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5 MICE TO REPEATED FOOD RESTRICTION STRESS
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9 Abstract—Adolescent females are particularly vulnerable to

mental illnesses with co-morbidity of anxiety, such as anor-

exia nervosa (AN). We used an animal model of AN, called

activity-based anorexia (ABA), to investigate the neurobio-

logical basis of vulnerability to repeated, food restriction

(FR) stress-evoked anxiety. Twenty-one of 23 adolescent

female mice responded to the 1st FR with increased

wheel-running activity (WRA), even during the limited period

of food access, thereby capturing AN’s symptoms of volun-

tary FR and over-exercise. Baseline WRA was an excellent

predictor of FR-elicited WRA (severity of ABA, SOA), with

high baseline runners responding to FR with minimal SOA

(i.e., negative correlation). Nine gained resistance to ABA

following the 1st FR. Even though allopregnanolone (3a-O
H-5a-pregnan-20-one, THP), the metabolite of progesterone

(P4), is a well-recognized anxiolytic agent, subcutaneous

P4 to these ABA-resistant animals during the 2nd FR was

exacerbative, evoking greater WRA than the counterpart

resistant group that received oil vehicle, only. Moreover,

P4 had no WRA-reducing effect on animals that remained

ABA-vulnerable. To explain the sensitizing effect of P4 upon

the resistant mice, we examined the relationship between P4

treatment and levels of the a4 subunit of GABAARs at spines

of pyramidal cells of the hippocampal CA1, a parameter pre-

viously shown to correlate with resistance to ABA. a4 levels

at spine membrane correlated strongly and negatively with

SOA during the 1st ABA (prior to P4 injection), confirming

previous findings. a4 expression levels were greater among

P4-treated animals that had gained resistance than of

vehicle-treated resistant animals or of the vulnerable ani-

mals with or without P4. We propose that a4-GABAARs play

a protective role by counterbalancing the ABA-induced

increase in excitability of CA1 pyramidal neurons, and

although exogenous P4’s metabolite, THP, enhances a4
expression, especially among those that can gain resis-

tance, it also interferes with a4-GABAARs’ protective role

by desensitizing a4-GABAARs. � 2015 IBRO. Published by

Elsevier Ltd. All rights reserved.
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11INTRODUCTION

12Adolescence is a period of great vulnerability to mental

13illness (Spear, 2000). The stress response system in

14the brain and periphery exhibit strong and long-lasting

15(Andersen, 2003; Romeo, 2010) plasticity during adoles-

16cence, perhaps because it is still continuing to develop

17(Romeo, 2005; Romeo et al., 2006; McCormick and

18Mathews, 2007). As a consequence, a stressful event

19during adolescence affects the mental health outcome

20into adulthood (Andersen, 2003; Romeo, 2010). In pub-

21erty and adolescence, there is an interaction of the follow-

22ing factors: an increase of environmental stressors,

23gonadal hormone fluctuations, and a growth spurt in the

24hippocampus (Mannan and O’Shaughnessy, 1991;

25Palumbo et al., 1995; Spear, 2000; Romeo et al., 2006;

26Chowdhury et al., 2014). Estrogen, progesterone and

27testosterone are the major peri-pubertal hormones influ-

28encing plasticity and signaling in the hippocampus, along

29with reproductive function (Smith and Woolley, 2004). In

30adulthood, estrogen has excitatory effects in several brain

31regions, including the hippocampus, hypothalamus, and

32amygdala, with the impact of increasing or decreasing

33anxiety, increasing stress responses and decreasing

34depression (Nabekura et al., 1986; Isgor et al., 2003;

35Walf and Frye, 2006; Harte-Hargrove et al., 2013).

36Among the questions that remain to be answered is the

37role of progesterone (P4) in altering the stress response

38of adolescents. We sought to address this gap in knowl-

39edge by imposing an animal model of stress called

40activity-based anorexia (ABA) upon adolescent mice

41and testing P4’s cellular and behavioral effects upon

42ABA response.

43The stressor in the ABA model is food restriction (FR)

44and the response to this stress is a marked increase in

45voluntary wheel-running activity (WRA), causing

46exacerbated weight loss. WRA is a reliable measure of

47stress response, because it correlates positively with

48levels of corticosterone (cort) released after FR (Duclos
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49 et al., 2005, 2009). The WRA is also robustly correlated to

50 anxiety levels measured during ABA (Wable et al., 2015).

51 Stress usually afflicts an individual more than once. The

52 change in physiology evoked by repeated stress can also

53 be analyzed in this animal model by imposing a second

54 episode of ABA after recovery from the first. Such

55 repeated stress exposures enable investigation of individ-

56 ual variability in habituation, adaptation or sensitization to

57 the repeated stressor. Indeed, one of the strengths of the

58 ABA model is that there is considerable individual variabil-

59 ity in the WRA response to the first as well as the

60 repeated episode of the FR stressor. The variability in

61 behavior is not noise, because it is correlated in meaning-

62 ful ways to variability in biological markers, such as the

63 levels of cort (Duclos et al., 2005, 2009). The extent of

64 GABAergic innervation as well as expression levels of

65 the a4 subunit of GABAARs by pyramidal neurons in the

66 CA1 of the dorsal hippocampus is also correlated strongly

67 and negatively with the FR-evoked increase of WRA, sug-

68 gesting that up-regulation of the hippocampal GABAergic

69 system may contribute toward suppression of WRA and

70 thereby resilience to ABA (Chowdhury et al., 2013; Aoki

71 et al., 2014).

