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Abstract
Behavioral sensitization, or augmented locomotor response to successive drug exposures, results
from neuroadaptive changes contributing to addiction. Both the medial prefrontal cortex (mPFC)
and ventral tegmental area (VTA) influence behavioral sensitization and display increased
immediate-early gene and BDNF expression after psychostimulant administration. Here we
investigate whether mPFC neurons innervating the VTA exhibit altered Fos or BDNF expression
during long-term sensitization to amphetamine. Male Sprague-Dawley rats underwent unilateral
intra-VTA infusion of the retrograde tracer Fluorogold (FG), followed by 5 daily injections of
either amphetamine (2.5 mg/kg, i.p.) or saline vehicle. Four weeks later, rats were challenged with
amphetamine (1.0 mg/kg, i.p.) or saline (1.0 mL/kg, i.p.). Repeated amphetamine treatment
produced locomotor sensitization upon drug challenge. Two hours later, rats were euthanized, and
mPFC sections were double-immunolabeled for either Fos-FG or Fos-BDNF. Tissue from the
VTA was also double-immunolabeled for Fos-BDNF. Amphetamine challenge increased Fos and
BDNF expression in the mPFC regardless of prior drug experience, and further augmented mPFC
BDNF expression in sensitized rats. Similarly, more Fos-FG and Fos-BDNF double-labeling was
observed in the mPFC of sensitized rats compared to drug-naïve rats after amphetamine challenge.
Repeated amphetamine treatment also increased VTA BDNF, while both acute and repeated
amphetamine treatment increased Fos and Fos-BDNF co-labeling, an effect enhanced in sensitized
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rats. These findings point to a role of cortico-tegmental BDNF in long-term amphetamine
sensitization.
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1. INTRODUCTION
Repeated exposure to psychostimulants produces neural and behavioral adaptations that may
contribute to addictive behavior. Among these is sensitization, defined as augmented drug
response with successive drug exposures. Behaviorally, psychomotor sensitization manifests
as progressively increased locomotor response and can persist for up to a year (Paulson et
al., 1991), an effect likely related to enhanced dopamine release in the ventral striatum after
repeated psychostimulant administration (Boileau et al., 2006; Robinson et al., 1988).

Substantial evidence points to the medial prefrontal cortex (mPFC) as a key region in
regulating sensitization, as lesions or disruption of glutamate signaling here attenuate
development of sensitization (Bjijou et al., 2002; Cador et al., 1999; Li et al., 1999;
Tzschentke and Schmidt, 1999; Wolf et al., 1995). The mPFC sends glutamatergic
projections to the ventral tegmental area (VTA; Carr and Sesack, 2000; Geisler et al., 2007;
Sesack and Pickel, 1992), a region also critical for sensitization (Kalivas and Weber, 1988;
Vezina, 1996). Receptor-mediated glutamate signaling in the VTA is particularly important
for sensitization (Cador et al., 1999; Kalivas and Alesdatter, 1993; Kim and Vezina, 1998),
and mPFC neurons innervating the VTA are proposed to be involved (Cador et al., 1999).

Psychostimulant administration activates neurons in the mPFC, which can be measured by
increased mRNA or protein expression of the immediate early gene, c-fos. Both acute and
repeated administration of psychostimulants enhance mPFC Fos expression (Morshedi and
Meredith, 2007, 2008; Uslaner et al., 2001), and animals exposed to repeated treatment
display augmented cortical Fos response which accompanies behavioral sensitization
(Hedou et al., 2002). Moreover, neurons in the mPFC specifically innervating the VTA
exhibit increased Fos expression after acute amphetamine administration (Colussi-Mas et
al., 2007), underlining the potential involvement of the mPFC-VTA projection in drug-
induced neuroadaptations. Characterizing activated neurons during expression of sensitized
behavior may elucidate its neural mechanism.

