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Abstract
The ventral hippocampus (VH) plays critical roles in cue-induced and cocaine-primed
reinstatement of cocaine seeking (Rogers and See, 2007). Subregions of the VH make distinct
projections to elements of the brain relapse circuitry that mediate drug context-induced
reinstatement. Thus, the VH may also critically contribute to this form of cocaine seeking in a
subregion-specific manner. Accordingly, this study evaluated the hypothesis that functional
inactivation of the ventral hippocampus proper (VHp) – but not of the dentate gyrus (DG) –
impairs cocaine seeking elicited by re-exposure to a drug-paired environmental context. Rats were
trained to lever press for un-signaled intravenous cocaine infusions (0.15 mg/infusion) in a distinct
environmental context (cocaine-paired context) followed by extinction training in a distinctly
different context (extinction context). Subsequently, cocaine-seeking behavior (i.e., non-reinforced
active lever responding) was assessed in either the previously cocaine-paired context or the
extinction context. Rats received bilateral microinfusions of the gamma-aminobutyric acid
(GABA) agonist cocktail, baclofen+muscimol (BM: 1.0/.01mM), or vehicle into the VHp, DG, or
the posterior dorsal hippocampus (pDH; extra-VH control) immediately before each test session.
Exposure to the previously cocaine-paired context, but not the extinction context, reinstated
extinguished cocaine-seeking behavior following vehicle pretreatment. BM pretreatment
administered into the VHp, but not the DG or pDH, significantly attenuated drug context-induced
cocaine seeking. These results indicate that the VH contributes to drug context-induced cocaine
seeking in a subregion-specific manner, with the functional integrity of the VHp being necessary
for memory or motivational aspects of drug-paired environmental stimuli that sustain stimulus
control over goal-directed behavior.
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1.1
Over the course of chronic cocaine use, environmental stimuli repeatedly paired with the
effects of the drug may acquire conditioned rewarding, conditioned reinforcing, and/or
incentive motivational properties through associative learning processes (Crombag et al.,
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2008). As a result, exposure to drug-paired explicit stimuli or environmental contexts can
elicit drug craving and seeking in former drug users, even after prolonged abstinence
(Rohsenow et al., 1990; Ehrman et al., 1992; Foltin and Haney, 2000; Volkow and Fowler,
2000). Hence, identifying the neural circuitry that contributes to drug context-induced
reinstatement of cocaine seeking is critical from an addiction-treatment perspective.

Converging lines of evidence from clinical and preclinical studies have revealed that
addictive behaviors, including relapse to drug taking, are regulated by a mesocorticolimbic
neural circuitry, which includes the hippocampal formation (Neisewander et al., 2000;
Ferbinteanu and McDonald, 2001; Kalivas and McFarland, 2003; Fuchs et al., 2005;
Noonan et al., 2010; Schmidt and Pierce, 2010). Consistent with this, neural activity in the
hippocampus is positively correlated with self-reported measures of cue-induced drug
craving (Sell et al., 2000; Kilts et al., 2001; Schneider et al., 2001; Wexler et al., 2001). In
animal models of drug relapse, the dorsal hippocampus appears to play a more
circumscribed role in drug context-induced cocaine-seeking behaviors (Fuchs et al., 2005),
whereas the ventral hippocampus (VH) may have a broader role in regulating drug seeking.
Specifically, electrical stimulation of the ventral subiculum (vSUB), an output region of the
VH, is sufficient to elicit reinstatement of extinguished d-amphetamine- or cocaine-seeking
behaviors (Vorel et al., 2001; Taepavarapruk and Phillips, 2003). Conversely, functional
inactivation of either the VH proper (VHp; i.e. the cornu ammonis, or CA, subfields) or the
vSUB impairs both explicit cue-induced and cocaine-primed cocaine-seeking behaviors
(Sun and Rebec, 2003; Rogers and See, 2007), although some studies have found that the
vSUB is not involved in the expression of these behaviors (Black et al., 2004). In addition,
the VHp contributes to behaviors mediated by motivationally relevant contexts given that
the functional integrity of the VH and vSUB are necessary for the retrieval of context-fear
associations and the acquisition of context-cocaine associations, respectively (Hobin et al.,
2006; Atkins et al., 2008). However, the precise involvement of the VH in instrumental
drug-seeking behavior elicited by a drug-paired environmental context has not yet been
established.

