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Entopeduncular Nucleus Projections to the Lateral Habenula
Contribute to Cocaine Avoidance
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The aversive properties associated with drugs of abuse influence both the development of addiction and relapse. Cocaine pro-
duces strong aversive effects after rewarding effects wear off, accompanied by increased firing in the lateral habenula (LHb)
that contributes to downstream activation of the rostromedial tegmental nucleus (RMTg). However, the sources of this LHb
activation are unknown, as the LHb receives many excitatory inputs whose contributions to cocaine aversion remain unchar-
acterized. Using cFos activation and in vivo electrophysiology in male rats, we demonstrated that the rostral entopeduncular
nucleus (rEPN) was the most responsive region to cocaine among LHb afferents examined and that single cocaine infusions
induced biphasic responses in rEPN neurons, with inhibition during cocaine’s initial rewarding phase transitioning to excita-
tion during cocaine’s delayed aversive phase. Furthermore, rEPN lesions reduced cocaine-induced cFos activation by 2-fold in
the LHb and by a smaller proportion in the RMTg, while inactivation of the rEPN or the rEPN-LHb pathway attenuated co-
caine avoidance behaviors measured by an operant runway task and by conditioned place aversion (CPA). These data show
an essential but not exclusive role of rEPN and its projections to the LHb in processing the aversive effects of cocaine, which
could serve as a novel target for addiction vulnerability.
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Significance Statement

Cocaine produces well-known rewarding effects but also strong aversive effects that influence addiction propensity, but whose
mechanisms are poorly understood. We had previously reported that the lateral habenula (LHb) is activated by cocaine and
contributes to cocaine’s aversive effects, and the current findings show that the rostral entopeduncular nucleus (rEPN) is a
major contributor to this LHb activation and to conditioned avoidance of cocaine. These findings show a critical, though not
exclusive, rEPN role in cocaine’s aversive effects, and shed light on the development of addiction.

Introduction
Drugs of abuse can induce both positive and negative motiva-
tional states. In particular, many drugs show strong aversive
effects after the initial rewarding properties dissipate (Koob et al.,
1989; Koob and Le Moal, 2008a). For example, cocaine produces
strong aversive effects roughly 15–30min after single infusions in
rodents, which manifest as robust avoidance behaviors (Ettenberg
et al., 1999; Knackstedt et al., 2002; Ettenberg, 2004). These aver-
sive effects likely have strong but complex effects on drug-seek-
ing, helping to prevent early acquisition of drug use in some
individuals, but in others contributing to escalated drug intake or

relapse, because of the increased motivation to avoid the aversive
“crash” postconsumption or the effects of withdrawal (Koob
et al., 1989; Ettenberg et al., 1999; Knackstedt et al., 2002; Koob
and Le Moal, 2008a).

An increasing number of studies have found that lateral habe-
nula (LHb) neurons, and their targets in the rostromedial teg-
mental nucleus (RMTg), also called the tail of the ventral
tegmental area (tVTA; Kaufling et al., 2009), are activated by
negative motivational stimuli (Li et al., 2019a,b,c), including co-
caine during its aversive phase (Jhou et al., 2013; Li et al.,
2019a). Specifically, both LHb and RMTg neurons are activated
by cocaine roughly 15–30min after single infusions (Jhou et al.,
2013; Li et al., 2019a), when cocaine is predominantly aversive.
Inactivations of the LHb or RMTg greatly impair conditioned
avoidance of cocaine (Jhou et al., 2013). LHb activation by co-
caine may be driven partly by direct effects of cocaine on LHb
neurons (Good et al., 2013; Jhou et al., 2013), but we and others
have also shown that LHb responses to motivational stimuli are
strongly driven by afferents from the rostral entopeduncular
nucleus (rEPN; Shabel et al., 2012; Li et al., 2019b), with these
afferents also helping drive some aversive aspects of cocaine
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withdrawal (Meye et al., 2016). In addition to the rEPN, the
LHb also receives many excitatory inputs from other brain
areas that also mediate addictive behaviors (Sheth et al., 2017;
Levi et al., 2020). Thus, the relative role of the rEPN in driving
LHb activation by cocaine, and contributing to cocaine’s aver-
sive effects, remains incompletely characterized.

In the present study, we compared cocaine-induced neural
activities in several LHb afferent regions by examining cFos
expression in combination with retrograde tracing. Using in vivo
electrophysiology, we further characterized response patterns of
rEPN neurons to single doses of cocaine in naive animals.
Finally, we examined the effects of rEPN lesions on cocaine-
induced LHb and RMTg cFos, and tested effects of rEPN and
rEPN-LHb inactivation on the cocaine runway task and in co-
caine conditioned place aversion (CPA). Together, our findings
suggest a critical role for the rEPN in driving cocaine avoidance
behaviors, potentially via the LHb-RMTg pathway.

