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Abstract

Repeated exposure to drugs of abuse is associated with structural plasticity in brain reward
pathways. Rats selectively bred for locomotor response to novelty differ on a number of
neurobehavioral dimensions relevant to addiction. This unique genetic animal model was used
here to examine both pre-existing differences and long-term consequences of repeated cocaine
treatment on structural plasticity. Selectively bred high-responder (bHR) and low-responder (bLR)
rats received repeated saline or cocaine injections for 9 consecutive days. Escalating doses of
cocaine (7.5, 15 and 30 mg/kg) were administered on the first (day 1) and last (day 9) days of
treatment and a single injection of the intermediate dose (15 mg/kg) was given on days 2-8. Motor
activity in response to escalating doses of cocaine was compared on the first and last days of
treatment to assess the acute and sensitized response to the drug. Following prolonged cocaine
abstinence (28 days), spine density was examined on terminal dendrites of medium spiny neurons
in the nucleus accumbens core. Relative to bLRs, bHRs exhibited increased psychomotor
activation in response to both the acute and repeated effects of cocaine. There were no differences
in spine density between bHR and bLR rats under basal conditions or following repeated saline
treatment. However, spine density differed markedly between these two lines following prolonged
cocaine abstinence. All spine types were decreased in cocaine-treated bHRs, while only
mushroom spines were decreased in bLRs that received cocaine. Changes in spine density
occurred specifically near the branch point of terminal dendrites. These findings indicate that
structural plasticity associated with prolonged cocaine abstinence varies markedly in two selected
strains of rats that vary on numerous traits relevant to addiction. Thus, genetic factors that
contribute to individual variation in the behavioral response to cocaine also influence cocaine-
induced structural plasticity.
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1. Introduction

One common theme to various theories of addiction is that the transition from casual drug
use to dependence is at least partially attributable to drug-induced changes in neural
circuitry, which consequently, leads to changes in behavior (Robinson and Berridge, 1993,
Everitt and Wolf, 2002, Wolf, 2002, Everitt and Robbins, 2005, Kalivas and O’Brien, 2008).
In rodent models used to study addiction, repeated exposure to psychostimulants results in
behavioral sensitization and accompanying neurobiological changes throughout the brain.
Specifically, repeated cocaine exposure produces persistent changes in neuroplasticity,
including dendritic remodeling (Robinson and Kolb, 1999, Robinson et al., 2001, Kolb et
al., 2003, Li et al., 2004, Robinson and Kolb, 2004, Ferrario et al., 2005) and neurogenesis
(‘Yamaguchi et al., 2004, Dominguez-Escriba et al., 2006, Garcia-Fuster et al., 2010, Lloyd
et al., 2010, Noonan et al., 2010), that extend well beyond the period of active drug
administration.

Our recent work has focused on examining individual differences associated with addiction
vulnerability in the selectively bred lines of high-responder (bHRs) and low-responder
(bLRs) rats (Flagel et al., 2010, Flagel et al., 2012a). Similar to studies using outbred rats
(Piazza et al., 1989, Hooks et al., 1991, Piazza et al., 2000), the selectively bred high- and
low-responder rats differ with respect to locomotor activity in a novel environment (Stead et
al., 2006), susceptibility to drug-taking behavior (Davis et al., 2008), and responsivity to
cocaine (Garcia-Fuster et al., 2010, Cummings et al., 2011, Clinton et al., 2012). The
selectively bred lines are unique, however, in that they allow us to parse the predisposing
factors that influence addiction-like behavior. For example, relative to bLRs, bHRs show
increased aggression (Kerman et al., 2011), increased impulsivity (Flagel et al., 2010),
increased responsiveness to drug-associated cues (Flagel et al., 2010) and a hypersensitive
dopamine system (Flagel et al., 2010). Furthermore, Garcia-Fuster et al., recently reported
distinct cocaine-induced effects on neurogenesis in the hippocampus of bLR vs. bHR rats,
and suggested that these effects might underlie differences in psychomotor sensitization
(Garcia-Fuster et al., 2010). Thus, the selectively bred lines are a highly advantageous model
for studying individual differences in addiction liability and uncovering the neurobiological
mechanisms that may underlie these differences.

The current studies determined whether these genetically bred lines known to differ on a
constellation of traits relevant to addiction, also exhibit differences in a form of drug-
induced structural plasticity. Since cocaine treatment regimens that elicit behavioral
sensitization have been shown to produce persistent alterations in dendritic morphology
(Ferrario et al., 2005), morphological changes associated with neural plasticity were
examined within the classical reward circuitry by quantifying the density of dendritic spines
on medium spiny neurons in the nucleus accumbens core (AcbC) subregion. As an
important mediator of drug-seeking behavior and relapse (Kelley, 2004, Everitt and
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Robbins, 2005, Kalivas and Volkow, 2005), the AcbC is an ideal target for examining
individual differences since behavioral responses to cocaine and cocaine-induced
neuroplasticity occur through mechanisms requiring this structure (Parkinson et al., 1999, Di
Ciano et al., 2001, Phillips et al., 2003, van Dongen et al., 2005, Marie et al., 2012).
Moreover, there is a strong association between dopamine signaling and spine density
regulation (Ingham et al., 1989, Meredith et al., 1995, Garcia et al., 2010, Gonzalez-Burgos
et al., 2010). Thus, this study determined whether individual differences in cocaine
responsivity influenced either the magnitude or nature of spine density changes in the AcbC
following prolonged cocaine abstinence (28 days). This time point was chosen because
changes in both brain and behavior are known to persist for a month or longer (Robinson et
al., 2001, Grimm et al., 2003, Ferrario et al., 2005, Lee et al., 2006, Ferrario et al., 2012)
following cocaine exposure, and these long-lasting changes are thought to underlie the
propensity to relapse (see (Nestler et al., 1993, Robinson, 1993, Robinson and Berridge,
1993, Weiss et al., 2001)). Based on our previous work demonstrating heightened behavioral
response to cocaine (Davis et al., 2008, Flagel et al., 2010, Garcia-Fuster et al., 2010,
Cummings et al., 2011, Clinton et al., 2012) and evidence for a hypersensitive dopamine
system in bHRs relative to bLRs (Flagel et al., 2010), we hypothesized that bHR rats would
also exhibit a greater degree of cocaine-induced neuroplasticity following prolonged
abstinence.

