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Abstract

Amphetamine withdrawal is associated with heightened anxiety-like behavior, which is directly 

driven by blunted stress-induced glucocorticoid receptor-dependent serotonin release in the ventral 

hippo-campus. This suggests that glucocorticoid availability in the ventral hippocampus during 

stress may be reduced during amphetamine withdrawal. Therefore, we tested whether 

amphetamine withdrawal alters either peripheral or hippocampal corticosterone stress responses. 

Adult male rats received amphetamine (2.5 mg/kg, ip) or saline for 14 days followed by 2 weeks 

of withdrawal. Contrary to our prediction, microdialysis samples from freely-moving rats revealed 

that restraint stress-induced corticosterone levels in the ventral hippocampus are enhanced by 

amphetamine withdrawal relative to controls. In separate groups of rats, plasma corticosterone 

levels increased immediately after 20 min of restraint and decreased to below stress-naïve levels 

after 1 h, indicating negative feedback regulation of corticosterone following stress. However, 

plasma corticosterone responses were similar in amphetamine-withdrawn and control rats. Neither 

amphetamine nor stress exposure significantly altered protein expression or enzyme activity of the 

steroidogenic enzymes 11β-hydroxysteroid dehydrogenase (11β-HSD1) or hexose-6-phosphate 

dehydrogenase (H6PD) in the ventral hippocampus. Our findings demonstrate for the first time 

that amphetamine withdrawal potentiates stress-induced corticosterone in the ventral hippo-

campus, which may contribute to increased behavioral stress sensitivity previously observed 

during amphetamine withdrawal. However, this is not mediated by either changes in plasma 

corticosterone or hippocampal steroidogenic enzymes. Establishing enhanced ventral hippocampal 

corticosterone as a direct cause of greater stress sensitivity may identify the glucocorticoid system 

as a novel target for treating behavioral symptoms of amphetamine withdrawal.
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 1. Introduction

Amphetamine dependence is a global health problem with a high incidence of relapse and 

few successful treatment options (Fone and Nutt, 2005; Heal et al., 2013; Pomerleau et al., 

2012; Wilens et al., 2008). Amphetamine withdrawal is associated with anxiety and 

hypersensitivity to stressors in humans (Cleck and Blendy, 2008; Shoptaw et al., 2009) and 

rodents (Barr et al., 2010; Li et al., 2014; Russig et al., 2006; Tu et al., 2014; Vuong et al., 

2010) that can induce relapse in humans (Gossop, 2009) and maintains the cycle of 

addiction (Koob et al., 2014; Shoptaw et al., 2009).

Stress induces serotonin release in the ventral hippocampus, which has been implicated in 

reducing anxiety and stress responsiveness (Graeff et al., 1996; Herman et al., 2003; Li et 

al., 2014; Tu et al., 2014). We have previously found that rats in the second week of 

withdrawal from repeated amphetamine exposure show heightened behavioral anxiety (Barr 

et al., 2010; Reinbold et al., 2014; Tu et al., 2014; Vuong et al., 2010), enhanced behavioral 

measures of stress-induced arousal (Li et al., 2014), and severely blunted stress-induced 

serotonin release in the ventral hippocampus (Li et al., 2014), which is known to cause 

increased behavioral anxiety (Tu et al., 2014). Therefore, it is important to understand the 

mechanism by which amphetamine withdrawal alters stress-induced serotonin levels in the 

ventral hippocampus.

One mechanism by which amphetamine withdrawal could alter stress-related serotonin 

function in the ventral hippocampus is via glucocorticoid actions in this region. Stress-

induced serotonin release in the ventral hippocampus is mediated by corticosterone 

activation of local glucocorticoid receptors (Barr and Forster, 2011; Li et al., 2014). 

Amphetamine withdrawal causes a reduction in ventral hippocampus glucocorticoid receptor 

expression (Barr and Forster, 2011), which may partly explain the corresponding dampening 

of stress-evoked serotonin release observed in withdrawn rats (Li et al., 2014). However, 

glucocorticoid receptor expression is not totally abolished following amphetamine 

withdrawal, but only reduced by ~30% compared to controls, while mineralocorticoid 

receptor expression remains unaltered. This raises the possibility that other mechanisms 

regulating glucocorticoid availability during stress are affected by amphetamine withdrawal 

to account for blunted glucocorticoid receptor-dependent increases in serotonin release. For 

instance, stress-induced corticosterone levels in the dorsal hippocampus have been found to 

increase up to 200% from baseline in drug-naïve rats (Droste et al., 2008; Keeney et al., 

2006). Therefore, it is conceivable that stress-induced levels of corticosterone in the ventral 

hippocampus are reduced or absent during amphetamine withdrawal, lowering 

corticosterone availability and contributing to the lack of glucocorticoid receptor-dependent 

stress-induced serotonin release in this region (Li et al., 2014) and to the resultant 

heightened anxiety states (Tu et al., 2014). This possibility was addressed by the current 
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study, using the same amphetamine treatment and withdrawal regime previously shown to 

produce heightened behavioral anxiety (Barr et al., 2010; Reinbold et al., 2014; Tu et al., 

2014; Vuong et al., 2010), enhanced stress-induced behavioral arousal (Li et al., 2014), and 

blunted stress-induced serotonin release in the ventral hippocampus (Li et al., 2014).

Corticosterone is secreted primarily from the adrenal cortex in the periphery and readily 

crosses the blood brain barrier to act on target tissues, including the hippocampus (Pura and 

Kreze, 2005; Robel and Baulieu, 1994). Amphetamine withdrawal does not alter basal 

plasma corticosterone levels relative to saline controls at either 24 h or 4 weeks of 

withdrawal (Barr et al., 2010), but it is unknown whether stress-induced plasma 

corticosterone responses are affected. Therefore, we also tested whether amphetamine 

withdrawal is associated with reduced stress-induced corticosterone levels in the plasma to 

explain any alterations in ventral hippocampus concentrations.

