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Abstract
Clinical descriptions of cocaine addiction include compulsive drug seeking and maladaptive decision-making despite
substantial aversive consequences. Research suggests that this may result from altered orbitofrontal cortex (OFC) function
and its participation in outcome-based behavior. Clinical and animal studies also implicate serotonin in the regulation of
OFC function in addiction and other neuropsychiatric disorders. Here we test the hypothesis that exposure to cocaine,
through self-administration (CSA) or yoked-administration (CYA), alters the regulation of OFC function by 5-HT. Using
whole-cell electrophysiology in brain slices from naïve rats we find that 5-HT1A receptors generate hyperpolarizing outward
currents in layer-V OFC pyramidal neurons, and that 5-HT2A receptors increase glutamate release onto these cells. Following
extended withdrawal from CSA or CYA, this 5-HT regulation of OFC activity is largely lost. In-situ hybridization of 5-HT
receptor transcripts reveals that 5-HT1A receptor mRNA is unaffected and 5-HT2A receptor mRNA is significantly elevated
after CSA or CYA. These results demonstrate that 5-HT control of OFC neurons is disrupted for extended periods following
cocaine exposure. We hypothesize that this dysregulation of 5-HT signaling leads to enduring disruptions of OFC network
activity that this is involved in impaired decision-making associated with cocaine addiction.
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Introduction
The orbitofrontal cortex (OFC) is involved in associative learn-
ing (Jones and Mishkin 1972), through its regulation of “out-
come-based” behaviors via the encoding of motivational values
of environmental stimuli (Schoenbaum et al. 1998; Gallagher
et al. 1999; Tremblay and Schultz 1999; Izquierdo and Murray
2004). The OFC also encodes changes in expectancies, leading
to altered predictions regarding the consequences of behavior.
This ability to encode the shifting environmental consequences

of behavior is a hallmark of cognitive flexibility, which is essen-
tial to survival and considered a form of higher-order cortical
processing (Schoenbaum and Esber 2010). Drug addiction is
characterized by the inability to make appropriate decisions in
the face of aversive outcomes and has been associated with
dysregulated OFC function (Volkow and Fowler 2000; Bechara
2005; Schoenbaum and Shaham 2008; Lucantonio et al. 2012,
2014). In support of this, human cocaine addicts are seemingly
unable to alter their behavior in the face of strong negative
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consequences, and OFC metabolic activity is reduced in these
individuals during extended withdrawal from cocaine (Volkow
et al. 1993; Volkow and Fowler 2000). Moreover, animals
exposed to cocaine show long-lasting impairments in OFC-
dependent behavioral tasks, such as reversal learning (Jentsch
et al. 2002; Schoenbaum et al. 2004; Calu et al. 2007), reinforcer
devaluation (Schoenbaum and Setlow 2005), and Pavlovian
over-expectation (Takahashi et al. 2013; Lucantonio et al. 2014).
Importantly, the deficit in OFC-dependent cognition following
cocaine self-administration (CSA) is thought to reflect an
enduring loss of this structure’s ability to encode outcome
expectancies, and impaired learning based on these expectan-
cies (Lucantonio et al. 2014).

Similar to other prefrontal cortical (PFCx) circuits, the OFC
consists of both glutamatergic principal cells and GABAergic
interneurons. The OFC receives sensory input from gustatory,
olfactory, and visual sensory areas (Schoenbaum and Eichen-
baum 1995; Ongur and Price 2000), and in addition to extensive
connections with the mediodorsal thalamic nucleus (Krettek and
Price 1977), the OFC also projects to various areas of the limbic
system, including dorsomedial and ventral striatum (Ongur and
Price 2000; Schilman et al. 2008), and the amygdala (Ongur and
Price 2000; Rolls and Grabenhorst 2008). Thus, the OFC is posi-
tioned to integrate information from various sensory modalities
with brain areas involved in emotional cognitive processing and
decision-making (Rolls and Grabenhorst 2008). The OFC also
receives dense serotonergic (5-HT) innervation from the dorsal
raphe nucleus (DRN), and reciprocally connects with this area
(Azmitia and Segal 1978; Hornung et al. 1990; Wilson and
Molliver 1991a, 1991b; Goncalves et al. 2009; Vazquez-Borsetti
et al. 2009; Roberts 2011; Chandler et al. 2013). Moreover,
5-HT is implicated as a key contributor in OFC-dependent behav-
ioral flexibility, as well as in psychiatric illnesses that involve
OFC function, such as obsessive compulsive disorder (OCD),
impulsive-aggressive disorder (IAD), and depression (Roberts
2011). Consistent with this, 5-HT depletion produces deficits in
OFC-dependent behavioral tasks requiring behavioral flexibility
(Clarke et al. 2004; Roberts 2011; Izquierdo et al. 2012; West et al.
2013), and intra-OFC infusions of 5-HT receptor ligands modify
OFC-dependent reversal learning (Boulougouris and Robbins
2010). Additionally, favorable therapeutic responses to 5-HT-
directed pharmacotherapies in the treatment of OCD and IAD
are associated with improved metabolic activity in the OFC
(Saxena et al. 1999; New et al. 2004).

A possible link between cortical 5-HT and cocaine addiction
is demonstrated by studies showing that 5-HT levels are dimin-
ished in frontal cortices following long-term withdrawal from
cocaine (Egan et al. 1994), and that genetic deletion of the
5-HT transporter (SERT) can improve cognitive flexibility and
prevent cocaine-induced deficits in reversal learning in rats
(Nonkes et al. 2013). In addition, inhibition of cocaine seeking
following CSA is associated with strong activation of both OFC
and dorsal raphe 5-HT neurons, suggesting the involvement of
these brain regions in a neural network mediating inhibitory
control of relapse (Navailles et al. 2015).

Despite substantial behavioral and pharmacological data
supporting a role for 5-HT in the control of OFC function in psy-
chiatric disorders, and in psychostimulant addiction (Kish et al.
2009), few studies have examined the specific physiological
function of 5-HT within the OFC, as well as the changes that
occur in this system in drug addiction models. Here, we iden-
tify mechanisms through which 5-HT alters OFC neuron func-
tion, and describe a loss of 5-HT regulation of OFC activity in

rats with a history of CSA, and those receiving noncontingent
cocaine through yoked-administration (CYA).

Materials and Methods
All experimental procedures were approved by the Institutional
Care and Use Committee of the National Institute on Drug Abuse
Intramural Research Program (NIDA-IRP), National Institutes of
Health (NIH) and conducted in accordance with the Guide for the
Care and Use of Laboratory Animals provided by the NIH and
adopted by the NIDA-IRP.

Subjects

Male Long–Evans rats (Charles River Laboratories), aged 31–154
days at the time of electrophysiological recording, were housed
2–3 per cage for at least 1 week prior to experimental proce-
dures in facilities accredited by the American Association for
the Accreditation of Laboratory Animal Care (AAALAC). They
were maintained in a temperature- and humidity-controlled
environment under a reverse 12 h light/dark cycle with food
and water available ad libitum. All rats included in the CSA or
CYA groups were 70 days old at the time of surgery. For ani-
mals in CSA and CYA groups, 1 week following surgery, food
was restricted to 15 g of standard rodent diet per day and made
available after the daily self-administration sessions. Animals
were food restricted until the end of self-administration train-
ing, after which ad-libitum feeding resumed. Behavioral experi-
ments were conducted during the dark cycle.

