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Purpose: It is known that various types of stress in early life increase the incidence of diabetes, myocardial
infarctions, and psychiatric disorders in adulthood. We examined the mechanism by which neonatal immune
stress reduces sexual behavior in adult male rats.
Methods: Male rats were randomly divided into 3 groups: the control (n = 17), postnatal day 10 lipopolysaccharide (PND10LPS) (n = 31), and PND25LPS (n = 16) groups, which received intraperitoneal injections of
LPS (100 μg/kg) or saline (injection volume: ≤0.1 ml/g) on postnatal days 10 and 25. In experiment 1, male rats
(age: 11 to 12 weeks) were put together with female rats in a one-to-one setting for mating, and sexual behavior
(mounting, intromission, and ejaculation) was monitored for 30 minutes. The serum levels of luteinizing hormone (LH) and testosterone (T) and the hypothalamic mRNA expression levels of factors related to sexual behavior were examined. After experiment 1 finished, the remaining 37 male rats were used for experiment 2: the
control group (n = 8), PND10 LPS group (n = 21) and PND25LPS group (n = 8) these rats had been given an i.p.
injection of the saline during the expriment1. All of the rats were orchidectomized at 14 weeks of age. After a 3week recovery period, a silastic tube containing crystalline T was subcutaneously implanted into the back of
each rat. The rats’ sexual behavior, serum hormone concentrations, and hypothalamic mRNA expression levels
were assessed.
Results: In experiment 1, preputial separation occurred significantly later in the PND10LPS group than in the
control group. The frequency of sexual behavior was significantly lower in the PND10LPS group than in the
control group. The serum T concentrations of the PND10LPS and PND25LPS groups were significantly lower
than that of the control group, but the serum LH concentrations of the 3 groups did not differ significantly. The
hypothalamic mRNA expression levels of progesterone receptor B (PRB) and gonadotropin-releasing hormone
(GnRH) were significantly lower in the PND10LPS and PND25LPS groups than in the control group, whereas the
hypothalamic PRA + B mRNA expression levels of the 3 groups did not differ significantly. In experiment 2, after
T supplementation the frequency of sexual behavior was significantly lower in the PND10LPS and PND25LPS
groups than in the control group, although there were no significant differences in the serum T or LH concentrations or the hypothalamic PRB, PRA + B, or GnRH mRNA expression levels of the 3 groups.
Conclusion: In male rats, immune stress in the early neonatal period delayed sexual maturation, reduced sexual
behavior, suppressed the serum T concentration, and downregulated the hypothalamic mRNA expression levels
of GnRH and the PR in adulthood. The delayed sexual maturation was presumed to have been caused by the
reduction in the serum T concentration. However, the rats that experienced neonatal stress exhibited reduced
sexual behavior irrespective of their serum T concentrations.
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1. Introduction

weaned on postnatal day (PND) 21. After weaning, three pups were
maintained in each cage. All animal experiments were conducted in
accordance with the ethical standards of the animal care and use
committee of Tokushima University.

It has been reported that experiencing immune, psychological, or
metabolic stress in the early neonatal period has various long-lasting
effects on physiological functions in adulthood, and it is also related to
various diseases. For example, in humans undernutrition in the prenatal
period increased the incidence of coronary heart disease in late adulthood, which is known as developmental origins of health and disease
(DOHaD) or metabolic programming (Barker, 1995; Godfrey and
Barker, 2000). In addition, maternal psychological stress in the prenatal
period was found to be associated with lower cognitive and linguistic
abilities in children aged five and a half years (Laplante et al., 2008). In
rats, undernutrition in the prenatal period was demonstrated to be associated with an increased risk of type 2 diabetes (Park et al., 2008) and
enhanced hypothalamic mRNA expression of the orexigenic peptide
neuropeptide Y (Tungalagsuvd et al., 2016) in late adulthood. Furthermore, immune stress in the early neonatal period enhanced the
activity of the hypothalamic-pituitary-adrenal (HPA) axis, increased the
incidence of tumor metastasis, and caused body weight to rise in
adulthood (Shanks et al., 1995, 2000; Hodgson et al., 2001; Boisse
et al., 2004; Ellis et al., 2005).
In addition to metabolic functions, experiencing stress early in life
can also have an impact on reproductive functions. We and others have
reported that prenatal undernutrition delayed sexual maturation in
male and female rats (Engelbregt et al., 2000; Iwasa et al., 2010a, b;
Castellano et al., 2011; Matsuzaki et al., 2017), and immune stress in
the early neonatal period delayed sexual maturation in male and female
rats (Knox et al., 2009; Wu et al., 2011; Walker et al., 2011) and
strongly suppressed the pulsatile secretion of gonadotropin-releasing
hormone (GnRH) after the administration of lipopolysaccharide (LPS)
in adult male rats (Li et al., 2007). Furthermore, maternal separation in
the early neonatal period, which is a form of psychological stress, reduced sexual behavior in male rats in adulthood (Rhees et al., 2001),
and immune stress in the neonatal period downregulated sexual behavior in male and female rats in adulthood (Walker et al., 2011).
Hypothalamic sex hormones, progesterone receptors (PR), and kisspeptin (Kiss1) play important roles in sexual behavior. It is well known
that testosterone (T) stimulates sexual behavior in male rats (Stone,
1939; Beach and Holz-Tucker, 1949; Malmnäs, 1977) and most mammalian species (Meisel and Sachs, 1994). The androgen receptor is
expressed in particular hypothalamic areas; i.e., the medial preoptic
area (MPOA) and ventromedial nucleus (VMH) (Simerly et al., 1990),
which have been demonstrated to contribute to male sexual behavior
(Davidson, 1966; Hrat and Leedy, 1985; Harding and McGinnis, 2003).
T stimulates neuronal activity in the MPOA in castrated male rats (Pfaff
and Pfaffmann, 1969; Kendrick, 1983; Jansen et al., 1993). PR-expressing neurons located in the ventrolateral part of the VMH (VMHvl),
are required for mating and aggression in male mice, according to
studies involving the ablation of these neurons (Yang et al., 2013). In
addition, the central administration of Kiss1 evoked erections in male
rats, and kisspeptin receptor knockout mice did not exhibit any sexual
activity (Kauffman et al., 2007; Gresham et al., 2016). Thus, these
factors are involved in the control of sexual behavior.
In this study, we tried to identify the mechanism by which neonatal
immune stress reduces sexual behavior in adult male rats, focusing on T
and hypothalamic factors.

