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Abstract

Although dopamine is the most implicated neurotransmitter in the mediation of the pathophysiology of addiction, animal studies
show serotonin also plays a vital role. Cocaine is one of the most common illicit drugs globally, but the role of serotonin in its
mechanism of action is insufficiently characterized. Consequently, we investigated the acute effects of the psychomotor stimulant
cocaine on electrical stimulation-evoked serotonin (phasic) release in the nucleus accumbens core (NAcc) of urethane-anesthe-
tized (1.5 g/kg ip) male Sprague–Dawley rats using N-shaped fast-scan cyclic voltammetry (N-FSCV). A single carbon fiber micro-
electrode was first implanted in the NAcc. Stimulation was applied to the medial forebrain bundle using 60 Hz, 2 ms, 0.2 mA, 2-
s biphasic pulses before and after cocaine (2 mg/kg iv) was administered. Stimulation-evoked serotonin release significantly
increased 5 min after cocaine injection compared with baseline (153 ± 21 nM vs. 257 ± 12 nM; P = 0.0042; n = 5) but was unaf-
fected by saline injection (1 mL/kg iv; n = 5). N-FSCV’s selective measurement of serotonin release in vivo was confirmed phar-
macologically via administration of the selective serotonin reuptake inhibitor escitalopram (10 mg/kg ip) that effectively increased
the signal in a separate group of rats (n = 5). Selectivity to serotonin was further confirmed in vitro in which dopamine was mini-
mally detected by N-FSCV with a serotonin to dopamine response ratio of 1:0.04 (200 nM of serotonin:1 mM dopamine ratio; P =
0.0048; n = 5 electrodes). This study demonstrates a noteworthy influence of cocaine on serotonin dynamics, and confirms that
N-FSCV can effectively and selectively measure phasic serotonin release in the NAcc.

NEW & NOTEWORTHY Serotonin plays a vital role in drug addiction. Here, using N-shaped fast-scan cyclic voltammetry, we
demonstrated the effect of cocaine on the phasic release of serotonin at the nucleus accumbens core. To the best of our knowl-
edge, this has not previously been elucidated. Our results not only reinforce the role of serotonin in the mechanism of action of
cocaine but also help to fill a gap in our knowledge and provide a baseline for future studies in cocaine addiction.

addiction; cocaine; nucleus accumbens; serotonin; voltammetry

INTRODUCTION

Serotonin is a key neurotransmitter with important
roles in physiological neuroplasticity and behavioral
hedonic tone, motivational, and reinforcement proc-
esses, including cognitive functions such as learning and
memory (1, 2). Addiction involves all of these processes

and functions, thus serotonin signaling is increasingly
implicated in substance use disorders (3–6). A meta-anal-
ysis showed that certain polymorphisms (5-HTTLPR) of
the serotonin transporter (SERT) gene (SLC6A4) were
associated with alcohol, heroin, cocaine, and metham-
phetamine dependence and abuse (5). Postmortem stud-
ies of human brains also showed 5-HT2A receptors in the
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prefrontal cortex are functionally altered in opiate
addicts in comparison with control subjects (6).

It has also been suggested that changes in serotonin trans-
mission may account for the emotional components of
addiction, such as anhedonia and depression during drug
withdrawal (2). In addition, animal studies have shown that se-
rotonin receptors in the prefrontal cortex, nucleus accumbens,
and ventral tegmental area modulate dopamine transmission,
where activation of 5HT2A receptors increases dopamine
release whereas 5-HT2C receptor activation does the opposite
tomediate the effects of psychostimulants such as cocaine (1).

