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Dorsal Hippocampus Drives Context-Induced Cocaine Seeking

via Inputs to Lateral Septum
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of cocaine seeking.

INTRODUCTION

Lateral septum (LS), a brain structure within the limbic
system, has re-emerged in the literature as a critical node in
reward-related behaviors. Intracranial self-stimulation stu-
dies in both humans and rodents established LS as a reward-
related structure (Heath, 1963; Olds and Milner, 1954). More
recent studies implicated LS in addiction and relapse to
several drugs of abuse (Cornish et al, 2012; Le Merrer et al,
2007; Luo et al, 2011; Sartor and Aston-Jones, 2012). Rats
self-administer morphine into LS (Le Merrer et al, 2007),
methamphetamine-seeking upregulates Fos expression in LS
(Cornish et al, 2012), and pharmacological inhibition of LS
blocks cocaine-conditioned place preference (Sartor and
Aston-Jones, 2012).

LS is highly connected to brain regions associated with
drug addiction, including ventral tegmental area (VTA),
nucleus accumbens, lateral hypothalamus, and hippocampus
(Risold and Swanson, 1997; Sheehan et al, 2004). Hippo-
campus provides the densest input to LS (Risold and
Swanson, 1997), and is a critical structure involved in
encoding, interpreting, and recalling contextual representa-
tions (Jarrard, 1993). Our laboratory revealed a circuit from
dorsal hippocampal CA3 neurons to VTA via a relay in LS
(Luo et al, 2011), indicating that LS may be an important
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Lateral septum (LS) has re-emerged as an important structure in reward and addiction; however, LS afferents that drive addiction behaviors
are unknown. Here, we used a modified self-administration/reinstatement procedure combined with anatomical, pharmacological, and
chemogenetic techniques to characterize LS, and hippocampal inputs to LS, in two established triggers of drug relapse—context- and
cue-induced reinstatement of cocaine seeking. We found that inactivation of LS neurons attenuated both context- and cue-induced
reinstatement of cocaine seeking. However, dorsal hippocampus inputs to LS showed enhanced neuronal activation (as measured by Fos
expression) during context-induced, but not cue-induced reinstatement. Additionally, chemogenetic inhibition of dorsal, but not ventral,
hippocampal inputs to LS specifically attenuated context-induced reinstatement. Together these findings elucidate the importance of LS in
reinstatement of cocaine seeking, and indicate that dorsal hippocampal inputs to LS mediate context-, but not cue-induced, reinstatement
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region linking memories of salient contextual stimuli with
associated rewards.

Different triggers of relapse (reinstatement of extinguished
lever pressing in a rodent model) recruit distinct brain
circuits. Inhibition of dorsal hippocampal neurons attenuates
only context-, but not cue-induced reinstatement of cocaine
seeking (Fuchs et al, 2005), ventral pallidum inhibition
attenuates cue-induced, but not cocaine-primed reinstate-
ment (Mahler et al, 2014), and pharmacological blockade of
dopamine receptors in nucleus accumbens shell and core
show dissociable roles in context- vs cue-induced reinstate-
ment of heroin seeking (Bossert et al, 2007). These results
signify that specific brain regions drive particular reinstate-
ment modalities. It is important to elucidate the neural
circuitry involved in specific relapse triggers to identify
potential targets for future therapeutics. LS could be a
promising target to treat addiction given its involvement in
multiple drugs of abuse and connections with reward-related
regions. However, no studies to date have directly investi-
gated inhibition of projections to LS during drug-seeking
behaviors.

Here, we adapted a self-administration procedure to
dissociate context- (Crombag and Shaham, 2002) vs discrete
cue-induced (Meil and See, 1997) reinstatement within the
same subjects, and used anatomical, pharmacological, and
chemogenetic techniques to investigate inputs to LS that
drive reinstatement behavior. We predicted that dorsal
hippocampus  drives specifically context-, but not
cue-induced, reinstatement via its inputs to LS.
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MATERIALS AND METHODS
Subjects

Male Sprague Dawley rats (n =112; arrival weight 275-325 g;
Charles River, Raleigh, NC, USA) were single or double
housed under a reverse 12:12h light cycle with ad libitum
food and water. The Institutional Animal Care and Use
Committees at the Medical University of South Carolina and
Rutgers University approved of all laboratory procedures.
Procedures were conducted according to the Guide for the
Care and Use of Laboratory Animals. Rats were handled
daily after a 3-day acclimation period at the facility; all
experiments were performed in the rats’ active (dark) phase.

Intravenous Catheter Surgery for Self-Administration

All rats were anesthetized with a mixture of ketamine/
xylazine (56.5 and 8.7 mg/kg, i.p., respectively) followed by
an injection of an analgesic (meloxicam, 1 mg/kg or rimadyl,
5 mg/kg; s.c.). Rats were then implanted with an indwelling
catheter (modified 22ga cannula, Plastics One) into the
jugular vein that exited the body via a biopsy hole on the
back. Catheters were flushed with cefazolin (0.1 ml; 100 mg/
ml) and heparin (0.1 ml; 100 U/ml) immediately following
surgery, daily beginning 3 days after surgery, and continuing
throughout self-administration. Rats were monitored daily
for post-operative care and allowed to recover for a
minimum of 1 week after surgery before beginning
behavioral training.