The subregions of the VH make unique neuroanatomical connections with one another as
well as with other elements of the mesocorticolimbic reward circuitry. Early models
described the VH as a trisynaptic circuit consisting of the dentate gyrus (DG) in addition to
areas CA3 and CA1 of the VHp, with information entering the VH via entorhinal projections
to the DG and then undergoing additional processing in CA3 and CA1 before being
transmitted to subcortical structures via the vSUB (Johnston and Amaral, 1998). However,
layers II and III of the entorhinal cortex (EC) also project to and can independently excite
areas CA3 and CA1, respectively, and area CA3 receives collaterals from layer II neurons
that enervate the DG (Steward and Scoville, 1976; Mizumori et al., 1989; Ishizuka et al.,
1990; Witter, 1993; Johnston and Amaral, 1998). This more complex circuitry model
suggests that the DG and CA3 can receive similar information relative to the EC (Johnston
and Amaral, 1998). Moreover, areas CA3 and CA1 may communicate with each other via
Schaffer collaterals before transmitting information to the EC and vSUB as well as to
various brain regions implicated in context-induced drug-seeking behaviors, including the
basolateral amygdala (BLA), dorsomedial prefrontal cortex (dmPFC), orbitofrontal cortex,
hypothalamus, and nucleus accumbens (NAc) shell (Kelley and Domesick, 1982; van Groen
and Wyss, 1990; Witter, 1993; Johnston and Amaral, 1998; Pitkanen et al., 2000; Naber et
al., 2001; Fuchs et al., 2005; Ishikawa and Nakamura, 2006; Fuchs et al., 2008; Lasseter et
al., 2009; Marchant et al., 2009). In contrast, the DG may only communicate with area CA3
and, as a result, may have a modulatory role in information processing (Steward and
Scoville, 1976; Johnston and Amaral, 1998; Naber et al., 2001).
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Because the VHp and DG possess different neuroanatomical inputs and outputs, it is
possible that these VH subregions make distinct contributions to drug-induced behaviors,
including the reinstatement of drug context-induced cocaine seeking. Specifically, the VHp
may be more critical for regulating the memory or motivational aspects of this behavior than
the DG because it receives direct inputs from the EC independent of the DG and also
projects to mesocortical brain regions implicated in drug context-induced cocaine seeking
(van Groen and Wyss, 1990; Pikkarainen et al., 1999; Ishikawa and Nakamura, 2006). To
test this hypothesis, the effects of GABAB/GABAA agonist-induced temporary neuronal
inactivation of the VHp, DG, or the posterior dorsal hippocampus (pDH; an extra-VH
control region) were assessed on cocaine-seeking behavior in a distinct cocaine-paired
environmental context. Overall, we hypothesized that functional inactivation of the VHp –
but not the DG or pDH – would attenuate drug context-induced cocaine seeking.

2.1 EXPERIMENTAL PROCEDURES
2.2 Animals

Male Sprague-Dawley rats (n = 50), weighing 250–300 g at the start of the experiment, were
individually housed in a temperature- and humidity-controlled vivarium on a reversed light-
dark cycle. Rats were maintained on 20–25 g of rat chow per day with water available ad
libitum. The housing and treatment of the rats followed guidelines outlined in the Guide for
the Care and Use of Laboratory Rats (Institute of Laboratory Animal Resources on Life
Sciences, 1996), and the study protocol was approved by the Institutional Animal Care and
Use Committee of the University of North Carolina at Chapel Hill.

2.3 Food Training
In order to expedite the acquisition of cocaine self-administration, rats were trained to press
a lever on a fixed ratio 1 (FR1) schedule of food reinforcement (45 mg pellets; Purina,
Richmond, IN, USA) in sound-attenuated operant conditioning chambers (26 × 27 × 27 cm
high; Coulbourn Instruments, Allentown, PA, USA) during a 16-h overnight food training
session. Each active lever response resulted in delivery of one food pellet only; inactive
lever responses had no programmed consequences. During the food training session, stimuli
subsequently used for contextual cocaine conditioning were not present. Food pellet
dispensers were removed from the chambers after food training.

