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Abstract

Although child abuse has become a serious social problem in most countries, the neural mechanisms by which it induces
adulthood mental disorders is not yet fully understood. Mice exposed to early-life stresses, such as maternal deprivation
(MD) during lactation, are a good model for studying the effects of neglect of humans in early life. Early-life stress induces
structural/functional changes of neurons in the hippocampus, prefrontal cortex, and amygdala, and causes mental disorders in
adulthood. In this study, we found motor coordination dysfunction in male MD mice. We also found that the expression levels
of the aminomethylphosphonic acid receptor subunits GluA1 and GluA3 were high in the cerebellum of male MD mice. The
basal activity of the cerebellum detected by field-potential analysis was higher in male MD mice than in male control mice.
Caloric stimulation increased the activity of the cerebellum of control mice, but it did not significantly increase the activity
of the cerebellum in male MD mice. We concluded that early-life stress induced a functional change in the cerebellum of

MD mice and that this change induced motor coordination dysfunctions.
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Introduction

Early-life stress during the perinatal period, such as mater-
nal deprivation (MD), induces functional and structural
disorders of the brain through multiple pathways. Stress-
induced alteration of neuronal activity affects several steps
of neurological development, such as dendrite arborization,
synaptogenesis, and spine formation [1-3]. Early-life stress
and its associated changes in several hormonal states induce
structural alterations, which in turn induce disorders of brain
functions throughout life [4-6]. However, the mechanisms
underlying the functional/structural changes induced by
early-life stress have not yet been fully clarified [5].
Currently, animal models are frequently used to study the
mechanisms underlying early-life stress-induced deficiencies
of neuronal development [6, 7]. Models of early-life stress
show various neuropsychological disorders in adulthood,
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such as the worsening of anxiety-related behaviors [6, 8,
9]. The synaptic components in the infralimbic cortex and
somatosensory cortex (SSC) are altered in these animals
[10-12]. In the SSC of early-life stressed mice, the stability
of the mushroom spine is decreased [12] and the amount
of glutamate (Glu) released is high [13]. The threshold of
somatosensory sensation is low in early-life stressed mice,
[12], and this low threshold correlates with the cortical field
potential in the SSC [13] (high cortical field potentials are
detected in early-life stressed mice, which show a low thresh-
old for nociceptive stimulation). Note that these changes are
detected not only in the juvenile stage but also in adulthood
[12]. We also found an increase in the motility of microglia
in SSC [14]. However, further study is necessary to clarify
the mechanisms underlying these neuropsychiatric changes
in adulthood induced by exposure to early-life stress.
Recently, it has been reported that the cerebellum is
also involved in early-life stress-induced disorders, such
as post-traumatic stress disorder (PTSD), and some studies
have shown altered functioning of the cerebellum in PTSD
patients [15-18]. Early-life stressed animal models also
show structural/molecular changes of the cerebellum [19,
20]. However, functional changes of the cerebellum have not
been well studied in an early-life stressed model. Because
the cerebellum is a good model for studying neuronal
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circuits, it is useful to study the effects of early-life stress on
the neuronal circuits using certain procedures based on the
changes induced in the cerebellum.

In this study, we found that the motor coordination func-
tion was affected in early-life stressed mice. We also found
that the basal activity of the cerebellum increased in MD
mice. Because of this increase, caloric stimulation did not
induce any significant change in the activity of the cerebel-
lum in MD mice. Based on these results, we propose a new
approach to studying the nature of early-life stress and its
effect on brain function.

Materials and methods
Animals

Adult male mice derived from wild-type C57BL/6 J mice
(age 2-2.5 months; purchased from SLC Japan, Hamamatsu,
Japan) were used in this study. All mice were housed with
food and water provided ad libitum under controlled tem-
perature (25 + 5 °C), humidity, and illumination conditions
(12:12 light:dark cycle; lights on at 7:00 a.m.). Cages were
cleaned once a week.

MD mice were used as an early-life stressed model in this
study [12]. MD mice were prepared by separating them for
3 h (usually from 9:00 a.m. to 12:00 a.m.) every day from
their mothers from postnatal day (P) 2 to P14. The separated
MD mice were individually placed in a locally made incu-
bator under regulated humidity (50-70%) and temperature
(37 °C) conditions. There is a possibility that the separation
induces a nutritional disorder that affects the anatomical
structure of synapses [21]. However, the body weight was
not significantly different between the control and MD mice
examined at several stages of development [12].

