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Abstract

Background: Drug addiction is a chronic brain disease characterized by recurrent episodes of relapse to drug-seeking/-taking 
behaviors. The ventral subiculum, the primary output of the hippocampus, plays a critical role in mediating drug-seeking 
behavior.
Methods: A d-amphetamine intravenous self-administration rat model was employed along with focal electrical stimulation of 
the ventral subiculum (20 Hz/200 pulses) to examine its role in reinstatement of drug-seeking behavior. Dopamine efflux in the 
nucleus accumbens was measured by in vivo microdialysis and subsequent HPLC-ED analyses. Pharmacological antagonism 
of dopamine and ionotropic glutamate receptors locally within the nucleus accumbens was employed to assess the role of 
glutamate and dopamine in reinstatement of drug-seeking behavior induced by stimulation of the ventral subiculum.
Results: Here, we demonstrate that reinstatement of drug-seeking behavior following extinction of d-amphetamine self-
administration by rats was induced by electrical stimulation in the ventral subiculum but not the cortex. This reinstatement 
was accompanied by a significant increase in dopamine efflux in the nucleus accumbens and was disrupted by microinfusion 
of a dopamine D1 or D2 antagonist into the nucleus accumbens. Inhibition of N-methyl-D-aspartate or non- N-methyl-D-
aspartate receptors had no effect on the reinstatement induced by ventral subiculum stimulation, whereas co-infusion of D1 
and N-methyl-D-aspartate antagonists at formerly ineffective doses prevented drug-seeking behavior.
Conclusions: These data support the hypothesis that dopamine/glutamate interactions within the ventral striatum related to 
memory processes are involved in relapse to addictive behavior.
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Introduction
Drug addiction is a chronic brain disease characterized by recurrent 
episodes of relapse to drug-seeking/-taking behaviors (Leshner, 
1999; White, 2002; Kalivas and Volkow, 2005), and research on 
the neurobiology of learning and memory may hold the key to 
effective therapies (Berke and Hyman, 2000; Hyman et al., 2006). 
Presentation of stimuli that trigger memory of prior use of addic-
tive drugs, such as those associated with previous episodes of drug 

intake or administration of a priming dose of drug itself, can often 
reinstate drug-seeking behaviors in humans and experimental 
animals (O’Brien et  al., 1992; Stewart, 2000; Shalev et  al., 2002). 
Brain-imaging studies with human drug addicts report that crav-
ing induced by drug-associated stimuli can activate corticolimbic 
structures, including the prefrontal cortex, hippocampus, amyg-
dala, anterior cingulate, and ventral striatum (Breiter et al., 1997; 
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Childress et al., 1999; Volkow et al., 2002; Leyton and Vezina, 2013), 
regions involved in different aspects of cognition.

The ventral subiculum (vSub), a primary output of the hip-
pocampus (Groenewegen et al., 1987), plays a critical role in mem-
ory formation and contextual information processing (Squire 
et al., 2004). This brain region projects to the mesocorticolimbic 
dopamine (DA) system, which subserves the primary rewarding 
effects of many drugs of abuse, including psychostimulants and 
opiates (Wise and Bozarth, 1987), and is also involved in synap-
tic plasticity (Nicola et al., 2000) and memory function (Seamans 
et al., 1998). Importantly, glutamatergic afferents from the vSub 
modulate DA efflux in the nucleus accubmens (NAc) (Blaha et al., 
1997; Taepavarapruk et al., 2000) and are implicated in approach 
behavior guided by memory for the location of reward stim-
uli (Floresco et  al., 1997) as well as behavioral sensitization to 
repeated amphetamine administration (Lodge and Grace, 2008). 
Thus, activation of the vSub may provide a means by which 
aspects of drug-related memories could trigger renewed drug-
seeking behavior. Indeed, previous studies have demonstrated a 
critical role of the vSub in different psychostimulant- and opiate-
induced reinstatement models (Vorel et al., 2001; Sun and Rebec, 
2003; Taepavarapruk and Phillips, 2003; Bossert and Stern, 2014).