Glucocorticoid activation of target tissues can also be regulated at the cellular level by extra-

adrenal synthesis (Harris et al., 2001) by enzymes such as 11β-hydroxysteroid 

dehydrogenase type 1 (11β-HSD1), which reduces inert 11-dehydrocorticosterone (11-DHC) 

to active corticosterone (Harris et al., 2001; Taves et al., 2011). Of the intracellular enzymes 

that regulate steroidogenesis locally in central tissues including the hippocampus (Harris et 

al., 2001; Seckl, 1997; Taves et al., 2011), 11β-HSD1 appears to play a major role in stress-

induced alterations of hypothalamic-pituitary-adrenal output regulation (Atanasov et al., 

2004; Edwards et al., 1988; Ergang et al., 2014; Harris et al., 2001; Muller et al., 2006; 

Odermatt and Kratschmar, 2012; Vodicka et al., 2014; Wyrwoll et al., 2011). For example, 

11β-HSD1 mRNA expression was increased in the ventral CA1 hippocampus following a 

variable 3-day stress protocol (Ergang et al., 2014) and following a resident intruder 

paradigm of repeated social stress (Vodicka et al., 2014), suggesting that stress may exert its 

effects on ventral hippocampus corticosterone availability by altering local 11β-HSD1 

activity. Another enzyme, hexose 6 phosphate de-hydrogenase (H6PD), directly interacts 

with 11β-HSD1 in central tissue to stabilize 11β-HSD1 reductase activity (White et al., 

2007), regulating 11β-HSD1-imposed glucocorticoid activation in peripheral and central 

tissues (Hewitt et al., 2005; White et al., 2007). Increased H6PD production contributes to 

11β-HSD1 up-regulation of glucocorticoids in liver tissues (Wang et al., 2011) but the role of 

H6PD expression in central glucocorticoid activation is largely unknown (Wang et al., 

2011). Therefore, we also tested the hypothesis that amphetamine exposure alters expression 

and/or activity of either 11β-HSD1 or H6PD in the ventral hippocampus to alter stress-

induced levels of corticosterone during amphetamine withdrawal.

 2. Results

 2.1. Experiment 1 – amphetamine withdrawal enhances stress-induced corticosterone 

levels in the ventral hippocampus

 2.1.1. Microdialysis probe placements and baseline corticosterone levels in 

the ventral hippocampus—Representative placements of probe membrane surfaces for 

the ventral hippocampus are drawn to scale and illustrated in Fig. 1A. Probe placements 

were similar between saline and amphetamine pretreated rats, and baseline levels of 

corticosterone also did not differ between saline (1.83 ± 0.07 ng/mL) and amphetamine 
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(1.65 ± 0.22 ng/mL) pretreatment (t(11) = 0.717, P = 0.488). Data from rats where the probe 

missed the ventral hippocampus were excluded from the subsequent analyses.

 2.1.2. Stress-induced corticosterone in the ventral hippocampus—

Amphetamine-pretreated rats undergoing withdrawal exhibited increased restraint-induced 

corticosterone in the ventral hippo-campus (Fig. 1B) with a maximal post-stress average of 

3.69 ± 0.74 ng/mL at 20 min post-stress. Two-way repeated measure ANOVA revealed 

significant effects of time (F(9, 96) = 4.175, P < 0.001) and an interaction between treatment 

and time (F(9, 96) = 2.005, P = 0.047) on corticosterone levels. There was no effect of stress 

over time in saline rats (F(9, 43) = 0.878, P = 0.552) with maximal levels of corticosterone of 

2.63 ± 0.39 ng/mL measured 20 min post-stress. However, an effect of stress over time was 

observed for amphetamine-pretreated rats (F(9, 53) = 4.267, P < 0.001) that was apparent at 

20 min post-stress as compared to pre-stress levels (Holm-Sidak P = 0.002). Ventral 

hippocampus corticosterone was significantly higher in amphetamine pretreated rats as 

compared to saline controls immediately following restraint stress (SNK, P = 0.010) and 20 

min later (SNK, P = 0.006) (Fig. 1B).

 2.2. Experiment 2 – mechanisms mediating enhanced corticosterone in the ventral 

hippocampus during amphetamine withdrawal

 2.2.1. Amphetamine withdrawal does not alter stress-induced 

corticosterone levels in the plasma—A significant effect of stress was observed on 

total (F(2, 62) = 88.427, P < 0.001; Fig. 2A), free (F(2, 61) = 189.847, P < 0.001; Fig. 2B), and 

bound (F(2, 60) = 11.702, P < 0.001; Fig. 2C) plasma corticosterone levels. However, no 

significant effects of amphetamine or saline pretreatment were observed on any measure of 

plasma corticosterone (total: F(1, 62) = 0.030, P = 0.862; free: F(1, 61) = 0.322, P = 0.572; 

bound: F(1, 60) = 0.376, P = 0.542). There was no significant interaction present between pre-

treatment and stress in any of the three measures (total: F(2, 62) = 0.218, P = 0.805; free: 

F(2, 61) = 0.028, P = 0.972; bound: F(2, 60) = 0.574, P = 0.566) (Fig. 2).