Given its emerging role in the pathophysiology of addictive
disorders, measurements of serotonin release in the brain have
been performed in a number of animal studies, with themajor-
ity of studies using in vivo microdialysis techniques (7–9).
Although microdialysis is able to measure multiple analytes
simultaneously, its utility is limited by its relatively low spatio-
temporal resolution and the large dimension of themicrodialy-
sis probe (10–15). For this reason, electrochemical techniques,
such as N-shaped fast-scan cyclic voltammetry (N-FSCV), have
been developed to provide much more rapid measurements of
changes in serotonin extracellular levels with higher spatio-
temporal resolution when combined with carbon fiber micro-
electrodes (CFMs) compared withmicrodialysis (16).

Similar to dopamine release (17, 18), serotonin release is di-
vided into tonic and phasic patterns. For example, in a study
using fiber photometry and single-unit recording in mice, it
was found that in the face of a delayed reward, most sero-
tonin neurons fire tonically during the waiting part and then
phasically on reward acquisition (19). Microdialysis is most
commonly used to measure changes in tonic levels, whereas
N-FSCV is able to measure phasic serotonin release evoked
by electrical stimulation. Previous microdialysis studies
have demonstrated that both acute systematic and intracere-
bral administration of cocaine dose-dependently increases
extracellular concentrations of serotonin in the nucleus
accumbens (8, 20). On that basis, we hypothesize that co-
caine would also lead to increases in phasic serotonin
release, which can bemeasured by N-FSCV.

N-FSCV has been used to study phasic (electrical stimula-
tion-evoked) serotonin release in the substantia nigra pars
reticulata (SNr), striatum, medial prefrontal cortex, and hip-
pocampus (21–25). However, to date, this voltammetric tech-
nique has not been applied in the nucleus accumbens, nor
has the effect of cocaine on serotonin levels been assessed
using this method. Cocaine is one of the most common illicit
drugs of abuse with a high prevalence of use and depend-
ence (26), with an estimate of 5.5 million people in the USA
using it in 2019 (27), and is therefore of immense theoretical
and clinical interest to the healthcare system. Hence, our
aim here is to use N-FSCV to characterize the acute effects of
systemic (intravenous; iv) administration of cocaine and sa-
line on phasic serotonin release in the nucleus accumbens
core (NAcc) compared with baseline.

MATERIALS AND METHODS

Animals

Ten male Sprague–Dawley rats (Envigo) were used for this
study (250–300 g). Rats were kept in social housing in an

Association for Assessment and Accreditation of Laboratory
Animal Care International (AAALAC) accredited vivarium
following a standard 12-h light/dark cycle (lights on: 0600;
lights off 1800) at constant temperature (21�C) and humid-
ity (45%) with ad libitum food and water. The present
study was approved by the Institutional Animal Care and
Use Committee (IACUC), Mayo Clinic, Rochester, MN. The
National Institutes of Health (NIH) Guide for the Care and
Use of Laboratory Animals guidelines (Department of
Health and Human Services, NIH publication No. 86-23,
revised 1985) were followed for all aspects of animal care.

Carbon Fiber Microelectrode Fabrication

Carbon fiber microelectrodes (CFMs) were fabricated
using an established standardized design at Mayo Clinic (28,
29). Briefly, each microelectrode involved isolating and
inserting a single carbon fiber (AS4, diameter = 7 μm;Hexcel,
Dublin, CA) into a silica tube [20 mM inner diameter (ID), 90
mM outer diameter (OD), 10 mM coat with polyimide;
Polymicro Technologies, Phoenix, AZ]. The connection
between the carbon fiber extending out of the silica tubing
was covered with epoxy resin. The carbon fiber in the silica
tubing was then connected to a conductive wire composed
of nitinol (Nitinol No. 1, an alloy of nickel and titanium; Fort
Wayne Metals, IN) coated with a silver-based conductive
paste (28). The carbon fiber-attached nitinol wire was then
insulated with a polyimide tube [0.0089 in. ID, 0.0134 in.
OD, 0.00225 in. wall thickness (WT); Vention Medical,
Salem, NH] up to the carbon fiber sensing tip. The exposed
carbon fiber was then trimmed under a dissecting micro-
scope to a length of �50 mm. Teflon-coated silver (Ag) wire
(A-M systems, Inc., Sequim, WA) was prepared as an Ag/AgCl
counter-reference electrode by chlorinating the exposed tip
in saline with a 9-V dry cell battery. CFMs were pretested in
vitro in a TRIS buffer (15 mM Tris, 3.25 mM KCl, 140 mM
NaCl, 1.2 mM CaCl2, 1.25 mM NaH2PO4, 1.2 mM MgCl2, and
2.0 mMNa2SO4, with the pH adjusted to 7.4) (11) before depo-
sition of a Poly(3,4-ethylenedioxythiophene) PEDOT:Nafion
coating tominimize the effects of biofouling in vivo (30).

