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25 Abstract—The neuroimmune-endocrine dysfunction has

been accepted as one of fundamental mechanisms con-

tributing to the pathophysiology of psychiatric disorders

including depression and anxiety. In this study, we aimed

to evaluate the involvement of hypothalamic–pituitary–adre

nal (HPA) axis, interleukin-1b, and nitrergic system in medi-

ating the negative behavioral impacts of juvenile social iso-

lation stress (SIS) in male mice. We also investigated the

possible protective effects of lithium on behavioral and

neurochemical changes in socially isolated animals. Results

showed that experiencing 4-weeks of juvenile SIS provoked

depressive and anxiety-like behaviors that were associated

with hyper responsiveness of HPA axis, upregulation of

interleukin-1b, and nitric oxide (NO) overproduction in the

pre-frontal cortex and hippocampus. Administration of

lithium (10 mg/kg) significantly attenuated the depressant

and anxiogenic effects of SIS in behavioral tests. Lithium

also restored the negative effects of SIS on cortical and

hippocampal interleukin-1b and NO as well as HPA axis

deregulation. Unlike the neutralizing effects of L-arginine

(NO precursor), administration of L-NAME (3 mg/kg) and

aminoguanidine (20 mg/kg) potentiated the positive effects

of lithium on the behavioral and neurochemical profile of

isolated mice. In conclusion, our results revealed that

juvenile SIS-induced behavioral deficits are associated with

abnormalities in HPA-immune function. Also, we suggest

that alleviating effects of lithium on behavioral profile of iso-

lated mice may be partly mediated by mitigating the negative

impact of NO on HPA-immune function.� 2015 Published by

Elsevier Ltd. on behalf of IBRO.
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27INTRODUCTION

28Depression, a condition accounting for enormous social

29and financial burden, is characterized by despair

30behaviors, anhedonia, and depressed mood.

31Adolescence is a pivotal period for brain development

32accompanied with cortico-limbic maturation (Sisk and

33Foster, 2004). Ample evidence indicated that experienc-

34ing adversity namely by social stressors negatively alters

35brain function and leads to the occurrence of psychiatric

36disorders including depression and anxiety (Andersen

37and Teicher, 2008; Romeo, 2010). Juvenile social

38isolation stress (SIS) has been shown to produce behav-

39ioral and neurochemical changes in social mammals

40reminiscent of various symptoms observed in depressed

41patients (Fone and Porkess, 2008; Nestler and Hyman,

422010). A large body of evidence reported that applying

43SIS to animals provoked behaviors relevant to depression

44and anxiety (Grippo et al., 2007; Fone and Porkess, 2008;

45Amiri et al., 2015b).
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46 Lithium, a well-known mood stabilizer, has been

47 reported to exert antidepressant properties in preclinical

48 and clinical studies (Austin et al., 1991; Gray and

49 McEwen, 2013). In this context, advantageous effects of

50 lithium on stress-induced psychiatric disorders have been

51 well documented in the literature (Kovacsics and Gould,

52 2010). Despite several mechanisms of action identified

53 for the therapeutic effects of lithium, the exact mechanisms

54 through which lithium modulates the negative impacts of

55 stress remains elusive. Our previous studies showed that

56 the antidepressant effect of lithium is partly associated with

57 nitric oxide (NO) modulation (Ghasemi et al., 2008, 2009).

58 It has been also demonstrated that lithium exerts anti-

59 inflammatory effects and prevents interleukin-1b (IL-1b)
60 overproduction (Albayrak et al., 2013). On the other hand,

61 it has been proposed that lithium is able to modulate the

62 hypothalamic–pituitary–adrenal (HPA) axis dysregulation

63 in the variety of mood disorders (Bschor et al., 2002;

64 Boku et al., 2009). Evidence is accumulating that nitric

65 oxide synthase (NOS) overactivity, IL-1b overproduction,

66 and HPA-axis dysfunctions are involved in the pathophys-

67 iology of psychiatric disorders including depression and

68 anxiety (McEwen, 2005; Dantzer, 2009).