Materials and Methods
Animals
All procedures were conducted under the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, and all protocols
were approved by Medical University of South Carolina Institutional
Animal Care and Use Committee. Adult male Sprague Dawley rats
weighing 250–450 g from Charles River Laboratories were pair-housed
in standard shoebox cages with food and water provided ad libitum until
experiments started. Rats were single-housed during recording experi-
ments and double housed for all other experiments. Rats were housed in
a regular light cycle (lights on at 6 A.M., off at 6 P.M.) and tested during
the light portion of this cycle. In total, 57 rats were used for these experi-
ments, including 12 rats for cocaine cFos with LHb retrograde tracing,
six for electrophysiological recordings, eight for rEPN lesion cFos experi-
ments, 15 for cocaine runway experiments, and 15 animals were used in
cocaine CPA designer receptor exclusively activated by designer drugs
(DREADD) experiments.

Surgeries
All surgeries were conducted under aseptic conditions with under
isoflurane (1–2% at 0.5–1.0 l/min) anesthesia. Analgesic (ketoprofen,
5mg/kg) was administered subcutaneously immediately after surgery.
Rats were given at least 5 d to recover from surgery. For recording
experiments, custom drivable electrode arrays were implanted above the
rEPN (AP: �2.3 mm; ML: 2.8 mm; DV: �7.1 mm from dura). For LHb
injections, 80 nl of CTb or 400 nl of pAAV2-hSyn-hm4D(Gi)-mcherry
(AddGene) was injected into the LHb (AP: �3.4 mm; ML: 1.5 mm; DV:
�4.5 mm from dura, 10° angle). For lesion experiments, 50 nl of 400 mM

quinolinic acid was injected ipsilaterally into the rEPN (AP: �2.5 mm;
ML: 3.0 mm; DV: �7.5 mm from dura). Rats were kept anesthetized
with pentobarbital intraperitoneally (55mg/kg) for up to 3 h postsurgery
to reduce excitotoxic effects.

Rats were anesthetized with isoflurane and fitted with an indwelling
intravenous catheter inserted into the right jugular vein, and subcutane-
ously passed to a guide cannula that exited via a small incision in the
skin on the animal’s back. After surgery, catheter patency was main-
tained through daily flushing with 0.05ml of taurolidine-citrate solution
(TCS). Animals recovered for 7 d before behavioral testing. Catheter pat-
ency was assessed periodically through observation of the loss of the
righting reflex after intravenous injection of methohexital (Brevital,
2.0mg/kg/0.1 ml). Rats that were unresponsive to Brevital were
implanted with a new catheter using the left jugular vein.

Perfusions and tissue sectioning
Rats in all experiments were killed with an overdose of isoflurane and
perfused transcardially with 10% formalin in 0.1 M PBS, pH 7.4. In elec-
trophysiology experiments, 100-mA current was passed through the re-
cording wires just before perfusion, facilitating visualization of electrode
tips. Brains were removed from the skull, and postfix in 10% formalin

for 24 h before equilibration in 20% sucrose solution. Brains were cut
into 40-mm sections on a freezing microtome, and sections were stored
in phosphate buffered saline with 0.05% sodium azide.

Immunohistochemistry
Free-floating sections were immunostained for CTb or cFos by over-
night incubation in goat anti-CTb (List Biological Laboratories, 7032A9,
1:50,000 dilution) or rabbit anti-cFos (Millipore, ABE457, 1:1000 dilu-
tion) primary in PBS with 0.25% Triton X-100 and 0.05% sodium azide.
Afterwards, tissue was washed three times in PBS and incubated in bio-
tinylated donkey-anti-goat or anti-rabbit secondary (1:1000 dilution,
Jackson ImmunoResearch) for 30min, followed by three 30-s rinses in
PBS, followed by 1 h in avidin-biotin complex (Vector). For CTb-stain-
ing, tissue was then rinsed in sodium acetate buffer (0.1 M, pH 7.4), fol-
lowed by incubation for 5min in 1% diaminobenzidine (DAB). For
cFos, nickel and hydrogen peroxide (Vector) were added to reveal a
blue-black reaction product.

Behavioral training for electrophysiological recordings
Rats were food restricted to 85% of their ad libitum body weight and
trained to associate distinct auditory cues with either a sucrose pellet or
no outcome. Behavior was conducted in standard Med Associates cham-
bers. Reward and neutral cues were a 1-kHz tone (75 dB) and white
noise (75 dB), respectively. Reward and neutral cues were presented for
2 s each, followed immediately by a sucrose pellet (45mg, BioServ) or
nothing, respectively. The two trial types were randomly intermixed
with 30-s intervals between successive trials. A “correct” response was
scored if animals nosepoked into the food tray within 2 s after reward
cue offset, or withheld a response for 2 s after neutral cue onset. Rats
were trained with 100 trials per session, one session per day, until they
achieved 80% accuracy. Then, rats underwent surgeries to implant re-
cording electrodes. After recovery, rats were then trained with one extra
session in which neutral cue trials were replaced by aversive trials con-
sisting of a 2-s 8-kHz tone (75 dB) followed immediately by a 10-ms 0.6-
mA footshock.