Implantation of CFM and Stimulating Electrode

Each rat was anesthetized with urethane (1.5 g/kg ip;
Sigma-Aldrich, St Louis, MO) and administered buprenor-
phine (0.05–0.1 mg/kg sc, Par Pharmaceutical, Chestnut
Ridge, NY) for analgesia. Upon complete anesthesia, rats were
placed in a stereotaxic frame (David Kopf Instruments,
Tujunga, CA) with their body resting on a heating pad (41�C).
Respiratory rate (RespiRAT, Intuitive Measurement Systems),
hind-paw, and tail pinch were used to monitor their physio-
logical state and depth of anesthesia over the entire course of
the experiment. Using a standard rat atlas (31), three trephine
holes were drilled, the first for placement of a CFM into the
NAcc (AP 1.2 mm from bregma, ML 2.0 mm, and DV 6.5–7.5
mm from dura), the second for a stimulating electrode into
the medial forebrain bundle (MFB) (twisted bipolar elec-
trode—Plastics One, MS 303/2, Roanoke, VA, with the tips
separated by 1 mm; AP �4.6 mm from bregma, ML 1.3 mm,
and DV 8–9 mm from dura), and a third for an Ag/AgCl ref-
erence/counter electrode into the contralateral cortex (32)
(Fig. 1A). The MFB is a well-known neural pathway
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Figure 1. In vivo fast-scan cyclic voltammetry (FSCV) measurement in the nucleus accumbens core (Nacc) showing augmented serotonin release in
response to cocaine injection (2 mg/kg iv). Responses were measured following medial forebrain bundle stimulation (60 Hz, 2 s, biphasic, 200 mA, 2 ms
pulse width). A: representative pseudo-color plots before and after cocaine injection (black bars indicate time of stimulation), with the waveform depicted
on the left and the dotted line indicating positions of shown voltammograms. Oxidation current-time traces (B), voltammograms (C), maximum change in
serotonin concentration with medial forebrain bundle (MFB) stimulation at different time points (n = 5) (D), and half-lives from peak (E). Black bars repre-
sent electrical stimulation (2 s). �Statistical significance after Bonferroni correction (for three tests, the P value was reduced to 0.05/3=0.017).
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through which serotoninergic axons from serotonin-con-
taining cells in the dorsal raphe nucleus project to the
NAcc (33, 34).

Drug Administration, Voltammetric Recordings, and
Processing

The depths of the stimulating electrode in the MFB and
the CFM in the NAcc were first carefully adjusted to obtain a
robust stimulation-evoked signal. N-FSCV (0.2 V, 1.0 V, �0.1
V; 1,000 V/s; 10 scans/s) was applied, as described in the lit-
erature (16). After stabilization of stimulation-evoked base-
line responses, the tail vein was cannulated, and saline was
injected (1 mL/kg iv). Stimulation (60 Hz, 2 ms, 0.2 mA, 2-s
biphasic pulses) was applied three times (at 5, 10, and 20
min) to ensure consistent stable responses. At 10 min after
the last stimulation, cocaine hydrochloride (Sigma-Aldrich,
St. Louis, MO) was administered in a single intravenous (iv)
bolus of 2 mg/kg (salt weight). Stimulation-evoked voltam-
metric responses were recorded at 5, 10, 20, 30, 40, 50, and
60 min postinjection. Voltammetric recordings and process-
ing were performed using a wireless neurochemical sensing
system developed by our laboratory, the WINCS (Wireless
Instantaneous Neurotransmitter Concentration Sensing
System) Harmoni system (35). In-house developed software
(WINCSWare) was used for recording and for data analysis.

