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Abstract
The ventral hippocampus modulates anxiety-like behavior in rats, and serotonergic transmission
within the hippocampus facilitates adaptation to stress. Chronic amphetamine treatment results in
anxiety-like behavior in rats and reduced monoamine concentrations in the ventral hippocampus.
Since reduced hippocampal serotonergic transmission in response to stress is observed in rats that
display high anxiety-like behavior, anxiety states in amphetamine-treated rats may be associated
with reduced stress-related serotonergic transmission in the hippocampus. Therefore, using in vivo
microdialysis in anesthetized rats, we investigated the effect of corticosterone infused locally into
the ventral hippocampus on serotonergic transmission, and the effect of chronic amphetamine
pretreatment on corticosteroid receptor protein expression and the corticosterone-induced
serotonergic response. Extracellular serotonin in the ventral hippocampus was increased by
corticosterone in drug naïve rats, and this corticosterone-induced serotonin augmentation was
blocked by the glucocorticoid receptor antagonist mifepristone. Furthermore, chronic pretreatment
with amphetamine abolished the serotonin response to physiologically relevant corticosterone
levels and reduced glucocorticoid receptor protein expression. Together, our results suggest that
chronic amphetamine exposure reduces serotonergic neurotransmission, in part via alterations to
glucocorticoid receptor-facilitation of serotonin release in the rat ventral hippocampus. Reduced
serotonergic activity in the ventral hippocampus may contribute to altered stress responses and
adaptive coping following repeated drug exposure.
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1. Introduction
The hippocampus is important for the processing of sensory information and the generation
of adaptive behavior in response to environmental stimuli (Bast, 2007; Bast et al., 2009),
including stressors (Herman and Mueller, 2006). A high density of corticosteroid receptors
are concentrated in the hippocampus (de Kloet et al., 1975; Reul and de Kloet, 1985; Chao
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et al., 1989), and it receives a robust serotonergic innervation from the raphe nuclei in the
brain stem (Azmitia and Segal, 1978, Sharp et al., 1990; Mokler et al., 1998). Therefore, the
hippocampus is an important site in the interaction between the serotonergic and
neuroendocrine responses to stress.

Stress stimulates serotonin (5-HT) release in the ventral hippocampus of rats (Wright et al.,
1992; Rex et al., 2005) and activation of 5-HT1A receptors in the hippocampus inhibits LTP
and impairs consolidation of stress-related memories (Sakai and Tanaka, 1993; Carli et al.,
1992; Stiedl et al., 2000). Therefore, hippocampal 5-HT acting through 5-HT1A receptors is
thought to reduce the anxiogenic effects of stressful stimuli (Joca et al., 2007). This
hypothesis is supported by the fact that 5-HT and 5-HT1A receptor agonists administered
immediately following stress experience facilitate stress adaptation (Guimaraes et al., 1993;
Joca et al., 2003; McBlane and Handley, 1994). Also, rat lines selectively bred for high
anxiety-like behavior have lower stress-induced 5-HT release in the hippocampus compared
to those bred for low anxiety-like behavior (Umriukhin et al., 2002; Keck et al., 2005), and
chronic paroxetine treatment restores serotonin transmission and stress-coping behavior in
these animals (Keck et al., 2005; Keck et al., 2003). These findings combined with others
showing that tolerance to chronic stress is related to serotonergic activity in the
hippocampus (Kennett et al., 1985, 1987; Storey et al., 2006), all suggest that dysregulation
of serotonergic function may contribute to the pathogenesis of affective disorders.

Stress also increases corticosterone levels in the hippocampus to about 200–300% of
baseline (Keeney et al., 2006; Thoeringer et al., 2007; Droste et al., 2008; Chauveau et al.,
2010). The effects of corticosterone are mediated by mineralocorticoid receptors (MR) and
glucocorticoid receptors (GR), which are co-expressed by hippocampal neurons (de Kloet
and McEwen, 1976; Velduis et al., 1982; Han et al, 2005). Corticosterone is known to
regulate tryptophan hydroxylase activity (Azmitia and McEwen, 1974; Sze, 1976; Singh et
al., 1994), monoamine oxidase expression (Morsink et al., 2007), and serotonin turnover in
the hippocampus (Van loon et al., 1981; De Kloet et al., 1982; Korte-bouws et al., 1996) via
the GR. Direct corticosterone stimulation of 5-HT release has been demonstrated in the
hippocampus of the lizard Anolis carolinensis (Summers et al., 2003). However, it is
unknown if corticosterone directly stimulates serotonin release in the mammalian
hippocampus, and through what receptor mechanism. Given that measures of serotonergic
activity that are indirectly related to transmitter release are influenced by GRs, we
hypothesized that GR receptors in the hippocampus would also mediate 5-HT release in this
region.