Drug-related cues associated with amphetamine, cocaine, 
and heroin increase DA transmission in the ventral striatum 
of humans (Volkow et  al., 2006; Boileau et  al., 2007; Zijlstra 
et  al., 2008). Furthermore, DA D1 receptors (Anderson et  al., 
2003; Bachtell et  al., 2005; Bossert et  al., 2007), DA D2 recep-
tors (Bachtell et al., 2005; Anderson et al., 2006), and ionotropic 
glutamate receptors (Cornish et al., 1999; Cornish and Kalivas, 
2000; Shen et al., 2011) within the NAc are implicated in cue- 
or drug-induced reinstatement of cocaine- and heroin-seeking 
behavior. In this context, it is of interest that vSub stimulation 
significantly increases DA efflux in the NAc, which in turn leads 
to the reinstatement of d-amphetamine (d-AMPH) self-admin-
istration during voluntary abstinence following prolonged drug 
use (Taepavarapruk and Phillips, 2003). Thus, the present study 
sought to examine the role of DA and glutamate receptors in the 
NAc in mediating the vSub-induced reinstatement of d-AMPH.

Methods

Subjects

Subjects were 89 male Long-Evans rats (Charles River) weighing 
between 320 and 350 g at the time of surgery. Rats were individu-
ally housed in plastic cages in a colony room with an ambient 
temperature of 25oC and a 12-hour light-dark cycle (7:00 am-7:00 
pm; lights on at 7:00 am). Rat chow and water were available ad 
libitum. Testing was conducted during the light phase. All exper-
iments conformed to the standards of the Canadian Council on 
Animal Care and were approved by the Committee on Animal 
Care, University of British Columbia.

Intravenous Self-Administration

To facilitate acquisition of drug self-administration, all rats 
were trained to press a lever for food pellets (Bioserv) on a fixed-
ratio 2 (FR-2) schedule until a criterion of 150 food pellets in a 
1-hour session for 3 of 4 days was reached. Depression of sec-
ond inactive lever had no consequences. After training, all rats 
were given approximately 15 g of rat chow per day in their home 
cages. Upon completion of FR-2 schedule training, they were 
returned to free-feeding conditions.

Prior to surgery, rats were anesthetized with ketamine hydro-
chloride (100 mg/kg, intraperitoneal; MTC Pharmaceuticals) and 

xylazine (10 mg/kg, intraperitoneal; Rompun). First, a chronic 
Silastic jugular catheter (made from custom-made 22-gauge 
cannula with elongated ends, 5 mm, Plastic Products Inc.) was 
implanted into the jugular vein to the left vena cava. The catheter 
was tied and glued to the vein, and the free end of the cannula 
was passed subcutaneously to the top of the head. Immediately 
following the catheter surgery, a bipolar stimulating electrode 
was implanted stereotaxically with the tip centered in the vSub/
CA1 region of the hippocampus (anteroposterior [AP] = −5.8 mm 
from bregma; mediolateral (ML) = +5.5 mm from midline; and dor-
soventral (DV) = −6.0 mm from dura or in the area V1B of the pri-
mary visual cortex (AP = −5.8 mm, ML = ±5.5 mm, and DV = −1.0 mm 
(Paxinos and Watson, 1997). For dialysis experiments, 2 microdi-
alysis probe guide cannulae (19 gauge, 15 mm) were implanted 
bilaterally dorsal to the NAc (AP = +1.7 mm, ML = ±1.1 mm, and 
DV = −1.0 mm). For pharmacological studies, 2 microinfusion 
guide cannulae (23 G, 15 mm) were implanted bilaterally dorsal 
to the NAc. The guide cannulae, stimulating electrode, and cath-
eter were secured to the skull with 4 jeweler’s screws and den-
tal acrylic. After the surgery, all cannulae were regularly flushed 
with 0.1 mL heparinized saline (10 IU/mL) to maintain patency. 
Animals recovered from surgery for at least 5 days before testing.

Following recovery from surgery, rats were trained to self-
administer d-AMPH solution. The start of the drug session was 
signaled by illumination of the house light (2 W) 2 seconds prior to 
a single experimenter-administered infusion of d-AMPH (“prime”) 
at the same dose as all other drug infusions (0.1 mg/0.1 mL/infu-
sion/5 s). Following the prime, the house light remained illu-
minated for the remainder of the drug session to indicate the 
availability of drug. Rats were allowed to self-administer 12 addi-
tional infusions of d-AMPH on a FR-2 schedule on 6 daily sessions. 
Extinction of drug-seeking behavior was initiated on day 7 by sub-
stituting a 0.9% saline solution after rats had self-administered 
6 infusions of d-AMPH. On subsequent 5-hour extinction trials, 
only saline solution was available when rats pressed the drug-
paired lever, and extinction training continued for at least 5 days 
until responding on the drug-paired lever was ≤2 presses/h.

