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Abstract
Rationale—The development of sensitization to amphetamine (AMPH) is dependent on increases
in excitatory outflow from the medial prefrontal cortex (mPFC) to subcortical centers. These
projections are clearly important for the progressive enhancement of the behavioral response during
drug administration that persists through withdrawal.

Objectives—The objective of this study was to identify the mPFC subcortical pathway(s) activated
by a sensitizing regimen of AMPH.

Methods—Using retrograde labeling techniques, Fos activation was evaluated in the predominant
projection pathways of the mPFC of sensitized rats following a challenge injection of AMPH.

Results—There was a significant increase in Fos-immunoreactive cells in the mPFC, nucleus
accumbens (NAc), basolateral amygdala (BLA), and lateral hypothalamus (LH) of rats treated
repeatedly with AMPH when compared to vehicle-treated controls. The mPFC pyramidal neurons
that project to the LH, but not the NAc or BLA, show a significant induction of Fos after repeated
AMPH treatment. In addition, we found a dramatic increase in Fos-activated orexin neurons.

Conclusions—The LH, a region implicated in natural and drug reward processes, may play a role
in the development and persistence of sensitization to repeated AMPH through its connections with
the mPFC and possibly through its orexin neurons.
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INTRODUCTION
The neural circuits engaged following repeated amphetamine (AMPH) administration are not
fully understood. However, there are data to support neuroadaptations in specific brain regions
after such treatment (Robinson and Berridge 2000; Wolf 2002). Persistent structural
modifications (Robinson and Kolb 1997; 1999), as well as changes in membrane properties
and firing patterns of medial prefrontal cortical (mPFC) projection neurons and some of their
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target cells, follow repeated psychostimulant exposure (Henry and White 1995; Miller and
Marshall 2004; Nasif et al. 2005; Nogueira et al. 2006; Onn and Grace 2000; Peterson et al.
2000; Thomas and Everitt 2001; Trantham et al. 2002; White et al. 1993; White et al. 1995;
Zhang et al. 2002; Zhang et al. 1998). In addition, immunohistochemistry or gene expression
for immediate early genes are able to map drug-activated neural circuits (de Souza and Meredith
1999; Dragunow and Robertson 1987). Repeated psychostimulant exposure induces c-fos and
its protein product, Fos, in mPFC cells and their target neurons, including those in the lateral
hypothalamus (LH), basolateral amygdala (BLA), and ventral tegmental area (VTA)
(Ciccocioppo et al. 2001; Fadel et al. 2002; Harris et al. 2005; Hedou et al. 2002; Miller and
Marshall 2004; Morshedi and Meredith 2007; Nikulina et al. 2004; Rademacher et al. 2006).

The neural circuitry activated by behavioral sensitization to repeated psychostimulant
administration is complex with excitatory glutamatergic projections from the prefrontal cortex
being of particular importance (Wolf 1998). Several pieces of evidence implicate the circuit
between the mPFC and nucleus accumbens (NAc) in sensitized behavior. Lesions of mPFC
areas that project to the NAc core block the expression of sensitization and increases in
extracellular glutamate in the NAc in response to a drug challenge (Pierce et al. 1998). Further,
mPFC-NAc projection neurons show persistent changes in burst firing and membrane
oscillations following repeated AMPH treatment (Onn and Grace 2000). The behavioral
changes that underlie the transition to compulsive drug seeking may also result from persistent
alterations in other neural connections, such as those involving the LH or BLA (Ahmed et al.
2005; Fuchs et al. 2005; but see Miller and Marshall 2005). It is known from neurophysiological
and behavioral studies that glutamate signaling from the prefrontal cortex exerts an “executive
control” over behavioral output (Schultz et al. 2000; Wolf 2002) and, given the broad
implications of multiple targets mediating the response, it is crucial to identify which prefrontal
output pathways are involved. Therefore, evaluating Fos expression after drug administration
can aid in the identification of activated pathways.

There are several reasons to predict that Fos will be differentially activated in mPFC projection
neurons following a behaviorally sensitizing drug regimen. First, the subcortical targets of
dorsal and ventral mPFC projections only partially overlap (Vertes 2004) and axonal
collateralization of many mPFC projection neurons is restricted, at least in terms of subcortical
targets (Gabbott et al. 2005). Second, psychostimulants induce Fos in a heterogeneous manner,
depending upon the context of drug exposure (Feldpausch et al. 1998; Hedou et al. 2002;
Nikulina et al. 2004; Ostrander et al. 2003; Uslaner et al. 2001) and, finally, lesions or
inactivation of only certain mPFC targets (e.g. NAc, BLA, and VTA) disrupt drug-seeking
behavior in experimental animals (Brown and Fibiger 1993; Fuchs and See 2002; Ito et al.
2004; McFarland and Kalivas 2001; McLaughlin and See 2003).