Calibration of Electrodes

In vitro analysis of N-FSCV was performed using a flow
injection system (36). A CFM was placed at the center of an
acrylic chamber that was connected with a flanged fluid line
(BOLA, Germany) to a switching valve (Rheodyne MX series
II, IDEX Health & Science). The flow stream was controlled
and maintained at a rate of 2 mL/min by a syringe pump
(Harvard Apparatus, Holliston, MA). During the constant
injection of buffer solution, a known fixed concentration of
analyte was injected as a bolus for quantification by N-FSCV.

In Vitro and In Vivo Confirmation

To confirm that the analyte recorded in vivo by N-FSCV
was serotonin, both in vitro and in vivo tests were per-
formed. The key analyte to distinguish from serotonin is do-
pamine; since not only is the nucleus accumbens known to
have a high concentration of dopamine, but cocaine is both
a dopamine and serotonin reuptake inhibitor (37). Also, pre-
vious studies showed that stimulation of MFB can lead to
release of phasic dopamine (38). For in vitro confirmation,
N-FSCV voltammograms were measured with serotonin con-
centrations of 200 nM and 500 nM, and dopamine concen-
trations of 200 nM, 500 nM, and 1 mM in the flow cell
apparatus (n = 5 electrodes). Dopamine concentrations that
are considered higher than physiological concentrations
were chosen to amplify any possible interference. For in vivo
confirmation, the selective serotonin reuptake inhibitor
(SSRI), escitalopram (ESCIT, 10 mg/kg ip) was administered
instead of cocaine to confirm enhancement of the evoked
signal (MFB stimulation: 60 Hz, 2 ms, 0.2 mA, 2-s biphasic
pulses applied every 10 min, 6 times). Intraperitoneal
administration of escitalopram was chosen to confirm the
presence of serotonin based on previous studies in the litera-
ture (21, 23). Here, the 5-min postinjection recording was

omitted as intraperitoneal injection takes relatively longer
for absorption compared with intravenous injections.

Histological Analysis

CFM and stimulation electrode trajectories were con-
firmed by histological analysis. Brains removed from eutha-
nized animals were immersed in 4% paraformaldehyde
overnight for fixation. After fixation, 60-μm coronal sections
were cut on a freezing microtome. The sections were
mounted on glass slides and stained with cresyl violet. The
location of the stimulating and CFMs were identified under
light microscopy.

Statistical Analysis

Statistical analysis was performed using two-tailed paired
t tests in Prism 8 (GraphPad, CA). Significance was set at P <
0.05. Bonferroni correction was performed where appropri-
ate. In the cocaine experiments, three planned paired t tests
were performed (baseline vs. saline, response at 5 min after
cocaine administration, or 60 min after cocaine administra-
tion; within-subject comparison) for both the peak serotonin
releases and half-lives. The half-life is defined as the time
interval between the two points where the serotonin level
was half of the maximum at its peak. In the escitalopram
experiments, baseline was compared against responses
taken at 20-min postinjection (within-subject comparison).
The half-lives at the said time intervals were also compared
using two-tailed paired t tests. In vitro test results were com-
pared using paired t tests (within-subject comparison). All
concentration values are presented as themeans ± SE.