2.4 Surgery
At least 48-h after food training, rats were fully anesthetized using ketamine hydrochloride
and xylazine (66.6 and 1.33 mg/kg, i.p., respectively). Chronic indwelling jugular catheters
were constructed in house using bent steel cannulae with a screw-type connector (Plastics
One, Roanoke, VA, USA), SILASTIC tubing (Dow Corning, Midland, MI, USA), prolite
monofilament mesh (Atrium Medical Corp., Hudson, NH, USA), and cranioplastic cement,
as described before (Fuchs et al., 2007). The end of the catheter was inserted into the right
jugular vein. The catheter ran subcutaneously and exited the back between the scapulae.
Immediately following catheterization, all rats were placed into a stereotaxic instrument
(Stoelting, Wood Dale, IL, USA) and bilateral stainless-steel guide cannulae (26 gauge;
Plastics One) were aimed dorsal to the VHp (−5.2 mm AP, +/−5.4 mm ML, −5.0 mm DV,
relative to bregma), DG (−5.7 mm AP, +/−3.7 mm ML, −3.5 DV), or pDH (−5.2 mm AP,
+/−4.7 mm ML, −2.5 DV) using standard stereotaxic procedures. The guide cannulae were
secured to the skull using three stainless steel screws and cranioplastic cement. To prevent
occlusion, stylets (Plastics One) and Tygon caps were used to seal the guide cannulae and
catheter, respectively.
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Rats were given 5 days for post-operative recovery before the start of the experiment. To
extend catheter patency during the recovery period, the catheters were flushed through once
daily for 5 days with 0.1 ml of an antibiotic solution of cefazolin (10.0 mg/ml; Schein
Pharmaceuticals, Albuquerque, NM, USA) dissolved in heparinized saline (70 U/ml; Baxter
Health Care Corp, Deerfield, IL, USA) followed by 0.1 ml of heparinized saline (70 U/ml).
Thereafter, catheters were flushed with 0.1 ml of heparinized saline (10 U/ml) before each
self-administration session and with 0.1 ml of the cefazolin solution and 0.1 ml of
heparinized saline (70 U/ml) after each session. Catheter patency was evaluated before the
first self-administration session, as well as periodically during the experiment, using
propofol (1mg/0.1ml, i.v. Eli Abbott Lab, North Chicago, IL, USA), an ultrashort-acting
sedative-hypnotic that produces a rapid loss of muscle tone only when administered
intravenously.

2.5 Contextual Stimuli
Cocaine self-administration and extinction training sessions were conducted in operant
conditioning chambers configured to one of two unique environmental contexts that differed
along four sensory modalities. Context 1 consisted of a continuous red house light (0.4 fc
brightness) on the wall opposite the levers, an intermittent pure tone (80 dB, 1 kHz, 2 sec on,
2 sec off), a pine-scented air freshener strip (4.5 × 2 cm, Car Freshener Corp, Watertown,
NY, USA), and wire mesh flooring (26 × 27 cm). Context 2 consisted of an intermittent
white stimulus light above the inactive lever (1.2 fc brightness, 2 sec on, 4 sec off), a
continuous pure tone (75 dB, 2.5 kHz), a vanilla-scented air freshener strip (4.5 × 2 cm,
Sopus Products, Moorpark, CA, USA), and ceramic tile bisecting the steel bar flooring (19
cm × 27 cm). Rats had no exposure to these contextual stimuli prior to self-administration
training. As in our previous studies, these stimuli were presented throughout each session
independent of responding (Fuchs et al., 2005; Fuchs et al., 2007; Fuchs et al., 2008).

2.6 Cocaine Self-administration Training
Subjects were randomly assigned to undergo cocaine self-administration training in Context
1 or 2. Training was conducted during daily 2-h sessions, during the rats’ dark cycle. The
rats’ indwelling catheters were connected to liquid swivels (Instech, Plymouth Meeting, PA,
USA) via polyethylene 20 tubing that was encased in steel spring leashes (Plastics One). The
swivels were suspended above the operant conditioning chambers and were connected to
infusion pumps (Coulbourn Instruments, Allentown, PA, USA). Data collection and
reinforcer delivery were controlled using Graphic State Notation software version 2.102
(Coulbourn). Responses on one (active) lever were reinforced on an FR1 schedule of
cocaine reinforcement (cocaine hydrochloride; 0.15 mg/0.05 ml per infusion, duration 2 s,
i.v.; NIDA, Research Triangle Park, NC, USA). Responses on the other (inactive) lever were
recorded but had no programmed consequences. A 20-s time-out period followed each
infusion during which lever responses were recorded, but had no programmed
consequences. Training continued until the rats successfully obtained ≥ 10 cocaine infusions
per session on at least 10 training days (i.e., acquisition criterion).

2.7 Extinction Training
After meeting the acquisition criterion, rats underwent daily 2-h extinction training sessions
in the environmental context (Context 1 or 2) that distinctly differed from the cocaine self-
administration training context. Active and inactive lever presses were recorded, but had no
programmed consequences. On extinction day 4, rats were acclimated to the intracranial
infusion procedure. During the adaptation procedure, rats were held gently by the
experimenter and injection cannulae were bilaterally inserted into the rats’ guide cannulae to
a depth 1 mm below the tip of the guide cannulae. The injectors were left in place for 4
minutes, but no drug was infused. Immediately following the adaptation procedure, rats
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were placed into the operant conditioning chamber for an extinction session. Extinction
training consisted of a minimum of 7 sessions plus additional extinction training sessions, as
needed, until the rats reached the extinction criterion (≤ 25 active lever presses per session
for 2 consecutive sessions).

