle area (Figure 1c) as well as the dorsal hippocampal
area (Figure 1d), measured relative to the whole brain area, were also not affected by
prenatal LPS exposure, as 2wANOVA showed no significant difference between groups
(Table A2).
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Figure 1. Brain morphology in P28-old rats. (a) Areas of four different brain sections were larger in both males and females
of lipopolysaccharide (LPS)-treated dams compared to controls, as three-way analysis of variance with repeated measures
(3wANOVA-RM) confirmed. In addition, males had larger brain area than females. (b) Cortical thickness in the LPS-exposed
offspring was not significantly different from the control offspring, as it was shown by the two-way ANOVA (2wANOVA),
but there was the sex effect, as males had thicker cortex than females. (c,d) Ventricles area (c) and dorsal hippocampal area
(d) shown as a percentage of whole brain area, both analyzed by 2wANOVA, were not significantly affected by prenatal
exposure to LPS. Scale bars show 2 mm. In the graphs in panels (b–d), each boxplot shows an average value for the left and
right hemispheres. The boxplots show median, first and third quartile and minimum and maximum values; the dots show
individual values. * p < 0.05, *** p < 0.001, ns = no significance. cc = corpus callosum; ctx = cortex; hipp = hippocampus.
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Sex differences. In general, juvenile males had bigger brains than females, shown
as larger areas of four different brain sections, as found by 3wANOVA-RM (Figure 1a,
Table A2). We hypothesized that the observed differences in brain size could be driven by
body size, but Pearson correlation between body size and brain slice areas showed no signs
of significance (not shown). In addition, males had thicker cortex than females as found by
2wANOVA (Figure 1b, Table A2). As cortical thickness was not corrected for brain size,
it is possible that the cortex was simply proportional to the larger brain in males. No sex
differences were found in the ventricle or dorsal hippocampal area (Figure 1c,d, Table A2),
where the relative area of the structure (compared to the slice area) was evaluated.

2.1.2. Decreased Number of PV+ Interneurons, but No Changes in Microglia Number,
in Rats after Prenatal Exposure to LPS

In animals prenatally treated by LPS, 2wANOVA showed a decreased number of
PV+ interneurons in the upper part of the frontal cortex (area 1) compared to controls.
The difference was found in both sexes and was more pronounced in the left hemisphere
than in the right hemisphere as 2wANOVA analyses showed (Figure 2a, Table A3). In the
lower part of the frontal cortex (area 2), the difference between groups in the number of
PV+ interneurons was not significant (Figure 2b, Table A3). In 2wANOVA analyses, no
effect of LPS was apparent in the dorsal hippocampus (Figure 2c, Table A3). Regarding
the microglia, 2wANOVA did not find any significant difference between groups in the
number of microglia in the dentate gyrus (DG) of the dorsal hippocampus (Figure 2d,
Table A3).

Sex differences. Males had higher number of PV+ interneurons in the upper part of
the frontal cortex (area 1) than age-matched females, specifically in the left hemisphere
(Figure 2a, Table A3), but lower PV+ interneurons number in the dorsal hippocampus with
a greater difference in the CA1-3 areas than in the dentate gyrus, all found by 2wANOVA
analyses (Figure 2c, Table A3). The numbers of PV+ interneurons in the lower part of the
frontal cortex (area 2; Figure 2b), or microglia in the dorsal hippocampus (Figure 2d), were
not significantly different within sex (Table A3).

2.2. Behavior Analysis in P45- and P90-Old Rats
2.2.1. Social Behavior and Communication Deficits after Prenatal LPS Exposure Manifest
Earlier in Males Than in Females

Social behavior and communication showed changes caused by prenatal experience
with LPS; however, LPS had a distinct effect on males and females. Regarding duration
of non-anogenital social contact, 3wANOVA-RM revealed a significant interaction of
group*sex, showing that LPS males spent less time by social contact than control males at
both P45 and P90, while female groups did not significantly differ at any age (Figure 3a,
Table A4). In the duration of anogenital exploration, no effect of LPS was found by
3wANOVA-RM (Figure 3b, Table A4).

The changes caused by prenatal LPS were also apparent in ultrasonic vocalization
(USV) parameters. In general, 3wANOVA-RM did not show a significant effect of LPS on
the total number of calls (Table A5). Nevertheless, 2wANOVA analyses done separately
for P45 and P90 revealed group*sex interaction in adolescents showing that LPS males
vocalized less and LPS females vocalized more in comparison to controls, which indicates
the opposite effect of LPS on males and females at P45 (Figure 4a, Table A5). No significant
effect of prenatal LPS specifically on trill-like USV was found by 3wANOVA-RM (Figure 4b,
Table A5).
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hemisphere, in both males and females prenatally exposed to LPS, as 2wANOVA analyses showed. Moreover, there was 
a sex difference with males showing higher density of PV+ interneurons, specifically in the left hemisphere. The graph 
shows averaged values from left and right hemispheres separately, and for an average of both. (b,c) The difference be-
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Figure 2. Parvalbumin-positive (PV+) interneurons and microglia in P28-old rats. (a) Number of PV+ interneurons was
decreased in the upper part of the frontal cortex of both hemispheres (area 1), with the higher difference found in the left
hemisphere, in both males and females prenatally exposed to LPS, as 2wANOVA analyses showed. Moreover, there was
a sex difference with males showing higher density of PV+ interneurons, specifically in the left hemisphere. The graph
shows averaged values from left and right hemispheres separately, and for an average of both. (b,c) The difference between
groups in the number of PV+ interneurons located in lower part of the frontal cortex (area 2) (b), as well as in the dorsal
hippocampus (c) was not significant, according to 2wANOVA. However, males in general showed lower number of PV+
interneurons in the dorsal hippocampus compared to females, more profound in CA1-3 areas than the dentate gyrus. (d) The
number of microglia in the dentate gyrus of the dorsal hippocampus was also not affected by prenatal experience with LPS,
according to 2wANOVA. The boxplots show median, first and third quartile, and minimum and maximum values; the dots
show individual values. * p < 0.05, ** p < 0.01, *** p < 0.001, ns = no significance. ctx = cortex; DG = dentate gyrus; hipp =
hippocampus.
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Duration of anogenital exploration was not shown to be affected by LPS. Adult animals spent 
more time by anogenital exploration than adolescents, as shown by 3wANOVA-RM. The boxplots 
show median, first and third quartile, and minimum and maximum values; the dots show individ-
ual values. * p < 0.05, *** p < 0.001. 

Figure 3. Social behavior in P45 and P90 rats. (a) Duration of non-anogenital social contact was lower in males of LPS-treated
dams than males of control dams at P45 as well as P90, as shown by 3wANOVA-RM. However, LPS females differed from
control females neither at P45 nor at P90. In addition, sex difference measured by 2wANOVA for P45 showed that males
participated in non-anogenital social contacts for longer time than females in adolescence, but not in adulthood. (b) Duration
of anogenital exploration was not shown to be affected by LPS. Adult animals spent more time by anogenital exploration
than adolescents, as shown by 3wANOVA-RM. The boxplots show median, first and third quartile, and minimum and
maximum values; the dots show individual values. * p < 0.05, *** p < 0.001.

3wANOVA-RM did not reveal any significant difference between groups in the aver-
age duration of a simple call (Figure 4c, Table A5); however, it showed a general effect of
LPS on the average duration of a composite call (Figure 4d, Table A5). Further analysis
by 2wANOVA revealed that the difference is apparent only in adult females and not in
males, as shown by interaction group*sex, as P90-old females of LPS-treated dams emitted
shorted composite calls on average compared to females of saline-treated dams.

The ratio of high-frequency simple calls to composite calls duration in each group was
calculated, and 3wANOVA-RM found a significant overall effect of prenatal exposure to
LPS on this parameter. Separate analyses by 2wANOVA revealed a more pronounced effect
in adulthood when the ratio of composite calls was decreased in the LPS rats compared to
controls (Figure 4e, Table A5). This may indicate a decreased complexity of vocalization
patterns in the LPS rats. In adolescent rats, the effect of LPS was not confirmed by a
statistical analysis of 2wANOVA, but the graphs in Figure 4e indicate the same trend in
P45-old LPS males, while P45-old LPS females did not differ from controls (Table A5).
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Figure 4. Ultrasonic vocalization (USV) in P45 and P90 rats. (a) In adolescence, a distinct effect of LPS on males and
females was found in total number of calls. 2wANOVA revealed that LPS males emitted less vocalizations compared
to control males, but LPS females emitted a higher amount of vocalization compared to control females. In adulthood,
the difference was not present. In addition, males emitted a higher total number of calls than females. Adult animals
produced much more vocalizations than adolescents. (b) Trill-like USV was not affected by LPS in any age. However,
males emitted a higher number of trill-like elements than females, and also adult rats had a higher number of trill-like
elements in comparison to adolescents. (c,d) Average duration of a simple call did not differ between groups. However,
adult females prenatally exposed to LPS showed a shorter average duration of a composite call than control females, as
2wANOVA revealed. 3wANOVA-RM also revealed longer average duration of simple calls and composite calls in males in
comparison to females. Average duration of simple calls was significantly higher in adult animals than adolescents; in the
composite calls, the same tendency was present as a strong trend. (e) The proportion of simple versus composite calls was
changed in LPS-exposed rats, as shown by 3wANOVA-RM and 2wANOVA. LPS-exposed rats of both sexes, especially at
P90, spent shorter time by emission of composite calls than simple calls, compared to controls. In addition, P45 males spent
a longer time emitting the composite calls, relative to the simple calls than P45 females. (f) Examples of analyzed types of
USV: simple calls, trill-like elements, composite calls. The boxplots show median, first and third quartile, and minimum and
maximum values; the dots show individual values. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Sex differences. In the social interaction test, 3wANOVA-RM found an interaction of
age*sex showing that the total time of non-anogenital social contacts was higher in males
than females at P45 (shown by 2wANOVA, although a simple effect did not show the effect),
but not in adulthood (Figure 3a, Table A4). Duration of anogenital exploration did not
differ between males and females (Figure 3b, Table A4). In addition, males emitted a higher
total number of calls than females (Figure 4a) and a higher number of trill-like elements
(Figure 4b), as 3wANOVA-RM analyses revealed (Table A5). In addition, the average
duration of a simple call (Figure 4c), as well as a composite call (Figure 4d), was longer in
males than females, according to 3wANOVA-RM analyses (Table A5). The proportion of
simple versus composite calls was lower in P45 males, compared to P45-old females shown
by 2wANOVA (Figure 4e, Table A5). This shows that males vocalized more in general and
their ultrasonic utterances were both longer in duration and more complex in structure.
This agrees with the observations of Potasiewicz et al., who found more pronounced
playful behavior in P31–P32 males, which was accompanied by both quantitatively and
qualitatively richer ultrasonic vocalization production relative to age-matched females [43].
They hypothesized that playful behavior serves as a training for behaviors establishing
adult social hierarchy (dominance and submission displays, fights etc.), which is more
important for rat males than females. Our P45 rats did not show playful behavior (which
could be explained by both their age and the experimental settings), but it is probable that
they transferred their richer vocal repertoire to non-playful social encounters as well.

