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Abstract
Rationale The low self-administration (LS)/Kgras (LS) and
high self-administration (HS)/Kgras (HS) rat lines were gen-
erated by selective breeding for low- and high-intravenous
cocaine self-administration, respectively, from a common out-
bredWistar stock (Crl:WI). This trait has remained stable after
13 generations of breeding.
Objective The objective of the present study is to compare
cocaine preference, neurotransmitter release, and dopamine
receptor activation in LS and HS rats.
Methods Levels of dopamine, acetylcholine, and cocaine
were measured in the nucleus accumbens (NA) shell of HS
and LS rats by tandem mass spectrometry of microdialysates.
Cocaine-induced locomotor activity and conditioned-place
preference were compared between LS and HS rats.

Results HS rats displayed greater conditioned-place prefer-
ence scores compared to LS and reduced basal extracellular
concentrations of dopamine and acetylcholine. However, pat-
terns of neurotransmitter release did not differ between strains.
Low-dose cocaine increased locomotor activity in LS rats, but
not in HS animals, while high-dose cocaine augmented activ-
ity only in HS rats. Either dose of cocaine increased immuno-
reactivity for c-Fos in the NA shell of both strains, with greater
elevations observed in HS rats. Activation identified by cells
expressing both c-Fos and dopamine receptors was generally
greater in the HS strain, with a similar pattern for both D1 and
D2 dopamine receptors.
Conclusions Diminished levels of dopamine and acetylcho-
line in the NA shell, with enhanced cocaine-induced expres-
sion of D1 and D2 receptors, are associated with greater re-
warding effects of cocaine in HS rats and an altered dose-
effect relationship for cocaine-induced locomotor activity.

Keywords Conditioned-place preference . Dopamine D1
receptor . Dopamine D2 receptor . Nucleus accumbens shell .

Reward . Selective breeding . Self-administration

Introduction

Although family, twin, and adoption studies in humans indi-
cate that genetic factors play a significant role in the etiology
of substance abuse disorders, it has been difficult to identify
the specific genes involved (Faraone et al. 2008). Knowledge
of the genetic elements that influence substance abuse would
likely contribute to the diagnosis and treatment of these con-
ditions. Breeding of model organisms under selective pressure
allows for the unbiased enrichment of genetic variants
influencing a given biologic trait, independent of any knowl-
edge of the underlying mechanisms (Weiss et al. 2008), and
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therefore has the potential to provide new insights into the
neurobiology of addictive behaviors that are not based on
initial preconceptions.

Intravenous drug self-administration remains one of the
preferred animal models of drug-reinforced behavior.
Substances abused by humans are reliably self-administered
by mice, rats, and monkeys (Collins et al. 1984; Haney and
Spealman 2008). Animals are typically trained to respond at
high operant levels to obtain drug infusions, using appropriate
controls for non-drug reinforcers. The low self-administration
(LS) and high self-administration (HS) rat strains were devel-
oped in our laboratory through selective breeding of Wistar
rats for low and high levels of intravenous drug self-
administration (He et al. 2008). Self-administration of low-
dose (0.1 mg/kg-injection) cocaine exhibited the largest
change after selective breeding, with HS rats self-
administering approximately fivefold more than their LS
counterparts. Importantly, LS and HS do not differ in food-
reinforced behavior. Although a number of rodent strains have
been selected for differential responding to drugs of abuse
based on oral intake (Bell et al. 2006), to our knowledge, LS
and HS are the only lines based on intravenous cocaine self-
administration.

The neurotransmitter dopamine plays a key role as a medi-
ator of drug reward (Ikemoto et al. 2015). Cocaine and other
drugs of abuse act by rapidly increasing dopamine release
beyond its normal physiologic range. Cell bodies of dopami-
nergic neurons reside in the ventral tegmental area (VTA), and
project to various limbic brain structures, including the stria-
tum and its ventral projection, the nucleus accumbens (NA)
(Sesack and Grace 2010). The majority of neurons in the stri-
atum are medium spiny neurons that release GABA, making
up its main output (Yager et al. 2015). Based on their anatomic
projections and functional roles, medium spiny neurons can
be divided into two different phenotypes. These include direct
pathway neurons that express dopamine D1 receptors (D1Rs)
and have primarily excitatory influences on movement and
reward and indirect pathway medium spiny neurons express-
ing D2 receptors (D2Rs) that most often have inhibitory ef-
fects (Gardoni and Bellone 2015; Volkow and Morales 2015).
Given their very different effects on reward, altered function
of direct and indirect pathway neurons could underlie genetic
influences on the propensity for drug use.

In addition to the well-known actions of dopamine, both
the NA and VTA are richly innervated with neurons that re-
lease acetylcholine, which can similarly modulate reward be-
havior in a complex manner (Lester et al. 2010). Based on this
neuropharmacology, genetic influences on the function of do-
pamine and acetylcholine have the potential to modify an
individual’s response to cocaine. Individual differences in
the absorption and metabolism of abused substances are yet
another means through which vulnerability to drugs of abuse
differs with genotype. Although only limited data are

available, one study found that brain concentrations of cocaine
and its major metabolites varied significantly across different
mouse strains (Wiltshire et al. 2015). Therefore, genetic fac-
tors that augment tissue levels of cocaine are likely to influ-
ence the responsiveness of different individuals.

This study was undertaken to make an initial assessment of
the broad phenotypic differences underlying reward behavior
in LS and HS rats to more fully understand how this selected
model compares to human models of addiction. Firstly, we
estimated genetic heterogeneity in both strains. Secondly,
in vivo microdialysis was used to compare concentrations of
dopamine, acetylcholine, and cocaine in the NA shell. Finally,
we compared cocaine-induced conditioned-place preference
and locomotor activity in LS and HS rats. In these animals,
cocaine-induced activation of immediate early genes and ac-
tivation of direct and indirect pathways were also determined
in brain reward regions. Our general hypothesis was that LS
and HS animals would differ in one or more of these broad
areas.