Surgery

Rats were anesthetized with equithesin (1% pentobarbital, 2%
magnesium sulfate, 4% chloral hydrate, 42% propylene glycol, 11%
ethanol, 3 ml/kg, i.p.), and a silastic catheter (inner diameter,
0.020 inch; outer diameter, 0.037 inch; Dow Corning) was advanced
3.5 cm into the right jugular vein and secured with silk suture
(5–0). The catheter terminated in a modified L-shaped 22G
guide cannula (Plastics One) mounted on top of the skull with
cranioplastic cement and secured with 3 stainless steel scr-
ews. Animals were given one injection of 4-hydroxy-2-methyl-
N-(5-methyl-2-thiazolyl)-2H-1,2-benzothiazine-3-carboxamide-1,1-
dioxide (Meloxicam, 5mg/mL, Boehringer/Ingelheim, Ingelheim,
FRG) for postsurgical analgesia (0.2mL, sc) and single housed for
the remainder of the experiment. Catheters were flushed daily
with 0.1mL of heparinized saline to maintain patency. Animals
were allowed to recover for at least 1 week after the surgery and
before food restriction commenced. Catheters were flushed once
daily (0.1mL) with 120mg/mL cefazolin until the end of operant
training to forestall infection. Operant training started 2–3 days
after the beginning of food restriction.

CSA Training

Self-administration training took place in standard rat operant
chambers equipped with 2 retractable levers (Med Associates).
Each chamber was located in a sound attenuating enclosure,
equipped with a ventilation fan that provided background
noise. Catheters were connected through a metal spring pro-
tected plastic tubing (Plastics One) via a liquid swivel (Instech)
to a syringe mounted in an infusion pump (Med Associates)
located outside the sound attenuating enclosure. Animals were
trained to press one lever (designated as the active lever) for
intravenous cocaine infusions under a fixed ratio 1 (FR1)
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schedule. At the beginning of the session, the two levers were
inserted into the chamber and a house light located on the wall
opposite the levers was illuminated. Each lever press resulted
in infusion of 0.75mg/kg cocaine (2.25mg/mL in sterile saline)
accompanied by retraction of both levers, extinction of the
house light and illumination of a cue light above the active
lever for 30 s. Responses on the inactive lever had no conse-
quences. To facilitate acquisition of the response, animals were
allowed to self-administer during 6 h sessions until they
received 40 infusions within a session. Most of the animals
acquired self-administration within 1–2 sessions. After that,
sessions were limited to 3 h or 75 infusions, whichever occurred
first. CSA under the FR1 schedule continued for a total of 12
daily sessions. A separate group of yoked control animals was
simultaneously run in a set of identical operant chambers in
the same room. Each of the rats in the yoked group was paired
to a rat in the self-administration group such that every lever
press delivering a cocaine infusion in the self-administration
group resulted in an infusion of cocaine for the yoked group. At
the beginning of the session both levers were inserted and the
house light was switched on. Additionally, infusions were
never signaled by retraction of the levers nor cue lights for the
yoked animals. Sessions for these rats terminated at the same
time as the session for their self-administering counterpart by
retracting both levers and switching off the house light. Thus,
yoked controls were exposed to the same amount of cocaine as
their self-administering counterparts, but they experienced
cocaine as passive infusions. Following behavioral training, rats
in the CSA and CYA groups remained single housed in their
home cages in the colony room, with ad libitum food and water
available, until the electrophysiology experiments.

Brain Slice Preparation

Animals were anesthetized with isoflurane and decapitated using
a guillotine. Brains were extracted and transferred to an ice-cold
N-methyl-D-glucamine (NMDG) cutting solution (in mM: NMDG,
93; KCl, 2.5; NaH2PO4, 1.2; NaHCO3, 30; HEPES, 20; Glucose, 25;
Ascorbic acid, 5; Sodium pyruvate, 3; MgCl2, 10; CaCl2, 0.5). The
tissue was cut perpendicular to its longitudinal axis at 1.4mm
posterior to bregma using a razor blade, and then the cut surface
glued to the stage of the vibrating tissue slicer (Leica VT1200S,
Leica Biosystems). Five coronal sections (280 µm) were collected
from each brain beginning at the appearance of the dorsolateral
orbital cortex and the rhinal fissure (4.7mm anterior to breg-
ma), and ending at approximately 3.2 mm anterior to bregma.
The slices were then hemisected and transferred to heated
(34°C) NMDG for 5min. The brain slices were then transferred to
an oxygenated (95% O2/5% CO2) holding chamber filled with
HEPES containing artificial cerebrospinal fluid (aCSF) (in mM:
NaCl, 109; KCl, 4.5; NaH2PO4, 1.2; NaHCO3, 35; HEPES, 20; Glucose,
11; Ascorbic acid, 0.4; MgCl2, 1; CaCl2, 2.5) at room temperature
(22°C) for at least 30min, and up to 7h. For each animal, this pro-
cedure yielded 5 brain slices, and recordings were restricted to
brain slices corresponding to these landmarks in all animals
from all groups.

In Vitro Electrophysiology

Hemi-sectioned slices were transferred to a chamber (RC-26;
Warner Instruments) continuously perfused (2mL/min) with
oxygenated aCSF (in mM: NaCl, 126; KCl, 4.5; NaH2PO4, 1.2;
NaHCO3, 26; Glucose, 11; MgCl2, 1; CaCl2, 2.5) containing picro-
toxin (50 µM) using a peristaltic pump (Cole-Parmer). The

temperature was maintained at 30–32°C using a solution heater
(Warner Instruments). Multipolar neurons were identified in
layer V of the lateral OFC (l-OFC) using an upright videomi-
croscope (BX51WI, Olympus) equipped with differential inter-
ference contrast imaging, and 900 nm infrared illumination.
Recording electrodes were fabricated using borosilicate glass
(Sutter Instruments, 1.5 mm O.D. × 0.86 mm i.d.) using a hori-
zontal puller (P-97; Sutter Instruments) and filled with a
potassium-based internal solution (in mM: K-gluconate, 140;
KCl, 5; HEPES, 10; EGTA, 0.2; MgCl2, 2; Mg-ATP, 4; Na2-GTP, 0.3;
Na2-phosphocreatine, 10) neutralized to a pH of 7.2 using potas-
sium hydroxide. Resistances were 3–7MΩ. Whole-cell patch
clamp recordings were performed using an Axopatch 200B amp-
lifier (Molecular Devices). Cells were voltage-clamped at −60mV
(with a calculated junction potential of −14mV), and miniature
excitatory postsynaptic currents (mEPSCs) and spontaneous
EPSCs (sEPSCs) were sampled at 10 kHz using WinLTP software
(WinLTP Ltd, Bristol, UK) and an A/D board (National
Instruments, PCI-6251) housed in a personal computer.
Hyperpolarizing voltage steps (−10mV) were delivered via the
recording electrode every 30 s to monitor whole-cell access and
series resistance. Cells with an access change of more than 20%
were excluded from analysis. Voltage ramps were performed
from −64 to −144mV over 320ms (Yamamoto et al. 2014).
Current clamp experiments were performed with depolarizing
currents ranging from 100 to 600 pA. Serotonin (5-HT, 1 mM), pre-
pared at low pH (~2) to prevent oxidation, was diluted 1:100 in
aCSF flowing into the slice chamber (20 µL/min), to achieve a final
bath concentration of 10 µM using a syringe pump (Model A-99,
Razel Scientific Instruments). All other drugs were dissolved at
their final concentration in aCSF and delivered using the peristal-
tic pump. Analyses of mEPSCs and sEPSCs were performed off-
line using the MiniAnalysis program (v 6.0.7, Synaptosoft, Inc.),
and were visually inspected to verify this analysis.

