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The dopamine (DA) transporter (DAT) is a major target for abused drugs and a key regulator of extracellular DA. A rapidly growing
literature implicates insulin as an important regulator of DAT function. We showed previously that amphetamine (AMPH)-evoked DA
release is markedly impaired in rats depleted of insulin with the diabetogenic agent streptozotocin (STZ). Similarly, functional magnetic
resonance imaging experiments revealed that the blood oxygenation level-dependent signal following acute AMPH administration in
STZ-treated rats is reduced. Here, we report that these deficits are restored by repeated, systemic administration of AMPH (1.78 mg/kg,
every other day for 8 d). AMPH stimulates DA D2 receptors indirectly by increasing extracellular DA. Supporting a role for D2 receptors
in mediating this “rescue,” the effect was completely blocked by pre-treatment of STZ-treated rats with the D2 receptor antagonist
raclopride before systemic AMPH. D2 receptors regulate DAT cell surface expression through ERK1/2 signaling. In ex vivo striatal
preparations, repeated AMPH injections increased immunoreactivity of phosphorylated ERK1/2 (p-ERK1/2) in STZ-treated but not
control rats. These data suggest that repeated exposure to AMPH can rescue, by activating D2 receptors and p-ERK signaling, deficits in
DAT function that result from hypoinsulinemia. Our data confirm the idea that disorders influencing insulin levels and/or signaling, such
as diabetes and anorexia, can degrade DAT function and that insulin-independent pathways are present that may be exploited as
potential therapeutic targets to restore normal DAT function.

Introduction
The dopamine (DA) transporter (DAT) is the primary high-
affinity uptake mechanism for DA after it is released into the
extracellular milieu. As such, it exerts tight control over the
strength and duration of DA neurotransmission. DAT is a pri-
mary target for many abused drugs, prominent among them,
amphetamine (AMPH). Not surprisingly then, a major research
focus has been geared toward understanding mechanisms regu-
lating DAT activity and the action of AMPH. Emerging as an
important modulator of DAT activity is insulin signaling, via
phosphotidylinositol 3-kinase (PI3K) and Akt (Garcia et al.,
2005; Wei et al., 2007; Williams et al., 2007). Inhibition of PI3K
signaling reduces cell surface expression of DAT, and DA uptake
is reduced as a result (Williams et al., 2007). Using rodent models,

we and others found that under conditions of low circulating
insulin, such as occurs following fasting or food restriction, as
well as in disease states, such as diabetes, clearance of DA is dra-
matically reduced (Patterson et al., 1998; Owens et al., 2005; Se-
vak et al., 2007a). Likewise, in rats treated with the diabetogenic
agent streptozotocin (STZ), both the magnitude of AMPH stim-
ulated release of endogenous DA in striatum and its rate of clear-
ance are markedly reduced (Williams et al., 2007). These effects
of STZ on the kinetics of AMPH-evoked DA release and uptake
were correlated with a striking decrease in the ability of AMPH to
increase the blood oxygen level-dependent (BOLD) signal in
striatum, measured by functional magnetic resonance imaging
(fMRI) (Williams et al., 2007).

Interestingly, we found that the sluggish clearance of exoge-
nously applied DA from striatum in hypoinsulinemic rats could
be completely restored to normal DA clearance rate by adminis-
tration of four AMPH injections given once every other day for
8 d, a dosing regimen that establishes conditioned place prefer-
ence for AMPH (Sevak et al., 2007a). However, the mechanism
through which this occurs remains unknown. AMPH, by stimu-
lating DA release, acts as an indirect D2 receptor agonist. Consis-
tent with D2 receptor involvement in mediating the effect of
repeated AMPH to restore DA clearance in hypoinsulinemic rats,
the D2/D3 receptor antagonist raclopride (RAC) given before
AMPH completely blocked the ability of AMPH to restore DA
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clearance rate (Sevak et al., 2007a). D2/D3