Electrophysiological recordings
After final training, electrodes consisted of a bundle of sixteen 18-mm
Formvar-insulated nichrome wires (A-M Systems) attached to a cus-
tom-machined circuit board. An additional 37-gauge ground wire was
attached to a gold-plated pin (Newark Electronics), which was implanted
into the cortex. Recordings were performed during once-daily sessions,
and electrodes were advanced 160mm (half-turn of the screw) at the end
of each session, allowing us to record from multiple sites along a vertical
track in each animal. The recording apparatus consisted of a unity gain
headstage (Neurosys LLC) whose output was fed to preamplifiers with
high-pass and low-pass filter cutoffs of 300Hz and 6 kHz, respectively.
Analog signals were converted to 18-bit values at a frequency of
15.625 kHz using a PCI card (National Instruments) controlled by cus-
tomized PC-based acquisition software (Neurosys LLC). Spikes were ini-
tially detected via thresholding to remove signals less than 2-fold above
background noise levels, and signals were further processed using princi-
pal component analysis performed by NeuroSorter software, allowing
manual “clustering” of spikes into putative neural “units.” Units were
accepted only if they had a refractory period, determined by ,0.2% of
spikes occurring within 1ms of a previous spike, as well as by the pres-
ence of a large central notch in that unit’s auto-correlogram. Units with
significant drifts in firing rates or spike amplitudes during a single re-
cording session were excluded, along with units that showed 10% or
greater overlap with other units in cross-correlogram analyses. Since the
shock duration used in the present study was 10ms, the first 10ms of
data after footshock were excluded from analysis, because of contamina-
tion by shock artifacts.

For the discrimination paradigm, once rats achieved at least 80% ac-
curacy in reward trials, they were trained to respond to an 8-kHz tone
(75 dB) lasting for 2 s followed by a mild footshock (0.6mA). During
testing, rats were again placed on mild food deprivation, and recordings
obtained in sessions consisting of a mixture of 150 reward trials, neutral
trials, and shock trials randomly selected. One 0.75-mg/kg cocaine
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infusion intravenously was given to rats at least 30min after the cued
discrimination task, with recordings continuing for 45min after
infusion.

We recorded from six rats in total with each rat undergoing up to
four recording sessions. After histologic verification of recording sites in
the EPN, a total of 10 recording sessions from 6 rats were included for
subsequent analysis. On average, we recorded three neurons per session,
yielding a range of two to eight usable neurons per animal. Neural data
acquired in all sessions and all animals were analyzed as independent
neurons, even if they came from the same animal.

Cocaine-induced cFos induction and quantification
Animals used for cFos experiments were habituated to handling for 3 d,
then given one 0.75mg/kg intravenous cocaine infusion and returned to
its home cage, then perfused 1 h after.

Upon the competion of cFos immunostaining, two slices of brain tis-
sues which contain the center of each region were selected for cell count-
ing based on a standard rat atlas (Paxinos and Watson, 1998). The
numbers of cFos-positive neurons and CTb-positive neurons for each
region were independently counted by two human observers.

CPA
This task used a three-chambered place preference apparatus as previ-
ously described (Jhou et al., 2009). On day 1, animals were placed in the
small central chamber, and allowed to explore the apparatus freely for
15min. Subsequently, doors between chambers were closed, and one
(non-central) chamber was designed to be “paired” with cocaine infu-
sions, and the other “unpaired” chamber associated with saline infu-
sions. Chamber-drug pairings were counterbalanced between animals.
Animals were then placed into each chamber for a total of eight condi-
tioning sessions (two per day), alternating between cocaine and saline in
counterbalanced order (i.e., half of animals received cocaine first, the
other half saline first). Rats received an infusion of intravenous cocaine
(0.75mg/kg) or saline and remained in their home cage for 15min
before being placed into the paired or unpaired side of the chamber, and
then were allowed to remain in chambers for another 15min. Half of the
rats received cocaine infusion for the first session of the day, while the
rest of the half received saline infusion. In the final session (i.e., test day:
day 5), animals were placed into the central compartment of the appara-
tus and allowed to freely explore all three chambers for 15min. Time
spent in each compartment was recorded.

Runway operant cocaine-seeking
Methods are similar to our previous work (Jhou et al., 2013). Briefly, the
runway consists of two opaque plastic compartments (“start” and “goal”)
connected by a 170-cm-long corridor. Rats are tethered to an intrave-
nous line, placed into the start box, after which doors are opened, allow-
ing free exploration of the apparatus. Entry into the goal box causes
doors to close and a syringe pump to deliver cocaine (0.75mg/kg, i.v.;
same dose as in CPA). Rats remained in the goal compartment for
another 5min before returning to their home cage. Failure to enter the
goal compartment after 15min resulted in a timeout. Rats received up to
two trials per day with at least 4 h apart, ensuring that animals ran in a
cocaine-free state. Before cocaine testing, animals were habituated to the
runway for three sessions or until they reached the goal box within 60 s.

Microinfusion
A 26-gauge stainless steel internal cannula (PlasticsOne) projecting 1 mm
beyond the tip of the guide cannula was connected to a syringe pump
(Harvard Apparatus). Clozapine N-oxide (CNO; 1 mM, NIDA Drug
Supply Program) was diluted in saline solution containing 2% dimethyl-
sulfoxide (DMSO). CNO was infused slowly into both sides of the LHb
(500 nl per side) over a duration of 2min beginning 10min after cocaine
infusions and 5min before rats were placed into the conditioning cham-
ber. CNO infusions were omitted for the saline conditioning sessions to
minimize the tissue damages from microinjections. For muscimol infu-
sions, muscimol (0.05nmol in 500ml, Sigma) or PBS (equal volume) infu-
sions were infused bilaterally over 2min in the home cage at 10min after
cocaine delivery, to overlap with the aversive phase of cocaine.