2. Experimental Procedures

2.1 Subjects

Adult male Sprague-Dawley rats (n=28) from the 22"d generation of our in-house bHR/bLR
selective-breeding colony were used. A detailed description of the breeding paradigm and
characterization of these bred lines has been published previously (Stead et al., 2006, Flagel
etal., 2010, Garcia-Fuster et al., 2010, Clinton et al., 2011). Rats weighed 300-500g and
were pair-housed (bHR-bLR) under a 12-hour light-dark cycle with ad libitum access to
standard chow and water. All procedures were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the
University of Michigan Committee on the Use and Care of Animals.

Al rats from the 22nd generation of our selective breeding colony were tested for locomotor
response to a novel environment around 50-60 days of age for confirmation of phenotype.
As previously described (Stead et al., 2006), locomotor response to novelty was assessed in
clear acrylic testing boxes (43 x 21.5 x 24.5 cm high). Photocell panels coupled to
computerized analysis software determined the number of horizontal locomotion and rearing
events every 5 minutes for 60 minutes. Horizontal and rearing activity counts were
combined to generate the total locomotor score for each rat. For a given generation, high-
responders (bHRs) and low-responders (bLRs) are properly classified with ~99% success
based on their lineage from bHR-bHR or bLR-bLR breeding pairs, respectively, with bHRs
reliably exhibiting significantly greater locomotor activity compared to bLRs. A subset of
rats from the 22" generation that were correctly identified as either bHRs or bLRs were
used in the current study and assigned to saline- (bHR=5, bLR=5) or cocaine-treated
(bHR=9, bLR=9) groups that were counterbalanced based on locomotor activity scores. Rats
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were acclimated to the housing room and briefly handled for 7 days prior to the start of
treatment (Fig. 1A).

2.2 Activity Boxes

2.3 Drugs

Behavioral activity during the cocaine treatment paradigm was monitored in custom-built
activity boxes (33.02 x 68.58 x 60.96¢cm tall) constructed from expanded PVC with a woven
stainless wire cloth grid floor and underlying catch tray. All surfaces of the activity boxes,
grid floor and catch tray were coated with ultra-flat black paint to minimize the reflectivity
of the testing apparatus. Cameras were mounted directly above each box to record behavior,
which was collected using a Pelco (Clovis, CA) DX9100 digital video recorder. All tests
were carried out under red-light conditions. A detailed description of the equipment used to
monitor behavioral activity has been published previously (Flagel and Robinson, 2007).

Cocaine hydrochloride (Mallinckrodt, St Louis, MO) was dissolved in 0.9% sterile saline
(Hospira, Lake Forest, IL) and administered at doses of 7.5, 15 and 30 mg/kg. All injections
were administered at 1ml/kg body weight.

2.4 Cocaine Administration

A sensitizing regimen of cocaine produces a number of neuroadaptations that may
contribute to addiction (Robinson and Berridge, 1993) and behavioral sensitization to
cocaine has been successfully demonstrated in outbred rats using a treatment regimen
similar to that used in the current study (Li et al., 2004, Flagel and Robinson, 2007).
Specifically, the paradigm used here was adapted from Flagel and Robinson (2007), which
illustrated that repeated administration of a 15 mg/kg dose of cocaine is sufficient to produce
psychomotor activating effects indicative of behavioral sensitization (Flagel and Robinson,
2007). The use of an escalating dose regimen for cocaine on the first (day 1) and last (day 9)
days of treatment allowed the generation of within-subject dose-effect data which was used
to assess behavioral sensitization to cocaine by comparing the dose-effect on day 9 vs. day 1
(Flagel and Robinson, 2007).

bHR and bLR rats received repeated intraperitoneal injections of cocaine or vehicle (0.9%
saline) for 9 consecutive days (Fig. 1A,B). On the first and last days of treatment, rats were
placed into activity boxes for 120 minutes to allow for habituation to the testing
environment (Fig. 1C,D). All rats then received a saline injection, regardless of treatment
group. All injections were interspersed with a 45-minute period during which behavior was
video recorded. After the first saline injection, the saline-treated controls continued to
receive saline for the 3 subsequent injections and the cocaine-treated animals received three
escalating doses of cocaine (7.5, 15, and 30 mg/kg; Fig. 1D). Rats were returned to their
home cages 45-minutes after the last injection. On days 2-8 (Fig. 1B), saline- and cocaine-
treated rats received a single injection of either saline or cocaine (15 mg/kg), respectively.
On alternate days, injections were administered in the activity boxes (days 3,5,7) or home
cages (days 2,4,6,8) to mitigate context-specificity, thereby increasing the likelihood of
detecting individual differences (Ahmed et al., 1993, Stewart and Badiani, 1993,
Anagnostaras and Robinson, 1996, Uslaner et al., 2001, Uslaner et al., 2003). When
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injections were administered in the activity boxes (D3,5,7), rats were allowed to acclimate
for 60-minutes prior to the injection and returned to their home cage 60-minutes after the
injection. Following this 9-day treatment paradigm, rats remained abstinent from cocaine for
the next 28 days, at which point brains were obtained for morphological analyses (Fig. 1A).