receptor stimulation causes a rapid in-
crease in DAT cell surface expression that
is ERK1/2-dependent and enhances sub-
strate clearance (Bolan et al., 2007; Lee et
al., 2007; Zapata et al., 2007). Thus, stim-
ulation of D2 receptors following repea-
ted AMPH administration may promote
DAT activity in the plasma membrane
and act to reverse the effect of hypoinsu-
linemia to slow DA clearance and blunt
the effect of a single acute intrastriatal in-
jection of AMPH to stimulate DA release.
Here we show that repeated systemic
AMPH restores the ability of an acute
injection of AMPH to cause DA efflux, in-
hibit DA clearance, and induce a BOLD response in hypoinsu-
linemic rats. We provide evidence supporting a role for ERK1/2
signaling via D2 receptors in mediating these effects of repeated
AMPH administration to restore DAT function.

Materials and Methods
Animals. Male Sprague Dawley rats (275–350 g; Harlan) were used for all
experiments. Rats were rendered hypoinsulinemic by a single injection of
STZ [65 mg/kg into the tail vein for fMRI studies; 65 mg/kg, i.p., for ERK
activity studies; 50 mg/kg, i.p., for high-speed in vivo chronoamperom-
etry (HSCA) studies]. These doses and routes of administration pro-
duced similar increases in blood glucose. STZ is an antibiotic that
destroys the insulin-secreting � cells of the pancreas (Szkudelski, 2001)
and has been used to induce chronic hypoinsulinemia in rats by our
laboratories (Owens et al., 2005; Williams et al., 2007) and others (Carr et
al., 2000). STZ (Sigma-Aldrich) was freshly dissolved in ice-cold 100 mM

citrate saline (SAL; pH 4.5) for all studies. For in vivo studies examining
AMPH-stimulated BOLD responses using fMRI and ex vivo studies mea-
suring ERK activity, rats received one of two treatment regimens 1 week
following an injection of STZ or saline. These regimes comprised two
injections every other day for 8 d. The two injections were either saline–
saline or saline–AMPH (1.78 mg/kg, i.p.). For in vivo studies measuring
AMPH-stimulated DA release using HSCA, two additional treatment
groups were included: RAC–saline (0.056 mg/kg, i.p., RAC) or RAC–
AMPH (0.056 and 1.78 mg/kg, i.p., respectively). In all studies, the first
injection was given 30 min before the second. Two to 4 d after the last
injection (i.e., when these systemically administered drugs are metabo-
lized) (Sevak et al., 2007a), rats were prepared for (1) fMRI analysis of
AMPH stimulated BOLD response in striatum, (2) ex vivo analysis of
striatal ERK activity, or (3) in vivo HSCA recordings of striatal DA efflux
induced by locally applied AMPH. The experimental timeline is shown in
Figure 1.

A dose of 1.78 mg/kg AMPH was chosen because we established that
this normalizes clearance of exogenously applied DA in striatum and
AMPH-induced locomotion in STZ-treated rats (Owens et al., 2005). A
dose of 0.056 mg/kg raclopride was selected based on our studies showing
that 0.056 mg/kg is the smallest dose of raclopride that produces a signif-
icant rightward shift in the dose– effect curve of the D2/D3 receptor ago-
nist quinpirole to elicit yawning (Sevak et al., 2007b) and effectively
blocked normalization of clearance of exogenously applied DA by re-
peated AMPH in STZ-treated rats (Sevak et al., 2007a).

In a separate study to investigate the effect of increasing insulin, rats
were surgically implanted with a subcutaneous pellet that delivered 2 U
of insulin per day (Linplant) according to methods described by Sevak et
al., (2007b). Drinking water was supplemented for the first 4 d with 10%
glucose to avoid severe hypoglycemia. Control animals received a sham
surgery and insertion of a palmitic acid implant and also received 10%
glucose in their drinking water for the first 4 d. HSCA experiments were
performed 7 d after the surgeries.