Post-hoc analysis demonstrated that 20 min of restraint stress resulted in higher total (SNK, 

P < 0.001; Fig. 2A), free (SNK, P < 0.001; Fig. 2B), and bound (SNK, P = 0.014; Fig. 2C) 

plasma corticosterone levels immediately following restraint relative to stress-naïve levels, 

and relative to all measures of plasma corticosterone 1 h following restraint (total: SNK, P < 

0.001; free: SNK, P < 0.001; bound: SNK, P < 0.001; Fig. 2). All measures of plasma 

corticosterone levels 1 h following restraint were also decreased relative to levels observed 

in stress-naïve controls (total: SNK, P=0.008; free: SNK, P=0.012; bound: SNK, P=0.016).

 2.2.2. Amphetamine withdrawal does not alter expression of 11β-HSD1 or 

H6PD in the ventral hippocampus—Neither amphetamine pretreatment nor stress 

exposure altered protein expression of 11β-HSD1 or H6PD in the ventral hippo-campus 

during withdrawal (Fig. 3). Specifically, protein expression of 11β-HSD1 in the ventral 

hippocampus was not significantly affected by pretreatment (F(1, 54) = 0.001, P = 0.977) or 

restraint stress (F(2, 54) = 0.301, P = 0.741), and there was no significant interaction between 

the two factors (F(2, 54) = 0.309, P = 0.735; Fig. 3A). Similarly, protein expression of H6PD 

in the ventral hippocampus was not significantly altered by pretreatment (F(1, 51) = 1.430, P 
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= 0.237) or stress (F(2, 51) = 2.230, P = 0.118), and there was no significant interaction 

between pretreatment and stress (F(2, 51) = 1.153, P = 0.324; Fig. 3B).

 2.2.3. Amphetamine withdrawal does not alter activity of 11β-HSD1 in the 

ventral hippocampus—Neither amphetamine pretreatment nor stress exposure affected 

11β-HSD1 activity or corticosterone tissue concentration in the ventral hippocampus (Fig. 

4). Specifically, corticosterone generated in vitro within ventral hippocampus tissue in the 

presence of its precursor 11-DHC (as a measure of 11β-HSD1 activity) was at least 600% 

greater than corticosterone levels from samples in which 11-DHC was absent, but this 

increase was not significantly affected by pretreatment (F(1, 46) = 1.237, P = 0.272) or stress 

(F(2, 46) = 2.038, P = 0.142), and there was no significant interaction between the two factors 

(F(2, 46) = 0.0898, P = 0.914; Fig. 4).

 3. Discussion

 3.1. Amphetamine withdrawal enhances stress-induced corticosterone levels in the 

ventral hippocampus

Given that corticosterone increases serotonin levels in the ventral hippocampus during stress 

via local glucocorticoid receptor activation (Barr and Forster, 2011), and stress-induced 

serotonin release in the ventral hippocampus is almost absent during amphetamine 

withdrawal (Li et al., 2014), we predicted that withdrawal from chronic amphetamine would 

result in decreased restraint-induced corticosterone in the ventral hippocampus. Instead, we 

observed an increase in stress-induced corticosterone levels in the ventral hippocampus 

during amphetamine withdrawal when compared to saline pretreated controls. The reduced 

stress-induced serotonergic response observed during amphetamine withdrawal, using the 

same stress paradigm as used here (Li et al., 2014), may instead be explained by a 

combination of reductions in ventral hippocampus glucocorticoid receptor levels (Barr and 

Forster, 2011) and increased extracellular serotonin reuptake (Barr et al., 2013), both of 

which have been observed in the ventral hippocampus following the same amphetamine 

treatment and withdrawal paradigm used here. It is also possible that surgical and 

microdialysis procedures may have altered glucocorticoid function in the ventral 

hippocampus. However, this possibility would be similar in saline and amphetamine-treated 

rats, since both groups in this and previous work (Li et al., 2014) underwent probe 

implantation and dialysis.

In the present study, 20 min of novel restraint stress exposure was found to increase free 

corticosterone levels in the ventral hippocampus by approximately 53% of baseline 

measures in saline pretreated controls, although this increase was not found to differ 

significantly from pre-stress levels. In contrast, forty minutes of exposure to a novel 

environment results in an immediate 3-fold increase in free corticosterone levels in the 

dorsal hippocampus (Droste et al., 2008), and 20 min of restraint stress increases 

corticosterone levels by 200% within the ventral hippocampus in male Wistar rats 6 months 

of age (Garrido et al., 2012). The discrepancy between the current and previous findings 

may result from variation in the type of stressor used or the age of the rats tested.
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Overall, increased stress-induced corticosterone in the ventral hippocampus during 

amphetamine withdrawal may have consequences for the associated heightened anxiety and 

stress responsiveness (Li et al., 2014; Vuong et al., 2010). Amphetamine withdrawal is 

associated with a reduced glucocorticoid receptor to mineralocorticoid receptor ratio in the 

ventral hippocampus (Barr and Forster, 2011). Combined with the augmented ventral hippo-

campus corticosterone response seen in the current study, this suggests a more prominent 

effect of mineralocorticoid receptor occupancy in the ventral hippocampus during 

amphetamine withdrawal. Mineralocorticoid receptors in the hippocampus are thought to 

mediate the effects of corticosterone in increasing anxiety and fear states (Korte, 2001), thus 

pointing to a central role of enhanced hippocampal corticosterone and more prominent 

mineralocorticoid receptor activation in promoting anxiety states during amphetamine 

withdrawal and representing an important direction to explore in future studies.

 3.2. Mechanisms mediating enhanced corticosterone in the ventral hippocampus during 

amphetamine withdrawal

In the present study, plasma corticosterone levels increased to above stress-naïve levels 

immediately following 20 min of restraint stress, then decreased to below stress-naïve levels 

1 h after restraint. The latter observation is suggestive of negative feedback regulating 

plasma corticosterone levels post-stress (Ergang et al., 2014; Garrido et al., 2012; 

Groeneweg et al., 2011; Laryea et al., 2014; Russig et al., 2006; van Haarst et al., 1997). 