Chronic stress decreases hippocampal corticosteroid receptor expression in the hippocampus
(Sapolsky et al., 1984) and influences susceptibility for psychostimulant sensitization and
self-administration (Prasad et al., 1998; Covington and Miczek, 2001). Also, reduced
corticosteroid receptor function in the hippocampus is associated with an increased
propensity for amphetamine self-administration (Maccari et al., 1991). Furthermore, chronic
amphetamine treatment of rats results in heightened anxiety states (Barr et al., 2010; Vuong
et al., 2010) which may be a result of altered GR-5-HT interactions in the hippocampus
(Zhou et al., 2008). However, it is unknown if chronic amphetamine exposure reduces
glucocorticoid receptor protein expression and thus alters corticosterone-mediated
serotonergic activity within the hippocampus. Therefore, we investigated the effect of
chronic amphetamine administration on corticosteroid receptor protein expression and the
relationship between corticosteroid receptors and serotonin release in the hippocampus in
drug naïve and chronically amphetamine-treated animals. It was hypothesized that
amphetamine treatment would reduce GR expression in the ventral hippocampus leading to
reduced 5-HT transmission, which could have implications for the neurobiology underlying
stress sensitivity and impaired stress coping following chronic exposure to amphetamine.
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2. Experimental Procedures
2.1 Animals

Male Sprague-Dawley rats (3 weeks old) were purchased from the University of South
Dakota Animal Resource Center. Rats were housed in pairs, maintained at 22°C, on a
reverse 12 h light 12 h dark cycle with free access to food and water. Rats were used in the
following studies once they reached early adulthood (8 weeks of age). The procedures were
approved by the Institutional Animal Care and Use Committee of the University of South
Dakota, and were carried out in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

2.2 Experiment 1: Effects of Corticosterone on 5-HT Release in the Ventral Hippocampus
The purpose of this experiment was twofold; first to confirm the release of 5-HT in response
to corticosterone in the ventral hippocampus of the rat since this hippocampal region is most
often associated with affective states (McHugh et al., 2004; Degroot and Treit, 2004;
Kjelstrup et al., 2002; Bannerman et al., 2003) and second, to determine whether GRs
mediate corticosterone-stimulated 5-HT release. Extracellular 5-HT in response to local
infusion of corticosterone was measured from the ventral hippocampus using in vivo
microdialysis as described in detail by Forster et al. (2008).

Surgery—Drug naïve rats were anesthetized with urethane (1.8g kg, i.p., Sigma) and
placed within a small mammal stereotaxic frame (Kopf, Tujunga, CA, USA). Animals
remained under anesthesia throughout the course of the experiment, with body temperature
held at 37°C by a temperature-controlled heating pad (Harvard Apparatus, Holliston, MA,
USA). Previous studies from our laboratory have shown comparable levels of basal
circulating corticosterone (~100 ng/ml) in urethane-anesthetized rats (Forster et al., 2008)
and non-stressed awake rats (Lukkes et al., 2009). A laboratory-made microdialysis probe
(2.5 mm exposed membrane length, average recovery for 5-HT was 19.6%) was inserted
into the ventral hippocampus (AP, −5.2 mm from bregma; ML, 4.5 mm from midline;−8.7
mm from dura; Paxinos & Watson, 1997). Artificial cerebrospinal fluid (aCSF) was
continuously perfused through the probe at a rate of 0.4 μl min.

