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Early-life experiences altered the maturation
of the lateral habenula in mouse models,
resulting in behavioural disorders in adulthood

Tomoya Nakamura, PhD; Kohei Kurosaki, MD, Munenori Kanemoto, PhD;
Masakiyo Sasahara, MD, PhD; Hiroyuki Ichijo, MD, PhD

Background: Abnormally high activity in the lateral habenula causes anxiety- or depression-like behaviours in animal experimental models.
It has also been reported in humans that excessive stress in early life is correlated with the onset of psychiatric disorders in adults. These
findings raise the question of whether maturation of the lateral habenula is affected under the influence of early-life experiences, which
could govern behaviours throughout life. Methods: We examined the maturation of the lateral habenula in mice based on neuronal activity
markers and plastic components: Zif268/Egr1, parvalbumin and perineuronal nets. We examined the effect of early-life stress using
repeated maternal deprivation. Results: First, we found a transient highly sensitive period of the lateral habenula under stress. The lateral
habenula matured through 4 stages: postnatal days 1-9 (P1-9), P10-20, around P35 and after P35. At P10-20, the lateral habenula was
highly sensitive to stress. We also observed experience-dependent maturation of the lateral habenula. Only mice exposed to chronic stress
from P10-20 exhibited changes specific to the lateral habenula at P60: abnormally high stress reactivity shown by Zif268/Egr1 and fewer
parvalbumin neurons. These mice showed anxiety- or depression-like behaviours in the light-dark box test and forced swim test.
Limitations: The effect of parvalbumin neurons in the lateral habenula on behavioural alterations remains unknown. It will be important to
understand the “sensitive period” of the neuronal circuits in the lateral habenula and how the period P10-20 is different from P9 or earlier, or
P35 or later. Conclusion: In mice, early-life stress in the period P10-20 led to late effects in adulthood: hyperactivity in the lateral habenula

and anxiety or depression, indicating differences in neuronal plasticity between stages of lateral habenula maturation.

Introduction

The lateral habenula in the dorsal diencephalon is activated
by aversive information from the basal ganglia and limbic
area, and it inhibits the activity of downstream monoaminer-
gic systems in the midbrain, such as the ventral tegmental
area and the dorsal raphe nucleus, which regulate emotion
and cognition.!” It has been suggested that dysfunction of the
lateral habenula causes behavioural disorders such as anxiety
and depression.

Anxiety-like behaviours and hyperactivity in the lateral
habenula have been shown in rats after ethanol withdrawal.®
Neurons in the lateral habenula projecting to the ventral teg-
mental area are activated in learned helplessness animal
models of depressive-like disorder,”” and activation of
y-aminobutyric acid (GABA)-ergic neurons in the lateral ha-
benula ameliorate depression behaviour.”’ In humans, hyper-
activity of neurons in the lateral habenula has been shown
to occur in people with depression.!! Thus, it is thought that

excessive activity in the lateral habenula is involved in the
mechanisms that underlie anxiety and depression.

In epidemiological studies, anxiety- or depression-related
disorders are known to be caused by aversive experiences
such as excessive stress during childhood in the form of child
neglect and abuse in humans.'>® In rodent experiments,
anxiety- or depression-like behaviours in adulthood occur
after 3 hours of repeated maternal deprivation during post-
natal days 1 to 21 (P1-21).14% These studies often focus on the
hypothalamic—pituitary—adrenal system, which acts as a
major defence against stress stimulation.’®'” On the other
hand, it has been reported that 6 hours of repeated maternal
deprivation during the period P7-15 results in insufficient
GABA, receptor signalling, lateral habenula hyperexcitabil-
ity and depression-like behaviours.!

Early-life experiences have also been known to disturb the
maturation of neurons and cause functional and structural
alterations in the neural circuits throughout life; this property
of altering neural circuits is referred to as plasticity. In rodent
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studies, high neuronal plasticity has been reported to depend
on high neuronal activity in early life.” Our previous study
shows that the lateral habenula has higher reactivity to stress
in early life than in adulthood, using the expression of an
immediate-early gene (Zif268/Egr1), a reliable marker for
increased neuronal activity.” However, the maturation of the
lateral habenula and its relationship with plasticity have not
been described in detail.

We investigated the course of maturation in terms of
neuronal plastic markers and sensitivity to stresses; experience-
dependent changes in neuronal plastic markers and sensi-
tivity to stress; and experience-dependent plastic changes
in behaviour. Stressful experiences in early life disturbed
the maturation of the lateral habenula, resulting in hyper-
activity in the lateral habenula and anxiety and depression
in adulthood.