2.5 Behavioral Analysis

Behavior was digitally recorded on day 1 and day 9 (for details, see (Flagel and Robinson,
2007)). Clever Sys, Inc. (Reston, VA) Drug Effect Scan software was used to analyze
locomotor activity and stereotyped head movements (Flagel and Robinson, 2007, Flagel et
al., 2008, Flagel et al., 2010). Activity was analyzed in 5-minute “bins” during habituation
and following each injection. The final analyses excluded the first 10 minutes immediately
following each injection and the last 5 minutes at the end of the 45-minute testing period due
to a high amount of variability, which was likely attributable to increased experimenter
activity in the testing room during those times.

2.6 Diolistic labeling

Rats were deeply anesthetized with sodium pentobarbital and transcardially perfused with
chilled saline (0.9%, pH 7.4) followed by cold 1.5% paraformaldehyde (pH 7.3-7.4) (Kim et
al., 2007). Brains were removed, post-fixed in 1.5% paraformaldehyde (<2-hours), and
immersed in 0.1M sodium phosphate buffer (PB; pH 7.4). A 5-7mm block containing the
nucleus accumbens was stabilized using 3% agar and 125um thick coronal sections were
made using a Leica (Buffalo Grove, IL) vibratome. Sections were collected into chilled PB
and stored at 4°C until diolistic labeling (<96-hours).

Although the Golgi method has long been the standard for examining changes in neuronal
structure and dendritic spine density, a number of reports suggest that the Golgi method may
result in underestimation of spine density numbers (Feldman and Peters, 1979, Wallace and
Bear, 2004, Shen et al., 2009). In recent years, alternative approaches such as “DiOlistic”
labeling, which utilizes fluorescent lipophilic dyes which are integrated directly into the
plasma membrane (Seabold et al., 2010), have become increasingly popular. Relative to
traditional Golgi methods, which rely on accumulation of chromagen in the neuronal
cytoplasm extending into the dendritic spines, the DiOlistic approach offers several
advantages including more rapid and complete labeling of neuronal processes (Gan et al.,
2000, Shen et al., 2009). Thus, the DiOlistic approach was used here, as we believe it may
more accurately reflect the numbers and types of dendritic spines.

DiOlistic methods have been described previously (Gan et al., 2000, Grutzendler et al.,
2003, Moolman et al., 2004, O’Brien and Lummis, 2006, Staffend and Meisel, 2011a, b)}.
Briefly, tefzel tubing (Bio-Rad, Hercules, CA) was purged with nitrogen and precoated with
10mg/ml polyvinylpyrrolidone (PVP; mol wt=360,000; Sigma-Aldrich). The lipophilic dye
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (Dil; Invitrogen,
Carlsbad, CA) was solubilized in dichloromethane (Sigma-Aldrich, St. Louis, MO) and
applied to the tungsten particles (1.3um diameter, Bio-Rad). The Dil-coated tungsten was
homogenized, suspended in PP solution, and drawn into the pre-coated Tefzel tubing.
Once the Dil-coated tungsten particles had settled, the PVP solution was purged and the
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tubing was slowly rotated to evenly distribute the Dil-tungsten along the inner wall. After
drying, the tubing was cut into 13mm pieces, or “bullets”, and stored at 4°C in a light-
protected container with silica gel desiccant (Sigma-Aldrich, St. Louis, MO).

The delivery of Dil-coated particles was empirically tested to optimize neuronal labeling in
our samples. Individual sections containing the nucleus accumbens were suspended in PB.
Immediately prior to labeling, the PB was removed and one Dil bullet was delivered (80-100
psi, helium; ~20mm above tissue) to each section using a Helios® gene gun (Bio-Rad) with
a synthetic membrane filter (3.0um pore; BD Biosciences, San Jose, CA) attached to the
barrel to minimize tissue damage caused by large Dil-tungsten aggregates (Gan et al., 2000,
Grutzendler et al., 2003). Labeled sections were immediately resuspended in PB and stored
in darkness at room temperature. After 24-hours, Dil-labeled sections were post-fixed (60-
minutes) in 4% PFA, coverslipped (ProLong AntiFade; Invitrogen) and stored at —20°C
until image capture.

2.7 Morphological Analysis

High-quality images of Dil-labeled medium spiny neurons (MSNSs) in the AcbC were
captured using an Olympus (Center Valley, PA) FVV1000 confocal microscope equipped
with a 60x oil-immersion objective (PLAPON, Olympus, NA=1.42, WD=0.15 mm) at 2.5x
optical zoom using the following parameters: frame size 1024 x 1024 pixels; image field
size 83.968 x 83.968 um and pixel scale 0.082 x 0.082 um. Branches were scanned along
the z-axis at 0.41um and collected using Kalman averaging at 4X to diminish noise.
Neurolucida® (MBF Bioscience, Williston, VT) neuroimaging software was used to create
an image montage of each complete branch (soma to terminal tip) using confocal stacks
(30-100 images) to trace the dendritic tree, identify branch points, and count/classify
dendritic spines.

Selection criteria were established to identify dendritic branches adequate for examining
spine density. Dendritic branches included in the analyses were part of a clearly defined
dendritic tree originating at the soma, identified as being third order or higher (Coleman and
Riesen, 1968, Robinson and Kolb, 1999, Li et al., 2004, Ferrario et al., 2005), and at least
50um in length measured from the branch point to terminal tip. Terminal tips were visible
and distinct on all branches and clearly delineated spines were attached to the dendritic
branch. The random pattern of neuronal labeling inherent to the delivery of dye particles via
ballistic methods rendered some dendritic branches unusable due to the inability to
determine whether these branches met the established criteria, and consequently resulted in
their elimination from the final analyses.