Blood glucose was measured with a glucometer (Advantage Accu-
Chek; Roche Diagnostics) before STZ or saline injection and just before

an experiment. Animals were considered hypoinsulinemic when their
glucose levels exceeded 300 mg/dl. All procedures were approved by the
University of Texas Health Science Center at San Antonio and Vanderbilt
University Medical Center Institutional Animal Care and Use Commit-
tees and were conducted according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

fMRI. Animals were prepared for fMRI as described previously (Wil-
liams et al., 2007; 2010). Before scanning, animals were catheterized and
tracheotomized under 2% isoflurane. After surgery and before fMRI,
animals were given pancuronium bromide (2 mg/kg/h, i.p.; Sigma), iso-
flurane was decreased to 0.8% in 33% oxygen/67% nitrous oxide and the
ventilator was adjusted to produce constant respiration of 50 –52 breaths
per minute, a rate ideal for stable physiological conditions. End-tidal
carbon dioxide (EtCO2), an indirect measure of arterial pCO2, was con-
tinuously monitored via a capnograph (SurgiVet). Physiologic tempera-
ture was verified by rectal probe and maintained by a heating unit with
extension hose placed inside the magnet bore. Heart rate was monitored
via subdermal electrocardiograph electrodes implanted into the fore-
paws. Physiologic data were collected and analyzed using the SAM-PC
MRI-compatible monitoring and gating system (SA Instruments). Un-
der these conditions, no significant differences in pre-AMPH baseline
EtCO2 were seen across the three treatment groups (mm Hg): 25.5 � 1.59
(saline/4�AMPH/AMPH, n � 8), 26.9 � 1.70 (STZ/4�AMPH/AMPH,
n � 7), and 23.6 � 1.85 (STZ/4�saline/AMPH, n � 7; one-way ANOVA;
F(2,19) � 0.893; p � 0.426).

Animals were moved to a Plexiglas stereotaxic frame in which the head
was immobilized with adjustable ear and incisor bars. Attached to the
frame was a 2 cm radio frequency (RF) surface coil (Varian Instruments)
lowered to within 1 mm above the scalp. Microbore tubing was attached
to intraperitoneal catheters to allow drug administration within the mag-
net during fMRI. Functional images were acquired at 9.4 Tesla using a
multislice gradient echo sequence with the following parameters: TR, 220
ms; TE, 12 ms; nominal flip angle, 20°; number of excitations, 2; FOV,
30 � 30 mm; matrix, 64 � 64; 9 � 1 mm contiguous slices. Functional
scans consisted of 72 image volumes serially acquired without interrup-
tion over a predrug baseline period, a �30 s bolus injection of AMPH
(1.78 mg/kg, i.p.), and a post-AMPH period. Acquisition time was �30
min. Functional data from all subjects were registered to a common
template and interpolated to high-resolution anatomic images having
the same slice prescription in AFNI (version 2008_02_01_1144;
http://afni.nimh.nih.gov/afni). MR signal outside the brain was masked,
and registered data were temporally smoothed with a three-point Ham-
ming filter and converted to a percent BOLD signal change relative to the
pre-AMPH baseline period (�S/S0, in percent) on a voxelwise basis. Data
were linearly detrended to correct for baseline signal drift and underwent
additional masking wherein voxels having a temporal signal-to-noise
ratio (SNR) �20% of the peak SNR were silenced. This latter step elim-
inated signal artifacts in voxels having low SNR within extreme ventral
portions of the brain most distant from the RF surface coil. To compare
regional differences in BOLD activation across treatment conditions, the
postinjection �S/S0 (mean of the 36 images following AMPH) from each
subject was group averaged, and the group activation map, thresholded

Figure 1. Experimental time line. Rats were injected with either STZ or saline on Day 0. Seven days later, every other day,
intraperitoneal injections of one of four treatment regimens (SAL–SAL, SAL–AMPH, RAC–SAL, or RAC–AMPH) was initiated and
continued for 8 d. Two to 4 d later, rats were prepared for either in vivo fMRI or HSCA studies, or killed for ex vivo analyses of ERK
activity.
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at mean �S/S0 �1% was overlaid on the high-resolution anatomic im-
age. Region-of-interest (ROI) analyses were conducted over the anterior
and posterior caudate–putamen in reference to a standard rat brain atlas
(Paxinos and Watson, 1998). MR signal changes (�S/S0, in percent) were
averaged across left and right ROIs, integrated, and analyzed by one-way
ANOVA followed by a Bonferroni’s multiple comparison test in Prism
(version 5.0a; GraphPad Software).