Developmental changes. In the social interaction test, adult animals explored the anogen-
ital area of their social partners more than P45 adolescents, as found by 3wANOVA-RM
analysis (Figure 3b, Table A4). The duration of non-anogenital social contact did not signif-
icantly change during development (Figure 3a, Table A4). Anogenital exploration has an
important role in individual recognition and determining the social and reproductive status
of a social partner. It is possible that adult rats were more motivated to assess this type of
information than adolescents. In total, adult rats emitted much more calls than adolescents
(Figure 4a) and also more trill-like elements (Figure 4b), as shown by 3wANOVA-RM
(Table A5). Moreover, the average duration of a simple call was longer in adults than in
adolescent rats (Figure 4c, Table A5); this remained only a trend in case of a composite
call (Figure 4d, Table A5). It seems that ultrasonic vocalization grows more complex in rat
ontogeny, from simple neonatal calls to the full repertoire observed in mature individuals.
Our results show that P45 rats still do not exhibit a fully mature vocal communication
pattern.

2.2.2. Increased Anxiety in Rats after Prenatal Exposure to LPS

The offspring of LPS-treated dams traversed the beam in the beam walking test (BW)
faster than the controls, on the wide beam, as well as the narrow beam, independently
on sex or age, as was found by 3wANOVA-RM analyses (Figure 5, Table A6). Visual
observation indicated that higher anxiety motivated the LPS animals to leave the beam
faster, since the control animals appeared calmer and took more time to explore their
surroundings. The number of footslips in BW was not significantly changed by LPS experi-
ence, and the overall number of errors was low (Figure A2, Table A10 in the Appendix
C). In the open field test (OF), 3wANOVA-RM revealed an interaction of group*age in
the time spent in the arena center showing increased anxiety in the adult LPS offspring
of both sexes, which spent more time near the walls of the OF compared to controls, as
shown by simple effects (and confirmed by 2wANOVA). This difference was not present in
adolescence (Figure 6a, Table A7). The anxiety-measuring parameters in the elevated plus
maze test (EPM)—the proportion of open arm visits to total arm visits and frequency of
risk assessment behavior—were not significantly changed by prenatal LPS exposure at any
age of the offspring, as shown by 3wANOVA-RM analyses (Figure 6c,d, Table A8).
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Figure 5. The beam walking test in P45 and P90 rats. LPS-exposed rats of both sexes spent less time by crossing the wide or
narrow beam compared to controls at both ages, according to 3wANOVA-RM. Males took more time to cross the narrow
beam than females. Adult rats spent less time traversing the wide beam than adolescent rats. The upper panel show data
averaged only for whole-beam crossings. The boxplots show median, first and third quartile, and minimum and maximum
values; the dots show individual values. In the x axes of the lower panels, the numbers “1/4” and ”1/2” mean training
phase (0.5 or 1 m, respectively, of the beam) and ”1” means the test phase (the whole 2-m long beam). The values shown in
the lower panels indicate means ± S.E.M. * p < 0.05, ** p < 0.01, *** p < 0.001.

Sex differences. In BW, males needed more time to traverse the narrow beam than
females, as analyzed by 3wANOVA-RM (Figure 5, Table A6). The number of footslips was
not different between sexes (Figure A2, Table A10). It is probable that males were slower
because they are larger and heavier than females. On the other hand, males seemed to be
more anxious in the EPM, where they had lower open arm visits per total arm visits ratio,
and they also had less risk assessment behavior than females, as shown by 3wANOVA-RM
analyses (Figure 6c,d, Table A8). In the OF, no significant difference was found in the time
spent in the center of the OF arena between males and females (Figure 6a, Table A7). It is
probable that the observed effects were again driven by the sexual dimorphism in size. The
open arms of EPM were relatively narrower for the larger males, explaining their avoidance
by substantiated fear of falling. In the OF, where size of the animal did not matter so much,
males did not show any signs of elevated anxiety. However, other task-specific effects
related to motivation of the animals might also play a role.
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Figure 6. Non-social behavior in P45 and P90 rats. (a) In the open field test (OF), the rats of both sexes prenatally exposed to
LPS spent less time in the center of the arena in comparison to saline-exposed rats, as revealed by 3wANOVA-RM with
simple effects and 2wANOVA, but only in adulthood, not in adolescence. (b) Total walked distance measured in OF was
changed differently at P45 and P90 by prenatal exposure to LPS. In adolescence, LPS males did not differ from control males;
in contrast, LPS females walked a longer distance than control females. In adulthood, both LPS males and females tended to
walk a shorter distance than the control animals. In addition, males showed decreased locomotor activity compared to
females as well as adults compared to adolescents. The results were evaluated by 3wANOVA-RM and 2wANOVA. (c,d) In
the elevated plus maze test (EPM), the proportion of open arm visits to total arm visits (c) and frequency of risk assessment
behavior (d) were not significantly affected by LPS administration to pregnant dams. However, sex differences were found
by 3wANOVA-RM: males had lower open arm visits ratio and also lower risk assessment behavior compared to females.
Similar result was found in adult rats in comparison to adolescents. (e) Activity in EPM was not changed by LPS experience
at P45, but it slightly decreased at P90 in LPS males as well as females, as shown by 3wANOVA-RM and as a trend by
2wANOVA. In males, the activity was also decreased in comparison to females. (f) LPS-exposed animals showed a higher
startle response to strong acoustic stimuli (120 dB), compared to controls, according to 2wANOVA. The difference was more
manifested in males. Moreover, the analysis revealed a higher startle response in males compared to females. (g) Prepulse
inhibition deficit was found by 2wANOVA and t-tests in LPS females, especially after strong stimulus with 80-dB prepulse
(PP), but not in LPS males. The boxplots show median, first and third quartile, and minimum and maximum values; the
dots show individual values. * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.2.3. Decreased Activity in Rats after Prenatal Exposure to LPS

The analysis of walked distance in OF by 3wANOVA-RM revealed an interaction
of age*group*sex, which means that prenatal exposure to LPS had a different effect on
locomotion in adolescence and adulthood, depending on sex. At P45, LPS-affected males
walked a similar distance as controls, while LPS-affected females were more active than
control females (interaction group*sex found by 2wANOVA). At P90, LPS groups of both
sexes showed slightly decreased locomotor activity in comparison to control rats (Figure 6b,
Table A7), although 2wANOVA showed only a strong trend. In EPM, an interaction of
group*age, demonstrated by 3wANOVA-RM, showed that the activity of LPS-exposed
animals was not changed at P45, and it was slightly decreased at P90 in both sexes compared
to saline-exposed rats (Figure 6e, Table A8). However, this difference was not corroborated
by simple effects and was only shown as a trend by 2wANOVA.

Sex differences. Males walked a shorter distance in the OF arena than females (Figure 6b,
Table A7). 3wANOVA-RM also found males to be less active in EPM, as measured by
total arm visits (Figure 6e, Table A8). Again, the most straightforward explanation is body
weight. In the EPM, anxiety could also contribute to the decreased exploratory activity.

Developmental changes. Adult animals walked much shorter distance in the OF arena
compared to adolescent animals, as found by 3wANOVA-RM (Figure 6b, Table A7). Con-
cerning anxiety, adults manifested a lower number of open arm visits per total arm visits,
and they did less risk assessment behavior in comparison to adolescent animals, according
to 3wANOVA-RM analyses (Figure 6c,d, Table A8). In the OF, there was no significant
developmental alteration in the time spent in the middle of the arena (Figure 6a, Table A7).
Behavior in OF and EPM can be explained by the body weight of the animals. Larger and
heavier rats generally tend to be less active and avoid the narrow open arms due to risk
of falling; this holds for males versus females as well as adults versus adolescents. Adult
rats might also have been less motivated to explore, perhaps because they remembered
the apparatus from the previous session. The analysis by 3wANOVA-RM revealed that
adult rats needed less time to walk across the wide beam than adolescent rats (Figure 5,
Table A6). This is rather surprising, given that adult rats were larger, heavier, and generally
less active. However, the higher anxiety in adults could have played a role, motivating
them to leave the beam as soon as possible. Moreover, they could have taken advantage of
the previous experience with the task.