Drugs

8-OH-DPAT hydrobromide ((±)-8-hydroxy-2-dipropylaminotetralin
hydrobromide), WAY100635 maleate (N-[2-[4-(2-methoxyphenyl)-1-
piperazinyl]ethyl]-N-2-pyridinylcyclohexanecarboxamide maleate),
Ritanserin (6-[2-[4-[Bis(4-fluorophenyl)methylene]-1-piperidinyl]
ethyl]-7-methyl-5H-thiazolo[3,2-a]pyrimidin-5-one), Sumatriptan
succinate (3-[2-(dimethylamino)ethyl]-N-methyl-1H-indole-5-me
thanesulfonamide succinate), Picrotoxin, and serotonin were
purchased from Sigma serotonin (5-HT), (3-(2-aminoethyl)-1H-
indol-5-ol hydrochloride, Sigma), Tetrodotoxin, MDL100907 ((R)-
(+)-α-(2,3-dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl]-4-piperin
emethanol), and DOI ((−)-2,5-dimethoxy-4-iodoamphetamine hy
drochloride) were purchased from Tocris, Cocaine was supplied
through the NIDA Drug Supply Program.

Immunohistochemistry

Cells filled with an internal solution containing 0.2% biocytin
were fixed immediately after recording in a phosphate-buffered
saline (PBS) solution containing 4% paraformaldehyde (PF) and
were kept refrigerated at 4°C for 24 h. Cells were then trans-
ferred into PBS and kept refrigerated at 4°C until used for stain-
ing. Cells were rinsed (3 × 10min) in PBS, then rinsed with 0.3%
Triton X-100/4% bovine serum albumin (BSA)/PBS for 2 h. Cells
were then shielded from light and rinsed for an additional 2 h
in 0.3% Triton X-100/4% BSA/PBS with the streptavadin fluores-
cent conjugate Alexa Fluor 488 at a dilution of 1:500. Cells were
then rinsed (3 × 10min) in PBS and slide mounted using
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Permount® toluene solution (Fisher Scientific). Confocal
imaging of immunofluorescence was performed on a Zeiss
LSM510 microscope.

Tissue Preparation for Anatomical Studies
Eighteen rats (6 each in CSA, CYA, and naïve groups) were
anesthetized with chloral hydrate (35mg/100g) and perfused
transcardially with 4% (W/V) PF in 0.1M PBS, pH 7.3. Brains
were left in 4% PF for 2 h at 4°C, rinsed with PBS and transferred
sequentially to 12%, 14%, and 18% sucrose solutions in PBS.
Coronal serial sections of 16 μm in thickness were then
prepared.

Combined In-Situ Hybridization and Parvalbumin Immunolabeling
Coronal free-floating sections were processed as described previ-
ously (Wang and Morales 2008). Sections were incubated for
10min in PBS containing 0.5% Triton X-100, rinsed 2 × 5min
with PBS, treated with 0.2N HCl for 10min, rinsed 2 × 5min with
PBS and then acetylated in 0.25% acetic anhydride in 0.1M
triethanolamine, pH 8.0 for 10min. Sections were then rinsed
2 × 5min with PBS, and fixed with 4% PF for 10min. Prior to
hybridization and after a final rinse with PBS, the free-floating
sections were incubated in hybridization buffer (50% formamide;
10% dextran sulfate; 5 × Denhardt’s solution; 0.62M NaCl; 50mM
DTT; 10mM EDTA; 20mM PIPES, pH 6.8; 0.2% SDS; 250 μg/mL sal-
mon sperm DNA; 250 μg/mL tRNA) for 2 h at 55°C. Sections were
hybridized for 16h at 55°C in hybridization buffer containing
[35S]- and [33P]-labeled single-stranded antisense of rat 5-HT1A

(nucleotides 1–1269, accession No. NM_012585) or 5-HT2A

(nucleotides 1–1566, accession No. NM_017254) receptor probes
at 20 × 107 cpm/mL. Sections were treated with 4 μg/mL RNase A
at 37°C for 1 h, washed with 1 × saline, sodium citrate solution
(SSC), 50% formamide at 55°C for 1 h, and with 0.1 × SSC at 60°C
for 1 h. After the last SSC wash, sections were rinsed with PBS
and incubated for 1 h in PBS supplemented with 4% BSA and
0.3% Triton X-100. This was followed by the overnight incubation
at 4°C with an antiparvalbumin goat antibody (Swant; 1:500).
After rinsing 3 × 10min in PBS, sections were processed with an
ABC kit (Vector Laboratories). The material was incubated for 1 h
at room temperature in a 1:200 dilution of the biotinylated sec-
ondary antibody, rinsed with PBS, and incubated with avidin-
biotinylated horseradish peroxidase for 1 h. Sections were rinsed
and the peroxidase reaction was then developed with 0.05% 3,3
diaminobenzidine-4 HCl and 0.03% H2O2. Free-floating sections
were mounted on coated slides. Slides were dipped in Ilford K.5
nuclear tract emulsion (Polysciences, Inc.; 1:1 dilution in double
distilled water) and exposed in the dark at 4°C for 4 weeks prior
to development. Image analysis was performed using Fiji
(Schindelin et al. 2012). Following background subtraction, a
region of interest (0.08 × 0.072 cm) was drawn over the l-OFC, at
the approximate locations of electrophysiological recordings,
and the mean intensity was calculated for each section. Of note,
15–18 sections (240–288 µm total) were quantified for each sub-
ject, and averaged to yield a mean intensity value.