Microdialysis—Dialysate (8 μl) collection began 4 hrs following probe insertion at 20 min
intervals (Forster et al., 2008) and 5-HT levels were measured using high-performance
liquid chromatography with electrochemical detection (see below for details). Following
collection of at least three comparable baseline samples, perfusion with aCSF was changed
to perfusion with either the GR antagonist mifepristone (10 mg/ml, 1.25 ng or 2.9 nmol total
delivered, Bitran et al., 1998) or vehicle (5% ethanol, 5% camphor) followed by
corticosterone-HBC (200 ng/ml, Summers et al., 2003; n=10 for vehicle-corticosterone, n=8
for mifepristone-corticosterone) or vehicle (11.2% HBC; n=9 for vehicle-vehicle, n=8 for
mifepristone-vehicle) for 20 min, after which perfusion with aCSF alone was re-established.
Delivery of corticosterone through the probe was assessed by measuring the percent of a
known corticosterone concentration delivered into an in vitro solution of aCSF via the
probe. Delivery of hormone via the dialysis probe was approximately 15% effective,
producing an actual concentration of 30 ng/ml (0.24 ng or 0.69 nmol total delivered)
corticosterone, which has been previously shown to increase 5-HT release in the lizard brain
(Summers et al., 2003), and is similar to levels of corticosterone measured from the
hippocampus during stress (Droste et al., 2008). Following drug delivery, dialysates were
collected until 5-HT returned to baseline levels. In the case of rats where no changes in 5-
HT were observed, eight post-drug samples were collected.
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High-performance liquid chromatography measurement of 5-HT—The detection
of 5-HT in dialysates was accomplished using high performance liquid chromatography with
electrochemical detection (Bradberry et al., 1991; Forster et al., 2008). The mobile phase
(containing per liter: 300 mg EDTA, 432 mg sodium octanesulfonate, 4.8 g NaH2PO4, 300
μl triethylamine and 122 ml acetonitrile, pH 5.35; all obtained from Sigma, St Louis, MO,
USA) was pumped through a UniJet 3 μm C18 microbore column (Bioanalytical Systems;
West Lafayette, IN, USA) under nitrogen gas pressure (2000 psi). Dialysates were injected
onto the chromatographic system using a rheodyne injector via a 5 μl loop (Bioanalytical
Systems). The perfusate rate of 0.4μL min resulted in the collection of approximately 8 μL
of dialysate 20 min to ensure that the loop was overfilled with each sample. Following
separation by the column, 5-HT was detected by a glassy carbon electrode (Bioanalytical
Systems), which was maintained at +0.5 V with respect to an Ag AgCl2 reference electrode
using an LC-4C potentiostat (Bioanalytical Systems). The voltage output was recorded by
Clarity v2.4 Chromatography Station for Windows (DataApex, Prague, Czech Republic). 5-
HT peaks were identified by comparison to a 5-HT standard (7.9 pg 5 μL 5-HT). The 2:1
signal to noise detection limit for 5-HT using this system was 0.06 +/− 0.01 pg.

Histology—Upon completion of experiments, rats were killed by overdose with sodium
pentobarbital (0.5 mL Fatal Plus, i.p.; Vortech, Dearborn, MI, USA) and the brains were
removed and fixed in 10% buffered formalin (Fisher Scientific). Brains were sectioned
frozen at 60 μm on a sliding microtome and then examined under a light microscope to
determine placements of probes. Only data from rats with correct probe placements in the
ventral hippocampus were included in the analyses.

2.3 Experiment 2: Effects of Amphetamine Treatment on Corticosteroid Receptor Levels in
the Hippocampus

The following experiment aimed to determine the effects of chronic amphetamine treatment
on GRs in the ventral hippocampus since Experiment 1 demonstrated that GRs mediate
corticosterone-induced 5-HT release in this region. The levels of MRs in the ventral
hippocampus were also determined to establish the specificity of the effects of amphetamine
on receptors bound by corticosterone. Also, MR and GR levels were determined in the
dorsal hippocampus to establish the specificity of the effects of amphetamine along the
dorsoventral axis of the hippocampus.

Amphetamine Treatment—Male adult rats (n = 10 per treatment) were treated with
amphetamine (2.5 mg/kg, ip. daily) or saline for two weeks. This treatment schedule induces
long-lasting anxiety states that emerge the day following last treatment (Vuong et al., 2010;
Barr et al., 2010). Rats were decapitated the day following last treatment and the brains were
rapidly removed. Brains were frozen and stored at −80°C, until sectioning.

Western immunoblotting—Brains were sectioned frozen (300 μm) within a cryostat
(Lecia Jung CM 1800; North Central Instruments, Plymouth, MN) at −10 °C. The dorsal
and ventral hippocampus (as defined by Barr et al., 2010) were dissected from frozen
sections on a freezing stage (Physiotemp; North Central Instruments) using a 23 gauge
cannula, and homogenized in 40 μl of HEPES buffer. Protein concentrations were
determined within 5 μl sample duplicates using a Bradford Kit (BioRad Laboratories,
Hercules, CA) and a microplate reader (Bio-Tek Instruments, Winooski, TV, USA).
Samples (50 μg/lane) were loaded on a 7.5% SDS polyacrylamide gel (PAGE) and
electroblotted onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad Laboratories)
from the gel by a semi-dry blotting apparatus (Bio-Rad Laboratories). The blotted
membrane was then blocked with 5% skim milk at 4°C overnight and then incubated with
rabbit polyclonal antibody against MR (Santa Cruz, Santa Cruz, CA; 1:500) or rabbit
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polyclonal antibody against GR (Santa Cruz,; 1:200) in Tris-buffered saline containing 0.1%
Tween-20 (TBST) at 4°C for 24 hr. Membranes were washed three times with TBST, and
then incubated with IRDye 800-conjugated goat anti-rabbit IgG second antibody (Rockland
Inc., Gilbertsville, PA 1:2,000) for 2 hr at room temperature. After the incubation,
membranes were washed three times with TBST before visualization. Control for protein
loading was achieved by using primary antibodies to actin (1:2000; Chemicon International)
and IRDye 800-conjugated affinity purified anti-mouse IgG as secondary antibodies
(1:5000; H&L; Rockland Inc.). Proteins were detected using the Odyssey infrared imaging
system (excitation/emission filters at 780 nm/820 nm range, LI-COR Biosciences, Lincoln,
NE). Optical densities from each individual sample were corrected against actin levels.