2.2.4. Increased Startle Reaction in Adult Rats and PPI Deficit in Adult Females, but Not in
Males, after Prenatal Exposure to LPS

The offspring born to LPS-treated dams manifested a higher startle response to a
strong acoustic stimulus (120 dB) without prepulses compared to those from saline-treated
dams, as shown by 2wANOVA; the effect was more pronounced in males (Figure 6f,
Table A9). Moreover, 2wANOVA found a significant interaction of group*sex for startle
reaction to strong acoustic stimulus 120 dB with 80-dB prepulse, as there was no effect in
LPS-influenced males but a substantial decrease of prepulse inhibiton (PPI) in LPS females
(also confirmed by t-tests done specifically in females, for all prepulses averaged, and
especially for 80-dB prepulse), in comparison to controls (Figure 6g, Table A9). 3wANOVA-
RM also showed a strong effect of prepulse loudness; the louder the prepulse, the higher
inhibition of startle reaction the rats manifested (Table A9).

Sex differences. 2wANOVA showed that males demonstrated a higher startle reaction
than females (Figure 6f, Table A9); however, this effect probably reflects the technical
properties of the sensors, as the apparatus was more sensitive to startle-induced jumping
in heavier animals.

3. Discussion

We have shown that prenatal exposure to MIA induced by LPS administration leads
to changes in the brain at P28, and altered behavior at P45 and P90, resembling both
schizophrenia and ASD. At the level of construct validity, measured brain parameters
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show similar alterations in males and females at juvenile age. However, at the level of
face validity, the outcome is modulated by sex. In males, the behavioral changes appeared
earlier, with social and communication deficits persisting from adolescence to adulthood,
whereas in females, communication and PPI impairment only surfaced in adulthood.

We observed the numbers of γ-aminobutyric acid (GABA)ergic PV+ interneurons to
be strongly decreased in the frontal cortex but unchanged in the dorsal hippocampus of P28
rats born to LPS-treated mothers (Figure 2). Comparable studies found decreased numbers
of PV+ interneurons in adult rats after chronic LPS-induced MIA in both the frontal cortex
and the hippocampus [44,45]. It seems that changes in GABAergic interneurons substan-
tially contribute to the pathogenesis of schizophrenia. The patients exhibit impairment
in GABAergic neurotransmission [46], as shown by a reduction of glutamate decarboxy-
lase (GAD67), catalyzing the synthesis of GABA in interneurons [47], decreased levels of
parvalbumin in cortical PV+ interneurons [48], and a decreased number of PV+ cells in
the hippocampus [49]. Recently, it has been suggested that myelination of PV+ interneu-
rons could be disrupted as well [20]. Interneuron dysfunction may lead to the observed
impairment of cortical gamma oscillations and synchrony of neural networks [50,51]. Nev-
ertheless, a decreased density of PV+ interneurons in the prefrontal cortex was also found
in patients with ASD [18]. Mouse studies show that PV ablation or N-Methyl-D-aspartate
(NMDA) receptor knockout in PV+ interneurons leads to ASD-like phenotype [25,26].

Our examination of juvenile brain morphology showed macrocephaly (Figure 1a)
with unchanged size of lateral ventricles and dorsal hippocampus and cortical thickness.
The number of microglia, at least within the dorsal hippocampus, was also not affected by
prenatal LPS administration. Brain morphology after LPS MIA has been rarely described
in the literature. Morphological changes of the brain were reported to be absent at P60 after
a single prenatal LPS injection [52]. Increased microglial activation was found in mice and
rats immediately after LPS injection [53,54]; however, little is known about the long-term
effects of prenatal LPS exposure on microglia density or activation. Macrocephaly is also
seen in a subpopulation of children with ASD, sometimes only at a specific age [13,55–57].
The size of lateral ventricles and hippocampus as well as cortical thickness are known
to be affected in schizophrenia [11,58] and ASD [14–16], unlike our model. However, we
examined very young animals, and it is possible that these changes would develop later.

Despite the sex-independent structural changes in juvenile brains, behavioral mani-
festations in later life differed between males and females. Decreased social contact and
a reduced number and complexity of ultrasonic vocalizations appeared in LPS males
already at P45. In females, comparable communication deficit manifested only at P90,
although the duration of social contact itself was not changed (Figures 3 and 4). Other
studies investigating similar models also found the behavioral changes to be strongly
modulated by sex [44,45]. Regarding early behavioral changes in animal models of MIA,
the published evidence is ambiguous. Decreased social and play behavior of rats at P60
and P30, respectively [52], and reduced USV at P3 and P5 [27] after prenatal LPS treatment,
were demonstrated. In contrast, no effect at P40 and P60 [33] or only subtle impairments
in the social behavior of P70 rats [59] were reported elsewhere. However, it is necessary
to note that there are considerable variations in MIA protocols used between different
studies regarding species and strain, LPS serotype, route of administration, dosing, or
timing, making direct comparisons difficult. A different class of models based on direct
early postnatal applications of LPS to rat pups also manifest altered USV [54,60]. Social
and communication deficits are typical symptoms of ASD that manifest early in life, and
schizophrenia features disorganized, plain, or otherwise abnormal speech [61,62]. Our find-
ings correspond to the situation in human patients. Contrary to social behavior, anxiety-like
behaviors observed in our study were sex-independent. Shorter latencies in BW, as seen in
both adolescents and adults (Figure 5), could be explained by higher anxiety, motivating
the LPS rats to reach the homecage. This is supported by OF, where adult LPS rats showed
more anxious behavior (Figure 6a). Better locomotor abilities of the LPS-exposed rats seem
to be unlikely, as no such phenomenon has been described in the literature. Importantly, the
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number of footslips in BW was comparable between groups. Interestingly, the anxiety phe-
notype in LPS-affected adults was not apparent in EPM (Figure 6c,d). It is possible that the
sensitivity of EPM was reduced due to previous experience with other tests (see also [63]).
This discrepancy can be also explained by distinct subtypes of anxiety investigated by
OF and EPM [64]. Results in anxiety-like behavior are inconsistent among other studies
using similar models: some reported increased anxiety [45,65,66], while the others did
not [45,52,67]. In any case, anxiety belongs to the symptomatology of both schizophrenia
and ASD [68,69], although its expressions are very variable.

Interestingly, the offspring of LPS-treated mothers showed hypolocomotion in OF
(Figure 6b) and decreased activity in EPM (Figure 6e). Animal models of schizophrenia
usually exhibit hyperlocomotion, which is considered to be a model of positive symptoms
based on common mesolimbic hyperactivity [70–74]. However, the situation in models pre-
pared by LPS-induced MIA is not fully clear. Basta-Kaim et al., using a protocol comparable
to the present study, observed enhanced locomotor activity in adult males and females [28]
in contrast to our findings. Other studies reported all three possibilities: increased locomo-
tor activity [45,75], no effect [67], or hypolocomotion [33,76], but using different protocols
of LPS administration. Possibly, anxiety-like behavior leading to suppressed exploration
was more prominent in some studies than the others. Another explanation could be a
decreased motivation to explore the unknown environment. Amotivation and apathy
(avolition) are serious negative symptoms of schizophrenia [77]. Unfortunately, we cannot
decide between the hypotheses with the available data. ASD, unlike schizophrenia, is not
linked with any specific changes in locomotor activity.

Our adult female, but not male LPS offspring also showed PPI impairment (Figure 6g).
On the other hand, male LPS offspring showed a more prominent increase of acoustic
startle response than LPS females in comparison to controls (Figure 6f). We did not
measure startle response in adolescent rats, as the stressful experience could adversely affect
subsequent behavioral tests. Other studies using prenatal LPS administration reported an
increased startle response with normal PPI in adolescence [75,78]. In adulthood, elevated
startle response, as well as PPI deficit, were described in the comparable model in both
sexes [28,44]. Studies with other LPS models also found PPI deficits in adult rats and
adolescents, but not before P30 [38,45,79]. PPI deficit belongs to the typical symptoms
of schizophrenia and is believed to have good translational validity [80,81]. The deficit
in sensorimotor gating has been also described in other neuropsychiatric disorders [82],
including ASD [83,84], but less consistently. Hyper-reactivity to sensory inputs, including
sound [6], as well as increased startle response without altered PPI [85], has been described
in ASD patients.