2.8 Reinstatement Testing
After the rats reached the extinction criterion, reinstatement of cocaine-seeking behavior
was assessed in the cocaine-paired context or in the extinction context over the course of 2
test sessions. Immediately prior to each test session, rats received bilateral microinfusions of
the GABAB+A agonist cocktail baclofen+muscimol (BM; 1.0 and 0.1 mM, respectively; pH
~7.0) or phosphate buffered saline vehicle (VEH) into the VHp, DG, or pDH at a volume of
0.5 μl per hemisphere over 2 min. Injectors were left in the guide cannulae for 1 min before
and after the infusion. Muscimol, at doses of 1000 ng/1 μL and 20 ng/1 μL, inhibits glucose
utilization in a 1.6-mm radius (Martin, 1991) and electrophysiological activity in a 1-mm
radius (Arikan et al., 2002). These estimates probably include tissue that exhibits
hypoactivity due to reduced synaptic input from inactivated neurons. In the present study,
muscimol was administered at 20 ng/0.5 μL. Hence, the area of neural inactivation was
probably smaller due to reduced infusion volume. Similar information about the spread of
baclofen hydrobromide is not available, but its spread is likely limited by low lipophilicity
(Leisen et al., 2003). Importantly, we have used this dose of BM in the past to demonstrate
functional differentiation between the NAc core and shell and between the dorsolateral
caudate–putamen and overlying somatosensory cortex (Fuchs et al., 2004; Fuchs et al.,
2006). Assignment to treatment groups and the order of testing in the previously cocaine-
paired versus extinction context were counterbalanced based on mean active lever
responding during the last three days of cocaine self-administration training. Subjects
received additional extinction training sessions in the extinction context between test
sessions until they re-obtained the extinction criterion (≤ 25 lever presses per session for 2
consecutive days). During each test session active and inactive lever presses were recorded,
but had no programmed consequences.

2.9 Locomotor Activity Testing
Because intracranial manipulations may produce motor side effects that affect instrumental
behavior, the possible nonspecific effects of BM on general locomotor activity were
assessed 48 hours after the last test session. Locomotor activity was measured in a novel
Plexiglas chamber (42 × 20 × 20 cm) equipped with an array of eight photodetectors and
corresponding light sources. Immediately prior to testing, rats received BM or VEH
microinfusions into the VHp, DG, or pDH as during reinstatement testing, using the infusion
procedures described above (2.8). A computerized activity system (San Diego Instruments,
San Diego, CA) recorded the number of consecutive photobeams interrupted by rats moving
in the activity chamber during a 2-h test session.

2.10 Histology
After the last experimental session, rats with patent catheters were fully anaesthetized using
ketamine hydrochloride and xylazine (66.6 and 1.3 mg/kg, respectively, i.v.), while rats
without patent catheters were anesthetized using ketamine hydrochloride and xylazine
(199.8 and 3.9 mg/kg, i.p., respectively). Rats were then transcardially perfused using 1×-
phosphate-buffered saline (Fisher Scientific) and 10% formaldehyde solution (Sigma). The
brains were dissected out and stored in 10% formaldehyde solution prior to being sectioned
in the coronal plane at a thickness of 75 μm using a vibratome. The sections were mounted
onto gelatin-coated slides and stained using cresyl violet (Kodak, Rochester, NY, USA).
Cannula placements were verified using light microscopy. The most ventral portion of each
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cannula tract was mapped onto schematics of appropriate plates from the rat brain atlas
(Paxinos and Watson, 1997).

2.11 Data Analysis
Only data from rats with correct cannula placements were included in the data analysis. To
assess potential pre-existing differences between the treatment groups, mixed factorial
ANOVAs were used to analyze mean active and inactive lever responses and cocaine intake
during the last three days of self-administration training and lever responding during
extinction training with cannula placement (VHp, DG, and pDH) and subsequent treatment
(BM, VEH) as between-subjects factors and time (day) as the within-subjects factor, where
appropriate. To assess the effect of BM and VEH infusions on lever responding during the
test sessions, mixed-factorial ANOVAs were used to analyze lever responses with treatment
(BM, VEH) as the between-subjects factor and context (cocaine context, extinction context)
as the within-subjects factor. To assess the effects of BM on locomotor activity, the number
of photobeam breaks were analyzed using mixed-factorial ANOVAs with treatment (BM,
VEH) as the between-subjects factor and time (20-minute intervals) as the within-subjects
factor, where appropriate. Significant main and interaction effects were further investigated
using simple main effects tests or Tukey HSD post hoc tests. Alpha was set at 0.05.

3.1 RESULTS
3.2 Histology

Photomicrographs of representative cannula placements as well as schematic diagrams of
the distribution of cannula placements are depicted in Fig 1. The target brain regions were
defined as follows: VHp, areas CA3/CA1 of the ventral hippocampus proper; DG, dentate
gyrus; and pDH, posterior dorsal hippocampus. For the VHp group, all cannula tips were
located within area CA3 or CA1, but area CA2 was within the ~0.5 mm radius of expected
drug spread (Martin, 1991;Arikan et al., 2002). The data of rats with misplaced cannulae
were excluded from data analysis. High power microscopy confirmed there was no evidence
of abnormal tissue damage (i.e., extensive cell loss or gliosis) at the infusion sites. The most
ventral points of the cannula tracts were bilaterally located within the target brain regions for
the following number of rats: VHp (VEH: n = 10, BM: n = 9); DG (VEH: n = 8, BM: n =
8); pDH (VEH: n = 7, BM: n = 8).