Microdialysis

A detailed description of the microdialysis probe construction 
and perfusion procedure and the analytical method for quan-
tifying DA in dialysate is provided elsewhere (Taepavarapruk 
et  al., 2000). Briefly, probes were constructed with a semiper-
meable hollow-fiber membrane (2 mm of exposed membrane, 
340  µm outer diameter, 65,000 Dalton molecular weight cutoff, 
Filtral 12, Hospal-gambro, Germany). The microdialysis probe was 
implanted into the NAc and continuously perfused with artificial 
cerebrospinal fluid at a constant flow rate of 1 µL/min approxi-
mately 8 to 12 h prior to the start of the drug self-administration 
session. The dialysate samples were collected every 10 minutes 
and immediately analyzed by high pressure liquid chromatog-
raphy with electrochemical detection. DA and its metabolites, 
dihydroxyphenylacetic acid and homovanillic acid, were quanti-
fied from each sample by comparing sample peak heights to peak 
heights from a calibration curve of the standard solution contain-
ing DA and metabolites at 3 different concentrations.

Experimental Protocol

The first experiment tested the effectiveness of brain stimulation 
in the reinstatement of drug-seeking behavior. Following extinction 
of responding on the drug-paired lever, constant current cathodal 
pulses were delivered to the vSub/CA1 or the control place-
ments in the primary visual cortex through an isolator (Iso-flex, 
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A.M.P.I) via a Master-8 stimulator (A.M.P.I., Israel). Parameters for 
all electrical stimulation were a total of 200 square-wave pulses, 
300 µA, at 20 Hz delivered for 10 seconds. In the second experi-
ment, microdialysis was employed to monitor changes of DA in 
the NAc of rats during the initial extinction session. After extinc-
tion was established, DA efflux was measured in the contralateral 
NAc of rats displaying drug-seeking behavior following electrical 
stimulation of the vSub. A third experiment examined the effects 
of intra-NAc infusion of different ionotropic glutamate and DA 
receptor antagonists on the reinstatement of drug-seeking behav-
ior induced by vSub stimulation. The specific NMDA antagonist, 
2-amino-5-phosphonovaleric acid (AP-V); the specific α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate 
antagonist, antagonist 6,7-dinitroquinoxaline-2,3-dione (DNQX); 
the DA D1 receptor antagonist SCH 23390; or the DA D2 antagonist 
sulpiride were microinjected into the NAc 15 minutes prior to the 
vSub stimulation. Bilateral infusions of drug or saline were made 
via stainless-steel needles (30 gauge) inserted through guide can-
nulae implanted over the NAc. Saline, AP-V (200 or 400 ng in 1 µL/
side), or DNQX (200 and 400 ng in 1 µL/side) and SCH 23390 (300 and 
600 ng in 1 µL/side) or sulpiride (300 ng in 1 µL/side) were delivered 
at a rate of 0.5 µL/1 min by an infusion pump (Sage Instruments, 
Model 341). Injection needles were left in place for an additional 
1 minute after injection to allow for diffusion. Intra-NAc infusions 
of saline or drug were counterbalanced across the 2 test sessions.

Drug Preparation

d-AMPH sulphate (Sigma-Aldrich) was dissolved in sterile 0.9% 
NaCl daily and filtered through a 0.22-µm sterile nylon filter unit 
(Millipore) prior to use. The dose of d-AMPH used in all experiments 
was 0.1 mg/0.1 mL/infusion. AP-V and DNQX were purchased 
from Precision Biochemical Inc. (Vancouver, Canada). Sulpiride 
and SCH 23390 were purchased from Research Biochemical Inc. 
(Natick, MA). A 10-mM AP-V or DNQX stock solution was prepared 
by dissolving with 50 to 100 µL of 0.1 M NaOH solution and was 
adjusted to pH 7.0. The solution was then topped up to 1 mL with 
normal perfusion medium and kept frozen as aliquots at −20 oC. 
Drug was diluted from frozen aliquots with sterile saline solution 
immediately prior to use. Sulpiride was prepared with 1 drop of 
NaOH solution and was adjusted to pH 7 with HCl solution. SCH 
23390 was dissolved in sterile 0.9% NaCl prior to use.