Methods
Animals

Information about experimental animals (C57BL/6J, GAD1-
GFP knock-in mice,? GAD2-mCherry mice,?* GAD2-IRES-
Cre mice and R26R-H2B-mCherry mice) and their care is pro-
vided in Appendix 1, available at jpn.ca/200226-al. We used
GAD2-mCherry mice for the experiments described in
Appendix 1, Figures S1D and S2; we used GAD1-GFP knock-
in mice in the experiment described in Appendix 1, Figure S1E;
and we used C57BL/6] mice in the other experiments.

This study was performed in strict accordance with the
guidelines for the care and use of laboratory animals ap-
proved by the University of Toyama and the US National
Institutes of Health Guide for the Care and Use of Laboratory
Animals* and it was approved by the ethics committee for
animal experiments at the University of Toyama (licence
numbers A2016MED-38 and A2019MED-34).

Immunohistochemistry and lectin histochemistry

Mice were transcardially perfused with phosphate-buffered
saline (PBS) and then with 3.7% formaldehyde (Wako) in PBS
under deep anesthesia with pentobarbital (50 mg/kg body
weight, i.p.; Kyoritsu Seiyaku). Perfusion was completed
30 minutes before the expression of Zif268/Egr1 started, so
the influence of general stress during the experiments was
excluded. Brains were dissected and kept overnight in the
same fixative at 4°C. After washing in PBS, coronal sections of
70 um thickness were cut using a vibratome (VT1000S; Leica
Microsystems). Along the length of the lateral habenula, from
the anterior (at —1.22 from the bregma) to the posterior (at
—2.06 from the bregma), we collected 14 serial sections.”

The serial sections were divided into odd- and even-
numbered sections. Alternate sections were incubated with
primary antibodies in 0.5% Triton X-100 in PBS (PBST) with
5% normal goat serum (16210064; Thermo Fisher Scientific;
PBSTN) or biotinylated Wisteria floribunda agglutinin
(WFA) lectin (B-1355; Vector) in PBST for 3 days. The sections
were incubated in the appropriate biotinylated secondary

antibody for 2 hours, washed and incubated for 2 hours in
ABC reagent (PK-6100; Vector). Signals were visualized
using a Metal Enhanced DAB Substrate Kit (34065; Thermo
Fisher Scientific).

For double immunohistochemistry, the remaining sections
were incubated for 6 days with primary antibody in 3% bo-
vine serum albumin (9048-46-8; Wako) in PBST, washed, in-
cubated with appropriate fluorescent-secondary antibodies
or streptavidin, and counterstained with 4’,6-diamidino-
2-phenylindole (D9542; Sigma-Aldrich).

Primary antibodies (anti-aggrecan, anti-GABA, anti-
mCherry, anti-NeuN, anti-parvalbumin, anti-Zif268/Egr1),
biotinylated WFA lectin and secondary antibodies are de-
scribed in detail in Appendix 1. We performed GABA immu-
nohistochemistry using a STAINperfect Immunostaining Kit
(ImmuSmol). We obtained images using a confocal laser
scanning microscope (LSM780; Zeiss); image acquisition pro-
cedures are described in Appendix 1.

Single maternal deprivation and single restraint stress

For single maternal deprivation, each pup was separated
from its dam and placed in a transparent plastic box (15 cm
length x 21 cm width x 13 cm height) with fresh animal bed-
ding at room temperature (22-25°C) for 2 hours (1000-
1200 h). Then, they were perfusion-fixed.

For single restraint stress, mice were restrained for 60 min-
utes in 50 mL tubes with air holes (339652; Thermo Fisher
Scientific) at room temperature (22-25°C). Then, mice were
kept for 60 minutes in their home cage until the number of
Zif268/Egrl-positive cells reached its maximum in the lateral
habenula after stress.?* Following this, mice were perfusion-
fixed. We assessed neuronal activity using the density of
Zif268/Egrl-positive cells in the lateral habenula and the
dentate gyrus.

Repeated maternal deprivation and repeated restraint stress

To model chronic stress in early life, maternal deprivations
were repeated for 3 hours per day between 0800 and 1200 h
during the periods P1-9 (at 25°C) or P10-20 (at 22-25°C). We
analyzed the immediate effects of repeated maternal depriva-
tion on P20. After repeated maternal deprivation, the mice
were weaned on P30. We analyzed the late effects of mater-
nal deprivation on a day between P60 and P87; mice were
subjected to behavioural tests or perfusion-fixed 1 hour after
treatment. To model chronic stress in adulthood, restraint
stress was repeated for 1 hour per day between 0800 and
1200 h from P36 to P45.

Plasma corticosterone concentration

To minimize the influence of circadian fluctuations, blood
samples were collected between 1130 and 1230 h under deep
anesthesia from the left ventricle with a 26-gauge needle and
a syringe washed with heparin (5000 units/5 mL; Mochida
Pharmaceutical Co.) in an ice-cooled tube. Samples were cen-
trifuged (3000 g, 10 minutes, 4°C) and the plasma was stored
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at —80°C. We measured plasma corticosterone concentrations
using an AssayMax Corticosterone ELISA kit (Assaypro
LLC). Absorbance at 450 nm was read on a microplate reader
(Multiskan FC; Thermo Fisher Scientific). Means were calcu-
lated for triplicate sets of standards and samples.