Results
Whole-cell electrophysiological recordings were obtained from
neurons located in the l-OFC in brain slices (Fig. 1A), and the
cell’s location was noted on a diagram of the coronal brain slice
to ensure correspondence among brain slices from all experi-
mental subjects. Injection of depolarizing voltage steps through
the patch pipettes during current clamp recordings, obtained

immediately after rupturing the membrane patch, revealed 2
groups of neurons distinguished by their electrophysiological
properties. The first group demonstrated high rates of action
potential discharge that was sustained throughout a 500ms
voltage step, brief action potential durations, and large afterhy-
perpolarizations (AHPs) (Fig. 1B). The second group of neurons
demonstrated lower rates of firing, longer duration action
potentials, and smaller amplitude AHPs. Based on prior work
describing similar properties in several cortical regions, includ-
ing the OFC (Badanich et al. 2013), these groups of neurons
likely correspond to fast spiking (FS) and regular spiking (RS)
cells, respectively. Previous work has also established that RS
neurons comprise the largest group of cortical cells, also known
as principal or pyramidal neurons, whereas FS cells likely
represent GABAergic neurons (Badanich et al. 2013). As RS neu-
rons represent the most frequently sampled population in
behavioral OFC studies, our studies focused on these cells.

5-HT1A Receptors Mediate Hyperpolarizing Outward
Currents in OFC Neurons

The DRN sends a dense 5-HT projection to the OFC (Azmitia
and Segal 1978; Hornung et al. 1990; Wilson and Molliver 1991a,
1991b). Our first experiments sought to determine the mechan-
isms through which 5-HT alters OFC neuron function.
Application of 5-HT (10 µM) initiated an outward current that
was associated with a decrease in input resistance (Rin) in
approximately half of the recorded OFC neurons (Fig. 2A1–C2).
To determine the identity of the current activated by 5-HT cur-
rent-voltage (I/V) relationships were examined in voltage
clamp, by slowly ramping the neuronal membrane potential
from −64 to −144mV in the absence and presence of 5-HT
(Fig. 2C). These effects of 5-HT were compared to those of the
GABAB receptor agonist baclofen (10 µM), which is also known
to generate outward currents (Fig. 2B) and reduce input resist-
ance via activation of a G-protein-coupled inwardly rectifying
K+ (GIRK) current mediated by Kir3.x ion channels. Although
the effects of baclofen were larger than those of 5-HT, the ago-
nists generated currents that were qualitatively similar with a
reversal potential near that predicted by the Nernst
equation for K+ (ca. −90mV; Fig. 2C). To identify the 5-HT recep-
tor subtype mediating the outward currents, we performed
pharmacological analyses with selective ligands. We found that
the 5-HT1A agonist, 7-(dipropylamino)-5,6,7,8-tetrahydro-
naphthalen-1-ol (8-OH-DPAT, 10 µM), generated outward cur-
rents in OFC neurons, and that the selective 5-HT1A antagonist,
WAY100635 (1 µM) prevented outward currents generated by
5-HT (Fig. 2D,E). Importantly, we also found that the 5-HT2A/C
antagonist, ritanserin (4–8 µM), and the 5-HT2A antagonist
MDL100907 (500 nM) did not prevent outward currents gener-
ated by 5-HT, and that the 5-HT1B/D agonist, sumatriptan (1 µM)
had no effect on OFC neurons (Fig. 2E). Together, these results
suggest that the direct inhibition of OFC neurons occurs via the
activation of 5-HT1A-linked GIRK channels.

5-HT2A Receptors Mediate Increased Glutamate Release
in OFC Neurons

Initial experiments examined the effects of 5-HT (10 µM) on
spontaneous, action potential-dependent EPSCs (sEPSCs) that
were isolated from inhibitory synaptic currents via blockade of
GABAA receptors. Serotonin increased the frequency of sEPSCs,
and produced a small increase in the amplitudes of these syn-
aptic currents (Fig. 3A). However, the kinetics of these
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spontaneous synaptic currents were unaltered by 5-HT
(Fig. 3A2). To determine whether action potential-independent
mEPSCs were similarly altered by 5-HT, we measured these
currents after application of the Na+ channel blocker, tetrodo-
toxin (TTX, 500 nM). We found that mEPSCs were unaffected by
5-HT (Fig. 3B), suggesting that 5-HT likely increased action-
potential-dependent glutamate release via depolarization of
neurons presynaptic to the recorded cells. Consistent with this,
5-HT applied in the presence of WAY100635 produced inward
currents in these OFC neurons (Fig. 6A). We next identified the
5-HT receptors involved in the facilitation of action potential-
dependent glutamate release. Similar to 5-HT (Fig. 3), the 5-
HT2A/C agonist (−)DOI (100–500 nM), significantly increased the
frequency of sEPSCs, but did not alter their amplitudes (Fig. 4A).
Inward currents were also observed in OFC neurons with (−)
DOI application when 5-HT1A receptors were blocked with
WAY100635 (500 nM; Fig. 6B-C). Consistent with the effect of
this agonist, 5-HT (10 µM) had no effect on sEPSCs in OFC slices
that were treated with the 5-HT2A/C antagonist, ritanserin (8 µM;

Fig. 4B). Similarly, pre-exposure of OFC slice to the selective 5-
HT2A antagonist, MDL100907 (500 nM), prevented both the
facilitation of sEPSC frequency and inward currents following
5-HT (Figs. 4C, 6A). Together, these experiments suggest that 5-
HT augments glutamate release onto l-OFC neurons via activa-
tion of 5-HT2A receptors located on local circuit neurons within
the OFC-containing brain slices.

Cocaine Exposure Alters 5-HT Signaling in the OFC

Animals exposed to cocaine exhibit impairments in OFC-
dependent cognitive tasks (Jentsch et al. 2002; Schoenbaum
et al. 2004; Schoenbaum and Setlow 2005; Calu et al. 2007;
Takahashi et al. 2013; Lucantonio et al. 2014). Moreover, intact
5-HT signaling is necessary for OFC-dependent behavioral flexi-
bility (Clarke et al. 2004; Roberts 2011; Izquierdo et al. 2012;
West et al. 2013), OFC-dependent reversal learning, and
outcome-based learning (Schoenbaum et al. 1998; Gallagher
et al. 1999; Tremblay and Schultz 1999; Lucantonio et al. 2014).

Figure 1. Electrophysiological characterization of OFC neurons. (A1) Low-power fluorescent image of a brain slice containing the OFC. Regions are labeled according

the atlas of Paxinos and Watson (1982) (M2, secondary motor cortex; PrL, prelimbic cortex; MO, medial orbital cortex; VO, ventral orbital cortex; LO, lateral orbital cor-

tex; DLO, dorsolateral orbital cortex). Note the location of the biocytin-filled, Alexa Fluor-488 labeled neuron indicated by the arrow. (A2) High magnification, confocal

image of the neuron indicated in A1. (B1) Table. Responses of two primary cell types to depolarizing current (600 pA) injection. Neurons were classified as either RS or

FS based on the response to current injection. (B2) Single action potentials from each neuron type in B1 are shown on an expanded time scale. Note the difference in

action potential width and AHP size following the action potential. Parameters (mean ± SEM) of a subset of all recorded neurons are shown in the table at right. All

subsequent figures reflect recordings only from RS neurons located within the LO region.
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Therefore, to test the hypothesis that enduring alterations in
5-HT signaling contribute to impaired OFC function in cocaine
addiction, we measured the effects of 5-HT on OFC neurons
from CSA and yoked control (CYA) animals that had been
withdrawn for 11–73 days (CSA = 49.3 ± 7.0, CYA = 46.3 ± 6.9,

mean ± SEM, n = 32 rats). Effects of 5-HT in these groups were
compared to those obtained in a naïve control group of
animals.

