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1995; Schoenherr et al, 1996; Kallunki et al, 1997) modulate
expression of NCAM and L1 mRNAs, respectively. Thus, the observed
alteration of NCAM and L1 mRNA expression in our bipolar disorder
patients may due to the aberrant regulation of other transcriptional
mechanisms such as TGF- and NRSF. Further studies are needed to
elucidate the molecular mechanisms responsible for the altered ex-
pression of these genes in bipolar disorder patients.

Another important finding of our study are the significant
differences in the expression levels of NCAM-140 mRNA between
suppressors and non-suppressors of Dex/CRH test in mood disorder
patients. Non-suppression of the Dex/CRH test is thought to be
indicative of a blunted response to increased glucocorticoid via GR
(Holsboer, 2000; Pariante and Miller, 2001). Our previous report in-
dicated the lack of a significant difference in the expression levels of
GRa or GRB mRNAs between suppressors and non-suppressors of
Dex/CRH test in mood disorder patients (Matsubara et al., 2006).
Accordingly, these findings also suggest that the decreased expression
of NCAM-140 mRNA in non-suppressors of mood disorder patients
might be induced by a GR-independent mechanism. It is known that
many neurotransmitters and hormones such as arginine vasopressin,
gamma-aminobutyric acid and glutamate are also involved in the
regulation of the HPA axis. Further studies should examine whether
NCAM-140 mRNA reduction is associated with an aberrant regulation
of the HPA axis in mood disorder patients.

Recent report has been suggested that the problems in information
processing within neural networks might underlie depression (Castren,
2005). It should be noted that NCAM and L1 are thought to be important
players on neural connectivity and structural remodeling related to stress
and mood disorders (Sandi, 2004; Sandi and Bisaz, 2007). Actually,
animal studies have suggested roles for NCAM and L1 in the patho-
physiology of mood disorders through a dysregulation of neuronal
structural plasticity (Tomasiewicz et al., 1993; Cremer et al., 1994; Dahme
et al,, 1997; Fransen et al, 1998). NCAM knock-out (KO) mice showed
deficits in learning and memory, impaired hippocampal long-term
potentiation (Cremer et al. 1994; Bukalo et al,, 2004), reduced exploratory
activity (Stork et al. 1997) and increased anxiety behavior (Stork et al,
1999). Conversely, conditional L1 KO mice showed increased basal
synaptic activity in CA1 of the hippocampus and decreased anxiety
behavior (Law et al., 2003). Thus, NCAM and L1 may have opposite rolesin
the regulation of synaptic plasticity and emotional behavior. In addition,
we previously reported that chronically stressed rats showed a significant
shortening and debranching of apical dendrites in CA3 pyramidal
neurons of the hippocampus (Watanabe et al, 1992). Interestingly,
chronically stressed rats showed a specific reduction of NCAM-140 mRNA
and protein levels without any change in NCAM-180 mRNA levels and
increased expression of L1 mRNA and protein in the hippocampus (Sandi
et al,, 2001; Touyarot and Sandi, 2002; Venero et al, 2002). Although
these results were observed in the rodent brain, the altered expression of
NCAM-140 and L1 mRNA were similar to our data in peripheral white
blood cells of bipolar disorder patients in a depressive state.

It is not known what effects the altered expression of NCAM and L1
has in the peripheral tissues of bipolar disorder patients. NCAM-140 is
also known as CD56 in immune system, and natural killer (NK) cells
are characterized by their expression of CD56 and/or CD16 antigen.
Several reports have indicated decreased numbers of CD56" NK cells
or lower NK activity in peripheral blood of major depressive disorder
patients (Seidel et al, 1996; Pike and Irwin, 2006), suggesting the
altered function of the immune system in a depressed state of bipolar
disorders. At the molecular level, it has been shown that glial cell line-
derived neurotrophic factor (GDNF) binds directly to NCAM-140 with
high affinity (Paratcha et al,, 2003). Furthermare, decreased levels of
whole blood GDNF in bipolar disorder patients was reported
(Takebayashi et al., 2006), suggesting a possible involvement of a
dysregulation of GDNF-NCAM pathway in bipolar disorders. In
addition, increased levels of oxidative DNA damage and apoptosis
have been observed in blood lymphocytes of depressive patients

(Forlenza and Miller, 2006; Ivanova et al, 2007). It has been reported
that GDNF may contribute to reduce oxidative stress-induced cell
death (Burke et al., 1998). Moreover, a protective role against oxidative
stress-related cell damage has been proposed for NCAM-140 (Feng
et al., 2002).

A limitation of our study is that most patients were on medication,
thus we could not exclude the influence of medication on the
expression levels of CAMs. A previous report indicated that treatment
with valproic acid increased the expression levels of NCAM mRNA and
protein in vitro (Lampen et al., 2005), whereas the treatment of mood
disorder patients with medication did not change the concentrations
of NCAM in CSF (Poltorak et al., 1996) and the expression levels of
NCAM were not affected in lithium-treated rats (Plenge et al, 1992).
On the other hand, the expression of L1 mRNA in the hippocampus of
rats was increased by chronic administration of antidepressants
(Laifenfeld et al, 2005a). In addition, postmortem study of major
depression indicated that the protein levels of L1 in unmedicated
subjects were lower than in medicated subjects (Laifenfeld et al.
2005b). These findings were not consistent with our study and further
study conducted with medication-free subjects is needed.

5. Conclusion

Our results suggest that the reciprocal alteration in the expressions
of NCAM-140 and L1 mRNA could be state-dependent and more
relevant to the pathophysiology of bipolar disorder rather than that of
major depressive disorder.
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ARTICLE INFO ABSTRACT
Article history: Glyoxalase-1 (Glo1) is an antioxidant enzyme which detoxifies a-ketoaldehydes to prevent the accu-
Received 17 September 2007 lation of pro-oxidant compounds, such as methylglyoxal, in all cell types. Glol has been suggested
Recelved ';' revised form 9 April 2008 to be involved in anxiety disorders, autism, and Alzheimer’s disease. Mood disorders have 2 high rate
Accepred 9 Apm) 2008 of comorbidity with anxiety disorders although, to date, little is known of the involvement of Glo1 in
- the pathophysiology of these conditions. In the present study, we examined the expression levels of
m; et Glo1 mRNA in peripheral white blood cells of mood disorder patients to understand the role of Glol in
Major degicession mood disorders, Quantitative real-time polymerase chain reaction experiments revealed that reduced
Bipolar disorder expression of Glol mRNA was observed in major depressive and bipolar disorder patients in a current
Glyaxalase-1 depressive state, as compared with healthy control subjects. In contrast, the expression of Glo1 mRNA in
Oxidative stress major depressive and bipolar patients, in a remissive state, showed no significant alteration when com-

pared with healthy control subjects, These results suggest that the aberrant expression of Glo1 might be
involved in the pathophysiology of mood disorders.

© 2008 Elsevier Ireland Ltd. All rights reserved.

A growing body of evidence has implicated a role of chronic or mod-
erate oxidative stress in the pathogenesis of anxiety in humans
[2]. Previous clinical investigations have reported an imbalance
of antioxidant enzyme activities in patients with social phobia
and obsessive-compulsive disorder [17]. Glyoxalase-1 (Clo1) is an
antioxidant enzyme that, together with the cofactor glutathione, is
involved in the detoxification of c-ketoaldehydes, thereby prevent-
ing the accumulation of pro-oxidant compounds such as methyl-
glyoxal [27,28]. The association between altered Glo1 expression
levels and anxiety disorders in mice supports the hypothesis that
Glo1 is involved in the pathogenesis of these conditions [11,15].
The manifestation of anxiety in a number of psychiatric dis-
orders such as generalized anxiety disorder, depressive disorder,
panic disorder, phobia, obsessive-compulsive disorder and post-
traumatic stress disorder [6] highlights the importance of gaining
a better understanding of common biomarkers for these disor-
ders. The significant association between anxiety and depression
in behavioral studies [15] resembles the clinical situation of a high
comorbidity between anxiety disorders and major depressive dis-
order [18]. Although Glo1 has been reported to be associated with
anxiety [22], little is known about the involvement of Glo1 in the
pathophysiology of mood disorders. To investigate the role of Glo1
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inthe pathophysiology ofmood disorders, we examined the expres-
sion levels of Glol mRNA in the peripheral white blood cells of
major depressive and bipolar disorder patients in a depressive, as
well as a remissive, state.