ASD and schizophrenia are neurodevelopmental disorders [10] with both hereditary
and environmental factors involved in their etiology. Prenatal infection represents an
important risk factor with more or less serious consequences for the brain and behavior.
In some cases, the indirect effect of the infectious agent acting though MIA might serve
as a trigger, causing subtle changes that manifest only in susceptible individuals in later
life [86]. It seems that the timing and chronicity of MIA play a crucial role in the final
outcome, which could also partially explain the discrepancies between studies in animal
models. Meyer et al. suggest that the development of schizophrenia or ASD is decided
by the nature of the inflammation (acute, chronic, latent) in combination with specific
genetic risk factors, leading to shared or unique symptoms [86]. Our results show that
the sex of the offspring is an additional modulator of their future behavioral phenotype
and also possible affinity to one or the other disorder. This is supported by sex differences
observed in other studies discussed previously [33,38,44,45,66,78] and also by the influence
of sex on prevalence, symptomatology, and severity of neurodevelopmental disorders in
humans [41,42].
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4. Materials and Methods
4.1. Animals

In total, thirteen Wistar rat dams (n = 7 experimental, n = 6 control; 230–330 g, 3–5
months old) were mated with six males (Velaz, Ltd., Prague, Czech Republic) to deliver
92 pups, which were used in our experiments. The offspring were divided into four groups
(see Table 1). No more than three pups of each sex from the same litter were kept in the
same group to ensure a balanced design.

Table 1. Group specification and the number of animals per group.

Group

Number of Animals and Litters Per Group (n)

Brain Analysis (P28) Behavior Analysis
(P45, P90)Brain Morphology Immunohistochemistry

saline males n = 6 (4 litters) n = 5 (4 litters) n = 15 (5 litters)
LPS males n = 10 (7 litters) n = 5 (5 litters) n = 14 (7 litters)

saline females n = 10 (4 litters) n = 5 (4 litters) n = 13 (5 litters)
LPS females n = 10 (7 litters) n = 5 (5 litters) n = 14 (7 litters)

LPS = lipopolysaccharide; P = postnatal day.

The animals were bred at the National Institute of Mental Health (NIMH-CZ) in Kle-
cany, Czech Republic, in standard Plexiglas boxes (44 × 28 × 23 cm) in an air-conditioned
room with a 12 h/12 h light/dark cycle and food and water ad libitum, in groups of 2 or
3 individuals; only pregnant females were separated several days before delivery. All
procedures took place during the light phase of the daily cycle. All experiments were
approved by the Institutional Animal Care and Use Committee (Project of Experiment No.
23/2017) and complied with the Animal Protection Act of the Czech Republic, EU directive
(2010/63/EU).

4.2. Model Preparation

After 5-day handling of the breeding rat females, we determined the estrous cycle
using the protocol by Marcondes et al. ([87], see Appendix D). Then, females in the estrus
phase, or proestrus–estrus interphase (Figure 7a) were mated with a male for 24 h. Pregnant
rat females received 6 subcutaneous (s.c.) injections of bacterial lipopolysaccharide (LPS;
Figure 7b) from Escherichia coli (L-3755, Serotype 026:B6; Sigma-Aldrich, Prague, Czech
Republic) at a dose of 1 mg/kg and injection volume of 1 mL/kg, which was administered
every other day from the seventh day of pregnancy to delivery, according to [28]. LPS was
dissolved in 0.9% saline solution, the vehicle alone served as a control treatment. See the
design of the whole experiment in Figure 7.

The pregnancy and delivery success was not lowered by the repeated administration
of LPS (see the Appendix A and Figure A1 for more information). The pups were sexed
at P6–8 and then left undisturbed until weaning at P28. The body weight of the offspring
was measured before brain harvesting or before each set of behavioral testing. Three-day
handling of adolescents preceded the behavioral examination at P45.

4.3. Brain Analysis
4.3.1. Brain Tissue Harvesting

Rats (P28) were deeply anesthetized by xylazine (30 mg/kg) and ketamine (200 mg/kg)
and transcardially perfused with 0.9% saline solution followed by 4% paraformaldehyde in
0.1M phosphate buffer at pH = 7.4. The brains were removed and post-fixed overnight in
4% paraformaldehyde in 0.1M phosphate buffer saline (PBS) at 4 ◦C and cryoprotected in
30% sucrose until they sank. Brains were cut on a cryostat (Leica CM1860 UV) into 50 µm
thick coronal sections (1 in 5 series). For histology and immunohistochemistry, all brain
sections were mounted on gelatin-coated slides.
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Figure 7. (a) The design of the experiment. In rat females, estrous cycle was determined for approximately one week.
Estral females were mated with a male for 24 h. During pregnancy, females received six subcutaneous (s.c.) injections of
lipopolysaccharide (LPS) at a dose of 1 mg/kg, or 0.9% saline solution (control), from embryonic day E7 to E21 (delivery),
every other day. The offspring of both sexes were used for brain analysis at postnatal day P28 (weaning) or for the behavioral
testing in adolescence (P45), which was repeated in adulthood (P90). (b) The structure of a bacterial LPS; according to [36].

4.3.2. Toluidin Blue Staining and Brain Morphology Analysis

For morphological analysis, sections were stained by Toluidine blue (Nissl; Sigma-
Aldrich, St. Louis, MO, USA). Measurements of lateral ventricles and dorsal hippocampus
were done manually in ImageJ software (ImageJ, NIH, Madison, WI, USA) by a blinded
researcher.

Cortical thickness was measured at approximately −4.56 mm from Bregma [88] in the
first section where both dorsal and ventral hippocampal formation were present [89]. The
sections were visualized under a light microscope Zeiss AxioImager Z1. Photographs were
taken under a 2.5× objective (NA 0.06). Cortical thickness was analyzed using AxioVision
Rel 4.8 software (Zeiss) as the distance between the boundary of the beginning of layer
II and the beginning of the white matter beneath layer VI [89]. The average of the three
measurements per one brain was analyzed separately for each hemisphere.

The size of lateral ventricles and size of the dorsal hippocampus was measured at
approximately +0.00 mm and −2.28 mm from Bregma, respectively [88]. Tile scans were
taken under 5× objective (NA 0.15, 512 × 512 pixels) with a confocal microscope Leica TSC
SP8X. Ventricles were analyzed on one, while hippocampi were analyzed on three sections
per rat. Areas of the structures were expressed as the percentage of total brain area [90].

4.3.3. Immunohistochemistry and Analysis of PV+ Interneurons and Microglia

For immunofluorescence, free-floating brain sections were incubated with primary
antibodies diluted in 0.1M PBS containing 0.3% Triton-X 100 overnight at 4 ◦C. The fol-
lowing primary antibodies were used: anti-Parvalbumin (PV, mouse monoclonal, 1:3000,
Sigma-Aldrich, #P3088) and anti-Iba1 (rabbit polyclonal, 1:3000, Wako, #019-19741). After
incubation with primary antibodies, sections were rinsed in 0.1M PBS and incubated with
secondary antibodies in 0.1M PBS containing 0.3% Triton-X 100 for 2 h at room temperature.
The following secondary antibodies conjugated with fluorophores were used: Donkey
anti-rabbit AF488 (#711-545-152), Donkey anti-mouse AF488 (#715-545-150), 1:500, Jackson
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ImmunoResearch. After incubation with secondary antibodies, sections were rinsed in
0.1M PBS and coverslipped in ProLong Gold Antifade Reagent with DAPI (Cell Signaling
Technology). Fixed immunofluorescence samples were viewed with a Zeiss Axio Imager
Z1 fluorescent microscope (Carl Zeiss, Jena, Germany) or Leica TCS SP8X confocal system
(Leica Microsystems Mannheim, Germany).

The number of PV+ cells. One brain section (right and left hemisphere separately) in
the frontal cortex (Bregma +3.72 mm) and two brain sections (50 µm apart) in the dorsal
hippocampus (Bregma −2.28 mm), from each animal, were used for PV+ cell counting. In
the frontal cortex, two areas were evaluated: cingulate/secondary motor cortex (area 1)
and prelimbic cortex (area 2). Frontal cortex sections were captured at 10× magnification
(NA 0.4 CS) using a Leica TSC SP8X. We used z-stack images (1024 × 1024 pixels) with 1×
digital zoom at a step size of 1.5 µm. In the dorsal hippocampus, the number of PV+ cells
was measured in two regions: dentate gyrus (DG) and CA1–3 region, magnification 20×
(NA 0.5, Zeiss). Immunopositive neurons were counted by using ImageJ in the complete
subfield of each region.

The number of Iba1+ microglial cells in DG and hilus of the dorsal hippocampus
(Bregma −2.92 mm) were measured. Three brain sections were analyzed per rat/per region.
Images were acquired through objective 20× (0.75CS IMM CORR CS2, 1024 × 1024 pixels)
by using a Leica TSC SP8X. All images were analyzed using the same threshold settings.
Immunopositive microglial cells were counted manually in a complete sub-field of the
region.

4.4. Behavioral Testing

The rat offspring of both sexes were tested repeatedly in a battery of behavioral tasks
in adolescence (P45) and again in adulthood (P90). During an experimental day, all males
were tested first, followed by all females; LPS and control animals were randomized.
The apparatuses were always cleaned with water between individual sessions, or with a
disinfectant between sexes and at the end of each experimental day, and dried by paper
cloths. No other rats or observers were present in the experimental room during the session,
except for the beam walking test. The behavioral tasks were performed in the same order
as they are reported. Apart from these, we also trained the adult animals in the active
place avoidance task [91,92] in the Carousel maze, testing spatial memory and cognitive
coordination (reviewed in [93]), which was carried out at the Institute of Physiology CAS.
However, even controls were unable to master the task, so it was not possible to make
any conclusions (not shown here). After each day of experiments (to avoid stress before
testing), the estrous cycle phase was determined in adult females.