Rats were excluded if cannulae placements missed on either (or
both) sides.

Statistical analysis of electrophysiological and behavioral data
Neurons with large drifting of the microwire electrodes during record-
ings were excluded from further analysis. Electrophysiology data were
first tested for normality, then transformed into ranked forms if data
failed tests of normality (p, 0.05, D’Agostino–Pearson test). Significant
responses in neural firing were determined by a threshold of p, 0.05 for
each neuron’s firing rate versus baseline (Wilcoxon signed-rank). Data
were tested for normality (p. 0.05, D’Agostino–Pearson test), and were
analyzed using parametric tests. One-way or two-way ANOVA with
Holm–Sidak correction for multiple comparisons, and two-tailed t test
were used to compare across experimental conditions, respectively, if
not otherwise specified. Calculations were performed using MATLAB
(MathWorks) and Prism 7 software (GraphPad).

Results
LHb afferents are activated by acute cocaine infusion
In order to examine which LHb afferents might drive its
responses to cocaine, we first examined the induction of the im-
mediate early gene cFos, a proxy for neural activation, in several
LHb afferents in response to a single cocaine infusion (0.75mg/
kg, i.v.; Fig. 1A). We injected the retrograde tracer cholera toxin
subunit B (CTb) into the LHb and tabulated CTb-and cFos im-
munoreactive neurons in several LHb afferents, particularly the
rEPN, ventral pallidum (VP), lateral preoptic area (LPO), and
lateral hypothalamus (LH). We found robust afferents to the
LHb from all four sources, with the LH expressing the highest
proportion of CTb neurons but with substantial numbers in the
other three as well (LH vs rEPN: p=0.01, t(33) = 3.97; LH vs
LPO: p=0.01, t(33) = 4.11; LH vs VP: p=0.072, t(33) = 2.75; rEPN
vs LPO: p= 0.84, t(33) = 0.33; rEPN vs VP: p= 0.73, t(33) = 0.98;
LPO vs VP: p= 0.84, t(33) = 0.54, repeated measurement one-way
ANOVA with Holm–Sidak multiple comparison test, F(3,33) =
7.699, p= 0.0005; Fig. 1B). Compared with the saline group (n=6),
we found that cocaine infusions (n=6) significantly increased pro-
portions of cFos-expressing neurons in CTb-labeled neurons in the
rEPN (73.36 4.6% vs 12.36 1.2%) and the VP (32.76 3.3% vs
12.76 1.1%), but not LH or LPO (p, 0.0001, t(40) = �5.623 for
the VP; p, 0.0001, t(40) = �17.15 for the rEPN; p=0.88, t(40) =
�0.14 for the LPO; p=0.58, t(40) = 0.937 for the LH; two way-
ANOVA with Holm–Sidak multiple comparison test, interaction:
F(3,30) = 58.8, p, 0.0001; region: F(3,30) = 55.54, p, 0.0001; treat-
ment: F(1,10) = 242.2, p, 0.0001; Fig. 1C,D).

rEPN activation occurs during cocaine’s aversive phase
Although we identified the rEPN as having a large proportion of
neurons activated by cocaine, the poor temporal resolution of
cFos made it uncertain whether this activation occurred during
cocaine’s rewarding phase and/or its aversive phase (or neither).
Hence, we used electrophysiological recordings in awake behav-
ing rats to further characterize rEPN responses to cocaine (Fig.
2A,B). Driveable recording wires were implanted into the EPN,
as subsequently delineated by the presence of CTb and the ab-
sence of parvalbumin immunostaining (Rajakumar et al., 1994).
Animals were first trained to respond to two distinct auditory
tones predicting either a food pellet or nothing (reward trials vs
neutral trials). After 8 d of training, almost all animals responded
correctly on .80% of trials, defined as nosepoking into the
reward receptacle within 2 s after reward cue onset, or withhold-
ing poking during the same period after neutral cue onset.
Animals were then trained with a third auditory tone predicting a
very brief mild footshock (10-ms duration, 0.6mA; Fig. 2C,D).
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rEPN neurons were recorded in response to 150 total trials
(reward, neutral, and shock trials) as well as a subsequent cocaine
session in which animals received either a single intravenous co-
caine or saline infusion after a 30-min baseline. Consistent with
rEPN encoding of negative motivational valence (Li et al., 2019b),
we observed that rEPN neurons exhibited monotonic encoding
of cue valence. Specifically, population averages of rEPN neurons
showed the greatest firing after shock-predictive cues, lowest fir-
ing after reward-predictive cues, and intermediate firing rates af-
ter neutral cues (p=0.0105, t(54) = 2.649 for reward cue vs neutral
cue; and p=0.0132, t(54) = 2.561 for neutral cue vs shock cue,
repeated measurement one-way ANOVA with Holm–Sidak mul-
tiple comparison test, F(2,54) = 9.548, p=0.0003; Fig. 2E). When
rEPN neurons were analyzed individually, the most common
response was an inhibition to reward-predictive cues (13/28 neu-
rons), while excitation or non-response was less common (5/28
and 10/28 neurons, respectively).