Major depressive and bipolar disorder patients were diagnosed
according to the criteria in the Diagnostic and Statistical Manual
of Mental Disorders, fourth edition (DSM-IV) [1]. These included
both outpatients and inpatients of the Division of Neuropsychiatry
of the Yamaguchi University Hospital. The extent of the depres-
sive state was assessed by a 21-item “Hamilton depression rating
scale” (HDRS). Subjects were classified as being under a current
depressive state when they showed a score of more than 18 on
HDRS and met the DSM-IV criteria for a major depressive episode.
Subjects were classified as being in remission when they showed a
score of less than six on HDRS and did not show any symptoms of
a major depressive episode in the DSM-IV criteria for more than 2
months. Individuals were excluded from the present study if they
had abnormal physical examinations or abnormal results for rou-
tine medical laboratory tests such as a complete blood count and
renal, liver or thyroid function. Female subjects who were preg-
nant or took oral contraceptives were also excluded. All healthy
control subjects were screened to exclude significant current or
past medical or neurological illnesses, significant alcohol or drug
abuse and past or current axis [ psychiatric ilinesses. This proto-
col was approved by the Institutional Review Board of Yamaguchi
University Hospital. Informed written consent was obtained for all
subjects.
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Blood sample preparation, total RNA isolation and cDNA syn-
thesis were performed as previously described [19]. In brief, blood
was obtained by vein puncture between 10:00a.m. and 11:00 a.m.
and total RNA was isolated using the QlAamp RNA blood mini kit
(Qiagen, Chatsworth, CA) according to the manufacturer’s manual.
One microgram of total RNA was used for cDNA synthesis using
random hexamer primers and omniscript reverse transcriptase
(Qiagen). The cDNA was stored at —80°C until use. Quantitative
real-time polymerase chain reaction (PCR) was performed in an
Applied Biosystems 7300 fast real-time PCR system with SYBR
green PCR master mix (Applied Biosystems, Foster City, CA), as
previously reported [19]. PCR conditions were 15 min at 95°C, 45
cycles of 155 at 95°C and 30s at 60 °C. Amplification of the single
PCR product was confirmed by monitoring the dissociation curve
and electrophoresis on 1% agarose gels stained with ethidium
bromide. The expression level of GAPDH mRNA was used for nor-
malization and the expression value was normalized by dividing
the mean of the value for control subjects. All measurements were
performed in duplicate and two-independent experiments were
conducted, The following PCR primers were used: Glo1 forward,
5'-CGAGGATTCGGTCATATTGG-3'; Glo1 reverse, 5'-CCAGGCCTTTC-
ATTTTACCA-3'; GAPDH forward, 5'-CAGCCTCAAGATCATCAGCA-3;
GAPDH reverse, 5-TGTGGTCATGAGTCCTTCCA-3. A subgroup
of subjects in a current depressive state underwent the dex-
amethasone (Dex)/corticotropin-releasing hormone (CRH) test
as previously reported [19). All data are expressed as means=
standard error of the mean (SEM). Statistical analysis was per-
formed with commercial software (SPSS version 16.0; Chicago, IL).
Multivariable analysis was conducted using Glo1 mRNA level as
a dependent variable and with age, gender, state {depressive and
remissive states) and type of drugs used (antidepressants and mood
stabilizers) as independent variables. Gender distribution was ana-
lyzed by the y?-test. The data of Glo1 mRNA levels were subjected
to a factorial analysis of variance (ANOVA) followed by post hoc
comparison (Dunnett test). The Spearman rank correlation was
calculated to assess the correlation between data. Two group com-
parisons, such as suppressors and non-suppressors of the Dex/CRH
test on Glo1 mRNA expression, were performed using the Student’s
t-test. In all cases, p-values were two-tailed, and comparisons were
considered to be statistically significant for p <0.05.

Table 1 shows the demographic and clinical characteristics of
the subjects used in this study. The mean ages were not signifi-
cantly different among major depressive disorder patients, bipolar
disorder patients and healthy control subjects (Fz 104)=1.84,
p=0.16). Regarding the gender distribution, bipolar disorder
patients showed a significantly larger ratio of females to males

118 &
§§ %{s 34

Control MDD BPD

Fig. 1. Expression levels of Glol mRNA for mood disorder patients in a current
depressive state. Quantitative real-time PCR experiments revealed reduced expres-
sion levels of Glol mRNA (open circles) for major depressive disorder patients ina
current depressive state (MDD, n=20) and bipolar disorder patients (BPD, n=13).as
compared to normal control subjects (n=28). Data is represented as means = S.EM.
(control, open square; MDD, open diamond: BPD, closed diamond), Asterisk repre-
sents statistically significant difference ar p <0.05.

(% = 11.77, p=0.001). Multivariable analyses demonstrated that the
variable “state (depressive and remissive states)” was solely and
significantly associated with the expression level of Glol mRNA
(p =0.004), when analyzed together with the control variables: age,
gender, and type of drugs used (antidepressants and mood stabiliz-
ers). Quantitative real-time PCR experiments revealed that reduced
expression of Glo1 mRNA was observed in major depressive disor-
der patients (F3, sg) =5.70, p<0.01) and bipolar disorder patientsin
a current depressive state (F ss)=5.70, p<0.05), compared with
healthy control subjects (Fig. 1). In a remissive state, by contrast,
there was no significant difference in the expression levels of Glo1
mRNA in major depressive disorder patients (F3 gg)=0.19, p=0.82)
or bipolar disorder patients (F3 gg;=0.19, p=1.00), compared with
healthy control subjects (Fig. 2). There was a significant correlation
between Glol mRNA levels and HDRS scores in major depressive
disorder patients (r=-0.358, p=0.005) (Fig. 3), but not in bipolar
disorder patients (r=-0.198, p=0.187).

Dysfunction of the hypothalamic-pituitary-adrenal (HPA) sys-
temn is the most characteristic biological alteration found in the
majority of depressed patients. Accumulating evidence suggests

“Table 1
Demographic and clinical characteristics of subjects
Controls Patients
MDD BFD
Depressive Remissive Depressive Remissive
Number of subjects 28 20 40 13 33
Mean age (years) 500418 523135 572+22 555135 527226
Gender (male/female) 15/13 10/10 15/25 m 7126
HDRS 259x18 33=02 246=10 28=02
Medication
No medication 28 3 4 1 0
SSRI/SNRI o 10 38 L] 9
TCAfother antilepressants 0 23 28 6 14
Li 0 (1] 2 4 17
VPA 0 0 1] 7 15
8z 0 o o 2 g
MDD, major depressive disorder; BPD, bipolar disorder; HORS, Hamilton d. rating scale; SSRI, selective in reuptake inhit SNRIL d

reuptake inhibitor; TCA, tricyclic antidepressant; Li lithium; VPA. valproic acbr.l CBZ carbamazepine.
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Fig. 2. Expression levels of Glol mRNA for mood d P ina i
state. Quantitative real-time PCR experi led that of Glol
mRNA (open circles) for major disorder p ina issive state

(MDD, n =40} and bipolar disorder patients (BPD, n = 33) were not significantly differ-
ent to that of normal control subjects (n=28). Data is represented as means = S.EM,
(control, open square; MDD, open diamond; BPD, closed diamond ).

that the combined Dex/CRH test is highly sensitive and is able to
detect HPA system abnormalities [10], ACTH and cortisol responses
to this test are exaggerated in depressed patients [7.8]. To examine
the association between Glo1 mRNA levels and HPA axis activity, the
mRNA levels for Glo1 of mood disorder patients in a current depres-
sive state were compared between suppressors (n=11: 8 major
depressive disorder patients and three bipolar disorder patients)
and non-suppressors (n=15; 8 major depressive disorder patients
and seven bipolar disorder patients) of the Dex/CRH test. There
was no significant difference in the expression levels of Glol mRNA
between suppressors and non-suppressors (F;, 24 = 3.68, p=0.67).
In addition, there was no significant. correlation between Glo1
mRNA levels and the plasma cortisol concentration in healthy con-
trol subjects (r=—0.09, p=0.72), major depressive disorder patients
{r=0.42, p=0.27) or bipolar disorder patients (r=-0.50, p=0.39).
Previous reports have suggested the involvement of Glo1 in neu-
ropsychiatric disorders, including anxiety disorders and autism. A
significant association of the Glo1 Ala111Glu polymorphism has
been observed in a subgroup of patients with panic disorder with-
out agoraphobia [22] and patients with autism [12]. Reduced Glo1
enzyme activity has also been observed in the brains of patients
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Fig. 3. Significant inverse correlation berween HDRS scores and Glo1 mRNA lev-
els was found in the major depressive disorder patients (n=60). HDRS, Hamilton
depression rating scale.

with autism [12]. Moreover, a possible association between Glo1
and mood disorders has been found in a linkage study of families
with mood disorders [26). There s a wealth of data demonstrating
the comorbidity of mood disorders with anxiety disorders [3,31.24],
including panicdisorder [5,13,25]. Genetic data with regard to panic
disorder and major depressive disorder have been inconsistent,
although there is some evidence for a shared diathesis for anxi-
ety and depression [29]. These data suggest an important role for
Glo1 in the pathophysiology of many neuropsychiatric disorders,
especially with regard to the anxiety symptoms of these conditions.