2.2. Experiment 1. Influence of immune stress in the early neonatal period
on sexual maturation and sexual behavior
2.2.1. Study design
The male pups were randomly divided into 3 groups. The rats in the
control group (n = 17) were given intraperitoneal (i.p.) injections of
saline (volume: 0.1 ml/g body weight) on PND10 and PND25. The rats
in the PND10 group (n = 32) were given an i.p. injection of LPS
(100 μg/kg dissolved in saline) derived from Escherichia coli (0111:B4;
Sigma, St. Louis, MO, USA) on PND10 and an i.p. injection of saline on
PND25. The rats in the PND25LPS group (n = 16) were given an i.p.
injection of saline on PND10 and an i.p. injection of LPS on PND25.
PND10 and PND25 were the models of neonatal period and juvenile
period, respectively.
2.2.2. Body weight
The body weights of all rats were recorded every week throughout
experiment 1.
2.2.3. Sexual maturation
From PND35, the pups were inspected daily for preputial separation
(PS), which is an indicator of male puberty. The penis was evaluated by
examining and attempting to retract the prepuce to determine if it had
separated from the glans penis (Stoker et al., 2000; Matsuzaki et al.,
2017).
2.2.4. Sexual behavior
Sixty-four sexually mature adult female rats were prepared as
partners for a sexual behavior test. They were bilaterally ovariectomized at 9 weeks of age under sodium pentobarbital (40–50 mg/
kg, i.p.) or sevoflurane-induced anesthesia. Two weeks later, estradiol
benzoate (10 μg/body) dissolved in 0.1 mL sesame oil was injected
subcutaneously (s.c.) into the backs of the female rats at 48 h and 24 h
before the test session. Progesterone (1 mg/body) dissolved in 0.2 mL
sesame oil was injected s.c. into the female rats 4 h before the test
session (Govic et al., 2008; matsuzaki et al., 2017). At 11 and 12 weeks
of age, sexual behavior tests were conducted under the following conditions. Male rats and receptive female rats were placed into plastic
transparent boxes (41 × 21 × 21 cm; one male and one female rat were
placed into each box). Five min after male rat were habituated in the
cage, female rats were introduced there. Video of the rats’ activity was
recorded for 30 min to study their sexual behavior. The rats’ sexual
behavior was evaluated by assessing the frequency of mounting (the
male rat assumes a copulatory position behind the female rat, but does
not insert its penis into the female’s vagina), intromission (the male rat
assumes a copulatory position behind the female rat and inserts its
penis deep into the female’s vagina. Then, the male rat licks its penis
immediately after pulling out. In addition, the male rat does not exhibit
any mounting behavior soon after the intromission), and ejaculation
(the male rat assumes a copulatory position behind the female rat and
inserts its penis deep into the female’s vagina for 1–3 seconds. After
that, the male rat separates from the female rat and licks its penis)
(Ågmo, 1997).

2. Materials and methods
2.1. Animals

2.2.5. Sampling
Two weeks after the sexual behavior test, 24 male rats were killed
by decapitation (8 rats from the control group, 8 rats from the
PND10LPS group, and 8 rats from the PND25LPS group were randomly
selected). Blood was collected for hormone assays of luteinizing hormone (LH) and T, and brain tissue was immediately excised and used to
analyze mRNA expression. The brain tissue samples were then frozen

Fifteen pregnant female Sprague-Dawley rats were purchased
(Charles River, Japan Inc., Tokyo Japan) and housed individually in a
room with controlled lighting (a 14 h light, 10 h dark cycle) and temperature 24 °C conditions. After all dams had delivered their pups, the
male pups were used in this study. The pups were cross-fostered and
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rapidly in liquid nitrogen and stored at −80 °C until use. Serum was
separated by centrifugation and stored at −20 °C until use. Before the
RNA analysis, hypothalamic explants were dissected out from the brain
tissue samples using the following method. Each explant was dissected
out by making coronal cuts 1 mm anterior from the anterior border of
the optic chiasm and the posterior border of the mammillary bodies.
The explant was cut 2.5 mm from the bottom of the hypothalamus and
then trimmed 2.5 mm lateral from the midline of each side.

R: 5'-GGT TCA CCA CAG GTG CCA TTT-3'; The PCR cycling conditions
were as follows: initial denaturation and enzyme activation were performed at 95 °C for 10 min, followed by 45 cycles of denaturation at
95 °C for 15 s, annealing at 60 °C (PRA + B) for 30 s, 60 °C (PRB) for
30 s, 65 °C (kiss1) for 30 s, 64 °C (GnRH) for 30 s, or (GAPDH) 64 °C for
30 s; and an extension step of 72 °C for 10 min. The copy numbers of the
GnRH, PRA + B, PRB and Kiss1 transcripts were normalized against
that of the GAPDH transcript.

2.3. Experiment 2. Influence of T supplementation on sexual behavior in
castrated rats that experienced immune stress in the neonatal period

2.6. Statistical analysis
Data were analyzed using one-way analysis of variance (ANOVA)
followed by the post-hoc Tukey-Kramer test. Values are expressed as the
mean ± SE, and statistical significance was defined as p < 0.05 or
p < 0.01.

2.3.1. Study design
After experiment 1 and the sampling had been performed, the remaining 37 male rats 14 weeks of age (8 rats from the control group, 21
rats from the PND10LPS group, and 8 rats from the PND25LPS group)
were used for experiment 2. As described in the study design of the
experiment 1, the rats in the control group had been given i.p injections
of saline on PND10 and PND25. The rats in the PND10 group had been
given an i.p. injection of LPS (100 μg/kg) on PND10 and an i.p. injection of saline on PND25. The rats in the PND25LPS group had been
given an i.p. injection of saline on PND10 and an i.p. injection of LPS on
PND25. All rats were orchidectomized at 14 weeks of age under sodium
pentobarbital (40–50 mg/kg, i.p.) or sevoflurane-induced anesthesia.
After a 3 week recovery period, a silastic tube (inner diameter: 3 mm,
outer diameter: 5 mm, length of the filled part: 30 mm) containing
crystalline T was s.c. implanted into each rat’s back (Urban et al., 1993;
De Vries et al., 1994; Harding and Velotta, 2011; Iwasa et al., 2016). On
day 18 after the implantation procedure (at the age of 19 weeks), 30min sexual behavior test videos were recorded, as explained above. At
the end of the day on which the sexual behavior test was performed, all
of the rats were killed by decapitation. Their blood and brain tissue
were collected and stored until use.

