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Abstract

Dopaminergic neurotransmission in the nucleus accumbens is important for various reward-related

cognitive processes including reinforcement learning. Repeated cocaine enhances hippocampal

synaptic plasticity, and phasic elevations of accumbal dopamine evoked by unconditioned stimuli

are dependent on impulse flow from the ventral hippocampus. Therefore, sensitized hippocampal

activity may be one mechanism by which drugs of abuse enhance limbic dopaminergic activity. In

the present study, in vivo microdialysis in freely moving adult male Sprague-Dawley rats was used

to investigate the effect of repeated cocaine on ventral hippocampus-mediated dopaminergic

transmission within the medial shell of the nucleus accumbens. Following seven daily injections

of saline or cocaine (20 mg/kg, ip), unilateral infusion of N-methyl-D-aspartate (NMDA, 0.5 μg)

into the ventral hippocampus transiently increased both motoric activity and ipsilateral dopamine

efflux in the medial shell of the nucleus accumbens, and this effect was greater in rats that

received repeated cocaine compared to controls that received repeated saline. In addition, repeated

cocaine altered NMDA receptor subunit expression in the ventral hippocampus, reducing the

NR2A:NR2B subunit ratio. Together, these results suggest that repeated exposure to cocaine

produces maladaptive ventral hippocampal-nucleus accumbens communication, in part through

changes in glutamate receptor composition.

Keywords

cocaine; NMDA; mesolimbic; microdialysis; sensitization

Introduction

Dopaminergic activity within the nucleus accumbens is thought to be a significant mediator

of psychostimulant reinforcement. Drugs of abuse and drug-predictive environments
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preferentially increase extracellular dopamine in the nucleus accumbens shell (Di Chiara et

al., 2004; Wheeler et al., 2011). The ventral hippocampus sends afferents to the medial shell

of the nucleus accumbens which also receives input from dopaminergic terminals

originating in the ventral tegmental area (VTA; Kelley and Domesick, 1982; Groenewegen

et al., 1987; Gracy and Pickel, 1996). Unilateral N-methyl-D-aspartate (NMDA) stimulation

of the ventral hippocampus induces a large equivalent increase in c-fos expression in the

ipsilateral and contralateral nucleus accumbens shell (Zornoza et al., 2005). In addition, it

has been demonstrated that release of dopamine in the nucleus accumbens shell is

significantly increased, along with parallel increases in locomotor behavior, as a result of

NMDA stimulation of the ventral hippocampus (Brudzynski and Gibson, 1997; Peleg-

Raibstein and Feldon, 2006). The increase in locomotor activity produced by ventral

hippocampal NMDA infusion is blocked by lesions of the VTA as well as by systemic

administration of D2 (haloperidol), D1 (SCH-23390) receptor antagonists, or the vesicular

monoamine transporter blocker reserpine (Wu and Brudzynski, 1999; Bardgett and Henry,

1999) demonstrating the dependence of this effect on dopamine . Electrical stimulation of

the ventral hippocampus reinstates drug-seeking for cocaine (Vorel et al., 2001), while

ventral hippocampal inhibition reduces cocaine- or context-induced reinstatement of drug-

seeking behavior (Sun and Rebec, 2003; Atkins et al., 2008; Lasseter et al., 2010).

Therefore, induction of accumbal dopamine release by the ventral hippocampus is important

in drug reinforcement. The influence of environmental context of the reward experience is

essential for subsequent reward-seeking behaviors, and communication between the

hippocampus and the nucleus accumbens shell is vital for the formation of place-reward

associations (Floresco et al., 1997; Ito et al., 2008). Therefore, activation of the

hippocampus, by contextual cues for instance, may engage reinforcement-related

neurotransmission mediated by the nucleus accumbens.