Behavioural tests

In the light-dark box test, the light (200 lux) and dark appara-
tus consisted of 2 identically sized compartments (15 cm
length x 15 cm width x 30 cm height) connected by a small
opening (4 cm x 4 cm). The apparatus was wiped with 70%
ethanol and air-dried. First, the mice were placed in the dark
compartment. Using a digital camera in the light compart-
ment (c920; Logitech), the mice were recorded for 5 minutes,
and time spent in the light compartment was measured.
Time spent in the dark compartment was calculated.

Forced swim tests were performed 10 days after the light—
dark box test. A cylinder (22 cm diameter x 22 cm height)
was filled with water up to a height of 15 cm (25-28°C). Mice
were placed in the cylinder one at a time, and their activities
were recorded using the digital camera for 10 minutes. Their
positions were traced using Motr* and analyzed using a
custom-written MATLAB script. Details of the behavioural
tests are described in Appendix 1.

To avoid stress stimulation before the behavioural tests,
we took strict precautions. The time spent in the behavioural
tests was short: 5 minutes for the light-dark box test and
10 minutes for the forced swim test. Plasma corticosterone
concentration was not thought to be related to the out-
comes of the behavioural tests in the present study, because
plasma corticosterone concentrations increased gradually,
peaked after 60 minutes and subsided after 150 minutes of
acute stress.”

Statistical analysis

Data were expressed as mean + standard error of the mean.
They were analyzed using the Kruskal-Wallis rank-sum test
followed by the Steel-Dwass multiple comparison test;
a simple regression test; Student ¢ test; 1-way analysis of
variance (ANOVA) followed by a Tukey honestly significant
difference (HSD) test; or 2-way ANOVA after the F test or
Levene test. Statistical significance was set at p < 0.05. Analy-
ses were performed using JMP Pro 14.2 (SAS Institute) or
Excel (Microsoft).

Results

Maturation of the lateral habenula from early life to adulthood:
parvalbumin neurons and perineuronal nets

In the lateral habenula, we measured the density of parvalbu-
min (PV) neurons and the percentage area covered by peri-
neuronal nets (PNNs) on a day between P10 and P82
(Figure 1A). In the control group, the density of PV neurons
was significantly different by age (x> = 7.99, p = 0.018,
Kruskal-Wallis rank-sum test; F = 0.59, p = 0.57, Levene test).
The density of PV neurons was higher at P60 than that at P20
(p = 0.033, Steel-Dwass multiple comparison test; Figure 1B
to D). Using a simple regression test, we found that the dens-
ity of PV neurons was positively correlated with age from
P20 to P60 (r* = 0.46, p = 0.002; Figure 1E).

The percentage area covered by PNNs was significantly
different by age (x* = 20.32, p < 0.001, Kruskal-Wallis rank-
sum test; F = 9.22, p < 0.001, Levene test). Percentage areas
were higher in adulthood than in early life and adoles-
cence: higher at P60-82 than at P35-40 (p = 0.046); higher at
P35-40 than at P20 (p = 0.041); and higher at P20 than at
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Figure 1: Maturation of PV neurons and PNNs in the LHb. (A) Schematic diagram of experiments. (B and C) PV neurons at P20 and P60.
(D) Cell densities at each postnatal day. (E) Correlation between postnatal day and cell density is shown using a simple regression test.
(F and G) WFA lectin staining at P20 and P60. (H) Percentage of WFA area at each postnatal day. () Correlation between postnatal day and
percentage of WFA lectin staining area is shown using a simple regression test. (J and K) Anti-aggrecan immunoreactivities at P20 and P60.
(L) Percentage of aggrecan area at each postnatal day. (M) Correlation between postnatal day and percentage of anti-aggrecan immunoreac-
tivity area using a simple regression test. Scale bar = 100 pm. Error bars represent standard error of the mean. The square correlation coeffi-
cient (r) and p values of the slope are shown. *p < 0.05, **p < 0.01, Steel-Dwass multiple comparison test. LHb = lateral habenula; P = post-
natal day; PNN = perineuronal nets; PV = parvalbumin; WFA = wisteria floribunda agglutinin.
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P13 (p = 0.041) based on WFA lectin (Steel-Dwass multiple
comparison test; Figure 1F to H) and anti-aggrecan
(x* = 13.34, p = 0.001, Kruskal-Wallis rank-sum test; F =
6.17, p < 0.001, Levene test). They were also higher at P60
than at P20 (p = 0.004) and P35 (p = 0.012; Steel-Dwass mul-
tiple comparison test; Figure 1] to L). Using a simple re-
gression test, we found that the percentage area covered by
PNNs was positively correlated with age from P13 to P82
(WFA, r? = 0.72, p < 0.001; aggrecan, r* = 0.64, p < 0.001;
Figure 1I and M).