3. Results
3.1. Experiment 1. Influence of immune stress in the early neonatal period
on sexual maturation and sexual behavior
3.1.1. Effects of neonatal LPS injection on body weight and sexual
maturation
Body weights did not show significant difference among the groups
throughout experiment 1 (data not shown). PS occurred significantly
later in the PND10LPS group (40.53 ± 0.33 days, p < 0.05,
mean ± SE) than in the control group (38.4 ± 0.58, p < 0.05). No
significant difference in the timing of PS was detected between the
PND25LPS group (40.12 ± 0.66 days, p < 0.05) and the other groups
(Fig. 1A). Body weight on the day of PS did not differ significantly
among the groups (Fig. 1B). The cumulative frequency of PS was significantly lower in the PND10LPS group than in the control group from
PND36 to PND40 (Fig. 1C).

2.4. Hormone assays

3.1.2. Effects of neonatal LPS injection on sexual behavior in adulthood
The frequency of mounting was significantly lower in the PND10LPS
group than in the control group (p < 0.01 vs. control group) (Fig. 2A).
The frequency of intromission was significantly lower in the PND10LPS
group than in the control group (p < 0.05 vs. control group) (Fig. 2B).
Furthermore, the frequency of ejaculation was significantly lower in the
PND10LPS group than in the control group (p < 0.01 vs. control group)
(Fig. 2C). No significant differences were detected between the sexual
behavior of the PND25LPS group and that of the other groups.

The serum LH concentration was measured using the I-125 radioimmunoassay kit (rat LH [I-125] RIA kit; Institute of Isotopes Co., Ltd.,
Tokyo, Japan). The analytical sensitivity of the LH assay was 0.1 mUI/
ml, and the intra-assay co-efficient of variation was 6.5%. The serum T
concentration was measured using an electrochemiluminescence immunoassay kit (ECLusys TESTO II; Roche Diagnostics, K.K., Tokyo,
Japan). The analytical sensitivity of the T assay was 0.45 ng/mL, and
tests of a specimen whose T concentration was close to the values seen
in our experiment produced inter- and intra-assay coefficients of variation of 2.5% and 2.1%, respectively.

3.1.3. Effects of neonatal LPS injection on serum hormone concentrations in
adulthood
The serum LH concentration did not differ significantly among the
groups (Fig. 3A). On the other hand, the serum T concentration was
significantly lower in the PND10LPS and PND25LPS groups than in the
control group (p < 0.01) (Fig. 3B).

2.5. Quantitative real-time polymerase chain reaction
Total RNA was extracted from the hypothalamic tissue using a
TRIzol® reagent kit (Invitrogen Co., Carlsbad, CA, USA) and an RNeasy®
mini kit (Qiagen GmbH, Hilden, Germany). cDNA was synthesized with
oligo (deoxythymidine) primers at 50 °C using the SuperScript III firststrand synthesis system for the real-time polymerase chain reaction
(RT-PCR; Invitrogen Co.). RT-PCR analysis was performed using the
StepOnePlus™ RT-PCR system (PE Applied Biosystems, Foster City, CA,
USA) and SYBR® green fast (Applied Biosystems). We chose GAPDH as
an internal control because it is the most stable housekeeping gene in
the brain (Vandesompele et al., 2002; Munkhzaya et al., 2015). The
following forward and reverse primers were used: GAPDH: F: 5'-ATG
GCA CAG TCA AGG CTG AGA-3', R: 5'-CGC TCC TGG AAG ATG GTG
AT-3'; GnRH: F: 5'-GCA GAA CCC CAG AAC TTC GA-3', R: 5'-TGC CCA
GCT TCC TCT TCA AT-3'; PRA + B: F: 5'-GGT CTA AGT CTC TGC CAG
GTT TCC-3', R: 5'- CAA CTC CTT CAT CCT CTG CTC ATT C-3'; PRB: F:
5'-GCA TCG TCT GTA GTC TCG CCA ATAC-3', R: 5'-GCT CTG GGA TTT
CTG CTT CTT CG-3'; Kiss1: F: 5'- ATG ATC TCG CTG GCT TCT TGG-3',

3.1.4. Effects of LPS injection on the hypothalamic mRNA expression levels
of PRA + B, PRB, GnRH, and Kiss1
Hypothalamic PRB mRNA expression was significantly lower in the
PND10LPS group and PND25LPS group than in the control group
(p < 0.01) (Fig. 4A). Hypothalamic PRA + B mRNA expression did not
differ significantly among the groups (Fig. 4B). Hypothalamic GnRH
mRNA expression was significantly lower in the PND10LPS and
PND25LPS groups than in the control group (p < 0.01) (Fig. 4C). Kiss1
mRNA expression did not differ among the groups (data not shown).
3.2. Experiment 2. Influence of T supplementation on sexual behavior in
castrated rats that experienced immune stress in the neonatal period
3.2.1. Effects of T supplementation on sexual behavior
The frequency of mounting was significantly lower in the PND10LPS
165
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Fig. 1. Preputial separation (PS) occurred later
in the postnatal day 10 lipopolysaccharide
(PND10LPS) group than in the control group
(A). No significant difference in body weight
on the day of PS was detected among the
groups (B). The cumulative frequency of PS
was significantly lower in the PND10LPS group
than in the control group during the period
from postnatal day (PND) 36 to 40 (C). Data
are presented as mean ± SE values.
*p < 0.05, **p < 0.01 vs. control.

and PND25LPS groups than in the control group, in which the testes
were removed and T was administered (p < 0.05) (Fig. 5A). The frequency of intromissions was significantly lower in the PND10LPS and
PND25LPS groups than in the control group (p < 0.05) (Fig. 5B).
Furthermore, the frequency of ejaculation was significantly lower in the
PND10LPS and PND25LPS groups than in the control group (p < 0.05)
(Fig. 5C).