2.4 Experiment 3: Effects of Chronic Amphetamine Pre-treatment on Corticosterone-
Elicited 5-HT Release in the Ventral Hippocampus

The following experiment was performed to assess the effects of chronic amphetamine pre-
treatment on corticosterone-elicited 5-HT release in the ventral hippocampus. Given that it
was previously determined that GRs mediate corticosterone-induced 5-HT release in this
region (Experiment 1) and GRs in the ventral hippocampus of amphetamine pre-treated rats
were significantly reduced (Experiment 2), it was hypothesized that corticosterone-induced
5-HT release would be reduced in amphetamine pretreated rats.

Amphetamine Treatment and Microdialysis Experiments—A separate cohort of
rats was treated with amphetamine (2.5 mg/kg, ip. daily) or saline daily for two weeks as
described for Experiment 2. The morning following the last injection, a microdialysis probe
was inserted into the ventral hippocampus and dialystes collected as for Experiment 1. To
ensure that endogenous levels of corticosterone were similar between amphetamine and
saline pre-treated rats prior to corticosterone infusion, a dialysate sample was collected for
40 min prior to baseline 5-HT samples for analysis of basal hippocampal corticosterone
concentrations (see below for details). After collection of at least three comparable 5-HT
baseline samples, perfusion with aCSF was changed to perfusion with either corticosterone-
HBC (200 ng/ml or 2000ng/ml corticosterone; 0.24ng or 2.4ng total delivered, equal to 0.69
and 6.92 nmol) or vehicle (11.2% HBC) for 20 min, after which perfusion with aCSF alone
was re-established (n=6 for saline + vehicle, n=8 for saline + 200ng/ml corticosterone, n=7
for saline+ 2000ng/ml corticosterone, n=7 for amphetamine + vehicle, n=8 for amphetamine
+ 200ng/ml corticosterone, n=5 for amphetamine + 2000ng/ml corticosterone). Following
drug delivery, dialysates were collected until 5-HT returned to baseline levels, with rats
euthanized and brains sectioned for probe placement as described for Experiment 1.

Measurement of corticosterone levels in dialysates—Measurement of
corticosterone from dialysates was performed using a corticosterone enzyme-linked
immunoassay kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s
instructions with slight modifications (Forster et al., 2008). Briefly, 40 μl of dialysate and
0.5 μl of steroid displacement reagent were diluted with 960 μl of assay buffer for a 25-fold
dilution. Duplicates of samples, controls and corticosterone standards (0–2000 ng ml) were
assayed. Corticosterone levels were detected by absorbance of samples at 405 nm
(wavelength correction set at 595 nm), using an automated plate reader and Gen5 software
(Bio-Tek Instruments, Winooski, VT, USA). Absorbance values from samples were applied
to the standard curve generated (r2 = 0.99) and corticosterone levels were expressed as ng
ml. Absorbance values were also used to calculate the percentage of maximum binding
(16.9%) and percentage of non-specific binding (2.9%). Both of these values were within
the manufacturer’s range. Levels of corticosterone in the dialysates were low, but well above
the detection limit of the assay (22 pg/ml).
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2.5 Data analysis
For microdialysis experiments, the height of the 5-HT peaks in three baseline dialysis
samples were averaged and post-drug 5-HT peak heights were calculated as a percentage
change from mean baseline levels for each animal (Forster et al., 2008). For each
experiment, 5-HT levels were analyzed with respect to time (within-subject factor) and
treatment group (between-subject factor) using two-way ANOVA with one repeated
measure. Significant effects of treatment at a given time-point were further analyzed by
Student–Newman Keul’s (SNK) multiple comparison procedure. When a significant effect
of time was noted, a one-way ANOVA with one repeated measure was performed across
time for each given treatment. Resulting significant time-points were identified by Holm-
Sidak post-hoc test for multiple comparisons with a single control, where the sample
collected immediately before the first drug infusion served as the control sample. Separate
one-way ANOVAs were used to measure the effect of drug treatment on hippocampal GR
and MR receptor optical density (corrected for actin) and on hippocampal corticosterone
levels. All analyses were performed using SigmaStat v.3.5, with the alpha level set at 0.05.