Dendritic spines were qualitatively classified as one of the following types: thin, mushroom,
stubby, or branched (Jones and Powell, 1969, Peters and Kaiserman-Abramof, 1970, Harris
etal., 1992, Lendvai et al., 2000). Filopodia and spines unable to be classified were not
included in the analyses. Psychostimulant-induced alterations in spine density have been
reported on distal dendrites that exhibit a terminal tip (Robinson and Kolb, 1999, Li et al.,
2004), but not proximal dendrites lacking a terminal tip located closer to the soma (Li et al.,
2003). Thus, the total number of spines and spine type were quantified along the length of
the terminal branch in 10um increments starting at the branch point and ending at the
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terminal tip (see Fig. 4A). Spine density was expressed as the number of spines per 10um
dendritic segment. Consistent with our previous spine density analyses (Robinson and Kolb,
1997, 1999, Robinson et al., 2001, Robinson et al., 2002, Kolb et al., 2003, Li et al., 2004,
Ferrario et al., 2005), spine density from up to five neurons per hemisphere was averaged to
give a single value per hemisphere per rat, making “hemisphere” the unit of analysis for
each rat (saline-treated bHRs, n=7; saline-treated bLRs, n=6; cocaine-treated bHRs, n=14;
cocaine-treated bLRs, n=17). In some cases, data from only one hemisphere per rat was
obtained due to the lack of neurons available that met the established criteria for inclusion in
the final analysis.

2.8 Statistics

3. Results

Statistical analyses were carried out using SPSS® Statistics (IBM, Somers, NY) and
differences in behavior or spine density were considered significant at p<0.05. Independent
t-tests were used to compare bHR/bLR differences during locomotor screening. Following
habituation or injections, the mean £ SEM of the behavioral variable of interest was
calculated for each group and linear mixed-effects models (Verbeke and Molenberghs, 2000,
West et al., 2006) were used to assess differences (i.e., across doses or days). For each
dependent variable, the covariance structure was explored and modeled appropriately.
Bonferroni post-hoc comparisons were made when significant main effects or interactions
were detected.

The mean = SEM spine density for each group was obtained from the average spine density
per hemisphere within each rat. Spine density differences were evaluated using analysis of
variance and Bonferroni post-hoc comparisons were conducted when appropriate.
Independent t-tests were used to assess the effect of phenotype (bHR, bLR) on spine density
within individual spine types. To evaluate within-phenotype treatment effects, spine density
in cocaine-treated rats was expressed relative to the average of the saline-treated group, or
“%%-saline”, and analyzed using a one-sample t-test (hypothesized value=100). The “%-
saline” values were not directly compared between bHR and bLR rats.

3.1 Locomotor Activity in a Novel Environment

The locomotor phenotype of bHR and bLR rats was confirmed by testing for locomotor
activity in a novel environment 50-60 days following birth. Consistent with previous
generations, locomotor activity was significantly higher in bHR rats compared to bLR rats
(bHRs, 1304.50 + 59.45; bLRs, 93.79 £ 10.46; t(26)=20.06, p<0.001).

3.2 Effects of acute and repeated cocaine treatment on locomotor activity in bHR and bLR

rats

Relative to bLR rats, bHR rats were more active during the habituation period and in
response to saline injections (data not shown). Because of these differences in “baseline”
activity, saline-treated control groups were excluded from the behavioral analyses and when
appropriate, cocaine-induced effects were compared to that of the initial saline injection
(i.e., within subject control).
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On day 1, cocaine produced dose-dependent increases in locomotor activity in both
phenotypes (Effect of Dose: F(3,14)=11.94, p<0.001). However, cocaine-induced locomotor
activity was greater in bHRs (Effect of Phenotype: F(1,16)=28.96, p<0.001) as illustrated by
a shift in the dose-effect curve upwards and to the left for bHRs relative to bLRs (Fig. 2A).
Thus, acute exposure to cocaine (i.e., day 1) increased locomotor activity to a greater extent
in bHRs.

The effects of repeated cocaine treatment were examined separately in bHR (Fig. 2B) and
bLR (Fig. 2C) rats due to statistical findings that indicated a significant effect of phenotype
(effect of phenotype, F(1,25.66)-18.25, p<0.001) and multiple interactions (phenotype x
dose interaction, F(3,92.78)-5.91, p<0.001; phenotype x day x dose interaction,
F(3,93.08)-2.52, p=0.06). The degree of psychomotor sensitization to cocaine was assessed
within each phenotype by comparing the effects of cocaine after 9 days of treatment to the
acute effects of cocaine on day 1 of treatment. Although there was not a significant effect of
day for either phenotype, repeated cocaine treatment produced dose-dependent effects on
locomotor activity for both bHR (F(3,48.05)=19.36, p<0.001) and bLR (F(3,44.74)=13.51,
p<0.001) rats and there was a significant day x dose interaction for both phenotypes (Fig.
2B, bHR, F(3,48.25)=8.05, p<0.001; Fig. 2C, bLR, F(3,44.86)=3.80, p=0.017). On day 9,
bHRs exhibited increased locomotor activity at the two lowest doses of cocaine relative to
day 1 (Fig. 2B, 7.5mg/kg, p=0.013; 15mg/kg, p=0.049) and a significant decrease in
locomotion in response to the highest dose (30mg/kg, p=0.014). For bLRs, the day 9
response was significantly different than the day 1 response only at the intermediate dose
(Fig. 2C, 15mg/kg, p=0.003). Figure 2D further illustrates this point, showing that even at
the lowest dose of cocaine, bHRs exhibit pronounced sensitization on day 9 relative to day
1, whereas bLRs do not. In agreement, relative to saline, bHRs exhibited increased
locomotor activity in response to lower doses of cocaine than bLRs on both days 1 and 9
(Fig. 2). Thus, bHRs exhibit increased responsivity to lower doses of cocaine, suggesting
enhanced sensitization relative to bLRs.