Repeated psychostimulant exposure may affect sensitization by specifically enhancing
neural plasticity in the mPFC-VTA projection. Indeed, repeated exposure to
psychostimulants increases mPFC spine density and dendritic branching (Morshedi et al.,
2009; Robinson and Kolb, 1999) and enhances excitability of midbrain dopamine neurons
when the PFC is electrically stimulated (Tong et al., 1995). The neurotrophin brain-derived
neurotrophic factor (BDNF) is well-poised to influence such neuroadaptations due to its role
in regulating synaptic plasticity (Horch et al., 1999; Kang and Schuman, 1995; Lessmann et
al., 1994) and its expression in both the VTA and mPFC (Conner et al., 1997; Seroogy et al.,
1994). Acute exposure to psychostimulants increases mPFC BDNF mRNA (Fumagalli et al.,
2007; Le Foll et al., 2005; Meredith et al., 2002), an effect augmented by repeated treatment
(Fumagalli et al., 2007). BDNF receptor-mediated signaling in the VTA may also be
necessary for sensitization (Pu et al., 2006). These data suggest that BDNF activity within
the mPFC-VTA projection may influence psychostimulant-related neuroadaptations.
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In this study, we characterized neurons activated by amphetamine following expression of
behavioral sensitization. We examined whether amphetamine treatment induced differential
Fos and BDNF expression, and Fos-BDNF co-expression, in mPFC and VTA neurons in
either drug-sensitized or drug-naïve rats. We also utilized the retrograde tracer Fluorogold to
determine whether amphetamine treatment induced functional activation of mPFC neurons
innervating the VTA.

2. METHODS
2.1 Animals

Subjects were male Sprague-Dawley rats (Charles River Laboratories; Hollister, CA)
weighing 225–250 g upon arrival. Rats were triple-housed under a 12-h reverse light/dark
cycle (lights off at 9:00 h) with ad libitum access to food (Purina Rodent Diet; Brentwood,
MO) and water. Rats were allowed one week to acclimate before surgery. All experimental
procedures were approved by the University of Arizona and Arizona State University
Institutional Animal Care and Use Committees, and conducted in accordance with the Guide
for the Care and Use of Laboratory Animals (National Research Council, 1996). All efforts
were made to minimize suffering and to limit the number of animals used.

2.2 Surgery
Rats were anesthetized with isoflurane gas (2–4%) and placed into a stereotaxic frame
(Leica Angle Two; Richmond, IL). Fluorogold (FG, 4% in 0.1 M sodium cacodylate buffer;
Fluorochrome; Denver, CO) was unilaterally infused into the VTA with a glass micropipette
(20 μm tip) at a 10° angle using the following stereotaxic coordinates: AP: −5.1 mm; ML:
−0.6 mm; DV: −8.8 mm (Paxinos and Watson, 2007). Infusion was performed by
iontophoresis at a +6.0 μA current alternating every 7 s for 10 min. Rats were allowed one
week to recover before experimental procedures.

2.3 Experimental design
Rats were randomly assigned to three groups (n = 8 each). One group received daily
injections of d-amphetamine sulfate (2.5 mg/kg, i.p.; Sigma-Aldrich; St. Louis, MO) for 5
consecutive days, while the other two groups received daily saline vehicle injections (1.0
mL/kg). All injections prior to the challenge day were administered in the home cage
environment. After the fifth day, injections ceased, and rats remained in their home cages for
28 days where they were handled twice weekly. On day 28, the group receiving daily
amphetamine treatment was challenged with amphetamine (1.0 mg/kg, i.p.; REP group), and
the daily saline groups received either an amphetamine challenge (1.0 mg/kg, i.p.; ACU
group) or a saline vehicle challenge (1.0 mL/kg, i.p.; SAL group).

2.4 Locomotor tracking
On challenge day, injections were given in a separate testing room in a chamber resembling
a home cage containing clean bedding where locomotor activity was tracked. Rats
habituated to the testing room, testing chamber, and injection procedure for 2 days prior to
the amphetamine or saline challenge day. Locomotor activity was measured using
Videotrack (Viewpoint Life Sciences; Montreal, Canada), which determines a centroid point
for the subject shape, and permits differentiation between small, stereotyped movements
(operationally defined as centroid movements a distance of 4–10 cm), and larger ambulatory
movements (defined as movements greater than 10 cm). The software calculated the number
of each type of movement and total distance traveled. Rats habituated for 30 min in the
testing chambers before any injections, and all rats received a saline injection prior to their
drug challenge to assess baseline locomotion. Locomotor activity was recorded both 30 min
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before and 60 min after baseline saline injections, then for 80 min after challenge with
amphetamine or saline.