Materials and methods

Animal care and maintenance

Rats were evaluated according to standards outlined in the
Committee for the Update of the Guide for the Care and Use
of Laboratory Animals (2011), with procedures approved by
the Kansas City VA Animal Care and Use Committee. The
LS/Kgras (LS, strain 536) and HS/Kgras (HS, strain 537) lines
were resuscitated from frozen embryos stored at the Rat
Resource and Research Center, Columbia Missouri (http://
www.rrrc.us/).

For all experiments, male and female rats were initially
allowed to develop with ad libitum food and water under a
standard light-dark cycle. Food restriction enhances animal
health (McShane and Wise 1996) and drug-reinforced behav-
ior (Bell et al. 1997; Cabeza de Vaca and Carr 1998). Starting
at 10 weeks of age, animals were single-housed with food
restricted to 13 or 14 g of standard rat chow daily, for female
and male rats, respectively. Drinking water continued to be
available ad libitum. To facilitate operant responding, rats
were maintained under a reversed light-dark cycle (12 h of
darkness beginning at 4:00 a.m., followed by 12 lighted
hours).

Microdialysis for determination of brain levels
of dopamine, acetylcholine, and cocaine

CMA 12 Eli te microdialysis probes wi th 2 mm
polyarylethersulphone membranes were purchased through
Harvard Apparatus (Holliston, MA). After being anesthetized
with 50 mg/kg of intraperitoneal pentobarbital, rats were

2476 Psychopharmacology (2017) 234:2475–2487

http://www.rrrc.us/
http://www.rrrc.us/


implanted with a unilateral guide cannula aimed at the right NA
shell (1.7 mm anterior, 1.0 mm lateral, and 6.0 mm ventral to
bregma). Following at least 3 days of recovery from surgery, rats
were connected to tethers (M115TS, Instech Laboratories,
Plymouth Meeting, PA) and allowed 3-day acclimation.
Approximately 16 h prior to initial injections, microdialysis
probes were inserted through guide cannulas and perfused with
artificial cerebrospinal fluid (147 mM NACl, 2.7 mM KCl,
1.0 mM NaH2PO4, 1.4 mM Na2HPO4, 2.1 mM MgCl2, and
0.1 μM neostigmine, pH 7.4). Neostigmine at this concentration
is recommended as part of a standardized protocol to detect
acetylcholine in the brain through microdialysis (Noori et al.
2012). After overnight flow at 0.1μL/min, the ratewas increased
to 0.75 μL/min at the onset of the lighted phase (4:00 a.m.).
Beginning 2 h later, dialysate samples were collected at 20-min
intervals into vials that contained 1.0 μL of antioxidant (20 mM
oxalic acid and 2.0 M acetic acid). After collection of three
baseline samples, rats received single, intraperitoneal injections
of saline (time 0), low-dose cocaine (3.2 mg/kg, 1.33 h), and
high-dose cocaine (16.0 mg/kg, 3.33 h). Samples were stored
at −80 °C until analysis, with brain tissue fixed as outlined in the
following. To verify probe locations, brains were sectioned at
40 μM using a cryostat (Leica Biosystems, Buffalo Grove, IL).

Determinations of dopamine, acetylcholine, and cocaine
were made by tandem mass spectrometry using a TSQ
Quantum Access MAX triple quadrupole mass spectrometer
(Thermo Fisher Scientific, West Palm Beach, Florida). Acid-
stabilized 10 μL aliquots of dialysate were injected by a re-
frigerated autosampler (5 °C) onto a Waters column (model
HSS T3, 2.1 × 150 mm, particle size 2.5 μM, part number 186
00 6739). Mobile phase consisted of 5 mM formic acid and
5.0% acetonitrile (aqueous component, solution A) and 5 mM
formic acid in acetonitrile (organic component, solution B).
Sample injections were performed as solution Awas running
at a flow rate of 0.6 mL/min. Continuing at the same flow rate,
solution B was increased from 0 to 30% between 0.5 and
2.5 min after sample injection, 30 to 90% between 2.5 and
4.3 min, and finally from 90 to 0% between 4.8 and 5.0 min.
Chromatographic peaks were identified using mass transitions
of dopamine, 154 > 91 m/z; acetylcholine, 146 > 87 m/z; and
cocaine, 304 > 182 m/z.

Conditioned-place preference with activation of c-Fos
and dopamine receptors

Conditioning was performed with three-chamber polycarbon-
ate shuttle boxes using an unbiased procedure. These
consisted of three distinct compartments: two at either end
for conditioning (black or white in color, both measuring
22.5 cm long, 30.2 cm wide, and 26.8 cm tall) and a central
area (gray, 13.8 cm long, 30.2 cm wide, and 26.8 cm tall). The
floor of black compartment was constructed of metal bars
5 mm in diameter spaced 1.5 cm apart (Med Associates part

number ENV-013WR), the floor of the white compartment
was made of a wire-mesh grid (ENV-013BM), and the gray
compartment had a smooth polycarbonate floor. Shuttle boxes
were enclosed within larger sound-attenuating chambers each
equipped with two ventilation fans that supplied white noise.
Three soft-white incandescent bulbs (4 W) on the inside of
these chambers were mounted above each of the compart-
ments to eliminate shadows and provide dim illumination
(4.0 lx). For conditioning, partitions were inserted to constrain
animals to either the black or white compartments. Test ses-
sions were conducted by giving rats free access to all three
compartments over 20 min. During test sessions, different
colored compartments were separated by openings that were
2.5 cm off the floor, 9.0 cm wide, and 11.5 cm high, with a
rounded top. Infrared beams passed through eight holes along
the sides of shuttle boxes, allowing computer monitoring of
locomotor activity and animal location using Med Associates,
Inc. software and instrumentation (ENV-253SD, ENV-258-8,
and ENV-256C). We recorded both consecutive activations of
the same infrared detector (showing repeated activity in one
place, which may reflect stereotypy) and activation of two
different detectors (reflecting linear activity across the cage).