These differences in cocaine-induced activity in bHRs vs. bLRs are illustrated by the
activity maps (Clever Sys., Inc. software) shown in Figure 2E and F. Escalating doses of
cocaine increased the intensity of locomotor activity in specific areas of the activity boxes.
Notably, activity patterns became more stereotyped with increasing dose and in response to
lower doses following repeated treatment. These findings are consistent with previous
reports describing a phenomenon of “stereotyped locomotor activity” wherein locomotor
hyperactivity becomes linearized (i.e., darting behavior) in response to either high doses
(i.e., see Fig. 2Ed) or with repeated psychostimulant treatment (i.e., behavioral sensitization,
see Fig. 2Eh, 2Fh) (Lat, 1965, Schiorring, 1971, Segal, 1975b, Schiorring, 1979). In
agreement with the quantitative data (Figs. 2B and 2C), the activity maps indicated that
bHRs were more sensitive to both the acute and repeated effects of cocaine relative to bLRs.

3.3 Repeated cocaine effects on stereotyped head movements in bHR and bLR rats

Psychostimulant-induced stereotyped behaviors include not only the linearization of
locomotor paths, but also repetitive head movements or head-waving (Randrup and
Munkvad, 1967, Lyon and Randrup, 1972, Segal and Mandell, 1974, Segal, 1975a) which

Neuroscience. Author manuscript; available in PMC 2014 October 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Waselus et al.

Page 9

occur during periods when the rat exhibits sustained bouts of in-place activity (Segal and
Kuczenski, 1987, Ferrario et al., 2005). Here, we used the frequency of head movements as
an index of stereotypy (Ferrario et al., 2005, Flagel and Robinson, 2007) and found it to
increase with escalating doses of cocaine in both phenotypes (Fig. 3; Effect of Dose: bHR,
F(3,24.98)=41.65, p<0.001; bLR, F(3,46.09)=63.29, p<0.001). There was also a significant
effect of day, with a leftward shift in the dose-response curve following repeated cocaine
(Fig. 3; Effect of Day: bHR, F(1,26.81)=12.48, p=0.002; bLR, F(1,15.75)=11.55, p=0.004)
and a significant day x dose interaction for both phenotypes (Fig. 3A, bHR F(3,33.62)=3.72,
p=0.021; Fig. 3B, bLR, F(3,41.62)=7.84, p<0.001). Post-hoc analyses confirmed that the
frequency of head movements was increased on day 9 relative to day 1 in both bHR (Fig.
3A,; 7.5mg/kg, p=0.009; 15mg/kg, p<0.001) and bLR (Fig. 3B; 15mg/kg, p<0.001) rats.
However, this effect was most pronounced for bHRs, demonstrating an increase in head
movements even at the lowest cocaine dose on day 9 and this was also true relative to saline
(i.e., within subject controls). Furthermore, empirically derived threshold criteria (see
(Flagel and Robinson, 2007) indicated that a higher percentage of bHR rats were “in
stereotypy” compared to bLRs at this lowest dose (data not shown).

At 30 mg/kg there were no significant differences between day 1 and day 9 in the frequency
of head movements for either phenotype (Fig. 3). These data suggest that both bHRs and
bLRs may have reached their peak response using this metric in response to the highest dose
of cocaine, regardless of day. Interestingly, the locomotor response for bLRs on day 9 was
also indistinguishable from that on day 1 in response to 30 mg/kg cocaine (Fig. 2C).
However, bHRs exhibited a decrease in locomotor response on day 9 relative to day 1 in
response to the highest dose of cocaine (Fig. 2B), providing further evidence that their
behavioral profile differed from that of bLRs. Decreases in locomotor activity at high drug
doses following repeated administration are typical as rats begin to exhibit stereotyped
behaviors (Lyon and Robbins, 1975, Segal, 1975a). Although we did not see differences in
the frequency of head movements, other measures (e.g. number of head movements or
duration of head movements) do reflect enhanced stereotypy in response to the highest dose
of cocaine on day 9 relative to day 1 (effect of day for number of head movements,
F(1,21.73)=11.62, p=0.003); effect of day for duration of head movements,
F(1,28.86)=10.77, p=0.003). In sum, stereotypy was enhanced in bHR vs. bLR rats
following repeated cocaine treatment, and together with locomotor activity, indicated that
bHR rats exhibited greater behavioral sensitization to the repeated effects of cocaine
compared to bLR rats.

3.4 Spine density changes following prolonged cocaine abstinence are phenotype

dependent

Following prolonged abstinence from repeated cocaine (or saline) injections, spine density
was examined on terminal dendrites of MSNs in the AcbC (Figs. 4A,A’,B). The
examination of spines started at the branch point and continued along the terminal dendrite
in 10um increments. Despite the fact that neither phenotype nor treatment significantly
altered spine density within the first 50um of the branch point, there was a tendency for
spine density to be reduced in cocaine-treated rats compared to saline-treated controls
(F(1,22.48)=3.24, p=0.09). Further, spine density was significantly impacted by distance
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from the branch point (Fig. 4C; effect of distance, F(4,180.2)=5.88, p<0.001) and post-hoc
analyses indicated that the density of spines within the first 20um of the branch point was
decreased compared to all other 10um segments (vs. 10-20um, p=0.001; vs. 20-30um,
p=0.003; vs. 30-40um, p=0.001; vs. 40-50um, p=0.014). Within this first 10um region, there
was a significant phenotype x treatment interaction (F(1,40)=4.00, p=0.05). Thus, all
subsequent analyses were restricted to this 10um segment of the terminal dendrite nearest
the branch point.

The impact of locomotor phenotype on spine density in the AcbC was evaluated by
comparing the density of dendritic spines in control bHR and bLR rats that received
repeated saline injections. Spine density was comparable in saline-treated bHRs and bLRs
(Fig. 5A) with only a tendency for phenotype differences in mushroom spine density (Fig.
5B, t(11)=-2.03, p=0.07). The lack of significant differences in saline-treated rats is
consistent with our findings in untreated bHR and bLR rats from the 15t generation of the
selective breeding colony (Hwang et al., 2009).