2.5 Perfusion and Tissue Preparation
Two hours after amphetamine or saline challenge, animals were deeply anesthetized with an
overdose of sodium pentobarbital (100 mg/kg) and perfused transcardially with 10 mL of
10% heparin in 0.1 M phosphate buffered saline (pH 7.4) followed by 200 mL of 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were removed, post-fixed for
1.5 h in the same fixative at 4°C, and then placed in graded concentrations of sucrose in 0.1
M phosphate buffer at 4°C. Coronal sections (20 μm) were taken on a sliding microtome
from +3.2 to +2.8 mm from bregma for the mPFC, and −5.0 to −5.4 mm from bregma for
the VTA (Paxinos and Watson, 2007). Sections were collected in 0.1 M phosphate buffer
(pH 7.4 at 4°C), mounted onto glass slides (Superfrost Plus; Fisher; Waltham, MA), dried,
and stored at −35°C until the time of processing.

2.6 Fos-BDNF and Fos-FG double-label immunohistochemistry
Sections were washed in 0.05 M potassium phosphate-buffered saline (KPBS), then blocked
for 1 h in 10% normal goat serum, 0.4% Triton X-100 in 0.05 M KPBS. Sections were
incubated with polyclonal antisera for Fos (Ab-5, 1:10,000 dilution; EMD Biosciences; San
Diego, CA) for 48 hours at 4°C, then washed again in KPBS and incubated for 1 h in biotin-
conjugated goat anti-rabbit serum (1:40 dilution in normal goat serum solution, Vectastain
ABC kit; Vector Laboratories; Burlingame, CA) at room temperature. After washing with
KPBS, sections were incubated with an avidin-biotin-peroxidase complex for 45 min (ABC
kit, Vector Laboratories), then washed again in KPBS and processed using the nickel-
intensified DAB peroxidase substrate kit (Vector Laboratories). Sections were then washed
in 0.001M biotin (Sigma-Aldrich), and incubated with anti-BDNF polyclonal antibody
(AB1779SP, 1:3,000 dilution; Millipore; Temecula, CA) or anti-FG polyclonal antibody
(AB153, 1:10,000 dilution; Millipore) for 48 hours at 4°C. Following this, sections were
again processed with the ABC kit as described above, and counterstaining was achieved
using the VIP peroxidase substrate kit (Vector Laboratories). After dehydration, coverslips
were applied.

2.7 Image analysis
Tissue sections were examined for the presence of chromogen reaction product using a Zeiss
Axioskop microscope with a 20× objective. Selected areas were captured and digitized using
a color digital video camera (MBF Biosciences; Williston, VT) interfaced to the microscope.
The number of Fos- and BDNF-immunolabeled profiles, as well as Fos-BDNF double-
immunolabeled profiles, was counted bilaterally in the VTA. Likewise, the number of Fos-,
BDNF-, and FG-immunolabeled profiles, as well as Fos-BDNF or Fos-FG double-
immunolabeled profiles, was counted in the anterior cingulate (ACG), prelimbic (PRL), and
infralimbic (IL) regions of the mPFC ipsilateral to the FG injection. Fos-labeled profiles
were identified by a dark blue-gray stained nucleus, whereas FG- or BDNF-labeling
exhibited a purple cytoplasmic stain. A profile was considered labeled if its pixel intensity
was more than 2 standard deviations darker than the background, as calculated by Stereo
Investigator software (MBF Biosciences). Neuronal labeling was quantified using a
systematic random approach to achieve unbiased counts. Stereo Investigator software
partitioned each image into 16 equal counting frames (100 X 75 μm each), half of which
were randomly selected and analyzed. The number of single- and double-labeled neurons
was counted separately for each frame, excluding any overlapping labeled profiles on the
left and bottom borders. At least three adjacent sections were analyzed per animal for each
brain region, and labeling density was calculated by dividing the estimated total number of
labeled profiles by the total area analyzed.
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2.8 Statistics
Two-way mixed ANOVA (time as within-subjects factor and drug condition as between-
subjects factor) was used to compare locomotor activity across groups, and each of the 3
time frames (before and after saline injection, and during drug challenge) was treated with a
separate two-way ANOVA. Statistics were performed for the 40 min time frame after the
drug challenge to correspond with peak drug response time. When necessary, Tukey’s HSD
post-hoc analysis was conducted to determine significant treatment effects.
Immunohistochemical data were analyzed using one-way ANOVA with Tukey’s HSD post-
hoc test. The results were considered significant if p ≤ 0.05. All data are expressed as mean
± SEM.