Rats achieved stable rates of CSA by the third session of
training (see Supplementary 1 A), maintaining 35–50 infusions

Figure 2. Postsynaptic effects of 5-HT in OFC neurons are mediated by 5-HT1A receptors. (A1) Time course showing the effect of 5-HT (10 µM) on the amount of current

required to voltage clamp OFC cells (n = 10 cells, 6 rats) at −60mV (Ihold). (A2) Time course of the decrease in input resistance (Rin) during 5-HT application in the same

group of OFC neurons shown in A1. The inset in A1 shows the current response to a voltage step of −10mV from the −60mV holding potential. Note the increase in

step current and the outward shift in the baseline current. (B1) Time course showing the change in Ihold during application of either the GABAB receptor agonist baclo-

fen or 5-HT in the same OFC neuron. (B2) Effects of baclofen and 5-HT on Rin in the same cell as shown in B1. The arrow heads indicate where voltage ramps were

applied and current-voltage (I/V) plots were constructed, as shown in C1 and C2. (C1) An I/V plot made, during the peak baclofen effect, by ramping the membrane

voltage from −64 to −144mV (inset). Note the increase in conductance caused by baclofen. (C2) Currents generated in OFC neurons during the peak effects of 5-HT or

baclofen. Each current was obtained using the stepping protocol shown in C1, with the total current obtained during the predrug control period subtracted from that

obtained during the peak drug effect. Note that although the subtracted current obtained during 5-HT application is smaller than that obtained during baclofen, both

currents reverse near the predicted reversal potential for K+, as determined by the Nernst equation. (D) Time course of the effect 5-HT and of the 5-HT1A receptor

agonist on Ihold in a group of OFC neurons (n = 6 cells, 5 rats). The absence of reversal of 8-OH-DPAT, compared to 5-HT, likely arises from the slow washout of this

drug from the tissue, and the inability of the 5-HT transporter to facilitate its reversal. (E) Effects of 5-HT ligands on Ihold in OFC neurons. The effect of 5-HT (10 µM)

on Ihold alone, and following application of the indicated 5-HT receptor antagonist is shown. Antagonists: (WAY) WAY100635 (1 µM), a 5-HT1A antagonist, (Rit)

Ritanserin (4–8 µM), a 5-HT2A antagonist, (MDL) MDL100907 (500 nM), a 5-HT2A antagonist. The effects of the 5-HT1B/1D agonist, sumatriptan (1 µM), and the 5-HT1A

agonist, 8-OH-DPAT (10 µM) are also shown. Note that both 5-HT and 8-OH-DPAT generated outward currents, and that only WAY antagonized the effects of 5-HT.

This provides evidence that 5-HT1A receptors mediate the inhibitory outward currents in OFC neurons. Each data point was obtained from 4 to 9 rats.
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per 2-h session, and receiving approximately 30–35mg/kg
cocaine from the 3rd to 12th sessions (see Supplementary 1B).
No differences in resting membrane potential (RMP) were
observed among OFC neurons obtained from naïve animals
and those trained to self-administer cocaine (Fig. 5A). Similarly,
the relationship between depolarizing current injected through
whole-cell electrodes and the number of action potentials was
not significantly different among OFC neurons from these
groups, suggesting that neuronal excitability was unaltered by
cocaine experience (Fig. 5B). A previous study has shown that
exposure to cocaine alters signaling at several GPCRs (Hearing
et al., 2013). Therefore, we examined the activation of postsy-
naptic GABAB receptors in OFC neurons from CSA and naïve
animals. The GABAB agonist baclofen (10 µM) generated out-
ward currents of similar magnitude in cells from both groups of
rats (Fig. 5C), suggesting that GPCR function was not generally
altered by cocaine experience. The effects of 5-HT were next
measured in OFC neurons from naïve, CSA, and CYA rats.
Consistent with studies described above (Fig. 2), 5-HT (10 µM)
generated outward currents when its effects were averaged
across all OFC cells from naïve rats (Fig. 5D,E, n = 34 neurons).
This mean effect was obtained from a group of cells in which
44% demonstrated outward currents, and 56% demonstrated
either no change or an inward change in Ihold (nonoutward

currents; Fig. 5E,F). In contrast to OFC neurons obtained from
naïve rats, neurons from either CSA (n = 37 neurons) or CYA
(n = 17 neurons) rats exhibited small inward currents when the
effects of 5-HT were averaged across all cells. Furthermore, the
percentage of neurons demonstrating outward currents in
response to 5-HT was lower in both CSA and CYA groups (14%
and 18%, respectively; Fig. 5E,I), and the percentage of cells in
these groups exhibiting either no response, or inward currents
were higher than naïve controls (CSA = 86%, CYA = 82%;
Fig. 5F). However, when present, the average magnitude of the
outward current in response to 5-HT was similar in cells from
naïve and CSA groups (Fig. 5G,H), despite the lower percentage
of cells exhibiting this response in the CSA group. The differ-
ences in proportions of cells showing inward, or non-inward
currents were statistically different among the 3 groups
(χ2(2) = 7.84, P = 0.02), indicating that contingent or noncontin-
gent exposure to cocaine significantly altered the proportion of
cells expressing a postsynaptic 5-HT1A receptor-mediated
response to 5-HT.

Previous work in layer-V pyramidal neurons of the prelimbic
or anterior cingulate subdivisions of the medial PFCx showed
that inward currents can be activated by 5-HT in a subset of
these cells, and that this was mediated by 5-HT2A receptors
(Beique et al. 2007). Moreover, this inward depolarizing current

Figure 3. Serotonin increases action potential-dependent glutamatergic synaptic transmission in OFC neurons in brain slices from naïve rats. (A1) Individual traces

from a single voltage-clamped OFC neuron showing an increase in action potential-dependent sEPSCs during 5-HT (10 µM) application. (A2) Left, mean cumulative

inter-EPSC interval distribution showing a significant decrease in the interval between sEPSCs during 5-HT application (n = 8 neurons, 5 rats). The inset shows super-

imposed averaged sEPSCs collected during the control and 5-HT application periods, showing no change in sEPSC kinetics caused by 5-HT. Right, mean sEPSC fre-

quency (sEPSC frequency = 1/inter-sEPSC interval) in the absence and presence of 5-HT (**P < 0.01, paired t-test). (A3) Left, mean cumulative amplitude distribution

showing the effect of 5-HT (n = 8 neurons, 5 rats). There was a small increase in the mean sEPSC amplitude during 5-HT application, that is also observed in the

mean sEPSC bar graph at right (**P < 0.01, paired t-test). (B1) Individual traces from an OFC neuron showing a lack of 5-HT (10 µM) effect on action potential-

independent mEPSCs, recorded during blockade of Na+ channels by TTX (500 nM). (B2) Mean cumulative inter-mEPSC interval distribution showing no effect of 5-HT

on mEPSC interval with TTX application (n = 7 neurons, 5 rats). Right, absence of an effect of 5-HT on mean mEPSC frequency (P > 0.05, paired t-test). (B3) Absence of