Histology

After completion of each experiment, DC current (100  µA for 
10 seconds) was passed through the bipolar stimulating elec-
trode. Animals were euthanized with an overdose of chloral 
hydrate and transcardially perfused with 0.9% saline followed 
by 10% formaldehyde solution. The brains were then removed 
and placed in 10% sucrose in 10% formaldehyde for a few days. 
Serial 50-µm coronal sections were cut on a freezing microtome 
and stained for Nissl substance with cresyl violet. Placements of 
the dialysis probe, infusion needles, and the bipolar stimulating 
electrode were determined under a light microscope.

Data Analysis

Behavioral data were recorded via a computer interface system 
(MED Associates Inc.), which also controlled delivery of drug and 
food. The number of presses on both active (drug-paired lever) 
and inactive levers was summed in 10-minute or 1-hour bins 
and continuously recorded throughout the testing period. Group 
means of lever presses on drug-paired and inactive levers were 
compared for statistical significance using Student’s paired t test. 
Concentration of DA and its metabolites in 10-minute dialysate 
samples were expressed as percentage of values in 4 baseline 
samples immediately preceding the drug alone or brain stimu-
lation session. Levels of DA and metabolites were uncorrected 
for probe recovery. All values were presented as the mean ± SEM. 
Statistical analyses of the neurochemical data employed 
SigmaPlot software for Windows (version 12; Systat Inc). One-way 
or 2-way ANOVA with repeated measures followed by the Tukey’s 
posthoc test or Dunnett’s test were employed where appropriate. 
All P values < 0.05 were considered statistically significant.

Results

Effect of vSub Stimulation on d-AMPH–Seeking 
Behavior during Extinction

To determine the role of the vSub in d-AMPH–seeking behaviour 
following extinction, rats that met the extinction criterion (ie, ≤2 
responses on the drug-paired lever/hour after 5 consecutive 5-h 
extinction sessions in which saline was substituted for d-AMPH) 

Figure 1. Effect of brain stimulation on reinstatement of d-amphetamine (d-AMPH)– seeking behavior during extinction. a, Stimulation at the ventral subiculum (vSub) 

or the visual cortex occurred on the day after rats met extinction criterion. Filled bars with black (vSub) or grey (visual cortex) represent mean responses (±SEM) on 

drug-paired lever in the first 1 hour of an extinction session with brain-stimulation. Unfilled bars represent mean responses (±SEM) on inactive lever. * denotes signifi-

cant differences in mean responses vs pretest day value, P < .05. # denotes significant differences in mean responses on drug-paired lever versus inactive lever, P < .05. 

b, Histological placement of stimulating electrodes located with the vSub and visual cortex. Black circles indicate tip of electrodes. Serial coronal brain sections are 

computer-generated drawings taken from Paxinos and Watson (1997). The numbers beside each plate correspond to millimeters from bregma.
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were exposed to electrical stimulation of the vSub or the visual 
cortex. The visual cortex was chosen for the control stimulation 
site, because this cortical area is situated above the target site of 
the hippocampus and the electrode targeting the hippocampus 
passed through this region. As illustrated in Figure 1a, stimula-
tion of the vSub induced reinstatement of drug-seeking behavior 
as reflected in a significant difference in mean responses on the 
drug-paired lever as compared with the final day of extinction 
(F (1,14) = 26.66, P < .05 and Tukey’s P < .05, n = 8). A significant differ-
ence in mean responses on drug-paired active lever vs inactive 
lever (P < .05, Tukey’s) was also observed. In contrast, stimula-
tion at the control placements in the cortex had no significant 
effect on mean responses on either lever during extinction (F 

(1,14)  =  0.00, P > .05, n = 8). Placements of stimulating electrodes 
from this experiment are presented in Figure 1b. Electrode tips 
were all located in the vSub/CA1 regions of the hippocampus or 
in the area V1B of the primary visual cortex.