3. Results
3.1 Experiment 1: Effects of Corticosterone on 5-HT Release in the Ventral Hippocampus

To establish whether intrahippocampal corticosterone administration produced an effect on
extracellular 5-HT levels in the rat ventral hippocampus, corticosterone was infused into the
ventral hippocampus for 20 min through a microdialysis probe (Figure 1A). There were
significant effects of drug treatment (F1,16 = 10.30; P = 0.005), time (F11,150 = 3.41;
P<0.001), and a significant interaction between treatment and time (F11,150 = 3.67;
P<0.001). Infusion of corticosterone into the ventral hippocampus following vehicle
infusion resulted in a significant increase in 5-HT levels over time (F11,80 = 4.55; P <
0.001). Levels of 5-HT were significantly increased at 20–80 min. and 120 min. post-
infusion when compared with pre-infusion levels (Holm-Sidak, P < 0.05), suggesting that
corticosterone infusion in the ventral hippocampus results in a rapid and prolonged
increased in 5-HT levels in this region (Figure 1B). Furthermore, vehicle-corticosterone
treated rats showed significantly greater corticosterone-induced 5-HT levels at 20–120 min
post infusion (SNK, P < 0.05) when compared to mifepristone-corticosterone treated rats
(Figure 1B), suggesting that this GR receptor antagonist blocked the effects of
corticosterone on 5-HT release. Mifepristone pre-treatment in the absence of corticosterone
had no effect on 5-HT levels, as there was no effect of drug, time, or a significant interaction
between treatment and time.

3.2 Experiment 2: Effects of Amphetamine Treatment on Corticosteroid Receptor Levels in
the Hippocampus

Western immunoblotting revealed the presence/levels of GR and MR in the dorsal and
ventral hippocampus following pretreatment with amphetamine or saline for 2 weeks
(Figure 2). Amphetamine produced a significant down-regulation of ventral hippocampal
GR protein in comparison with control (F(1,16) = 4.98, P = 0.040) with a trend toward
significance in the dorsal hippocampus (F(1,18) = 2.59, P = 0.125; Figure 2A). There was no
effect of treatment on dorsal or ventral MR expression (Figure 2B). The balance of the
responses mediated by the two types of corticosteroid receptor in the hippocampus is critical
for stress responses and adaptive behavior, thus dysregulation of GR/MR balance enhances
vulnerability to stress and disease (de Kloet et al., 1998; Velicković et al.,2008). Therefore,
we examined the GR/MR ratios in dorsal and ventral hippocampus. The GR/MR ratio in
both the dorsal (F(1,17) = 4.97, P = 0.040) and ventral (F(1, 16) = 4.94, P = 0.041)
hippocampus of amphetamine pretreated rats was decreased compared to controls (Fig. 2C).
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3.3 Experiment 3: Effects of Chronic Amphetamine Pre-treatment on Corticosterone-
Elicited 5-HT Release in the Ventral Hippocampus

In order to determine whether chronic amphetamine treatment altered ventral hippocampal
corticosterone levels, corticosterone levels were measured in the dialysate collected from
this region prior to corticosterone or vehicle perfusion. Chronic amphetamine treatment had
no effect on basal corticosterone (mean ± SEM: 5.41 ± 0.60) in the ventral hippocampus
compared to saline controls (mean ± SEM: 6.39 ± 0.73).

To investigate the effects of chronic amphetamine on corticosterone-elicited serotonin
levels, corticosterone (0, 200 or 2000 ng/ml) was infused for 20 min into the ventral
hippocampus through a microdialysis probe in animals pretreated with amphetamine or
saline. Microdialysis probe membranes were located within the ventral hippocampus in
similar locations as observed for Experiment 1 (Figure 3A), and the placement of
microdialysis probes was similar in all treatment groups. Basal extracellular 5-HT levels
were not significantly different between saline pre-treated rats (1.87+/− 0.73 pg/5 μl;
uncorrected for recovery) and amphetamine pretreated rats (2.02+/− 0.33 pg/5μl;
uncorrected for recovery).