3.3 Self-administration
Groups with cannulae aimed at the VHp, DG, and pDH exhibited stable active lever
responding for cocaine reinforcement during the last three days of self-administration
training (day X cannula placement interaction effect, F(4,94) = 0.72, p = 0.58; day main
effect, F(2,94) = 0.67, p = 0.52), with a within-subjects variability of <10% in daily cocaine
intake. The VHp-cannulated group made fewer active lever responses relative to the DG-
and pDH-cannulated groups during the last three days of self-administration training
(placement main effect, F(1, 47) = 4.97, p = 0.01, active lever responses: VHp < DG and
pDH, Tukey p < 0.05). However, cocaine intake was stable across the last three days of self-
administration training for all groups with no differences observed between the VHp-, DG-,
and pDH-cannulated groups in the mean number of self-administered cocaine infusions
(24.65 ± 1.14 infusions; day X cannula placement interaction effect, F(4,94) = 0.30, p = 0.88;
day main effect, F(2,94) = 1.27, p = 0.29; cannula placement main effect, F(1, 47) = 1.75, p =
0.18). Collapsed across groups, the mean daily cocaine intake ± SEM (based on body
weight) was approximately 12.33 ± 0.57 mg/kg. Similarly, there were no differences
between the VHp-, DG-, and pDH-cannulated groups in inactive lever responding during the
last three days of self-administration training (day X cannula placement interaction effect,
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F(4.94) = 0.19, p = 0.94; day main effect, F(2,94) = 2.88, p = 0.06; cannula placement main
effect, F(1,47) = 0.60, p = 0.56).

Separate ANOVAs further indicated that there were no pre-existing differences between the
VHp-, DG-, and pDH-cannulated groups that were subsequently assigned to the BM or VEH
treatment condition in active lever responding (Fig 2A–C; all subsequent treatment and day
main and interaction effects: F(1–2, 14–34) = 0.24–1.21, p = 0.32–0.63) or in cocaine intake
(all subsequent treatment and day main and interaction effects: F(1–2, 14–34) = 0.01–1.12, p =
0.34–0.95) during the last three days of self-administration training. In the DG-cannulated
rats, the BM treatment group made significantly fewer inactive lever responses relative to
the VEH treatment group during the last three days of self-administration (subsequent
treatment main effect, F(1, 14) = 6.92, p = 0.02), but there were no differences between
groups in the pattern of inactive lever responses across self-administration training days
(Fig. 2E; subsequent treatment X day main effect, (F(2, 28) = 0.87, p = 0.43; day main effect,
F(2, 28) = 1.00, p = 0.38). Similarly, there were no pre-existing differences between the VHp-
and pDH-cannulated groups that were subsequently assigned to the BM or VEH treatment
condition in inactive lever responding (Fig 2D, 2F; all subsequent treatment and day and
interaction effects: F(1–2, 14–34) = 0.24–1.35, p = 0.27–1.24).

3.4 Extinction
Upon removal of cocaine reinforcement during extinction training, active and inactive lever
responding in the VHp-, DG-, and pDH-cannulated groups gradually declined (active lever:
day main effect, F(6, 282) = 33.25, p < 0.0001; day 1 > day 2–7, Tukey test, p < 0.05; inactive
lever: day main effect, F(6, 282) = 14.070, p < 0.0001; day 1 > day 2–7, Tukey test, p < 0.05),
and there were no differences between the groups in active and inactive lever responding
during the first seven days of extinction training (all cannula placement main and interaction
effects: F(1–12, 6–282) = 0.082–0.56, p = 0.55–1.00). There were also no pre-existing
differences in active or inactive lever responding during extinction training between the
VHp-, DG-, and pDH-cannulated groups that were subsequently assigned to the BM or VEH
treatment condition (all subsequent treatment main and treatment X day interaction effects:
F(1–6, 17–102) = 0.05–1.33, p = 0.251–0.85). Furthermore, separate analyses revealed that
these groups required the same mean number of days (± SEM) to reach the extinction
criterion (t(13–17) = 0.08–1.00, p = 0.33–0.94; VEH mean = 7.00–7.11 ± 0.00–0.11, BM
mean = 7.00–7.75 ± 0.00–0.75).