However, amphetamine withdrawal did not alter total, free, or bound levels of either basal 

(stress-naïve) or stress-induced plasma corticosterone levels relative to those observed in 

saline-treated controls, suggesting that the capacity for free corticosterone to reach the brain 

was similar between saline and amphetamine pretreated rats. This lack of difference in 

stress-induced corticosterone response following 2 weeks of withdrawal from repeated 

amphetamine is consistent with previous findings using different treatment regimes and/or 

withdrawal periods. Specifically, Russig et al. (2006) showed that escalating doses of 

amphetamine (1–10 mg/kg) given over 4 days did not alter corticosterone either basally or in 

response to 30 min of restraint applied after 2 weeks of withdrawal relative to control levels. 

Overall, this suggests that amphetamine withdrawal does not alter peripheral corticosterone 

responses to stress regardless of dose given or length of withdrawal. Further studies are 

required to determine if this is maintained in response to different types of stress, or is 

specific to restraint.

With regards to saline pretreated rats, the increase in free corticosterone levels in the plasma 

was not mirrored by a significant increase in stress-induced ventral hippocampal 

corticosterone. Similar findings have been observed by others (Droste et al., 2009a, 2009b; 

Garrido et al., 2012), supporting the suggestion that “a containment mechanism” may exist 

that prevents overexposure of the brain to glucocorticoid hormones (Droste et al., 2009a). 

Corticosterone binding globulin (CBG), 11B-HSD1, and the multidrug resistance I (MDR1) 

type P glycoprotein in the blood-brain barrier have been proposed as three likely 

containment mechanisms (de Kloet et al., 2005; Droste et al., 2009a; Garrido et al., 2012) 

that could result in stress-induced increases of corticosterone in the plasma but not in the 

central nervous system.
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Interestingly, the ratio of free to bound corticosterone was found to be approximately 1:3 in 

both control and withdrawal conditions in the current study whereas previous findings 

suggest this ratio is typically 1:10 for rodents (Moisan et al., 2014; Sivukhina and 

Jirikowski, 2014). Typically, approximately 95% of serum corticosteroids are bound by the 

binding proteins albumin or CBG, which bind 5–15% and 80–85% of circulating 

corticosteroids respectively (Baker, 2002; Breuner and Orchinik, 2002; Brien, 1981; Moisan 

et al., 2014; Pugeat et al., 1981; Sivukhina and Jirikowski, 2014; Sugio et al., 1999; 

Westphal, 1971). One explanation for the current discrepancy is 2 weeks of daily 

intraperitoneal injections may have altered the ratio of free to bound corticosterone. In 

support of this, a single intraperitoneal injection can elicit a corticosterone stress response in 

the plasma (Meijer et al., 2006) and stress exposure can reduce plasma CBG levels, 

contributing to greater prevalence of free unbound corticosterone (Fleshner et al., 1995; 

Spencer et al., 1996). Thus, it seems plausible that in the present study, 2 weeks of daily 

intraperitoneal injections may have reduce CBG expression or binding in the plasma during 

the second week of withdrawal, resulting in an altered ratio of bound to free corticosterone 

content. This possibility should be investigated in the future.

The current findings did not demonstrate an effect of either amphetamine withdrawal or 

restraint stress on the expression or activity of 11β-HSD1, or on the expression of H6PD, in 

the ventral hippocampus. The lack of difference in stress-evoked 11β-HSD1 expression or 

activity is in contrast to the finding that exposure to chronic or repeated stress results in 

increased 11β-HSD1 mRNA expression in the CA1 region of the ventral hippocampus 

(Ergang et al., 2014; Vodicka et al., 2014). Combined, these results suggest that unlike 

repeated stress, acute stress does not increase 11β-HSD1 and thus the capacity to synthesize 

corticosterone in the ventral hippocampus. However, the effects of a single stressor on these 

end measures may be expressed at time points beyond the 1 h post-stress time point used 

here. Overall, it appears that increased stress-induced corticosterone in the ventral 

hippocampus of rats undergoing amphetamine withdrawal cannot be explained by greater 

peripheral synthesis or release of corticosterone, or by enhanced free circulating 

corticosterone, nor by increased capacity for local synthesis of corticosterone in the ventral 

hippocampus.

One possible explanation for increased stress-induced corticosterone in the ventral 

hippocampus shown by amphetamine–withdrawn rats is that amphetamine exposure and 

withdrawal causes damage to the blood brain barrier that enables the passage of bound 

corticosterone into the central nervous system, ultimately resulting in greater free levels (as 

measured by microdialysis) upon dissociation from the binding protein. In support of this 

hypothesis, methamphetamine exposure and withdrawal has been reported to increase the 

permeability of the blood brain barrier to otherwise impermeable binding proteins (Kiyatkin 

and Sharma, 2012; Sharma and Ali, 2006). Furthermore, failure to show differences in 

bound steroid in the plasma, as in the current study, does not preclude increased binding 

protein in the cerebrospinal fluid (Schwarz and Pohl, 1994). It is therefore conceivable that 

chronic amphetamine exposure and withdrawal increases the permeability of the blood brain 

barrier to binding proteins such as CBG, which is known to play a critical role in 

maintaining a corticosterone pool accessible to central tissues following stress (Mattos et al., 

2013). Greater amounts of bound corticosterone entering through a more permeable blood 
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brain barrier would then be available to the ventral hippocampus, where corticosterone could 

dissociate from CBG to become biologically active. This is in accordance with the higher 

levels of corticosterone in dialysates collected from amphetamine-withdrawn rats, which 

represent unbound (active) corticosterone levels.