When the vehicle for corticosterone (HBC) was infused into the ventral hippocampus of
saline and amphetamine pretreated animals there was no significant effect on extracellular 5-
HT levels (Figure 3B). When 200ng/ml corticosterone was infused into the ventral
hippocampus of saline treated animals, there was an increase in extracellular 5-HT levels,
and this effect was absent in animals pretreated with amphetamine (Figure 3C). Significant
main effects of drug treatment (F1, 14 = 6.45; P = 0.024), time (F11,144 = 3.09; P < 0.001)
and a significant interaction between treatment and time (F11,144 = 2.88; P = 0.002) were
evident. Infusion of 200ng/ml corticosterone into the ventral hippocampus of saline treated
rats resulted in increased 5-HT levels over time (F11,70 = 3.06; P = 0.002). Post-hoc tests
revealed that 5-HT levels were increased at 40–60 min post-infusion in saline pre-treated
rats when compared with pre-infusion levels (Holm-Sidak; P<0.05). Conversely, 5-HT
levels were not significantly altered over time following 200 ng/ml corticosterone infusion
in rats pretreated with amphetamine. When saline and amphetamine groups were compared
at each time point following 200 ng/ml corticosterone, saline pretreated rats showed
significantly greater corticosterone-induced 5-HT levels at 20–80 min post infusion (SNK, P
< 0.05). Infusion of 2000 ng/ml corticosterone into the ventral hippocampus of saline and
amphetamine treated animals also increased extracellular 5-HT levels (Figure 3D). There
was a significant effect of time (F11,141 = 20.43; P < 0.001) and a significant interaction
between treatment and time (F11,141 = 2.17; P = 0.021). Infusion of 2000 ng/ml
corticosterone significantly increased 5-HT levels in saline (F8,62 = 15.15; P < 0.001) and in
amphetamine (F4,44 = 8.90; P < 0.001) pretreated rats. Post-hoc tests revealed that 5-HT
levels were increased at 20–40 min post-infusion in both saline and amphetamine pretreated
rats when compared with pre-infusion levels (Holm-Sidak; P < 0.05). However, when saline
and amphetamine groups were compared at each time point following 2000 ng/ml
corticosterone, saline pretreated rats showed significantly greater corticosterone-induced 5-
HT levels at 20–40 min post infusion (SNK, P < 0.05).

4. Discussion
These studies examined the relationship between chronic amphetamine exposure,
corticosterone, and ventral hippocampal serotonergic neurotransmission. Local
administration of stress-relevant levels of corticosterone evoked an increase in extracellular
ventral hippocampal 5-HT levels in the rat, as has been observed in the hippocampus of the
lizard Anolis carolinensis (Summers et al., 2003). We have added to this by demonstrating
that corticosterone-induced 5-HT release in the ventral hippocampus is mediated by GRs in
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this region. Furthermore, chronic amphetamine administration reduced GR levels in the
ventral hippocampus, abolished the 5-HT response to stress relevant levels of exogenous
corticosterone (200 ng/ml) and attenuated 5-HT release in response to extra-physiological
corticosterone levels (2000 ng/ml) without affecting endogenous levels of corticosterone in
this region. These results show that the 5-HT system of the ventral hippocampus is altered
by chronic amphetamine administration via alterations to GR-mediated facilitation of 5-HT
release, suggesting that chronic amphetamine disrupts stress-related serotonergic activity in
the hippocampus.

In the present in vivo experiments, the facilitation of 5-HT release by corticosterone was
prevented by the GR antagonist mifeprisone (RU486). Therefore, the effect of corticosterone
on 5-HT release in this area is mediated through classical GRs. The GR can be membrane
associated (Orchinik et al., 1997; Liposits and Bohn, 1993; Johnson et al., 2005) and has
recently been shown to mediate rapid effects of corticosterone on hippocampal
neurotransmission and memory processes (Wang and Wang, 2009; Venero and Borrell,
1999; Prager and Johnson, 2009; Chauveau et al., 2010; Roozendaal et al., 2010). Future
studies utilizing corticosterone-BSA or protein synthesis inhibitors will confirm the effect of
corticosterone on 5-HT release as a non-genomic, classical glucocorticoid receptor–
mediated process (Zheng and Ramierez, 1996; Liu et al., 1995). Interestingly, the GR
antagonist mifepristone alone had no effect on hippocampal 5-HT release. Therefore, while
GRs mediate corticosterone-elicited 5-HT release in the ventral hippocampus, they do not
seem to play a role in the regulation of extracellular levels of hippocampal 5-HT under basal
conditions.