Krémer etal. [15] have reported an association between reduced
Glo1 expression and high anxiety-like behaviors in mice. Impor-
tantly, the reduced expression of Glo1 was observed not only in
the amygdala, but also in peripheral red blood cells [15], suggest-
ing that the expression levels of Glo1 in the brain is well correlated
with that in peripheral blood cells. These data and our present study
raise the possibility that the expression levels of Glo1 in mood dis-
order patients may be reduced in multiple systems. However, a
recent study has shown that local overexpression of Glo1 in various
brain regions, e.g. cingulate cortex, resulted in increased anxiety-
like behavior [11]. This finding is discordant with that of Krdmer
et al. [15] and thus, it is still unclear how Glo1 is involved in the
pathophysiology of anxiety and depression.

A previous report has shown that the number of Glol
immunopositive neurons and astroglia increase up to, approxi-
mately, 55 years of age and decrease progressively thereafter in
humans [16]. Glo1 mRNA levels also showed a biphasic course sim-
ilar to those observed with protein determination [16). suggesting
that the expression of Glo1 is primarily regulated at the transcrip-
tional level. The promoter region of the human Glo1 gene contains
several consensus sequences for known transcriptional regulatory
elements, including: insulin responsive element, metal responsive
element and glucocorticoid responsive element [23]. The exis-
tence of the glucocorticoid responsive element in the human Glo1
promoter is particularly interesting, because the glucocorticoid
receptor (GR) has been shown to be associated with mood disor-
ders and in the adaptation to stress [4,9,20]. Reduced expression
of GRa has been observed in the cerebral cortex, hippocampus
and amygdala in mood disorder patients [30,14,21). In addition,
we have previously reported that the expression of GRe mRNA is
also reduced in the peripheral white blood cells of mood disorder
patients [19]. This raises the passibility that dysfunction of GR plays
a causal role in the aberrant Glo1 expression observed in mood
disorder patients.

Considering our results from multivariable analysis and the sig-
nificant correlation between Glo1 mRNA levels and HDRS scores
in major depressive disorders, it could be interpreted that the
reduced expression of Glol mRNA is “state-dependent” at least
in major depressive disorders. However, our study has the limita-
tion that all the patients were on medication; therefore, we cannot
exclude completely the influence of medication on the expression
levels of Glo1 mRNA. To our knowledge, however, there is no evi-
dence showing altered levels of Glo1 expression by treatment with
antidepressants or mood stabilizers in vitro or in vivo. Further study
conducted in medication-free subjects is needed to elucidate this
1s5uUe.
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Abstract

In the present study, we established and characterized an animal model of vulnerability to repeated stress. We found that control
Sprague-Dawley (SD) rats showed a gradual decrease in the HPA axis response following 14 days of repeated restraint stress,
whereas Fischer 344 (F344) rats did not show such HPA axis habituation. Similar habituation was observed In the expression of c-fos
mRNA, corticotropin-releasing hormone hnRNA, and phospho-CREB and phospho-ERK proteins in the hypothalamic paraventricular
nucleus (PVN) of SD rats, but not in the F344 rats. In addition, repeatedly restrained F344 rats exhibited decreased cell proliferation
in the dentate gyrus of the hippocampus and Increased anxiety-related behaviours, while repeatedly restrained SD rats exhibited a
selective enhancement of hippocampal cell proliferation in the ventral area. Moreover, we found a lower expression of glucocorticoid
receptor (GR) protein, but not mRNA, in the PVN of F344 rals compared to 8D rats. We also identified that microRNA (miR)-18a
inhibited translation of GR mRNA in cultured neuronal cells and that increased expression of miR-18a in the PVN was observed in
F344 rats compared with SD rats. These strain differences in GR protein levels were not found in the hippocampus and prefrontal

corex, and the expression of miR-18a was much lower in these brain regions than in the PVN. Our results suggest that F344 rats
could be a useful animal model for studying vulnerability to repeated stress, and that miR-18a-mediated down-regulation of GR
translation may be an important factor to be considered in susceptibility to stress-related disorders.

Introduction
The hypothalamic—pituitary-adrenal (HPA) axis controls the produc-
tion and release of adrenal glucocorticoids in response to stress and
daily circadian rhythm. Dysregulation of the HPA axis is known to be
associated with vulnerability 1o a number of psychiatric discases
including major depression, anxiety disorders and post-raumatic
stress disorder (de Kloet ef al., 2005; Seckl & Holmes, 2007).
Several lines of evidence have indicated that chronically stressed
animals often exhibit suppressed or decreased HPA responses upon
re-exposure to the same, or a homotypic, stressor. This decrement,
termed habituation, has been observed with various stress para-
digms, including restraint (Melia er al., 1994; Dhabhar et al., 1997,
Ma et al., 1999; Cole et al., 2000; Viau & Sawchenko, 2002; Girotti
et al., 2006), cold (Bhamagar & Meaney, 1995) and immobilization
(Garcia et al., 2000). This plasticity in the regulation of HPA activity
as a consequence of repeated stress is thought to protect the organism
from the potentially damaging effects of hypercorticosteroidism
(Armario ef al., 2004). Habituation is thought to be partly regulated
by corticosterone-mediated negative feedback, @ regulatory mecha-
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nism that restores the stress-stimulated HPA axis to basal levels via
activation of glucocorticoid type I (mineralocorticoid receptor; MR)
and/or type I1 (glucocorticoid receptor; GR; Dallman er al., 1987;
Cole et al., 2000, Jaferi & BE 2006). Ho , there is
very little understanding of the mechanisms responsible for stress
habituation.

Different strains of mouse or rat have different neuroendocrine,
neurogenic, physical or behavioural phenotypes that are heritable and
stable (Dhabhar et al, 1995, 1997; Kempermann er al, 1997;
Fernandes et al., 2004; Hovatta et al,, 2005). In particular, Fischer 344
(F344) rats have been widely used in the study of HPA axis function
(Kosten & Ambrosio, 2002). F344 rats are known to consistently
present an exaggerated acute stress-induced corticosterone secretion
relative to Sprague-Dawley (SD) and Lewis strains (Dhabhar ez al.,
1995, 1997). F344 rats have ‘also been reported 1o exhibit no
habituation of HPA axis activity during restraint stress episodes over a
period of 10 days (Dhabhar er al., 1997). These observations suggest
that F344 rats are a stress-hyperresponsive strain and may have a
vulnerability to repeated restraint stress (RRS). However, little is
known about the biochemical, physiological and behavioural effects of
repeated stress in F344 rats. Therefore, in the first experiment of the
present study, we chamcterized the neuroendocrine and biochemical
responses to RRS in F344 and control SD rats. In the second
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experiment, hypothesizing the aberrant expression of GR and/or MR
in the HPA dishabituation in F344 rats, we measured the expression of
these mRNAs and proteins in several brain regions. In the third
experiment, we focused on a class of small noncoding transcripts
called microRNAs (miRNAs), which promote translational repression
or mRNA degradation, to investigate the molecular mechanism

Characterization of stress vulnerability in F344 rats 2251

dissected, frozen in liquid nitrogen and then stored at —80 °C until
use.

Corticosterone assay

underlying the aberrant GR translation in F344 rats. Finally, we
measured behaviour and hippocampal cell proliferation as a conse-
quence of dishabituation to RRS in F344 rats,

Materials and methods
Animals

Male SD and Fischer 344 (F344) rats (Japan SLC Inc., Hamamatsu,
Japan) were housed three per cage in clear polycarbonate cages with
wood chip bedding at 24 °C in a humidity-controlled room on a 12-h
light—dark cycle (light on at 08.00, off at 20.00 h) and maintained for
1 week before experimental use (9 weeks old at stress onset). Food and
water were continuously available except during stress sessions and
behavioural tests, All experimental procedures were performed accord-
ing to the Guidelines for Animal Care and Use at Yamaguchi University
School of Medicine and in accordance with the Japanese Neuroscience
Society. Experimental protocols were approved by the Committee on
the Ethics of Animal Experiments at Yamaguchi University School of
Medicine.

Stress procedures

Rats were weighed and individually subjected to restraint stress by
placing them into wire mesh restrainers secured at the head and tail
ends with clips as previously reported (Watanabe er al., 1992). Non-
restrained rats were weighed and then returned to their home cage.