In this study, all experiments were performed using males
at 2-2.5 months of age (Control group: n = 35 mice from
13 dams: MD group: n = 37 mice from 15 dams). The num-
ber of pups in a litter was kept to between five and eight; if
the number of pups in a litter was less than four, the dams
were not used in this study; if the number of pups in a litter
was more than nine, pups were randomly sacrificed at P2.
In experiment 1, 17 control mice and 17 MD mice were
used for the rotarod test. In experiment 2, 18 control and
22 MD mice were used for in vivo microdialysis, Western
blot analysis, and electrophysiological analysis without the
rotarod test. Six control and five MD mice were used in
in vivo microdialysis, six control and six MD mice were
used in Western blot analysis, and six control and nine MD
mice were used in electrophysiological analysis. Among
the MD mice, two mice showed irregular spikes during the
electrophysiological experiment and died after finishing the
experiment; their data were excluded from the analysis.
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Rotarod test

The accelerating rotarod test (model LE8500; Panlab, Barce-
lona, Spain) was performed at 2—-2.5 months of age to assess
motor coordination [22] (17 control mice, 17 MD mice).
Five rotarod test trials were performed, each for a maximum
of 3 min. In each test, the speed increased from 4 to 40 rpm
in the first 2 min and then remained at 40 rpm for 1 min, for
a total of 3 min (if the mouse was still on the rotarod at the
3-min time point, we terminated the test). The duration of
remaining on the rotarod in the last three trials was recorded,
and average scores of these three tests were used for analysis.

Electrophysiological analysis

The field potential of the vermis of the cerebellum was
recorded under anesthesia induced by urethane [intraperito-
neal (i.p.) injection, 1.7 g/kg body weight] and atropine (i.p.
injection, 0.4 mg/kg body weight), as previously reported
[23]. As shown in Fig. 3a, a tungsten electrode (5 MQ) was
inserted into the right side of the vermis. After 300 s of
basal recording, caloric stimulation (50 pl of ice-cold ser-
ine injected in the left ear canal) was carried out and the
recording continues for another 300 s. Caloric stimulation
induces electrophysiological changes in Purkinje cells in the
cerebellum [24] and is a useful procedure for studying the
function of the cochlea—cerebellum neuronal circuits. The
epoch sequences were subjected to power spectrum analy-
sis based on fast Fourier transform; then, the power (sz)
was obtained as the output. We divided the spectrum into
0 (0.5-4 Hz), 6 (4-8 Hz), @ (8-14 Hz), and f (14-29.5 Hz)
waves.

In vivo microdialysis

A guide cannula was inserted into the cerebellum through
the cranial window (diameter 0.5 mm) located 1.5-2 mm
posterior to the lambda under uletan-induced anesthesia, as
previously reported [23]. After inserting the microdialysis
probe, dialysates were collected for 30 min under anesthesia.
The concentrations of Glu, glutamine (Gln), glycine (Gly),
and gamma-aminobutyric acid (GABA) were immediately
measured by high-performance liquid chromatography
(Eicon, Kyoto, Japan) [23].

Western blot analysis

The expression levels of glutamate receptors [aminometh-
ylphosphonic acid (AMPA) and N-methyl-p-aspartame
(NADA)] in the cerebellar vermis were measured by west-
ern blot analysis (per experiment: 6 control mice, 6 MD
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mice). Total protein was extracted from the brain tissues
as described previously [23]. Cerebellar samples were
collected before the rotarod test and after the last rotarod
test. Immunoblot analysis was performed using spe-
cific antibodies [Cell Signaling Technology, Danvers,
MA: GluA1l (Cat# 8850S RRID:AB10950223), 1:1000;
GluA2 (Cat# 5306S RRID:AB10622024), 1:1000; GluA3
(Cat# 4676S RRID:AB10547136), 1:2000; GluN1 (Cat#
5704S RRID:AB1904067), 1:1000; GIuN2A (Cat# 4205S
RRID:AB2112295), 1:1000; and GluN2B (Cat# 4212S
RRID:AB2112463), 1:1000] and anti-rabbit immunoglob-
ulin G coupled to horseradish peroxidase (GE Healthcare,
Little Chalfont, UK). Blots were reprobed with an anti-f-
actin antibody (Cell Signaling Technology Cat# 4967L
RRID:AB823414) to monitor protein quantity.

Statistical analysis

The treatment effect was compared between the control and
MD mice by one- or two-way analysis of variance. Post hoc
comparison was performed by Student’s ¢ test, or paired ¢
test using Excel statistics (Esumi, Tokyo, Japan). Differences
were considered significant at p < 0.05. All values are pre-
sented as the mean + standard error of the mean.

Results

Motor coordination dysfunction was induced in MD
mice

To evaluate the effects of MD on motor coordination, we
first performed the rotarod test. As shown in Fig. 1, the
average duration of control mice (n = 17) remaining on the
rotarod was 80.0 + 9.7 s compared to 53.4 + 5.9 s for the
MD mice (n = 17). This difference was significantly differ-
ent (Fig. 1 by Student’s 7 test (735, = 2.33, p = 0.026). This
result indicates that the motor coordination function in the
mice was affected by early-life stress.