3.2.3. Effects of T supplementation on the hypothalamic mRNA expression
levels of PRA + B, PRB, and GnRH in castrated rats
The hypothalamic mRNA expression levels of PRB, PRA + B, and
GnRH did not differ significantly among the 3 groups (Fig. 7A–C).
4. Discussion
It has been reported that experiencing immune, psychological, or
metabolic stress in the early neonatal period can have various longlasting effects on physiological functions in adulthood, e.g., it is associated with metabolic, psychological, and reproductive dysfunction.
Regarding reproductive functions, immune stress in the early neonatal
period suppressed hypothalamic Kiss1 mRNA expression in pre-pubertal
female rats (Knox et al., 2009), delayed sexual maturation in male and

3.2.2. Effects of T supplementation on serum hormone concentrations
The serum T and LH concentrations of the 3 groups did not differ
significantly (Fig. 6A and B).

Fig. 2. The total numbers of mounting, intermission, and ejaculation events in the 30-min observation period were significantly lower in the PND10LPS group than in
the control group (A, B, and C). Data are presented as mean ± SE values. **p < 0.01 vs. control.
166
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Fig. 3. The serum luteinizing hormone (LH) concentration did not differ significantly among the groups (A). However, the serum testosterone (T) concentration was
significantly lower in the PND10LPS and PND25LPS groups than in the control group (B). Data are presented as mean ± SE values. **p < 0.01 vs. control.

female rats (Knox et al., 2009; Walker et al., 2011; Wu et al., 2011),
disrupted the estrous cycle (Wu et al., 2011), reduced sexual behavior
in adulthood in male rats (Walker et al., 2011), and suppressed the
serum T concentrations of male rats (Iwasa et al., 2009).
In this study, we examined the relationship between sexual behavior
and serum T levels in adult male rats that experienced immune stress
during the neonatal period and found that the frequency of sexual behavior reduced, irrespective of the serum T concentration. This is the
first study to demonstrate that there is no relationship between the
serum T concentration and sexual behavior in male rats that are exposed to immune stress in the neonatal period.

In the current study, inducing immune stress with LPS in the neonatal period (on PND10 or 25) delayed sexual maturation in male rats.
This agrees with the study by Walker A et al., in which LPS injections
were administered on PND3 and 5 (Walker et al., 2011). In addition,
experiencing other kinds of stress, such as undernutrition, in the prenatal or early neonatal period can also delay sexual maturation in male
rats (Chernoff et al., 2009; Hernández-Arteaga et al., 2016). Female rats
that were subjected to prenatal undernutrition also exhibited delayed
sexual maturation (Iwasa et al., 2010a, b; Castellano et al., 2011). We
previously found that hypothalamic Kiss1 mRNA expression in the
pubertal period was decreased in prenatally undernourished rats, which

Fig. 4. The hypothalamic mRNA expression levels of progesterone receptor B (PRB) and gonadotropin-releasing hormone (GnRH) were significantly lower in the
PND10LPS and PND25LPS groups than in the control group (A and C). However, the hypothalamic PRA + B mRNA expression level did not differ significantly among
the groups (B). Data are presented as mean ± SE values. **p < 0.01 vs. control.
167
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Fig. 5. The numbers of mounting, intermission, and ejaculation events in the 30-min observation period were significantly lower in the PND10LPS and PND25LPS
groups than in the control group (A, B, and C). Data are presented as mean ± SE values. *p < 0.05 vs. control.

would have caused delayed sexual maturation (Iwasa et al., 2010a, b).
Furthermore, the injection of LPS strongly suppressed the serum T
concentrations of adult male rats that had previously been injected with
LPS in the neonatal period (Iwasa et al., 2009). In the present study, the
rats subjected to neonatal immune stress exhibited lower serum T
concentrations in adulthood than the control group. Therefore, the
hypothalamic-pituitary-gonadal (HPG) axis would have been suppressed in the pubertal period, resulting in delayed sexual maturation,
in the male rats that experienced immune stress in the neonatal period.
As for sexual behavior, in our study the frequencies of mounting,
intromission, and ejaculation were lower in the PND10LPS group than
in the control group, which is similar to Walker’s finding that the frequency of mounting was reduced by the injection of LPS during the
early neonatal period (Walker et al., 2011). Maternal separation during
the period from PND2-10, which is a model of psychological stress, also
prolonged the time to the first mount and intromission events, and

reduced the number of ejaculation events in male rats (Rhees et al.,
2001; Gerardin et al., 2005). Similarly, in another rat study maternal
restraint stress during gestation prolonged the time to the first
mounting/intromission events, reduced the number of ejaculation
events, and suppressed the serum T level in male offspring (Gerardin
et al., 2005; Pereira et al., 2006; Hernández-Arteaga et al., 2016). These
studies indicated that psychological or immune stress in the prenatal or
early neonatal period can suppress sexual behavior in adulthood in
male rats.
It is well known that immune stress in adulthood suppresses the
HPG axis by downregulating GnRH synthesis and the serum levels of LH
and T in male rats (Battaglia et al., 1997; Li et al., 2007; Walker et al.,
2011; Iwasa et al., 2012). However, there have not been any studies
about why experiencing immune stress in the neonatal period suppresses sexual behavior in adulthood. Exposure to stress in a specific
neonatal period called the stress hyporesponsive period (SHRP) has

Fig. 6. No significant differences in the serum T or LH concentration were seen among the 3 groups (A and B). Data are presented as mean ± SE values.
168
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Fig. 7. No significant differences in the hypothalamic mRNA expression levels of PRA + B, PRB, or GnRH were seen among the 3 groups (A, B, and C). Data are
presented as mean ± SE values.