General experimental procedures

Each strain of rats was divided into nonrestrained, single- and
repeatedly (3-, 7- or 14-session) restrained groups. Single-restraint
animals were left in their home cage until the test day. Repeatedly
restrained rats were placed into restrainers for 2 h (10.00-12.00 h) for
2, 6 or 13 consecutive days prior to the test day. On the test day, rats
from singly- and repeatedly restrained groups were killed by
decapitation at 30 min after the initiation of restraint. Non-restrained
control rats were rapidly removed from their cages and decapitated.
Trunk blood was collected in heparinized tubes and plasma was
separated by centrifugation and stored at —80 °C for corticosterone
-determination. Adrenal glands were removed and their weights were
calculated as a percentage of body weight. To determine the
expression levels of stress-related molecules, including c-fos mRNA,
corticotropin-releasing hormone (CRH) heteronuclear RNA (hnRNA),
cyclic AMP response-element binding protein (CREB), phosphory-
lated CREB (pCREB), extracellular signal-regulated kinase (ERK)1/2
and phophorylated ERK (pERK)1/2, the hypothalamic tissue con-
taining the paraventricular nucleus (PVN) was dissected according to
the technique of Palkovits (1973). The tissues were frozen in liquid
nitrogen, and then stored at =80 °C until use. For in situ hybridization,
brains were repidly removed and frozen with prechilled 2-methylbu-
tane with dry ice and then stored at =80 °C until slice preparation. To
evaluate the levels of GR and MR mRNAs and proteins, and miRNA-
18a (miR-18a), nonrestrained and 14-session repeatedly restrained
animals (24 h after the final stress session) were deeply anaesthetized
and the PVN region, hippocampus and prefrontal coriex were
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Corti one concentration was determined using a commercial
enzyme immunoassay kit (Assay designs, Ann Arbor, MI, USA). The
sensitivity of this assay i1s 26.99 pg/mL and the intra- and interassay
coefficients of variation were 6.6 and 7.8%, respectively.

FANA isolation and cDNA synthesis

Total RNA from dissected rissues or cells was extracted by using the
mirVana miRNA isolation kit (Ambion, Austin, TX, USA) and treated
with DNase (DNA-free kit, Ambion). One microgram of total RNA
was used for cDNA synthesis by QuantiTect Reverse Transcription kit
(Qiagen, Chatsworth, CA, USA). The primer mix of this kit contains
oligo-dT and random primers to ensure ¢cDNA synthesis from all
regions of RNA transcripts. The cDNA was stored at =80 °C until use.

Quantitative real-time polymerase chain reaction (gRT-PCR)
and reverse transcription-PCR

gRT-PCR. was performed in an Applied Biosystems 7300 Fast Real-
Time PCR System with SYBR green PCR master mix (Applied
Biosystems, Foster City, CA, USA) according to the manufacturer’s
protocol. PCR conditions were 15 min at 95 °C, 45 cycles of 15 s at
95 °C and 30 s at 60 °C. Amplification of the single PCR product was
confirmed by monitoring the dissociation curve and electrophoresis on
1.2% agarose gels stained with ethidium bromide. Amplification
curves were visually inspected to set a suitable baseline range and
threshold level. The relative quantification method was employed for
quantification of target molecules -according to the manufacturer's
protocol, in which the ratio between the amount of target molecule and
a reference molecule within the same sample was calculated. All
measurements were performed in triplicate. Levels of GAPDH mRNA
and U6 snRNA were used to normalize the relative expression levels
of target mRNA or miRNA, respectively. Reverse transcription-PCR
was performed using Platinum Taqg DNA polymerase (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol. PCR
conditions were | at 95 °C, 30 cycles of 30 5 at 95 °C, 30 s at
60 °C and 30 s at 72 °C. Amplification of the single PCR product was
visualized by electrophoresis on 1.5% agarose gels stained with
ethidium bromide. The PCR primers used were as follows (5' to 3°):
c-fos forward, GAGGGAGCTGACAGATACGC,; c-fos reverse, GGC
TGCCAAAATAAACTCCA; CRH hnRNA forward, GGCAGGAA
TGGAGACAGAGA; CRH hnRNA reverse, TAAGCTATTCGCCCG
CTCTA; GR forward, GTCCATGGGGCTGTATATGG; GR reverse,
TCCAGAAGCCGAAAGTCTGT; MR forward, TCTTTGGAGGAG
GTCAGAGC; MR reverse, AAAATGGACTCCACGTTTGTG; pre-
miR-18a forward, TGCGTGCTTTTTGTTCTAAGG; pre-miR-18a
reverse, TGCCAGAAGGAGCACTTAGG; pre-miR-124a forward,
TCTCTCTCCGTGTTCACAGC; pre-miR-124a reverse, ACCGCG
TGCCTTAATTGTAT; GR-3"-UTR site A forward, AGGTTGTGCAA
ATTAACAGTCC: GR-3'-UTR site A reverse, CCACAGTTTACCCA
GCAGGT; GR-3'-UTR site B forward, CCTGTGAATTTCTTCACT
GTTGA; GR-3-UTR site B reverse, TTTGGCCACCTTGAATAGA
AA; GAPDH forward, TGCCACTCAGAAGACTGTGG; GAPDH
reverse, TTCAGCTCTGGGATGACCTT; U6 snRNA forward,
TGCTTCGGCAGCACATATAC; U6 snRNA reverse, AGGGGCCAT
GCTAATCTTCT.
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Northern blotting

For miRNA Northem blotting, 10 pg of total RNA was separated on a
15% denaturing polyacrylamide gel. The total RNA was transferred
onto Hybond N+ membranes (GE Healthcare Bio-Sciences, Piscata-
way, NI, USA), UV=crosslinked, baked for 60 min at 80 °C and
hybridized using ULTRAhyb-Oligo buffer (Ambion) according to the
manufacturer’s protocol. Oligonucleotides complementary to mature
miRNAs and **P-end-labelled with T4 kinase (Promega, Madison,
WI, USA), were used as probes. Probe sequences were as follows:
miR-18a, 5-CTATCTGCACTAGATGCACCTTA-3; U6 snRNA,
5" -GAATTTGCGTGTCATCCTTGCGCAGGGGCCATGCTAA-3".
Levels of ribosomal RNA were visualized on gels stained with
ethidium bromide. A U6 snRNA probe was applied to normalize the
relative miRNA expression levels. Densitometric analysis was
performed by FLA2000 (Fujifilm, Tokyo, Japan).

In situ hybridization

In situ hybridization for c-fos mRNA was performed as previously
described (Watanabe ez al., 1994; Kato et al., 1996). In brief, 16-pm-
thick sections were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 5 min, acetylated in 0.25% acetic anhydride
in 0.1 M triethanolamine-HCl (pH 8.0), rinsed in 2 x SSC and
allowed to air-dry. The hybridization mixture containing 3355.labelled
c-fos riboprobes was applied to slides and the sections were incubated
at 52 °C ovemight in a bumidified chamber. Following hybridization,
the sections were rinsed in 2 x SSC at room temperature, treated with
Rnase A for 30 min at room temperature and subsequently washed in
0.2 % 8SC for | h at 52 °C. After air-drying, the slides were exposed
to Kodak X-OMAT film for | week at room temperature. Film images
of the brain sections were captured by an image analysis system
(Neuroscience Inc., Tokyo, Japan).

Prolein extraction and Western blotting

Western blotting was performed as previously described with minor
modifications (Funato et al., 2006). In brief, 20 or 60 pg of proteins
were separated on 7% or 12% Tris—glycine gels and transblotted onto
polyvinylidene difluoride membranes (GE Healthcare Bio-Sciences).
The membranes were incubated with antibodies directed against:
pERK1/2 (1 : 400); ERK1/2 (] : 1000); pCREB (1 : 500); CREB
(1:1000; Cell Signalling, Beverly, MA, USA); histone H3
(1 : 1000); phosphorylated histone H3 (p-H3, 1 : 500; Upstate Cell
Signalling Solutions, Beverly, MA, USA); GR (M-20, | : 1000); MR
(C-19, 1 ; 500) or P-actin (1 : 2000; Santa Cruz Biotechnology, Santa
Cniz, CA, USA). After incubation with an appropriate horseradish
peroxidase-conjugated secondary antibody, the blots were developed
with an ECL-Plus detection kit (GE Healthcare Bio-Sciences).
Densitometric analysis was performed by Inquiry software (Neuro-
science Inc.).

Bromodeoxyuridine (BrdU) immunohistochemistry

BrdU administration

BrdU (Sigma, St Louis, MO, USA) was prepared in 0.9% saline to &
dilution of 20 mg/mL BrdU and 0.007 M NaOH. On the final stress
session, repeatedly restrained and nonrestrained rats were adminis-
tered BrdU (100 mg/kg) intraperitoneally (ip.) twice after the
termination of restraint stress. A total of 200 mg/kg BrdU was given
via two i.p. injections with a 6-h interval (12.00 and 18.00 b).

@ The Authors (2008). Journal Compilati

Perfusion and slice preparation

Twenty-four hours after the first BrdU injection (on the 15th day),
rats were deeply anacsthetized with Nembutal and perfused
transcardially with saline followed by 4% paraformaldehyde in
0.1 M phosphate buffer (PB; pH 7.4). Their brains were removed,
postfixed in the same fixative for 24 h and then cryoprotected in
30% sucrose in 0.1 M PB for 3 days at 4 °C. Brains were frozen in
2-methylbutane prechilled with dry ice and then stored at —80 °C
until use. Forty-micrometer-thick coronal sections throughout the
entire dentate gyrus of the hippocampus were cut on a freezing
microtome and collected in six-well plates containing cryoprotectant
(25% ethylene glycol and 25% glycerol in 0.05 M PB, pH 7.4) and
then stored at =20 °C until use.