3.5 VHp Functional Inactivation Attenuates Drug Context-induced Reinstatement of
Cocaine-seeking Behavior

During the reinstatement test session, exposure to the previously cocaine-paired context
increased active lever responding in the VHp-cannulated group relative to responding in the
extinction context (Fig. 2A; context main effect, F(1,17) = 29.20, p < 0.001). However, BM
pretreatment administered into the VHp altered active lever responding relative to VEH
pretreatment in a context-specific manner (treatment X context interaction effect, F(1,17) =
11.17, p = 0.004; treatment main effect, F(1,17) = 11.08, p = 0.004). Specifically, BM
pretreatment administered into the VHp attenuated active lever responding in the cocaine-
paired context (Tukey test, p < 0.01) but not in the extinction context relative to VEH
pretreatment. In contrast, exposure to the cocaine-paired context failed to alter inactive lever
responding relative to responding in the extinction context (Fig. 2D; context main effect,
F(1,17) = 2.79, p = 0.11). Furthermore, BM pretreatment administered into VHp failed to
alter inactive lever responding in either context relative to VEH pretreatment (treatment X
context interaction effect, F(1,17) = 1.80, p = 0.20, treatment main effect, F(1,17) = 0.63, p =
0.44)
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3.6 Effects of DG Functional Inactivation on Drug Context-induced Reinstatement of
Cocaine-seeking Behavior

Exposure to the cocaine-paired context elicited robust active lever responding in the DG-
cannulated group relative to responding in the extinction context (Fig. 2B; context main
effect, F(1,14) = 25.46, p < 0.0001). BM pretreatment administered into the DG failed to alter
active lever responding in either context relative to VEH pretreatment (treatment X context
interaction effect, F(1,14) = 0.09, p = 0.77; treatment main effect, F(1,14) = 0.31, p = 0.59).
Exposure to the cocaine-paired context did not alter inactive lever responding relative to
responding in the extinction context (Fig. 2E; context main effect, F(1,14) = 4.52, p = 0.052).
Furthermore, BM pretreatment did not alter inactive lever responding in either context
relative to VEH pretreatment (treatment X context interaction effect, F(1,14) = 0.09, p = 0.68;
treatment main effect, F(1,14) = 0.18, p = 0.09).

3.7 Effects of pDH Functional Inactivation on Drug Context-induced Reinstatement of
Cocaine-seeking Behavior

Exposure to the cocaine-paired context potentiated active lever responding in the pDH-
cannulated groups relative to responding in the extinction context (Fig. 2C; context main
effect, F(1,13) = 40.71, p < 0.001). BM pretreatment administered into the pDH failed to alter
active lever responding in either context relative to VEH pretreatment (treatment X context
interaction effect, F(1,13) = 1.88, p = 0.194; treatment main effect, F(1,13) = 0.39, p = 0.54).
Exposure to the cocaine-paired context did not alter inactive lever responding relative to
responding in the extinction context (Fig. 2F; context main effect, F(1,13) = 0.40, p = 0.58).
Furthermore, BM pretreatment administered into the pDH did not alter inactive lever
responding in either context relative to VEH pretreatment (treatment X context interaction
effect, F(1,13) = 3.10, p = 0.10, treatment main effect, F(1,13) = 0.35, p = 0.57).

3.8 Locomotor Activity
Separate ANOVAs revealed that BM pretreatment administered into the VHp, DG, or pDH
did not alter locomotor activity relative to VEH pretreatment (Fig. 3). In all groups, the
number of photobeam breaks declined at a similar rate over the six 20-min intervals of the
locomotor test session as the groups habituated to the novel context (all time main effects,
F(5, 65–85) = 22.24–113.25, p < 0.0001; interval 1 > intervals 2–6; Tukey test, p < 0.01). In
addition, BM pretreatment administered into the VHp, DG, or pDH did not alter the number
of photobeam breaks relative to VEH pretreatment (all treatment main and interaction
effects, F(1–5, 65–85) = 0.09–2.45, p = 0.14–0.76).

4.1 DISCUSSION
The findings in the present study demonstrate that the reinstatement of drug context-induced
cocaine-seeking behavior critically relies on the functional integrity of the VH. Interestingly,
the VH makes a subregion-specific contribution to drug context-induced cocaine seeking
such that neural processing in the VHp – but not the DG – is necessary for the expression of
this behavior. Specifically, functional inactivation of the VHp disrupted the ability of a drug-
paired context to reinstate cocaine-seeking behavior (Fig. 2A), whereas functional
inactivation of the DG failed to alter this behavior (Fig. 2B). BM pretreatment administered
into the VHp did not alter either active lever responding in the extinction context (Fig. 2A),
inactive lever responding in the drug-paired context (Fig. 2D), or locomotor behavior in a
novel context (Fig. 3A). Similarly, previous studies have shown that functional inactivation
of the VHp does not decrease instrumental responding for cocaine (Atkins et al., 2008) or
food reinforcement (Rogers and See, 2007) and fails to alter extinction learning or
reinstatement responding following a saline-priming injection (Rogers and See, 2007).
While the specific contribution of the VHp to drug context-induced cocaine seeking is
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difficult to ascertain given the inherent complexity underlying motivated behaviors, together
these results indicate that functional inactivation of the VHp impaired either the expression
of drug context-induced motivation for cocaine or the memory of cocaine-context
associations rather than causing non-specific deficits in instrumental or motor performance.