long-lasting effects on physical functions (Walker et al., 1986). The
original SHRP was related to the HPA axis, but we have demonstrated
that an HPG axis-related SHRP also exists (Munkhzaya et al., 2015). For
example, the HPG axis and hypothalamic inflammatory cytokine expression were found to be hyporesponsive to immune stress in immature male and female rats (Munkhzaya et al., 2015). In fact, exposure
to immune stress in the early neonatal period; i.e., within the SHRP,
enhanced HPA axis activity (Shanks et al., 1995, 2000) and suppressed
HPG axis activity (Battaglia et al., 1997; Li et al., 2007; Walker et al.,
2011; Iwasa et al., 2012) in adulthood. Our previous studies and the
present study have shown that male rats that were given LPS in the
early neonatal period had lower serum T concentrations in adulthood
(Iwasa et al., 2009). It is also known that the HPG axis plays a critical
role in reproductive function and sexual behavior. Castration in adult
rats reduced sexual activity and serum T levels, and post-castration T
supplementation restored sexual activity, clearly indicating that T is a
stimulator of sexual behavior (Harding and Velotta, 2011). A previous
study examined the role of T in the mechanism by which stress in early
life suppresses sexual behavior in adulthood. As a result, it was found
that maternal restraint stress suppressed the serum T concentration and
sexual behavior in adulthood (Gerardin et al., 2005), and continuous
serum T replacement from PND22 in such animals restored sexual behavior in adulthood (Pereira et al., 2006), indicating that the suppression of the serum T concentration was responsible for the reduction in
sexual behavior observed in adulthood in this setting. On the other
hand, although exposure to immune stress in the neonatal period also
led to reductions in the serum T concentration and sexual behavior in
adulthood in male rats (Walker et al., 2011), continuous T supplementation from week 17 did not restore sexual behavior in the present
study. Differences in the types of stress and the timing of T supplementation could explain this discrepancy. However, in the current
study exposure to immune stress in the neonatal period seemed to
suppress sexual behavior in adulthood, irrespective of the serum T
level.
Hypothalamic factors, such as GnRH, corticotropin-releasing hormone (CRH), and Kiss1, are also important for regulating sexual behavior (Schiml and Rissman, 2000; Sakuma, 2002; Nakamura et al.,
2016). We previously reported that the injection of a high dose of LPS
into adult female rats suppressed hypothalamic Kiss1 and GnRH mRNA

expression (Iwasa et al., 2007, 2014). However, in the present study,
steady-state Kiss1 mRNA expression levels in adulthood were not influenced by neonatal immune stress, indicating that Kiss1 was not involved in the observed suppression of sexual behavior. Lim WL et al.
reported that maternal dexamethasone exposure decreased the number
and dendritic development of early postnatal GnRH-expressing neurons
in the organum vasculosum of the lamina terminalis/preoptic area (Lim
et al., 2014). Some of our present results might be explained by suppressed dendritic development in GnRH-expressing neurons, assuming
that this phenomenon occurs in rats exposed to LPS in the neonatal
period. In addition, in our study neonatal immune stress reduced hypothalamic GnRH mRNA expression and suppressed sexual behavior.
Therefore, suppressed dendritic development and/or lower hypothalamic expression of GnRH could help to explain the low sexual activity
levels seen in the male rats that were exposed to immune stress in the
neonatal period. Because LH is secreted in a pulsatile manner and
serum LH level varies over time (Dierschke et al., 1970; Turgeon et al.,
1974), one point measurement in our study might not be enough to
evaluate serum levels of LH. Therefore, we speculate that pulsatile secretion of LH would be suppressed in the LPS treated groups although
basal LH level was not suppressed. Moreover, we found that neonatal
immune stress decreased hypothalamic PRB mRNA expression in
adulthood. PR-expressing neurons in the VMHvl have been reported to
maintain mating behavior and aggression in male and female mice
(Yang et al., 2013). Furthermore, neonatal exposure to LPS suppressed
the serum progesterone level in adulthood in female rats (Nilsson et al.,
2002). Thus, lower hypothalamic PR expression could be another
reason for the low sexual activity seen in the male rats that were exposed to immune stress in the neonatal period.
Researchers have also focused on epigenetic mechanisms as a reason
for the long-term effects of stress in early life on physical functions in
later life. It has been reported that prenatal and neonatal stress induced
epigenetic modulations in the genome, such as DNA methylation and
histone acetylation (Henry et al., 1996; Tenk et al., 2008). For example,
the separation of neonatal male rats from their mothers, which is a form
of psychological stress, enhanced the hypothalamic CRH mRNA expression induced in response to restraint stress in adulthood, which was
found to be associated with decreased methylation of the CRH promoter
(Chen et al., 2012). The separation of neonatal male mice from their
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mothers also resulted in decreased methylation of the pro-opiomelanocortin (POMC) promoter in the pituitary gland (Wu et al., 2014), and
increased POMC mRNA expression in the pituitary gland combined
with elevated serum levels of corticosterone under stressful conditions
or at the peak of the circadian rhythm in adulthood (Murgatroyd et al.,
2009). It has also been reported that the DNA methylation of the arginine vasopressin (AVP) enhancer region was decreased in the hypothalamus, the AVP mRNA expression level was increased, and the
frequency of depression-like behavior was increased in such mice. On
the other hand, the DNA methylation level in the hippocampus was
markedly increased in adulthood in such mice (McCoy et al., 2016).
Numerous epigenetic modulations are seen in the brains of adult animals that experience stress in early life. Therefore, an epigenetic mechanism, such as the DNA hypermethylation of the promoter of the PR
gene or hypoacetylation of PR-associated histone molecules, which
could have resulted in a reduction in sexual behavior, might have been
involved in the lower hypothalamic expression of PR mRNA detected in
the male rats exposed to neonatal immune stress in the present study.
Although the administration of T after castration meant that the reduction in hypothalamic PR mRNA expression observed in adulthood
was not significant, lower PR expression might contribute to the suppression of sexual behavior in neonatally stressed male rats. Prenatal
and neonatal stress can have long-term suppressive effects on sexual
behavior in male rats; however, these effects differed among previous
studies and are mediated by various factors. The mechanism responsible for the reduction in sexual behavior seen in male rats exposed
to immune stress in the neonatal period remains to be elucidated.
In conclusion, in male rats immune stress in the neonatal period
delayed sexual maturation, reduced sexual behavior, and suppressed
the serum T concentration and the hypothalamic mRNA levels of GnRH
and PR in adulthood. The delayed sexual maturation was presumed to
have been caused by the reduction in the serum T concentration.
However, the reduction in the frequency of sexual behavior occurred
irrespective of the serum T level and might have been caused by the
epigenetic modulation of hypothalamic factors.