The current investigation aimed to establish which mPFC projection pathways are activated
by repeated exposure to AMPH. Given the magnitude of mPFC projections to the LH, NAc,
and BLA, approximately 27%, 23%, and 8% of layer V infralimbic (IL) and prelimbic (PrL)
cortical neurons, respectively, (Gabbott et al. 2005) and their roles in drug-related behaviors,
mPFC neurons that project to these regions are likely candidates to become engaged following
AMPH exposure.

We selected a repeated, intermittent AMPH injection schedule that has previously been shown
to induce robust behavioral sensitization and mPFC neuronal adaptations (Morshedi and
Meredith 2007; Onn and Grace 2000; Paulson et al. 1991; Robinson and Camp 1987; Robinson
and Kolb 1999). Three weeks after the injection protocol and following a challenge injection
of AMPH, we studied Fos induction in mPFC pyramidal neurons in the deep layers of the IL
and PrL cortices of rats. We identified the activated pathways and their targets, respectively,
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by co-localizing Fos immunoreactivity with retrogradely transported Fluoro-Gold (FG) in the
mPFC and Fos induction alone in the NAc, BLA, and LH.

Materials and Methods
Animals, drugs, and behavior

All experiments were conducted in accordance with the Declaration of Helsinki and the Guide
for the Care and Use of Laboratory Animals and approved by the Rosalind Franklin University
Institutional Animal Care and Use Committee. Thirty-six, male Sprague-Dawley rats (Harlan,
Indianapolis, IN) were divided into 3 groups. Rats in all groups weighed 125−139 g at the start
of experiments. All animals were handled for 2 days prior to the start of experiments and were
group-housed on a 12 h light-dark cycle with food and water available ad libitum. The first
group of rats received repeated D-amphetamine sulfate (AMPH in 0.9% saline, i.p.) injections:
3 mg/kg for 5 days, except for the first and last day when they received 1.5 mg/kg, followed
by 2 drug-free days and repeated for 3 weeks. The second group of rats was administered
repeated saline injections (vehicle in the same volume) following the same procedure as the
first group. A third group of rats, which served as sham controls for the surgical procedure (n
= 3), received AMPH injections as above. Behavioral analysis was conducted using rats treated
with AMPH (n = 16) or vehicle (n = 16). Rats were placed in a Plexiglas box equipped with
two banks of infrared sensors that recorded movement and animal location (AccuScan
Instruments, Inc., Columbus, OH, USA). On the first and last days of treatment, animals were
habituated to the box, administered drug, and their horizontal movement recorded for 45 min.
Locomotor sensitization was evaluated by comparing movement (total distance traveled) on
the last injection day to that on the first day. After 3 weeks of AMPH or vehicle treatment, all
rats underwent 3 weeks of withdrawal before euthanasia. One week prior to this, rats were
anesthetized and received stereotaxically-placed injections of FG into one of several different
targets of the mPFC (see below). Following surgery, all rats were handled daily for 5 days to
avoid handling stress and its potential for Fos induction. On the final day, the AMPH-treated
rats received a challenge injection of AMPH (1.5 mg/kg, i.p.) and vehicle-treated rats, a saline
injection. Ninety minutes later, all animals were euthanized.

Surgical and Perfusion Procedures
Rats were anesthetized for surgery with equithesin (3 ml/kg, i.p.: 1% sodium pentobarbital,
4.25% chloral hydrate in 10% ethanol) and secured in a Kopf stereotaxic apparatus. Glass
micropipettes with tips broken to +/−25μm diameter, filled with 2% FG (Fluorochrome,
Denver, CO) in 0.9% saline were positioned using stereotaxic coordinates aimed at one of the
following targets: NAc (relative to bregma: anterior-posterior (AP): 1.8 mm, medial-lateral
(ML): −1.2 mm; relative to skull: dorsal-ventral (DV): −7.6 mm), BLA (relative to bregma:
AP: −2.8 mm, ML: −5.0 mm; relative to skull: DV: −8.5 mm), or LH (relative to bregma: AP:
−2.9 mm, ML: −1.3 mm; relative to skull: DV: −8.2 mm) (Paxinos and Watson 2005). The
tracer was iontophoresed for 15 min using an alternating (7 s on, 7 s off) current of +8 μA.
Pipettes were left in place for 10 min to prevent leakage along the pipette tract during removal.
Sham surgeries, using the same coordinates as above, were conducted by reversing the polarity
of the current (−8 μA) during iontophoresis, thereby preventing deposit of the tracer.