Self-Administration and Extinction Training

A modified self-administration procedure was adapted to
dissociate reinstatement to contexts vs discrete cues using a
within-subjects approach (Figure la and b). All self-
administration chambers were within a sound-attenuating
box, controlled by Med-PC IV software (Med Associates, St
Albans, VT, USA) and equipped with two retractable levers
with cue lights above each lever and a house light on the
opposite wall. Two contextually different chambers were
used during self-administration training. One context was in
a smaller self-administration chamber with black circled
wallpaper, grid flooring, lemon odor, and a red house light.
The alternative context was a larger self-administration
chamber with black striped wallpaper, mesh flooring, vanilla
odor, and a white house light (Figure 1b). Rats learned self-
administration in one of the contexts. No food training was
performed. Responses on the active lever (fixed ratio-1
schedule) resulted in cocaine infusions (0.2 mg/50 pl infu-
sion; cocaine HCI dissolved in 0.9% sterile saline, NIDA)
paired with discrete light and tone cues (white cue light
above the active lever and a 78dB, 2.9kHz tone) during
training. After each reward a 20 s timeout occurred (signaled
by turning off the house light) when additional presses did
not yield rewards or cues. Presses on the inactive lever were
recorded, but had no programmed consequences. After 10+
d of criterion self-administration performance (at least 10
infusions per 2h session), rats were placed into the
alternative context for extinction training. Some rats received
1-4 additional days of criterion self-administration training
beyond the standard 10 days. Rats that received additional
self-administration days showed consistent lever pressing
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behavior similarly to the rats that received 10 days of self-
administration training. During extinction training, respond-
ing on either lever did not result in discrete cue presentations
or cocaine infusions. Rats received extinction training for a
minimum of 7 days and until they met the criteria of <25
active lever presses for 2 or more consecutive days. Rats in
the extinction group underwent self-administration and
extinction training, but were given a final extinction session
upon reaching extinction criteria performance before being

killed for Fos.

Reinstatement Testing

Upon meeting criteria performance for extinction, rats were
counterbalanced to receive a context- or a cue-induced
reinstatement test (Figure 1a). For context-induced reinstate-
ment, rats returned to their original training context, but did
not get the contingent discrete light and tone cues or cocaine
they received during self-administration (ABA design;
Crombag and Shaham, 2002). For cue-induced reinstate-
ment, rats stayed in their extinction context, but responding
on the active lever resulted in the presentation of the discrete
light and tone cues (but no cocaine) given during training
(ABB design; Bossert et al, 2007; Adhikary et al, 2016).
Between reinstatement tests, rats were placed back into their
extinction environment until they re-extinguished their lever
pressing behavior before initiating the alternative reinstate-
ment test. Figure 1c and d include all rats in Experiments 1
and 2 and all control rats in Experiments 3 and 4.

Experiment 1: Fos Expression in LS and HPC

Reinstatement testing for Fos measurements. Following
intravenous catheter surgery and self-administration and
extinction training, rats were perfused immediately following
2 h sessions of context reinstatement (n=8), cued reinstate-
ment (n=6), extinction (n=05), or yoked saline context
(n=15). For the yoked saline group (Neisewander et al, 2000),
rats were placed in the same operant environment as cocaine
self-administering rats, but their lever presses had no
programmed outcomes. Instead, rats were paired to cocaine
self-administering rats and received yoked passive infusions
of saline and light/tone pairings to the same degree as their
self-administering counterparts. They then were placed in
the alternative environment for a minimum of 7 days, and
then re-exposed to their original context. This examined
whether activation of brain regions occurred upon returning
to a familiar, but neutral (non-drug) context. For all groups,
Fos labeling should reflect neural activity at ~0-30 min in
the test session (the period of peak lever responding; Smith
et al, 2009; Mahler and Aston-Jones, 2012) as maximal Fos
induction occurs ~ 90-120 min following neuronal activation
(Miller et al, 1984; Young et al, 1991).

Tissue preparation for immunohistochemistry. Rats were
deeply anesthetized with ketamine/xylazine and perfused
with 0.9% saline followed by 4% paraformaldehyde
immediately following their reinstatement test for Fos
analysis. Brains were removed and postfixed for 24 h, then
transferred to 20% sucrose-azide solution and stored at 4 °C.

Brains were frozen on dry ice, and sliced into 40 pm
coronal sections on a cryostat (Leica). Brain slices were
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Figure | Experimental design, behavioral training, and testing. (a) Experimental design of the self-administration procedure that provides within-subjects
testing of context- and cue-induced reinstatement of drug seeking. (b) Stimulus components of each training environment. (c) Mean behavioral performance
of all rats during cocaine self-administration and extinction training (n=91). Data reflect the minimum 10 days of total self-administration training that every rat
received and Day | of self-administration indicates the first day of criteria performance. (d) Mean active and inactive lever presses during 2 h cue- (n = 66; gray
bar) or context-induced reinstatement tests (n=68; black bar). Bar graphs represent mean + standard error of mean (SEM). Note that context and cues

produce similar amounts of reinstatement responding.

sequentially placed in six wells (240 pm apart per well) and
collected in 0.1 M phosphate buffered saline with 1% sodium
azide (PBS-Az).

Immunohistochemistry staining procedures. Immunohis-
tochemistry procedures for Fos labeling were similar to our
previously published methods (McGlinchey et al, 2016). In
brief: tissue was quenched with hydrogen peroxide, washed
with PBS, and blocked in a 2% normal donkey serum in PBS
with Triton for 2 h. Tissue was incubated in a rabbit anti-Fos
primary antibody (1 :10 000; CalBioChem; PC38) overnight,
and then incubated in a biotinylated donkey anti-rabbit
secondary antibody (1:500; Jackson ImmunoResearch
Laboratories) for 2h followed by incubation in an avidin-
biotin complex solution (1:500) for 1.5h. The tissue was
then reacted with 3,3’-diaminobenzidine (DAB; Sigma) to
visualize antibody location. The DAB solution was mixed
with Tris-buffer, hydrogen peroxide, and nickel ammonium
sulfate to produce a black Fos nuclear stain.

Fos quantification. Brain tissue with Fos labeling was
photographed at x 10 magnification using a Leica DMRXA
research microscope with OpenLab software (Improvision).
Regions photographed included the dorsal hippocampus
(2.52-3.48 mm posterior to bregma), rostral LS (2.16-
1.20 mm anterior to bregma), caudal LS (1.08-0.12 mm

anterior to bregma) and ventral hippocampus (5.04-6.12 mm
posterior to bregma). Three brain sections within each
structure for each group (extinction, cue- and, context-
induced reinstatement, and yoked saline) were photographed
for cell quantification. An individual blinded to groups
quantified the number of Fos cells using standardized
thresholds for size and intensity in Image J (NIH).

Experiment 2: Pharmacological Inhibition of LS

Intravenous catheter surgery and implantation of bilateral
cannulae in LS. Rats were implanted with an iv catheter
(described above) and an intracerebral guide composed of
bilateral cannulae that were 1.2 mm apart from center-to-
center (26 ga; 0.19 mm anterior to bregma, 3.9 mm ventral to
skull; #n=12). These guide cannulae terminated 2 mm above
LS, and were attached to the skull using dental cement
supported by four jeweler screws. Guide cannulae were
occluded by insertion of sterilized stylets (Plastics One) the
same length as the guide cannulae. Guide cannulae and
stylets were topped with an aluminum dust cap for
additional protection (Plastics One).