2011. Early metabolic programming of puberty onset: impact of changes in postnatal
feeding and rearing conditions on the timing of puberty and development of the
hypothalamic kisspeptin system. Endocrinology. 152, 3396–3408.
Chen, J., Evans, A.N., Liu, Y., Honda, M., Saavedra, J.M., Aguilera, G., 2012. Maternal
deprivation in rats is associated with corticotrophin-releasing hormone (CRH) promoter hypomethylation and enhances CRH transcriptional responses to stress in
adulthood. J. Neuroendocrinol. 24, 1055–1064.
Chernoff, N., Gage, M.I., Stoker, T.E., Cooper, R.L., Gilbert, M.E., Rogers, E.H., 2009.
Reproductive effects of maternal and pre-weaning undernutrition in rat offspring: age
at puberty, onset of female reproductive senescence and intergenerational pup.
Growth and viability. Reprod. Toxicol. 28, 489–494.
Davidson, J.M., 1966. Activation of the male rat’s sexual behavior by intracerebral implantation of androgen. Endocrinology 79, 783–794.
De Vries, G.J., Wang, Z., Bullock, N.A., Numan, S., 1994. Sex differences in the effects of
testosterone and its metabolites on vasopressin messenger RNA levels in the bed
nucleus of the stria terminalis of rats. J. Neurosci. 14, 1789–1794.
Dierschke, D.J., Bhattacharya, A.N., Atkinson, L.E., Knobil, E., 1970. Circhoral oscillations of plasma LH levels in the ovariectomized rhesus monkey. Endocrinology 87,
850–853.
Ellis, S., Mouihate, A., Pittman, Q.J., 2005. Early life immune challenge alters innate
immune response to lipopolysaccharide: implications for host defense as adults.
FASEB J. 19, 1519–1521.
Engelbregt, M.J., Houdijk, M.E., Popp-Snijders, C., Delemarre-van de Waal, H.A., 2000.
The effects of intra-uterine growth retardation and postnatal undernutrition on onset
of puberty in male and female rats. Pediatr. Res. 48, 803–807.
Gerardin, D.C., Pereira, O.C., Kempinas, W.G., Florio, J.C., Moreira, E.G., Bernardi, M.M.,
2005. Sexual behavior, neuroendocrine, and neurochemical aspects in male rats exposed prenatally to stress. Physiol. Behav. 84, 97–104.
Godfrey, K.M., Barker, D.J., 2000. Fetal nutrition and adult disease. Am. J. Clin. Nutr. 71,
1344S–1352S.
Govic, A., Kent, S., Levay, E.A., Hazi, A., penman, J., Paolini, A.G., 2008. Testosterone,
social and sexual behavior of prenatally and lifelong calorie restricted offspring.
Physiol. Behav. 94, 516–522.
Gresham, R., Li, S., Adekunbi, D.A., Hu, M., Li, X.F., O’Byrne, K.T., 2016. Kisspeptin in the
medial amygdala and sexual behavior in male rats. Neurosci. Lett. 627, 13–17.
Harding, S.M., McGinnis, M.Y., 2003. Effects of testosterone in the VMN on copulation,
partner preference, and vocalizations in male rats. Horm. Behav. 43, 327–335.
Harding, S.M., Velotta, J.P., 2011. Comparing the relative amount of testosterone required to restore sexual arousal, motivation, and performance in male rats. Horm.
Behav. 59, 666–673.
Henry, C., Arsaut, J., Arnauld, E., Demotes-Mainard, J., 1996. Transient neonatal elevation in hypothalamic estrogen receptor mRNA in prenatally-stressed male rats.
Neurosci. Lett. 216, 141–145.
Hernández-Arteaga, E., Hernández-González, M., Rentería, M.L.R., Almanza-Sepúlvede,
M.L., Guevara, M.A., Silva, M.A., Jaime, H.B., 2016. Prenatal stress alters the developmental pattern of behavioral indices of sexual maturation and copulation in
male rats. Physiol. Behav. 163, 251–257.
Hodgson, D.M., Knott, B., Walker, F.R., 2001. Neonatal endotoxin exposure influences
HPA responsivity and impairs tumor immunity in Fischer 344 rats in adulthood.
Pediatr. Res. 50, 750–755.
Hrat, B.L., Leedy, M.G., 1985. Neurological bases of male sexual behavior. In: In: Adler,
N., Pfaff, D., Goy, R.W. (Eds.), Handbook of Behavioral Neurobiology, vol 2. Plenum
Press, New York, pp. 373–422.
Iwasa, T., Matsuzaki, T., Kiyokawa, M., Shimizu, F., Minakuchi, M., Kuwahara, A.,
Maegawa, M., Yasui, T., Irahara, M., 2007. The type 2 corticotrophin-releasing hormone receptor mediates orexin A-induced luteinizing hormone suppression in ovariectomised rats. J. Neuroendocrinol. 19, 732–738.
Iwasa, T., Matsuzaki, T., Murakami, M., Kinouchi, R., Ogata, R., Kuwahara, A., Yasui, T.,
Irahara, M., 2009. Neonatal lipopolysaccharide exposure attenuates the homotypic
stress-induced suppression of LH secretion in adulthood in male rat. Int. J. Dev.
Neurosci. 27, 345–349.
Iwasa, T., Matsuzaki, T., Murakami, M., Fujisawa, S., Kinouchi, R., Gereltsetseg, G.,
Kuwahara, A., Yasui, T., Irahara, M., 2010a. Effects of intrauterine undernutrition on
hypothalamic Kiss1 expression and the timing of puberty in female rats. J. Physiol.
(Paris) 588, 821–829.
Iwasa, T., matsuzaki, T., Murakami, M., Kinouchi, R., Gereltsetseg, G., Fujisawa, S., kuwahara, A., Yasui, T., Irahara, M., 2010b. Sensitivities of mRNA expression levels of
Kiss1 and its receptor, Kiss1r, to nutritional status are changed during the developmental period in female rats. J. Endocrinol. 207, 195–202.
Iwasa, T., Matsuzaki, T., Murakami, M., Kinouchi, R., Gereltsetseg, G., Nakazawa, H.,
Yamamoto, S., Kuwahara, A., Yasui, T., Irahara, M., 2012. Effect of lipopolysaccharide exposure at different postnatal points on the response of LH to homotypic
stress in adulthood. J. Reprod. Immunol. 94, 155–160.
Iwasa, T., Matsuzaki, T., Tungalagsuvd, A., Munkhzaya, M., Kawami, T., Niki, H., Kato,
T., Kuwahara, A., Uemura, H., Yasui, T., Irahara, M., 2014. Hypothlamic Kiss1 and
PFRP gene expression are changed by a high dose of lipopolysaccharide in female
rats. Horm. Behav. 66, 309–316.
Iwasa, T., Matsuzaki, T., Tungalagsuvd, A., Munkhzaya, M., Yiliyasi, M., Kato, T.,
Kuwahara, A., Irahara, M., 2016. Effects of chronic testosterone administration on
body weight and food intake differ among pre-pubertal, gonadal-intact, and ovariectomized female rats. Behav. Brain Res. 309, 35–43.
Jansen, H.T., Popiela, C.L., Jackson, G.L., Iwamoto, G.A., 1993. A re-evaluation of the
effects of gonadal steroids on neuronal activity in the male rat. Brain Res. Bull. 31,
217–223.
Kauffman, A.S., Gottsch, M.L., Roa, J., Byquist, A.C., Crown, A., Clifton, D.K., Hoffman,
G.E., Steiner, R.A., Tena-Sempere, M., 2007. Sexual differentiation of Kiss1 gene