BrdU immunohistochemistry

The free-floating sections were incubated in 50% formamide in
2 x SSC at 65 °C for 2 h followed by PBS washes. The sections were
then incubated in 2 M HCI for 30 min and in 0.1 M boric acid solution
(pH 8.5) for 10 min. After the PBS washes, the sections were
preweated with 0.6% hydrogen peroxide in PBS for 30 min, washed
with PBS and incubated for 1 h at room temperature with a blocking
solution composed of 0.3% TritonX-100 and 5% normal goat serum in
PBS. Sections were then incubated with the primary antibody to BrdU
(1 : 400; Chemicon, Temecula, CA, USA) in the blocking solution for
48 b at 4 °C. After rinsing in PBS, the sections were incubated in
biotinylated horse antimouse secondary antibody (Vectmstain Elite
ABC kit, Vector Laboratory, Burlingame, CA, USA) for 2 h at room
temperature, Following PBS washes, the sections were incubated in
avidin-biotin complex for 1 h at room temperature. Finally, the
sections were developed with a solution of 0.03% DAB (Sigma) and
0.03% hydrogen peroxide in Tris-buffered saline and were mounted
onto slides, counterstained with cresyl violet, dehydrated, cleared
and covered with a coverslip under Permount (Fisher Scientific,
Pittsburgh, PA, USA).

Quantification of BrdU-labelled cells in the dentare gyrus

The number of BrdU-labelled cells on every tenth bilateral section
throughout the whole dentate gyrus and dorsal (bregma -2.80 10
—4.00 mm; Paxinos & Watson, 1998) and venwmal hippocampus
(bregma —5.20 to —6.80 mm) were counted using a light micro-
scope (Nikon, Tokyo, Japan). The number of BrdU-labelled cells
was multiplied by 10 to estimate the total number of BrdU-labelled
cells throughout the target regions, To correct the overestimation
linked to counting the same nucleus on two adjacent scctions,
the following formula (Abercrombie, 1946) was applied: N = n[t/
(¢t = d)], where N corresponds to the ‘true’ number, ¢ is the section
thickness, d is the nucleus diameter and n is the estimated number.

Behavioural procedures

Twenty-four hours after the final stress session (on the 15th day), rats
were subjected to the following behavioural experiments, All exper-
iments were performed in a blind fashion.

Social interaction test

Each subject was placed in a measuring cage and allowed to stay for
120 min. A male conspecific juvenile was then introduced into the
cage and the amount of time spent in social interaction (e.g. grooming,
licking, sniffing, crawling over or under) of the testing animal was
recorded during a 3-min session.
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Novelty-suppressed feeding test

Subjects were weighed (body weight A) and singly housed after the
termination of the final restraint stress session on the 14th day, and food
pellets were removed from their cages. Water remamed available
ad libirum. Twenty-four hours after food removal, rats were weighed
(body weight B) and transferred to a clean holding cage in the testing
room. The testing apparatus consisted of a circular arena (60 ¢m in
diameter). A piece of rat chow was placed in the centre of the arena.
Each subject was placed in the testing area and the time to the first
feeding episode was recorded for § min. After the termination of the
test, the animal was returned to the home cage with food pellets and the
amount of food consumed was measured for 4 h. The percentage loss of
body weight was estimated as: [(body weight B)/(body weight
A)] x 100.

Generation of DNA constructs

The human GR-3-UTR (Miesfeld ef al, 1986) containing two
putative target sites of miR-18a (see Fig. 5A) was amplified from
human ¢cDNA (SH-SYSY cells) using the following primers: GR-3'-
UTR forward, 5-AGGTTGTGCAAATTAACAGTCC-3'; GR-3'-UTR
reverse, S“TTTGGCCACCTTGAATAGAAA-3’, PCR products were
cloned into the pGL3 control vector (Promega), downstream of the
luciferase coding sequence. To express the miR-18a gene in SH-5YSY
cells, the genomic sequence containing the pre-miR-18a gene
sequence plus 50 base pairs flanking each side were amplified from
human DNA (SH-SYS5Y cells) using the following primers: miR-18a
forward, 5-TCGGGAAGCCAAGTTGGGGT-3"; miR-18a reverse,
5'-CTATTAAAACACCTATATAC-3', and then inserted into pcDNA3
(Invitrogen).

Cell culture, transfection and assay

Cell culture experiments were performed as previously described with
minor modifications (Uchida er al., 2006). Human neuroblastoma
SH-SY5Y cells were maintained in DMEM (Invitrogen) supplemented
with 10% fetal bovine serum, penicillin (100 U/mL), streptomycin
(100 pg/mL) and insulin (60 ng/mL) at 37 °C in 5% CO,. For
the reporter assay, SH-SYSY cells were transiently cotransfected in
24-well plates by using the Lipofectamine and PLUS reagent
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(Invitrogen) with the pGL3 or pGL3-GR-3'-UTR vector (0.2 pg/well)
together with the miR-18a expression vector (0.2, 0.4 or 0.8 pg/well)
and/or empty vector (pcDNA3). The pCMV-f-galactosidase vector
(0.2 ug/well) was also cotransfected as a control for transfection
efficiency. Thiry hours afier the transfection, luciferase and
f-galactosidase activity were measured by using a Luciferase assay
system (Promega) and f-galactosidase assay system (Promega),
respectively. Luciferase activity was normalized to p-galactosidase
activity. All reporter assays were performed in triplicate in three
independent experiments. To evaluate the endogenous GR. expression
levels, SH-SYSY cells were transiently transfected in six-well plates
using the Lipofectamine and PLUS reagent (Invitrogen) with the miR-
18a expression vector (1, 2 or 4 pg/well) and/or empty vector
(pcDNAZ3). Forty-eight hours after the transfection, protein and total
RNA were isolated from whole-cell extracts, and Western blot
analysis, Northern blotting and gRT-PCR were performed as described
above.

Statistical analysis

Data are presented as the mean = SEM. The data on body weight
gain were analysed using ANOVA for repeated measures. Grouped
data obtained from Figs 2 and 3 were apalysed by multifactor
repeated-measures ANOVA with stmain (SD and F344) as a2 main
factor and session number (NRS, acute, 3rd, Tth and 14th). Grouped
data obtained from Figs4 and 6-8 were analysed by two-way
ANOVA with strain (SD and F344) and stress (nonrestraint and
repeated restraint). Significant effects or interactions obtained from
ANOVA were further analysed by post hoc comparisons using
Bonferroni'’s correction. In all cases, P-values <0.05 weres considered
statistically significant.

Resulis
Neuroendocrine response to restraint stress in F344 rats

To examine the neuroendocrine effects of acute and repeated
restraint stress, we measured changes in daily body weights, adrenal
weights and plasma cortic levels. Changes in body weight
for subjects, across 6 days of prestress and during the 14-day stress
period, are shown in Fig. 1A, In the nonrestrained group, there was

osD
mF344

o
NRS 3rd 7th 14th NRS Acute 3rd Tth 14th

Fia. 1. Effects of restraint stress on body weight gain, adrenal gland weight and plasma corticosterone (CORT) levels in SD and F344 rats. (A) Body weight gan
15 shown as a percentage of the initial body weight (n = 6 for all groups). (B) Weight of adrenal glands is shown as a percentage of body weight at the end of
the 3-, 7- and 14-session and nonstressed condition (NRS; n = 6 for all groups). (C) Plasma CORT levels in NRS rats and rats exposed to acute, 3-, 7- and
14-session 30 min after the initiation of restraint stress (n = 6 for all groups). Data are presented as mean = SEM. *P < 0.05 vs. SD rats in the comresponding stress
scssian.
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Data are presented as mean = SEM. *P < 0.05 vs. SD rats in the corresponding stress session.

no significant effect on body weight gain between the SD and F344
rats (F) ap0 = 1.06, P> 0.05). In contrast, there was a significant
effect of strain upon body weight gain in the repeatedly restrained
group (Fya00 = 772, P <0.05) between the SD and F344 ruts.
Body weight gain of restrained F344 rats was significantly less than
that of nonrestrained F344 rats and that of restrained SD rats after
the 4th restraint stress presentation. Adrenal weights of rats from

the 3-, 7- and 14-session are shown in Fig. IB. There were
significant effects of stmin (Fy3, = 30.29, P <0.01), session
number (Fy3p = 9.00, P<001) and the combination of these
wo factors (Fy40 = 5.06, P <0.01). F344 mats from the Tth and
14th restraint stress sessions exhibited a significantly increased
adrenal weight compared with restrained SD and nonrestrained
F344 rats,

@ The Authors (2008). Journal Compilation © Federation of European Neuroscience Socicties and Blackwell Publishing Ltd
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and C) GR mRNA, (B and D) GR protein, (E and G) MR mRNA and (F and H)

MR protein in (A, B, E and F) the PVN, (C, D, G and H) the hippocampus (HF) and (C, D, G and H) the prefrontal cortex (PFC) of nonrestrained (NRS) and | 4-day-
restrained (RRS) SD and F344 rats were quantified by gRT-PCR and Western blot analysis, respectively; n = 6 for all groups. Data are presented as mean = SEM.