3. RESULTS
3.1 Locomotor sensitization

Amphetamine increased activity regardless of drug history (number of stereotyped
movements, F2,21 = 29.18, p ≤ 0.05; number of ambulations, F2,21 = 15.54, p ≤ 0.05, Table
1), with repeated amphetamine treatment producing significantly greater locomotion than an
acute dose (distance traveled, F2,21 = 11.90, p ≤ 0.05, Fig. 1A, B). There was a main effect
of time across groups after amphetamine challenge (F3,63 = 6.18, p ≤ 0.05; Fig. 1A, B). No
differences in locomotor activity were observed between treatment groups before or after
baseline saline injections (Fig. 1A, B). Finally, a main effect of decreasing movement over
time was observed across groups before baseline saline injections (stereotyped movements,
F2, 42 = 6.1, p ≤ 0.05; number of ambulations, F2,42 = 5.7, p ≤ 0.05, data not shown), and on
stereotyped movements after baseline saline injections (F5, 105 = 3.07, p ≤ 0.05, data not
shown). This was likely due to locomotor habituation over time.

3.2 Fos-BDNF Immunolabeling in mPFC
Amphetamine increased Fos labeling in both the ACU and REP groups (ACG, F2,12 = 18.27
p ≤ 0.05; PRL, F2,12 = 24.68, p ≤ 0.05; IL, F2,12 = 10.5, p ≤ 0.05), and no differences were
observed between the ACU and REP groups (Fig. 2A). Amphetamine challenge also
increased mPFC BDNF immunolabeling in all three subregions in both the ACU and REP
groups (ACG, F2,12 = 23.06, p ≤ 0.05; PRL, F 2,12 = 32.48, p ≤ 0.05; IL, F2,12 = 45.85, p ≤
0.05), with significantly more mPFC BDNF labeling in the REP group than in the ACU
group (p ≤ 0.05; Fig. 2B). Similarly, Fos-BDNF double-labeling was enhanced by
amphetamine in both ACU and REP groups (ACG, F2,12 = 30.62, p ≤ 0.05; PRL, F2,12 =
58.39, p ≤ 0.05; IL, F2,12 = 65.15, p ≤ 0.05), and significantly greater in the REP group than
the ACU group in the PRL and IL (p ≤ 0.05; Fig. 2C). Finally, the percentage of Fos-labeled
mPFC neurons with BDNF co-labeling was significantly greater than the SAL group only
after repeated amphetamine challenge in all sub-regions examined (ACG, F2,12 = 6.52, p ≤
0.05; PRL F2,12 = 17.57, p ≤ 0.05; IL, F2,12 = 24.41, p ≤ 0.05), and greater in comparison
with the ACU group in the PRL and IL (p ≤ 0.05; Table 2).

3.3 FG injection sites
The presence of FG in the VTA was confirmed by visualization of fluorescence at the
injection site and antigen labeling in the VTA and mPFC after immunohistochemistry (Fig.
3A, B). Only subjects with a FG injection centralized in the VTA were included in the
analysis (n = 4–5 per group).

3.4 Fos-FG Immunolabeling in mPFC
Fos immunolabeling in the mPFC was similar to that observed in Fos-BDNF double-labeled
tissue; amphetamine challenge increased Fos immunolabeling in all mPFC subregions
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examined in both the ACU and REP groups (ACG, F2,12 = 30.41, p ≤ 0.05; PRL, F2,12 =
10.65, p ≤ 0.05; IL, F2,12 = 21.28, p ≤ 0.05), although no differences in Fos labeling were
observed between the ACU and REP groups (data not shown). Amphetamine also increased
Fos-FG double-labeling in both the ACU and REP groups (ACG, F2,12 = 14.69, p ≤ 0.05;
PRL, F2,12 = 21.06, p ≤ 0.05; IL, F2,12 = 30.26, p ≤ 0.05), with the REP group showing
significantly more Fos-FG double-labeling than the ACU group in the PRL and IL (p ≤
0.05), but not the ACG (p = 0.33; Fig. 3C). Total FG labeling was not statistically different
across the three cortical subregions (data not shown), and the percentage of FG-labeled
neurons expressing Fos was higher after amphetamine challenge regardless of drug history
in all regions examined (ACG, F2,12 = 14.62, p ≤ 0.05; PRL F2,12 = 10.39, p ≤ 0.05; IL,
F2,12 = 11.38, p ≤ 0.05; Table 2).