In the present study, GR protein levels were reduced in the ventral hippocampus of
amphetamine pretreated animals with a trend towards reduction in the dorsal hippocampus.
The lack of observed effect of amphetamine pretreatment on MRs in either region suggests a
specific effect of chronic amphetamine treatment on GRs in the hippocampus. Previous
studies have shown that repeated amphetamine administration also selectively down-
regulates GR mRNA in the dorsal hippocampus (Budziszewska et al., 1995, 1996; Yau et
al., 1994; Shilling et al., 1996), whereas studies that investigated GR protein expression
showed no effect of cocaine administration in the dorsal hippocampus or ventral subiculum
(Mantsch et al., 2007), perhaps revealing a dissociation between mRNA measures and
protein expression. The current findings support the lack of psychostimulant effects on GR
protein expression in the dorsal hippocampus, and add to this by demonstrating reduced GR
levels and function in the ventral hippocampus of amphetamine pretreated rats.

While the mechanisms by which chronic amphetamine administration selectively decreases
GRs in the ventral hippocampus are not known, it is recognized that amphetamine activates
the hypothalamic-pituitary-adrenal axis resulting in acute increases in the levels of
glucocorticoids in the bloodstream and in the brain (Knych and Eisenberg, 1979; Swerdlow
et al., 1993). We have found that basal circulating corticosterone (Barr et al., 2010) or basal
corticosterone levels in the ventral hippocampus (current study) are not altered by chronic
amphetamine treatment when measured one day following last treatment in the absence of
amphetamine injection. However, hypersecretion of corticosterone occurs in response to a
challenge injection of psychostimulant in rats sensitized to amphetamine or cocaine
(Schmidt et al., 1995, 1999). Therefore, one mechanism by which chronic amphetamine
treatment could reduce GR expression in the ventral hippocampus is via repeated acute and
sensitized elevations of corticosterone during the actual treatment regime. This is supported
by studies showing an inverse relationship between corticosterone and GR levels. For
example, hippocampal GRs are up regulated by adrenalectomy, (Tornello et al., 1982; Reul
et al., 1989; Herman et al., 1989), whereas stress and elevated glucocorticoid treatment
down-regulates hippocampal GR (Sapolsky et al., 1984; Sapolsky and McEwen, 1985).
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However, some studies measuring GR mRNA levels in response to glucocorticoids or stress
have been less clear (Herman et al., 1999; Herman and Spencer, 1998; Reul et al., 1989),
suggesting GR expression may be dose-dependent. Like GRs, adrenalectomy-induced
increases in MR mRNA and down-regulation of MR mRNA following chronic treatment
with high doses of corticosterone have been observed (Kalman and Spencer, 2002).
However, GR expression is more sensitive to corticosterone-induced down-regulation
(Sarabdjitsingh et al., 2010). This may be because the expression of MR is mainly
autoregulated, whereas GR expression can be inhibited through activity at both the MR and
GR (Chao et al., 1998; Herman and Spencer, 1998). Consequently, the differential
regulation of GR versus MR expression by amphetamine may be due to the greater
sensitivity to corticosterone-induced down-regulation demonstrated by the GR.

The current study showed that chronic amphetamine treatment attenuated corticosterone-
induced 5-HT release in the ventral hippocampus. Basal hippocampal corticosterone was
unaltered by chronic amphetamine exposure when measured the day following last
treatment. As a result, the exogenously applied corticosterone would be competing with
similar endogenous corticosterone levels in the ventral hippocampus of both treatment
groups. Furthermore, repeated amphetamine does not alter the firing rate of the dorsal raphe
serotonergic neurons that provide the serotonergic innervation to the ventral hippocampus
(Heidenreich et al., 1987, Heidenreich and Rebec, 1989), suggesting that the hippocampal
serotonergic system would not be generally sub-sensitive to stimulation. We have previously
demonstrated that 5-HT tissue concentrations are lower in the ventral dentate gyrus of rats
the day following chronic amphetamine treatment (Barr et al., 2010). However, 5-HT
concentration in ventral CA regions was not affected by amphetamine treatment (Barr et al.,
2010) and the microdialysis probe in the current experiment sampled from both subregions
of the ventral hippocampus. Furthermore, basal extracellular 5-HT levels as measured by in
vivo microdialysis in the current study were not different between saline and amphetamine
pretreated rats. Also, extra-physiological levels of corticosterone were able to induce an
attenuated increase in extracellular 5-HT suggesting that amphetamine treated rats have
reduced but functional GRs that can be activated by high levels corticosterone. Overall,
given that GRs mediate corticosterone-elicited 5-HT release in the ventral hippocampus, the
lack of responsiveness to stress-relevant levels of corticosterone is likely a result of the
reduction of GR availability in this region by amphetamine pretreatment.