Alternatively, it is also plausible that amphetamine exposure decreases expression or binding 

capacity of CBG in cerebrospinal fluid or central tissues such as the ventral hippocampus, 

resulting in greater free levels of stress-evoked corticosterone in this region. Expression of 

both CBG mRNA and protein have been identified that are localized to the hippocampus 

(Sivukhina et al., 2013a, 2013b, 2006), and it appears that CBG expression in hippocampal 

tissue is intrinsic rather than derived from cerebrospinal fluid or plasma (Jirikowski et al., 

2007; Orchinik et al., 1997; Sivukhina and Jirikowski, 2014). Thus, it is possible that 

decreased extracellular CBG could prolong stress-induced elevations in free extracellular 

corticosterone levels in the ventral hippocampus that are not observed in the plasma.

Finally, although no effect of amphetamine withdrawal or restraint stress was observed on 

11β-HSD1 or H6PD expression or activity in ventral hippocampus tissue, it is possible that 

amphetamine exposure and withdrawal alters these measures in the cerebrospinal fluid-

secreting cells of the choroid plexus epithelium to cause changes in regulation of 

corticosterone metabolism in the cerebrospinal fluid. In support of this, 11β-HSD1 and 

H6PD mRNA expression have been identified in human and rabbit choroid plexus epithelial 

cells, suggesting the potential to regulate central glucocorticoid availability (Sinclair et al., 

2007; Sinclair et al., 2010). Therefore, alterations in 11β-HSD1 or H6PD expression or 

activity in the choroid plexus of amphetamine-withdrawn rats may represent a mechanism 

contributing to enhanced stress-induced corticosterone levels in the ventral hippocampus but 

not in the plasma.

 3.3. Conclusions

Our findings demonstrate for the first time that withdrawal from chronic amphetamine 

exposure results in enhanced levels of stress-induced corticosterone in the ventral 

hippocampus, which may contribute to the related increases in anxiety and sensitivity to 

stress (Li et al., 2014; Tu et al., 2014; Vuong et al., 2010). We show further that 

enhancement in stress-induced hippocampal corticosterone is not mediated by either 

peripheral changes in plasma corticosterone levels or by functional expression of enzymes in 

the ventral hippocampus that regulate local corticosterone availability. Future work could 

explore the role of corticosteroid binding globulin in the delivery and regulation of 

hippocampal corticosterone during amphetamine withdrawal. Furthermore, identifying 

whether enhanced corticosterone in the ventral hippocampus contributes to enhanced 

sensitivity to stress during withdrawal may identify the glucocorticoid system as a target for 

treating amphetamine withdrawal.
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 4. Experimental procedures

 4.1. Rodent model of amphetamine pretreatment and withdrawal

Procedures for all experiments in this study were approved by the Institutional Animal Care 

and Use Committee of the University of South Dakota, and were conducted in accordance 

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. 

For all experiments, male Sprague-Dawley rats (Animal Resources Center, University of 

South Dakota) were weaned at 3 weeks of age and housed in pairs at a constant room 

temperature of 22° C (60% relative humidity) with a reverse 12-h light/dark cycle, (lights off 

at 10:00 a.m.) and freely accessible food and water. At 8 weeks of age, cage-paired rats were 

randomly assigned to receive either saline or d-amphetamine injections (2.5 mg/kg, ip.) for 

14 consecutive days (Barr et al., 2010; Barr and Forster, 2011; Li et al., 2014; Tu et al., 

2014; Vuong et al., 2010). Injections were administered during the dark phase of the reverse 

photoperiod (between 11:00 a.m. and 2:00 p.m.). Following this, rats underwent a 2-week 

withdrawal period, a protocol that reliably enhances anxiety-like behaviors (Reinbold et al., 

2014; Tu et al., 2014; Vuong et al., 2010). This same amphetamine treatment and withdrawal 

regime has been previously shown to produce heightened anxiety-like behaviors (Reinbold 

et al., 2014; Tu et al., 2014; Vuong et al., 2010), stress-induced behavioral arousal (Li et al., 

2014), and blunted stress-induced serotonin release in the ventral hippocampus (Li et al., 

2014).

 4.2. Experiment 1 – amphetamine withdrawal enhances stress-induced corticosterone 

levels in the ventral hippocampus

The purpose of this experiment was to determine the effects of amphetamine withdrawal on 

restraint stress-induced corticosterone in the ventral hippocampus.

 4.2.1. Surgical procedures—During the first week of withdrawal from amphetamine, 

13 rats underwent aseptic stereotaxic surgery under isoflurane anesthesia (3% isoflurane: 0.3 

mL/min oxygen) (Li et al., 2014). Following anesthesia, rats were placed into a stereotaxic 

frame and implanted unilaterally with a guide cannula (21 gauge; Plastics One, Roanoke, 

VA, USA) 2 mm above the ventral hippocampus. Guide cannula coordinates relative to 

bregma were AP −5.2 mm, mL ± 4.4 mm and DV −8.3 mm (Paxinos and Watson, 1998). 

The pedestal was anchored to the skull with a combination of support screws, glass ionomer 

cement (Fuji Plus dental acrylic; Patterson Dental, Minneapolis MN, USA) and cranioplastic 

acrylic (Plastics One). Following surgery, rats were treated with an analgesic (Ketoprofen, 5 

mg/kg, im.; Med-Vet, Libertyville, IL, USA) and allowed to recover for 3 days (Li et al., 

2014) before undergoing further experimental procedures.