*P < 0.05 vs, SD ruts in the comresponding stress session,

To examine the HPA axis responses to stress, plasma corticosterone
levels were determined 30 min after the: initiation of restraint stress
(Fig. 1C). There were significant effects of strain (F, 4 = 87.58,
P < 0.01), session number (Fy 45 = 34.03, P < 0.01) and the combi-
nation of these two factors (Fy4 = 10.15, P < 0.01). Prior to the
application of stress, there was no significant difference berween SD
and F344 rats for plasma corticosterone levels. Acute stress markedly
increased plasma corticosterone levels in both SD and F344 rats, but
F344 mats showed a significantly greater response than SD rats. SD rats
showed a gradual but complete suppression of plasma corticosterone
levels after the 3rd through to the 14th restraint stress session. Plasma
corticosterone levels of SD rats from the 3rd restraint session were not
as high as those in acutely restrained rats, but were significantly higher
than those in the nonrestrained and 7th and 14th restraint groups,
which were not significantly different from each other. In contrast,
plasma corticosterone levels of F344 rats remained high throughout
the 14-day restrained episodes.

Effects of acute and repeated restraint stress on ¢-fos mANA
and CRH hnRNA expression in the PVN

The PVN is a region that plays a crucial role in the regulation of the
HPA axis during stress and has been reported to represent the
functional plasticity to RRS (Ma et al., 1999; Girotd er al., 2006;
Kwon et al.,, 2006; Romeo er al, 2006). To examine the levels of
neuronal activity of the PVN during restraint stress, we measured the
expression levels of c-fos mRNA as a marker for neuronal activation.
Figure 2A shows representative autoradiograms obtained from in situ
hybridization experiments for c-fos mRNA expression 30 min after
the initiation of restraint stress in the PVN of SD and F344 rats. The
acute stress markedly increased the c-fos mRNA expression in both
SD and F344 rats. After the 7th restraint episode, however, SD ats
showed a low or nondetectable c-fos mRNA signal whereas F344 rats
continued to show high levels of c-fos mRNA expression after the 7th
restraint episode. QRT-PCR (Fig. 2B) also revealed that c-fos mRNA

induction decreased gradually after the 3rd restraint stress session and
had completely disappeared by the 14th in SD rats. In confrast, F344
rats did not show such a decrease during any of the restraint episodes.
There were significant effects of stmain (F, o = 24.66, P < 0.01),
session number (Fy 4 = 1532, P<0.01) and the combination of
these two factors (Fy 4 = 12.56, P < 0.01).

Previous reports have indicated that an induction of ¢-fos in the
PVN following restraint stress was localized in CRH neurons (Dayas
et al., 1999). We measured the expression levels of CRH hnRNA
30 min after the initiation of restraint stress in the PVN, as a direct
measure of activity within this cell population (Fig. 2C). There were
significant effects of strain (F 45 = 72.96, P < 0.01), session number
(Fs40 = 34.03, P <0.01) and the combination of these two factors
(Fa.20 = 9.93, P < 0,01). The acute stress markedly increased CRH
hnRNA expression in both SD and F344 rats, but F344 rats showed a
greater response than SD rats. The expression levels of CRH hnRNA
of the acute and 3rd restraint session SD rats was significantly higher
than that of nonrestrained rats, but the expression level of CRH
hoRNA was completely suppressed after the 7th restraint stress
session, whereas F344 mats did not show such changes.

Effects of acute and repeated restraint stress on CREB
and ERK activation in the PVN

It has been reported that ERK activation is associated with the CREB,
and the ERK-CREB pathway regulates c-fos expression (Ginty et al.,
1994; Xia et al., 1996; Impey er al., 1998). To examine whether levels
of ERK and CREB activation in the PVN would be altered in SD and
F344 mis by an acute or repeated restraint stress, we measured
pERKI1/2 and pCREB levels 30 min after the initiation of restraint
stress (Fig. 3). There were significant effects of strain (Fy 4 = 17.10,
P < 0.01), session number (F; 4 = 7.05, P <0.01) and the combi-
nation of these two factors (Fy 4 = 6.93, P < 0.01) in the levels of
pERK. The levels of pCREB also showed similar effects of strain
(F) 49 = 29.35, P < 0.01), session oumber (F, 4 = 19.49, P < 0.01)

© The Authors (2008). Journal Compilation & Federation of European Neuroscience Societies and Blackwell Publishing Lid
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Fic. 5. MiR-18a inhibited GR in human neurobl SH-SYS5Y cells, (A) Schematic diagram of the putative miR-18a-binding sites within the GR-

3'-UTR is shown. Two target sites of miR-18a (starting positions at 803 and 1325 bp m rat GR-3-UTR) are found within the human, mouse and rat GR-3"-UTR. The
sequence of miR-18a is conserved among human, mouse and rat. (B) Northern blot analysis of mature miR-18a levels in the pcDNA3-miR | 8a transfected cells. The
mature miR-18a was confirmed in SH-SYS5Y cells that were fected with this expression vector in a dose-dependent manner, (C) Relative luciferase activity of
the GR-3"-UTR reporter gene (closed bar) or control pGL3 gene (open bar) in the shsence or presence of the miR-18a expression vector in SH-SYS5Y cells.
(D) Western blot analysis of endogenously expressed GR protein in the SH-SYSY cells transfected with miR-18a expression vector, (E) Quantitative analysis of
GR protein levels from experiment D. (F) Levels of endogenously expressed GR mBNA including site A or site B in the absence (open bar) or presence (closed bar)

of the miR-18a expression vector in SH-SY5Y cells.

and the combination of these two factors (Fiq0 = 6.01, P <0.01).
The acute stress markedly increased pERK (Fig. 3A) and pCREB
(Fig. 3B) levels in both SD and F344 rats, with no significant
differences between these rats. The levels of pERK and pCREB were
completely suppressed by the 7th session in SD rats, whereas F344
rats showed significantly greater pERK and pCREB levels than SD
rats during the 7th and 14th restraint episodes.

Expression levels of GR and MR mRNAs and proteins

GR is well known to be involved in HPA regulation and the
adaptation to stress (Holsboer, 2000; Pariante & Miller, 2001;
de Kloet er al., 2005). In addition, stress habituation is thought to
be partly regulated by corticosterone-mediated negative feedback, a
regulatory mechanism that restores the stress-stimulated HPA axis to
basal levels via activation of GR and/or MR (Dallman et al., 1987;
Cole et al,, 2000; Jaferi & Bhamagar, 2006). To examine whether

@ The Authors (2008). Journal Compilati

there is any diffe in the exp ion levels of GR and MR in
the PVN, hippocampus or prefrontal cortex between nonrestrained
and 14-session repeatedly restrained F344 and SD rats, we
performed qRT-PCR and Western blot enalysis (Fig. 4). In the
PVN, qRT-PCR (Fig. 4A) revealed no significant differences in the
expression of GR mRNA among all groups (Fig = 132,
P > 0.05). However, Western blot analysis (Fig. 4B) revealed that
GR protein (~ 94 kDa) levels of F344 rais were significantly lower
than those of SD rats in nonstressed conditions (Fj; = 4.41,
P<005) as well as in the 14th repeated stress condition
(P < 005), In addition, the 54 kDa form of GR protein was
detected in our experiment, and its significantly lower expression
was also observed in F344 rats compared with SD ruts (data not
shown). In the hippocampus and prefrontal cortex, there was no
significant difference in the expression of GR mRNA (hippocampus,
Fao = 0.57, P> 0.05; prefrontal cortex, Fjz, = 0.67, P> 0.05)
and protein (hippocampus, F3 5, = 025, P > 0.05; prefrontal cortex,
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Fig. 6. Increased expression of miR-18a m the PVN of F344 rats. (A) Lev-
els of pre-miR-18a in the PVN of nonrestrained (NRS) and 14-day restrained
(RRS) SD (open bar) and F344 (closed bar) rats were quantified by gRT-PCR
(r = 6 for all groups). (B) Northem blot analysis showing the levels of mature
miR-18a in the PVN of NRS and RRS animals, U6 snRNA was used as an
internal control, 58 rRNA was visualized by staining the gel with ethidium
bromide. (C) Levels of mature miR-18a in the PVN of NRS and RRS animals
were quantified by qRT-PCR (n = 6 for all groups). (D) Reverse transcrip-
tion-PCR for pre-miR-18a, pre-miR-124a and U6 snRNA were performed on
cDNA from the indicated brain regions of adult SD rat (HP, hippocampus; PFC,
prefrontal cortex; AMY, emygdala), Data are presented as mean = SEM.
*P < (.05 vs. SD mats in the corresponding stress session.