72 P4 plays an important role in regulating anxiety. P4’s

73 metabolite, THP (3aOH-5a[b]-pregnan-20-one), reduces
74 anxiety (Frye and Paris, 2011) (Bitran et al., 1995) in late

75 adolescence, adulthood (Canonaco et al., 1993; Frye and

76 Walf, 2004a; Reddy et al., 2005; Engin and Treit, 2007;

77 Koonce and Frye, 2013) and pre-pubertally (Shen et al.,

78 2007) through positive modulation of GABAA receptors

79 (GABAARs) (Belelli and Lambert, 2005). These findings,

80 together with our recent observation of the strong correla-

81 tion between WRA response and anxiety (Wable et al.,

82 2015), led us to test the following prediction: P4 treatment

83 could decrease an animal’s excessive WRA response to

84 FR when imposed at late adolescence, which in turn

85 would minimize weight loss and serve to protect animals

86 from ABA. We chose a dosage of subcutaneous P4 that

87 has been demonstrated to be anxiolytic in female mice

88 of similar age (Frye et al., 2004).

89 To identify a possible molecular mechanism

90 underlying the behavioral effect of P4, we measured

91 plasmalemmal and cytoplasmic levels of the a4 subunit

92 of GABAARs in pyramidal neurons of the dorsal

93 hippocampal CA1 of these mice. Our reason for

94 measuring the a4 subunit level in the CA1 was twofold:

95 (1), the administration as well as withdrawal of P4 and

96 THP increase the expression of a4bd-GABAAR in the

97 hippocampus over 2–3 days (Shen et al., 2007); and (2)

98 ABA was previously shown to increase the expression

99 of a4bd-GABAARs in the hippocampal CA1 (Aoki et al.,

100 2012, 2014). We surmised that, if heightened levels of

101 a4bd-GABAAR in the hippocampal CA1 contributed to

102 the suppression of FR-evoked increase in WRA, thereby

103 reducing ABA vulnerability (Aoki et al., 2014), then P4

104 could induce the expression of a4bd-GABAAR, which

105 would also be protective against ABA. However, while

106 P4’s metabolite, THP, is, in general, anxiolytic, THP can

107 also be anxiogenic. This is because THP has an addi-

108 tional property of desensitizing a4bd-GABAAR, when

109 expressed in pyramidal cells of the CA1 (Shen et al.,

1102007). This additional desensitizing property of THP upon

111a4bd-GABAARs expressed by CA1 pyramidal cells (as

112opposed to the consistently positive modulating effect of

113THP upon a4bd-GABAARs expressed by granule cells

114of the dentate gyrus, involving the difference in the direc-

115tion of Cl� flux across the two regions) has the potential

116consequence of increasing excitability of the CA1 pyrami-

117dal neurons and thus of anxiety (Shen et al., 2007).

118Because of this dual potential action of THP, knowledge

119about the changing level of a4 subunits in the hippocam-

120pal CA1 was needed for assessing the action of P4 that

121would include the interaction of a4bd-GABAAR in the ani-

122mal’s response to ABA. Here, we report that, indeed, P4

123led to exacerbated WRA during the second ABA, specifi-

124cally among individuals that had attained resilience during

125recovery from the 1st ABA and a rise of a4bd-GABAARs.

126These observations are consistent with the idea that up-

127regulation of a4bd-GABAAR in the dorsal hippocampal

128CA1 during recovery from the first ABA contributed

129toward attainment of resilience to the second ABA, while

130desensitization of a4bd-GABAARs by exogenous P4 con-

131tributed to anxiogenesis and exacerbated animals’

132responses to the second ABA.

133EXPERIMENTAL PROCEDURES

134General aspects about the animals

135All procedures relating to the use of animals were

136according to the NIH Guide for the Care and Use of

137Laboratory Animals and also approved by the

138Institutional Animal Care and Use Committee of New

139York University.

140Altogether, 23 animals were used for this study. All

141animals were female C57BL6 mice, bred at New York

142University’s animal facility in a 12-h:12-h light:dark cycle

143(lights on at 7 am). At postnatal day (PND) 25, they

144were weaned and group-housed with same sex

145littermates. If any litter contained only a single female

146mouse, she was not included in the experiment. Food

147was provided ad libitum when the animals were not

148undergoing the FR portion of the paradigm [dry chow

149(PMI Mouse Diet 5001; 336 kcal per 100 g, 28.507%

150protein, 57.996% carbohydrates, 13.496% fat) and soft

151food (Clear H2O DietGel� 76A; 99.8 kcal per 100 g,

1524.7% protein, 17.9% carbohydrates, 1.5% fat, 73.4%

153moisture)] and water was provided ad libitum throughout

154the experiment.

155Non-ovariectomized mice were used for the study

156because ovariectomy has been shown to alter CNS

157neurosteroid metabolism following injection of exogenous

158P4 (Corpechot et al., 1993). Also, P4 is produced by the

159adrenal gland in stress so ovariectomy does not guarantee

160depletion of circulating P4 (Romeo et al., 2005).

161ABA induction and P4 injection

162ABA induction consisted of combining FR with access to a

163running wheel, as described in the ABA protocol

164established in our laboratory (Chowdhury et al., 2013).

165Running wheels were purchased from Med

166Associates, called Low-Profile Wireless Running Wheel
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