 4.2.2. Microdialysis—Approximately 18 h prior to experimentation, rats were 

anesthetized with isoflurane and implanted with a laboratory constructed microdialysis 

probe (Li et al., 2014) that projected 8.3 mm below the cortical surface and had a membrane 

length of 3.0 mm (MW cut-off 5–6 kDa; Farmer et al., 1996). Free corticosterone (0.35 kDa) 

can readily pass through the membrane, but bound corticosterone is excluded since the 

corticosterone binding globulin is 50–60 kDa.
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The probes were attached to a liquid swivel (Instech Laboratories, Plymouth Meeting, PA, 

USA) that allowed for free movement of the rat within a 10-gallon aquarium. Artificial 

cerebrospinal fluid (4.295 g NaCl, 0.1005 g KCl, 0.062 g NaH2PO4, 0.0995 g Na2HPO4, 

0.1015 g MgCl, and 0.088 g CaCl2 in 500 mL distilled water; pH 7.2; Sigma-Aldrich, St 

Louis, MO, USA) was perfused through the probe overnight at a flow rate of 0.5 µL/min.

Flow rate was increased to 0.7 µL/min prior to sample collection, with collection of baseline 

samples initiated one hour after the start of the dark phase of the reverse photoperiod and 

continuing at 20 min intervals. Once 3 baseline samples had been collected, rats were 

subjected to restraint stress for 20 min. Restraint was carried out as previously reported (Li 

et al., 2014; Lukkes et al., 2009; Mo et al., 2008) by using polyvinyl chloride tubes (27.3 cm 

× 5.1 cm × 5.1 cm) (Stamper et al., 2015) that prevent movement while still enabling 

respiration, thus imposing a psychological but not physical stressor. Following the 20 min 

restraint, dialysate samples were collected for a further 120 min.

 4.2.3. Histology—Following final collection of dialysates, rats were killed by an 

overdose of sodium pentobarbital (0.5 mL Fatal Plus, ip.; Vortech, Dearborn, MI, USA). 

Brains were removed and fixed in a 10% formalin solution (Fisher Scientific, Pittsburgh, PA, 

USA) for 3 days before sectioning (60 5m) on a sliding microtome. Coronal sections were 

then examined under a light microscope by two experimenters blind to outcome to confirm 

correct probe placement. Only rats with probes located to the ventral hippocampus were 

included in the subsequent analyses.

 4.2.4. Hippocampal corticosterone measurement—Measurement of hippocampal 

corticosterone from dialysates was performed using an enzyme-linked immunoassay kit 

(Enzo Life Sciences, Farmingdale, NY). Briefly, dialysates (7.3 µL) were diluted with 102.7 

µL of assay buffer for a 15-fold dilution. Duplicates of each sample were treated with 0.5 µL 

of SDR, and duplicates of each sample, standard, and control were then assayed. 

Corticosterone levels were detected using an automatic plate reader (Bio-Tek Instruments, 

Winooski, VT, USA) at an absorbance of 405 nm, with wavelength correction set at 595 nm. 

Samples were compared to known standards and absorbance values were used to calculate 

maximum binding percent (14.2–19% range) and percent of non-specific binding (1.9–

2.9%). The detection limit sensitivity of the assay was 27.0 pg/mL. Dialysate levels were not 

corrected for differences in probe recovery. To account for this, dialysate levels were 

expressed as the % of the average of the baseline samples (Barr et al., 2013; Dorey et al., 

2012; Droste et al., 2008, 2009a; Keeney et al., 2006; Li et al., 2014).

 4.3. Experiment 2 – mechanisms mediating enhanced corticosterone in the ventral 

hippocampus during amphetamine withdrawal

The purpose of this experiment was to identify mechanisms underlying the enhanced stress-

induced corticosterone levels observed in the ventral hippocampus during amphetamine 

withdrawal in Experiment 1. Specifically, we investigated whether this enhancement was a 

result of either augmented increases in stress-induced plasma corticosterone or elevated 

expression or activity of ventral hippocampus enzymes responsible for regulating local 

corticosterone metabolism. The steroidogenic enzymes 11β-hydroxysteroid dehydrogenase 
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type 1 (11β-HSD1) and hexose 6 phosphate dehydrogenase (H6PD) were selected for testing 

based on literature suggesting these enzymes as the most likely candidates to affect 

corticosterone metabolism in the ventral hippocampus (Chapman et al., 2013; Ergang et al., 

2014; Harris et al., 2001; Seckl, 1997; Taves et al., 2011; Vodicka et al., 2014). In contrast to 

earlier studies measuring mRNA expression of these enzymes (Ergang et al., 2014; Vodicka 

et al., 2014), we chose to use western immunoblotting to determine protein expression, since 

mRNA expression cannot account for either functional protein expression or post-

translational modifications. The latter is important, since earlier studies suggest that 11β-

HSD1 can be glycosylated to alter enzyme activity, and glycosylation may stabilize 11β-

HSD1 reductase function (Seckl, 1997). Therefore, in addition to measuring protein levels of 

11β-HSD1 and H6PD, we also conducted an enzyme activity assay to test the hypothesis 

that amphetamine withdrawal is associated with increased activity of 11β-HSD1 in the 

ventral hippocampus, which may contribute locally to enhanced stress-induced 

corticosterone in that region during amphetamine withdrawal.

