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Abstract
The present study sought to determine the interaction between the novelty-seeking trait and cocaine
treatment on gene expression in the fibroblast growth factor (FGF) system. Specifically, we assessed
the regulation of FGFR1 in response to cocaine in animals that were selectively bred on the basis of
their locomotor response to a novel environment. High-responder (HR) rats are those that exhibit
increased locomotor response and exploratory behavior in a novel environment and low-responder
(LR) rats are those that exhibit lower levels of exploratory behavior and are less active. Both
phenotypes received daily injections of either cocaine (15mg/kg, i.p.) or saline for seven consecutive
days. Animals were sacrificed 45 minutes following their last injection and FGFR1 gene expression
was assessed in the hippocampus and prefrontal cortex by mRNA in situ hybridization. HR-bred rats
exhibited increased FGFR1 mRNA in the hippocampus compared to LR-bred rats. Furthermore,
cocaine decreased FGFR1 mRNA in the hippocampus and increased FGFR1 mRNA in the prefrontal
cortex. Finally, HR and LR rats differed in their response to cocaine between brain regions. In the
hippocampus, cocaine decreased gene expression in HR-bred rats without affecting LR-bred rats,
whereas in the prefrontal cortex cocaine increased gene expression in LR-bred rats without affecting
HR-bred rats. These results suggest that cocaine interacts with the novelty-seeking trait to alter gene
expression. Thus, the FGF system may contribute to individual differences in the response to drugs
of abuse.
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The fibroblast growth factor system has previously been shown to be altered following cocaine
and amphetamine exposure. Specifically, FGF2 was upregulated in several brain regions
following both acute and chronic exposure [8,9,11]. Acute and chronic stress has also been
shown to interact with cocaine to alter FGF2 gene expression and this interaction appears to
be regionally selective [10]. Furthermore, FGF2 has been found to be required for the
development of amphetamine sensitization [8]. These results suggest that FGF2 may be directly
involved in the development of sensitization and may be a key factor underlying the molecular
mechanisms of addiction.
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Regulation of the FGF system at the receptor level has not yet been studied in response to drugs
of abuse or in animals that differ in their drug-taking behavior. In order to address this question,
we utilized an animal model that differs in novelty-seeking behavior. We have generated
selectively bred rat lines that exhibit individual differences in response to a novel environment
with some animals exhibiting high levels of locomotor activity and other animals exhibiting
low levels of locomotor activity [17]. In outbred rats, high-responder animals exhibit an
increased propensity to self-administer drugs of abuse, whereas low-responder animals exhibit
a decreased propensity to self-administer drugs of abuse [13,15,16]. Furthermore, we have
preliminary evidence suggesting that selectively bred HRs and LRs differ in cocaine
sensitization and self-administration (Flagel et al., personal communication).

HR-bred animals also differ in their anxiety-like behavior and stress-responsiveness [3,15].
Furthermore, the FGF system has been implicated in response to both acute and chronic stress
[8]. Thus, the purpose of this study was to determine whether selectively bred HR and LR rats
exhibit differences in FGFR1 gene expression. We also sought to determine whether cocaine
treatment alters FGFR1 gene expression. To determine whether cocaine treatment interacts
with the novelty-seeking trait to modulate gene expression, we assessed FGFR1 gene
expression in selectively bred HR and LR rats following a regime of repeated cocaine treatment
known to elicit behavioral sensitization.

Male Sprague-Dawley rats from generation nine of our HR/LR breeding colony (305–490g;
University of Michigan, Ann Arbor, MI.) were housed under a 12 hr light/dark cycle with food
and water available ad libitum. Sixteen HR and sixteen LR rats (approximately 6 months old)
were used in this study. All rats were maintained at the University of Michigan animal facilities
in accordance with the University Committee Use and Care of Animals. The experiments were
conducted according to the National Institute of Health Guide for the Care and Use of
Laboratory Animals (NIH Publications No. 80–23, revised 1996). All efforts were made to
minimize the number of animals used for this study.

HR and LR rats were screened for locomotor activity ten days prior to the initial drug injection
as previously described [4]. HR and LR rats were administered either cocaine hydrochloride
dissolved in 0.9% saline (15mg/kg, i.p.; n=8/group) or saline (i.p.; n=8/group) every 24 h for
seven days. The cocaine sensitization paradigm used has been previously described and the
dose and treatment regimen was appropriate to study individual differences in response to the
drug [6,7]. Rats were sacrificed 45 minutes following the last injection of either saline or
cocaine.