4.4.1. Open Field Test (OF)

The open field apparatus, consisting of a dimly illuminated (11 lux) square chipboard
arena (70 × 70 cm) with black-laminated floor and opaque walls (40 cm high), serves as a
test of spontaneous locomotor activity and anxiety. The animal was put into the center of
the arena and recorded by an overhead camera for 10 min. Recorded videos were analyzed
offline automatically using Viewer 3 software (Biobserve, Bonn, Germany), which tracked
the position of the rat. The total walked distance and time spent in the center of the arena
(50 × 50 cm) were evaluated.

4.4.2. Beam Walking Test (BW)

Primarily, the task assesses sensorimotor coordination. The animal had to walk along
a 2 m long wooden beam, at first wide (4.5 cm) and then narrow (2.2 cm), located 1 m
above the floor, to reach its homecage at the opposite end. During the training period, the
rat was prompted to walk only 0.5 m or 1 m of the beam length before the full length in the
testing phase (see the order of trials in Table 2).
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Table 2. Design of the beam walking test.

Training Test Training Test

Trial 1 2 3 4 5 6 7 8 9
Width 4.5 cm 4.5 cm 4.5 cm 4.5 cm 2.2 cm 2.2 cm 2.2 cm 2.2 cm 2.2 cm
Length 0.5 m 1 m 2 m 2 m 1 m 2 m 2 m 2 m 2 m

The performance was observed by two experimenters, watching the animal from
opposite sides. The time needed to traverse the beam and the number of footslips (when at
least one of the rat’s paws slipped from the upper surface of the beam) were evaluated.

4.4.3. Elevated Plus Maze Test (EPM)

The plus maze tests anxiety and spontaneous exploration. The cross-shaped black
apparatus elevated 50 cm above the floor consisted of two closed arms (safer for the
animals) and two opposite open arms (each arm 50 × 10 cm, closed arms had walls 30 cm
high). Illumination was 100 and 630 lux in the closed and open arms, respectively. Each rat
was placed into the center facing an open arm and then explored the maze for 5 min.

Rat behavior was recorded by an overhead camera, and the videos were analyzed
manually in BORIS software [94]. Overall activity (total arm visits), the proportion of open
arm visits to total arm visits, and frequency of risk assessment behavior (looking out from
the closed arms without leaving it) were assessed.

4.4.4. Social Interactions

Social behavior was measured by a simple social interaction test in a neutral environ-
ment. In our case, two animals of the same sex from the same group but different cages
were placed into the OF arena already familiar to them, dimly illuminated (11 lux), facing
the opposite corners, and were left undisturbed and recorded by an overhead camera.

Animal behavior (5 min of the session) was analyzed manually by a blinded observer
using BORIS software [94]; each animal from the pair was scored separately. The main
scored categories were duration of anogenital exploration and duration of non-anogenital
social contact (sniffing or touching the other rat’s body except the anogenital area or tail).
Other scored parameters (following the social partner, evade, crawling, play or fight;
self-grooming, freezing) were too rare for statistical evaluation, or did not differ between
groups and are not reported.

4.4.5. Ultrasonic Vocalization Recording (USV)

During each social interaction session, ultrasonic vocalization as an indicator of social
communication between rats was recorded by an Ultramic 250 K microphone (Dodotronic,
Italy) at a sampling frequency of 250 kHz.

Audacity 2.1.2. software (Pittsburgh, PA, USA) was used for both acquisition and
analysis, which was done by a blinded observer who manually marked individual calls.
Each pair of rats was taken as a single unit, since the calls could not be attributed to
individual rats.

Firstly, individual elements of high-frequency (above 50 kHz) vocalization were
marked. Those were further subdivided into trill-like (with rapid periodic oscillations over
a wide range of frequencies, and regular wave-shaped calls), flat (vocalizations with uni-
form frequency lasting more than 50 ms), and other (not fitting any other category). Simple
calls (consisting of a single element) and composite calls (consisting of multiple elements)
were distinguished. The total number of calls, the average duration of a simple call, the
average duration of a composite call, and the proportion of simple versus composite calls
(calculated as a percent contribution of simple calls to the total time spent by vocalization)
were used for further analysis, as well as the number of trill-like elements. Flat elements
were too rare for meaningful statistics. Examples of vocalizations are shown in Figure 4f.
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4.4.6. Acoustic Startle Reaction and Prepulse Inhibition (PPI)

In this task, the animal was closed in a tight tube placed in a soundproofed box
(SR-LAB Startle Response System, San Diego Instruments, San Diego, CA, USA) which
measured the startle jumping reflex of the animal as a reaction to strong acoustic stimuli.
Firstly, the animal stayed in the apparatus for 5 min for habituation and listened only
to white noise (70 dB). Then, the rat was exposed to 50 trials with acoustic stimuli in a
pseudorandom order (alternated phases were no stimulation and acoustic pulse 120 dB
with or without prepulse) and irregular inter-trial intervals (12–20 s). Three different
intensities of prepulses were used: 3, 5, or 10 dB above the white noise level (i.e., 73, 75,
and 80 dB).

The degree of startle reaction to the strong acoustic stimulus (120 dB without a pre-
pulse) was measured separately. Prepulse inhibition is a measure of sensorimotor gating
when a shorter and weaker prepulse preceding the main pulse physiologically inhibits the
startle reaction. PPI (shown in %) was calculated according to the formula:

[PPI = 100 − (PP/P120) × 100]

where the startle reaction after the acoustic pulse preceded by a prepulse (PP) was divided
by the startle reaction after the acoustic pulse without a prepulse (P120).

Only adult rats were tested here because of the stressful nature of the task. The number
of animals used for statistical analysis was lower in this task because some data were lost
due to a technical error.

4.5. Statistical Analysis

All the data were statistically analyzed in the IBM SPSS Statistics software. Three-way
analysis of variance with repeated measures (3wANOVA-RM) was used for most of the
behavioral parameters, and four sections of brain area measurement, with group (LPS or
saline) and sex (males or females) as between-subject factors and age (P45 or P90) or section
(1, 2, 3 or 4), respectively, as a within-subject factor. In case there was a significant group–
age or sex–age interaction, we used simple effects to specify the nature of the interaction
and to identify the age where the groups or sexes differed. Two-way ANOVA (2wANOVA)
with the same between-subject factors was used for the rest of the brain parameters, and
also for several behavioral parameters, where P45 and P90 were analyzed separately. In PPI
averaged for all prepulses, the t-test was used to show a significant difference specifically
in females. The data was log-transformed to meet parametric assumptions in case of
non-normal distribution. In BW number of footslips, the transformation did not lead to
normalization of the data, and so the negative binomial model with log estimates values
was applied. Significance was accepted at p ≤ 0.05. Adult females in the estrous phase at
the day of testing were excluded from the analysis because estrus affects behavior [95,96].
For the numbers of animals used in each test, see Table S1.

5. Conclusions

Our current findings revealed that chronic MIA, elicited by the administration of
bacterial LPS to pregnant rat dams, affected brain development (macrocephaly, decreased
number of PV+ interneurons in the frontal cortex) and behavior (social and communica-
tion deficits, anxiety, hypoactivity, increased startle reaction, PPI deficit) of the offspring.
Importantly, while changes in the brain of weaned (P28) rats were similar in both sexes,
behavioral deficits at P45 and P90 differed between males and females, indicating that the
behavioral outcomes developing later in life are strongly modulated by sex. This points
to the possibility that a comparable prenatal insult may lead to one or the other disorder
depending on additional factors, including sex. Our results demonstrate that the common
practice of omitting females from preclinical research can lead to misleading or incomplete
conclusions about model validity.
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Appendix A. (Pregnancy)

Pregnancy of females undergoing repeated administration of LPS was not less suc-
cessful in comparison to pregnant females undergoing control treatment by saline. In total,
24 rat females were mated but only 13 females (54%) successfully delivered, out of which
seven were treated by LPS (54% of total deliveries, 87.5% of total LPS pregnancies, and
only one LPS-treated female had a false pregnancy or miscarriage (Table A1). Weight gain
during pregnancy in LPS-treated females also was not lower than in saline-treated females
(Figure A1).

We did not observe any serious disruption of the pregnancy process after chronic
administration of LPS, implying the injection protocol to be safe. Maternal care was not
monitored in this study, but several other studies did not find any significant influence of
LPS during pregnancy on maternal behavior [27,97].

Table A1. Success rate in pregnancy.

% of Females

Total deliveries 54%
Miscarriage/False pregnancy 29%
Not pregnant 17%
Deliveries of LPS dams (per total deliveries) 54%

https://www.mdpi.com/1422-0067/22/6/3274/s1
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Int. J. Mol. Sci. 2021, 22, 3274 20 of 31

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 19 of 30 
 

 

Conflicts of Interest: The authors declare no conflict of interests. 

Appendix A. (Pregnancy) 
Pregnancy of females undergoing repeated administration of LPS was not less suc-

cessful in comparison to pregnant females undergoing control treatment by saline. In to-
tal, 24 rat females were mated but only 13 females (54%) successfully delivered, out of 
which seven were treated by LPS (54% of total deliveries, 87.5% of total LPS pregnancies, 
and only one LPS-treated female had a false pregnancy or miscarriage (Table A1). Weight 
gain during pregnancy in LPS-treated females also was not lower than in saline-treated 
females (Figure A1).  

We did not observe any serious disruption of the pregnancy process after chronic 
administration of LPS, implying the injection protocol to be safe. Maternal care was not 
monitored in this study, but several other studies did not find any significant influence of 
LPS during pregnancy on maternal behavior [27,97]. 

Table A1. Success rate in pregnancy. 