Notably, responses to reward, neutral, and shock cues were
analyzed in different time windows (0–100 ms for neutral and
shock cues, and 200–400 ms for reward cues) consistent with
prior findings that the EPN, and its downstream targets in LHb
and RMTg, respond more slowly to reward-related cues than
other cues (Jhou et al., 2009; Bromberg-Martin et al., 2010; Li et

al., 2019a,b,c). Hence, our tabulation of rEPN responses to
reward cues does not include the earliest portion of that
response, which sometimes includes a small transient excitation.
Notably, this transient excitation is much smaller than that seen
after shock cues and does not distinguish between reward and
neutral cues (Fig. 2E, red vs gray traces; p=0.56, t(54) = 0.583 for
reward cue vs neutral cue; p=0.003, t(54) = 3.017 for reward cue
vs shock cue; p= 0.018, t(54) = 2.434 for shock cue vs neutral cue;
repeated measurement one-way ANOVA with Holm–Sidak mul-
tiple comparison test, F(2,54) = 5.122, p= 0.0098), more consistent
with cue generalization than valence encoding per se.

We next examined rEPN responses to cocaine infusions. We
found that the majority of rEPN neurons (14/20) were inhibited
during the first 10min after cocaine infusion compared with base-
line (z score = �2.05, p=0.04 and �3.56, p=0.0003 for biphasic
and inhibited groups). A much different pattern emerged 15–
30min postinfusion, when 10 of the 14 neurons that were inhibited
during the first 10min showed significant excitation compared
with baseline firing (z score= 2.913, p=0.003), while the remain-
ing four slowly returned to baseline. Notably the six neurons that
did not respond during the first 10min remained unresponsive
(z score=0.488, p=0.625) Notably, 10 neurons showed both an in-
hibition during the first 0–10min and excitation during 15–30min

Figure 1. LHb afferents are activated by acute cocaine infusion. A, Schematics of experimental procedure and cocaine cFos induction, and representative photomicrograph of
immunostaining of CTb injecton site in the LHb. B, The LH showed the highest proportion of CTb-labeled neurons among these LHb afferent. C, Proportions of CTb-labeled neu-
rons expressing cFos in the VP, LPO, LH, and rEPN, showing the largest cocaine-induced increases in LHb-projecting neurons in the rEPN. D, Representative photomicrographs of
immunostaning of CTb and cFos in the rEPN, LH, and VP. Black arrows indicate neurons immunoreactive for both CTb and cFos, red arrows indicate single labeled CTb neurons.
Scale bars: 100 mm (A, D).
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postinfusion, reflecting a biphasic response (Fig. 2F). Out of these
10 neurons, eight of them also exhibited the monotonic response
to valence-predictive cues (Fig. 2G). The time course of rEPN firing
paralleled previous recordings in the LHb and RMTg, where neu-
rons were also initially inhibited and subsequently activated by co-
caine infusions, corresponding to the time course of cocaine’s
motivational switch from rewarding to aversive (Jhou et al., 2013;
Li et al., 2019a). Furthermore, individual rEPN neural responses to
reward-predictive cues positively correlated with their averaged

responses 0–10min after cocaine infusion (rewarding phase; r2 =
0.2749; p=0.0176), while their responses to shock-predictive cues
or footshocks positively correlated with responses 15–30min after
cocaine infusion (aversive phase; r2 = 0.3636; p=0.0049 for shock
cues, and r2 = 0.4339; p=0.0016 for footshocks), further suggesting
that rEPN neuron biphasic responses to cocaine reflect cocaine’s
biphasic motivational valence (Fig. 2H–J). Notably, in all analyses of
postshock firing, we omitted the first 10-ms time bin from analysis,
because of the presence of electrical artifacts from the shock itself.