For mRNA in situ hybridization, tissue was sectioned at −20°C at 10μm, sliced in series,
mounted on SuperFrost Plus slides (FisherScientific) and stored at −80°C until processed. In
situ hybridization methodology and analysis has been previously described elsewhere [13].
Sections were taken every 200μm. The sequence of rat mRNA used for generating the probe
was complementary to the following RefSeq database no. FGFR1 (NM_024146, 320– 977).
The probe was synthesized in our laboratory. All cDNA segments were extracted (Qiaquick
Gel Extraction Kit, Qiagen, Valencia, CA), subcloned in Bluescript SK (Stratagene, LA
Jolla,CA ) and confirmed by nucleotide sequencing. After seven days of exposure, the films
were developed (Kodak D-19; Eastman Kodak, Rochester, NY, USA). Brain section images
were captured from film with a CCD camera (TM-745, Pulnix) using MCID. Radioactive
signals were quantified using computer-assisted optical densitometry software (Scion Image).
Optical densities were determined by outlining the region of interest for the dorsal
hippocampus. For the medial prefrontal cortex, a 20 pixel X 20 pixel box was placed over the
region. Optical density measurements were corrected for background, and the signal threshold
was defined as the mean gray value of background plus 3.5X its standard deviation. Only pixels
with gray values exceeding the above-defined threshold were included in the analysis. Data
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from multiple sections per animal were averaged resulting in a mean integrated optical density
value for each animal and then averaged for each group. Differences in FGFR1 gene expression
were analyzed in each region by a two-way ANOVA followed by posthoc comparisons. A
Student’s t-test was performed for locomotor activity in a novel environment. Data are
presented as mean ± SEM.

As expected from previous generations, the selectively bred HR and LR rats exhibited
significant differences in locomotor activity in response to a novel environment. Specifically,
HR-bred rats (654 ± 40.5) exhibited significantly higher locomotor scores than LR-bred rats
(324 ± 11.6) (p < 0.001). Although not assessed in this study, the selectively bred HR and LR
rats would be expected to differ on the novelty-seeking dimension.

Figure 1 illustrates FGFR1 gene expression for the HR-bred and LR-bred rats by treatment in
the hippocampal subfields. In CA1 of the hippocampus, there was a significant main effect of
group, with the HR animals exhibiting higher expression of FGFR1 mRNA than LR animals
(F1,31 = 4.31, p < 0.05). Furthermore, there was a significant main effect of treatment, with the
cocaine animals exhibiting lower expression of FGFR1 mRNA than vehicle controls (F1,31 =
5.11, p < 0.05). Finally, there was a significant interaction between group and treatment
(F1,31 = 5.36, p < 0.05). Here, the HR-Saline animals exhibited higher expression of FGFR1
mRNA than HR-Cocaine (p < 0.05), LR-Saline (p < 0.05) and LR-Cocaine (p = 0.005) animals,
see Figure 2a.

In the dentate gyrus of the hippocampus, there was a significant main effect of group, with the
HR animals exhibiting higher expression of FGFR1 mRNA than LR animals (F1,31 = 14.31,
p < 0.001). There was no significant main effect of treatment (F1,31 = 0.21, p = 0.65). However,
there was a significant interaction between group and treatment (F1,31 = 7.22, p < 0.05). Here,
the HR-Saline animals exhibited higher expression of FGFR1 mRNA than HR-Cocaine (p <
0.05), LR-Saline (p < 0.001) and LR-Cocaine (p < 0.05) animals, see Figure 2b.

In the prefrontal cortex, there was a significant main effect of treatment (F1,31 = 4.39, p < 0.05),
with the cocaine animals exhibiting higher expression of FGFR1 mRNA than vehicle controls.
There was no significant main effect of group (F1,31 = 1.84, p = 0.19). However, there was a
significant interaction between group and treatment (F1,31 = 5.17, p < 0.05). Here, the LR-
Saline animals exhibited lower expression of FGFR1 mRNA than LR-Cocaine (p < 0.05), HR-
Saline (p < 0.05) and HR-Cocaine (p < 0.05) animals, see Figure 2c.