Dendritic spines were also examined in cocaine-treated bHR and bLR rats following
prolonged abstinence. Cocaine-treated bHR and bLR rats exhibited significant differences in
spine density (Fig. 5C, F(1,40)=11.33, p=0.002) which were evident on the terminal
dendrite near the branch point (e.g., see Fig. 5E-F). Phenotype differences in spine density
were specific to the type of dendritic spine in cocaine-treated rats (Fig. 5D). bHR vs. bLR
differences in the density of both mushroom (t(29)=-2.79, p=0.009) and stubby (t(29)=-2.94,
p=0.006) spines were detected, however, more modest changes that did not reach
significance were also noted for thin (t(29)=-1.97, p=0.06) and branched (t(29)=-1.68,
p=0.10) spines.

Finally, within-phenotype effects of cocaine treatment on spine density were evaluated by
expressing spine density as the percent change in the cocaine-treated group compared to
saline-treated group of the same phenotype (i.e., “% saline”). Although cocaine treatment
decreased total spine density by 37% in bHRs (Fig. 5G, t(13)=-4.183, p<0.001) and not at all
in bLRs (Fig. 5G), the effects on individual spine types were different in bHR and bLR rats
(Fig. 5H). All spine types were decreased in cocaine-treated bHR rats, with the most
pronounced effects occurring in branched spines (91% decrease) and the smallest effects
occurring in mushroom spines (23% decrease), which were equally impacted in bLR rats.
All other spine types remained unchanged in cocaine-treated bLR rats, although there was a
trend toward increased thin spines (p=0.07). In sum, cocaine differentially impacted spine
density in bHR and bLR rats, with robust and consistent decreases in bHRs, specifically in
the region of terminal branch nearest the branch point.

4. Discussion

The behavioral, psychological, and neurobiological effects of drugs can vary as a function of
genetic background, as has been shown in human studies (for recent reviews, see (Gorwood
etal.,, 2012, Kreek et al., 2012, Levran et al., 2012, Merikangas and McClair, 2012)). Here,
we use a unique animal model to show that the psychomotor activating effects of cocaine
differ based on genetic background (Figs. 2-3), as does cocaine-induced structural plasticity
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following prolonged abstinence (Figs. 4-5). We demonstrate that neuroplastic changes in
cocaine-treated rats following prolonged abstinence differ markedly between selectively
bred high- and low-responder rats. Relative to bLRs, bHR rats appear to be especially
sensitive to both the behavioral and neurobiological effects of repeated cocaine treatment.
Interestingly, there were no differences in spine density between the lines under baseline
conditions or following repeated saline injections suggesting that the differences we saw
were specific to repeated cocaine treatment and persisted after a prolonged period of
abstinence. These findings support and enhance our previous reports of individual
differences in behavioral sensitization to cocaine (Garcia-Fuster et al., 2010, Clinton et al.,
2012) and present a unique model in which these differences in sensitization can be related
to subsequent changes in neuroplasticity.

The selectively bred lines of high- and low-responder rats are a valuable tool for examining
how two “extremes” of a normally distributed population (Stead et al., 2006) with known
differences in gene expression (Clinton et al., 2011, Flagel et al., 2012a) differ in response to
cocaine at both the behavioral and morphological level. Although the current findings are in
agreement with previous studies suggesting enhanced psychomotor sensitization in bHRs
relative to bLRs following repeated cocaine treatment (Garcia-Fuster et al., 2010, Clinton et
al., 2012), significant differences exist between the current study and our previous work.
The current study involved an analysis of within-subject dose-effect functions, which is
more sensitive in assessing the psychomotor activating effects of cocaine (Flagel and
Robinson, 2007). Further, the psychomotor profile was measured using behavioral analysis
software (described in (Flagel and Robinson, 2007)), which allowed the quantification of
multiple behaviors (e.g., frequency of lateral head movements) that were not assessed in
these earlier studies (Garcia-Fuster et al., 2010, Clinton et al., 2012). In the current study we
were able to demonstrate that locomotor activity was enhanced in bHRs compared to bLRs
following both acute and repeated cocaine treatment (Fig. 2). We also found that stereotyped
head movements were increased in bHRs vs. bLRs in response to repeated cocaine treatment
(Figs. 3, S4). Thus, these bHR-bLR differences in the psychomotor activating effects of
cocaine provided the framework for examining whether individual differences in behavioral
response were related to long-term changes in neural plasticity (i.e., spine density).

Although increased spine density (Norrholm et al., 2003, Li et al., 2004, Ferrario et al.,
2005, Lee et al., 2006, Chen et al., 2008, Pulipparacharuvil et al., 2008, Kiraly et al., 2010,
Wissman et al., 2011, Marie et al., 2012) and synapse number (Alcantara et al., 2011) have
been reported in the AcbhC following cocaine treatment, accumulating evidence indicates
that behavioral sensitization to psychostimulants and increases in spine density are not
inextricably linked (Lee et al., 2006, Shen et al., 2009, Singer et al., 2009, Martin et al.,
2011, Dumitriu et al., 2012). Here, we report phenotype-dependent changes in spine density
in the AcbC of bHR and bLR rats following prolonged cocaine abstinence, which were
specific to the region of the terminal dendrite nearest the branch point. Notably, spine
density decreases in cocaine-treated bHRs (Fig. 5) are supported by the recent description of
spine density decreases within proximal regions of the terminal dendritic branch of MSNs in
the AcbC following prolonged (28 days) cocaine abstinence (Dumitriu et al., 2012). These
bHR-bLR differences in spine density following prolonged cocaine abstinence may be
suggestive of differences in the propensity to relapse in the selectively bred lines, which is
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supported by bHR-bLR differences in cue-induced reinstatement (i.e., relapse) after ~1
month of abstinence (Flagel et al., 2012a).