Conflicts of interest
The authors declare that no conflicts of interest exist.
Human and animal rights
This article does not contain any experiments involving human
subjects. All of the institutional and national guidelines for the care and
use of laboratory animals were followed. The protocol for the research
project was approved by a suitably constituted ethics committee.
Acknowledgement
This study was supported by KAKENHI grants from the Japan
Society for the Promotion of Science (grant Nos. JP24592472 and
JP24592473), Tokyo, Japan.
References
Ågmo, A., 1997. Male rat sexual behavior. Brain Res. Protoc. 1, 203–209.
Barker, D.J., 1995. The fetal and infant origins of disease. Eur. J. Clin. Invest. 25,
457–463.
Battaglia, D.F., Bowen, J.M., Krasa, H.B., Thrun, L.A., Viguié, C., Karsch, F.J., 1997.
Endotoxin inhibits the reproductive neuroendocrine axis while stimulating adrenal
steroids: a simultaneous view from hypophyseal portal and peripheral blood.
Endocrinology 138, 4273–4281.
Beach, F.A., Holz-Tucker, A.M., 1949. Effects of different concentrations of androgen
upon sexual behavior in castrated male rats. J. Comp. Physiol. Psychol. 42, 433–453.
Boisse, L., Mouihate, A., Ellis, S., Pittman, Q.J., 2004. Long-term alterations in neuroimmune responses after neonatal exposure to lipopolysaccharide. J. Neurosci. 24,
4928–4934.
Castellano, J.M., Bentsen, A.H., Sanchez-Garrido, A., Ruiz-Pino, F., Romero, M., GarciaGaliano, D., Aguilar, E., Pinilla, L., Dieguez, C., Mikkelsen, J.D., Tena-Sempere, M.,

170

International Journal of Developmental Neuroscience 71 (2018) 163–171

Y. Mayila et al.
expression in the brain of the rat. Endocrinology 148, 1774–1783.
Kendrick, K.M., 1983. Electrophysiological effects of testosterone on the medial preoptic–anterior hypothalamus of the rat. J. Endocrinol. 96, 35–42.
Knox, A.M.I., Li, X.F., Kisney-Jones, J.S., Wilkinson, E.S., Wu, X.Q., Cheng, Y.S., Milligan,
S.R., Lightman, S.L., O’Byrne, K.T., 2009. Neonatal lipopolysaccharide exposure delays puberty and alters hypothalamic Kiss1 and Kiss1r mRNA expression in the female
rat. J. Neuroendocrinol. 21, 683–689.
Laplante, D.P., Brunet, A., Schmitz, N., Ciampi, A., King, S., 2008. Project ice storm:
prenatal maternal stress affects cognitive and linguistic functioning in 5 1/2-Year-Old
children. J. Am. Acad. Child Adolesc. Psychiatry 47, 1063–1072.
Li, X.F., Kinsey-Jones, J.S., Knox, A.M., Wu, X.Q., Tahsinsoy, D., Brain, S.D., Lightman,
S.L., O’Byrne, K.T., 2007. Neonatal lipopolysaccharide exposure exacerbates stressinduced suppression of luteinizing hormone pulse frequency in adulthood.
Endocrinology 148, 5984–5990.
Lim, W.L., Soga, T., Parhar, I.S., 2014. Maternal dexamethasone exposure during pregnancy in rats disrupts gonadotropin-releasing hormone neuronal development in the
offspring. Cell Tissue Res. 355, 409–423.
Malmnäs, C.O., 1977. Short-latency effect of testosterone on copulatory behavior and
ejaculation in sexually experienced intact male rats. J. Repord. Fert. 51, 351–354.
Matsuzaki, T., Munkhzaya, M., Tungalagsuvd, A., Mayila, Y., Iwasa, T., Yano, K.,
Yanagihara, R., Tokui, T., Kato, T., Kuwahara, A., Matsui, S., Irahara, M., 2017.
Prenatal undernutrition disrupted the sexual maturation, but not the sexual behavior,
in male rats. Reprod. Med. Biol. 16, 325–329.
McCoy, C.R., Rana, S., Stringfellow, S.A., Day, J.J., Wyss, J.M., Clinton, S.M., Kerman,
I.A., 2016. Neonatal maternal separation stress elicits lasting DNA methylation
changes in the hippocampus of stress-reactive Wistar Kyoto rats. Eur. J. Neurosci. 44,
2829–2845.
Meisel, R.L., Sachs, B.D., 1994. The physiology of male sexual behavior. In: Knoobi, E.,
Neill, J. (Eds.), The Physiology of Reproduction, 2nd ed. Raven Press, New York, pp.
3–105.
Munkhzaya, M., Matsuzaki, T., Iwasa, T., Tungalagsuvd, A., Kawami, T., Kato, T.,
Kuwahara, A., Irahara, M., 2015. The suppressive effect of immune stress on LH secretion is absent in the early neonatal period in rats. Int. J. Dev. Neurosci. 46, 38–43.
Murgatroyd, C., Patchev, A.V., Wu, Y., Micale, V., Bockmühl, Y., Fischer, D., Holsboer, F.,
Wotjak, C.T., Almeida, O.F., Spengler, D., 2009. Dynamic DNA methylation programs
persistent adverse effects of early-life stress. Nat. Neurosci. 12, 1559–1566.
Nakamura, S., Uenoyama, Y., Ikegami, K., Dai, M., Watanabe, Y., Takahashi, C.,
Hirabayashi, M., Tsukamura, H., Maeda, K.I., 2016. Neonatal kisspeptin is steroidindependently required for defeminisation and peripubetal kisspeptin-induced testosterone is required for masculinisation of the brain: a behavioural study using Kiss1
knockout rats. J. Neuroendocrinol. 28 10.1111/jne.12409.
Nilsson, C., Jennische, E., Ho, H.P., Eriksson, E., Bjorntorp, P., Holmang, A., 2002.
Postnatal endotoxin exposure results in increased insulin sensitivity and altered activity of neuroendocrine axes in adult female rats. Eur. J. Endocrinol. 146, 251–260.
Park, J.H., Stoffers, D.A., Nicholls, R.D., Simmons, R.A., 2008. Development of type 2
diabetes following intrauterine growth retardation in rats is associated with progressive epigenetic silencing of Pdx1. J. Clin. Invest. 118, 2316–2324.
Pereira, O.C., Bernardi, M.M., Gerardin, D.C., 2006. Could neonatal testosterone replacement prevent alterations induced by prenatal stress in male rats? Life Sci. 78,
2767–2771.
Pfaff, D.W., Pfaffmann, C., 1969. Olfactory and hormonal influences on the basal forebrain of the male rat. Brain Res. 15, 137–156.
Rhees, R.W., Lephart, E.D., Eliason, D., 2001. Effects of maternal separation during early
postnatal development on male sexual behavior and female reproductive function.