Figure 2. rEPN neuron activation during cocaine’s delayed aversive phase. A, Schematic of recording experiments in rEPN (upper panel) and recording sites in rEPN (lower panel), showing
that recording sites were located in the LHb-projecting region. B, Schematic of recording paradigm. Animals performed a discrimination task containing of a block of 100 reward (food), neutral,
and shock trials, followed by a single dose of cocaine or saline intravenous infusion. C, Behavioral outcomes during reward training. Animals were first trained with reward and neutral trials for
8 d before adding the shock trials for discrimination task. Trials were successful if animals entered food port within 2 s after reward cue onset, or withheld entry for 2 s after neutral or shock
cues. D, Behavioral outcomes for individual rats during each recording session of discrimination task. Each dot in reward, neutral, and shock trials represents one individual rat, and lines connect
sessions from the same rats. E, Average responses of rEPN neurons to reward, neutral, and shock trials in the discrimination task. Black bars indicate the analysis windows used in the adjacent
panel. Reward cue responses were averaged in a 200- to 400-ms time window after cue onset, while neutral and shock cue response were averaged during a 0- to 100-ms time window. F,
Among these neurons, 10/20 showed biphasic responses to cocaine with inhibition 0–10 min and excitation 15–30 min after injections (red trace), while 4/20 showed only inhibition (blue
trace) and 6/20 showed excitation or no response to cocaine (black trace). These neurons did not respond to saline infusion (dashed trace). Responses of biphasic and inhibited neurons 0–10
min postcocaine were significantly decreased compared with saline, and response of biphasic neurons 15–30 min postcocaine were significantly increased. G, A majority (8 out of 10) of biphasic
neurons also exhibited monotonic encoding of valence cues. H–J, Individual neuron responses 0–10 and 15–30 min after cocaine infusions positively correlated with responses to reward cues
and shock cues/shocks during 200- to 400- and 0- to 100-ms poststimulus time windows.
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rEPN lesion diminished cocaine-induced cFos in LHb and
RMTg neurons
Next, we examined whether the rEPN is necessary for driving
LHb and RMTg activation by cocaine. We unilaterally lesioned
the rEPN with an excitotoxin (quinolinic acid) and measured the
ratio of ipsilateral to contralateral cFos expression in the LHb
and RMTg induced by the same dose of cocaine. A control group
received the same volume of PBS injected into the rEPN
(n = 4 for both lesion and control groups; Fig. 3A,B). Lesions
reduced LHb cFos by more than 2-fold compared with the intact
hemisphere, while RMTg cFos was also significantly reduced, but
by a much smaller proportion (p, 0.0001; t(4) = 6.729 and
p=0.003; t(4) = 3.685 for the LHb and the RMTg, respectively,
two-way ANOVA with Holm–Sidak multiple comparison test,
interaction: F(1,12) = 4.631, p=0.052; region: F(1,12) = 1.965,
p=0.1863; treatment: F(1,12) = 54.23, p, 0.0001). In contrast, con-
trol rats showed equal amounts of cFos on both sides (Fig. 3C,D).

The rEPN and its projections to the LHb mediate cocaine
avoidance behaviors
Prior electrophysiological and lesion studies strongly suggest that
the rEPN plays an important role in driving cocaine avoidance
behaviors. Hence, we directly tested the rEPN role in cocaine
avoidance using an operant runway task, which is highly sensi-
tive to the aversive effects of cocaine (Ettenberg, 2009; Jhou et al.,
2013). In this task, animals were placed into a chamber at one
end of a five-foot corridor, and allowed to run to a goal chamber
at the opposite end, whereupon a photobeam is interrupted

causing the delivery of a single infusion
(0.75mg/kg) of cocaine (Fig. 4A). The la-
tency to reach the goal box was recorded,
along with the number of run direction
reversals, as a proxy of the motivation to
seek cocaine. We tested two groups of
animals with bilateral infusions of either
muscimol (n=6) or vehicle (n= 9) into
the rEPN, given 10min after animals
arrived in the goal box and received co-
caine, thus overlapping with cocaine’s
aversive phase (Fig. 4B). Vehicle-treated
animals’ run latencies started to increase
by the second or third trial, consistent
with the development of conditioned
avoidance responses (Ettenberg et al.,
1999). In contrast, muscimol-treated ani-
mals remained significantly faster (,60 s)
than the vehicle group for the first 7 trials
(p=0.036, t(17) = 2.618 for muscimol vs
vehicle; p= 0.653, t(17) = 0.4582 for missed
hits vs vehicles; one-way ANOVA with
Holm–Sidak multiple comparison test,
F(2,17) = 3.946, p=0.04). Starting trial 8,
muscimol infusions were replaced by vehi-
cle infusions, and animals’ latencies rapidly
increased, eventually becoming similar to
those of control animals (p=0.811, t(17) =
0.586 for muscimol vs vehicle; p=0.841,
t(17) = 0.2039 for missed hits vs vehicles;
one-way ANOVA with Holm–Sidak mul-
tiple comparison test, F(2,17) = 0.343,
p=0.7147; Fig. 4C), suggesting that the
reduced latencies were not because of
global deficits in avoidance learning.
Notably, all rEPN microinfusions (saline

or muscimol) were delivered after reaching the goal box; hence,
any influences on running speed would not be because of acute
motoric effects of microinfusions, but instead were because of
influences on conditioning that occurred in previous trials.
Nonetheless, we also measured run reversals and average run
speed to control for possible effects on motor performance. We
found that rEPN inactivation significantly reduced the number of
run reversals during the first seven cocaine sessions (p=0.0003,
t(17) = 4.844 for muscimol vs vehicle; p=0.147, t(17) = 1.518 for
missed hits vs vehicles; one-way ANOVAwith Holm–Sidak multi-
ple comparison test, F(2,17) = 11.79, p=0.0006; Fig. 4D), while the
relative speed in each session (calculated as the total distance
traveled divided by latency), was not different between the two
groups (p= 0.613, t(17) = 0.5146 for muscimol vs vehicle;
p= 0.4622, t(17) = 1.151 for missed hits vs vehicles; one-way
ANOVA with Holm–Sidak multiple comparison test, F(2,17) =
0.6624, p= 0.5292; Fig. 4E).