One week following surgery and 90 min after the challenge injection of saline or drug, rats
were deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and transcardially
perfused with ice-cold 2.5% sucrose in 0.1 M phosphate buffered saline, followed by 4%
buffered paraformaldehyde and 2.5% sucrose. All solutions were made at the same time and
the duration of perfusion was kept uniform. The brains were removed, post-fixed for 2 h in the
same fixative without sucrose, and transferred to 30% sucrose buffer overnight at 4°C. Coronal
sections (70 μm) were cut on a freezing microtome. Sections through the mPFC and the FG
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injection sites were collected in 0.1 M phosphate buffer, cryoprotected, and stored at −20°C
until processing.

Immunohistochemistry
All solutions for the antibody reactions were prepared as a single batch and sections from all
groups of animals were processed at the same time.

FG immunohistochemistry—Sections were blocked for 1 h in 5% normal goat serum
(NGS) and 0.3% Triton-X 100 (Tx), and then incubated for 48 h at 4°C in rabbit anti-FG
(1:5000; AB153; Chemicon, Temecula, CA) with 1% NGS and 0.2% Tx. Sections were
incubated for 90 min in biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories,
Burlingame, CA) with 1% NGS at room temperature (RT), followed by 1 h in avidin biotin
complex (ABC; Elite Kit, Vector Laboratories). Sections were then reacted with 0.05% nickel-
enhanced 3,3’-diaminobenzidine (DAB) with 0.01% H2O2 (DAB-Ni), rinsed thoroughly,
mounted from gelatin onto slides, dried, and dehydrated before coverslipping.

Fos immunohistochemistry—Sections were blocked for 1 h in 10% NGS and 0.3% Tx,
and then incubated for 48 h at 4°C in rabbit anti-(c)-Fos (1:20000; PC38; Calbiochem, San
Diego, CA) with 4% NGS and 0.3% Tx. Sections were incubated for 2 h in biotinylated goat
anti-rabbit IgG (1:200) with 4% NGS and 0.3% Tx at RT, followed by 1 h in ABC. Sections
were then reacted in 0.05% DAB with 0.01% H2O2, rinsed thoroughly, mounted, and
coverslipped as described above.

Fos/FG dual immunohistochemistry—Sections were immunolabeled sequentially with
antibodies against Fos followed by those against FG, as described above. Briefly, sections were
blocked in normal serum, then incubated in rabbit anti-(c)-Fos, diluted 1:30000. Secondary
(biotinylated goat anti-rabbit IgG, diluted 1:200) and ABC incubations were followed by a
reaction in 0.05% DAB with 0.01% H2O2. Sections were extensively rinsed and then blocked
with avidin D (Biotin Blocking Kit, Vector Laboratories), in order to prevent cross-reactivity
of the antibodies. This step was followed by incubation in rabbit anti-FG, diluted 1:5000, as
above, but with the addition of the biotin solution (Biotin Blocking Kit). Following secondary
(biotinylated goat anti-rabbit IgG, diluted 1:200) and ABC incubations, the sections were
reacted with the Vector SG substrate kit (blue reaction product, Vector Laboratories). Sections
were mounted and topped with coverslips.

Because both primary antibodies were raised in rabbit, cross-reactivity of the secondary
antibodies used to label FG with bound Fos primary antisera was tested by omitting the primary
antibody to FG (Miller and Marshall 2005). We found equal numbers of Fos-labeled cells in
the IL and PrL when compared to sections processed with the single immunohistochemistry
for Fos. Thus, even though a rabbit secondary antibody was used in both reactions, no aberrant
labeling occurred in either the IL or PrL. Omitting both primary antibodies produced no
labeling.