Long-term potentiation (LTP), a sustained increase in the efficacy of synaptic transmission,

is accepted as a substrate for learning and memory formation in the hippocampus (Daoudal

and Debanne, 2003). Repeated exposure to cocaine has been shown to enhance LTP in the

hippocampus (Thompson et al., 2002; del Olmo et al., 2006). Re-exposure to a drug-

associated context also alters hippocampal synaptic plasticity and increases expression of

immediate early genes associated with memory retrieval (Monti et al., 2010). Threshold to

generate hippocampal LTP is reduced in rats sensitized to cocaine, and these animals have

enhanced retention of an avoidance memory compared to non-sensitized rats (Perez et al.,

2010). Recent studies have shown that ventral hippocampal input to the nucleus accumbens

shell is selectively potentiated after repeated cocaine exposure and withdrawal (Britt et al.,

2012). However, previous studies recording from the shell of the nucleus accumbens

demonstrated that tetanic stimulation of the hippocampus, which induced LTP at

hippocampal inputs in control animals, failed to induce any persistent changes in cocaine-

sensitized rats (Goto and Grace, 2005). Since an excitatory drive to the nucleus accumbens

shell produces reinstatement to cocaine seeking, the present experiments tested the

hypothesis that repeated cocaine alters the ventral hippocampus in a way that would enhance

hippocampal output to the medial shell of the nucleus accumbens.

Ionotropic NMDA glutamate receptors are critical for the induction of LTP (Bliss and

Collingridge, 1993). NMDA receptors are tetramers composed of NR2 subunits which bind
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glutamate, and an obligatory NR1 subunit, which bind the co-agonist glycine. Multiple

studies have investigated the effect of cocaine on hippocampal NMDA receptor protein

expression, with a majority of reports indicating no significant effects on subunit expression

or NMDA receptor binding (Loftis and Janowsky, 2002; Turchan et al., 2003; Kaminski et

al., 2011). However, no study to date has investigated cocaine-induced changes in

hippocampal NMDA receptor protein expression with respect to its dorso-ventral axis.

Differences between dorsal and ventral regions of the hippocampus have been demonstrated

with respect to behavioral regulation (Bannerman et al., 2004), LTP induction (Maggio and

Segal, 2007), and NMDA receptor subunit expression (Pandis et al., 2006). Consequently,

the hypothesis that repeated cocaine would increase NMDA receptor protein expression in

the ventral hippocampus and further that cocaine pre-treatment would enhance

dopaminergic activity in the nucleus accumbens following acute NMDA stimulation of the

ventral hippocampus was investigated in freely moving rats using in vivo microdialysis.

Material and Methods

Animals

Male Sprague-Dawley rats (Charles River, Inc., 250–275 g at the start of the experiment),

were maintained on a 12 h light/dark cycle (lights on at 7am), and provided food and water

ad libitum. Animals were allowed to acclimate to the animal facility for five days prior to

the start of the experiment and were weighed and handled daily. Animal use procedures

were conducted in strict accordance with the NIH Guide for the Care and Use of Laboratory

Animals (8th edition, 2011) and approved by the Institutional Animal Care and Use

Committee of Temple University.

Guide cannulae implantation

Rats underwent surgery to implant chronic indwelling cannulae targeting the medial shell of

the nucleus accumbens for later insertion of a microdialysis probe and ipsilateral ventral

hippocampus for later insertion of a drug infusion cannula. Rats were anesthetized with a

mixture of ketamine hydrochloride (80 mg/kg, ip) and xylazine (10 mg/kg, ip) and placed

within a small mammal stereotaxic frame (Kopf, Tujunga, CA, USA). Sterilized stainless

steel guide cannulae for microdialysis and drug infusion (21 and 26 gauge, respectively,

Plastic One, Roanoke, VA) were implanted using stereotaxic coordinates of (in mm): +1.4

anterior and 1.0 lateral to bregma, and 5.8 ventral from dura for the shell of the nucleus

accumbens; −5.5 posterior and +5.0 lateral to bregma, and 6.0 mm ventral from dura for the

ventral hippocampus, based on Paxinos and Watson (2009). Dummy cannulae that extended

1 mm and 2 mm beyond the tip of the infusion and microdialysis guide cannula were

inserted immediately after surgery. Following surgeries, rats were housed individually and

drug administration began 2 days postoperatively.