3.5 Fos-BDNF Immunolabeling in VTA
In the VTA, amphetamine challenge increased Fos labeling in both the ACU and REP
groups (F2, 9 = 19.58, p ≤ 0.05), with significantly more labeling in the REP group (p ≤
0.05; Fig. 4A). BDNF labeling, however, was enhanced only after repeated amphetamine
(F2, 9 = 32.15, p ≤ 0.05; Fig. 4A). Interestingly, amphetamine challenge increased Fos-
BDNF double-labeling regardless of drug history (F2, 9 = 98.80, p ≤ 0.05), but was more
prominent in the REP group (p ≤ 0.05; Fig. 4A). In addition, the percentage of Fos-labeled
neurons with BDNF co-labeling was significantly greater in ACU and REP groups (F2, 9 =
78.39, p ≤ 0.05), and further enhanced in the REP group (p ≤ 0.05; Table 2).

4. DISCUSSION
Acute and sensitizing regimens of amphetamine differentially induced Fos and BDNF
expression in the mPFC and VTA. Specifically, repeated amphetamine enhanced BDNF in
both regions and activated mPFC neurons projecting to the VTA. These molecular
alterations were accompanied by persisting behavioral sensitization, a phenomenon thought
to contribute to addiction (Robinson and Berridge, 1993; Segal, 1975; Shuster et al., 1977).

In the mPFC, repeated amphetamine sensitized BDNF response in ACG, PRL, and IL
cortices above those values observed for acute amphetamine, similar to what has been
reported for cocaine (Fumagalli et al., 2007). Repeated amphetamine also sensitized Fos-
BDNF co-labeling in PRL and IL cells correspondingly activated after repeated
amphetamine. Thus, BDNF-containing mPFC cells are more likely to be activated after
repeated drug exposure. Given BDNF’s well-established role in synaptic plasticity
(Lessmann et al., 1994), our results suggest that repeated amphetamine exposure induces
long-term neuroadaptations in the mPFC during sensitization.

Amphetamine also increased Fos immunolabeling in mPFC-VTA projection, an effect
augmented by repeated administration. Interestingly, rats undergoing short-term behavioral
sensitization (3 days) display sensitized overall mPFC Fos response when compared to
animals receiving drug acutely (Hedou et al., 2002). However, our results indicate mPFC
Fos response to amphetamine is similar regardless of drug history. This may be explained by
the finding that repeated amphetamine increases firing in not all, but only a small
subpopulation of mPFC neurons which remain highly active during expression of behavioral
sensitization. Acute amphetamine enhances Fos expression specifically in mPFC neurons
innervating the VTA (Colussi-Mas et al., 2007; Gulley and Stanis, 2010), and we showed
that repeated amphetamine sensitized Fos expression in neurons in this pathway. This
suggests that prolonged enhancement of neuronal responsiveness after repeated
amphetamine occurs specifically in the mPFC-VTA projection, whereas acute
administration results in more general mPFC neuronal activation.
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It is unknown from our findings whether repeated amphetamine induces Fos in BDNF-
containing mPFC-VTA pathway neurons. However, BDNF is expressed only in PFC
pyramidal neurons (Huntley et al., 1992), some of which innervate the VTA (Carr and
Sesack, 2000; Sesack and Pickel, 1992). We also found similar patterns of Fos-BDNF and
Fos-FG labeling after amphetamine challenge, with comparable ACG co-labeling after acute
or repeated amphetamine, and sensitized co-labeling in the PRL and IL only after repeated
amphetamine. The PRL and IL innervate the VTA more densely than does the ACG (Geisler
and Zahm, 2005; Phillipson, 1979), but also innervate the basolateral amygdala (Sesack et
al., 1989) and nucleus accumbens (NAc; Berendse et al., 1992). However, repeated
amphetamine does not enhance Fos labeling in mPFC-NAc or mPFC-basolateral amygdala
neurons (Morshedi and Meredith, 2008), indicating that they comprise different populations
than mPFC neurons containing BDNF. It is possible that that some BDNF-containing mPFC
neurons activated by repeated amphetamine originate in the lateral hypothalamus, as Fos
expression in mPFC neurons innervating this region are sensitized by amphetamine
(Morshedi and Meredith, 2008). However, the VTA contains substantially more BDNF-
containing fibers than the lateral hypothalamus (Conner et al., 1997), and after amphetamine
administration, more Fos-activated neurons innervating the VTA originate from the PFC
than any other region (Colussi-Mas et al., 2007). As such, it is likely that after repeated
amphetamine, BDNF-containing mPFC neurons preferentially, but not exclusively,
innervate the VTA.