Fos/orexin dual immunohistochemistry—In order determine if Fos was found in LH
orexin neurons, dual immunohistochemistry was performed. Sections were immunolabeled
sequentially with antibodies against Fos followed by those against orexin, as above with a few
differences. Briefly, sections were blocked in normal serum, then incubated in rabbit anti-(c)-
Fos, diluted 1:5000, overnight. Secondary, biotinylated donkey anti-rabbit IgG (1:400; Jackson
Immunoresearch, West Grove, PA), and ABC incubations were followed by a reaction in
0.05% DAB with 0.01% H2O2. Sections were extensively rinsed and then incubated in goat
anti-orexin A (1:1000; sc-8070; Santa Cruz Biotechnology, Santa Cruz, CA). Following
secondary, biotinylated horse anti-goat IgG (1:200; Vector Laboratories), and ABC
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incubations, the sections were reacted with the Vector SG substrate kit. Sections were mounted
and topped with coverslips. No cross-reactivity with Fos labeling was seen when the primary
antibody for orexin was omitted. Omitting both primary antibodies produced no labeling.

Image Analysis and Quantification
Slides were coded so that the investigator was blind to the treatment groups during analysis.
For the density measurements of Fos-immunoreactive cells, images were captured at 2 different
rostrocaudal levels (mPFC: from bregma: 2.7 and 3.2 mm; NAc: from bregma: 2.1 and 2.5
mm; BLA and LH: from bregma: −2.7 and −3.2 mm) (Paxinos and Watson 2005) at 10X
magnification (Nikon E600 microscope) using a digital camera (Optronics, Goleta, CA). The
densities (cells/mm2) of Fos-immunoreactive cells were quantified in the deep layers of the IL
and PrL cortices of the mPFC, the shell and core of the NAc, the BLA, and the LH using ImageJ
software (U.S. National Institutes of Health, Bethesda, MD).

Co-localized Fos and FG cells were analyzed at 20X magnification. For each animal, the
number of dually labeled neurons and the total number of neurons labeled with FG were
counted in the deep layers of the PrL and IL at the rostrocaudal levels described above and
ipsilateral to the FG injection site. The total surface area analyzed for the PrL was
approximately 5.0 mm2 (average of 2.5 mm2 per section) and for the IL was approximately
1.9 mm2 (average of 0.9 mm2 per section). Dually labeled neurons have an amber nucleus
(Fos-immunoreactive cell) surrounded by blue cytoplasm (FG-immunoreactive neuron).
Ratios of Fos/FG dually labeled neurons to total number of FG-immunoreactive neurons were
calculated. The total numbers of neurons labeled with FG are expressed as a mean number per
group (Table 1). To address the issue of possible FG suppression of Fos (Franklin and Druhan
2000), we also quantified the density of Fos-immunoreactive cells after sham surgeries (n =
3).

Co-localized Fos and orexin cells were analyzed at 20X magnification. For each animal, the
number of dually labeled neurons within the LH (lateral to 0.4 mm medial to the fornix) was
counted at 3 different rostrocaudal levels (from bregma: −2.7, −3.2, and −3.7 mm) (Paxinos
and Watson 2005) and contralateral to the FG injection site. Dually labeled neurons have an
amber nucleus (Fos-immunoreactive cell) surrounded by blue cytoplasm (orexin-
immunoreactive neuron). This analysis was assisted by marking counted cells with different
markers depending upon whether they were singly or dually labeled (Neurolucida,
Microbrightfield, Williston, VT). The ratio of Fos/orexin dually labeled neurons to the total
number of orexin-immunoreactive neurons was calculated.

Statistical Analysis
Paired Student's t-tests were used to compare within groups’ locomotor activity on the first
and last day of treatments and Student's t-tests to compare between groups’ locomotor activity.
Differences in the densities of Fos-immunoreactive nuclei between each region analyzed and
each treatment group (repeated AMPH or saline) were compared using a two-way
multifactorial analysis of variance (ANOVA). Differences among individual means were
subsequently verified using Holm-Sidak post hoc tests. Student's t-tests were used to compare
the percent of dually-labeled (Fos/FG) neurons to FG-labeled neurons within the IL and PrL
between AMPH and vehicle groups for each target region (Miller and Marshall 2005) as well
as the percent of dually-labeled (Fos/orexin) neurons to total orexin-labeled neurons in the LH
between treatment groups. A Student's t-test was also employed to determine if FG suppressed
Fos immunoreactivity by comparing the density of Fos-immunoreactive cells of FG-
iontophoresed and sham surgery groups within the IL and PrL.
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RESULTS
Locomotor sensitization

We found that AMPH increases locomotor activity and sensitization becomes evident with
repeated administration. There was a significant increase in the total distance traveled between
the first and the last test session (difference: +1018 ± 182 cm, t = −5.594, df = 30, p < 0.001)
for animals administered AMPH repeatedly, whereas locomotor activity in the vehicle treated
group was not different between the first and the last sessions (difference: +85 ± 52 cm, t =
−1.641, df = 30, p = 0.116).