Drugs

Cocaine hydrochloride, generously provided by the NIDA drug supply program, was

dissolved in 0.9% saline and administered (20 mg/kg/day, ip) for seven days. N-methyl-D-

aspartate (NMDA; Sigma) was freshly prepared and dissolved in saline on the day of

infusions.
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Locomotor quantification

Behavioral activity was evaluated between 9 am and 11 am each day during administration

of saline or cocaine for 7 days in automated monitors containing 16 infrared light emitters

and sensors mounted on a frame within which a standard plastic animal cage was positioned

(45 cm × 20 cm × 20 cm; AccuScan Instruments, Inc., Columbus, OH). The number of

photocell beam breaks was recorded throughout a 90 min session (30 min pre- and 60 min

post - injection) by a computer equipped with the Digiscan DMicro software system

(AccuScan Instruments).

Microdialysis

Microdialysis was conducted twenty four hours following the last drug administration.

Microdialysis was performed in freely moving rats placed in the same monitors used for

locomotor measurements. The dummy cannulae were removed from the guide cannulae and

a laboratory-made concentric microdialysis probe (2 mm exposed membrane length, typical

recovery 19.6%; Barr and Forster, 2011) was inserted into the guide cannula targeting the

medial shell of the nucleus accumbens. An infusion cannula (33 gauge) was inserted into the

guide cannula targeting the ventral hippocampus. A two-channel liquid swivel (Instech Lab.

Inc., Plymouth Meeting, PA, USA) guided the inlet and outlet tubing of the probe, and inlet

tubing of the infusion cannula connected to a microinfusion pump (CMA/102). Artificial

cerebrospinal fluid (aCSF; containing 147 mM NACl, 2.7 mM KCl, 1mM NaH2PO4, 1.4

mM Na2HPO4, 2.1 mM MgCl2 and 1.6 mM CaCl2, pH 7.4) was continuously perfused

through the probe at a rate of 0.5 μl/min. Dialysate collection began 4 hrs following probe

insertion at 15 min intervals. Following collection of 4 baseline samples, NMDA was

infused into the ventral hippocampus at a concentration of 0.5 μg/ 0.5μl over 1 min (Peleg-

Raibstein and Feldon., 2006). Following infusion, dialysates were collected for an additional

90 minutes.

Histology

Upon completion of experiments, brains were removed and fixed in 4% paraformaldehyde

for three days. Brains were then sectioned at 60 μm on a Vibratome (Leica Biosystems,

Buffalo Grove, Il) stained with cresyl violet and examined under a light microscope to

determine the placement of the probe and infusion cannula for each animal. Only data from

rats with correct placements in both areas were included in the analyses.

High-performance liquid chromatography measurement of dopamine

The mobile phase (containing per 500 ml: 340 mg EDTA, 250 mg sodium octanesulfonate,

4.7 g NaH2PO4, 250 μl triethylamine and 85 ml methanol, pH 5.75; 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). Following separation by the column, dopamine 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
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Station for Windows (DataApex, Prague, Czech Republic). Dopamine peaks were identified

by comparison to a dopamine standard (9.2 pg/ 5 μL DA). The 2:1 signal to noise detection

limit for dopamine using this system was 0.07 +/− 0.02 pg.

Western immunoblotting

A separate cohort of rats were administered saline (1ml/kg, ip, n=9) or cocaine (20 mg/kg,

ip, n=10) once daily for 7 days, killed 30 hrs after the last injection (this time point

corresponds to when NMDA was infused in the previous experiment) and ventral

hippocampus was dissected rapidly on ice. Samples were prepared by homogenizing tissue

from individual animals in boiling 1% (gm/100 ml) sodium dodecyl sulfate. Homogenized

samples were boiled for 5 minutes and stored at −80°C. Equal amounts of protein (40 μg,

determined using a Thermo Scientific NanoDrop 2000 spectrometer) from all samples were

loaded on 7.5% mini-Protean TGX gels (Bio Rad) for separation and transferred onto