We next observed the expression levels of Glu receptors
in the cerebellar vermis because we previously reported a
change in the expression level of the Glu receptor subunit
in MD mice [13]. As shown in Fig. 2a, in MD mice the
expression levels of GluA1 and GluA3 increased, but that
of GluA2 did not increase significantly. Similarly to GluA2,
the expression levels of GluN1, GluN2A, and GIuN2B also
did not significantly increased in MD mice.

In MD mice, the concentration of Glu increases in the
SSC [13] and this increase is detectable even under anes-
thesia [14]. If the concentration of Glu also increases in
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Fig. 1 Motor coordination function was affected in early-life stressed
mice. The duration of remaining on the rotarod was also shorter in
the maternal deprivation (MD) mice. Bars Mean scores of last three
rotarod tests with standard deviation of the mean (SEM). Asterisk
indicates significant difference between control group (Cont) and MD
group at p < 0.05 by Student’s ¢ test

>

AMPA NMDA

N
o
(v1)

OCont

g
)

-
o

-

(3

Relative intensities
-
o

Relative intensities
o

0.5 0.5
0 0
GluA1 GluA2  GIuA3 GluN1  GIuN2A  GluN2B
—— EEEE .- e e e me
Actin Actin

Fig.2 Expression level of the aminomethylphosphonic acid (AMPA)
receptor increased in the cerebellum of MD mice. a Graph showing
relative intensities of western blot analysis using antibodies to AMPA
receptor subunits. The expression levels of glutamate (Glu)Al and
GluA3 significantly increased in MD mice. b Graph showing rela-
tive intensities of western blot analysis using antibodies to N-methyl-
p-aspartate (NMDA) receptor subunits. The expression levels of
NMDA receptor subunits did not significantly change in MD mice.
Bars Mean + SEM

the cerebellum of MD mice, this increase could induce the
alteration in motor coordination function. Thus, we next
determined the concentrations of neurotransmitters in the
cerebellum by in vivo microdialysis under anesthesia. In
the cerebellum, however, the concentration of Glu did not
significantly increase in MD mice as compared with that
in the control mice (Table 1). Moreover, the concentra-
tions of Gln, Gly, and GABA did not change in MD mice
as compared with those in control mice.
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Table 1 Concentrations of

BN Study group Glutamate (nM) Glutaminen (M) Glycine (nM) Gamma-amin-
neurotransmitters in cerebellum obutyric acid
(nM)
Control (n = 6) 595.1 +90.4 553+199 786.7 +95.7 281.3 + 82.7
MD (n=5) 553.5+53.1 48.0+7.6 753.7 +36.8 2739 +36.6

Data in table are presented as the mean + standard error of the mean

MD Maternal deprivation mice

Neuronal function of cerebellum was altered in MD
mice

To confirm the neuronal circuits that correlate with the
motor coordination function of the cerebellum, we per-
formed caloric stimulation because the increase in expres-
sion level of the AMPA receptor subunit could potentially
have induced the functional change to the synapses in the
cerebellum which affected the fine-tuning of behavior.
As shown in Fig. 3a, the frequency of the field potential
appears to increase in the control mice (n = 6) following
caloric stimulation. In comparison, the frequency of the
field potential seems to be high in MD mice even under
basal conditions (n = 7), with the powers of the 8, 6, a, and
p waves all significantly increasing in this group (Student’s
t test) during both pre- and post-stimulation (Figs. 3b, c).
Caloric stimulation significantly increased the powers at
frequencies from 3.5 to 5.5 Hz in the control group (by
paired #-test, Is) = 3.21, p = 0.024; Figs. 3d, e). How-
ever, because of the high basal power in the MD group, a
similar increase was not statistically significant (75, = 0.85,
p = 0.43). These results indicate that the vestibular—cer-
ebellar neuronal circuits were affected by early-life stress
and that these effects induced alterations in motor coordi-
nation function.

These findings indicate that early-life stress potentially
increased both the basal activity of the cerebellum and the
expression levels of GluA1 and GluA3. These changes ter-
minated the fine tuning by the cerebellum, resulting in the
motor coordination dysfunction in MD mice.