Effect of vSub Stimulation on Extracellular DA Efflux 
in the NAc during Extinction

To examine the neurochemical correlates of relapse induced by 
vSub stimulation during extinction, changes in DA efflux were 
measured in the NAc. In response to the initial 6 infusions of 
d-AMPH prior to the start of extinction training, DA efflux in the 
NAc was significantly increased by 549.44 ± 124.42% (F(30,150) = 16.20, 
P < .05 and Dunnett’s, P  < .05, n = 7) relative to predrug baseline and 
remained elevated for another 60 minutes before gradually return-
ing to baseline values after approximately 180 minutes (Figure 2a). 
The marked decrease in DA metabolites was significantly different 
from predrug baseline values (F(30,150) = 12.19, P < .05 and Dunnett’s, 
P < .05) for dihydroxyphenylacetic acid and (F(30,150) = 4.90, P < .05 and 
Dunnett’s, P < .05) for homovanillic acid (Figure 2b). During the first 
5-hour extinction session, all rats responded significantly more on 
the drug-paired lever in the first hour when d-AMPH was available 
(ie, 14.0 ± 3.23 vs 2.71 ± 0.96; P < .05, paired Student’s t test). Following 
saline substitution, higher responding was observed on the drug-
paired lever for the next 2 hours (Figure 2c). In the final hour of the 
session, rats no longer discriminated between active and inactive 
levers (Figure 2c). Responses on both levers were markedly reduced 
in the 4 subsequent sessions of saline replacement (data not shown), 
and extinction was confirmed by the absence of responding on the 
active or inactive lever in a 40-minute period prior to the applica-
tion of vSub stimulation (Figure 3b). During the reinstatement test, 
following a stable baseline of DA efflux in the NAc, the brief train 
of vSub stimulation caused a significant increase in DA efflux that 
remained elevated for 50 minutes before returning to baseline val-
ues (F(12,72) = 14.08, P < .05 and Dunnett’s, P < .05) (Figure 3a) and evoked 
a significant increase in mean responses on the drug-paired lever 
at 20 minutes (3.14 ± 1.69 vs 0.57 ± 0.39, inactive lever, P < .05, paired 
Student’s t test) and 30 minutes poststimulation (2.28 ± 0.56 vs 
0.28 ± 0.30, P < .05, paired Student’s t test) (Figure 3b). Placements of 
microdialysis probes and stimulating electrodes are presented in 
Figure 3c. Microdialysis probes were located on the border between 
shell and core regions within the NAcm and electrode tips were all 
located in the ipsilateral vSub/CA1 region of the hippocampus.

The Effects of Microinfusion of Glutamate and 
Dopamine Receptor Antagonists into the NAc on 
Reinstatement Of Drug-Seeking Induced by vSub 
Stimulation

To determine the role of glutamate and DA receptors in medi-
ating the vSub stimulation-induced relapse, different groups of 

rats received microinjections of glutamate and/or DA antago-
nists into the NAc prior to vSub stimulation. Replicating the 
main effect shown in Figure  1a, vSub stimulation induced a 
significant increase in mean responses on the drug-paired lever 
relative to extinction data in all groups tested (F values not 
shown, P < .05) (Figures 4a-d and 5a-d).

Glutamate Antagonists
Analysis of the mean responses on the drug-paired and inactive 
lever following a 200-ng dose of AP-V (n = 8) showed no signifi-
cant differences compared with vSub stimulation (F(1,14) = 2.37, 
p > .05) (Figure  4a). Similarly, when tested with a 400-ng dose 
of AP-V (n = 9), mean responses on the levers were again not 
significantly different compared with vSub stimulation alone 
(F(1,16) = 1.98, p > .05) (Figure  4b). Infusion of DNQX into the NAc 
at doses of either 200 ng (F(1,14) = 1.24, p > .05, n = 8) or 400 ng 
(F1,10) = 0.21, p > 0.05, n = 6) also failed to block vSub-induced rein-
statement of drug-seeking behavior (Figure 4c-d).

Dopamine Antagonists
Intra-NAc infusions of the DA D1 antagonist SCH 23390 (300 ng, 
n = 14) did not block the increase in mean responses on the 

Figure 2. Changes in dopamine (DA), dihydroxyphenylacetic acid (DOPAC), and 

homovanillic acid (HVA) efflux during the first 5-hour extinction session. Rats 

received 6 infusions of d-amphetamine (d-AMPH) before saline substitution. a, 

Black circles represent percent change (±SEM) in DA efflux relative to baseline. 