Verification of FG injection sites
We placed the retrograde tracer, FG, into target regions of mPFC output neurons. Only animals
with minimal or no spread of FG deposit beyond the intended region (NAc, BLA, LH) were
included in the final analyses. Figures 1a-c illustrate typical FG injection sites within the NAc,
BLA, and LH. The injection sites had minimal tissue damage. Injections of FG into the NAc
were centered in the medial portion of the nucleus, including both core and shell areas (Fig.
1a), and targeted the intermediate to caudal NAc. In the BLA, FG deposition encompassed the
entire complex (Fig. 1b) and was centered in the anterior BLA, previously shown to receive
the densest projections from the mPFC (Sesack et al. 1989; Vertes 2004). In the LH, injection
sites were typically centered lateral to the fornix and included the majority of the LH (Fig. 1c).
The injections were central to the rostrocaudal extent of the LH.

Retrograde transport of FG
Pyramidal neurons, retrogradely labeled with FG, typically showed a granular, blue-black
cytoplasm with no label over the nucleus (Figs. 2a-b). Figures 1d-f are diagrammatic
representations of the distribution of FG immunolabeled neurons from a representative caudal
section of the mPFC (from bregma: +2.7) for each target region. Because axons of mPFC
projection neurons rarely collateralize (Gabbott et al. 2005; Pinto and Sesack 2000), the
retrogradely labeled cells predominantly represent single output pathways. Injections of FG
into the NAc and LH retrogradely labeled more neurons in the deep layers of the IL and PrL
cortices than those placed in the BLA (Table 1; Figs. 1d-f). Injections targeting the NAc
retrogradely labeled pyramidal neurons primarily in the deep layers (III-VI) of the IL and PrL
cortices (Fig. 1d). These FG injections also labeled a small population in the anterior cingulate
(AC) cortex, especially if the injection site was situated more dorsally (one case). In addition,
labeled cells were seen in the claustrum and the anterior insular, lateral and ventral orbital,
dorsal penduncular, and piriform cortices. Injections in the BLA retrogradely labeled cells in
layers II and V of the IL and PrL cortices, with a few neurons in the AC (Fig. 1e). The anterior
insular, dorsal peduncular, and ventral orbital cortices also contained a few labeled cells. Tracer
injection in the LH retrogradely labeled cells in the deep layers, especially layer V of the IL
and PrL (Fig. 1f). A few labeled cells were also found in the AC, anterior insular, and dorsal
peduncular cortices and even fewer were located in the ventral and lateral orbital cortices.

Fos immunoreactivity
We analyzed the density of Fos immunoreactivity in the IL and PrL areas of the mPFC and
their major projection targets, i.e. the NAc shell and core, BLA, and LH (Fig. 3). The statistical
analysis demonstrated significant differences between treatment groups (F1,42 = 169.4, p <
0.001) and between regions (F5,42 = 10.0, p < 0.001). A significant interaction was also found
between regions and treatment groups (F5,42 = 4.1, p = 0.004), indicating that the density of
Fosimmunoreactive cells for each region was dependent on treatment. Post-hoc analyses
revealed that all regions except the NAc shell (p = 0.052, nonsignificant trend), showed a
significant increase in the density of Fos-immunoreactive cells after repeated AMPH treatment
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compared to vehicle (P < 0.001; Fig. 3). Between regions, the Fos-immunoreactive cell density
in the IL, PrL, NAc core, and LH was significantly greater than the density in the NAc shell
(p < 0.001), the density of Fos in the PrL, NAc core, and LH was also significantly greater than
the density in the BLA (p < 0.001), and the density in the NAc core was greater than in the IL
(p < 0.001) following repeated AMPH treatment. Comparisons between regions also revealed
that within the repeated AMPH group, the IL, PrL, NAc core, and BLA had the greatest
increases in Fosimmunoreactive cell densities, all of which were significant. Finally, we found
no significant differences in Fos-immunoreactive cell density between the vehicle groups for
all regions.