 % of Females 
Total deliveries 54% 
Miscarriage/False pregnancy 29% 
Not pregnant 17% 
Deliveries of LPS dams (per total deliveries) 54% 

 
Figure A1. Pregnancy success. Weight gain of LPS- and saline-treated females in comparison to 
non-pregnant females. LPS administration did not negatively affect gaining of weight. 

Appendix B. (Statistical Tables) 

Table A2. Three-way ANOVA-RM and two-way ANOVA table for brain morphology parameters. 

Source  df Error df F p ηp2 
Total Brain Area–Sections 1–4: 3wANOVA-RM 
Group 1 32 7.020 0.012 * 0.180 
Sex 1 32 5.223 0.029 * 0.140 
Group * sex 1 32 0.154 0.698 0.005 
Sections 2.106 67.376 329.753 0.000 *** 0.912 
Sections * group 2.106 67.376 1.163 0.321 0.035 

Figure A1. Pregnancy success. Weight gain of LPS- and saline-treated females in comparison to non-pregnant females. LPS
administration did not negatively affect gaining of weight.

Appendix B. (Statistical Tables)

Table A2. Three-way ANOVA-RM and two-way ANOVA table for brain morphology parameters.

Source df Error df F p ηp
2

Total Brain Area—Sections 1–4: 3wANOVA-RM

Group 1 32 7.020 0.012 * 0.180
Sex 1 32 5.223 0.029 * 0.140
Group * sex 1 32 0.154 0.698 0.005
Sections 2.106 67.376 329.753 0.000 *** 0.912
Sections * group 2.106 67.376 1.163 0.321 0.035
Sections * sex 2.106 67.376 0.101 0.912 0.003
Sections * group * sex 2.106 67.376 0.547 0.590 0.017

Cortical Thickness: 2wANOVA

Group 1 32 1.694 0.202 0.050
Sex 1 32 5.188 0.030 * 0.140
Group * sex 1 32 0.729 0.400 0.022

Ventricles Area/Total Brain Area: 2wANOVA

Group 1 32 0.542 0.467 0.017
Sex 1 32 0.821 0.372 0.025
Group * sex 1 32 0.077 0.783 0.002

Dorsal Hippocampal Area/Total Brain Area: 2wANOVA

Group 1 32 0.590 0.448 0.018
Sex 1 32 2.362 0.134 0.069
Group * sex 1 32 0.013 0.909 0.000

All differences above trend level (p < 0.1) are in bold. * p < 0.05; *** p < 0.001.
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Table A3. Two-way ANOVA table for the number of parvalbumin-positive (PV+) interneurons in
various brain areas and the number of microglia in the dentate gyrus (DG) of the dorsal hippocampus.

Source df Error df F p ηp
2

PV+ Interneurons–Frontal Cortex, Area 1: 2wANOVA

Group 1 16 28.099 0.000 *** 0.637
Sex 1 16 9.171 0.008 ** 0.364
Group * sex 1 16 1.753 0.204 0.099

PV+ Interneurons–Frontal Cortex, Area 1 (Left Hemisphere): 2wANOVA

Group 1 16 28.044 0.000 *** 0.637
Sex 1 16 14.714 0.001 *** 0.479
Group * sex 1 16 0.521 0.481 0.032

PV+ Interneurons–Frontal Cortex, Area 1 (Right Hemisphere): 2wANOVA

Group 1 16 5.525 0.032 * 0.257
Sex 1 16 0.553 0.468 0.033
Group * sex 1 16 1.064 0.318 0.062

PV+ Interneurons–Frontal Cortex, Area 2: 2wANOVA

Group 1 16 0.807 0.382 0.048
Sex 1 16 0.056 0.815 0.004
Group * sex 1 16 0.034 0.857 0.002

PV+ Interneurons–Dorsal Hippocampus: 2wANOVA

Group 1 16 0.799 0.385 0.048
Sex 1 16 16.649 0.001 *** 0.510
Group * sex 1 16 0.326 0.576 0.020

PV+ Interneurons–Dorsal Hippocampus (DG): 2wANOVA

Group 1 16 1.160 0.297 0.068
Sex 1 16 6.090 0.025 * 0.276
Group * sex 1 16 2.209 0.157 0.121

PV+ Interneurons–Dorsal Hippocampus (CA1-3): 2wANOVA

Group 1 16 0.278 0.605 0.017
Sex 1 16 17.319 0.001 *** 0.520
Group * sex 1 16 0.055 0.818 0.003

Microglia–Dorsal Hippocampus (DG): 2wANOVA

Group 1 16 0.843 0.372 0.050
Sex 1 16 0.021 0.886 0.001
Group * sex 1 16 2.154 0.162 0.119

All differences above trend level (p < 0.1) are in bold. * p < 0.05; ** p < 0.01; *** p < 0.001.

Table A4. Three-way ANOVA-RM table for social interaction parameters.

Source df Error df F p ηp
2

Duration of Non-Anogenital Social Contact: 3wANOVA-RM

Group 1 44 1.212 0.277 0.027
Sex 1 44 0.279 0.600 0.006
Group * sex 1 44 4.880 0.032 * 0.100
Age 1 44 0.135 0.715 0.003
Age * group 1 44 0.889 0.351 0.020
Age * sex 1 44 4.300 0.044 * 0.089
Age * group * sex 1 44 0.054 0.817 0.001
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Table A4. Cont.

Source df Error df F p ηp
2

Duration of Anogenital Exploration: 3wANOVA-RM

Group 1 44 0.653 0.423 0.015
Sex 1 44 1.698 0.199 0.037
Group * sex 1 44 0.19 0.665 0.004
Age 1 44 13.822 0.001 *** 0.239
Age * group 1 44 0.073 0.789 0.002
Age * sex 1 44 0.745 0.393 0.017
Age * group * sex 1 44 0.811 0.373 0.018

All differences above trend level (p < 0.1) are in bold. * p < 0.05; *** p < 0.001.

Table A5. Three-way ANOVA-RM and two-way ANOVA table for ultrasonic vocalization parameters.

Source df Error df F p ηp
2

Total Number of Calls: 3wANOVA-RM

Group 1 18 1.573 0.226 0.080
Sex 1 18 7.321 0.014 * 0.289
Group * sex 1 18 0.225 0.641 0.012
Age 1 18 21.815 0.000 *** 0.548
Age * group 1 18 0.648 0.431 0.035
Age * sex 1 18 1.753 0.202 0.089
Age * group * sex 1 18 0.919 0.351 0.049

Total Number of Calls at P45: 2wANOVA

Group 1 22 0.044 0.835 0.002
Sex 1 22 1.424 0.246 0.061
Group * sex 1 22 6.096 0.022 * 0.217

Total Number of Calls at P90: 2wANOVA

Group 1 18 1.317 0.266 0.068
Sex 1 18 5.183 0.035 * 0.224
Group * sex 1 18 0.030 0.863 0.002

Number of Trill-Like Elements: 3wANOVA-RM

Group 1 18 0.875 0.362 0.046
Sex 1 18 14.314 0.001 *** 0.443
Group * sex 1 18 0.353 0.560 0.019
Age 1 18 16.385 0.001 *** 0.477
Age * group 1 18 0.312 0.583 0.017
Age * sex 1 18 3.871 0.065 0.177
Age * group * sex 1 18 0.181 0.675 0.010

Average Duration of a Simple Call: 3wANOVA-RM

Group 1 18 1.321 0.265 0.068
Sex 1 18 12.296 0.003 ** 0.406
Group * sex 1 18 0.647 0.432 0.035
Age 1 18 6.919 0.017 * 0.278
Age * group 1 18 1.990 0.175 0.100
Age * sex 1 18 0.083 0.776 0.005
Age * group * sex 1 18 3.145 0.093 0.149

Average Duration of a Composite Call: 3wANOVA-RM

Group 1 18 4.852 0.041 * 0.212
Sex 1 18 10.663 0.004 ** 0.372
Group * sex 1 18 3.051 0.098 0.145
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Table A5. Cont.

Source df Error df F p ηp
2

Age 1 18 4.201 0.055 0.189
Age * group 1 18 1.007 0.329 0.053
Age * sex 1 18 1.283 0.272 0.067
Age * group * sex 1 18 1.078 0.313 0.056

Average Duration of a Composite Call at P45: 2wANOVA

Group 1 22 0.006 0.941 0.000
Sex 1 22 4.484 0.046 * 0.169
Group * sex 1 22 0.045 0.833 0.002

Average Duration of a Composite Call at P90: 2wANOVA

Group 1 18 6.098 0.024 * 0.253
Sex 1 18 2.229 0.153 0.110
Group * sex 1 18 4.66 0.045 * 0.206

Proportion of Simple Versus Composite Calls: 3wANOVA-RM

Group 1 18 8.376 0.010 ** 0.318
Sex 1 18 2.589 0.125 0.126
Group * sex 1 18 0.000 0.995 0.000
Age 1 18 0.529 0.476 0.029
Age * group 1 18 0.084 0.776 0.005
Age * sex 1 18 2.804 0.111 0.135
Age * group * sex 1 18 2.213 0.154 0.109

Proportion of Simple Versus Composite Calls at P45: 2wANOVA

Group 1 22 1.602 0.219 0.068
Sex 1 22 4.786 0.040 * 0.179
Group * sex 1 22 2.574 0.123 0.105

Proportion of Simple Versus Composite Calls at P90: 2wANOVA

Group 1 18 11.52 0.003 ** 0.390
Sex 1 18 0.188 0.669 0.010
Group * sex 1 18 1.402 0.252 0.072

All differences above trend level (p < 0.1) are in bold. * p < 0.05; ** p < 0.01; *** p < 0.001.