We scrutinized PV neurons using reliable markers to ver-
ify their detailed character in control mice at P60. The PV
neurons were positive for NeuN (99.9 + 0.1%), anti-GABA
(56.4 + 6.4%) and GAD2-mCherry (4.8 + 0.9%), and were
surrounded by PNNs (79.6 + 1.9% with WFA lectin staining
and 86.1 = 0.7% with anti-aggrecan immunostaining;
Appendix 1, Figure S1). We observed no GADI-positive
cells in the lateral habenulas of GADI-GFP knock-in mice
(Appendix 1, Figure S1E), indicating that PV neurons in the
lateral habenula contained GABA without expression of
GAD2 or GAD1. The immunostaining signals for anti-

GABA antibodies were validated by colocalization with
GAD2-mCherry signals in the cerebral cortex and the lateral
habenula (Appendix 1, Figure S2).

In control mice, the number of PV neurons at P60 was
195.28 + 25.76 cells in single staining (mean + standard devia-
tion; n = 7) and 165.5 + 43.24 cells in double staining (1 = 6),
suggesting that single staining was more accurate, with a
smaller standard deviation. We used single staining in the
following experiments.

Maturation of the lateral habenula from early life to adulthood:
neuronal reactivity during stress

We examined activation of the lateral habenula after single
maternal deprivation or single restraint stress from early life
to adulthood. To determine neuronal activity without stimu-
lation, we measured the density of Zif268/Egr1 immunoposi-
tive cells (Zif268/Egr1 cells) on a day between P9 and P70
(Figure 2A). Densities were significantly different by age
(x* = 2627, p < 0.001, Kruskal-Wallis rank-sum test; F = 4.56,
p = 0.003, Levene test): higher at P20-21 (p < 0.05), P35 (p <
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Figure 2: Postnatal changes in neuronal reactivity in response to singl

e maternal deprivation or single restraint stress during maturation of the

LHb. (A) Schematic diagram of experiments without stress stimulation. (B and C) Zif268/Egr1 immunopositive cells at P11 and P20 with no
stimulation. (D) Cell densities at each postnatal day. (E) Schematic diagram of experiments with single maternal deprivation. (F and G) Zif268/
Egr1 immunopositive cells at P9 and P20 after single maternal deprivation. (H) Cell densities at each postnatal day. (I) Correlation between
postnatal day and cell density after single maternal deprivation using a simple regression test. (J) Schematic diagram of experiments with sin-

gle restraint stress. (K and L) Zif268/Egr1 immunopositive cells at P2

0 and P60 after single restraint stress. (M) Cell densities at each post-

natal day. (N) Using a simple regression test, we observed no correlation between postnatal day and Zif268/Egr1 immunopositive cell density
after single restraint stress. Scale bar = 100 pm. Error bars represent standard error of the mean. The square correlation coefficient (r) and
p values of the slope are shown. *p < 0.05, Steel-Dwass multiple comparison test. LHb = lateral habenula; P = postnatal day.
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0.05) and P61-70 (p < 0.05) than at P11 (Figure 2B to D). We
found no significant differences between other age groups.

To determine neuronal activity in response to acute stress
stimulation, we measured the density of Zif268/Egr1 cells
after single maternal deprivation as an acute stress stimula-
tion on a day between P9 and P21 (Figure 2E), or as a single
restraint stress on a day between P20 and P70 (Figure 2J).
We did this because single maternal deprivation was not
suitable after weaning. After single maternal deprivation,
densities were significantly different by age from P9 to P21
(x*> = 14.29, p = 0.003, Kruskal-Wallis rank-sum test; F =
7.72, p = 0.19, Levene test): higher at P16 (p = 0.041) and
P20-21 (p = 0.041) than at P9 (Steel-Dwass multiple compar-
ison test; Figure 2F to H). We found no significant differ-
ences between the other age groups. After single restraint
stress, densities were significantly different between ages
(x* = 7.71, p = 0.021, Kruskal-Wallis rank-sum test; F =
11.32, p < 0.001, Levene test): lower at P61-70 than at P20-21
(p = 0.048, Steel-Dwass multiple comparison test; Figure 2K
to M). In a simple regression test, density after single mater-
nal deprivation was positively correlated with P9-21 (1’ =
0.50, p = 0.022; Figure 2I), but density after single restraint
stress was not significantly correlated with P20-70 (2 = 0.18,
p = 0.06; Figure 2N).