RESULTS
The representative pseudo-color plots, voltammograms,

and current-time traces of one representative rat experi-
ment are shown in Fig. 1, A–C, which indicate an increased
evoked serotonin response after cocaine administration.
The overall result is summarized in Fig. 1D, where the
increase in evoked release of serotonin in the NAcc occurred
within 5 min of administration of cocaine. Serotonin-evoked
release increased by 1.7-fold (257± 12 vs. 153±21 nM; P =
0.0042, n = 5 rats) at 5 min after cocaine administration, com-
pared with baseline values. In contrast, post-saline responses
were not different from baseline-evoked responses (152±18
nM; P = 0.983; n = 5 rats). There was a gradual decay after the
response recorded at 5 min with the evoked responses falling
below baseline at 60 min after cocaine administration (P =
0.0488). However, this was not statistically significant follow-
ing a Bonferroni correction (for three tests, the P value was
reduced to 0.05/3=0.017). Cocaine administration signifi-
cantly (P = 0.0005; n = 5 rats) increased the half-life decay of
the evoked response by 1.35-fold (1.90±0.09 vs. 2.57±0.04 s)
at 5 min compared with saline control (2.04±0.09 s; P = 0.06;
Fig. 1E).

We confirmed the N-FSCV measurements to be specific to
serotonin using the SSRI escitalopram (Fig. 2). Stimulation-
evoked responses significantly increased 20 min after escita-
lopram administration and gradually reduced over time
(baseline: 20 min after ESCIT administration, P = 0.0151, Fig.
2C). These changes are exemplified in the representative fig-
ures in Fig. 2, A and B. Escitalopram enhancement of the
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evoked responses was more delayed compared with intrave-
nous cocaine administration, since escitalopram was admin-
istered intraperitoneally. Importantly, supra-physiological
concentrations of dopamine in vitro caused minimal inter-
ference/detection (Fig. 3, A and B), validating that N-FSCV
specifically measures serotonin. The response for freshly
prepared CFMs was 100:4 for serotonin:dopamine (200 nM
of serotonin:1 mM of dopamine ratio; P = 0.0048; n = 5 elec-
trodes; Fig. 3C).

Histological analysis (see APPENDIX) verified that both the
recording CFM and stimulating electrode were accurately
implanted into the NAcc andMFB, respectively (n = 9 or 10).

DISCUSSION
We used N-FSCV and observed that systematic administra-

tion of cocaine led to an increase in evoked phasic serotonin
release in the NAcc. The utility of N-FSCV in detecting sero-
tonin rather than dopamine was confirmed by administration
of escitalopram in vivo and in vitro application of dopamine

using the same waveform. As recorded in various brain
regions (Table 1), N-FSCV recordings of evoked serotonin
release typically provides a much lower signal-to-noise ratio
and is therefore technically more challenging to obtain a ro-
bust signal compared with dopamine recordings using FSCV.
However, both in vitro and in vivo confirmation experiments
evidenced that the cocaine-related changes detected by N-
FSCV aremost likely to be changes in evoked serotonin levels.

Comparison with Previous Literature

Comparing our findings with those of microdialysis stud-
ies makes little sense. As discussed in INTRODUCTION,
although N-FSCV has important advantages over microdial-
ysis, it has its limitations. It cannot record tonic levels due to
its need for subtraction of large capacitive currents. Also,
stimulation is required to evoke the release of serotonin for
measurement.

In addition, it is difficult to perform a direct comparison
with previous N-FSCV studies in the literature, as no prior

A B

C

Figure 2. Pharmacological in vivo confirmation using escitalopram (ESCIT; 10 mg/kg ip). A: representative pseudo-color plots. B: voltammograms. C: com-
parison of peak evoked serotonin release showing the evoked response increased 10 min after escitalopram administration, remained augmented, and
gradually decayed in a similar manner observed with cocaine administration but more slowly. �Statistical significance.
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studies of N-FSCV were performed in the nucleus accum-
bens. As a reference, results of some previous N-FSCV from
the literature are given in Table 1. Two studies used
Sprague–Dawley rats and MFB stimulation as with our study
but focused on the SNr rather than the nucleus accumbens
(39, 40). The stimulation parameters are similar except the
authors used 300–350 mA current amplitude, which is
around 50% higher than that in our study. The values
obtained from these studies were �12.8 nM, which is 10
times smaller than what we observed even before pharmaco-
logical intervention. The discrepancy between values in our
study is most likely attributed to the difference in recording
locations. The SNr is traditionally thought of as one of the