Behav. Brain Res. 123, 1–10.
Sakuma, Y., 2002. GnRH in the regulation of female rat sexual behavior. Prog. Brain Res.
141, 293–301.
Schiml, P.A., Rissman, E.F., 2000. Effects of gonadotropin-releasing hormones, corticotropin-releasing hormone, and vasopressin on female sexual behavior. Horm. Behav.
37, 212–220.
Shanks, N., Larocque, S., Meaney, M.J., 1995. Neonatal endotoxin alters the development
of the hypothalamic-pituitary-adrenal axis: early illness and later responsivity to
stress. J. Neurosci. 15, 376–384.
Shanks, N., Windle, R.J., Perks, P.A., Harbuz, M.S., Jessop, D.S., Ingram, C.D., Lightman,
S.L., 2000. Early-life exposure to endotoxin alters hypothalamic-pituitary-adrenal
function and predisposition to inflammation. Proc. Natl. Acad. Sci. U.S.A. 97,
5645–5650.
Simerly, R.B., Chang, C., Muramatsu, M., Swanson, L.W., 1990. Distribution of androgen
and estrogen receptor mRNA-containing cells in the rat brain: an in situ hybridization
study. J. Comp. Neurol. 294, 76–95.
Stoker, T.E., Laws, S.C., Guidici, D.L., Cooper, R.L., 2000. The effect of atrazine on
puberty in male Wistar rats: an evaluation in the protocol for the assessment of
pubertal development and thyroid function. Toxicol. Sci. 58, 50–59.
Stone, C.P., 1939. Copulatory activity in adult male rats following castration and injections of testosterone propionate. Endocrinology 24, 165–174.
Tenk, C.M., Kavaliers, M., Ossenkopp, K.P., 2008. Sexually dimorphic effects of neonatal
immune system activation with lipopolysaccharide on the behavioural response to a
homotypic adult Immune challenge. Int. J. Dev. Neurosci. 26, 331–338.
Tungalagsuvd, A., Matsuzaki, T., Iwasa, T., Munkhazaya, M., Yiliyasi, M., Kawami, T.,
Kato, T., Kuwahara, A., Irahara, M., 2016. The expression of orexigenic and anorexigenic factors in middle–aged female rats that had been subjected to prenatal undernutrition. Int. J. Dev. Neurosci. 49, 1–5.
Turgeon, J.L., Barraclough, C.A., Greisman, S.E., 1974. Pulsatile plasma LH rhythms in
normal and androgen-sterilized ovarietomized rats: effects of estrogen treatment.
Proc. Soc. Exp. Biol. Med. 145, 821–825.
Urban, J.H., Bauer-Dantoin, A.C., Levine, J.E., 1993. Neuropeptide Y gene expression in
the arcuate nucleus: sexual dimorphism and modulation by testosterone.
Endocrinology 132, 139–145.
Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De paepe, A.,
Speleman, F., 2002. Accurate normalization of real-time quantitative RT-PCR data by
geometric averaging of multiple internal control genes. Genome Biol. 3
RESEARCH0034.
Walker, C.D., Perrin, M., Vale, W., Rivier, C., 1986. Ontogeny of the stress response in the
rat: role of the pituitary and the hypothalamus. Endocrinology 118, 1445–1451.
Walker, A.K., Hiles, S.A., Sominsky, L., McLaughlin, E.A., Hodgson, D.M., 2011. Neonatal
lipopolysaccharide exposure impairs sexual development and reproductive success in
the Wistar rat. Brian Behavior. Immunol. 25, 674–684.
Wu, X.Q., Li, X.F., Ye, B., Popat, N., Milligan, S.R., Lightman, S.L., O’Byrne, K.T., 2011.
Neonatal programming by immunological challenge: effect on ovarian function in the
adult rat. Reproduction 141, 241–248.
Wu, Y., Patchev, A.V., Daniel, G., Almeida, O.F., Spengler, D., 2014. Early-life stress reduces DNA methylation of the Pomc gene in male mice. Endocrinology 155,
1751–1762.
Yang, C.F., Chiang, M.C., Gray, D.C., Prabhakaran, M., Alvarado, M., Juntti, S.A., Unger,
E.K., Wells, J.A., Shah, N.M., 2013. Sexually dimorphic neurons in the ventromedial
hypothalamus govern Mating in both sexes and aggression in males. Cell 153,
896–909.

171