5-HT effects on mean mEPSC amplitude cumulative distribution in the presence of TTX. Right, a similar lack of effect of 5-HT on mean mEPSC amplitude in TTX

(P > 0.05, paired t-test). These data indicate that the effects of 5-HT on glutamate release are dependent upon action potentials.
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was proposed to mediate an increase in sEPSCs by 5-HT2A recep-
tors in these cells via recurrent synapses (Beique et al. 2007).
Since we also observed inward currents during 5-HT application,
and 5-HT2A-mediated increases in sEPSCs in layer-V OFC neu-
rons, we sought to determine whether the inward currents are
coupled to 5-HT2A receptors, and whether this is altered during
cocaine withdrawal. In naïve brain slices pretreated with the
5-HT1A antagonist WAY100635 (1 µM, n = 9), we observed robust
inward currents in layer-V OFC pyramidal neurons (Fig. 6A,C).
Moreover, these 5-HT-mediated currents were not observed in
a separate population of cells in naïve slices that had been pre-
treated with both WAY100635 and the 5-HT2A antagonist
MDL100907 (500 nM, Fig. 6A,C; n = 17). Application of the 5-HT2A

agonist DOI (500 nM) under these conditions also generated
inward currents in a different group of OFC neurons (Fig. 6B,C;
n = 8). Together, these data indicate that 5-HT2A receptors are
located on OFC neurons and that they mediate excitatory
inward currents in these cells. To determine whether the 5-HT-
mediated inward currents are altered during cocaine with-
drawal we compared them among naïve, CSA, and CYA groups

(Fig. 6C). We found that 5-HT-mediated inward currents in
naïve OFC neurons were significantly larger than those
obtained from CSA and CYA rats (Fig. 6C; one-way ANOVA).
However, the size of these inward currents did not differ
between CSA and CYA groups (Fig. 6C). These data suggest that
cocaine exposure decreases 5-HT2A receptor activation of
inward currents in OFC neurons.

The effects of 5-HT on action potential-dependent sEPSCs
were also compared in neurons from naïve, CSA, and CYA
groups that were withdrawn from cocaine. A comparison of
baseline sEPSCs from neurons in the naïve and CSA groups
revealed no differences in the amplitudes or frequency of these
events (Fig. 7A), suggesting that cocaine experience did not
alter baseline action potential-dependent glutamate release in
OFC. In contrast to the increase in sEPSC frequency caused by
5-HT (10 µM) acting via 5-HT2A receptors (Figs 3 and 4) in OFC
neurons from naïve animals, 5-HT did not alter the mean fre-
quency or amplitude of sEPSCs in OFC neurons obtained from
CSA or CYA animals (Fig. 7B–D). Furthermore, the proportion of
OFC neurons demonstrating no response to 5-HT was

Figure 4. The effects of 5-HT on glutamate release are mediated by 5-HT2A receptors in OFC neurons (compare with effect of 5-HT shown in Fig. 3). (A1) Traces from a

single OFC neuron showing an increase in sEPSCs with application of the 5-HT2A/C agonist (−)DOI (100–500 nM). (A2) (−)DOI (500 nM) increase in the frequency of

sEPSCs, as seen by a decrease in the mean cumulative inter-sEPSC interval (left), and the mean frequency of sEPSCs (right, *P < 0.05, paired t-test, n = 13 neurons, 9

rats). (A3) (−)DOI did not significantly alter sEPSC amplitudes. (B1) Traces showing that pretreatment with the 5-HT2A/C antagonist, ritanserin (Rit, 8 µM), prevents the

effect of 5-HT on sEPSCs (compare with effect of 5-HT in Fig. 3A). The data in B2 and B3 also show that 5-HT had no effect on sEPSC frequency or amplitude following

Rit treatment (n = 9 cells, 5 rats). (C1, C2) Treatment with the 5-HT2A antagonist, MDL100907 (MDL, 500nM), prevents the presynaptic effect of 5-HT on sEPSCs in OFC

neurons (n = 10 cells, 7 rats). Collectively, these data suggest that the effects of 5-HT on sEPSCs are mediated by presynaptic 5-HT2A receptors.
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significantly increased in the CSA and CYA groups compared to
naïve controls (χ2(2) = 12.7, P = 0.0017), suggesting that contin-
gent and noncontingent cocaine exposure impairs serotonergic
control of glutamate release in OFC following withdrawal.

5-HT1A and 5-HT2A Receptor In-Situ Hybridization

Our electrophysiological studies show that both 5-HT1A and
5-HT2A receptor-mediated responses were largely eliminated in
the OFC of rats several weeks following CSA or CYA. To deter-
mine whether this cocaine experience altered mRNA for these
receptors, in-situ hybridization was performed in the OFC of
naïve, and in CSA, and CYA rats that were euthanized 45 days
following the last cocaine experience (Fig. 8). Analysis of mRNA
autoradiograms (Fig 8A,B) revealed that 5-HT1A and 5-HT2A

receptor mRNA expression was affected differently by cocaine
exposure, and this was confirmed with a 2-way ANOVA show-
ing significant interaction between treatment group and recep-
tor (2-way ANOVA, F(2,15) = 7.7, P = 0.005; Fig. 8C). Post-hoc
analysis revealed that whereas 5-HT1A mRNA expression was

not significantly altered following CSA or CYA, 5-HT2A mRNA
was elevated in both groups, compared to naïve control rats
(Sidak’s test, P = 0.04, and P = 0.01, respectively; Fig. 8C).
Therefore, there was a significant treatment effect on the ratio
of 5-HT2A to 5-HT1A mRNA expression (one-way ANOVA,
F(2,15) = 6.9, P = 0.02), and post-hoc analysis showed that these
ratios were significantly elevated in OFC following CSA and
CYA, compared to the naïve control group (P < 0.05, Holm-
Sidak’s test; Fig. 8D). Collectively, these data demonstrate that
there was a significant elevation of 5-HT2A mRNA at 45 days of
withdrawal from CSA and CYA.