Importantly, results expand upon previous studies indicating that the VH is involved in
associative learning and memory processes that underlie aversive conditioned behaviors. For
instance, VH lesions and functional inactivation impair the acquisition and expression of
context-specific fear memories (Maren, 1999; Richmond et al., 1999; Zhang et al., 2001;
Yoon and Otto, 2007). Moreover, the current findings complement evidence that the
functional integrity of the VH is necessary for both cue-induced and cocaine-primed cocaine
seeking (Sun and Rebec, 2003; Rogers and See, 2007). Hence, the VH appears to make a
fundamental contribution to cocaine-seeking behavior independent of the mode of
reinstatement.

Remarkably, functional inactivation of the pDH failed to alter context-induced cocaine
seeking (Fig. 1C) even though functional inactivation of the anterior DH disrupts this
behavior (Fuchs et al., 2005;Fuchs et al., 2007). Anatomical studies have demonstrated that
the hippocampus receives distinct, topographically-organized inputs from the entorhinal
cortex along its anterior-posterior axis and that the corresponding hippocampal domains
have different patterns of neural connectivity (Burwell, 2001;Cenquizca and Swanson,
2007;Dong et al., 2009;Fanselow and Dong, 2010). These unique anatomical connections
may contribute to functional differences between the anterior and posterior regions of the
DH. Thus, while the microcircuits have yet to be identified, our findings indicate that the
contributions of both the VH and DH are subregion-specific with respect to drug context-
induced cocaine-seeking behavior.

No studies to date have investigated the functional heterogeneity of the VH with respect to
its involvement in drug context-induced cocaine seeking. However, evidence does suggest
that areas CA3 and CA1, which comprise the VHp, play a critical role in context-mediated
learning and spatial memory, while the DG may play a more circumscribed role in preparing
spatial representations for the CA3/CA1 network rather than in storing or retrieving these
representations (Jung and McNaughton, 1993; Chaillan et al., 1999; Rolls and Kesner,
2006). For instance, area CA1 – but not the DG – exhibits enhanced neural activation during
the acquisition of contextual fear conditioning and the retrieval of context-fear associations,
while pretraining lesions of area CA3 or CA1 prevent contextual fear conditioning and
impair performance on a water maze task (Neisewander et al., 2000; Kudo et al., 2004). In
accordance with this, NMDA receptor knockdown in area CA3 impairs the retrieval of
contextual memories in the Morris water maze task and this is associated with decreased
neural activation within area CA1 (Stubley-Weatherly et al., 1996; Nakazawa et al., 2002;
Hunsaker and Kesner, 2008). Interestingly, however, exposure to cocaine-paired contextual
stimuli enhances Fos protein expression in both area CA1 and the DG concomitant with
cocaine-seeking behavior (Neisewander et al., 2000). However, in that study, drug context-
induced cocaine seeking and Fos protein expression were assessed following an
experimenter-imposed drug-free period (i.e. abstinence), while in the present study, the
reinstatement of cocaine seeking was assessed following explicit extinction training. Thus,
results from the present study further this line of research by suggesting that neural activity
in the DG may not be necessary for the performance of drug context-induced cocaine-
seeking behavior despite Fos protein expression in this brain region or that the recruitment
of the DG may be inhibited by extinction training.

Differences between the neuroanatomical connections of the VHp and the DG may underlie
their distinct contributions to drug context-induced cocaine seeking. In contrast to previous
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models of information processing that posited the DG as the primary point of entry for
information into the VH, pyramidal cells in areas CA3 and CA1 are innervated by the EC,
which indicates that information intended for the VH can bypass the DG (Steward and
Scoville, 1976; Mizumori et al., 1989; Ishizuka et al., 1990; Witter, 1993; Johnston and
Amaral, 1998). In fact, the EC sends more numerous projections to area CA3 than to the DG
(Rolls and Kesner, 2006), and neural activation in area CA1 can occur despite loss of input
from the DG (Mizumori et al., 1989). Thus, the VHp may be anatomically well-positioned
to receive and process inputs from the EC and then transmit this information to other brain
regions implicated in drug context-induced cocaine-seeking, including the BLA, dmPFC,
orbitofrontal cortex, hypothalamus, and NAc shell (Kelley and Domesick, 1982; van Groen
and Wyss, 1990; Witter, 1993; Johnston and Amaral, 1998; Pitkanen et al., 2000; Naber et
al., 2001; Fuchs et al., 2005; Ishikawa and Nakamura, 2006; Fuchs et al., 2008; Lasseter et
al., 2009; Marchant et al., 2009). It should be noted that the VHp also contains a narrow
band of cells between areas CA3 and CA1 that comprise the CA2 field. However, area CA2
primarily shares collaterals with area CA3, indicating it is mainly involved in intra-
hippocampal information processing (Ishizuka et al., 1990), and no known studies to date
have explored the independent contribution of area CA2 to behavior.