These results suggest that animals selectively bred for differences in the novelty-seeking trait
exhibit differences in FGFR1 gene expression. Furthermore, HR-bred animals exhibited higher
FGFR1 mRNA expression in the hippocampus than LR-bred animals. In outbred HR and LR
rats, several other studies have also shown alterations in gene expression. For example,
corticotrophin-releasing hormone (CRH) gene expression was increased in the paraventricular
nucleus of the hypothalamus and glucocorticoid receptor (GR) gene expression was decreased
in the hippocampus of HRs compared to LRs [13]. Furthermore, gene expression differences
have been characterized in HR and LR rats following psychosocial stress. For example, LR
rats show increased Ca+/calmodulin kinase IIb (CAMKIIb) gene expression in the
hippocampus following social defeat [14]. More recently, differences in serotonin (5-HT)
receptors and the cholecystokinin (CCK) system have been shown to be altered in HR and LR
rats. HR rats show increased CCK gene expression in the hippocampus compared to LR rats,
whereas HR rats have decreased 5-HT7 receptor gene expression compared to LR rats [1,2].

The results also suggest that cocaine alters FGFR1 mRNA differentially depending on the
region. Cocaine increased FGFR1 mRNA in the prefrontal cortex and decreased FGFR1
mRNA in the hippocampus. Previous studies have found that both acute and chronic cocaine
increased FGF2 gene expression in various brain regions [11]. Our study suggests that the
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receptor may respond differentially to cocaine treatment between regions. However, we cannot
differentiate between the acute and chronic treatment effects on FGFR1 gene expression in the
present study.

Finally, cocaine and novelty-seeking behavior interact to modulate FGFR1 gene expression.
This modulation also differed depending on the region. In the hippocampus, cocaine decreased
gene expression in HRs without affecting LRs, whereas in the prefrontal cortex cocaine
increased gene expression in LRs without affecting HRs. A previous study showed stress and
cocaine to interact and modulate FGF2 gene expression [10]. Similar to the above-mentioned
study, the interaction between cocaine and the novelty-seeking trait was regionally selective.

The possibility exists that an increased tone in the FGF system may lead to an increase in drug-
taking behavior. This has recently been demonstrated with another growth factor, brain-derived
neurotrophic factor (BDNF) [12]. Rats that received infusions of BDNF into the nucleus
accumbens exhibited an increase in cocaine self-administration. Moreover, the higher levels
of FGFR1 in the hippocampus found in HR-bred rats relative to LR-bred rats in the current
study may contribute to the enhanced propensity to self-administer drugs. Although recent
evidence suggests that the HR/LR phenotype has little to do with the transition to addiction
[3,5], most would agree that there are distinct differences between these phenotypes in initial
drug-taking behavior [3]. Thus, although it is likely a combination of traits (e.g. novelty-
seeking, impulsivity) that contribute to substance abuse vulnerability, our results suggest that
the FGF system plays a prominent role in mediating the initial propensity to take drugs and
studies are currently underway to determine if this is indeed the case. Future studies should
also determine whether FGFR1 gene expression is altered in the mesolimbic system (e.g.
nucleus accumbens and ventral tegmental area) following a sensitizing regimen of cocaine.

In summary, cocaine altered FGFR1 gene expression in a regionally selective manner.
Selectively bred rats that have increased novelty-seeking behavior also exhibited increased
FGFR1 gene expression. Furthermore, cocaine and novelty-seeking behavior interact to
regulate gene expression, and this regulation differed depending on the region. Thus, FGFR1
represents a novel therapeutic target in both the vulnerability to drug abuse and the response
to drugs of abuse.
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Figure 1. Representative FGFR1 mRNA in situ hybridization images in the hippocampus
Red denotes a high level of gene expression in (A) HR-Cocaine (B) HR-Saline (C) LR-Cocaine
(D) LR-Saline rats. Note that the highest gene expression is in CA2 and CA3 of the
hippocampus.
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Figure 2. Average integrated optical density of FGFR1 gene expression in various brain regions
(A) Cocaine decreased FGFR1 mRNA in CA1 of the hippocampus in HR rats without affecting
LR rats. (B) Cocaine decreased FGFR1 mRNA in the dentate gyrus in HR rats without affecting
LR rats. (C) Cocaine increased FGFR1 mRNA in the prefrontal cortex in LR rats without
affecting HR rats.
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