We further evaluated whether the abolishment of the avoid-
ance to cocaine in the runway was because of the reduction of
the aversive effects of cocaine via rEPN projections to the LHb
by using pathway-specific inactivation of LHb with DREADDs
in a CPA paradigm. Previous studies showed that cocaine causes
a strong CPA starting 15min after infusion (Ettenberg et al.,
1999). We therefore bilaterally injected inhibitory DREADDs
(hM4Di) into the EPN and inhibited the rEPN-LHb pathway by
microinfusion of CNO into the LHb. Animals injected with
hM4Di (n= 8) or mCherry (n= 7) were conditioned with cocaine

Figure 3. rEPN lesion deminished cocaine-induced cFos in the LHb and RMTg. A, Experimental procedure and representa-
tive photomicrographs of the ipsilateral (lesioned) and contralateral (intact) rEPN for the neuronal marker NeuN. Scale bar:
100mm. B, Illustration of the extent of the lesion for four lesioned animals. C, Representative photomicrographs of immuno-
staining of LHb and RMTg cFos in the lesion side and the intact side. Scale bar: 100mm. D, rEPN lesion greatly reduced co-
caine-induced cFos in the LHb, while slightly diminishing cFos in the RMTg.
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and saline in opposite sides of the cham-
ber 15min after infusion for eight contin-
uous days, and CNO was infused 5min
before conditioning to the cocaine paired
chamber (Fig. 4F–I). We found that ani-
mals in the control group developed CPA
to cocaine, while inactivating EPN termi-
nals in the LHb produced a significant
shift from conditioned aversion to condi-
tioned place preference measured by both
time spent in the cocaine paired chamber
and numbers of entries to the chamber
(for time spent: p, 0.0001, t(15) = 7.493
for CNO vs controls; p=0.273, t(15) =
1.141 for missed hits vs controls; for the
number of entries: p=0.016, t(15) = 3.02
for CNO vs controls; p= 0.84, t(15) =
0.2051 for missed hits vs controls; one-
way ANOVA with Holm–Sidak multiple
comparison test, F(2,15) = 30.87, p ,
0.0001 and F(2,15) = 5.159, p= 0.0197,
respectively; Fig. 4J,K).

Discussion
The present results show that single infu-
sions of cocaine-induced robust cFos
expression in LHb-projecting rEPN neu-
rons, and to a lesser extent VP, but not
other LHb afferents. Using in vivo record-
ings, we further found that cocaine
produced biphasic inhibitory/excitatory
responses in a subset of rEPN neurons
whose time course paralleled cocaine’s
biphasic rewarding and aversive motiva-
tional effects. Excitotoxic rEPN lesions
markedly reduced cocaine-induced cFos
in the LHb, with a more modest reduction
in RMTg, and inactivation of the rEPN
impaired acquisition of conditioned
avoidance to cocaine in a runway oper-
ant task. Furthermore, using pathway-
specific DREADDs, we showed that the
rEPN mediates cocaine avoidance via
its projections to LHb. These results
strongly indicate the important role of
the rEPN in mediating cocaine avoid-
ance behavior.

The major rEPN projection to LHb has
been extensively studied in mood disor-
ders. In particular, rEPN terminals co-
release glutamate and GABA into the LHb,
with the glutamatergic component becom-
ing increasingly predominant in rodent
models of depression (Li et al., 2011;
Shabel et al., 2012). Such shifts between
glutamatergic and GABAergic transmission
have also been observed in chronic cocaine
withdrawal and relapse (Meye et al., 2016), making the rEPN a
potential candidate to drive LHb activity during cocaine’s aver-
sive phase. Indeed, we found that among major LHb afferents,
the rEPN had the highest cocaine-induced cFos protein
expression. In vivo electrophysiological recordings further

demonstrated that rEPN firing was most prominent beginning
20min after cocaine infusions, when cocaine’s motivational effects
have switched from rewarding to aversive. Notably, a recent study
showed that optogenetically identified LHb-projecting rEPN neu-
rons displayed monotonic encoding of valence and preferentially
encode negative valence (Stephenson-Jones et al., 2016). Given that
we found a large overlap between valence-encoding and cocaine

Figure 4. The rEPN and its projections to the LHb mediate cocaine avoidance behaviors. A, Cocaine runway paradigm. In
each session, animals started at the start box and received a single cocaine infusion uponreaching the goal box, or timed out
after 900 s and was manually placed into goal box and given cocaine. B, Muscimol (red dots) and vehicle (blue dots) infusion
sites in the rEPN. rEPN muscimol infusions blocked development of cocaine avoidance (C) and reduced run direction reversals
(D) during sessions 1–7. E, Locomotion averaged over sessions 1–7 was not different between groups. F, Behavioral para-
digm of CPA. Animals received CNO infusion into the LHb 10min after cocaine infusion and were placed into paired chamber
5 min after CNO infusion for 15min. G, Photomicrographs of immunostaining of mCherry in the rEPN and LHb. H, CNO (red
dots) and vehicle (blue dots) infusion sites in the LHb. I, Illustration of the extent of the virus expression for eight hM4Di ani-
mals. J, K, Inactivation of rEPN-LHb pathway blocked CPA induced by acute cocaine withdrawal. Preference sores are calcu-
lated by the difference in time spent and number of entries to the cocaine-paired chamber before and after the conditioning.
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aversion-activated rEPN neurons, it is very likely that the majority of
cocaine aversion-activated rEPN neurons are LHb projecting.