Behavioral training and reinstatement testing. Behavioral
training was initiated as described above. Following the last
extinction session, rats were acclimated to the microinjection
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procedure by gently restraining the rat and lowering the
injectors into LS (33ga, protruding 2 mm below the cannula,
Plastics One); no infusions were made. Rats received a total
of four reinstatements (two context, two cue; alternating,
randomized, and counterbalanced). Rats received a mini-
mum of two consecutive, criterion extinction sessions
(<25 active lever presses) in their original extinction context
between reinstatement tests.

On each reinstatement test day, rats received microjections
of either artificial cerebral spinal fluid (aCSF, 0.5 pl/side) or a
cocktail of the GABA, and GABAjg agonists, baclofen and
muscimol (B-M; 1 mM and 0.1 mM, respectively; 0.5 pl/side,
Luo et al, 2011) into LS immediately prior to each
reinstatement test. The order of the microinjections was
the first two microinjections were aCSF, followed by two
B-M microinjections, or vice versa. The injectors remained
in place for one minute after microinjection to reduce
diffusion up the cannula track. Then rats were immediately
placed in their reinstatement chamber for testing.

Locomotor testing. Rats were assessed for general loco-
motor activity to ensure that any pharmacological results
were not due to nonspecific motor effects. Open field
locomotor chambers (Omnitech Electronics, Inc.) consisted
of three sensor pairs each configured with 16 infrared light
photobeams to record horizontal X- and Y-axes, and a Z-axis
for rearing/vertical activity. Each locomotor chamber was
either contained within an environmental isolation chamber
or surrounded by a black curtain. The locomotor boxes were
equipped with either Fusion or VersaMax software (Omni-
tech Electronics, Inc.) to record horizontal and vertical beam
breaks and total distance traveled. Rats received locomotor
testing upon completion of all reinstatement testing. Rats
acclimated to the locomotor boxes for 2 days (2 h sessions) to
reduce novelty-induced locomotion. The following day, rats
were microinjected with either B-M or vehicle (aCSF)
immediately before placement into the locomotor chamber.
Rats then received a no-injection day in the locomotor
chamber, followed by the opposite microinjection of either
B-M or aCSF prior to the 5th locomotor day. The order of
B-M vs aCSF microinjections was randomized and
counterbalanced.

Staining procedures and localization of injection sites.
Rats that received cannulae for B-M microinjections into LS
were killed after behavioral testing was complete. To localize
microinjection sites, rats were deeply anesthetized with
ketamine/xylazine, rapidly decapitated, and the brain flash
frozen with 2-methylbutane (Fischer Scientific) that was
chilled in a — 80 °C freezer for at least 30 min prior. The brain
was then placed in a —20 °C freezer until sectioning.

LS brain slices were collected sequentially across 3 wells,
and slices were mounted, stained with neutral red or crystal
violet, and coverslipped. Injection sites were verified using a
Leica DMRXA research microscope.

Experiment 3: Retrograde Tracer and Fos Labeling in
HPC-LS Circuit

Intravenous catheter surgery and injection of retrograde
tracer in LS. Following intravenous catheter surgery, rats
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in Experiment 3 received a unilateral microinjection of
cholera toxin f subunit (CTb, 40-60nl; 1% dissolved in
0.1 M phosphate buffer, Sigma) into LS (n=30). Injections
were made at 0.25mm rostral to bregma, 0.6 mm from
midline, and 5.0 mm ventral to skull surface using a glass
micropipette (15-20 pm diameter tip) and a pneumatic
pressure source (Picospritzer; General Value, Inc.) Pressure
injections were made over a 2min period, and pipettes
remained in place for 10-15 min to minimize diffusion along
the pipette track.

Reinstatement testing, tissue preparation, and staining
procedures for Fos/CTb labeling. Rats were trained to self-
administer cocaine, subjected to extinction, and then tested
for reinstatement of cocaine seeking as described above.
Similar to Experiment 1, rats were perfused immediately
following 2h sessions of context reinstatement, cued
reinstatement, or extinction to capture Fos activity within
the first 30 min of the test.

Brain tissue was first stained for Fos using the same
methods as described in Experiment 1. For CTb staining, the
same tissue stained for Fos for this experiment was incubated
with goat anti-CTb primary antibody (1:20000; List
Biological Laboratories; #703), and then transferred to a
biotinylated donkey anti-goat secondary antibody (1 :500;
Jackson ImmunoResearch Laboratories). The DAB reaction
produced a brown cytoplasmic stain for CTb. Brain slices
were mounted on glass slides, dehydrated with alcohols and
xylenes, and coverslipped with DPX (Sigma). One rat with a
retrograde tracer injection that was mostly in medial septum
(rather than the target LS) was excluded from analyses.

Fos and CTb quantification. LS sections were photo-
graphed using a x5 objective with Openlab software, and
compared to rat atlas sections of LS (Paxinos and Watson,
2007) to localize CTb injection sites. Three tissue sections per
rat representing rostral, intermediate, and caudal levels were
quantified for each LS afferent (dorsal hippocampus; ventral
hippocampus; and basolateral amygdala, BLA) for each of
the extinction, context-, and cue-induced reinstatement
groups. These afferent structures were photographed with a
x 10 objective on a Leica microscope and stitched together
automatically using the Stereoinvestigator Virtual Slice
module (MBF Biosciences). Tissue sections from each rat
were taken at similar rostrocaudal levels for each structure to
ensure that quantified areas were similar across animals.
Structure borders were defined based on the rat atlas
(Paxinos and Watson, 2007). The total numbers of CTb-
labeled neurons (with or without Fos) within each LS
afferent structure were manually counted for each of the
three tissue sections per rat (sections were at least 240 pm
apart to prevent double counting). Dorsal hippocampal
neurons ipsilateral and contralateral to the CTb injections
were quantified, as both projections densely innervate LS
(Risold and Swanson, 1997). Ventral hippocampal and BLA
neurons only ipsilateral to the CTb injections were
quantified, as their contralateral projections are not dense.
The percentage of CTb+ cells that expressed Fos was
determined for each tissue section. Percentages of retro-
gradely labeled neurons that expressed Fos were analyzed to
normalize for relative strength of projections and



effectiveness of tracer injections. Means of these percentages
were computed for each rat, and these means were averaged
across behavioral groups for each brain region.