Because BDNF is only present in prefrontal pyramidal neurons during adulthood (Huntley et
al., 1992), we infer that the observed increase in mPFC BDNF after amphetamine occurred
exclusively in glutamate-containing projection neurons, and not GABA-containing
interneurons. Consistent with this, the VTA receives more glutamatergic innervation from
the PFC than any other region (Geisler et al., 2007). Sustained amphetamine-induced
changes in BDNF-containing pyramidal neurons of the mPFC-VTA pathway may be
functionally relevant given the significant role of glutamate in drug-related behaviors
(Kalivas and Alesdatter, 1993; Schenk and Partridge, 1997). Behavioral sensitization is
regulated by VTA glutamate (Kalivas and Alesdatter, 1993; Kim and Vezina, 1998), which
might be specifically influenced by mPFC-VTA glutamate (Cador et al., 1999). Glutamate-
mediated neuroadaptations are augmented by BDNF, which facilitates glutamate release
(Carmignoto et al., 1997) and stimulates expression and trafficking of NMDA receptors
(Caldeira et al., 2007). Anterograde transport of BDNF (Altar et al., 1997) through the
mPFC-VTA projection could affect sensitization via altering VTA glutamatergic tone. An
example of this is the necessity of VTA BDNF for glutamate-dependent synaptic plasticity
in midbrain dopamine neurons during cocaine withdrawal (Pu et al., 2006), and BDNF-
mediated facilitation of behavioral sensitization upon infusion into the VTA (Horger et al.,
1999). Facilitated sensitization through glutamatergic mechanisms has been proposed for
other growth factors as well (Flores and Stewart, 2000). Acute and repeated cocaine enhance
fibroblast growth factor (FGF)-2 mRNA in the midbrain and PFC, lasting up to 3 days in
PFC after repeated administration (Fumagalli et al., 2006), and NMDA receptor blockade
attenuates amphetamine-induced increase in VTA FGF in the midbrain, which is necessary
for developing behavioral sensitization (Flores et al., 2000). Altogether, these findings
suggest that drug-induced alterations of neurotrophic factors may influence psychomotor
sensitization by interactions with VTA glutamate transmission.

Amphetamine increased VTA Fos and Fos-BDNF co-expression, an effect augmented by
prior drug experience, and enhanced VTA BDNF only in sensitized rats. Similar sensitized
VTA Fos activity is observed after repeated social defeat stress, which activates
mesocorticolimbic structures and sensitizes rats to amphetamine (Covington and Miczek,
2001; Nikulina et al., 2004). Likewise, both cocaine self-administration and repeated social
defeat stress also chronically increase VTA BDNF (Fanous et al., 2010; Grimm et al., 2003).
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Enhanced Fos activity in BDNF-expressing VTA neurons of sensitized animals may be
important for sustained molecular adaptations, as signaling cascades downstream from
BDNF alter dendritic morphology in the VTA-NAc projection (Russo et al., 2007; Sklair-
Tavron et al., 1996). Such structural adaptations could influence drug-induced behavioral
changes given the putative role of VTA BDNF in molecular and behavioral sensitization
(Horger et al., 1999; Pu et al., 2006) and its proposed role in addiction (Bolanos and Nestler,
2004).

Here we show that repeated amphetamine produces long-term sensitization of drug
responsiveness in mPFC neurons containing BDNF or innervating VTA, accompanied by
behavioral sensitization. These neurons are likely glutamatergic and comprise, at least in
part, the same population. We also show sensitized activation of VTA BDNF neurons after
repeated amphetamine. These findings may be important for characterizing neurons in the
mPFC-VTA pathway involved in neuroadaptations relevant to drug-related behavior.
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Abbreviations