Table A6. Three-way ANOVA-RM table for the beam walking test.

Source df Error df F p ηp
2

Time to Traverse the Wide Beam: 3wANOVA-RM

Group 1 46 7.789 0.008 ** 0.145
Sex 1 46 0.216 0.644 0.005
Group * sex 1 46 0.220 0.642 0.005
Age 1 46 11.717 0.001 *** 0.203
Age * group 1 46 0.051 0.823 0.001
Age * sex 1 46 0.300 0.586 0.006
Age * group * sex 1 46 0.751 0.391 0.016

Time to Traverse the Narrow Beam: 3wANOVA-RM

Group 1 46 24.401 0.000 *** 0.347
Sex 1 46 6.202 0.016 * 0.119
Group * sex 1 46 0.371 0.545 0.008
Age 1 46 0.003 0.953 0.000
Age * group 1 46 0.033 0.856 0.001
Age * sex 1 46 1.347 0.252 0.028
Age * group * sex 1 46 0.165 0.687 0.004

All differences above trend level (p < 0.1) are in bold. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Table A7. Three-way ANOVA-RM and two-way ANOVA table for the open field test.

Source df Error df F p ηp
2 Simple Effects

Time Spent in the Center: 3wANOVA-RM

Group 1 45 3.330 0.075 0.069
Sex 1 45 1.143 0.291 0.025
Group * sex 1 45 0.018 0.894 0.000
Age 1 45 1.578 0.216 0.034

Age * group 1 45 7.761 0.008 ** 0.147 0.931 (group at P45)
0.016 * (group at P90)

Age * sex 1 45 0.315 0.578 0.007
Age * group * sex 1 45 0.726 0.399 0.016

Time Spent in the Center at P45: 2wANOVA

Group 1 52 0.047 0.829 0.001
Sex 1 52 0.479 0.492 0.009
Group * sex 1 52 0.044 0.836 0.001

Time Spent in the Center at P90: 2wANOVA

Group 1 45 6.016 0.018 * 0.118
Sex 1 45 0.886 0.352 0.019
Group * sex 1 45 0.230 0.634 0.005

Total Walked Distance: 3wANOVA-RM

Group 1 45 0.529 0.471 0.012
Sex 1 45 8.251 0.006 ** 0.155
Group * sex 1 45 0.057 0.812 0.001
Age 1 45 127.226 0.000 *** 0.739

Age * group 1 45 9.420 0.004 ** 0.173 0.351 (group at P45)
0.151 (group at P90)

Age * sex 1 45 3.569 0.065 0.073
Age * group * sex 1 45 7.674 0.008 ** 0.146

Total Walked Distance at P45: 2wANOVA

Group 1 52 1.214 0.276 0.023
Sex 1 52 3.374 0.072 0.061
Group * sex 1 52 4.093 0.048 * 0.073

Total Walked Distance at P90: 2wANOVA

Group 1 45 3.752 0.059 0.077
Sex 1 45 8.813 0.005 ** 0.164
Group * sex 1 45 1.193 0.280 0.026

All differences above trend level (p < 0.1) are in bold. * p < 0.05; ** p < 0.01; *** p < 0.001.

Table A8. Three-way ANOVA-RM and two-way ANOVA table for the elevated plus maze test.

Source df Error df F p ηp
2 Simple Effects

Proportion of Open Arm/Total Arm Visits: 3wANOVA-RM

Group 1 46 0.190 0.665 0.004
Sex 1 46 13.877 0.001 *** 0.232
Group * sex 1 46 1.464 0.233 0.031
Age 1 46 15.697 0.000 *** 0.254
Age * group 1 46 1.803 0.186 0.038
Age * sex 1 46 0.058 0.811 0.001
Age * group * sex 1 46 0.026 0.872 0.001
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Table A8. Cont.

Source df Error df F p ηp
2 Simple Effects

Frequency of Risk Assessment Behavior: 3wANOVA-RM

Group 1 46 0.049 0.825 0.001
Sex 1 46 4.330 0.043 * 0.086
Group * sex 1 46 0.120 0.730 0.003
Age 1 46 11.098 0.002 ** 0.194
Age * group 1 46 2.444 0.125 0.050
Age * sex 1 46 0.439 0.511 0.009
Age * group * sex 1 46 0.052 0.820 0.001

Total Arm Visits: 3wANOVA-RM

Group 1 46 0.980 0.327 0.021
Sex 1 46 16.890 0.000 *** 0.269
Group * sex 1 46 0.501 0.483 0.011
Age 1 46 2.408 0.128 0.050

Age * group 1 46 4.696 0.035 * 0.093 0.596 (group at P45)
0.147 (group at P90)

Age * sex 1 46 2.211 0.144 0.046
Age * group * sex 1 46 0.135 0.715 0.003

Total Arm Visits at P45: 2wANOVA

Group 1 52 0.013 0.910 0.000
Sex 1 52 7.927 0.007 ** 0.132
Group * sex 1 52 0.127 0.723 0.002

Total Arm Visits at P90: 2wANOVA

Group 1 46 3.600 0.064 0.073
Sex 1 46 15.740 0.000 *** 0.255
Group * sex 1 46 0.549 0.462 0.012

All differences above trend level (p < 0.1) are in bold. * p < 0.05; ** p < 0.01; *** p < 0.001.

Table A9. Three-way ANOVA-RM, two-way ANOVA, and t-test table for the acoustic startle reaction
and prepulse inhibition (PPI).

Source df Error df F p ηp
2

Acoustic Startle Reaction: 2wANOVA

Group 1 32 6.873 0.013 * 0.177
Sex 1 32 36.286 0.000 *** 0.531
Group * sex 1 32 3.261 0.080 0.092

PPI–All Prepulses: 3wANOVA-RM

Group 1 32 1.508 0.228 0.045
Sex 1 32 0.111 0.741 0.003
Group * sex 1 32 3.322 0.078 0.094
Prepulse 2 64 10.976 0.000 *** 0.561
Prepulse * group 2 64 2.168 0.123 0.063
Prepulse * sex 2 64 0.429 0.653 0.013
Prepulse * group * sex 2 64 0.466 0.629 0.014

PPI–Prepulse 73 dB: 2wANOVA

Group 1 32 0.868 0.358 0.026
Sex 1 32 0.339 0.564 0.010
Group * sex 1 32 1.195 0.283 0.036

PPI–Prepulse 75 dB: 2wANOVA
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Table A9. Cont.

Source df Error df F p ηp
2

Group 1 32 0.001 0.978 0.000
Sex 1 32 0.151 0.701 0.005
Group * sex 1 32 1.107 0.301 0.033
PPI–Prepulse 80 dB: 2wANOVA

Group 1 32 9.369 0.004 ** 0.226
Sex 1 32 0.151 0.700 0.005
Group * sex 1 32 9.154 0.005 ** 0.222

df t p

PPI–Averaged for All Prepulses, Females: t-test

Group 14 2.760 0.015 *

PPI–Prepulse 73 dB, Females: t-test

Group 14 1.877 0.081

PPI–Prepulse 75 dB, Females: t-test

Group 14 0.745 0.469

PPI–Prepulse 80 dB, Females: t-test

Group 14 4.920 0.000 ***
All differences above trend level (p < 0.1) are in bold. * p < 0.05; ** p < 0.01; *** p < 0.001.

Appendix C. (Number of Footslips in the Beam Walking Test)

Table A10. Negative binomial model with log estimates values table for the number of footslips in
the beam walking test.

Source Omnibus Test

Number of Footslips on the Wide Beam: Negative Binomial Log Estimates Values

Group (P45) 0.899
Group (P90) 0.941

Number of Footslips on the Narrow Beam: Negative Binomial Log Estimates Values

Group (P45) 0.307
Group (P90) 0.310
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Figure A2. The beam walking test. In general, the number of footslips was very low in all animals,
and the difference between LPS-exposed and control rats was revealed neither at P45, nor at P90,
by the negative binomial model with log estimates values. In addition, sex differences were not
significant.
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Appendix D. (Estrous Cycle Determination)

After 5-day handling, the estrous cycle in the breeding rat females was determined for
approximately one week, adopting a protocol by [87]. Briefly, the experimenter slightly
lifted the female’s bottom above a table holding her tail base and gently flushed the rat’s
vagina by inserting a tip of a plastic pipette filled with a small amount of 0.9% saline
solution. Vaginal smear was spread onto a glass slide and immediately checked under a
common light microscope (10× and 40× objective lenses) to avoid drying of the fluid. When
the estrous phase, or proestrus–estrus interphase, was confirmed (Figure 7a), the female
was mated with a male for 24 h. Females were daily weighted to verify the pregnancy.

References
1. Brown, A.S. Epidemiologic Studies of Exposure to Prenatal Infection and Risk of Schizophrenia and Autism. Dev. Neurobiol. 2012,

72, 1272–1276. [CrossRef]
2. Buka, S.L.; Tsuang, M.T.; Torrey, E.F.; Klebanoff, M.A.; Wagner, R.L.; Yolken, R.H. Maternal Cytokine Levels during Pregnancy

and Adult Psychosis. Brain. Behav. Immun. 2001, 15, 411–420. [CrossRef]
3. Schmitt, A.; Malchow, B.; Hasan, A.; Falkai, P. The Impact of Environmental Factors in Severe Psychiatric Disorders. Front.