Experiment 4: DREADD-Mediated Inhibition of HPC-LS
Circuit

Injection of DREADDs in hippocampus and CNO in
LS. Rats assigned to DREADD (Designer Receptors
Exclusively Activated by Designer Drugs, Armbruster et al,
surgery to

2007) experiments received implant an
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hsyn-hM4Di-HA-EGFP; custom packaged by University of
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Figure 2 Fos expression and functional inhibition of lateral septum (LS) neurons during context- and cue-induced reinstatement of cocaine seeking. (a)
Location of LS in a rat atlas coronal section (0.72 mm anterior to bregma; Paxinos and Watson, 2007) and (b) representative photomicrographs of Fos
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vector core). The GFP control virus was driven by the same  and gene expression or CNO microinjections (AAV8-hsyn-
neuronal promoter, but lacked the hM4Di gene and used to =~ EGFP; UNC vector core). Dorsal hippocampal (3.2 mm
assess nonspecific effects produced by the vector infection  posterior to bregma, 3.2 mm from midline, 3.9 mm ventral to
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skull), and ventral hippocampal (5.7 mm posterior to
bregma, 5.3 mm from midline, 7.8 mm ventral to skull)
injections were made using a glass micropipette (30-40 pm
diameter tip) and a pneumatic pressure source (Picosprit-
zer). Injection volumes ranged between 1.0 and 1.5 pl per
hemisphere. Pressure injections targeting dorsal hippocam-
pus (n=23; 14 hM4Di, nine GFP controls) were made over a
10 min period and pipettes remained in place for 10-20 min
to minimize diffusion along the pipette track. Pipettes for
ventral hippocampus injections (n=19; 11 hM4Di, 8 GFP
controls) remained in place only for a few minutes to
increase diffusion up the pipette track to infect a greater
number of ventral CAl cells. Subsequently, rats were
surgically implanted with cannula aimed above LS for later
CNO administration into LS. The methods for this
procedure are described above.

Reinstatement testing. Rats with hM4Di DREADD or GFP
(control) expression in hippocampus were microinjected
with CNO (1 mM) or aCSF (0.3 pl/side) onto hM4Di- or
GFP-expressing terminals in LS to determine if specific
neural circuits are necessary for reinstatement behavior.
Reinstatement testing and CNO microinjections in the
DREADD experiments did not begin until 5 weeks after
the initial virus injections to provide sufficient time to
express the hM4Di receptors in  hippocampal
terminals in LS.

The injectors remained in place for one minute after
microinjection and then the rats were immediately placed in
their reinstatement chamber for testing. One rat died and
another lost his cranial implant before completing reinstate-
ment testing; these rats were excluded from analyses.

Locomotor testing. After all reinstatement testing was
complete, rats were assessed for general locomotor activity.
As similarly described above, the rats acclimated to the
locomotor chamber for 2 d, were microinjected with either
CNO or aCSF immediately before locomotor testing,
received a no-injection day in the locomotor chamber on
the 4th day, and then given the opposite microinjection of
either CNO or aCSF prior to the 5th day. The order in which
rats received CNO vs aCSF microinjections was randomized
and counterbalanced.
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Immunohistochemistry staining procedures ¢ localization
and injections sites. Brain tissue with hMA4Di viral
injections was incubated in mouse anti-HA (1:1000;
Covance; MMS-101P) or rabbit anti-DsRed (1:500;
Clontech; 632496) primary antibodies, followed by biotiny-
lated donkey anti-mouse (1:500; Jackson ImmunoResearch

Laboratories) or donkey anti-rabbit (1:500; Jackson
ImmunoResearch  Laboratories) secondary antibodies,
respectively. Control virus brain tissue (synapsin

promoter-driven GFP virus without the DREADD gene)
was incubated with chicken anti-GFP primary antibody
(1:2000; Abcam; abl13970) and donkey anti-chicken
secondary antibody (1:500; Jackson ImmunoResearch
Laboratories). DAB staining procedures were similar to
those described above for Fos staining; nickel ammo-
nium sulfate was used to intensify staining at DREADD
injection sites and at hM4Di-expressing terminals. Sections
were then mounted and counterstained with neutral red,
dehydrated, and coverslipped. Hippocampal injection
sites and terminals in LS were examined on a Leica
DMRXA research microscope. Rats without expression in
hippocampus (n =2) or with CNO microinjection sites in the
ventricle (n=11; for all experiments) were excluded from
analyses.

Data Analysis

Self-administration and reinstatement data were analyzed
with repeated measures one-way or two-way analyses of
variance (ANOVAs) with Bonferroni multiple comparison
analyses as appropriate. One-way ANOV As with Tukey post
hoc analyses were used to analyze the average number of Fos
cells or the percentages of Fos-positive LS afferents between
groups. Two-way repeated measures ANOVAs (drug x
reinstatement) were used to analyze active lever responding
during reinstatement following vehicle (aCSF) or drug (B-M
or CNO) microinjections. Locomotor activity across the 2h
session was analyzed using a paired t-test. Non-parametric
Kruskal-Wallis tests with Dunn’s post hoc analyses or
Wilcoxon matched-pairs signed rank tests were used when
data were not normally distributed according to a D’Agos-
tino-Pearson omnibus normality test. All statistics were two-
tailed. Data analyses were performed with Prism version 6 or
SPSS 21 (IBM).