Table 1 shows the timing of cocaine doses, behavioral mea-
sures, and tissue collection. To allow habituation, rats were
handled over 2 days, allowed free access to shuttle boxes for
10 min, and given an initial test session prior to cocaine injec-
tions. Conditioning sessions were conducted on four consec-
utive days during two 25-min sessions, separated by at least
4 h. Rats of either strain were randomly assigned to three
treatments: saline (vehicle) twice daily, saline in the morning
with afternoon low-dose ascending doses of cocaine, and sa-
line in the morning with afternoon high-dose ascending doses
of cocaine.

Table 1 Timeline of conditioned-place preference procedures, cocaine
doses, and brain tissue collection

Phase Day Conditioning session
number

Cocaine dose (mg/kg)

Low High

Handling 1, 2

Habituation 3, 4

Test session 1 5

Conditioning 6 1, 2 0.7 2.0

7 3, 4 1.3 4.0

8 5, 6 2.7 8.0

9 7, 8 5.3 16.0

Delay 10, 11

Test session 2 12

Final injection 13 5.3 16.0

Three hours after a final intraperitoneal injection, rats were deeply anes-
thetized with pentobarbital and perfused with paraformaldehyde
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Shuttle boxes were washed with detergent and warm water
after each use. To conceal their orientation, rats were
transported under an opaque cover. Because it can enhance
the magnitude of conditioned-place preference in mice (Itzhak
and Anderson 2012; Conrad et al. 2013), we utilized an as-
cending schedule of cocaine dose. Cocaine injections were
paired with the side of shuttle boxes that animals spent less
time in during their first test session. Both saline and cocaine
were administered intraperitoneally, and chambers were
cleaned with detergent following each session. Infrared beam
interruptions were used to quantify locomotor activity during
conditioning sessions and time spent in different compart-
ments for test sessions. A second test session was conducted
72 h after the final conditioning session to determine cocaine
preference without injecting rats.

Immunofluorescence staining

One day following the final conditioned-place preference test
session, rats received a second injection of their final treatment
(vehicle or cocaine, 5.3 or 16.0 mg/kg). Three hours later, they
were anesthetized by intraperitoneal injection of 50 mg/kg of
sodium pentobarbital. Rats were then perfused through the
ascending aorta with ice-cold 0.1M phosphate-buffered saline
(PBS) pH 7.4 followed by 0.1 M PBS containing 4% (w/v)
ice-cold paraformaldehyde using a peristaltic pump. Perfused
brains were stored in 4% paraformaldehyde overnight at 4 °C.
Brains were then cryoprotected in 0.1 M PBS with 20% su-
crose at 4 °C until the tissue sank, followed by in 0.1 M PBS
with 30% sucrose at 4 °C, again until sinking. They were then
cut into 2-mm sections containing the NA shell and core,
caudate putamen (CPu), VTA, and dentate gyrus (DG), ac-
cording to the brain atlas of Paxinos and Watson (1986).
Values from the hippocampal DG served as a control region
not typically associated with drug-reinforced behavior. Blocks
were mounted on weight boats using tissue embedding medi-
um (Sakura Finetek USA, Torrance, USA) and stored at
−80 °C.

Brains were cut into 15-μm coronal sections on a cryostat
microtome (Leica Biosystems, Buffalo Grove, IL). The sec-
tions were again fixed in 4% paraformaldehyde in 0.1 M PBS
for 10 min at room temperature (RT), washed three times with
PBS, permeabilized with 0.5% Triton X-100 in PBS for
15 min, and blocked with 10% bovine serum album in PBS
for 1 h at RT. The sections were then incubated with sheep
anti-c-Fos (1:500, CBL440,Millipore, Temecula, USA), com-
bined with either mouse anti-dopamine D1R (1:1000, NB110,
Novus Biologicals, Littleton, USA) or rabbit anti-dopamine
D2R (1:500, AB5084P, Millipore, Temecula, USA) antibod-
ies over 48 h in a humidified chamber at 4 °C. When different
dopamine receptors were expressed S9 cells, the Novus
NB110 antibody identified dopamine D1 but not D2 or D3
receptor subtypes in immunoblot experiments (Luedtke et al.

1999). For the D2R antibody, Western blot data provided by
the manufacturer comparing lysate from rat, mouse, and hu-
man brain showed no obvious activity against D1, D3, or D4
receptors.

Next, the sections were incubated with Alexa Fluor 488
Donkey Anti-Sheep IgG (1:1000, A11015, Molecular
Probes, Grand Island, USA). This was combined with either
Alexa Fluor 555 Goat Anti-Mouse IgG (1:1000, A21424,
Molecular Probes) or Alexa Fluor 647 Goat Anti-Rabbit IgG
(1:1000, A21245, Molecular Probes) secondary antibodies for
2 h at RT. Coverslips were mounted onto microscope slides
using fluorescence mounting medium containing DAPI
(H-5000, Vector Laboratories, Burlingame, USA). The sec-
tions were imaged with a Nikon Eclipse fluorescence micro-
scope (ShowMe Optical, Kansas City, MO). Counts of c-Fos-
immunoreactive nuclei were performed by an observer who
was blind to treatment group, using NIS-Elements imaging
software. Immunoreactivity was defined as the number of
stained cells per field, with brain regions again verified ac-
cording to the atlas of Paxinos and Watson (1986).