Pathway-specific Fos expression
Overall, Fos immunoreactivity in the mPFC is elevated following repeated AMPH treatment,
and Fos is differentially activated in mPFC efferent pathways. In order to evaluate pathway-
specific Fos expression, we counted cells that co-localized FG and Fos in the deep layers of
the IL and PrL and found that the dually labeled cells appeared in both cortical areas for all the
projection targets studied (Figs. 2c-d, 4). There was no difference in the relative density of FG-
immunolabeled neurons in the single and dual-labeled preparations (compare Figs. 2a and 2c).
Quantitative analysis revealed that neither the mPFC-NAc nor the mPFC-BLA efferent neurons
differed in their Fos expression between repeated AMPH- and vehicle-treated groups (Figs.
4a-b). Specifically, there was no difference between groups for the mPFC-NAc projection
neurons in the IL (p = 0.249) or the PrL (p = 0.983). There was also no difference between
groups for the mPFC-BLA pyramidal cells in the IL (p = 0.413) or the PrL (p = 0.256). There
was, however, a significant increase in Fos expression in neurons of the mPFC-LH pathway
in both the IL and PrL areas after repeated AMPH treatment when compared to vehicle-treated
controls (Fig. 4c). Finally, there was no difference in Fos induction in both the PrL and IL areas
of the mPFC for animals that had sham surgeries as compared to those with Fluoro-Gold
injections in one of the three targets described above (Student's t-test, not significant).

Given the increase in Fos in the mPFC-LH pathway and the induction of Fos in the LH, we
dually labeled LH neurons for Fos and orexin immunohistochemistry. Comparing AMPH (n
= 4) to vehicle (n = 3) treatments, we found that the orexin-immunoreactive neurons co-
localized with Fos (Fig. 5). Indeed, the proportion of orexin neurons that expressed Fos
significantly increased following repeated AMPH treatment when compared to vehicle (61.0
± 4.9% and 17.4 ± 2.6% respectively; p < 0.001).

DISCUSSION
Our principle finding is that repeated AMPH exposure differentially activates mPFC projection
pathways. While neurons projecting to the LH increase their Fos expression, those that project
to the NAc or the BLA do not. Although the relationship between Fos induction and neuronal
firing is complex (Labiner et al. 1993), our results indicate a preferential activation of the
mPFC-LH pathway following a sensitizing regimen of repeated AMPH administration. We
also found a dramatic increase in Fos-activated orexin neurons, suggesting a role for LH orexin
neurons in the behavioral sensitization to this drug.

Technical considerations
The medial forebrain bundle, containing dopaminergic fibers from the VTA, runs through the
LH, which could potentially confound our tracing results. Nevertheless, there are several
reasons that we can be confident that our results reflect the projection to LH and not to sites
found further caudally. Although FG is not readily taken up by fibers of passage (Pieribone
and Aston-Jones 1988; Schmued and Fallon 1986), it can be picked up by axons passing
through certain regions (Dado et al. 1990). Nevertheless, FG is very sensitive, especially if

Morshedi and Meredith Page 7

Psychopharmacology (Berl). Author manuscript; available in PMC 2008 September 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



iontophoretically applied. Furthermore, mPFC projections to the VTA and targets further
caudally are very sparse (<9% of projections and only from layer V; Gabbott et al. 2005).
Moreover, others have demonstrated that the mPFC-VTA pathway is not activated by AMPH
treatment (Berod and Colussi-Mas 2005). Therefore, the fibers of passage that could have
picked up the FG infusion in the LH would have labeled few neurons in the mPFC.

In order to address the potential suppression of Fos expression by FG uptake (Franklin and
Druhan 2000), we conducted sham surgeries where no FG was iontophoresed. We found no
significant difference in the density of Fos immunoreactivity in the mPFC between the sham
surgical and FG groups.

Activation of mPFC target regions
Interestingly, all target regions demonstrated an increase in Fos induction, but the increase is
only borderline in the shell of NAc. This is in agreement with Simpson and colleagues
(1995), who showed that Fos is significantly induced in core but not shell neurons of AMPH-
sensitized rats. Moreover, sensitization could be associated with alterations in glutamate and
dopamine release in the NAc core, but not the shell (Cadoni et al. 2000; Giorgi et al. 2005;
Pierce et al. 1996; but see Hedou et al. 1999; Pierce and Kalivas 1995). Nevertheless, there is
a strong trend towards significance in the shell with our results, which agrees with earlier work
by Hedou and colleagues (2002). The shell has long been thought to mediate the hedonic or
reinforcing responses to psychostimulants, whereas the core is key for the expression of
motivation (reviewed in Di Chiara 2002). The core may serve as an interface between
motivation and action and, in the case of behavioral sensitization, link repeated drug exposure
to increased locomotor activity through its robust connections with motor output nuclei
(Heimer et al. 1991).