At P20-21, the densities of Zif268/Egr1 cells were signifi-
cantly different between the single maternal deprivation, sin-
gle restraint stress and no stimulation groups (x> = 10.7, p =
0.005, Kruskal-Wallis rank-sum test; F = 3.6, p > 0.05, Levene
test); densities after the single maternal deprivation and sin-
gle restraint stress tests were significantly higher than with
no stimulation (single maternal deprivation, p = 0.014; single
restraint stress, p = 0.022; Steel-Dwass multiple comparison
test). Moreover, the densities after single maternal depriva-
tion and single restraint stress were not significantly different
at P20-21 (p = 0.99, Steel-Dwass multiple comparison test),
indicating that the effects of these stimulations on the lateral
habenula were similar. Therefore, these stimulations were
suitable for comparing stress responses in the lateral haben-
ula from early life to adulthood. In the adult lateral habenula
after single restraint stress (acute stress), 97.4 + 8.4% of the
Zif268/Egr1 cells were negative for PV immunoreactivity
(n = 5); thus, most of the cells activated by stress were not PV
neurons at P60 (Appendix 1, Figure S3).

We found almost no Zif268/Egr1 cells at P9, P11 or P16
without stress stimulation, and at P9 with maternal depriva-
tion. In these conditions, the densities of Zif268/Egr1 cells
showed very small variances. Because variances were un-
equal between groups, nonparametric tests were required,
but there is no statistical method for a 2-way layout design in
a nonparametric test. At P61-70, we used statistical tests for
independent groups; the densities of Zif268/Egr1 cells after
single restraint stress were higher than after no stimulation
(tn = 3.19, p = 0.009, Welch t test; p = 0.68, F test). We ob-
served that with single maternal deprivation, Zif268/Egr1
cell densities at P11 and P16 were explicitly higher than cell
densities in mice without stimulation. These results indicate
that neuronal activity in the lateral habenula is high with
stress stimulation after P11.

Alteration in lateral habenula maturation with early-life stress

We evaluated neuronal reactivity to single restraint stress in
the adult lateral habenula in the control (no chronic stress),
repeated maternal deprivation (P1-9), repeated maternal de-
privation (P10-20) and repeated restraint stress (P36-45)
groups by examining the density of Zif268/Egr1 cells after
single restraint stress (Figure 3A) or no stimulation (Figure 3B).
At P60-70 in the lateral habenula, densities after single re-
straint stress were significantly different between groups
(Fsp = 6.59; p = 0.002, 1-way ANOVA; F = 2.1, p = 0.13,
Levene test): higher in the repeated maternal deprivation
(P10-20) group than in the control (p = 0.008), repeated ma-
ternal deprivation (P1-9; p = 0.037) and repeated restraint
stress groups (p = 0.004), respectively (Tukey HSD test;
Figure 3C to G). Without stimulation, densities were not sig-
nificantly different between groups (F,, = 2.71, p = 0.07, in
1-way ANOVA; F = 1.05, p = 0.39, Levene test; Figure 3H). To
understand the effect of repeated maternal deprivation (P10-
20) on major stress-related areas, we measured the densities
of Zif268/Egrl-positive neurons in the dentate gyrus and ba-
solateral amygdala. In the dentate gyrus, densities after sin-
gle restraint stress were not significantly different between
the control and repeated maternal deprivation (P10-20)
groups (t,;= 0.93, p = 0.37, Student ¢ test; p = 0.18, F test;
Figure 31 to K). In the basolateral amygdala, densities after
single restraint stress were not significantly different from
those with no stimulation (t,, = 0.19, p = 0.85, Student ¢ test;
p = 0.92, F test; Appendix 1, Figure S4). Although it is well
known that the basolateral amygdala shows neuronal activ-
ity in response to stress, we did not observe neuronal stress
reactivity based on the density of Zif268/Egr1 cells.

At P60-67, plasma corticosterone concentration after single
restraint stress was significantly higher than without stimula-
tion (main effect of stress; F,,, = 59.11, p < 0.001, 2-way
ANOVA; Figure 3L). However, we found no significant differ-
ence in plasma corticosterone concentration between the con-
trol, repeated maternal deprivation (P1-9) and repeated mater-
nal deprivation (P10-20) groups after single restraint stress or
no stimulation (main effect of treatment; F,,, = 2.40, p = 0.11;
interaction, F,,; = 0.12, p = 0.88, 2-way ANOVA; Figure 3L).
These findings showed that in the repeated maternal depriva-
tion (P10-20) group, neuronal reactivity in the lateral habenula
after single restraint stress was higher than in other groups;
however, general stress responses were similar across groups.