Whole-genome sequencing

Genetic heterogeneity was quantitatively determined in se-
quences from LS, HS, and Wistar rats. Size-selected fragment
libraries were prepared using LS and HS genomic DNA ex-
tracted from liver tissue. Genomic fragment libraries were
prepared from one LS and one HS individual from generation
13 using the Ion Xpress Plus Fragment Library kit (Thermo
Fisher Scientific, USA) with size selection performed using
Pippin Prep (Sage Bioscience). Libraries were templated
using the Ion OneTouch 2 system and sequenced on the Ion
Proton system (Thermo Fisher Scientific, USA). Sequences
were mapped to UCSC Genome Browser assembly rn5 using
tmap-f3 and genotypes called using samtools mpileup (v.1.2)
and bcftools (v.1.2). Data for three sequencing runs per animal
were combined to produce coverage of 9.2× (LS) and 11.54×
(HS). Heterozygosity was calculated as the number of hetero-
zygous genotypes per 10,000 bp sequenced. Inbreeding was
estimated by comparison against average observed heterozy-
gosity in exome sequencing of stock Wistar rats (n = 8).

Statistical analysis

Comparisons were made by t tests between pairs of measures
or analysis of variance (ANOVA) for three or more measures
using Systat software (version 13), with strain, dose, and time
as factors. Data are presented as group means and standard
error. According to the correction by Sidak (Sankoh et al.
1997) for a 40% correlation between interrelated areas, an
alpha (type I error) value of 0.026 was used post hoc
comparisons.
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To estimate change in neurotransmitter concentrations after
treatment with vehicle or cocaine, baseline levels were aver-
aged over an initial three 20-min intervals as each individual
animal was left undisturbed. Drug effects were then estimated
as the average of four posttreatment samples following intra-
peritoneal injections of vehicle, 3.2 mg/kg of cocaine, and
16.0 mg/kg of cocaine, using the following formula where
B|^ indicates absolute value:

Post Treatment Average−Baselineð Þ
Baselinej j � 100%

Pharmacokinetic measures were determined using
PCNONLIN 4.2 (SCI Software, Apex, NC). Non-
compartmental models were derived from changes in dialy-
sate concentrations of cocaine over time, following treatment
with different doses of cocaine. Area under the brain concen-
tration versus time curve (AUC) and area under the first mo-
ment curve (AUMC) were estimated from these models.
Maximum dialysate concentration (Cmax) and time to reach
Cmax (Tmax) were determined by data inspection. Mean resi-
dence time (MRT) was estimated as the quotient
(AUMC/AUC). Half-life (t½) was calculated from the quo-
tient of natural logarithm(2)/ke, where ke is the derived elimi-
nation rate constant. Because drug was administered
extravascularly, neither clearance nor volume of distribution
of the central compartment is reported.

Cocaine-induced conditioned-place preference score was
calculated as the difference between times spent in the drug-
paired compartment after conditioning (test session 2) and be-
fore conditioning (prior to cocaine injections, test session 1).

Results

Inbreeding levels of LS and HS rats

The LS and HSwere selectively bred from outbredWistar rats
(Crl:WI) for altered drug self-administration over six genera-
tions. Subsequently, both strains have been inbred for an ad-
ditional six generations without further selection, with the cur-
rent studies conducted on generation 12 and 13 animals.
Preliminary studies of generation 14 and 15 have shown
self-administration by HS rats under FR-5 that was increased
by factors of 1.89, 2.58, and 2.73 above LS rats and for 0.1,
0.2, and 0.4 mg/kg-injection of cocaine available, respective-
ly. When compared to outbred Wistar animals from which
they were derived, 12th- and 13th-generation LS and HS rats
used in the present studies exhibited no obvious differences in
appearance or behavior. Rates of heterozygous genotypes per
10,000 sequenced and genotyped nucleotide positions were
6.9 × 104, 5.58 × 104, and 3.8 × 104 for outbred Wistar and
13th-generation LS and HS strains, respectively. These values

correspond to approximately 19% inbreeding for LS and 45%
inbreeding for HS rats. Despite the relatively low degrees of
inbreeding observed for these lines, the drug self-
administration trait remains stable.

Accumbal levels of cocaine, dopamine, and acetylcholine

Exposure to different classes of abused drugs preferentially
increases dopamine in the NA shell (Pontieri et al. 1995). As
shown in Fig. 1, active probe areas were localized to this brain
region. Intraperitoneal administration of cocaine produced a
large increase in cocaine concentration in the NA shell, with
similar temporal profiles in both strains (Fig. 2a). However,
maximum concentrations of cocaine were significantly lower
in HS rats following high-dose but not low-dose cocaine
[ t (12) = 2.71, p < 0.02] . Otherwise , addi t ional

Fig. 1 Microdialysis probe placement. A photomicrograph showing
placement of a probe in the nucleus accumbens shell is shown above.
Line drawings adapted from Paxinos and Watson (1986) are shown
below. Black bars show the location of the active membranes of individ-
ual probes from six LS and eight HS rats, with numbers indicating dis-
tance from bregma
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pharmacokinetic measures derived by non-compartmental
modeling did not differ in LS and HS animals (Table 2).

For dopamine concentrations in dialysate from the NA
shell (Fig. 2b), ANOVA showed significant main effects of
strain [F(1,257) = 36.2; p < 0.001 and time [F(21,257) = 8.10;
p < 0.001], but not the interaction of strain and time
[F(21,257) = 1.53; p not significant]. When averaged across
all time points, dopamine concentration was 59.1% lower in
HS rats than in LS animals (mean and standard error of
0.213 ± 0.050 and 0.522 ± 0.102, respectively). Similarly,
basal dopamine concentrations were diminished in HS rats
(means and standard error of 0.0980 ± 0.0244 and
0.254 ± 0.0422, [t(12) = 3.14, p < 0.01]). Analysis by percent
change from baseline (Fig. 2c) showed a significant effect of
cocaine dose [F(2,36) = 25.9; p < 0.001], but not strain
[F(1,36) = 0.138; p not significant] or the interaction of strain
and dose [F(2,36) = 0.138; p not significant]. When corrected
for baseline levels, low- or high-dose cocaine increased

dialysate concentrations of dopamine to a similar degree in
either strain.