nitrocellulose membranes. After blocking for 60 minutes at room temperature, the

membranes were incubated overnight at 4 °C with rabbit anti-NR1, NR2B or NR2A primary

antibodies (1:1000; mAb #5704; #4205; #4212; Cell Signaling, Danvers, MA). After

washing, the membranes were further incubated with IRDye 800 or 680-conjugated goat

anti-rabbit IgG second antibody (Li-Cor Biosciences, Lincoln, NE 1:10,000) for 2 hr at

room temperature. After incubation, membranes were washed three times with TBST before

visualization. Control for protein loading was achieved by using primary antibodies to β-

tubulin (1:800,000; Cell Signaling) and IRDye 800-conjugated affinity purified anti-mouse

IgG as secondary antibodies (1:20,000). Proteins were detected using the Odyssey infrared

imaging system (LI-COR Biosciences). Optical density of each individual sample was

corrected against the optical density of β-tubulin.

Statistical analyses

All statistical tests were conducted with Sigmaplot 12.5 with the alpha level set at 0.05.

Cumulative hyperactivity counts were analyzed by two-way ANOVA with drug (cocaine or

saline) and day as main factors. Significant ANOVAs were followed by Student-Newman-

Keul's (SNK) post-hoc for multiple comparisons. Activity and dopamine levels from

microdialysis are expressed as a percent change from baseline levels. Separate Grubb's tests

were applied to the microdialysis data to remove outliers, which resulted in removal of 3

data points from possible 190 data points of dopamine levels over time. Activity counts

during dialysis collection were collated into 15 min time bins to correspond with DA sample

collection periods. Separate Grubb's tests were applied to remove outliers from the

behavioral data, which resulted in removal of 5 from possible 171 data points. Separate two-

way repeated measures ANOVA (drug × time) were then used to compare motoric activity

or dopamine levels across time between saline- and cocaine-pretreated rats following

NMDA infusion. Significant main effects were followed by Student-Newman-Keul's (SNK)

post-hoc for multiple comparisons at each time point. Significant main effects of time were

followed by separate one-way repeated measures ANOVA for each group, with significant

effects across time identified by post-hoc Holme-Sidak tests for multiple comparisons, with

time point zero serving as the control comparison. The quantification of immunoblots was

analyzed by one-way ANOVA with pretreatment (saline or cocaine administration) as main

factor.
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Results

Histology and baseline dopamine levels for microdialysis experiments

The placement of microdialysis probes ensured that the 2 mm length of dialysis membrane

sampled from the medial shell nucleus accumbens [1.4 mm anterior from bregma (Paxinos

& Watson, 2009; Fig. 1A)], and were similarly distributed in saline- and cocaine-

administered animals. The placement of the infusion cannulae ensured that NMDA infusions

occurred within the ventral hippocampus [5.5 mm posterior from bregma (Paxinos &

Watson, 2009; Fig. 1B)], and were similarly distributed in saline- and cocaine-administered

animals. A total of 5 rats out of 24 were excluded from further analysis due to probe

placements outside of the accumbens or cannula placements outside of the ventral

hippocampus. Baseline levels of dopamine for saline-pre-treated rats were 2.08 ± 0.68 pg/

5μL, and for cocaine-pre-treated rats were 1.97± 0.68 pg/ 5μL (uncorrected for recovery).

There was no statistical difference in baseline dopamine levels between groups (P > 0.05).

Motor activity is enhanced by repeated cocaine administration

Rats were injected with saline or cocaine (20 mg/kg, ip) once daily for seven days and

activity was measured for 60 minutes post injection. Cumulative activity counts over 60

minutes on treatment days one and seven are shown in Fig. 2. Two-way ANOVA of the data

showed significant interaction, drug, and day effects (Interaction: F 1, 37= 5.323, P=0.030;

drug: F 1, 37= 4.926, P=0.036; day: F 1, 37= 33.621, p<0.001). Post-hoc analysis revealed that

cocaine significantly increased motor activity compared to saline injected controls on day

one (P=0.018) and day seven (P<0.001), and that within the cocaine administered group

there was a significant difference in activity between day one and day seven (P=0.005).