Future research is necessary to identify the specific mesocorticolimbic brain regions with
which the VHp interacts to regulate drug-induced behavior. The BLA may be a good
candidate given that the VH and the BLA share dense reciprocal connections and electrical
stimulation of area CA1 is sufficient to elicit electrophysiological activity in the BLA
(Pitkanen et al., 2000; Fuchs et al., 2005; Ishikawa and Nakamura, 2006). In fact, previous
work from our lab has established that serial information processing by the BLA and DH is
necessary for the expression of drug context-induced cocaine seeking despite comparatively
sparser anatomical connections between these structures than those between the BLA and
VH (Pikkarainen et al., 1999; Fuchs et al., 2007). Furthermore, the VH, DH, and BLA
project to the dmPFC, a brain region theorized to initiate various forms of cocaine-seeking
behavior via its projections to the NAc core (Fuchs et al., 2005). In addition, the VHp
interacts with subcortical brain regions indirectly via communication with the vSUB, the
primary output structure for the VH. Because the vSUB has been shown to play a critical
role in the acquisition of context-cocaine associations that subsequently mediate drug
context-induced cocaine seeking (Atkins et al., 2008), it is possible that functionally
significant interactions between the VH and vSUB are necessary for the expression of this
behavior. Alternatively, the VHp may mediate drug context-induced cocaine-seeking
behaviors via direct communication with the NAc shell, another brain region that is critical
for the expression of context-induced drug seeking (Bossert et al., 2006; Bossert et al., 2007;
Fuchs et al., 2008). VH glutamatergic projections converge with VTA dopaminergic input
on neurons within the NAc shell such that VH stimulation enhances NAc shell dopaminergic
neurotransmission (Sesack and Pickel, 1990; Johnson et al., 1994). Communication between
the VH and NAc shell may indeed facilitate context-induced cocaine seeking given that
inhibiting either glutamatergic neurotransmission or D1 receptor stimulation in the NAc
shell prevents context-induced heroin seeking (Bossert et al., 2006; Bossert et al., 2007;
Fuchs et al., 2008). In future studies, it will be important to systematically identify the neural
subcircuits via which the VHp regulates drug context-induced cocaine seeking as well as to
determine the neuropharmacological mechanisms within the VHp that mediate drug-induced
behaviors. Given the strong contextual control over addictive behavior, understanding the
neural mechanisms by which the VH contributes to drug context-induced cocaine seeking
will be important for developing effective pharmacotherapies for the treatment of cocaine
addiction.
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Fig 1.
Schematic and photographic representation of injection cannula placements within the
ventral hippocampus proper (VHp), dentate gyrus (DG), or posterior dorsal hippocampus
(pDH). The arrows on the photomicrographs identify the most ventral point of the infusion
cannula tracts on representative cresyl violet-stained sections. The symbols on the
schematics (Paxinos and Watson, 1997) represent the most ventral point of the infusion
cannula tracts for rats that received bilateral infusions of baclofen plus muscimol (BM,
closed circles) or vehicle (VEH, open circles) into the VHp, DG, or pDH. Numbers indicate
the distance from bregma in millimeters.
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Fig 2.
Functional inactivation of the VHp – but not the DG or pDH – attenuates drug context-
induced reinstatement of cocaine-seeking behavior. The panels depict non-reinforced active
and inactive lever responses (mean/2h ± SEM) during testing in the extinction context (EXT
context) and the previously cocaine-paired context (COC context). Immediately before
testing, BM or VEH infusions were administered into the VHp (A,D), DG (B,E), or pDH
(C,F). Asterisks represent significant difference relative to responding in the extinction
context (A: ANOVA context simple main effect, Tukey test, p < 0.01; B, C: ANOVA
context main effect, p < 0.05). Dagger represents significant difference relative to VEH
treatment (A: ANOVA treatment simple main effect, Tukey test, p < 0.01).
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Fig 3.
Functional inactivation of the VHp, DH, or pDH failed to alter locomotor activity measured
as the number of photobeam breaks triggered by the movement of subjects in a novel
context. The panels depict horizontal photobeam breaks (mean/2h ± SEM) during testing in
a novel context immediately after BM or VEH infusions were administered into the VHp
(A), DG (B), or pDH (C). Plus signs represent significant difference relative to all other time
points (ANOVA time simple main effect, Tukey test, p < 0.05).
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