To understand the relationship between higher neuronal
reactivity and the expression of neuronal maturation markers
in the adult lateral habenula after repeated maternal depriva-
tion (P10-20), we focused on PV neurons and PNNs. The
density of PV neurons in the lateral habenula at P60-70 was
significantly different between groups (F,, = 9.13, p < 0.001,
1-way ANOVA; F = 0.81, p = 0.49, Levene test): we observed
significantly fewer PV neurons in the lateral habenula in the
repeated maternal deprivation (P10-20) group than in the
control group (p = 0.002), the repeated maternal deprivation
(P1-9) group (p = 0.003) or the repeated restraint stress group
(p = 0.002, Tukey HSD test; Figure 4A to E). In contrast, the
densities of PV neurons were not significantly different
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Figure 3: Neuronal hyperreactivity to single restraint stress in the adult LHb under the influence of early-life stress at P10-20. (A and B)
Schematic diagram of experiments with single restraint stress and no stimulation. In the LHb, Zif268/Egr1 immunopositive cells in response to
single restraint stress are shown in the (C) control, (D) RMD (P1-9), (E) RMD (P10-20) and (F) RRS groups. (G and H) Zif268/Egr1 immuno-
positive cell densities are compared between the groups after single restraint stress and no stimulation. (I and J) In the dentate gyrus, Zif268/
Egr1 immunopositive cells after single restraint stress in the control and RMD (P10-20) groups. (K) Comparison of Zif268/Egr1 immuno-
positive cell densities. (L) After single restraint stress or no stimulation, comparison of plasma corticosterone concentrations for the control,
RMD (P1-9) and RMD (P10-20) groups at P60—67. Scale bar = 100 um. Error bars represent standard error of the mean. *p < 0.05, **p < 0.01,
Tukey honestly significant difference test. DG = dentate gyrus; LHb = lateral habenula; NS = not significant; P = postnatal day; RMD = re-

peated maternal deprivation; RRS = repeated restraint stress.

between the control and repeated maternal deprivation (P10
20) groups in the dentate gyrus (t, = 0.60, p = 0.57, Student
t test; p = 0.53, F test; Figure 4F to H) or basolateral amygdala
(t, = 0.98, p = 0.35, Student t test; p = 0.73, F test; Figure 41 to
K). At P60-70 in the lateral habenula, the percentage area
covered by PNNs (WFA and aggrecan) did not differ signifi-
cantly between the control and repeated maternal depriva-
tion (P10-20) groups (WFA: t,, = 0.13, p = 0.58, Student ¢ test
and p = 0.90, F test; aggrecan: t,, = 0.37, p = 0.79, Student ¢ test,
and p = 0.72, F test; Appendix 1, Figure S5).

In the course of lateral habenula maturation at P20
(Appendix 1, Figure S6A), the density of PV neurons was
not significantly different between the control and repeated
maternal deprivation (P10-20) groups (¢, = 0.020, p = 0.99,
Student ¢ test; p = 0.98, F test; Appendix 1, Figure S6B to D).
However, the percentage area covered by WFA-positive
PNNs was significantly higher in the repeated maternal
deprivation (P10-20) group than the control group (t,, = 1.99,
p <0.001, Student t test; p = 0.07, in F test; Appendix 1, Figure
S6E to G). The density of WFA-positive cells was not signifi-
cantly different between groups (t,, = 2.10, p = 0.16, Student
t test; p = 0.053, F test; Appendix 1, Figure S6H). Repeated

maternal deprivation (P10-20) had specific effects on the lat-
eral habenula, resulting in fewer PV neurons and higher
neuronal reactivity at P60-70 after the enlargement of PNNs
at P20. Thus, lateral habenula maturation was altered under
the influence of early-life stress at P10-20.

Behavioural disorders under the influence of early-life stress

We examined behaviours under the influence of early-life
stress using the light-dark box test and the forced swim test.
We conducted the light-dark box test on a day between P70
and 77; 10 days later, we conducted the forced swim test. In
the light-dark box test, mice from the repeated maternal
deprivation (P10-20) group spent a longer time in the dark
compartment than mice from the control group (t,s =3.34, p =
0.002, Student ¢ test; p = 0.66, F test; Figure 5A), showing
anxiety-like behaviours. As well, in the forced swim test, im-
mobilization time was significantly higher in the repeated
maternal deprivation (P10-20) group than in the control
group (ts = 2.17, p = 0.038, Student t test; p = 0.65, F test;
Figure 5B), indicating that mice in the repeated maternal
deprivation (P10-20) group showed depression-like
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Figure 4: Reduced density of PV neurons in the adult LHb after early-life stress during P10-20. (A to D) In the LHb, PV neurons are shown for
the control, RMD (P1-9), RMD (P10-20) and RRS (P36-45) groups. (E) PV cell densities compared between groups. (F and G) In the dentate
gyrus, PV neurons are shown for the control and RMD (P10-20) groups. (H) PV cell densities compared between groups. (I and J) PV neur-
ons in the basolateral amygdala. (K) PV cell densities compared between groups. Scale bar = 100 pm. Error bars represent standard error of
the mean. **p < 0.01, Tukey honestly significant difference test. BLA = basolateral amygdala; DG = dentate gyrus; LHb = lateral habenula;