Dialysate concentrations of acetylcholine (Fig. 2d) var-
ied significantly with strain [F(1,260) = 126; p < 0.001],
but not time [F(21,260) = 0.150; p not significant] nor the
interaction of strain and time [F(21,260) = 0.132; p not
significant]. Across all time points, acetylcholine in the
NA shell was 70.0% lower in HS rats than in LS animals
(5.3 ± 1.0 and 17.5 ± 4.8 nM, respectively). Basal acetyl-
choline values were also diminished in HS rats (4.8 ± 0.9
and 16.3 ± 4.2 nM, respectively, [t(12) = 2.83, p < 0.02]).
Analysis by percent change from baseline (Fig. 2e) failed
to show significant effects of strain [F(1,36) = 2.40; p not
significant], cocaine dose [F(2,36) = 1.34; p not signifi-
c a n t ] , o r t h e i n t e r a c t i o n o f s t r a i n a nd do s e
[F(2,36) = 0.89; p not significant]. Neither neurotransmitter
concentrations nor pharmacokinetic measures varied sig-
nificantly with sex.

Fig. 2 Simultaneous
determinations of cocaine,
dopamine, and acetylcholine in
the NA shell of LS and HS rats. In
the legend, self-administration is
abbreviated as SFA.
Concentration corrected for probe
efficiency is plotted on the left-
hand side of the figure (a, b, d),
with change in neurotransmitter
concentration shown on the right
(c, e). Time points for single,
intraperitoneal injections are
shown by vertical dashed lines
which are colored light gray for
vehicle, dark gray for 3.2 mg/kg
of cocaine, and black for
16.0 mg/kg of cocaine. Group
means and standard error are
shown for six LS (one male and
five female) and eight HS rats
(one male and six female; open
and filled symbols, respectively).
Number signs over broad
horizontal lines correspond to
p < 0.001, for comparison
between LS and HS rats, for
results combined across all time
points. Asterisks over smaller
horizontal lines indicate
significant differences with
vehicle treatment for results of
both strains combined, with one
and two symbols corresponding to
p < 0.026 and p < 0.001
respectively
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Cocaine-induced conditioned-place preference

Cocaine produced preferences for the drug-paired side of shut-
tle boxes in rats conditioned with either dose of cocaine, but
not in vehicle-treated animals (Fig. 3). For preference score,
ANOVA showed significant main effects of cocaine dose
(F(2,63) = 11.1; p < 0.0001) and strain (LS or HS,
F(1,63) = 4.78; p < 0.05), but not the interaction of strain and
dose (F(2,63) = 0.501; p not significant). Preference scores were
91.8 and 58.4% greater in HS rats, for low- and high-dose
cocaine, respectively. After either low- or high-dose cocaine,
HS rats had greater preference scores than LS animals
(t(51) = 2.68; p < 0.01). There was no significant effect of
sex (F(1,57) = 0.262; p not significant) or significant interaction
of sex with other factors.

Cocaine-induced locomotor activity

For repeated activity, ANOVA demonstrated significant main
effects of cocaine dose (Fig. 4, F(2,215) = 3.05; p < 0.05), ses-
sion number (1 to 4, F(3,215) = 5.37; p < 0.02), and sex
(F(1,215) = 11.3; p < 0.001), but not strain (F(1,215) = 0.004; p
not significant). There were significant interactions between
strain and cocaine dose (F(2,215) = 7.27; p < 0.001), as well as
strain and sex (F(2,215) = 11.5; p < 0.001). Further interactions,
such as strain, dose, and session; sex and dose; or sex and
session number, were all negative. When collapsed across
session number and sex, low-dose cocaine increased repeated
activity in LS but not HS rats. Considering only sex and strain,
male HS rats had lower repeated activity than HS females or
LS rats of either sex.

For linear activity, ANOVA showed significant main ef-
fects of cocaine dose (F(2,218) = 4.24; p < 0.02) and session
number (F(3,218) = 6.53; p < 0.001), but not strain

(F(1,218) = 1.54; p not significant) or sex (F(1,254) = 1.49; p
not significant). There was a significant interaction between
strain and cocaine dose (F(2,218) = 7.46; p < 0.001), but not
strain, cocaine dose, and session number (F(6,218) = 1.10; p not
significant). Interactions of sex with strain, dose, and session
were also negative. When collapsed across session number,
linear activity was increased by low-dose cocaine in LS rats or
high-dose cocaine in HS rats.

Expression and activation of c-Fos, D1R, and D2R
in brain reward regions

Counts of cells expressing c-Fos, D1R, and D2R are shown in
Table 3. For c-Fos-positive cells, ANOVA showed significant
interactions of rat strain and cocaine dose for all of the brain
regions examined (F(2,24) > 3.73; p < 0.05 for all regions).
Considering D1R-positive cells, strain and dose exhibited a
positive interaction for only the DG (F(2,24) = 6.98; p < 0.01).
For D2R-positive cells, significant interactions of rat strain
and cocaine dose were shown for NA shell, CPu, and DG
(F(2,24) > 7.06; p < 0.01), but not for the NAc or VTA
(F(2,24) < 1.97; p not significant).

Following saline treatment, post hoc comparisons did not
show an effect of strain on expression of c-Fos, D1R, or D2R
in any brain region. In only the DG, treatment with either dose
of cocaine increased independent expression of D1R in HS
but not LS rats. Treatment with either dose of cocaine in-
creased independent expression of c-Fos for most brain re-
gions in both LS and HS animals, often with greater effects
in HS rats and sometimes with a larger effect following low-
dose cocaine. In several regions, independent expression of
D2R was also greater in HS rats that received low-dose co-
caine. We did not observe significant effects of sex or its
interaction with strain or dose.