Thus seven daily injections of cocaine resulted in the development of sensitization to the

locomotor-stimulating effects of cocaine.

Cocaine pretreatment enhances ventral hippocampal NMDA-stimulated motor activity and
extracellular dopamine in the nucleus accumbens

These experiments aimed to establish whether NMDA infusion into the ventral hippocampus

enhances behavioral and accumbal dopaminergic responses in cocaine-sensitized rats

compared to saline-pretreated controls. During collection of baseline dialysates, behavioral

activity was low. Following infusion of NMDA into the ventral hippocampus, the activity

counts transiently increased in both the saline and cocaine pretreated groups (Fig. 3A).

There was a significant effect of time (F8, 79=9.698, P <0.001), a trend toward a significant

effect of drug pretreatment (F9, 79 = 4.993, P = 0.053) and an interaction between drug and

time (F8, 79 = 4.991, P < 0.001). Post hoc tests revealed that activity at 30 min after NMDA

infusion was significantly higher in the cocaine- than in the saline-pretreated group (SNK, P

< 0.05). One-way repeated measures ANOVA revealed an effect of NMDA over time for

control rats (F8,38 = 2.820; P =0.021) and for cocaine pretreated rats (F8,40= 10.2; P < 0.001)

at 15 and 30 min post-NMDA injection respectively (Holm–Sidak; P < 0.05).

Analysis of dopamine levels (Fig 3B), showed a significant effect of time (F9, 160 = 5.450; P

<0.001), no significant effect of drug (F1, 160 = 1.961; P= 0.178), and a significant

interaction between drug and time (F12, 245 = 2.529; P = 0.011). One-way repeated measures
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ANOVA revealed an effect of NMDA over time for saline pretreated rats (F8,73 = 4.713; P <

0.001), apparent at 15 min post-infusion, and an effect over time was also observed for

cocaine pretreated rats (F9,86 = 4.235; P <0.001), at 30 min post-infusion (Holm– Sidak; P

<0.05). Ventral hippocampal infusion of NMDA evoked an increase in extracellular

dopamine in the nucleus accumbens of rats previously exposed to cocaine that was greater

than in saline pretreated rats from 30 to 45 min post-infusion (SNK; P < 0.05; Fig 3B).

These data demonstrate that NMDA infusion in the ventral hippocampus produced

hyperactivity and larger increases in extracellular dopamine in the nucleus accumbens and

these responses were greater in rats sensitized to repeated cocaine than in non-sensitized

saline controls.

The effects of repeated cocaine on NMDA receptor subunit expression in the ventral
hippocampus

Since NMDA produced greater effects in rats pretreated with cocaine, this experiment

examined whether NMDA subunit protein levels in the ventral hippocampus was altered

following administration of cocaine for 7 days and acute withdrawal for 30 h (at the same

time point of NMDA administration in the previous experiment). NR1, NR2A, and NR2B

were quantified in ventral hippocampus by immunoblotting. There was no significant effect

of cocaine on the levels of the obligatory NR1 subunit (Fig. 4A, F1,19 = 1.111, P > 0.05), the

NR2A subunit (Fig. 4B, F1,18 = 2.920, P > 0.05) or the NR2B subunit (Fig. 4C, F1,18 =

2.948, P > 0.05), in the ventral hippocampus when compared with saline-administered

controls. However, when NR2A:NR2B ratio was calculated for each animal, cocaine-

administered rats had significantly lower ratios than the saline-administered rats (Fig. 4D;

F1, 18 = 5.824, P =0.039).

Discussion

The major results of this study demonstrate that repeated intraperitoneal administration of

cocaine (20 mg/kg/day for 7 days) induced sensitization to the locomotor stimulating effects

of cocaine. Also, these same rats displayed increased motoric activity and extracellular

dopamine in the nucleus accumbens following NMDA stimulation of the ventral

hippocampus, which may result from altered NMDA receptor subunit composition in this

brain region.