Discussion

In this study, we found a mild change in the motor coordi-
nation of MD mice, as detected by the rotarod test (Fig. 1).
We also found increases in the basal activity of the cerebel-
lum (Fig. 3) and in the expression levels of AMPA receptor
subunits (Fig. 2). These findings indicate that early-life stress
may affect fine tuning by the cerebellum.
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Fig.3 The basal activity of the cerebellum increased in MD mice.p
a Schematic figure of caloric stimulation and data. Cold buffer
was injected after recording the basal activity of the cerebellum for
300 s. b Graph showing the results of fast Fourier transform (FFT)
prior (Pre) to the injection (upper panel) and a summary of all waves
(lower panel). The basal activity of the cerebellum was higher in MD
mice than in control mice. The graph shows the averages of 6 con-
trol and 7 MD mice. ¢ Graph showing the results of FFT following
(Post) the injection of the buffer (upper panel) and a summary of all
waves (lower panel). Injection of cold water into the ear increased the
activity of the cerebellum in both control and MD mice, but the activ-
ity was still higher in MD mice than in control mice. d Comparison
between pre- (left) and post- (right) stimulation in both control and
MD mice at 3—-6 Hz. e An increase in power was particularly detected
in the wave range of 3—-6 Hz. In control mice, the power between 3.5
and 5.5 Hz significantly increased after caloric stimulation; in com-
parison, although an increase in power was also detected in MD mice,
this increase was not statistically significant due to the higher basal
activity of the cerebellum. Single asterisk indicates a significant dif-
ference at p < 0.05 by the paired ¢ test, double asterisks indicate sig-
nificant different at p < 0.01 by Student’s ¢ test

Motor coordination function and early-life stress

Dysfunction of the motor coordination function induced by
the cerebellum is observed in several animal disease mod-
els, such as those of hypothyroidism [22, 25, 26], knockout
of Glu transporters [27], and autism spectrum dysfunctions
[28]. In our study, the motor coordination dysfunction was
less severe in our MD mice than has been observed in other
previously reported disease models. The MD mice in our
study appeared to remain longer on the rotarod seems than
did mice with hypothyroidism in previous studies [22, 26].

A decrease in the volume of the cerebellum and in con-
nectivity between the cerebellum and other brain regions
has been reported in human PTSD patients [29, 30]. It has
also been reported that this reduction in volume of cerebel-
lum is associated with the magnitude of PTSD symptoms
[16]. To our knowledge, observation of the function of the
cerebellum is not a medical marker for patients who have
been exposed to early-life stress. In contrast, it is said that
the function which relates to the cerebellum, such as sac-
cade adaptation, is good medical marker for the diagnosis
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of autism spectrum disorders (ASDs) [31]. Although the disease models, our results indicate that observation of the
dysfunction of the cerebellum in the MD mice in our study  function of the cerebellum may be a good medical marker
is modest compared with the level(s) of dysfunction in other ~ for early-life stress, such as ASDs. Further study is needed
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to identify a good task related to the function of cerebellum
for patients who have been exposed to early-life stress. For
this purpose, the caloric test could be good candidate for
observe the function of cerebellum (Fig. 3).

As shown in Fig. 1, the values for both the control and
MD mice are bimodal, and two distinct clusters seem to
exist. There is the possibility that the environmental condi-
tions during lactating and after weaning induced this bimo-
dality in behavior. However, we did not find any significant
relationship between the values and the dam, season, number
of litters, and breeding space. Further study is necessary to
confirm the roles of these phenomena.

Glu concentration in the cerebellum of MD mice

We previously reported that the amount of Glu released
by MD mice increases in the somatosensory cortex, which
potentially induces synaptic instability and hyper-function
of the neuronal circuits [7, 13]. If this Glu release is taken
into consideration, the condition could be the same as that
of the mice with knockout of the Glu transporter [27].
However, in our study, the concentration of Glu did not
increase in the cerebellum in MD mice, as determined by
in vivo microdialysis (Table 1). In the cerebellum, synap-
tically released Glu is rapidly taken up by Glu transport-
ers, which can collect fivefold the Glu released from the
presynaptic membrane in the cerebellum [32, 33]. Thus, if
the amount of Glu released in MD mice is fivefold smaller
than that in control mice, the effect of Glu is potentially
masked by the function of Glu transporters. In our study,
however, cerebellar function was partially affected, and
the expression level of the AMPA receptor changed in MD
mice (Figs. 1, 2). To identify the change induced in the
MD mouse cerebellum, establishment of in vivo experi-
mental methods is necessary. For example, an in vivo
microdialysis probe may be utilized for not only collect-
ing samples but also administering drugs [23].

We found that the expression levels of GluA1 and GIuA3
were increased in MD mice cerebellum (Fig. 2). These
subunits are widely expressed in both neurons (Purkinje
cells, granule cells) and glial cells (Bergmann glia, bas-
ket cells, Golgi cells, among others) [34]. Because of the
change observed in the electrophysiological experiment,
we conclude that at least the condition of the Purkinje cells
(and its synapses) was affected by MD and that the change
was potentially induced by the increase in expression lev-
els of the AMPA receptor subunit. Further study on the
expression level of these subunits in neurons and glia is
necessary.
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Conclusion

Early-life stress induced mild motor coordination dysfunc-
tion via the increase in the basal activity of the cerebellum
and the overexpression of the GluA1l and GluA3 subunits,
which prevented fine tuning by the cerebellum.
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