b, Diamonds and triangles represent mean percent change (±SEM) in DOPAC 

and HVA efflux relative to baseline, respectively. * denotes significant differ-

ences in DA efflux vs prestimulation value (last baseline sample), P < .05. c, Filled 

and unfilled bars represent mean responses (±SEM) on drug-paired and inactive 

levers in 10-minute bins, respectively. # denotes significant differences in mean 

responses on drug-paired lever vs inactive lever, P < .05.
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drug-paired lever following vSub stimulation (F(1,26) = 1.95, P > .05) 
(Figure  5a). In contrast, the effects of vSub stimulation were 
blocked by intra-NAc infusion of SCH 23390 at a dose of 600 ng 

(n = 6), as mean responses on the drug-paired lever were sig-
nificantly different from vSub stimulation scores (F(1,10) = 30.86, 
P < .05 and Tukey’s, P < .05) (Figure 5b). There was no significant 

Figure 3. Effect of stimulation of the ventral subiculum (vSub) on extracellular dopamine (DA) efflux in the nucleus accumbens (NAc) and on lever pressing during 

extinction. a, Circles represent mean percent change (±SEM) in DA efflux relative to baseline. * denotes significant differences in DA efflux vs prestimulation value (last 

baseline sample) at P < .05. b, Filled and unfilled bars represent mean responses (±SEM) on drug-paired and inactive levers in 10-minute bins, respectively. # denotes 

significant differences in mean responses on drug-paired lever vs inactive lever at P < .05. c, Locations of microdialysis probes implanted in the NAc (black bars) and 

stimulating electrode tips in the ipsilateral vSub (black circles) from all rats in the second experiment. Serial coronal brain sections are computer-generated drawings 

taken from Paxinos and Watson (1997). The numbers beside each plate correspond to millimeters from bregma.

Figure  4. Effects of ionotropic glutamate receptor antagonists on reinstatement induced by stimulation of the ventral subiculum (vSub). The NMDA antagonist 

2-amino-5-phosphonopentanoic acid (AP-V) (200 [a] or 400 ng [b]) or the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate antagonist 6,7-dinit-

roquinoxaline-2,3-dione (DNQX) (200 [c] or 400 ng [d]) was infused bilaterally into the nucleus accumbens (NAc) 15 minutes before stimulation of the vSub. Filled and 

unfilled bars represent mean responses (±SEM) on drug-paired and inactive levers in first 1 hour of the extinction session, respectively. * denotes significant differences 

in mean responses on drug-paired lever vs pretest day value at P < .05. # denotes significant differences in mean responses on drug-paired lever between vSub stimula-

tion and treatment groups at P < .05.
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difference in mean responses between the inactive levers (P > .05, 
Tukey’s). Infusion of the DA D2 antagonist sulpiride (300 ng, 
n = 8) into the NAc prior to vSub stimulation also blocked the 
increased responding on the drug-paired lever induced by vSub 
stimulation (F(1,14) = 18.38, P < .05 and Tukey’s, P < .05) (Figure  5c). 
Mean responses on the inactive levers did not significantly dif-
fer (P > .05, Tukey’s). Previous experiments have shown that coin-
cident activation of NMDA and DA D1 receptors within the NAc 
is required for appetitive instrumental learning (Smith-Roe and 
Kelley, 2000); therefore, it was of interest to determine if a simi-
lar interaction may block reinstatement of drug-seeking behav-
ior induced by vSub stimulation. As shown in Figure  5d, APV 
(200 ng) and SCH 23390 (300 ng) infused in combination into the 
NAc prior to vSub stimulation blocked the increase in respond-
ing on the drug-paired lever normally induced by vSub stimula-
tion (F(1,18) = 8.12, P < .05 and Tukey’s, P < .05, n = 10). There was no 

significant difference in mean responses between the inactive 
levers (P > .05, Tukey’s). It is important to note that at the doses 
employed, neither drug by itself blocked reinstatement induced 
by vSub stimulation (Figures 4a and 5a). Placements of micro-
infusion cannulae and stimulating electrodes are presented in 
Figure 5e. Infusion tracks were located on the border between 
shell and core regions within the NAc, and electrode tips were all 
located in the ipsilateral vSub/CA1 region of the hippocampus.