Behavioral sensitization is suggested to be related to drug craving observed in human

psychostimulant abusers (Robinson and Berridge, 1993) and can facilitate acquisition of

cocaine self-administration (Schenk and Partridge, 2000). The expression of behavioral

sensitization to psychostimulants is greatly influenced by environmental context (Bonate et

al., 1997; Uslaner et al., 2001) and the ventral hippocampus is involved in contextual

processing that involves a motivational component, such as drug-paired environmental

stimuli (Lasseter et al., 2010). Therefore, repeated engagement of the ventral hippocampus

during cocaine administration may produce adaptations that make the ventral hippocampus

sensitive to drug-associated environmental stimuli. However, short-term withdrawal from

repeated amphetamine increases action potential threshold in the ventral subiculum (Cooper

et al., 2003), and LTP in the ventral hippocampal-nucleus accumbens pathway following
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long-term withdrawal from repeated cocaine administration in rats is attenuated (Goto and

Grace, 2005). These results suggest that following psychostimulant administration and

withdrawal, the activity of the ventral hippocampus is reduced. Conversely, Lodge and

Grace (2008) demonstrated that behavioral sensitization to amphetamine is associated with

enhanced ventral hippocampal modulation of dopamine neuronal activity. Additionally, Britt

et al. (2012) demonstrated that, in mice, protracted withdrawal from repeated cocaine

administration produces an increase in synaptic strength selectively in the ventral

hippocampal input to the nucleus accumbens shell and that inactivation of the ventral

hippocampal input to the nucleus accumbens during administration of cocaine attenuates

cocaine-induced locomotion in a specific environment (Britt et al., 2012). Results from the

present study demonstrate that NMDA stimulation of the ventral hippocampus of behaving

rats produced a significantly greater increase in extracellular dopamine in the nucleus

accumbens of rats undergoing acute withdrawal from repeated cocaine than in control

saline-injected rats. These results support the hypothesis that in behaving animals,

hippocampal output is enhanced following repeated cocaine administration. Phasic

dopaminergic neurotransmission is associated with reward prediction and cue-reward

learning (Schultz et al., 1997) and the hippocampus-nucleus accumbens shell pathway is

involved in place conditioning and context-dependent cue-reward retrieval (Floresco et al.,

1997; Ito et al., 2008). Therefore, altered phasic dopamine resulting from enhanced ventral

hippocampal activation of the VTA (Legault et al., 2000; Lodge and Grace, 2006) would

likely result in maladaptive reward processing within the nucleus accumbens. In support of

this, experimental activation of VTA dopamine neurons can enhance cue-reward learning or

strengthen previously learned associations (Steinberg et al., 2013).

Synaptic plasticity requires complicated cellular processes involving multiple signaling

pathways in different brain regions and subregions. Nonetheless, NMDAR are vital

mediators of excitatory synaptic transmission in the brain. Subunit composition of NMDAR

has been proposed to control NMDAR activity by controlling Ca2+ entry and intracellular

signaling by the receptor. NR2B-containing receptors produce prolonged channel opening

and greater Ca++ currents compared to NR2A-containing receptors (Yashiro, and Philpot,

2008), whereas NR2A-containing channels have higher opening probability and faster

deactivation. Therefore, NR2A-containing receptors are more likely to open earlier but also

close more quickly than NR2B-containing receptors. Over-expression of NR2B in mouse

forebrain is associated with larger hippocampal LTP and enhanced learning in multiple

behavioral tests (Tang et al., 2001; Cao et al., 2007; Wang et al., 2009). In the hippocampus,

the NR2B subunit is vital for LTP and is involved in recruiting molecules such as CAMKII

that are important for LTP (Foster et al., 2010). No significant changes in the mean

expression of individual subunits following repeated cocaine are observed in the current

study. However, cocaine pretreated animals exhibited a reduced NR2A/NR2B expression

ratio, suggesting a greater contribution of NR2B-containing receptors in the ventral

hippocampus of cocaine sensitized animals. The properties of the NR2B subunit, such as

longer channel open times and greater Ca2+ entry per opening (Cull-Candy and

Leszkiewicz, 2004), suggest that a greater contribution of ventral hippocampal NR2B (due