Table 2 Brain pharmacokinetics
of cocaine in the LS and HS
strains

Cocaine dose Low High

Strain LS HS LS HS

Cmax (nMol) 36.7 (10.9) 62.8 (25.3) 464.7 (63.7) 272.4 (30.9)*

Tmax (h) 0.500 (0.068) 0.476 (0.062) 2.56 (0.07) 2.59 (0.05)

AUC (nMol h/L) 34.5 (9.6) 82.8 (36.1) 398.6 (50.8) 478.4 (141.0)

AUMC (nMol h2/L) 29.4 (7.7) 113.7 (65.9) 1117 (148) 2300 (1026)

MRT (h) 1.05 (0.14) 1.07 (0.16) 2.80 (0.06) 3.67 (0.58)

t½ (h) 0.528 (0.104) 0.546 (0.121) 0.478 (0.085) 1.073 (0.499)

Animals received intraperitoneal injections of low- and high-dose of cocaine, separated by a 2-h interval. Trends
for cocaine concentration in dialysate from the NA shell are shown in Fig. 2. Separate non-compartmental
analyses were performed for both doses of cocaine in each individual subject. Group means and standard error
are shown for six LS and eight HS animals

AUC area under the brain concentration versus time curve, AUMC area under the first moment curve, Cmax

maximum concentration, MRT mean residence time, t½ half-life, Tmax time to reach Cmax

*Significant difference between strains, p < 0.02
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Combined activation of c-Fos with either D1R or D2R is
shown in Fig. 5. For c-Fos and D1R, ANOVA showed signif-
icant interactions of rat strain and cocaine dose for NA shell,
VTA, and DG (F(2,24) > 6.34; p < 0.01), but not the NAc and
CPu (F(2,24) < 1.84; p not significant). Analysis of colocalized
c-Fos and D2R expression revealed significant interactions
between strain and cocaine dose for all brain regions evaluated
(F(2,24) > 5.86; p < 0.01).

Cocaine treatment increased combined c-Fos and D1R or
D2R expression to a similar degree in each of the brain regions
evaluated. Following saline treatment, there was no effect of
strain in any brain region. For most of the regions evaluated,
greater drug-induced activation of c-Fos with either D1R or
D2Rwas observed in HS rats, relative to LS animals, and after
low-dose cocaine, relative to high dose. In only the NA shell
and DG, either dose of cocaine increased combined expres-
sion of c-Fos with either D1R or D2R. In the VTA, high-dose
cocaine increased combined activation of c-Fos and D1R or
D2R in HS but not LS rats. Again, there were no significant
effects of sex, and its interaction with strain and dose was also
negative.

Discussion

In summary, inbred rat lines originally developed by selective
breeding for intravenous cocaine self-administration have
been characterized for neurotransmitter release, cocaine-

induced place preference, and activation of neurons express-
ing dopamine D1 and D2 receptors. Despite a modest degree
of inbreeding, HS (high reward) rats exhibit greater drug pref-
erences but have diminished cocaine-induced locomotor ac-
tivity after low-dose cocaine. HS rats have lower maximum
concentrations of cocaine in the NA shell. Baseline and
postcocaine administration acetylcholine and dopamine levels
in this brain region are also lower in HS rats. These differences
may contribute to greater drug taking. Cocaine-induced acti-
vation of c-Fos and dopamine receptors was generally greater
in HS animals, with a similar pattern of increases for both D1
and D2 receptors, for the NA shell and core and several other
limbic regions.

HS rats have lower Cmax (maximum concentration) values
after receiving 16.0 but not 3.2 mg/kg of cocaine. Because
cocaine was administered by intraperitoneal rather than the
intravenous route used for selective breeding, this finding is
most relevant to conditioned-place preferences shown in the
present study. In a previous experiment, sixth-generation ani-
mals self-administered mean values of 4.4 and 17.7 mg/kg-
day during 2-h sessions, for LS and HS strains, respectively
(He et al. 2008). Although further study is needed to deter-
mine how selective breeding has influenced the pharmacoki-
netics of intravenously administered cocaine, self-
administered doses of cocaine for HS rats roughly correspond
to those for which differences inCmax values would be expect-
ed between strains. Lower Cmax (peak) levels of brain cocaine
could motivate animals to take more drug to achieve a similar
pharmacologic effect.

Reinforcing effects of cocaine occur through rapid in-
creases in dopamine caused by inhibition of the dopamine
transporter (Rocha 2003). Cocaine and other drugs of abuse
may cause dependence by producing short-term increases in
dopamine release, which are followed by delayed reductions
in dopamine transmission (Mateo et al. 2005). Accordingly,
basal dopamine levels in the NA shell are reduced by about
one half relative to values in drug-naive rats prior to cocaine or
heroin self-administration sessions (Gerrits et al. 2002).
Abstinent cocaine-dependent individuals have diminished re-
lease of dopamine estimated by positron emission tomogra-
phy following oral treatment with either methylphenidate
(Volkow et al. 1997) or amphetamine (Martinez et al. 2007).
In the latter case, decreased dopamine transmission in the
ventral striatumwas predictive of choosing cocaine over mon-
ey. Cocaine-dependent patients with lower methylphenidate-
induced dopamine release in the limbic striatum estimated by
positron emission tomography are also less likely to have a
positive response to treatment (Martinez et al. 2011).

In the current study, HS and LS rats exhibited a similar
pattern of augmented dopamine release in the NA shell fol-
lowing treatment with low- and high-dose cocaine. However,
the magnitude of dopamine values was 59.1% lower in HS
animals. If augmented dopamine underlies the acute

Fig. 3 Strain effects on cocaine-induced conditioned-place preference.
Preference score and cocaine dose are shown on the vertical and
horizontal axes, respectively. Values for cocaine dose are the final dose
administered on the fourth day of ascending-dose injections. Data are
shown for 8 to 14 animals per condition (3 to 10 female and 4 to 7
male). Open and filled symbols correspond to LS and HS animals.
Asterisks over smaller horizontal lines indicate significant differences
compared with saline treatment for both strains combined; number sign
over broad horizontal line shows significant differences compared with
the LS strain after treatments with either dose of cocaine are combined.
One and two symbols correspond to p < 0.026 and p < 0.001, respectively
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reinforcing effects of cocaine, lower values in HS rats would
be expected to decrease reinforcement in this strain, possibly
resulting in augmented lever pressing during drug self-
administration sessions. Taken together, the findings support
the concept that blunted dopamine release in the ventral stria-
tum is a biomarker for an increased risk of substance abuse
disorders (Trifilieff and Martinez 2014).