F3 29 = 0.533, P> 0.05) among all groups (Fig. 4C and D). These
results suggest that decreased expression of GR protein is specific
for the PVN of F344 rats and that this decreasc is post-
transcriptionally regulated.

There was no significant difference in the expression of MR
mRNA (Fiz = 191, P>0.05 Fig. 4E), or of MR protein
(Fy20 = 0.34, P> 0.05; Fig. 4F), in the PVN among all groups.
In the hippocampus and prefrontal cortex, there was no
significant difference in the expression of MR mRNAs (hippocam-
pus, Fyq0=0.19, P=>0.05, prefrontal cortex, F31 =077,
FP=>0.05) and protein (hppocampus, Fiq= 061, P> 0.05;
prefrontal cortex, Fji =037, P>0,05) among all groups
(Fig. 4G and H).

MiR-18a inhibited transiation of GR mRANA

A class of small, noncoding transcripts of ~ 21 nucleotides called
miRNAs silence gene expression by binding to the 3-UTR of target
mRNAs and promote translational repression or mRNA degradation
(Bartel, 2004; Kosik, 2006). Therefore, the observed discrepancy
between GR mRNA and protein levels in SD and F344 rats (Fig. 4)

Characterization of stress vulnerability in F344 ras 2257

A B
§ 120 CONRS 120 .
— = RRS
g a0 —~ 80
= . g
g &
g 60 g 60
15 L I
2 ;
sSD F344 sSD F344
[ D
100 20
g 75 §81s
H £s
2 50 %g 1.0
(=]
g 251 B go.s
: £
°"“Ssp  Faas "0 Faas

Fic. 7. Effects of repeated restraint stress on anxiety-related behaviour. Noo-
restrained (NRS; open bar) or 14-day restrained (RRS; closed bar) animals were
subjected to a social jon test and a novelty-supp d feeding test
(n = 10 for all groups). (A) Social interaction time in the social interaction
test and (B) latency to begin eating, (C) percentage loss of body weight and
(D) food consumption in the novelty-suppressed feeding test were measured.
Data are presented a5 mean = SEM. *P < 0.05 vs. nonrestramed controls in the
comesponding strain.

might be mediated by a translation-inhibiting effect of a GR-related
miRNA that is differentially expressed between strains. To analyse
the molecular mechanism in which miRNAs are involved in
GR expression, we searched for candidate miRNAs targeting for
GR. mRNA using miRBasc (Griffiths-Jones er al., 2006) and
TargetScan (Lewis er al., 2003) databases, Figure 5A shows the
sequences of rat miR-18a and its putative target site of GR-3"-UTR
in human, rat and mouse. Importantly, the putative target sequences
of miR-18a on the GR-3"-UTR are well conserved among human, rat
and mouse, and the miR-18a sequence is completely conserved
among these three species.

To investigate this potential imteraction experimentally, buman
GR-3"-UTR containing two of the predicted miR-18a target sites were
placed into the 3'-UTR of a luciferase reporter plasmid. Then, we
introduced -the luciferase expression vector under a constitutively
active promoter, with or without the miR-18a expression vector
(pcDNA3-miR-18a), into human neuroblastoma SH-SYSY cells and
measured the levels of luciferase activity to determine the effects of
miR-18a on luciferase translation. The ine d expression of miR-
18a was confirmed in the SH-SYSY cells that were transfected with
the pcDNA3-miR-18a vector (Fig. 5B). The relative luciferase activity
was markedly suppressed after miR-18a cotransfection in a dose-
dependent manner (Fig. 5C). To more directly test the validity of
putative targets, we cxamined whether miR-18a could repress
endogenous GR protein expression. Western blot analysis revealed a
decrease in GR protein levels in miR-18a-transfected cells in a dose-
dependent manner (Fig. SD and E). Thus, miR-18a has the capacity to
reduce the expression of GR protin. In addition, we observed no
effects on GR mRNA levels in miR-18a-transfected cells (Fig. 5F),

& The Authors (2008). Journal Compilation @ Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 27, 2250-2261



2258 S. Uchida er al

A
NRS RRS
sD =
F344 -
B c __SD _F3aM
NAS RRS NRS RRS
8000 1 + ONRS PHI g mp
6000 15
: .}
4000 1.0 .
$ 2
g 2000 gos
z & o
sD Fa44 SD  F344
D Dorsal E Ventral
3000 1 3000 .
] 2
8 2000 T 2400
E 1800 z % 1800 g
(1]
S 1200 S 1200
'E 600 'E 500 1
=2 =
= 0 = 0
SD  F3a4 SD  F344

FiG. 8. Effects of repeated exposure to restraint stress on cell proliferation in
the entire dentate gyrus and dorsal and ventral aress. (A) Microscopic images
of BrdU i histochemistry in the dentate gyrus sections from nonre-
strained and 14-day-restrained SD and F344 rats. (B) Quantitative analysis of
the number of BrdU-positive cells in the entire dentate gyrus of i
(NRS; open bar) and 14-day-restrained (RRS; closed bar) SD and F344 mis
(n = 6 for all groups). (C) Levels of p-H3, an endogenous marker of cell
proliferation, were quantified by Western blot analysis (n = 6 for all groups).
(D and E) Quantitati lysis of the ber of BrdU-positive cells in
(D) the dorsal and (E) ventral hippocampus (# = 6 for all groups). Data are
presented as mean = SEM. *P < 0.05 vs, ponrestmined conwols in the
corresponding strain.

indicating that miR-18a inhibits translation of GR mRNA without
mRNA degradation.

Increased expression of miR-18 in F344 rats

We examined the expression of pre- and mature miR-18a in the PVN
of SD and F344 rats (Fig. 6). QRT-PCR (Fig. 6A) revealed that pre-
miR-18a expression was significantly increased in F344 rats compared
with SD rats in nonstressed conditions (P < 0.05) as well as in the
14th repeated stress condition (P < 0.05). In addition, Northern blot
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analysis (Fig. 6B and C) revealed a significantly increased expression
of mature miR-18a in F344 rats compared with SD rats in nonstessed
conditions (P < 0.05) as well as in the 14th repeated stress condition
(P < 0.05). These results suggest that decreased expression of GR in
the PVN of F344 rats may be due, at least in part, to the increased
miR-18a expression

To further characterize the expression of miR-18a, we used reverse
transcription-PCR analysis of RNAs isolated from selected brain
regions of adult SD rats, some of which are known to be involved in
HPA regulation. These studies showed that, compared to the PVN,
pre-miR-18a was expressed at much lower levels in the hippocampus,
prefrontal cortex, amygdala and stnatum, whereas pre-miR-124a was
enriched in these brain regions (Fig. 6D). In addition, we could not
detect mature miR-18a expression in the hippocampus and prefrontal
cortex using Northern blot analysis (data not shown), Moreover, as
shown in Fig. 4, the expression levels of GR protein in the
hippocampus and prefrontal cortex were not significantly different
between SD and F344 rats, in contrast to the PVN, Taken together, the
data suggest that the regulation of GR translation by miR-18a may be
specific to the PVN,

Increased anxiety-related behaviour in F344 rats
after repeated restraint stress

To examine whether there was difference in the anxiety-related
behaviour between SD and F344 rats by the 14th RRS session, we
performed the social interaction test and the novelty-suppressed
feeding test at 24 h after the final stress session. The socizl interaction
time provides an index of anxiety and depression-like behaviour, with
more anxious rats spending less time in social interaction (File & Seth,
2003). Repeatedly d F344 rats exhibited significantly shorter
social interaction times than the other groups (Fy 3, = 3.38, P < 0.05;
Fig. TA).

In the novelty-suppressed feeding test, food-deprived animals were
placed in & situation that provokes conflict between the drive to eat a
food pellet placed in the centre of a brightly lit open field and the fear
of this brightly lit open space (Santarelli ef /., 2003; Heurteaux e al.,
2006). The latency to begin eating has also been used as an index of
anxiety and/or depression-like behaviour because classical anxiolytic
drugs and antidepressants decrease it. Repeatedly restrained F344 rats
exhibited significantly longer latency to begin eating than other groups
(Fy36 = 851, P <0.05; Fig. 7B), with no differences in feeding
activity in the home cage (Fsss = 149, P> 0.05; Fig. 7D) or in
weight loss (Fyy = 2.06, P>0.05; Fig. 7C) induced by food
deprivation.