most densely innervated areas of the brain by serotonin neu-
rons (41). Although the SNr may have a higher tonic (basal)
serotonin extracellular level, our results suggest the nucleus
accumbens has a higher phasic evoked response. The other
possible explanation of the differences is that MFB stimula-
tion may result in activation of the recurrent inhibitory col-
laterals of SNr projection cells onto serotonergic axonal
terminals in the SNr, thus resulting in a lower level of sero-
tonin release in the SNr, compared with the NAcc, following
MFB stimulation (42). Further studies with more refined
electrochemical methods may be able to verify this possibil-
ity. Also, our electrodes were calibrated individually at the
end of the experiments but in the two cited studies they

A B

C

Figure 3. In vitro confirmation in a flow cell apparatus showing that dopamine does not result in a significant oxidation signal compared with serotonin.
Pseudocolor plots (left dotted line denotes time of injection and right one denotes where the voltammograms were taken) (A), voltammograms (B), and
summary of peak oxidation currents (C). n = 5 electrodes. �Statistical significance after Bonferroni correction (for 3 tests, the P value was reduced to
0.05/3=0.017).
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were calibrated with a standardized nM:nA conversion fac-
tor. This may also partly account for the differences between
our values.

Another point of interest is the magnitude of increase
following administration of SSRIs. Following escitalo-
pram and citalopram administration, previous studies
reported several-fold increase in evoked serotonin release
(21, 23, 39). However, in the present study, there was only
around a 50% increase following escitalopram injection,
although it reached statistical significance. It appears
that the serotonin release in the NAcc is less affected by
SSRIs, compared with that in the SNr and hippocampus.

We previously stimulated MFB with the same parameters
as the present study to assess accumbal phasic dopamine
release (38). We found the evoked dopamine release to be
330 nM, which is around twice the evoked serotonin release
found in this study. Also, cocaine increased MFB-stimula-
tion evoked dopamine release by 2.6-fold in our previous
study, whereas in the present study evoked serotonin release
increased by 1.7-fold. This is consistent with the general
understanding that the predominant monoamine in nucleus
accumbens is dopamine, rather than serotonin. However,
the amount of evoked serotonin release in nucleus accum-
bens, which has not been studied before, is significant and

should therefore be studied further, including with other
drugs.

Nucleus Accumbens Core and Serotonin

At the nucleus accumbens core, serotonin was found
to be important in glutamate homeostasis as SERT
knockout mice showed a reduction of glutamate signaling
after prolonged self-administration of cocaine (43). This
may partly explain the increased consumption of cocaine
in such subjects. In addition, by applying serotonin recep-
tor (5-HT2C) agonist (Ro 60-0175) to a rat experimenter-
administered model, it was shown that 5-HT2C receptors
modulate postsynaptic dopamine activity at the NAcc
and inhibits cocaine-induced hyperlocomotion (44).
Furthermore, intranucleus accumbens application of Ro
60-0175 led to dose-dependent excitation (0.1 mM) and in-
hibition (1 mM) of cocaine-induced dopamine outflow
(45). These studies demonstrate the intricate relation-
ship between 5-HT2C receptors, dopamine, and cocaine-
induced hyperlocomotion.