Discussion

The present study confirms that electrical stimulation of glu-
tamatergic afferents to the NAc originating in the vSub of the 
hippocampal formation can reinstate drug-seeking behavior 
in rats following extinction of intravenous self-administration 
of d-AMPH. Stimulation at cortical sites in this study and in the 

Figure 5. Effects of dopamine (DA) receptor antagonists on reinstatement induced by stimulation of the ventral subiculum (vSub). The DA D1 antagonist SCH 23390 (300 

[a] or 600 ng [b]) or the DA D2 antagonist sulpiride 300 ng (c) or a combination of AP-V (200 ng) and SCH 23390 (300 ng) (d) were infused bilaterally into the NAc 15 minutes 

before stimulation of the vSub. Filled and unfilled bars represent mean responses (±SEM) on the drug-paired lever and inactive lever in first 1 hourr of the extinction 

session, respectively. * denotes significant differences in mean responses on the drug-paired lever vs pretest day value at P < .05. # denotes significant differences in 

mean responses on drug-paired lever between vSub stimulation and treatment groups at P < .05. e, Location of microinfusion tips in the NAc (black circles) and stimula-

tion electrode tips in the ipsilateral vSub (black circles) from all rats in the third experiment. Serial coronal brain sections are computer-generated drawings taken from 

Paxinos and Watson (1997). The numbers beside each plate correspond to millimeters from bregma.
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cerebellum or lateral hypothalamus as reported by Vorel et  al. 
(2001) were ineffective; therefore, this form of reinstatement of 
drug-seeking behavior does not appear to be a general property of 
brain stimulation per se. The present data also demonstrate that 
vSub stimulation-induced reinstatement is accompanied by a sig-
nificant increase in DA efflux in the NAc that is attenuated during 
the process of extinction despite the continuation of respond-
ing on a drug-paired lever. The close relationship between the 
vSub-evoked increase in DA efflux in the NAc and reinstatement 
of drug-seeking behavior parallels the effects reported follow-
ing cocaine- and d-AMPH–induced reinstatement (Neisewander 
et al., 1996; Di Ciano et al., 2001; Taepavarapruk and Phillips, 2003). 
Microinjection into the NAc of either the D1 antagonist SCH 23390 
(600 ng) or the D2 antagonist sulpiride (300 ng), or co-infusion of 
SCH-23390 (300 ng) and AP-V (200 ng) into the NAc prevented 
increased responding on the drug-paired lever following vSub 
stimulation. The ability of intra-NAc DA D1 and D2 antagonists to 
inhibit vSub-induced d-AMPH reinstatement is consistent with 
their effects in cue- or drug-induced reinstatement of cocaine- 
and heroin-seeking behavior (Anderson et al., 2003, 2006; Bachtell 
et  al., 2005; Bossert et  al., 2007). However, the role of accumbal 
NMDA receptors in the reinstatement of drug-seeking behavior 
has yielded contradictory findings. Administration of either AP-V 
(3 and 30 μg) (Famous et al., 2007) into the NAc shell or cis-ACDA, an 
NMDA agonist, into the NAc (Cornish et al., 1999) has been shown 
to reinstate cocaine-seeking behavior. The present data revealed 
that co-infusion of SCH-23390 and AP-V into the NAc at doses 
that were ineffective alone inhibited vSub stimulation-induced 
reinstatement of psychostimulant self-administration, suggesting 
that DA/glutamate interactions within the NAc play an important 
role in relapse through activation of synapses that encode learned 
associations between drug reward and environmental stimuli. 
Although the low dose of D2 receptor antagonist blocked vSub 
stimulation-induced relapse, the possibility still remains that had 
a subthreshold dose of sulpiride been used in combination with 
APV, it would also be effective in blocking relapse.

The involvement of AMPA receptors in the NAc in vSub stim-
ulation-induced reinstatement of d-AMPH–seeking behavior 
appears to differ from reinstatement induced by systemic cocaine 
or intracerebral infusion of cocaine into the prefrontal cortex, 
which can be blocked by injection of the AMPA receptor antagonist 
CNQX into the NAc (Cornish et al., 1999; Cornish and Kalivas, 2000; 
Park et al., 2002). The absence of DNQX (200–400 ng) effects on vSub 
stimulation on drug-seeking behavior cannot be attributed to the 
dose of drug, as they were comparable in all 3 studies. However, 
differences in drug potency between these 2 AMPA antagonists 
may have been a factor (Honore et  al., 1988). Importantly, the 
method of relapse used in these previous studies differs from 
that used in the present study in which relapse is induced by 
administration of cocaine rather than electrical stimulation of the 
hippocampus. As reinstatement of amphetamine-induced condi-
tioning place preference is associated with decreased expression 
of AMPA receptors in the NAc (Cruz et  al., 2008), future studies 
need to understand the cellular differences between the different 
reinstatement methods. We previously reported that vSub stimu-
lation-evoked increases in DA efflux in the NAc could be blocked 
by reverse dialysis of DNQX (10 µM) for 30 minutes (Taepavarapruk 
et al., 2000). It remains to be determined if an acute injection of 
DNQX at the doses employed here would be equally effective in 
blocking the facilitatory effect of vSub stimulation on DA efflux, 
and negative results may explain the present failure of DNQX to 
block reinstatement of drug-seeking behavior.