Neurosci. 2014, 8, 1–10. [CrossRef] [PubMed]
4. Tordjman, S.; Drapier, D.; Bonnot, O.; Graignic, R.; Fortes, S.; Cohen, D.; Millet, B.; Laurent, C.; Roubertoux, P.L. Animal Models

Relevant to Schizophrenia and Autism: Validity and Limitations. Behav. Genet. 2007, 37, 61–78. [CrossRef] [PubMed]
5. Volkmar, F.R.; Lord, C.; Bailey, A.; Schultz, R.T.; Klin, A. Autism and Pervasive Developmental Disorders. J. Child Psychol.

Psychiatry 2004, 45, 135–170. [CrossRef]
6. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders (DSM-5®®), 5th ed.; American Psychiatric

Association: Arlington, VA, USA, 2013; ISBN 978-0-89042-557-2.
7. Owen, M.J.; Sawa, A.; Mortensen, P.B. Schizophrenia. Lancet 2016, 388, 86–97. [CrossRef]
8. Kodish, I.; McClellan, J.M. Early onset schizophrenia. In Dulcan’s Textbook of Child and Adolescent Psychiatry, 2nd ed.; American

Psychiatric Publishing, Inc.: Arlington, VA, USA, 2016; pp. 389–408, ISBN 978-1-58562-493-5.
9. Parnas, J.; Bovet, P.; Zahavi, D. Schizophrenic Autism: Clinical Phenomenology and Pathogenetic Implications. World Psychiatry

2002, 1, 131–136.
10. Pina-Camacho, L.; Parellada, M.; Kyriakopoulos, M. Autism Spectrum Disorder and Schizophrenia: Boundaries and Uncertainties.

BJPsych Adv. 2016, 22, 316–324. [CrossRef]
11. Rimol, L.M.; Hartberg, C.B.; Nesvåg, R.; Fennema-Notestine, C.; Hagler, D.J.; Pung, C.J.; Jennings, R.G.; Haukvik, U.K.; Lange, E.;

Nakstad, P.H.; et al. Cortical Thickness and Subcortical Volumes in Schizophrenia and Bipolar Disorder. Biol. Psychiatry 2010, 68,
41–50. [CrossRef]

12. Amaral, D.G.; Schumann, C.M.; Nordahl, C.W. Neuroanatomy of Autism. Trends Neurosci. 2008, 31, 137–145. [CrossRef]
13. Courchesne, E.; Carper, R.; Akshoomoff, N. Evidence of Brain Overgrowth in the First Year of Life in Autism. JAMA 2003, 290,

337–344. [CrossRef]
14. Hadjikhani, N.; Joseph, R.M.; Snyder, J.; Tager-Flusberg, H. Anatomical Differences in the Mirror Neuron System and Social

Cognition Network in Autism. Cereb. Cortex 2006, 16, 1276–1282. [CrossRef] [PubMed]
15. Hardan, A.Y.; Muddasani, S.; Vemulapalli, M.; Keshavan, M.S.; Minshew, N.J. An MRI Study of Increased Cortical Thickness in

Autism. Am. J. Psychiatry 2006, 163, 1290–1292. [CrossRef]
16. Schumann, C.M.; Hamstra, J.; Goodlin-Jones, B.L.; Lotspeich, L.J.; Kwon, H.; Buonocore, M.H.; Lammers, C.R.; Reiss, A.L.;

Amaral, D.G. The Amygdala Is Enlarged in Children but Not Adolescents with Autism; the Hippocampus Is Enlarged at All
Ages. J. Neurosci. 2004, 24, 6392–6401. [CrossRef] [PubMed]

17. Gonzalez-Burgos, G.; Cho, R.Y.; Lewis, D.A. Alterations in Cortical Network Oscillations and Parvalbumin Neurons in Schizophre-
nia. Biol. Psychiatry 2015, 77, 1031–1040. [CrossRef]

18. Hashemi, E.; Ariza, J.; Rogers, H.; Noctor, S.C.; Martínez-Cerdeño, V. The Number of Parvalbumin-Expressing Interneurons Is
Decreased in the Prefrontal Cortex in Autism. Cereb. Cortex 2017, 27, 1931–1943. [CrossRef] [PubMed]

19. Lawrence, Y.A.; Kemper, T.L.; Bauman, M.L.; Blatt, G.J. Parvalbumin-, Calbindin-, and Calretinin-Immunoreactive Hippocampal
Interneuron Density in Autism. Acta Neurol. Scand. 2010, 121, 99–108. [CrossRef]

20. Stedehouder, J.; Kushner, S.A. Myelination of Parvalbumin Interneurons: A Parsimonious Locus of Pathophysiological Conver-
gence in Schizophrenia. Mol. Psychiatry 2017, 22, 4–12. [CrossRef] [PubMed]

21. Krajcovic, B.; Fajnerova, I.; Horacek, J.; Kelemen, E.; Kubik, S.; Svoboda, J.; Stuchlik, A. Neural and Neuronal Discoordination in
Schizophrenia: From Ensembles through Networks to Symptoms. Acta Physiol. 2019, 226, e13282. [CrossRef]

22. Nakamura, T.; Matsumoto, J.; Takamura, Y.; Ishii, Y.; Sasahara, M.; Ono, T.; Nishijo, H. Relationships among Parvalbumin-
Immunoreactive Neuron Density, Phase-Locked Gamma Oscillations, and Autistic/Schizophrenic Symptoms in PDGFR-β
Knock-out and Control Mice. PLoS ONE 2015, 10, e0119258. [CrossRef]

http://doi.org/10.1002/dneu.22024
http://doi.org/10.1006/brbi.2001.0644
http://doi.org/10.3389/fnins.2014.00019
http://www.ncbi.nlm.nih.gov/pubmed/24574956
http://doi.org/10.1007/s10519-006-9120-5
http://www.ncbi.nlm.nih.gov/pubmed/17160702
http://doi.org/10.1046/j.0021-9630.2003.00317.x
http://doi.org/10.1016/S0140-6736(15)01121-6
http://doi.org/10.1192/apt.bp.115.014720
http://doi.org/10.1016/j.biopsych.2010.03.036
http://doi.org/10.1016/j.tins.2007.12.005
http://doi.org/10.1001/jama.290.3.337
http://doi.org/10.1093/cercor/bhj069
http://www.ncbi.nlm.nih.gov/pubmed/16306324
http://doi.org/10.1176/ajp.2006.163.7.1290
http://doi.org/10.1523/JNEUROSCI.1297-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15254095
http://doi.org/10.1016/j.biopsych.2015.03.010
http://doi.org/10.1093/cercor/bhx063
http://www.ncbi.nlm.nih.gov/pubmed/26922658
http://doi.org/10.1111/j.1600-0404.2009.01234.x
http://doi.org/10.1038/mp.2016.147
http://www.ncbi.nlm.nih.gov/pubmed/27646261
http://doi.org/10.1111/apha.13282
http://doi.org/10.1371/journal.pone.0119258


Int. J. Mol. Sci. 2021, 22, 3274 28 of 31

23. Nguyen, R.; Morrissey, M.D.; Mahadevan, V.; Cajanding, J.D.; Woodin, M.A.; Yeomans, J.S.; Takehara-Nishiuchi, K.; Kim, J.C.
Parvalbumin and GAD65 Interneuron Inhibition in the Ventral Hippocampus Induces Distinct Behavioral Deficits Relevant to
Schizophrenia. J. Neurosci. 2014, 34, 14948–14960. [CrossRef] [PubMed]

24. Berkowicz, S.R.; Featherby, T.J.; Qu, Z.; Giousoh, A.; Borg, N.A.; Heng, J.I.; Whisstock, J.C.; Bird, P.I. Brinp1 −/− Mice Exhibit
Autism-like Behaviour, Altered Memory, Hyperactivity and Increased Parvalbumin-Positive Cortical Interneuron Density. Mol.
Autism 2016, 7, 22. [CrossRef]

25. Saunders, J.A.; Tatard-Leitman, V.M.; Suh, J.; Billingslea, E.N.; Roberts, T.P.; Siegel, S.J. Knockout of NMDA Receptors in
Parvalbumin Interneurons Recreates Autism-like Phenotypes. Autism Res. 2013, 6, 69–77. [CrossRef]

26. Wöhr, M.; Orduz, D.; Gregory, P.; Moreno, H.; Khan, U.; Vörckel, K.J.; Wolfer, D.P.; Welzl, H.; Gall, D.; Schiffmann, S.N.; et al.
Lack of Parvalbumin in Mice Leads to Behavioral Deficits Relevant to All Human Autism Core Symptoms and Related Neural
Morphofunctional Abnormalities. Transl. Psychiatry 2015, 5, e525. [CrossRef] [PubMed]

27. Baharnoori, M.; Bhardwaj, S.K.; Srivastava, L.K. Neonatal Behavioral Changes in Rats with Gestational Exposure to Lipopolysac-
charide: A Prenatal Infection Model for Developmental Neuropsychiatric Disorders. Schizophr. Bull. 2012, 38, 444–456. [CrossRef]
[PubMed]

28. Basta-Kaim, A.; Fijał, K.; Budziszewska, B.; Regulska, M.; Leśkiewicz, M.; Kubera, M.; Gołembiowska, K.; Lasoń, W.; Wędzony, K.
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