Unfortunately, a clear understanding of the relationship between behavioral activity in
response to cocaine and changes in spine density is lacking. Across published studies,
inconsistencies in the dendritic region examined for cocaine-induced effects on spine density
combined with variations in the duration of the abstinence period following cocaine
treatment (i.e., 24h to 3 months) make it difficult, if not impossible, to relate changes in
spine density to behavioral activity. One potential explanation, however, is that changes in
dendritic spine density are mediated by dysregulation of dopamine-glutamate signaling. In
fact, modulation of dopamine and glutamate systems produces changes in both dendritic
spine density (Ingham et al., 1989, Jones and Robbins, 1992, Meredith et al., 1995, Testa et
al., 1998, Bamford et al., 2004, Day et al., 2006, Deutch, 2006, Garcia et al., 2010,
Gonzalez-Burgos et al., 2010) and behavior (Rouillon et al., 2008, Gonzalez-Burgos et al.,
2010). Given that GABAergic MSNs in the AcbC receive converging input from both
dopaminergic and glutamatergic axon terminals (Sesack and Pickel, 1992), future studies
examining dopamine-glutamate interactions following cocaine treatment may help us better
understand the relationship between changes in neuroplasticity and behavior.

Although the physiological impact of changes in spine density near dendritic branch points
is not entirely clear, dendritic branch points have been implicated as sites within the
dendritic tree that are important for signal modulation (Shepherd et al., 1985, Branco and
Hausser, 2010), Golgi-mediated processes (Horton and Ehlers, 2003, Jan and Jan, 2010),
and protein synthesis (Bartlett and Banker, 1984, Tiedge and Brosius, 1996). Converging
evidence suggests that molecular substrates implicated in plasticity are localized to dendritic
branch points, both in vitro and in vivo (Ferrari et al., 2007, Dayas et al., 2012). In particular,
ribosomal protein S6, a downstream target of the mammalian target of rapamycin complex 1
(mTORCY), is enriched at dendritic branch points (Ferrari et al., 2007) and phosphorylated
following cocaine treatment (Wu et al., 2011). Interestingly, we have detected bHR-bLR
differences in molecules associated with the mTORC1 signaling pathway (unpublished
data). Thus, it is plausible that plasticity near dendritic branch points in bHR rats may be
particularly sensitive following prolonged cocaine abstinence.

Differences in spine density following cocaine treatment in bHR and bLR rats may be due to
the differential regulation of neurotransmitter systems in the selectively bred lines.
Numerous genes and signaling pathways associated with addiction are differentially
expressed between bHR and bLR rats under basal conditions, both during development and
into adulthood (Clinton et al., 2011, Flagel et al., 2012a, Flagel et al., 2012b, Garcia-Fuster
et al., 2012). Specifically, neurobiological differences in the dopamine system (Flagel et al.,
2010, Flagel et al., 2011), stress systems (Clinton et al., 2008, Kerman et al., 2012),
fibroblast growth factor family (Turner et al., 2008, Perez et al., 2009, Turner et al., 2011,
Clinton et al., 2012) and hippocampal neurogenesis (Perez et al., 2009, Garcia-Fuster et al.,
2010) have been described, all of which undoubtedly contribute to the individual differences
in cocaine-induced neuroplasticity in bHR vs. bLR rats. Although the current study did not
examine the acute effects of repeated cocaine treatment on spine density in the selectively
bred lines, our recent findings indicate that the expression of plasticity-related genes is most
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different in the selectively bred lines following periods of prolonged cocaine abstinence
(Waselus et al., 2013). Specifically, prospective targets under investigation include signaling
within the dopaminergic and fibroblast growth factor systems, given their involvement in
neuroplasticity (Ingham et al., 1989, Meredith et al., 1995, Kleim et al., 2003, Zaja-
Milatovic et al., 2005, Jungnickel et al., 2006, Wang and Deutch, 2008, Garcia et al., 2010,
Gonzalez-Burgos et al., 2010, Wolf, 2010, Turner et al., 2012). Taken together, these
findings further suggest that the differences in dendritic spine density we report here are not
due to cocaine exposure per se. Rather, these bHR-bLR differences are a consequence of the
prolonged abstinence following cocaine exposure, a time period during which individual
differences in the expression of genes associated with neuroplasticity are most robust
(Waselus et al., 2013).

5. Conclusions

In sum, these findings indicate that relative to bLR rats, bHRs are more responsive to both
acute and repeated cocaine administration. Furthermore, robust differences in spine density
were detected between phenotypes in the nucleus accumbens core following prolonged
cocaine abstinence. Similar to the behavioral findings, changes in spine density were more
pronounced in bHR rats than bLR rats and these changes were specific to the region of the
terminal dendritic branch closest to the branch point. Since bHR-bLR differences in spine
density were not detected under basal conditions or following repeated vehicle treatment, it
is unlikely that spine density in the AcbC contributes to differences in the initial
vulnerability to the psychomotor activating effects of cocaine. However, robust bHR-bLR
differences in spine density following prolonged cocaine abstinence may be indicative of
differences in vulnerability or resilience following cocaine treatment.
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AcbC nucleus accumbens, core subregion

bHR selectively bred high-responder rats

bLR selectively bred low-responder rats

Dil 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (lipophilic
dye)