Figure 3 Dorsal hippocampus neurons that project to lateral septum (LS) activate during context-, but not during cue-induced reinstatement. (a) Locations
of dCAI, dCA3, and dentate gyrus (dDG) regions of dorsal hippocampus in a rat atlas coronal section (2.92 mm posterior to bregma) and (b) representative
photomicrographs of Fos expression during cue- and (c) context-induced reinstatement in dorsal hippocampal slices. Scale bars, 100 um. Whole images
adjusted for contrast and brightness in representative tissue for cue-induced reinstatement. Rat atlas coronal sections from Paxinos and Watson, 2007. (d)
Context reinstatement (dark blue bar, n =8) induced more Fos+ cells than cue-induced reinstatement (light blue bar, n= 6) or extinction (white bar, n=5) in
dCAl (*P<0.05, gray bar represents yoked saline, n=5), (e) than cue-induced reinstatement in dCA3 (*P <0.05), and (f) than cue-induced reinstatement or
extinction in dDG (*P<0.05). (g) lllustration of unilateral retrograde tracer (CTb) injection into LS. (h) Representative photomicrograph of a unilateral CTb
injection into LS. Midline coronal section, dorsal is up. Scale bar, 200 pm. (i) The center of each CTb injection collapsed onto one coronal atlas section through
LS (0.72 mm anterior to bregma, Paxinos and Watson, 2007). White circles indicate rats assigned to the extinction group, light blue circles indicate rats
assigned to the cue-induced reinstatement group, and dark blue circles represent rats assigned to the context-induced reinstatement group. (j) CTb and Fos
expressed in dorsal hippocampus. Unilateral CTb injections in LS retrogradely labeled neurons in both hemispheres of dCA3. The black square represents the
area magnified in k. Scale bar, 500 pm. (k) Magnified photomicrograph of dCA3 neurons retrogradely labeled from LS (CTb+; brown cytoplasmic stain), Fos
(black nuclear stain), and CTb+ neurons co-labeled with Fos (Fos+CTb+). Scale bar, 50 um. () Ipsilateral dCA3 contained a significantly greater percentage of
neurons retrogradely labeled from LS that also expressed Fos during context- (n= 10) compared to cue-induced reinstatement (n= 10) or extinction (n=9)
of cocaine seeking (*P<0.05). (m) Contralateral dCA3 contained a significantly greater percentage of neurons retrogradely labeled from LS that also
expressed Fos during context- compared to cue-induced reinstatement or extinction of cocaine seeking (*P<0.05). SEM indicated by error bars.
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RESULTS

Similar Behavior During Context- and Cue-Induced
Reinstatement of Cocaine Seeking

Experiments used a modified self-administration/reinstate-
ment procedure to dissociate context- and discrete
cue-induced reinstatement within the same subjects (see
Materials and Methods; Figure la-d). During self-adminis-
tration, rats showed a preference for the active (drug-
associated) lever compared to the inactive lever throughout
training (two-way RM ANOVA; F, 150=104.2, P<0.0001),
and extinguished this behavior over extinction days
(two-way ANOVA, Fgs46=165.8, P<0.0001). The number
of active lever presses did not differ between days 1 and 10 of
self-administration (one-way RM ANOVA, Fgg9=1.59,
P=0.19). We observed robust and similar lever pressing
during context- and cue-induced reinstatement behaviors
(Figure 1d; two-way RM ANOVA; no test-lever interaction:
F113,=0.01, P=0.92; no main effect of test: F;3,=0.74,
P=0.39; main effect of lever: F; 3, =166, P<0.0001). Self-
administration and extinction also were equivalent in the two
training contexts (Supplementary Figure Sla-d).

More Fos Activation in LS Neurons Following Context-
vs Cue-Induced Reinstatement of Cocaine Seeking

To determine if context- or cue-induced reinstatement
differentially activated LS neurons, we assessed the amount
of Fos-protein induction using immunohistochemistry. We
analyzed rostral and caudal subregions of LS separately due to
functional specificity in their circuitry (Luo et al, 2011; Risold
and Swanson, 1997; Sartor and Aston-Jones, 2012). Results
showed that LS neurons (both rostral and caudal subregions of
LS) expressed more Fos during context- vs cue-induced
reinstatement (Figure 2a-e; one-way ANOVA; rostral LS:
F3.0=>5.5, P=0.006; caudal LS: Fs,0=64, P=0.003). The
amounts of Fos in LS did not differ significantly during
context reinstatement vs extinction responding, although there
was a trend for higher Fos during context reinstatement
especially in rostral LS (P=0.07). There was also a significant
increase in the number of Fos cells during context reinstate-
ment vs yoked saline rats in caudal LS and a strong trend in
rostral LS (caudal LS: P=0.009; rostral LS: P=0.058).

Inactivation of LS Attenuates Context- and Cue-Induced
Reinstatement of Cocaine Seeking

Next, we microinjected a cocktail of the GABA, and GABAg
agonists, baclofen and muscimol (B-M), into LS to inhibit
neural activity during context- or cue-induced reinstatement.
B-M in LS attenuated both context-induced (P=0.02) and
cue-induced (P=0.009) reinstatement compared to micro-
injections of artificial cerebral spinal fluid (aCSF; Figure 2f
and g two-way RM ANOVA, main effect of drug:
F12,=17.71, P=0.0004). These results indicate that LS has
a functional role for both reinstatement modalities, but is
Fos-activated only during context-induced reinstatement.

General locomotion as measured by total horizontal and
vertical activity, and total distance traveled, remained intact
after B-M injections in LS, indicating no nonspecific motor
effects (Supplementary Figure S2) of this treatment.

Neuropsychopharmacology

Dorsal Hippocampal Neurons that Project to LS Express
Fos Preferentially During Context- vs Cue-Induced
Reinstatement of Cocaine Seeking

We next examined the possible roles of different hippocam-
pal regions in reinstatement of cocaine seeking. Fos data
revealed that all dorsal hippocampal regions (dorsal CAlL,
dorsal CA3, and dorsal dentate gyrus; dDG) expressed more
Fos during context- wvs cue-induced reinstatement
(Figure 3a-f; Kruskal-Wallis; dCA1: H;,,=11.7, P=0.008;
one-way ANOVA; dCA3: F;,p=4.2, P=0.018; dDG;
F3,0=28.6, P=0.0007). All septal and hippocampal regions
expressed more Fos+ cells when rats returned to drug-
associated vs yoked saline-associated contexts.