to decreased NR2A:NR2B ratio) in cocaine pretreated rats may produce enhanced responses

to NMDA infusion in these animals.
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Previous studies demonstrate that repeated cocaine administration results in heightened

anxiety-like behaviors (Hayase et al., 2005; Perrine et al., 2008; El Hage et al., 2012). An

intriguing possibility is that the altered NMDAR composition observed in the ventral

hippocampus following repeated cocaine in the present study is also involved in these

behaviors. Infusion of the NMDA-receptor antagonist, AP5, into the ventral hippocampus

produces an anxiolytic-like effect in drug naïve rats (Nascimento Häckl and Carobrez,

2007). Furthermore, rats selected for high anxiety show elevated NR2B in the hippocampus

following re-exposure to a fear-conditioned context (Lehner et al., 2011). Together, our

finding of reduced NR2A:NR2B ratio may be related to increased output to other structures

besides the accumbens, such as the basolateral amygdala (Felix-Ortiz et al., 2013) or

prefrontal cortex (Adhikari, 2010), involved in the regulation of anxiety-like behaviors. This

possibility of greater general activity of the ventral hippocampus following repeated cocaine

exposure in relation to emotional behaviors requires further investigation.

Taken together, the present study supports the hypothesis that enhanced behavioral

responsiveness to psychomotor stimulants is associated with enhanced dopaminergic activity

in the accumbens due to activation of the ventral hippocampus. This is extended by the

finding that adaptation to glutamatergic signaling within the ventral hippocampus may

produce sensitivity to activation due to changes in glutamatergic receptor composition. A

more complete understanding of how drugs of abuse affect reward processing modulated by

the ventral hippocampus will result in a better understanding of the pathophysiology of drug

abuse, and possibly indicate novel therapeutic avenues.
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Figure 1.
Representative photomicrographs of coronal brain coronal sections of (A) microdialysis

probe membrane placement in the nucleus accumbens and (B) infusion cannula placement in

the ventral hippocampus.
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Figure 2. Cocaine administration increased motoric activity and produced locomotor
sensitization
Cumulative activity counts for 60 minutes post-cocaine (20 mg/kg ip) and saline injection

are shown. Rats administered cocaine had greater activity than rats administered saline on

both day one and day seven (# significantly different from saline on the same day, P<0.05).

On the seventh day of administration, rats injected with cocaine showed a greater increase in

activity than on the first day of cocaine administration (*significantly different between day

one and seven within cocaine administered rats, P < 0.05). Data are expressed as mean ±

SEM beam breaks/60 minute period. (N=9–10/group)

Barr et al. Page 14

J Neurochem. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Cocaine pretreatment enhanced ventral hippocampal NMDA-stimulated motor activity
and extracellular dopamine in the nucleus accumbens
Effects of ventral hippocampal NMDA infusion on (A) motoric activity and (B)
extracellular DA in the nucleus accumbens of saline (N=9) and cocaine (N=10) pre-treated

rats, expressed as percentage of baseline. Arrow indicates time of NMDA infusion. Data

represent mean ± SEM. # significantly different from pre-infusion levels in both saline- and

cocaine-pre-treated rats. * Significant difference between saline- and cocaine-pretreated

groups (P < 0.05).

Barr et al. Page 15

J Neurochem. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. Effect of repeated cocaine on NMDA receptor subunit expression in the ventral
hippocampus
(A) Representative protein bands on immunoblots for NR1 (120 kD), NR2A (180 kD), and

NR2B (190 kD) in the ventral hippocampus (examples are from single animals in each

treatment group). (B) NMDA subunit protein levels in ventral hippocampal tissue of saline-

and cocaine-administered rats. (C) Calculated NR2A:NR2B ratios of rats injected with

saline or cocaine for seven days. Repeated cocaine resulted in a reduced NR2A:NR2B ratio

in the ventral hippocampus compared with repeated saline (*significant difference between

saline and cocaine groups, P < 0.05). Means + SEM are shown. (N=9–10/group)
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