The neural circuitry underlying vSub stimulation-induced 
relapse is complex. The vSub sends strong glutamatergic 

projections to both the NAc and medial prefrontal cortex (mPFC) 
(Groenewegen et al., 1987; Sesack et al., 1989; Jay and Witter, 1991), 
and thus, glutamatergic projections from mPFC to NAc (Sesack 
et al., 1989; Gorelova and Yang, 1997) may be a factor in the effects 
of vSub stimulation on NAc DA efflux. However, previous studies 
in our laboratory found no effect of mPFC inactivation on vSub-
induced DA efflux in the NAc in control animals (Taepavarapruk 
et  al., 2008). Similarly, Floresco et  al. (2001) demonstrated that 
inactivating the mPFC had no effect on the increase in VTA neuron 
population activity induced by chemical stimulation of the vSub. 
Instead, a multisynaptic pathway involving vSub stimulation-
induced activation of NAc neurons that inhibit tonically active 
GABAergic ventral pallidal neurons leading to increased neuron 
population activity in the VTA has been proposed (Floresco et al., 
2001, 2003). This is in agreement with a previous study conducted 
by Vorel and colleagues (2001) that demonstrated vSub stimula-
tion-induced cocaine reinstatement could be blocked by admin-
istration of kynurenic acid and elicited by NMDA into the VTA. 
As the mPFC plays a critical role in cue- or context-induced rein-
statement of opiates and psychostimulants (Rocha and Kalivas, 
2010; Shen et  al., 2011; Bossert et  al., 2014), future studies are 
needed to determine if inactivation of the mPFC eliminates vSub 
stimulation-induced reinstatement to d-AMPH.

Exposure to specific sensory cues, including environmen-
tal context, previously associated with drug reward can induce 
relapse to drug use in humans (O’Brien et al., 1992; Stewart, 2000; 
Shalev et al., 2002) and is associated with hyperactivation of the 
ventral striatum (Leyton and Vezina, 2013). Taken together, our 
data suggest that a brief train of focal brain stimulation of a major 
glutamatergic afferent pathway from the ventral hippocampus to 
the ventral striatum can reactivate a neural circuit that has been 
modified by prior association of environmental stimuli with drug 
reward and thereby reinitiate drug-seeking behavior. Furthermore, 
we provide evidence that DA/glutamate interactions within the 
NAc are necessary for context-induced reinstatement of drug seek-
ing. As attenuation of DA transmission has been demonstrated to 
be effective in reducing cocaine cue-induced craving (Berger et al., 
1996; Leyton et al., 2005), our data also suggest that a combina-
tion therapy based on coadministration of low doses of DA D1 
and NMDA antagonists may prove effective in blocking relapse to 
psychostimulant self-administration. The ability of vSub stimula-
tion to trigger relapse to both opiates and psychostimulants holds 
promise as a model system for the further study of adaptive neural 
processes that encode different facets of addiction. These effects 
of vSub stimulation also provide a note of caution with regards 
to the possible use of deep brain stimulation (DBS) at sites within 
neural circuits implicated in the induction and maintenance of 
drug-seeking behaviors (Luigjes et al., 2012). Although the stimu-
lus parameters employed in our studies differ from those shown 
to be effective in attenuating drug-seeking behavior in recent pre-
clinical studies (Luigjes et al., 2012), the pronounced and sustained 
elevation in DA efflux in the NAc induced by relatively brief trains 
of electrical brain-stimulation in major afferent projections to the 
NAc (Taepavarapruk and Phillips, 2003; Taepavarapuk et al., 2008) 
raises the possibility that DBS may exacerbate addictive behavior 
depending on the locus of stimulation. As such, we would endorse 
the recommendation by Carter and Hall (2011) that it is premature 
on both empirical and ethical grounds to employ DBS for the clini-
cal treatment of drug addiction.
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