 4.3.1. Physical restraint—Restraint stress (as described for Experiment 1) was applied 

for 20 min to a separate group of amphetamine or saline pretreated rats (n = 70 total, 11–12 

per treatment group) during the second week of withdrawal. Following restraint, rats from 

each pretreatment group were either decapitated immediately (n = 11–12/group), or were 

transferred back to the home cage for one hour where they remained until decapitation (n = 

11–12/group). Stress-naïve controls (n = 12/group) were also sampled to provide baseline 

measures. All sampling (from 20 min restraint, 20 min restraint + 1 h recovery, and stress-

naïve rats) occurred between 11:00 a.m. and 1:00 p.m, with collection from stress-naïve 

controls time-matched to the stress-groups.

 4.3.2. Blood and tissue collection—To eliminate the confound of anesthesia, rats 

were rapidly decapitated following stress or control conditions. Trunk blood was collected in 

heparinized tubes and brains were rapidly removed and frozen on dry ice after collection. 

Blood samples were centrifuged at 5000 rpm, with plasma then drawn off. Both plasma and 

brain tissue were stored at −80 °C until processing.

 4.3.3. Plasma corticosterone measurement—Corticosteroid binding globulin 

(CBG) has been implicated in regulating the fast actions of glucocorticoids on central tissues 

(Moisan et al., 2014) and in contributing to neuroendocrine stress response phenotypes in 

mice (Mattos et al., 2013; Richard et al., 2010), with chronic exposure to morphine 

increasing CBG in rats (Nock et al., 1997). To test whether amphetamine withdrawal alters 

plasma corticosterone levels or corticosterone binding to CBG, plasma levels of bound, 

unbound, and total corticosterone were quantified using an enzyme immunoassay kit (as 

described for ventral hippocampal samples in Experiment 1), with the following 

modifications: 10 µL duplicate samples of plasma from each subject were diluted (1:100) 

with 990 µL assay buffer, and all samples were assayed in duplicate, but one of each pair 

was treated with 0.5 µL of SDR. This enabled measurement of total corticosterone levels 

from the non SDR-treated sample, while the SDR-treated sample provided levels of unbound 

corticosterone. Unbound levels were then subtracted from total levels to provide a measure 

of bound corticosterone. All corticosterone measurements were expressed as ng/mL of 
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plasma. The average percentages of maximum and non-specific binding were 18.3% and 

2.5% respectively.

 4.3.4. Western immunoblotting—Brain tissue was sliced into 300 5m coronal 

sections in a cryostat maintained at −10 °C. The ventral hippocampus was located according 

to the rat brain atlas of Paxinos and Watson (1998) and microdissected on a freezing stage 

(Physitemp; North Central Instruments, Inc., Plymouth, MN, USA) using a 20 gauge 

cannula (Barr and Forster, 2011; Barr et al., 2013). Tissue samples were then expelled into 

60 µL 4-(2-hydroxyethyl)-1-piper-azineethanesulfonic acid (HEPES) buffer containing 

protease inhibitor (28 µL/mL HEPES) and homogenized by sonication. Protein 

concentrations of each sample were determined by Bradford immunoassay (Bradford, 1976) 

with remaining samples stored at −80 °C until processed. Equal amounts of each sample (40 

µg of protein per lane) were loaded onto 10% SDS-polyacrylamide gels for western 

immunoblotting. The blotted membranes were then blocked in Tris-buffered saline with 

0.1% Tween-20 (TBST) and 5% non-fat dry milk (NFDM) for 1 h at room temperature prior 

to incubation for 18 h at 4 °C in TBST with primary antibodies (rabbit host) against either 

11β-HSD1 (Cat #sc-20175, 1:200, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) or-

H6PD (Cat #sc-67394, 1: 1000 Santa Cruz). Membranes were washed three times with 

TBST at room temperature, and then incubated for 2 h at room temperature with IRDye800-

conjugated polyclonal goat anti-rabbit IgG secondary antibody (Cat #611-132-002, 1:1000, 

Rockland Inc., Gilbertsville, PA, USA). After this, membranes were washed three times with 

TBST before visualization. Primary antibodies for 11β-HSD1 and H6PD were selected 

based on published literature (Kovacevic et al., 2014; Uschold-Schmidt et al., 2013; 

Vasiljevic et al., 2014; Xu et al., 2012). To control for protein loading, each membrane was 

also incubated in mouse anti-actin clone C4 primary antibody (Cat #MAB1501R, 1:2000, 

EMD Millipore Corp., Darmstadt, Germany) and IRDye 800-conjugated anti-mouse 

secondary antibody (Cat #610-132-003, 1:5000, Rockland Inc.). Membranes were scanned 

in a LI-COR scanning machine with an Odyssey infrared imaging system (LI-COR 

Biosciences, Lincoln, NE, USA) using an 800 nm range filter to visualize proteins, as 

described previously (Barr and Forster, 2011). Optical densities of the protein bands for 11β-

HSD1 or H6PD for each individual sample were expressed as a mean percentage of the 

optical density for the β-actin control in each treatment condition. Solutions were made in 

our laboratory with reagents purchased from Sigma-Aldrich (St. Louis, MO, USA) with the 

exception of Complete Protease Inhibitor Cocktail Tablets (Roche Diagnostics Corp., 

Indianapolis, IN, USA).