Effects of cell proliferation in the dentate gyrus of the
hippocampus after repeated restraint stress

It is well known that stress and glucocorticoids affect cell proliferation
and/or neurogenesis in the d gyrus of the hippocampus (Fuchs &
Gould, 2000; Sapolsky, 2004; Duman & Monteggia, 2006; Mirescu &
Gould, 2006). To examine whether the levels of cell proliferation
would be altered after the 14th restraint session, we performed BrdU
immunohistochemistry to quantify the number of proliferating cells in
the entire dentate gyrus of the hippocampus of repeatedly restrained
rats (Fig. 8A and B). Prior to the application of stress, there were no
significant differences in the number of BrdU-positive cells between
SD and F344 rats (P > 0.05). Repeatedly restrained F344 rmats
exhibited significantly fewer BrdU-positive cells than nonrestrained
F344 rats (P < 0.01). In conmrast, repeatedly resirained SD rats
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exhibited significantly higher BrdU-positive cells than nonrestrained
SD rats (P < 0.05). We also examined the expression of phosphory-
lated histone H3 (p-H3), an endogenous marker of cell proliferation, in
whole hippocampus by Western blot analysis (Fig. 8C). There was
significantly lower expression of p-H3 in repeatedly restrained F344
rats than in nonrestrained F344 rats (P < 0.05), Repeatedly restrained
SD rats tended to exhibit an increased expression of p-H3 compared
with nonrestrained SD rats, but this was not statistically significant
(P = 0.07).

To further characterize the effects of RRS on cell proliferation in the
hippocampus we quantified the number of BrdU-positive cells in the
dorsal and ventral hippocampus, as recent reports have suggested
distinct roles in the regulation of memory, anxiety, HPA axis and the
actions of antidepressants between these two areas (Jayatissa ef al,
2006; Sahay & Hen, 2007). Repeatedly restrained F344 rats exhibited
significantly fewer BrdU-positive cells than nonrestrained F344 rats in
both the dorsal (Fig. 8D, P < 0.01) and ventral (Fig. 8E, P < 0.01)
hippocampus. In contrast, repeatedly restrained SD rats exhibited a
significantly higher number of BrdU-positive cells than nonrestrained
SD rats in the ventral hippocampus (Fig. 8E, P < 0.01), whereas there
was no significant difference in the dorsal hippocampus (Fig. 8D;
P = 0.05).

Discussion

In this study, we characterized differences in biochemical, neuroen-
docrine, neurogenic and behavioural phenotypes between SD and
F344 rats during and after RRS exposure. Our major finding is
that F344 rats exhibited no habimation to RRS, suggesting that
comparing F344 and SD rats can provide useful information regarding
mechanisms of susceptibility to stress effects upon brain function and
behaviour, such as those associated with HPA axis function, anxiety
and mood disorders. Morcover, we report data suggesting that the
increased expression of miR-18a in the PVN of F344 rats may affect
HPA axis regulation through an inhibition of GR translation.

HPA axis habituation to repeated restraint stress

Characterization of stress vulnerability in F344 rats 2259

expression levels in the parvocellular division of the PVN of the
hypothalamus of repeatedly stressed rats were significantly comrelated
with the degree of habituation (Helmreich er al,, 1997). However, a
previous study has reported that treatment with 8 GR antagonist alone
in repeatedly restrained rats did not prevent HPA habituation, although
MR antagonist wreatment did prevent it (Cole er al., 2000). Another
smdy has reported that the habimation of c-fos expression occurred in
adrenalectomized rats (Melia er al., 1994), suggesting that habituation
occurs independently of the negative feedback of glucocorticoids.
Thus, the role of GR and MR in the expression of HPA habitation
remains unclear and other molecule(s) are undoubtedly required for
the HPA habimation. Further studies will be necessary to solve these
issues,

Role of miR-18a-mediated down-regulation of GR transiation
in the HPA system

Our data indicate that strain differences in GR protein levels occur in
the PVN but not in the hippocampus or the prefrontal cortex, which
have been implicated in the negative feedback regulation of the HPA
axis (Diorio et al., 1993; Radley et al., 2006). We report that GR
mRNA levels are not different between rat strains in the PVN, but GR
protein levels are lower in F344 rats and miR-18a levels are higher in
F344 rats. As discussed above, the role of GR in HPA habimation is
unclear, but it is thought that GR can repress stress-induced responses
such as neuropeptide synthesis (e.g. CRH and wvasopressin) and
thereby terminate ongoing stress reactions (de Kloet et al., 2005).
Indeed, our data showed higher plasma corticosterone and CRH
hnRNA levels in acutely restrained F344 rats than in SD rats. [n
addition, a previous study indicated that F344 mats display an
incomplete shut-off of the corticosterone response to acute stress
compared with SD rats (Dhabhar et al, 1997). Morcover,
GR-heterozygous mice, whose expression level of GR is 50% lower
than wild-type mice, showed an increased stress-induced corticoste-
rone level while GR-overexpressing mice had a lower HPA axis
response to stress (Ridder er al., 2005). Thus, because miR-18a is able
to inhibit translation of GR, we suggest that miR-18a-mediated down-
regulation of GR translation in the PVN may be involved in the

lation of the HPA axis response to stress. Moreover, it is possible

We found that SD rats showed a habituation of pl cortice

¢-fos mRNA, CRH hnRNA, pERK and pCREB l:v:ls during rcp:at.:d
restraint presentation, whereas F344 rats did not show such habitu-
ation. Previous reports have indicated that ERK activation is
associated with the CREB and ERK-CREB pathway that regulates
c-fos expression (Ginty ef al., 1994; Xia er al., 1996; lmpey et al.,
1998). Induction of ¢-fos in the PVN with restraint is localized in CRH
-neurons (Dayas ef al., 1999). In addition, transcriptional regulation of
the CRH gene in the PVN involves CREB-mediated mechanisms
(Seasholtz er al., 1988; Yamamori et al., 2004). Together with these
findings, the suppression of ERK-CREB signalling in the CRH
neurons of the PYN might be required for the HPA axis habituation by
RRS.

In general, MR is thought to be involved in the appraisal process
and the onset of the stress response while GR is associated with the
regulation of HPA negative feedback, which terminates the stress
reactions (de Kloet et al, 2005). It has been reported that the
expression of habituation is completely dependent on corticosteroid
negative feedback (Cole er al., 2000), suggesting that GR is an
important molecule for the expression of habituation. Actually, our
data showed that GR protein level in the PVN of F344 rats was
significantly lower than that of SD rats, whereas MR mRNA and
protein levels were unaltered. In addition, it has been reported that GR

1hat the enhanced expression of miR-18a could be a vulnerability
factor for the development of stress-related disorders.

A previous study has reported that miR-18a expression was
gradually decreased during brain development in mouse (Miska
et al., 2004), Thus, miR-18a probably contributes to normal brain
development. It remains an interesting possibility that ir d
expression of miR-18a in adult F344 rats may be programmed during
the early posmatal period and miR-18a-mediated down-regulation of
GR may lead w aberrant brain development which, in tum,
characterizes an exaggerated HPA axis response to stress.

F344 rats as an animal mode! for vulnerability
to repeated-restraint stress

F344 rats showed increased anxiety-related behaviours (social inter-
action fime and movelty-suppressed feeding) and decreased hippo-
campal cell proliferation as a result of the 14 days of restraint stress,
while SD rats showed stress resistance under the same experimental
conditions. However, it should be noted that, with more severe and
longer RRS such as the 21 days of restraint stress (6 h/day), SD rats
do show an increase in anxiety behaviour (Wood er al., 2004) and fear
conditioning (Conrad et al, 1999), and a decrease in hippocampal
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neurogenesis (Pham er al., 2003). Thus F344 rats are thought to be
more vulnerable to RRS than SD rats.

It has been reported that the reduced social interaction time and
increased latency to feed in the novelry-suppressed feeding test was
observed in an animal model for depression (Berton er al., 2006; Chen
et al,, 2006; Tsankova ef al., 2006; Yirmiya et al., 2006). Importantly,
chronic treatment with antidepressants, but not single meatment,
stimulated these behaviours (Santarelli er al, 2003; Berton
et al., 2006; Heurteaux et al., 2006; Tsankova ef al., 2006; Yirmiya
et al., 2006). Thus, these behaviours may be associated with not only
an anxiety phenotype but also a depression-like phenotype.

Increased hippocampal cell proliferation is a novel indicator
of stress habituation

There is @ wealth of data demonstrating that various types of stressor
affect hippocampal cell proliferation and neurogenesis, and it has
been proposed that stress-induced reductions in neurogenesis
contribute to the pathophysiology of anxiety disorders and mood
disorders (Fuchs & Gould, 2000; Sapolsky, 2004; Duman &
Monteggia, 2006; Mirescu & Gould, 2006). Actually, it has been
reported that stress-induced animal models for depression, such as
chronic social defeated stress or chronic unpredictable stress, show
reduced hippocampal cell proliferation (Banasr et al., 2007; Cuh
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