NS = not significant; P = postnatal day; PV = parvalbumin; RMD = repeated maternal deprivation; RRS = repeated restraint stress.
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Figure 5: Anxiety/depression-like behaviours in adults exposed to
early-life stress. (A) In the light—dark box test, we compared time
spent in the dark compartment between the control and RMD (P10—
20) groups. (B and C) In the forced swim test, we compared im-
mobilization times and locomotion distances between the control
and RMD (P10-20) groups. Error bars represent standard error
of the mean. *p < 0.05, **p < 0.01, Student t test. NS = not signifi-
cant; P = postnatal day; RMD = repeated maternal deprivation.

behaviours. We found no significant difference in total loco-
motion distances between the control and repeated maternal
deprivation (P10-20) groups (t,s = 0.099, p = 0.92, Student ¢
test; p = 0.37, F test; Figure 5C), showing that general locomo-
tor activity was not impaired in the repeated maternal depri-
vation (P10-20) group. These results indicated that early-life
stress during P10-20 elicited anxiety- and depression-like be-
havioural disorders in adults.

Discussion

This study revealed the influence of aversive experiences in
early life on maturation of the lateral habenula and behav-
iours during adulthood, indicating experience-dependent
mechanisms that modulate lateral habenula neuronal circuits.

The lateral habenula matures gradually; the 4 stages are
recognized by neuronal activity, PV neurons and PNNs. In

the first stage in mice, around P10, the lateral habenula is
immature: we observed no or low neuronal activity and de-
tected neither PV neurons nor PNNs (Figures 1 and 2). The
second stage occurs around P20, during which we observed
large spontaneous activity, maximum reactivity to single
restraint stress and single maternal deprivation, and the ap-
pearance of PV neurons and PNNs (Figures 1 and 2). From
the first stage to the second stage, neuronal reactivity grad-
ually increased in response to single maternal deprivation
(Figure 2H and I). The third stage occurs around P35, dur-
ing which we observed low spontaneous activity and
weaker reactivity to single restraint stress (Figure 2M). The
density of PV neurons and area covered by PNNs in-
creased, indicating that the lateral habenula had function-
ally matured (Figure 1). The fourth stage occurs after P35;
during this stage, the area covered by PNNs exhibited addi-
tional expansion, indicating further maturation (Figure 1F
to M). These results showed that there is a transient, highly
sensitive period of neuronal reactivity under stress between
P11 and P20, because the mild single stress treatment (sin-
gle maternal deprivation or single restraint stress) induced
intense neuronal activity comparing the period outside
P11-20. Moreover, there is an inverse relationship between
the transient highly sensitive period of neuronal reactivity
and neuronal maturation markers (PV and PNNs) in devel-
opment. By obtaining information about the stages of
maturation in detail, we established the optimal timing for
experiments on lateral habenula plasticity under emotional
experiences in early life.

Early-life experiences disturb the maturation of neurons
and subsequently cause plasticity — alterations in functional
and structural neural circuits throughout life. For example, in
the visual system, PV neurons as inhibitory interneurons in
the cortex®" restrict the plasticity of local circuits as a result
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of experiences during maturation, and this consequently
influences higher function.?

In the present study, we showed PV neurons and PNNs in
the lateral habenula as neuronal components of plasticity re-
sulting from experiences in early life. In mice subjected to
early-life stress at P10-20 (repeated maternal deprivation
[P10-20]), enlargement of the PNNs was shown by WFA lec-
tin staining (which recognizes N-acetylgalactosamine) but
not by anti-aggrecan immunostaining (Appendix 1, Figure
S6). Because PNNs are an extracellular matrix composed
mainly of proteoglycans (hybrid molecules between core
proteins and glycosaminoglycan chains),* these results indi-
cate that the glycosaminoglycan chains of PNNs increased.
The glycosaminoglycan chains of PNNs on P20 were thought
to be modified in an experience-dependent manner by
chronic stresses in early life. However, at P60-70, the area of
PNNs recognized by WFA in the control group overtook that
of the repeated maternal deprivation (P10-20) group
(Appendix 1, Figure S5). At P60-70, we found fewer PV
neurons with significantly higher neuronal reactivity, fol-
lowed by anxiety- or depression-like behaviours at P70-87
(Figures 3, 4 and 5). Thus, after repeated maternal depriva-
tion (P10-20), maturation of the lateral habenula was im-
paired gradually from P20 to P60. Early-life stress induced
late effects in the adult lateral habenula, showing experience-
dependent plastic changes.