The corticosteroid receptor balance hypothesis asserts that the balance in MR- and GR-
mediated responses is necessary for homeostasis, adaptation, and health (de Kloet, 1991; de
Kloet et al., 1998). Activity of MRs serves to evaluate the nature and severity of stressors,
whereas GR activation promotes recovery from stress and adaptation. Therefore, balance in
corticosteroid receptor activation is necessary for the determination of an appropriate coping
strategy (de Kloet and Derijk, 2004). Amphetamine treatment reduced GR with no effect on
MR expression, leading to a reduction in GR/MR balance evident in both the dorsal and
ventral hippocampus. Although not studied here, this reduction in the GR/MR ratio in the
dorsal hippocampus may result in reduced corticosterone-induced 5-HT activity in this
region (Korte-Bouws et al., 1996), like we have observed for the ventral hippocampus. Since
5-HT impairs the processing of stress-related memories in the dorsal hippocampus
(Guimaraes et al., 1993), reduced activity in this region could disrupt stress adaptation.
Overall, the results suggest suboptimal stress reactivity and reduced stress coping ability in
animals exposed to repeated amphetamine. We have already determined that the exact
amphetamine treatment schedule used here induces long-lasting anxiety states that are
evident the day following last treatment and at 4 weeks of withdrawal (Barr et al., 2010;
Vuong et al., 2010). However, further studies are necessary to determine the duration of the
effects of amphetamine induced corticosteroid receptor imbalance and whether these are
related to neuroendocrine and behavioral responses to stressors.
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In conclusion, the present studies suggest that stress-relevant increases in corticosterone
within the ventral hippocampus increases 5-HT release via the GR in this region. Also,
GR-5-HT interactions are reduced by chronic amphetamine exposure, providing, in part, a
neurobiological mechanism by which amphetamine withdrawal is characterized by
alterations to affect and behavior.
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Figure 1.
Effects of mifepristone in the ventral hippocampus on basal and corticosterone-induced 5-
HT release. (A) Representative coronal diagrams of microdialysis probe membrane
placements. Figure adapted from Paxinos & Watson (1997, bregma −5.30mm). (B)
Corticosterone (200 ng ml) infused into the ventral hippocampus produced a long term
increase in extracellular 5-HT. Mifeprisone (10 mg ml) infusion blocked corticosterone-
induced increases in 5-HT. Data represent mean ± SEM. Horizontal bar:
coarse=mifepristone or vehicle infusion, filled=corticosterone or vehicle infusion.
*Significantly different from pre-infusion levels. # Significant differences between Veh –
Cort/Mif-Cort and Veh-Veh/Mif-Veh treatment groups (P < 0.05).
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Figure 2.
Corticosteroid receptor levels in dorsal and ventral hippocampal tissue of saline- and
amphetamine-treated rats. Levels of GR and MR protein was determined by western
immunoblot. (A) Amphetamine-treated rats exhibited significantly reduced levels of GRs
within ventral hippopcampal tissue as compared to saline-treated controls. (B) No effects of
treatment were observed on MR levels within dorsal or ventral hippocampal tissue. (C)
Amphetamine-treated rats exhibited significantly reduced levels of GR/MR protein ratio
within dorsal and ventral hippopcampus when compared to saline-treated controls. O.D. =
Optical density. Means ± S.E.M. are shown for all groups.
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Figure 3.
Effects of amphetamine pretreatment on corticosterone-induced 5-HT release in the ventral
hippocampus. (A) Representative coronal diagrams of microdialysis probe membrane
placements in both treatment groups. Figure adapted from Paxinos & Watson (1997, bregma
−5.30mm). (B) Vehicle (11.2% HBC) infused into the ventral hippocampus did not effect
extracellular 5-HT in saline or amphetamine (2.5 mg kg, ip.) pretreated animals. Data
represent mean ± SEM. Horizontal bar= vehicle infusion (C) Corticosterone (200 ng ml)
infused into the ventral hippocampus produced a long term increase in extracellular 5-HT in
saline pretreated animals. Amphetamine pretreatment (2.5 mg kg, ip.) abolished
corticosterone-induced increases in ventral hippocampal 5-HT. Data represent mean ± SEM.
Horizontal bar = corticosterone infusion *Significantly different from pre-infusion levels. #
Significant differences between treatment groups (P < 0.05). (D) Corticosterone (2000 ng
ml) infused into the ventral hippocampus increased extracellular 5-HT in saline and
amphetamine (2.5 mg kg, ip.) pretreated animals. Data represent mean ± SEM. Horizontal
bar = corticosterone infusion *Significantly different from pre-infusion levels. # Significant
differences between treatment groups (P < 0.05).
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