Implications of differential mPFC efferent activation
A key question behind these investigations is why drug craving persists long after drug use.
We know that long lasting changes in behavior are associated with chronic exposure to drugs
of abuse (Robinson and Berridge 2000). These behavioral changes also persist despite adverse
consequences to the individual and can lead to drug relapse after years of abstinence (Self and
Nestler 1998). In animal models, repeated exposure to AMPH progressively enhances
locomotor activity (behavioral sensitization), an effect that persists after treatment and can be
measured by a drug challenge (Wolf 1998). The change in the behavioral response has been
associated with reinstatement of drug-seeking behavior (De Vries et al. 1998) and may involve
enhanced activation/plasticity of particular brain circuits, particularly the mPFC (Pierce and
Kalivas 1997). While repeated AMPH treatment is known to increase mPFC Fos expression
(Hedou et al. 2002; present results), no studies have directly implicated the mPFC-LH pathway
in psychostimulant exposure.

Surprisingly, the present results show that the mPFC-NAc pathway does not significantly
induce Fos following repeated AMPH administration. Others have suggested that increases in
glutamate release in the NAc of sensitized animals is due to augmented activation of the mPFC
(reviewed in Everitt and Wolf 2002; Pierce and Kalivas 1997). Onn and Grace (2000) have
demonstrated an increase in corticoaccumbal neuron firing after withdrawal from repeated
AMPH treatment, however their data did not reach significance and the numbers of neurons
examined were a very small percentage of the total number in that pathway. Moreover, other
electrophysiological data indicate that dopaminergic pathway stimulation reduces mPFC
excitation of NAc neurons through dopamine receptor activation (Brady and O'Donnell
2004).
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The mPFC-BLA pathway was not activated with the present paradigm. Inter-animal variability
could have interfered with these results due to the relatively small number of rats used in the
present study. However, we believe that this is unlikely. Miller and Marshall (2005) reported
enhanced Fos activation of BLA-mPFC and BLA-NAc pathways with a conditioned drug
response but found no difference in the mPFC projections to BLA or NAc using group sizes
of similar magnitude. The variability is most likely due to the widespread terminal fields in the
BLA and the relatively few projections from the mPFC (Gabbott et al. 2005). Moreover,
Rosenkranz and Grace (2001) have shown that increases in dopamine, as occurs with AMPH
administration, can remove the mPFC-induced suppression of BLA output, data consistent
with a net zero change in the activation of the mPFC-BLA pathway.

The LH plays an important role in homeostasis and motivated behaviors. LH neurons contain
melanin-concentrating hormone (MCH) and orexin. These neuroactive peptides are found
predominantly in the LH (Peyron et al. 1998) and have been strongly implicated in the
sensitizing effects of psychostimulants (Borgland et al. 2006; Smith et al. 2005; present results).
In addition, MCH and orexin receptors are expressed throughout regions implicated in reward,
including the VTA, NAc, BLA, and mPFC (Marcus et al. 2001; Saito et al. 2001). Axons of
orexin neurons form dense projections to the VTA and mPFC and also innervate the BLA and
NAc, though to a lesser extent (Fadel and Deutch 2002). In fact, orexin neurons that project to
the VTA are almost exclusively found in the LH (Fadel and Deutch 2002). Furthermore, orexin
and dopamine fibers co-distribute in the mPFC (Fadel and Deutch 2002) indicating that mPFC
neurons innervated by dopaminergic neurons from the VTA may also be regulated by the LH.

Medial PFC projections directly innervate orexin neurons throughout the hypothalamus, but
most densely in the LH (Yoshida et al. 2006). The LH neurons that are contacted by deep layer
mPFC neurons presumably play an important role in integrating signals for arousal (de Lecea
et al. 2006; Sutcliffe and de Lecea 2002). Others have shown that orexin administration elicits
increases in locomotor activity, resembling AMPH administration, through noradrenergic and
dopaminergic systems (Hagan et al. 1999; Nakamura et al. 2000). Moreover, Fos seems to be
exclusively activated in subsets of orexin-containing neurons by acute AMPH treatment (Fadel
et al. 2002). Our results demonstrate, for the first time, a role for the orexin neurons in
behavioral sensitization, perhaps due to orexin activation of VTA neurons (Borgland et al.
2006; Korotkova et al. 2003). Therefore, selective activation of mPFC efferents to the LH after
repeated AMPH treatment argues strongly for a link between LH orexin neurons and sensitizing
behaviors.