We also examined hippocampal inputs to LS using this
behavioral procedure. We injected the retrograde tracer,
cholera toxin subunit p (CTb) unilaterally into LS, and
examined the percentage of neurons retrogradely labeled in
hippocampus that expressed Fos (Figure 3g-k). Both hemi-
spheres of the dorsal CA3 region (dCA3) of the hippocam-
pus projected nearly equally to one hemisphere of LS
(Figure 3j and Supplementary Table S1). We found that
ipsilateral and contralateral inputs from dCA3 to LS
expressed more Fos during context- than during
cue-induced reinstatement or extinction (one-way ANOVA;
F,26=7.7, 5.2; P<0.02; Figure 3l and m), indicating that
dCA3 inputs to LS activate preferentially to drug-associated
contexts.

Chemogenetic Inhibition of Dorsal Hippocampal
Terminals in LS Attenuates Context-Induced but not
Cue-Induced Reinstatement of Cocaine Seeking

We next sought to determine if hippocampal inputs to LS
have a causal role in context- or cue-induced reinstatement.
We bilaterally expressed the inhibitory hM4Di DREADD
(Armbruster et al, 2007) under a synapsin promoter
(lenti-hsyn-hM4Di-HA-EGFP or AAV-hsyn-hM4Di-mcherry;
Mahler et al, 2014) in dCA3 and microinjected the DREADD
agonist clozapine-N-oxide (CNO) bilaterally into LS (Figure
4a-d). The hM4Di receptors were transported to dCA3
terminals in LS, as visualized by an antibody to the tag fused
to the hM4Di receptor (Figure 4c). Microinjections of CNO
vs aCSF among hM4Di-expressing dCA3 terminals in LS
showed a nearly significant main effect of drug during
context-induced vs cue-induced reinstatement of cocaine
seeking (Figure 4e; RM two-way ANOVA, F,;3=3.89,
P=0.06). Similar inhibition of this circuit did not alter total
horizontal activity, vertical activity, or distance traveled
during locomotor testing (Supplementary Figure S3). In
addition, CNO microinjections in LS did not alter reinstate-
ment behavior in rats with hippocampal injections of a
control virus lacking the hM4Di gene (AAV-hsyn-EGFP;
Figure 4f; effect of drug: F;;,=0.25, P=0.62). These data
indicate that dCA3 may specifically drive context-induced
reinstatement via inputs to LS.

Chemogenetic Inhibition of Ventral Hippocampal Inputs
to LS does not Block Reinstatement Behavior

Our data revealed that B-M microinjections in LS attenuated
both context- and cue-induced reinstatement of cocaine
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Figure 4 Dorsal hippocampus inputs to lateral septum (LS) drive context- but not cue-induced reinstatement. (a) lllustration of procedure for DREADD
hM4Di viral injections into dorsal hippocampus and CNO locally infused onto hM4Di-expressing dorsal hippocampal terminals in LS. (b) The schematic
representation of dorsal hippocampus (upper panel, 2.92 mm posterior to bregma, Paxinos and Watson, 2007) shows the central site of injection of the
DREADD virus. The schematic of LS (lower) shows bilateral microinjector sites collapsed onto one rat atlas section (0.72 mm anterior to bregma, Paxinos and
Watson, 2007). Blue circles represent the locations of injections of rats that received a viral vector expressing the gene of the hM4Di DREADD receptor
('hM4Di"). Green circles represent the locations of injections of rats that received a viral vector without hM4Di receptor gene (GFP). (c) Representative
photomicrograph of hM4Di-expressing dCA3 terminals in LS seen with an antibody against the HA-tag fused to the hM4Di receptor (purple/black terminals)
and counterstained with neutral red. Scale bar, 100 um. (d) Representative photomicrograph of bilateral DREADD injection into dCA3 of hippocampus
(purple/black stain). As above, an antibody against the HA-tag fused to the hM4Di receptor stained the DREADDs and tissue was counterstained with a
neutral red Niss| stain. Scale bar, 500 pm. (e) Inhibiting hM4Di-expressing dorsal hippocampal terminals in LS with local CNO (solid blue bars) showed a strong
trend to attenuate active lever responding during context-induced, but not cue-induced, reinstatement of cocaine seeking compared to the same rats that
received aCSF (open blue bars) microinjections (n= 10, effect of drug: P=0.06). Circles show individual data that overlay mean & SEM bar graphs. (f) There
were no effects of CNO (solid green bars) vs aCSF (open green bars) microinjections on GFP rats during either reinstatement modality (n=7, P>0.05).
Circles show individual data that overlay mean + SEM bar graphs.

seeking, but CNO microinjections onto hM4Di-expressing  reinstatement behavior. Basolateral amygdala (BLA) seemed
dCA3 terminals in LS only attenuated context-induced  possible because of its involvement in conditioned cue
reinstatement. These data imply functional specificity of  associations (Maren and Fanselow, 1996; Meil and See, 1997;
inputs to LS. Therefore, we next examined whether other = Stefanik and Kalivas, 2013), despite it being a sparse
afferents to LS that may be involved in cue-induced  projection to LS (Risold and Swanson, 1997). However,
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BLA did not show enhanced Fos activity in its inputs to LS We then hypothesized that ventral hippocampus inputs to
during cue-induced or context-induced reinstatement LS may be involved because ventral hippocampus has a
(Supplementary Figure S4; F, ,6=7.3, P=0.5). dense projection to LS (Risold and Swanson, 1997), and
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inhibition of ventral hippocampus blocks cue-induced
reinstatement of cocaine seeking (Rogers and See, 2007).
We assessed Fos activity in ventral CA1 and CA3 regions
of the hippocampus during context- and cue-induced
reinstatement, and found elevated Fos in both areas during
both reinstatement modalities relative to extinction (Figure
5a and b; one-way ANOVA, vCA1l: F;,,=24, P=0.097;
vCA3: F;3,50=1.5, P=0.11). Using the same brains injected
with CTb in LS as above, we examined Fos activity during
reinstatement of cocaine seeking in ventral CAl and CA3
hippocampal neurons that project to LS. We found that
ventral hippocampus neurons retrogradely labeled
from LS expressed elevated Fos during both context-
and cue-induced reinstatement relative to extinction
(Figure 5c-e; vCAl to LS: F,,6=28.0, P=0.002; vCA3 to
LSI F2,26= 10, P=04)

We then tested with chemogenetics whether ventral
hippocampal projections to LS might contribute to cued
reinstatement. We microinjected a synapsin-driven hM4Di
DREADD virus (AAV-hsyn-hM4Di-mcherry) into ventral
hippocampus, followed later with CNO bilaterally onto
hM4Di-expressing ventral hippocampal terminals in LS
(Figure 5f-h). Microinjections of CNO onto hM4Di-
expressing or GFP-expressing ventral hippocampal terminals
in LS did not block either context-induced or cue-induced
reinstatement of cocaine seeking (RM two-way ANOVA,
effect of drug: Figure 5i, F;;4=0.002, P=0.97; Figure 5j,
F110=0.02, P=0.90). These results indicate that contribu-
tions of the hippocampal-LS circuit to reinstatement
behavior were specific to dorsal, but not ventral, hippocam-
pus inputs to LS and involved only context-mediated relapse
behavior.