Although they are not as well characterized as effects on
dopamine and other monoamines, drugs of abuse also acutely
augment acetylcholine in brain reward regions (Williams and
Adinoff 2008). For both the NA (Mark et al. 1999) and VTA
(You et al. 2008), these increases are greater following

contingent rather than experimenter-initiated cocaine injec-
tions. Increases in acetylcholine transmission in the NA may
also limit the duration of natural and drug rewards (Avena and
Rada 2012). Basal acetylcholine in the nucleus accumbens
shell of HS rats was lower than values for LS rats or those
reported for other rat strains evaluated using similar concen-
trations of neostigmine (Noori et al. 2012). The magnitude of
acetylcholine release in the NA shell was also 70% lower in
HS rats. As was hypothesized for dopamine, lower values may
increase the motivation for lever pressing by HS rats that is
required to achieve intermediate, rewarding levels of acetyl-
choline transmission. This is analogous to observations that

Fig. 4 Repeated and linear locomotor activity during conditioning with
ascending doses of cocaine. Injections of vehicle (saline) were given prior
to the morning (a.m.) conditioning session, with cocaine or vehicle
injections given before the second (p.m.) conditioning session. Mean
values with standard error are shown for eight vehicle-treated rats from
each strain (4 female) and 11 to 14 animals (7 to 9 female) from either
stain that received either dose of cocaine. Data for LS and HS strains are
shown by open and filled symbols, respectively. The two columns of

graphs on the left show results of repeated locomotor activity (plotted
against the left axis), with the two columns on the right showing results
of linear activity (center axes). Asterisks over horizontal lines indicate
significant differences compared to rats receiving twice-daily saline
(lower panels) for results from either strain collapsed across session
number (time), p < 0.026; with number sign denoting comparison with
LS males, LS females, or HS females; collapsed across dose and session
number; p < 0.02
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rats increase responding for cocaine after blockade of musca-
rinic input to the VTA, preventing decreases in dopamine
levels that would otherwise occur after muscarinic blockade
(You et al. 2008). Genetic factors that attenuate cocaine-
induced increases in acetylcholine may also oppose appetitive
limits associated with higher levels of acetylcholine (Grasing
2016).

We found that HS rats exhibit greater cocaine-induced con-
ditioned-place preferences than LS animals. The LS and HS
rat lines were primarily derived from selective breeding for
intravenous self-administration of cocaine (He et al. 2008),
which has been interpreted as an example of operant or instru-
mentally conditioned behavior (Jones and Comer 2013). In
contrast, conditioned-place preference relies on a combination
of operant and classical (Pavlovian) conditioning (Sanchis-
Segura and Spanagel 2006; Huston et al. 2013). Presumably,
genetic elements that modify positive and negative drug rein-
forcement and cause altered cocaine self-administration also
lead to differences in conditioning of place preferences, me-
diated by shared mechanisms.

In the present study, cocaine produced complex effects on
locomotor activity in LS and HS rats. Low-dose cocaine in-
creased locomotor activity in LS rats, but not in HS animals,
while high-dose cocaine augmented locomotor activity only
in HS rats. Mice selected for increased methamphetamine-

induced locomotor activity have lower oral intake of metham-
phetamine solutions (Kamens et al. 2005; Scibelli et al. 2011).
Similarly, cocaine-injected outbred Sprague-Dawley rats ex-
hibit a wide range of locomotor activity, which is not ex-
plained by cocaine pharmacokinetics but negatively correlated
with the degree to which individual rats self-administer low-
dose cocaine under a progressive-ratio schedule (Yamamoto
et al. 2013). However, individual rats with an increased loco-
motor response to novelty self-administer greater amounts of
intravenous amphetamine (Piazza et al. 1989) or cocaine
(Piazza et al. 2000). We conclude that there is not a consistent
relationship between drug-induced locomotor activity and
stimulant reward, which varies across different animal
models.

Previous studies have shown that chronic self-
administration of cocaine acutely increases expression of c-
Fos in the nucleus accumbens shell and core, with larger ele-
vations in yoked animals that passively receive injections
(Larson et al. 2010). This investigation also found that c-Fos
immunoreactivity was inversely related to drug intake during
cocaine self-administration sessions for both the NA shell and
core. Our results show that cocaine-induced c-Fos immunore-
activity is greater in HS rats that passively receive cocaine, for
both regions, at both of the doses of evaluated. Although
seemingly at odds with findings of an inverse relationship

Table 3 Counts of cells expressing c-Fos, D1R, and D2R in different brain regions of LS and HS rats

Treatment Vehicle Low-dose cocaine High-dose cocaine

Strain LS HS LS HS LS HS

NA Shell c-Fos 8.6 (0.7) 10.4 (0.6) 18.9 (0.8)** 35.8 (3.0)**,## 13.0 (0.9)**,^^ 23.4 (1.8)**,^^,##

D1R 59.0 (5.0) 66.0 (3.1) 89.4 (2.2) 100.6 (6.3) 81.0 (3.3) 97.2 (11.7)

D2R 13.0 (0.7) 14.2 (1.9) 28.8 (3.3)** 53.0 (3.9)**,## 21.6 (1.7)* 23.0 (1.7)*,^^

NA Core c-Fos 10.7 (1.7) 11.4 (1.6) 21.8 (0.9)** 34.2 (2.3)**,## 15.8 (2.5) 27.4 (3.1)**,#

D1R 63.2 (5.5) 70.2 (7.2) 86.6 (4.6) 93.2 (2.4) 85.4 (7.5) 92.8 (4.4)

D2R 17.8 (2.3) 19.4 (1.5) 36.0 (2.8) 46.4 (5.2) 25.4 (2.8) 29.8 (4.5)