Apart from 5-HT2C, 5-HT1A receptor at the nucleus
accumbens is also shown to be important in cocaine-
induced behavioral changes. Local application of 5-HT1A
receptor agonist at the nucleus accumbens potentiated

Table 1. N-shaped fast-scan cyclic voltammetry study from the literature

Species Recording Site Stimulating Target Stimulation Parameters Evoked Serotonin Response

Jackson and Wightman (22) Sprague–Dawley
rats

Striatum (caudate-
putamen)

MFB 60 Hz
2 ms pulse width
300 mA
Trains of 180 pulses (3 s)

Up to 5.4 mM after pharmaco-
logical manipulation
(including nomifensine)

Hashemi et al. (39) Sprague–Dawley
rats

SNr DRN 60 Hz
2 ms pulse width
300 mA
2 s in duration

�12.7 nM
Increased to �50 nM with cit-
alopram

Half-life increased from 1.7 s
to 5.2 s

Hashemi et al. (40) Sprague–Dawley
rats

SNr MFB or DRN 60 Hz
2 ms pulse width
350 mA
2 s in duration

�12.8 nM
Half-life is �1.8 s

Wood and Hashemi (21) C57BL/6J mice SNr MFB 60 Hz
2 ms pulse width
250 mA
2 s in duration

�28 nM
Increased to �98 nM with
escitalopram but
decreased to 71.5 nM at
120 min

Half-life increased from 3.7 s
to 5.7 s over 10 min and to
7.1 at 120 min

Saylor et al. (23) C57BL/6J mice Hippocampus MFB 60 Hz
2 ms pulse width
360 mA
2 s in duration

�32 to 35 nM
Half-life 2.1 sIncreased post-
drug by several fold
depending on the dose of
escitalopram

West et al. (24) C57BL/6 mice Medial prefrontal
cortex

MFB 60 Hz
4 ms pulse width
350 mA
2 s in duration

�35 nM
Escitalopram affects release
in a variable manner

Our study Sprague–Dawley
rats

Nucleus accumbens
core

MFB 60 Hz
2 ms pulse width
200 mA
Trains of 120 pulses

153 nM increased to 257 nM
5 min after iv cocaine 2
mg/kg; half-life increased
from 1.9 s to 2.6 s

In a separate group, at 10 min
after ip escitalopram 10 mg/
kg, it increased from 146
nM to 217 nM

DRN, dorsal raphe nucleus; MFB, medial forebrain bundle; SNr, substantia nigra, pars reticulata (21–24, 39, 40).
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cocaine-induced hyperlocomotion, but attenuated rearing
behavior in a dose-dependent fashion (46).

In addition, administration of the SSRI fluoxetine has
been shown to decrease self-administration of cocaine in
rodent studies (47, 48). Local injection of sertraline at the nu-
cleus accumbens also abolished the preference of subchroni-
cally cocaine-treated, abstinent rats for a cocaine-associated
environment in a conditioned place preference paradigm
(49). This again shows the eminent role of serotonin in co-
caine-induced behavior.

In summary, all these studies demonstrate a distinct role
of accumbal serotonin in the mechanisms of action of co-
caine, and our study shows that N-FSCV is another feasible
way to study serotonin release at the nucleus accumbens,
particularly the phasic pattern.

Although cocaine is a known dopamine and serotonin
reuptake inhibitor (37), its effect on electrical stimulation-
evoked release of serotonin in the nucleus accumbens core

has not previously been elucidated. In this study, we used N-
FSCV to demonstrate the magnitude of increase caused by
acute systematic administration of cocaine. Our results rein-
force a role of serotonin in the mechanism of action of co-
caine. This may help to fill a gap in our knowledge and
provide a baseline for future preclinical and treatment stud-
ies in cocaine addiction.

APPENDIX

Slides for histological analysis (Figs. A1 and A2) were pre-
pared as described in the text and were compared with a
standard atlas (31).
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Figure A1. The tracks of the stimulating electrode were also identified and plotted (n = 10), showing most targets are within the medial forebrain bundle.
Images from the Paxinos and Watson Atlas (31) are reproduced by permission from Elsevier.
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