DISCUSSION

This study used a novel within-subjects procedure to
investigate the involvement of LS, and of hippocampal

<
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projections to LS, in reinstatement of cocaine seeking in
response to a context vs discrete cues previously associated
with cocaine. Our data revealed that dorsal hippocampal
neurons that project to LS were activated specifically during
context-, but not cue-induced reinstatement. In support of
these results, chemogenetic inhibition of the dorsal
hippocampal-LS pathway attenuated context-, but not cue-
induced reinstatement of cocaine seeking. Interestingly, we
found that pharmacological inhibition of LS reduced both
context- and cue-induced reinstatement of cocaine seeking.
We also examined other LS afferents, and found that ventral
hippocampal, but not BLA, inputs to LS were activated
during both context- and cue-induced reinstatement. How-
ever, chemogenetic inhibition of the ventral hippocampal-LS
circuit did not block either reinstatement modality. These
results indicate a functional role of LS in multiple reinstate-
ment modalities, and that dorsal hippocampus drives
context-induced reinstatement via inputs to LS.

Lateral Septum: an Important Node in Drug Abuse

Our data support a handful of studies that implicate LS in
drug addiction and relapse to several drugs of abuse
including cocaine (Zahm et al, 2010), morphine (Le Merrer
et al, 2007), and methamphetamine (Cornish et al, 2012).
Previous findings in our laboratory demonstrated that
inhibition of LS, or of LS projections to lateral hypothalamus
orexin neurons, blocked preference for a cocaine-paired
context (Sartor and Aston-Jones, 2012). In addition, an LS-
VTA circuit is Fos-activated during cue-induced reinstate-
ment (Mahler and Aston-Jones, 2012), and disconnection of
the LS-VTA pathway blocked context-induced reinstatement
(Luo et al, 2011). Here, we showed for the first time that
bilateral inhibition of LS blocks both context- and cue-
induced reinstatement of cocaine seeking, indicating that LS
is an important node in stimulus-induced relapse behavior.

Interestingly, although LS had a causal role in both
context- and cue-induced reinstatement, cue-induced

Figure 5 CNO activation of hM4Di receptors in terminals of ventral hippocampal inputs to LS does not block reinstatement. (a) The average number of
Fos+ cells per brain slice in vCA| showed a trend for more Fos+ cells during cue-induced (light blue bars; n = 6) and context-induced (dark blue bars; n=8)
reinstatement relative to extinction (white bars; n=5) or yoked saline groups (gray bars; n=5; one-way ANOVA, P=0.097). (b) The CA3 region of ventral
hippocampus (VCA3) did not show significant differences between groups in the number of Fos+ cells (P>0.05). (c) Representative photomicrograph of
coronal section through ventral hippocampus showing retrograde labeling after CTb injection into ipsilateral LS. Medial is to the right, dorsal is up. The black
square represents the area of the magnified region of the inset. Scale bar, 500 pm. Inset shows magnified photomicrograph of neurons with or without Fos in
vCAI labeled by retrograde tracer from LS (CTb+; brown cytoplasmic stain), Fos+ (black nuclear stain), and CTb+ neurons co-labeled with Fos (Fos+CTb+,
combined brown cytoplasmic stain with black nuclear stain). Scale bar, 50 um. (d) A larger percentage of ipsilateral vVCA| neurons retrogradely labeled from LS
expressed significant Fos during context-induced (n= 10, dark blue bars) and cue-induced reinstatement (n= 10, light blue bars) compared to extinction
(n=9, white bars) (P=0.002). (e) There were no significant differences across groups in the percentages of ipsilateral VCA3 neurons retrogradely labeled from
LS that expressed Fos (P>0.05). SEM indicated by error bars. (f) Schematic representation of experimental design. DREADD hM4Di virus was injected
bilaterally into ventral hippocampus and CNO was microinfused onto hM4Di-expressing ventral hippocampal terminals in LS. (g) The section of ventral
hippocampus shows the central site of injection of the DREADD and control viruses (upper panel, 2.92 mm posterior to bregma). The magnified section of LS
shows bilateral microinjector sites collapsed onto one rat atlas section (lower panel, frontal; 0.72 mm anterior to bregma, Paxinos and Watson, 2007). Blue
circles represent injection sites of rats that received a vector expressing the hM4Di DREADD receptor gene (hM4Di). Green circles represent the injection
sites of rats that received the same vector but contained GFP instead of the hM4Di receptor gene. (h) Representative photomicrograph of DREADD injection
into ventral hippocampus as seen by a DsRed antibody against the mcherry-tag fused to the hM4Di DREADD receptor (purple/black regions) and
counterstained with neutral red. Black square represents the zoomed area seen in the inset. Scale bar, 1000 um. Inset shows cell body and axonal labeling of
ventral hippocampal neurons expressing the hM4Di receptor. Inset scale bar, 100 pm. Whole images adjusted for brightness. (i) Microinjection of CNO among
hM4Di-expressing ventral hippocampal terminals in LS (n =28, solid blue bars) did not affect active lever responding during context-induced or cue-induced
reinstatement of cocaine seeking compared to the same rats that received aCSF microinjections (open blue bars, P> 0.05; two-way RM ANOVA). Individual
data overlay mean + SEM bar graphs. (j) There were also no effects of CNO (solid green bars) vs aCSF (open green bars) microinjections on rats without the
DREADD receptor (GFP controls) during context-induced or cue-induced reinstatement of cocaine seeking (n = 6; P> 0.05). Circles show individual data that
overlay mean + SEM bar graphs.
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reinstatement did not induce Fos in LS. The reason for this is
unclear. One possibility is that although cue-induced
reinstatement requires activity in LS, the increased activation
during this behavior may not be sufficient to produce Fos
within LS neurons. This may indicate a permissive role for
LS in cued reinstatement, where the behavior requires
ongoing LS activity rather than acutely increased activation
that would elicit Fos. Additional work is needed to test this
and other possible reasons for this result.