69 Several lines of research suggested that dysregulation

70 of the neuroimmune-endocrine system is one of the

71 fundamental mechanisms that underlie psychiatric

72 disorders (Pariante and Lightman, 2008). Evidence

73 indicates that experiencing social isolation during adoles-

74 cence correlates with HPA axis hyper responsiveness

75 and influences brain regions related to mood disorders

76 such as the pre-frontal cortex (PFC) and hippocampus

77 (HIPP) (Tsigos and Chrousos, 2002; Serra et al., 2005;

78 Pariante and Lightman, 2008; Hawkley et al., 2012;

79 Gazdek-Michalska et al., 2013a). Disruption of the HPA axis

80 activity after chronic stress exposure might be a result of

81 inflammatory cytokines, including IL-1b and NO overpro-

82 ductions (Gazdek-Michalska et al., 2013b). In addition, we

83 have recently shown that inducible NOS (iNOS) activity is

84 associated with co-occurrence of anxiety and depressive-

85 like behaviors following juvenile SIS (Amiri et al., 2015b).

86 Considering the protective properties of lithium in

87 modulating the negative effects of stress and also the

88 putative role of glucocorticoids (GCs), NO, and IL-1b in

89 depression and anxiety development, we aimed to

90 investigate the effect of lithium on the depressive and

91 anxiety-like behaviors in animals exposed to juvenile

92 SIS paradigm using behavioral tests. Although the

93 antidepressant and anxiolytic effects of lithium has been

94 established by past studies, the possible effect of this

95 drug on social stressors during adolescence, which is a

96 critical period in developing the brain of animals, has not

97 been illustrated yet. Also, our goal is to evaluate the

98 possible involvement of HPA axis, nitrergic system, and

99 IL-1b in mediating the protective effect of lithium on

100 mood disorders in socially isolated mice.

101 EXPERIMENTAL PROCEDURES

102 Animals

103 In the current study, we used male NMRI (Naval Medical

104 Research Institute) mice (Pasteur Institute, Tehran, Iran),

105weighing 10–14 g and on postnatal day (PND) 21–25.

106Each experimental group consisted of 6–8 animals. The

107animals were housed under standard conditions

108(temperature: 23 ± 2 �C, 12-h light–dark cycle, and free

109access to food and water) for four weeks. Animals were

110housed under two different conditions, social condition

111(SC), and isolated condition (IC). Socially conditioned

112mice were housed in groups (six mice per cage) in

113Plexiglas boxes (25 � 25 � 15 cm), while IC mice were

114housed individually in Plexiglas boxes (24 � 17 �
11512 cm). Isolated conditioned mice were housed in a

116separate room and had olfactory and visual contact. The

117cages of IC mice were cleaned weekly by the same

118experimenter to avoid minimum handling and social

119contact. All procedures in our study were carried out in

120accordance with the National Institutes of Health Guide

121for the Care and Use of Laboratory Animals (NIH

122Publications No. 80-23) revised 1996 or the UK Animals

123(Scientific Procedures) Act 1986 and associated

124guidelines, and we also adhered to institutional

125guidelines for animal care and use (Department of

126Pharmacology, School of Medicine, TUMS).

127Drugs

128The following drugs were used in this study: lithium

129chloride (Merck, Darmstadt, Germany), NG-nitro-L-

130arginine methyl ester (L-NAME, non-selective NOS

131inhibitor), aminoguanidine (AG, selective iNOS inhibitor),

132and L-arginine (L-arg, NO precursor) (Sigma, St Louis,

133MO, USA). All drugs were dissolved in sterile saline and

134were administered in a volume of 5 ml/kg mouse weight.

135All drugs were administered intraperitoneally (i.p.) to

136animals. Doses and administration time of each drug

137were chosen according to our pilot treatments and

138previous published studies (Ghasemi et al., 2008; Amiri

139et al., 2015b). The efficacy and bioavailability of applied

140drugs have been documented in the literature suggesting

141the ability of them to pass through the blood–brain barrier

142(Gyulai et al., 1991; Sakuma et al., 1992; Cockroft et al.,

1431996; Tsuji et al., 2000).

144Forced swimming test (FST)

145We used FST as a behavioral test in which the prolonged

146immobility time presents the despair behavior reflecting

147the depressive-like symptoms (Porsolt et al., 1977). Mice

148were individually placed in an open glass cylinder

149(diameter: 10 cm, height: 25 cm) containing 19 cm water

150(23 ± 1 �C). Mice were allowed to swim for 6 min, and

151the immobility time was recorded during the last 4 min

152of the test. Immobility behavior was considered when

153the animal remained floating motionless in water and

154made only those necessary movements to keep its head

155above water.

156Splash test

157In rodents, lack of motivation to engage in self-care can

158be assessed by the splash test. In this test, grooming

159behavior of mice, which can be considered as an

160indirect measure of palatable solution intake was
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