We further characterized PV neurons in the adult lateral
habenula. Although about 80% of PV neurons in the lateral
habenula were surrounded by PNNs (Appendix 1, Figure
S1F and G), more than 40% are GABA-negative and express
little GAD1 and GAD?2 (Appendix 1, Figure S1C, D, E and G).
Webster and colleagues® have reported finding GABA-
positive and glutamatergic PV neurons, whose optogenetic
activation elicited inhibitory and excitatory responses in the
lateral habenula. That study and the present study showed
that PV neurons in the lateral habenula are a heterogeneous
population consisting of GABAergic and glutamatergic neur-
ons; therefore, the roles of the PV neurons in the lateral
habenula are thought to be different from in the cortex.

Plasma corticosterone concentration is well established as a
biomarker of general stress responses in the hypothalamic—
pituitary-adrenal system. Plasma corticosterone concentra-
tions after single restraint stress on P60 were similar between
the control, repeated maternal deprivation (P1-9) and re-
peated maternal deprivation (P10-20) groups (Figure 3L);
thus, general stress responses in the adults were similar be-
tween groups, although after P10 stress stimulations in early-
life increase plasma corticosterone concentration.'”* The den-
tate gyrus and basolateral amygdala are known to be
activated by stress, and these plastic changes are correlated
with anxiety- or depression-like behaviours.”* However, we
found no effect on neuronal activity as observed by Zif268/
Egr1 cells in the dentate gyrus and PV neurons in the dentate
gyrus and basolateral amygdala in adults from the repeated
maternal deprivation (P10-20) group (Figure 3K, 4H and 4K).
In contrast, in adults in the repeated maternal deprivation
(P10-20) group, we observed behavioural changes (anxiety
and depression) and elevated neuronal reactivity in the

lateral habenula (Figure 3, 4 and 5). These results indicated
that the anxiety- and depression-like behaviours in the re-
peated maternal deprivation (P10-20) group developed
through alteration of neuronal reactivity in the lateral haben-
ula but not through alterations in the hypothalamic—pituitary—
adrenal system, dentate gyrus or basolateral amygdala. Thus,
the effect of early-life stress was specific to the lateral haben-
ula. Furthermore, stresses outside P10-20 (repeated maternal
deprivation [P1-9] and repeated restraint stress [P36-45]) did
not affect maturation of the lateral habenula, even though the
intensity of these stimulations were thought to be compar-
able, because single maternal deprivation and single restraint
stress at P20 induced activations with a similar number of
Zif268/Egr1 cells in the lateral habenula. These results show
that the effect of early-life stress was specific to P10-20. Al-
though many previous studies about early-life stress have fo-
cused on P1-9 and P2-12, the effects on behavioural disor-
ders of stress during these periods varied between studies.!6'”
The present study revealed specificity in P10-20.

As well, P10-20 has been reported as a “sensitive period”
for the ventral tegmental area, in which early-life stress in-
duces downregulation of orthodenticle homeobox 2 (Otx2) in
the ventral tegmental area at P17, followed by long-lasting
change in stress-sensitive depression-like behaviours.*** We
identified the narrow time window of P10-20 as the sensitive
period for the lateral habenula — similar to the ventral teg-
mental area; physically mild chronic stress during P10-20 in-
duced long-lasting alterations in behaviour. Thus, the lateral
habenula is thought to have an experience-dependent sensi-
tivity period in the neural circuits that process emotional in-
formation during P10-20. The effects of experiences during
P10-20 contrast clearly with those in adulthood, in which only
intense stress stimulations affect the lateral habenula.”104445

These findings remind us of critical periods in the sensory
system, in which experiences modify neuronal circuits.!*?%2
In the present study, we classified the maturation of the lat-
eral habenula into 4 stages and found that the lateral haben-
ula is highly plastic during the early-life period of P10-20 in
mice; experiences during this period modified PNNs and
PV neurons, and resulted in behaviour alterations in adults.
Repeated maternal deprivation during P10-20 is a suitable
experimental model that helps us understand behavioural
disorders as a result of experience-dependent circuit plas-
ticity in the lateral habenula, possibly mimicking child
neglect and abuse.

Limitations

Immobility in the forced swim test has been argued to be a
depressive-like behaviour, but an alternative explanation is
that the immobility results from learning and memory pro-
moting behavioural adaptations.** Further elucidation of
the forced swim test is needed.

The roles of lateral habenula PV and PNNs in behavioural
alterations are still to be investigated. It is important to
understand the mechanism of the “sensitive period” of neur-
onal circuits in the lateral habenula, and how P10-20 is differ-
ent from P9 or earlier, or P35 or later.
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Conclusion

Early-life stress in P10-20 had later effects in adulthood:
hyperactivity in the lateral habenula and anxiety or depres-
sion, indicating differences in neuronal plasticity between
stages of maturation in the lateral habenula. Experiences in
early life are essential for the maturation of neuronal circuits in
the lateral habenula that underlie emotion.
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