VTA c-Fos 19.4 (1.0) 19.3 (1.7) 32.0 (1.6)** 45.3 (1.7)**,## 19.7 (1.4)** 34.6 (2.3)**,^^,##

D1R 20.0 (1.8) 25.2 (2.0) 36.4 (2.2) 47.2 (2.4) 28.2 (3.4) 36.8 (2.8)

D2R 19.8 (1.2) 22.4 (0.5) 33.6 (2.1) 45.0 (2.2) 25.4 (3.1) 34.2 (2.2)

CPu c-Fos 10.7 (1.0) 11.3 (2.0) 20.2 (1.5)** 32.8 (1.7)**,## 16.1 (1.1)* 28.2 (2.6)**,##

D1R 31.0 (7.2) 50.2 (7.6) 75.6 (2.8) 89.6 (3.5) 32.6 (5.7) 37.6 (5.0)

D2R 16.6 (1.8) 17.6 (1.3) 26.8 (3.9) 52.0 (4.4)**,## 21.8 (3.1)** 29.6 (1.9)**,^^

c-Fos 21.5 (1.6) 21.4 (2.6) 29.3 (0.5)** 50.1 (1.8)**,## 30.3 (1.3)** 35.1 (1.6)**

DG D1R 24.8 (3.0) 26.2 (3.0) 33.4 (2.1) 52.8 (1.2)**,## 31.4 (2.2) 36.6 (1.5)*

D2R 24.2 (2.0) 22.6 (2.9) 34.2 (0.7)** 51.2 (2.7)**,## 30.8 (1.3) 36.2 (2.1)**,^^

Values indicate the number of cells per field, scored under blinded conditions, with data shown for five animals per condition. One and two symbols
correspond to p < 0.026 and p < 0.01, respectively

*Significant differences compared with saline treatment

#Significant differences compared with the LS strain, for the same treatment

^Significant differences for the same strain receiving low-dose cocaine
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with drug intake during cocaine self-administration, this may
be based on the use of non-contingent injections for the
conditioned-place preference procedure. Larson et al. (2010)
did find a positive correlation for the amount of self-
administered cocaine by individual rats and levels of c-Fos
immunoreactivity in the caudate putamen, in parallel with
our findings of greater c-Fos immunoreactivity in HS rats.

We found that chronic treatment with cocaine increased
coexpression of c-Fos withD1 and D2 receptors in the nucleus
accumbens shell and VTA of either LS or HS animals, with
greater activation of both receptors in the HS strain. Although
cocaine induces c-Fos expression in striatal medium spiny
neurons predominantly through D1 receptors, combined c-

Fos and D2 receptor expression occurs in other cells that in-
clude cholinergic interneurons (Bertran-Gonzalez et al. 2008).
D2 receptor signaling in medium spiny neurons that make
intrastriatal connections is required for full expression of
cocaine-induced increases in locomotor activity (Kharkwal
et al. 2016). Activation of the D2 receptor observed in the
present study likely reflects these other cell types.

Genetic manipulations that activate striatal direct and
indirect pathways can enhance or attenuate cocaine-
induced conditioned-place preference (Lobo et al. 2010).
Medium spiny neurons in these two pathways rely on D1
and D2 dopaminergic transmission, respectively. If similar
genetic variants were to occur naturally, these could ex-
plain individual differences in susceptibility to substance
abuse disorders. At least in the case of the LS and HS
lines, we found no evidence to support this hypothesis.
HS rats carrying a genetic predisposition for increased
cocaine self-administration have greater cocaine-induced
D2 immunoreactivity in the NA shell, caudate putamen,
and dentate gyrus, opposite of its hypothesized inhibitory
influence on drug reward.

An alternative explanation of increased dopamine D2 re-
ceptor immunoreactivity in HS rats is that it reflects an adap-
tation to diminished dopamine levels. Parkinson’s disease
models have shown augmented D2 receptor binding after re-
moval of dopaminergic projections to the striatum in rodents
(Pellegrino et al. 2007) and non-human primates (Bezard et al.
2003). This has been interpreted as a functional hypersensitiv-
ity of dopamine receptors at postsynaptic terminals. In addi-
tion to lower levels of stimulant-induced dopamine release
discussed earlier, reduced dopamine D2 receptor binding is
an alternative biomarker for substance abuse disorders
(Trifilieff and Martinez 2014; Bough et al. 2014). As is sug-
gested by findings in Parkinson’s disease and HS rats, dimin-
ished dopamine release may be associated with heightened
dopamine D2 receptor binding, causing these two attributes
to functionally oppose each other. This could lead to dissimilar
neurochemical mechanisms underlying enhanced motivation
in different individuals who present with the same predispo-
sition for increased cocaine use. The common thread may be
lower dopamine transmission that motivates increased drug
taking.

A recent review concluded that vulnerability to drug addic-
tion involves an interaction between many brain systems
(Ouzir and Errami 2016). Our initial evaluation of LS and
HS rat lines echoes this conclusion, identifying differences
between strains in neurotransmitter concentration, receptor
activation, and pharmacokinetic measures. During selection,
Wistar stock alleles that cause greater drug taking segregated
to the HS line, while those with opposite effects were accu-
mulated in the LS line. Further genetic characterization of
these lines will likely identify the specific alleles that promote
the observed behavioral responses and neurotransmitter

Fig. 5 Counts of cells expressing both c-Fos and either type 1 or 2
dopamine receptors. Group means and standard error are shown for five
animals for each condition (1 to 4 female), with open and filled symbols
corresponding to LS and HS animals. Asterisks indicate significant
differences compared with saline treatment, number signs show
significant differences compared with the LS strain, for the same
treatment, and caret symbols indicate significant differences for the same
strain receiving low-dose cocaine. One and two symbols correspond to
p < 0.026 and p < 0.01, respectively
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differences, providing new insights into the pathways that
promote drug use.
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