Nonetheless, our Fos data support several previous
findings indicating that returning to a drug-associated
context enhances Fos expression in dorsal hippocampal
and LS neurons (Brown et al, 1992; Neisewander et al, 2000;
Trouche et al, 2016), but with a few exceptions (Kufahl et al,
2009; Neisewander et al, 2000). Differences in Fos expression
in LS and hippocampus from other studies may be attributed
to our unique behavioral procedure, the time at which Fos
was collected in the session, extinction vs abstinence training,
and/or methods of Fos quantification.

The amount of Fos in LS during context-induced
reinstatement did not significantly differ from that during
extinction, although there was a trend especially in rostral LS
(Figure 2d). This may indicate that the context during
extinction remains able to activate LS neurons to a degree, ie,
context information is not fully extinguished. The finding
that Fos amounts were significantly higher in caudal LS in
context reinstatement animals compared to yoked saline
animals, with a strong trend for this also in rostral LS, is
consistent with this possibility.

Distinctions Between Dorsal and Ventral Hippocampus
Inputs to LS

Our data also support studies that indicate that dorsal and
ventral hippocampus are anatomically and functionally
distinct brain structures (Fanselow and Dong, 2010; Moser
and Moser, 1998; Swanson and Cowan, 1977). For example,
lesions of dorsal, but not ventral, hippocampus block spatial
learning in maze tasks (Moser et al, 1995; Pothuizen et al,
2004). In addition, dorsal hippocampus lesions attenuate
freezing behavior in a contextual, but not tone fear-
conditioning procedure (Kim and Fanselow, 1992), whereas
inhibition or lesions of ventral hippocampus block freezing
responses to tones and contexts associated with fear
(Hunsaker and Kesner, 2008; Maren and Holt, 2004).
Reinstatement behavior reveals similar functional dissocia-
tions between dorsal and ventral hippocampus: inhibition of
dorsal hippocampus attenuates context-induced, but not cue-
induced reinstatement of cocaine seeking (Fuchs et al, 2005),
whereas inhibition of ventral hippocampus attenuates
context- or cue-induced reinstatement of cocaine-, heroin-,
or alcohol-seeking (Rogers and See, 2007; Lasseter et al, 2010;
Bossert and Stern, 2014; Bossert et al, 2016; Marchant et al,
2016). At the circuit level, we found that chemogenetic
inhibition of dorsal hippocampal inputs to LS showed a
strong trend to attenuate context-, but not cue-induced
reinstatement, whereas inhibition of the ventral
hippocampal-LS pathway did not block either reinstatement
modality. Dorsal and ventral hippocampal neurons, and their
projections to LS, also differed in the extent of Fos expressed
during reinstatement behaviors. Our data confirm previous
findings for dissociations between the functions of dorsal
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and ventral hippocampus, and extend those results to
indicate a role for dorsal hippocampal inputs to LS in
context reinstatement.

It is notable that although inputs to LS from vCAl
expressed Fos during both context- and cue-induced
reinstatement relative to extinguished cocaine seeking,
inhibition of the ventral hippocampus to LS pathway did
not reduce reinstatement behavior. This may indicate that,
although expression of the hM4Di receptor in vCAl was
extensive as seen with immunohistochemical staining, it did
not inhibit enough of the projection to LS to significantly
interfere with this reinstatement behavior. It is also possible
that Fos induction in this pathway does not reveal a causal
role for vCAI-LS projections in reinstatement behavior.
Finally, the type of virus used for the DREADD experiments
may also underlie the lack of a causal role in the ventral
hippocampus to LS circuit during reinstatement. Although
lentivirus and AAV vectors both were used to chemogeneti-
cally inhibit the dorsal hippocampus to LS pathway, a
majority of rats received the lentivirus. In contrast, only
AAV was used to examine the ventral hippocampus to LS
pathway. Both viruses used a synapsin promoter, but a
difference in their replication, distribution, or gene expres-
sion may have contributed to the different results found for
dorsal vs ventral CAl to LS manipulations. Although the
vHPC-LS circuit does not appear to have a causal role in
reinstatement, ventral hippocampus projections to other
targets have been found to play a causal role in reinstatement
behavior (Bossert and Stern, 2014; Bossert et al, 2016;
Marchant et al, 2016).

Finally, our findings may indicate that inputs from other
areas may integrate in LS to drive reinstatement behavior.
These may include inputs from canonical addiction-related
regions such as mPFC or VTA (Sheehan et al, 2004), which
are important for cue-induced reinstatement (Di Ciano and
Everitt, 2004; McLaughlin and See, 2003). To our knowledge,
these experiments are the first to functionally identify brain
regions that drive drug relapse via inputs to LS. Future
studies are needed to identify inputs to LS that drive cue-
induced reinstatement.

In conclusion, we developed a within-subjects method to
assess context- vs cue-induced reinstatement, useful to
characterize circuits involved in triggers for specific aspects
of stimulus-induced drug relapse. Our studies were the first
to functionally inhibit LS afferents during reinstatement
behavior, and revealed that specific projections from dorsal
hippocampus to LS mediate context-, but not cue-induced
reinstatement of cocaine seeking. This extends previous
findings that dorsal hippocampus is important for context-
induced behaviors by indicating that LS may be an important
downstream target for these functions. Our finding that
dorsal, but not ventral, hippocampus inputs to LS may drive
context-induced reinstatement support other results indicat-
ing separate behavioral functions for dorsal vs ventral
hippocampus (Fanselow and Dong, 2010; Moser et al,
1995; Swanson and Cowan, 1977). Collectively, our results
identified a neural circuit that provokes cocaine seeking
triggered by drug-associated contexts, thus identifying a
novel target for treating drug addiction.
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