ACG anterior cingulate cortex

ACU acute amphetamine group

ANOVA analysis of variance

AP anterior-posterior

BDNF brain-derived neurotrophic factor

DV dorsal-ventral

FG Fluorogold

FGF fibroblast growth factor

IL infralimbic cortex

KPBS potassium phosphate-buffered saline

ML medial-lateral

mPFC medial prefrontal cortex

PRL prelimbic cortex

REP repeated amphetamine group

SAL saline group

VTA ventral tegmental area
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Figure 1. Locomotor activity during drug challenge
A – Distance traveled over time before and after baseline saline injection, and following a
challenge injection of amphetamine (1.0 mg/kg, i.p.) or saline. Injections indicated by
arrows. B – Total distance traveled over first 40 min after drug or saline challenge; *p < 0.05
vs. saline group; #p < 0.05 vs. acute group.
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Figure 2. Fos and Fos-BDNF immunolabeling in mPFC subregions after drug challenge
A – Fos immunolabeling in mPFC after drug challenge; B – BDNF immunolabeling in
mPFC after drug challenge; C – Fos-BDNF double-immunolabeling in mPFC after drug
challenge; *p ≤ 0.05 vs. saline group; #p ≤ 0.05 vs. acute group; D – Representative
photomicrograph of Fos and BDNF single and double-immunolabeling in mPFC. Black
arrow indicates Fos immunolabeled cell; red arrow indicates BDNF immunolabeled cell;
blue arrow indicates Fos-BDNF double-immunolabeled cell. Scale bar 100 μm.
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Figure 3. Fos and Fos-FG immunolabeling in mPFC subregions after drug challenge
A – Schematic representation of FG microinjection sites in VTA, adapted from Paxinos and
Watson (2007). Approximate injection location indicated by black dots; B – Representative
photomicrograph of FG immunolabeling at injection site in VTA. Scale bar 100 μm; C –
Fos-FG double-immunolabeling in mPFC after drug challenge; *p ≤ 0.05 vs. saline
group; #p ≤ 0.05 vs. acute group; D – Representative photomicrograph of Fos and FG single
and double-immunolabeling in mPFC. Black arrow indicates Fos immunolabeled cell; red
arrow indicates FG immunolabeled cell; blue arrow indicates Fos-FG double
immunolabeled cell. Scale bar 100 μm.
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Figure 4. Fos and Fos-BDNF immunolabeling in VTA after drug challenge
A – Fos and BDNF single-immunolabeling, and Fos-BDNF double-immunolabeling in VTA
after drug challenge; *p ≤ 0.05 vs. saline group; #p ≤ 0.05 vs. acute group; B –
Representative photomicrograph of Fos and double-immunolabeling in VTA. Black arrow
indicates Fos immunolabeled cell; red arrow indicates BDNF immunolabeled cell; blue
arrow indicates Fos-BDNF double-immunolabeled cell. Scale bar 100 μm.
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Table 1

Number of stereotyped movements and ambulations on drug challenge day for SAL, ACU, and REP groups.
Baseline, Baseline saline, and Amph columns reflect 30, 60, and 40 min. of tracking, respectively

Number of stereotyped movements:

Baseline Baseline saline Amph

SAL 848.6 ± 132.3 1239.4 ± 160.1 679.5 ± 105.7

ACU 983.8 ± 134.7 1098.5 ± 139.4 2185.3* ± 283.9

REP 1131.0 ± 201.9 1522.8 ± 299.2 2771.3* ± 167.2

Number of ambulations:

Baseline Baseline saline Amph

SAL 227.3 ± 61.8 280.5 ± 61.0 121.1 ± 29.5

ACU 284.1 ± 75.3 228.4 ± 60.1 779.3* ± 188.9

REP 358.1 ± 121.9 369.4 ± 120.3 1235.5* ± 155.0

*
p ≤ 0.05 vs. SAL
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Table 2

Percentages of Fos-labeled neurons co-labeled for BDNF, and FG-labeled neurons co-labeled for Fos in SAL,
ACU, and REP groups.

Percent of Fos-labeled neurons with BDNF labeling

ACG PRL IL VTA

SAL 13.6 ± 3.2 14.3 ± 3.0 12.8 ± 3.2 2.4 ± 2.4

ACU 23.1 ± 1.8 21.3 ± 1.4 19.3 ± 1.3 14.7* ± 1.7

REP 26.5* ± 2.7 33.2*# ± 2.2 33.3*# ± 1.3 37.8*# ± 2.0

Percent of FG-labeled neurons with Fos labeling

ACG PRL IL

SAL 24.1 ± 4.0 22.5 ± 5.0 18.6 ± 3.4

ACU 48.5* ± 6.3 39.5* ± 2.8 39.3* ± 6.3

REP 62.6* ± 4.7 49.2* ± 4.5 52.3* ± 5.0

*
p ≤ 0.05 vs. SAL;

#
p ≤ 0.05 vs. ACU.
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