MSN medium spiny neuron

PB phosphate buffer
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Figure 1. Timeline for repeated cocaine treatment
A) Rats were handled for 7 days and then administered repeated injections of saline or

cocaine for 9 consecutive days. For the next 28 days, rats remained cocaine abstinent until
transcardial perfusion and brain extraction. B) Repeated injections of saline (C) or escalating
doses of cocaine (D) were administered on the first (day 1; D1) and last (day 9; D9) days of
treatment; single injections of saline or cocaine were given on the intermediate days (D2-
D8). On days 2-8, injections were associated with the activity boxes (“test”; days 3,5,7) or
home cages (“home”; days 2,4,6,8) on alternating days. Repeated injections on day 1 and
day 9 were given in the activity boxes according to the treatment paradigm outlined for
saline- (C) and cocaine-treated (D) rats. The asterisk (*) indicates the saline injection
administered to all rats.
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Figure 2. The locomotor response to both acute and repeated cocaine treatment is enhanced in
bHR rats relative to bLRs

A) Locomotor activity on day 1 was increased with escalating doses of cocaine and
enhanced in bHR rats (closed circles) compared to bLR rats (open circles). B) Following
repeated cocaine injections (day 9; black triangles), locomotor activity in bHRs was
increased at the lowest (7.5mg/kg) and middle (15mg/kg) doses and decreased at the highest
dose (30mg/kg) compared to the acute response on day 1 (black circles). C) In bLRs,
locomotor sensitization to cocaine was apparent only at the middle cocaine dose (15mg/kg)
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on day 9 (open triangles) relative to activity on day 1 (open circles). D) Locomotor activity
in response to the lowest dose of cocaine (7.5 mg/kg) was increased in bHR rats (black
squares), but not bLR rats (open squares), on day 9 relative to day 1. Representative density
maps obtained from individual cocaine-treated bHR (E) and bLR (F) rats on day 1 (a-d) and
day 9 (e-h) illustrate all locomotor activity following injections of saline (“0 mg/kg
cocaine”, a,e) and escalating doses of cocaine (“7.5 mg/kg”, b,f; “15 mg/kg”, c,g; “30 mg/
kg”, d,f). Significant differences between day 1 vs. day 9 (B,C,D) are indicated: “*p<0.01,
and "p<0.05.
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Figure 3. Stereotyped head movements induced by repeated cocaine are enhanced in bHR rats
compared to bLR rats

The frequency of lateral head movements is shown for bHR (A) and bLR (B) rats following
acute (day 1; circles) and repeated (day 9; triangles) cocaine injections. Repeated cocaine
(closed triangles) increased the frequency of head movements at the two lowest doses of
cocaine in bHRs (A; 7.5 and 15 mg/kg), but only at the intermediate dose following repeated
treatment (open triangles) in bLRs (B; 15 mg/kg). Differences in stereotyped head
movements between day 1 and day 9 at the highest dose of cocaine (30 mg/kg) were not
observed for either phenotype. Significant differences between day 1 vs. day 9 are
shown:™*p<0.001, *p<0.01.
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Figure 4. Selection and analysis of dendritic spines in the AcbC
Dendritic spines were examined along the entire terminal branch of MSNs in the AcbC (A)

in 10um increments starting at the terminal branch point (asterisk) and extending to the
terminal tip (T). Both the branch order (bold numbers) and dendritic branch points (¢) are
indicated. A representative image of a dendritic branch ending in a terminal tip (A”), typical
of those included in the analyses, is shown; as in the schematic, an asterisk marks the branch
point preceding the terminal tip. The distribution of MSNSs in the AcbC that were included in
the quantitative analyses was mapped onto 4 representative coronal sections (B) at 360um

Neuroscience. Author manuscript; available in PMC 2014 October 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Waselus et al.

Page 27

intervals (+2.28, +1.92, +1.56 and +1.20mm bregma (Paxinos and Watson, 2005) for saline-
treated bHRs (closed gray circles), cocaine-treated bHRs (closed black circles), saline-
treated bLRs (open gray circles) and cocaine-treated bLRs (open black circles). Spine
density along terminal branches was analyzed in 10um increments starting at the branch
point (A) and extending toward the terminal tip for 50um (dashed line). Spine density on
terminal branches was impacted by the distance from the branch point (C; effect of distance:
p<0.001) and the 10um segment adjacent to the branch point (A; thick black line) had fewer
spines than any other segment.
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Figure 5. Individual differences in spine density are apparent in the AcbC of cocaine-treated
bHR and bLR rats

All data presented here was obtained from the 10um segment of the terminal dendrite closest
to the branch point (see Fig. 4A,; thick black line). Spine density in the AcbC was
comparable in bHR and bLR rats treated repeatedly with saline (A). No significant
differences between bHR and bLR rats were detected among the different spine types,
although there was a tendency for differences in the density of mushroom spines (B) in bHR
vs. bLR rats (p=0.07). Differences between bHR and bLR rats in total spine density (C) as
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well as spine types (D; mushroom and stubby) were apparent following prolonged cocaine
abstinence. Although bHR-bLR differences in the density of thin (p=0.06) and branched
(p=0.1) spines were not significant, there was a tendency for the density of these spines to
differ in cocaine-treated rats, as well. Differences in spine density near the branch point of
bHRs (E) and bLRs (F) are clear following cocaine treatment. In bHRs, but not bLRs,
cocaine decreased the total density of spines vs. saline-treated controls (G). All spine types
were decreased in cocaine-treated bHR rats compared to saline-treated controls (H, thin:
t(13)=-2.70, p=0.02; mushroom: t(13)=-2.23, p=0.04; stubby: t(13)=-5.16, p<0.001;
branched: t(13)=-18.05, p<0.001). In cocaine-treated bLRs (H), only mushroom spines were
decreased by cocaine (t(16)=-2.48, p=0.03), although insignificant increases in thin spines
were observed (t(16)=1.94, p=0.07). Significant differences between bHR vs. bLR (A-D)
and cocaine vs. saline (G,H) are indicated: **"p<0.001; "*p<0.01; “p<0.05.
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