Discussion
These studies identify 2 cellular mechanisms through which
5-HT can influence OFC principal cell function. First, activation
of postsynaptic 5-HT1A receptors generates inhibitory out-
ward currents in OFC neurons through the opening of GIRK
(Kir3.x) channels. The second mechanism involves a 5 HT2A

receptor-mediated regulation of the probability of glutamate

Figure 5. The postsynaptic response to 5-HT in OFC neurons is altered in rats exposed to cocaine via self-administration (CSA), or noncontingently, via yoked-

administration (CYA). (A) CSA did not alter OFC neuron RMP, compared to neurons from naïve control rats (n = 19 cells in each group, 9 naïve, and 12 CSA rats). Means

and standard errors are indicated for each group, though the error bars are much smaller than the mean RMPs. (B) CSA did not alter the excitability of OFC neurons, as

determined by the relationship between the size of depolarizing current steps, injected through the patch pipette, and the number of action potentials generated by

these steps (F(1,29) = 0.009075, P = 0.9248, 2-way repeated measures ANOVA). Inset shows representative membrane responses to depolarizing current injection

(+600 pA) in single neurons obtained from naïve and CSA rats. Current steps were injected through the whole-cell electrode in cells recorded at RMP. (C) CSA (n = 7

neurons, 4 rats) did not alter the membrane current generated by activation of GABAB receptors by baclofen, compared to that observed in neurons from naïve rats

(n = 8 neurons, 5 rats; F(1,13) = 0.004642, P = 0.9467, 2-way repeated measures ANOVA). (D) CSA and CYA alter the OFC neuron response to 5-HT. Mean time course of

the effect of bath-applied 5-HT on membrane current in all neurons. In OFC neurons from naïve rats 5-HT generates outward currents, whereas following CSA or CYA

the mean current response is inward. (E) The peak effect of 5-HT on membrane current is shown for each OFC neuron included in the data-set in panel D for naïve,

CSA, and CYA groups. (F) Distribution of membrane current direction (outward or nonoutward) for all OFC neurons included in the analysis. Outward and nonoutward

current responses were partitioned only when the change in current reached a threshold of ±2.5 standard deviations from the mean. Both CSA and CYA significantly

reduced the proportion of neurons exhibiting outward currents, and increased the proportion showing nonoutward currents, in response to 5-HT, as compared to

responses in cells from naïve rats (P < 0.01, Chi-square). (G–I) Mean time courses of membrane current response to 5-HT for all OFC neurons, sorted according to cri-

teria defined in panel F. Note that although outward currents in response to 5-HT are observed in the CSA and CYA groups, the number of cells as a proportion of the

total is smaller than in neurons from naïve rats. In (D–I) the number of cells is indicated in parentheses, and are obtained from 9 to 18 rats in each group.
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release onto OFC principal neurons that may be mediated by
depolarization of OFC neurons forming recurrent collateral
synapses on the recorded cells (Beique et al. 2007). We also
show that exposure to cocaine, either through operant self-
administration or passively through yoked administration,
alters the ability of 5-HT to regulate OFC function.
Specifically, the inhibition of OFC neurons by 5-HT1A recep-
tors, and the increase in glutamate release by 5-HT2A recep-
tors are largely lost following cocaine. Moreover, after
cocaine, 5-HT1A receptors no longer initiate hyperpolarizing
outward currents in OFC principal neurons, but rather, gener-
ate depolarizing inward currents. This switch from net inhib-
ition to excitation by 5-HT may profoundly alter OFC network
activity during cocaine abstinence. Similarly, the loss of

5-HT2A receptor-mediated increase in glutamate release
would be expected to contribute to OFC dysregulation. As
these changes are observed up to several weeks after with-
drawal, they represent enduring alterations in function that
may relate to long-term aspects of cocaine use, such as
relapse and craving.

The changes in 5-HT1A and 5-HT2A receptor-mediated sig-
naling following cocaine experience occur without alterations
in OFC pyramidal neuron RMP, or excitability. Moreover, disrup-
tion of 5-HT1A inhibition occurs in the absence of changes in
GABAB receptor-mediated activation of GIRK, unlike a report in

Figure 6. 5-HT2A receptor activation of depolarizing inward currents is reduced

following CSA, or CYA in OFC neurons in vitro. (A) The inward current caused

by 5-HT, during 5-HT1A receptor antagonism by WAY100635 (1 µM; n = 9 cells,

4 rats), is blocked by the 5-HT2A antagonist MDL100907 (MDL, 500 nM; n = 17

cells, 7 rats). (B) Time course of the inward current caused by the 5-HT2A agonist

DOI during blockade of 5-HT1A receptors by WAY100635 (1 µM) in OFC neurons

(n = 8 cells, 4 rats). The slower onset and lack of reversal of the effect of DOI

likely represents the rate of partitioning into, and diffusion out of the brain

slice. (C) Summary of magnitude of 5-HT2A receptor-mediated inward currents

in OFC neurons obtained from naïve and cocaine-exposed rats. Shown are

responses to 5-HT (10 µM) in cells from naïve rats, and from those withdrawn

from CSA or CYA. Also, shown are the effects of the 5-HT2A antagonist

MDL100907 on the 5-HT response, and the effect of the 5-HT2A agonist DOI in

cells from naïve rats. Naïve, CSA, and CYA data are from cells shown in Fig. 5D.

Note that 5-HT-mediated inward currents are significantly smaller following

CSA or CYA (one-way ANOVA, F4,20 = 183.9, P < 0.0001, P < 0.001, Tukey’s mul-

tiple comparisons test).

Figure 7. The presynaptic response to 5-HT in OFC neurons is altered in rats

exposed to cocaine via self-administration (CSA), or noncontingently, via

yoked-administration (CYA). (A1, A2) CSA does not alter baseline sEPSC fre-

quencies or amplitudes compared to OFC neurons from naïve controls (naïve

n = 34 cells, 19 rats, CSA n = 36 cells, 21 rats). (B1, B2) CSA prevents the 5-HT2A

receptor-dependent increase in sEPSC frequency observed in OFC neurons from

naïve rats (compare with Fig. 3A), and does not alter sEPSC amplitude (n = 36

cells, 18 rats). (C1, C2) CYA prevents the 5-HT2A receptor-dependent increase in

sEPSC frequency observed in OFC neurons from naïve rats (compare with

Fig. 3A), and does not alter sEPSC amplitude (n = 14 cells, 12 rats). (D)

Proportions of OFC neurons showing increased sEPSC frequencies versus no

change in frequencies for naïve, CSA, and CYA groups. The change in the pro-

portion of OFC neurons showing increased sEPSCs upon 5-HT application was

significant (χ2(2) = 12.7, P = 0.0017). Inset bar graphs in A–C indicate mean sEPSC

frequency and amplitude in each indicated group.
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which prelimbic cortex pyramidal neurons exhibited dimin-
ished GABAB receptor-mediated GIRK currents following
repeated cocaine (Hearing et al. 2013). The 5-HT2A-mediated
increase in glutamate release observed in naïve OFC neurons is
prevented by Na+ channel block with TTX, and these receptors
also generate excitatory currents in some OFC neurons. This
suggests a local circuit effect of 5-HT in which glutamatergic
neurons located in OFC are depolarized by 5-HT2A receptors to
modulate other OFC neurons. Consistent with this, inward cur-
rents were observed in layer-V OFC neurons with 5-HT or (−)
DOI when 5-HT1A receptors were blocked, and the 5-HT-
induced inward currents were prevented by 5-HT2A receptor
antagonism. This 5-HT-mediated increase in glutamate release
was lost, and there was a significant decrease in 5-HT-induced
inward currents in OFC neurons following CSA or CYA. This
suggests that a reduction in 5-HT2A depolarization of these
local circuit OFC neurons may be responsible for the absence of
modulation of sEPSCs. Similar effects of 5-HT1A and 5-HT2A

receptor activation in naïve animals have been described in
pyramidal neurons in layer-V of prelimbic or anterior cingulate
subdivisions of PFCx in brain slices from naïve rats and mice
(Beique et al. 2007; Andrade 2011).