Conclusion
Our study employed a repeated AMPH treatment procedure known to induce persistent
behavioral, structural, and physiological plasticity associated with the mPFC (Morshedi and
Meredith 2007; Onn and Grace 2000; Robinson and Kolb 1997; 1999). We have demonstrated
that repeated AMPH treatment selectively engages mPFC efferents to the LH, while those to
the NAc and BLA remain unchanged. The LH, a region known to be involved in natural reward,
has more recently been implicated in drug reward. Therefore, repeated AMPH treatment, by
specifically activating mPFC excitatory projections to the LH, could play a role in usurping
natural reward circuitry for activation of drug-focused behaviors.
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Figure 1.
Representative micrographs showing typical FG injection sites for the (a) NAc, (b) BLA, and
(c) LH. Diagrams representing the corresponding ipsilateral areal distributions of neurons
(black dots) in the mPFC retrogradely labeled from the (d) NAc, (e) BLA, and (f) LH (each
drawing represents a coronal section at approximately +2.7 mm from bregma) (Paxinos and
Watson 2005). FG injections centered in the (d) NAc and (f) LH produced similar dense
distributions of retrogradely labeled neurons primarily in the deep layers of the IL and PrL,
while injections centered in the (e) BLA labeled neurons in layer II and the deeper layers of
the IL and PrL. Scale bars: a (also valid for b,c), 2 mm.
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Figure 2.
Representative micrographs of deep layers of the mPFC showing FG-filled neurons (DAB-Ni)
at (a) 20X and (b) 60X, and neurons dually immunolabeled for Fos (DAB) and FG (Vector
SG) at (c) 20X and (d) 60X. Dually immunolabeled neurons (arrows) have an amber nucleus
(Fos-immunoreactive cell) surrounded by blue cytoplasm (FG-immunoreactive neuron). Scale
bars: a-d, 25 μm.
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Figure 3.
Bar graphs showing the density of Fos immunolabeled cells after repeated AMPH or vehicle
administration in the IL and PrL areas and their major target regions (NAc shell and core, BLA,
and LH); filled bars, repeated AMPH administration (n = 5) and open bars, vehicle (n = 5). *p
< 0.001, repeated AMPH group has a significantly higher density of Fos-immunoreactive cells
in the IL, PrL, NAc core, BLA, and LH when compared to vehicle.

Morshedi and Meredith Page 16

Psychopharmacology (Berl). Author manuscript; available in PMC 2008 September 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Bar graphs showing pathway-specific Fos induction after repeated AMPH or vehicle
administration. The proportion of colocalized FG- and Fos- immunolabeled neurons in the IL
or PrL areas of the mPFC is shown following FG deposition in the (a) NAc (n = 5 per group),
(b) BLA (AMPH, n = 5/group), or (c) LH (AMPH, n = 6 and vehicle, n = 4). Open bars, vehicle;
filled bars, repeated AMPH administration. *p < 0.005, **p < 0.001, repeated AMPH group
has a significantly higher density of co-localized cells in mPFC-LH efferent neurons compared
to vehicle.
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Figure 5.
Representative micrographs of the LH. (a) Dually immunolabeled neurons (arrows) with an
amber nucleus (Fos-immunoreactive cell) surrounded by blue cytoplasm (orexin-
immunoreactive neuron) after AMPH treatment. (b) Orexin-immunoreactive neuron (singly
labeled) after vehicle treatment. Scale bar: a (also valid for b), 25 μm.

Morshedi and Meredith Page 18

Psychopharmacology (Berl). Author manuscript; available in PMC 2008 September 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Morshedi and Meredith Page 19

Table 1
Mean numbers of FG-immunoreactive cells in the mPFC retrogradely labeled from injection targets for each group

  IL PrL

Target Saline AMPH AMPH Saline

Nucleus accumbens 203 ± 22 254 ± 39 286 ± 40 315 ± 31
Basolateral amygdala 95 ± 10 104 ± 8 36 ± 6 53 ± 10
Lateral hypothalamus 394 ± 21 298 ± 51 315 ± 39 249 ± 57

Psychopharmacology (Berl). Author manuscript; available in PMC 2008 September 25.