 4.3.5. Ex vivo enzyme activity assay—The 11β-HSD1 activity assay employed here 

is based on previously published reports in frozen ex vivo hippocampal tissue (Jellinck et al., 

1997; Low et al., 1994; Sooy et al., 2010). Ventral hippocampal tissue remaining from the 

western immunoblotting assay was microdissected from frozen sections and expelled into 60 

µL of Krebs-Ringer buffer (Low et al., 1994) and sonicated (Fisher Scientific Model FB50 

Sonic Dismembrator, Fisher Scientific, Pittsburgh, PA, USA). Protein concentrations of each 

sample were determined using Bradford immunoassay (Bradford, 1976), with remaining 

samples stored at 80 °C until processing. Tissue samples were then diluted with Krebs-

Ringer buffer to 0.5 mg/mL (Low et al., 1994; Sooy et al., 2010), and 70 µL aliquots of 
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diluted sample from each subject were incubated for 1 h at 37 °C (Sooy et al., 2010) with 70 

µL of active or control buffer C: 1 mM EDTA, 300 mM NaCl, 100 mM potassium acetate, 

10% glycerol, 10 mM D-glucose-6-phosphate dipotassium salt hydrate, pH 6.0, with 

“active” buffer C containing 10 nM 11-Dehydrocorticosterone (DHC) substrate and 

“control” buffer C containing no 11-DHC substrate (Brown et al., 1993; Sooy et al., 2010). 

Both reaction conditions were run in duplicate for each sample and all reactions were 

stopped with 140 µL ice-cold methanol and stored at 80 °C (Senesi et al., 2010). Samples 

were then centrifuged (Senesi et al., 2010) at 14,000 rpm at 4 °C for 11 min, and the 

supernatant drawn off and assessed for corticosterone levels (ng/mL) using a corticosterone 

enzyme immunoassay kit (Enzo Life Sciences) as described in Section 4.3.3, with the 

following modifications: supernatant was treated with 0.5 µL SDR, diluted (1:10) in 

corticosterone assay buffer and neutralized (pH 7.0). Samples for each subject were run in 

duplicate, and corticosterone levels in “active” buffer samples were expressed as percentage 

of “control” buffer samples to provide indirect measures of 11β-HSD1 activity. The average 

maximum binding was 17.8% and the average nonspecific binding was 2.8%. Levels of 

corticosterone in the samples were within the detection limit of the assay (27 pg/mL). All 

reagents were purchased from Sigma-Aldrich, except 11-dehydrocorticosterone (United 

States Biological, Swampscott, MA, USA).

 4.4. Data analysis

Analyses were performed using SigmaStat v3.5 (SPSS Inc., Point Richmond, CA) with a p-

value of P < 0.05 considered significant. A total of eight data points across all analyses were 

excluded using the Grubbs' outlier test (Grubbs, 1969). Baseline extracellular corticosterone 

concentrations (uncorrected for probe recovery) were compared between saline and 

amphetamine pretreated rats using a paired t-test. Hippocampal corticosterone (% of pre-

stress levels) was then analyzed among treatment with two-way mixed design ANOVA with 

one repeated measure (time). One-way repeated ANOVA was used to detect a significant 

main effect of time within saline-pretreated or amphetamine-pretreated rats, with Holm-

Sidak post-hoc tests for multiple comparisons against a baseline (−20 min) used to identify 

which time points differed. A significant interaction between treatment and time was 

followed up with Student-Newman-Keuls (SNK) post-hoc tests for multiple comparisons to 

identify which time points differed between treatments. Plasma corticosterone, hippocampal 

protein levels of 11β-HSD1 and H6PD, and corticosterone levels from the hippo-campal 

11β-HSD1 activity experiment were analyzed by 2-way ANOVA (amphetamine/saline 

pretreatment × stress condition, i.e., restraint only, restraint + 1 h recovery, stress-naive), 

with SNK post-hoc tests for multiple comparisons used to follow up main effects.
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 Abbreviations

11-DHC 11-dehydrocorticosterone

11β-HSD1 11β-hydroxysteroid dehydrogenase

Bray et al. Page 13

Brain Res. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4 -(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)

CBG Corticosteroid binding globulin

H6PD Hexose-6-phosphate dehydrogenase

SDR Steroid displacement reagent

SNK Student-Newman-Keuls
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Fig. 1. 
(A) Representative diagrams of microdialysis probe membrane placements in the ventral 

hippocampus of amphetamine and saline treatment groups. Figure adapted from Paxinos and 

Watson (1998) bregma −5.20 mm. (B) Restraint stress-induced corticosterone levels in the 

ventral hippocampus were increased in rats undergoing amphetamine withdrawal. Restraint 

stress was applied for 20 min during the sample period marked by the horizontal bar. N = 7–

9 per group. *significant differences between amphetamine and saline treatment 

groups; #significantly different from baseline (−20 min) levels; P < 0.05.
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Fig. 2. 
(A) Total, (B) free, and (C) bound plasma corticosterone levels increase to above stress-

naïve control levels immediately following 20 min of restraint stress, then decrease to below 

stress-naïve control levels after 1 h, with no significant difference observed between saline 

and amphetamine pretreated groups (n = 9–12 per treatment group per time point, mean ± 

SEM). #significant difference compared to stress-naïve control group (P < 0.05). *significant 

difference compared to restraint (no recovery) group (P < 0.001).
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Fig. 3. 
Amphetamine withdrawal does not alter expression of (A) 11β-HSD1 or (B) H6PD in the 

ventral hippocampus before (No Restraint, n = 11), immediately (No Recovery, n = 10), or 1 

h (1 h Recovery, n = 10) after restraint stress, compared to saline controls (11β-HSD1 p = 

0.977, H6PD p = 0.237). Restraint stress did not significantly alter 11β-HSD1 or H6PD 

expression in the ventral hippocampus, compared to controls (11β-HSD1 p = 0.741, H6PD p 

= 0.118). Protein band density values are expressed as mean percent of β-Actin controls ± 

SEM.
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Fig. 4. 
Amphetamine pretreatment (gray bars) does not alter 11β-HSD1 activity in the ventral 

hippocampus immediately or 1 h after restraint stress (or in stress-naïve controls) relative to 

saline pretreatment (black bars; n = 8–10 per treatment group, mean ± SEM).
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