Although precise computational roles for these 5-HT-
dependent mechanisms are not yet defined, the modulation of
intrinsic recurrent excitatory networks by 5-HT2A receptors and
control of network input strength by 5-HT1A receptors have
been proposed for other PFCx areas (Andrade 2011). Based upon
this, and our current findings, we hypothesize that activation of
these receptors by 5-HT is integral to the proper function of the
OFC and its involvement in cognitive and behavioral processes,
and disruption of 5-HT receptor signaling by cocaine is central
to the dysregulation of OFC-dependent behavior by this drug.

Our in-situ hybridization data indicate that the relationship
between 5-HT1A and 5-HT2A receptor transcripts is altered by

CSA and CYA. Specifically, in naïve rat OFC, 5-HT1A mRNA
levels are higher than those of 5-HT2A receptors, and this differ-
ence is eliminated by cocaine experience. This change is
accounted for by an increase in 5-HT2A mRNA, with no signifi-
cant change in 5-HT1A mRNA. The lack of significant changes in
5-HT1A mRNA expression implies that the loss of inhibitory
function mediated by this receptor results from its post-
translational modification, internalization, or reduced coupling
to G-proteins. Moreover, as we show that activation of GIRK
currents by GABAB receptors is unaltered by CSA, downregula-
tion of these ion channels cannot explain the reduced 5-HT sig-
naling. The increase in 5-HT2A receptor mRNA following
cocaine is particularly unexpected because modulation of glu-
tamate release by this receptor was lost, and the inward cur-
rent mediated by these receptors was significantly smaller
following CSA or CYA. Therefore, the increase in 5-HT2A mRNA
represents an increase in 5-HT2A receptor expression capacity
that may or may not be associated with increased receptor pro-
tein expression. Related to this, a prior study detected no
change in 5-HT2A receptor protein expression in the PFCx 48 h
after 7 days of experimenter-administered cocaine, but did
observe an increase in 5-HT2A-mediated phospholipase C, and
extracellular regulated kinase activity (Franklin and Carrasco
2015). This study also demonstrated decreased phosphorylation
of 5-HT2A receptors following this cocaine regimen, as well as
diminished G-protein receptor kinase-5 levels (Franklin and
Carrasco 2015). Taken together, our results and those of this
previous study suggest that 5-HT2A receptor mRNA is increased
and the expression of this receptor is unchanged following
chronic cocaine. Therefore, it is likely that altered downstream
signaling is responsible for the changes in physiological coup-
ling that we observe.

It is well established that intact 5-HT function is necessary to
support the behaviorally adaptive functions in which the OFC

Figure 8. In-situ hybridization measurement of 5-HT1A, and 5-HT2A mRNA in rat OFC following either CSA, or CYA, compared to age-matched naïve rats (n = 6 rats

per group, 45 days withdrawal). (A) Digital autoradiograms showing 5-HT1A mRNA labeling in single coronal rat brain sections from rats in each group, at approxi-

mately 3.7mm anterior to bregma (Paxinos and Watson 1982). (B) Digital autoradiograms showing 5-HT2A mRNA labeling in coronal sections from rats in each group,

at approximately 3.7mm anterior to bregma. (C) Mean intensity of 5-HT1A and 5-HT2A probe radioactivity in the l-OFC for each group, measured at location shown

with dashed green rectangle in A and B (*P < 0.05; Sidak’s post-hoc test). (D) Ratio of 5-HT2A to 5-HT1A mRNA expression in the OFC. The relationship between 5-HT1A

and 5-HT2A mRNA was significantly altered by both contingent and noncontingent exposure to the drug (*P < 0.05, Holm-Sidak post-hoc test).
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participates, such as encoding outcome expectancies, response
inhibition, and acquisition of conditioned reinforcement (Roberts
2011; Lucantonio et al. 2012). Moreover, a relationship between
cocaine exposure, 5-HT function, and cognitive flexibility is found
in a study in which genetic deletion of the SERT improves base-
line reversal learning and prevents its impairment following CSA
(Nonkes et al. 2013). Although we find no change in 5-HT levels or
turnover in OFC 4 weeks following CSA (Supplementary Fig. 2),
cocaine is an efficacious inhibitor of the SERT, and this leads
acutely to increased extracellular levels of 5-HT (Hoffman et al.
1991; Torres et al. 2003). Therefore, this may cause altered 5-HT
receptor function and dysregulation of 5-HT control of the OFC.
However, in contrast to our data, another study shows that a 3–8-
week administration of a selective-serotonin reuptake inhibitor
desensitizes 5-HT1A receptors, but spares 5-HT2A receptor func-
tion in OFC (El Mansari and Blier 2005). The discrepancy between
our results and these suggest that the deficit in OFC 5-HT signal-
ing that we report may result from effects of cocaine that are
more complex than intermittent SERT inhibition.

Increased metabolic activity in OFC is observed in human
cocaine addicts in the early stages of cocaine withdrawal
(Volkow et al. 1991), followed by a diminished metabolic response
in latter stages (Volkow et al. 1993; Adinoff et al. 2001; Volkow
et al. 2001; Kim et al. 2005). Moreover, both human (Ersche et al.
2008) and animal studies demonstrate that OFC-dependent rever-
sal learning is impaired following chronic passive (Jentsch et al.
2002; Schoenbaum et al. 2002) or self-administered (Calu et al.
2007; Porter et al. 2011) psychostimulants. Additional work shows
that cocaine exposure disrupts the ability of the OFC to encode
outcome expectancies that are used to guide future behavior and
support learning in rodents (Stalnaker et al. 2006; Lucantonio
et al. 2012, 2014). A notable aspect of the impairments in OFC-
dependent behavior in animal studies, and in OFC 5-HT signaling
that we describe here is that these deficits persist for weeks to
months after the last exposure to cocaine or other psychostimu-
lants (Lucantonio et al. 2012). Collectively, this suggests that
these changes in OFC function may relate to longer-lasting adap-
tations associated with addiction, and it is possible that impaired
5-HT signaling in the OFC may be critical to these behavioral
changes. As the number of days of withdrawal in this study is
broad, an important objective for future studies should be to
more carefully define the temporal constraints of cocaine expos-
ure and withdrawal on altered 5-HT signaling in OFC.

Clinical descriptions of psychostimulant addiction empha-
size maladaptive decision-making and compulsive seeking of
drug despite substantial aversive consequences, and it is
hypothesized that this results at least partly from altered OFC
function. In general, impairments in behavioral tasks involv-
ing the use of outcome expectancies and cognitive flexibility
in animal models of addiction, or in human cocaine addicts,
resemble those observed following damage of the OFC.
Moreover, there is substantial clinical and preclinical litera-
ture supporting a role for 5-HT in regulating OFC activity in
behavior, and addiction, and for its dysregulation in neuro-
psychiatric disorders. We propose that the loss of regulation
of the OFC circuitry by 5-HT following cocaine experience
represents an enduring change that may play a prominent
role in the disrupted decision-making associated with addic-
tion disorders.
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Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/
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