A previous study had shown that the rEPN-LHb pathway
encodes value and regulates dopamine firing (Bromberg-Martin
et al., 2010). In the present study, we observed that rEPN
responses during cocaine’s “rewarding” phase correlate positively
with responses to reward-predictive cues, while responses during
its “aversive” phase positively correlated with responses to
shock-predictive cues and shocks. This biphasic response to co-
caine is similar to the responses we observed previously in LHb
and RMTg neurons (Jhou et al., 2013; Li et al., 2019a), and likely
contributes to those responses, as rEPN lesions attenuated co-
caine-induced cFos activation in both regions. Additionally, a
previous rabies tracing study indicates that the LHb neurons
receiving rEPN input project to the RMTg but not the VTA (Li
et al., 2019b), suggesting a critical role of serial connections
between the rEPN, LHb, and RMTg in encoding aversive effects
of cocaine.

However, because our behavioral tasks (cocaine CPA and
runway) require learning of a cocaine avoidance response, we
can only claim that the rEPN contributes to learned (condi-
tioned) aversive associations to cocaine. We cannot determine
whether it also drives unconditioned aversive effects of cocaine.

Our findings also suggest possible substrates of the so-called
“opponent process theory,” which posits that removal of a strong
affective stimulus can produce an affective state in the opposite
direction of the initial stimulus (Solomon and Corbit, 1973).
Consistent with this opponency, cocaine’s aversive effects occur
at a time delay when blood plasma levels of cocaine are 80–90%
below their initial peaks (Booze et al., 1997; Ma et al., 1999), con-
sistent with them being because of removal of the drug rather
than its presence per se. This theory has been largely used to
explain drug vulnerability and relapse (Koob and Le Moal,
2008b), as the acute crash produced by abused drugs can serve as
an intrinsic motivator and facilitate drug intake in self-adminis-
tration and reinstatement models (Ahmed and Koob, 1998;
Shaham et al., 2003; Kitamura et al., 2006; Bentzley et al., 2014).
However, it should be noted that we did not test this role of
drug aversion in driving intake and reinstatement, but
instead tested a different role of drug aversion in preventing
drug intake. Unlike the “opponent process” role in driving
drug intake, which is generally observed in experienced and/
or drug-dependent individuals, this inhibitory role manifests
much earlier, after only a few exposures to the drug, and
many not necessarily use the same brain circuits as the later
aversion-induced drug-seeking behaviors.

Notably, other studies have also implicated the rEPN-LHb
pathway in cocaine’s aversive effects, specifically the anxiogentic
symptoms of cocaine withdrawal (Meye et al., 2016; Tan et al.,
2019). Our findings corroborate those, while showing a some-
what different influence on conditioned responses to the drug
itself, as rEPN inactivation in a runway operant task enhanced
cocaine-seeking behaviors, while inhibiting the rEPN-LHb path-
way blocked cocaine-induced CPA. Because we infused CNO
10min after cocaine was given, when cocaine’s rewarding effects
are largely dissipated, and cocaine levels in blood are far below
initial peaks, we posit that inhibition of the rEPN to LHb path-
way specifically suppressed aversive components of cocaine
rather than enhancing its rewarding components. However, we
cannot rule out other interpretations, such as the possibility that
removal of the aversive effects unmasked a latent residual co-
caine reward, or that it could have produced rewarding effects
independently of cocaine, as in previous studies in which

photoinhibition of this pathway affected value-based decision-
making (Stephenson-Jones et al., 2016).

We also found evidence that the rEPN does not drive all aver-
sive responses to cocaine. For example, on the runway task,
when muscimol infusions were replaced by saline, latency
increases developed much faster than in control animals, sug-
gesting some residual aversive conditioning had likely occurred
in the earlier muscimol sessions. In particular, high latencies
were observed on the very first saline trial, although all previous
trials had been with cocaine. Notably, while rEPN lesions
reduced cocaine-induced LHb cFos 2-fold, the reduction in
RMTg cFos was much less, only about one third, suggesting that
between half and two-thirds of cocaine-induced cFos in the LHb
and RMTg does not depend on the rEPN.

Together, our results indicate an important, though not
exclusive, role of the rEPN-LHb-RMTg pathway in encoding co-
caine avoidance and provide a novel mechanism that can be tar-
geted for preventing addiction. Because the LHb and RMTg are
also implicated in responses to other drugs of abuse, including
alcohol, morphine, nicotine, and cannabinoids (Jhou et al., 2009,
2013; Lecca et al., 2011, 2012; Kaufling and Aston-Jones, 2015;
Glover et al., 2016; Wang et al., 2017), present results suggest the
possibility that the rEPN could contribute to motivational
responses to those drugs as well. Future studies should focus on
dissecting receptor-level mechanisms involved in this pathway,
to inform the identification of specific targets and development
of novel therapeutic agents.
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