Immunoblotting of synaptosomal phospho-ERK1/2 after in vivo AMPH
administration or after incubation with insulin in vitro. Phosphorylated
ERK1/2 (p-ERK1/2) was assayed according the method of Shi and
McGinty (2006). Rats, treated in the same way as for fMRI studies, were
killed and striatal synaptosomes prepared. In separate experiments, syn-
aptosomes prepared from drug-naive control rats were incubated with
either 1 or 10 nM insulin for 10 or 5 min, respectively. Protein equivalents
of synaptosomal preparations were subjected to 10% SDS-PAGE and
then probed with anti pERK1/2-p44/42 antibody (1:5000; Promega). The
membranes were then incubated with goat anti-rabbit HRP-conjugated
secondary antibody (1:1000; Millipore). The same membranes were the
stripped and reprobed for total ERK1/2 (anti-ERK1/2, 1:5000; Promega)
for loading control. After chemiluminescent visualization on Hyperfilm
ECL film, protein band densities were quantified and analyzed using
Scion Image. To assess the change in p-ERK1/2 as a result of multiple
AMPH administrations, every lane of p-ERK1/2 was normalized to its
respective total ERK1/2 lane, and the change from percentage of control
reflects this normalized ratio.

HSCA. HSCA was conducted using the FAST-12 system (Quanteon) as
described previously (Callaghan et al., 2005; Williams et al., 2007). Record-
ing electrode/micropipette assemblies were constructed using a single
carbon-fiber (30 �m diameter; Specialty Materials), which was sealed inside
fused silica tubing (Schott). The exposed tip of the carbon fiber (150 �m in
length) was coated with 5% Nafion (Aldrich Chemical; three to four coats
baked at 200°C for 5 min per coat) to provide a 1000-fold selectivity of DA
over its metabolite dihydroxyphenylacetic acid. Under these conditions, the
current generated by cumulative 0.5 �M additions of DA (0.5–10 �M) during
in vitro calibration in 100 mM PBS, pH 7.4, was linear (r2 � 0.99).

Animals were anesthetized with an injection of urethane (850 mg/kg,
i.p.) and �-chloralose (85 mg/kg, i.p.) mixture, fitted with an endotra-
cheal tube to facilitate breathing, and placed into a stereotaxic frame
(David Kopf Instruments). To locally deliver test compounds (described
below) close to the recording site, a glass multibarrel micropipette (FHC)
was positioned adjacent to the microelectrode using sticky wax. The
center-to-center distance between the microelectrode and the micropi-
pette ejector was 300 �m. Experiments in Figures 4 and 5 used a multi-
barrel configuration in which barrels contained AMPH (400 �M), RAC
(400 �M; Sigma), or vehicle [artificial CSF (ACSF)]. Experiments in Fig-
ure 6 used barrels filled with DA (200 �M), the ERK1/2 inhibitor SL327
(2 mM), or vehicle (ACSF with 10% DMSO) and in the final series of
experiments (see Fig. 8), barrels were filled with DA (200 �M). The elec-
trode/micropipette assembly was lowered into the striatum at the follow-
ing coordinates (in mm from bregma) (Paxinos and Watson, 1998): AP,
�1.5; ML, �2.2; DV, 	3.5 to 	5.5. The application of drug solutions
was accomplished using a Picospritzer II (General Valve Corporation) in
an ejection volume of 125 nl (5–25 psi for 0.25–3 s). After ejection of test
agents, there is an estimated 10- to 200-fold dilution caused by diffusion
through the extracellular matrix to reach a concentration of 2– 40 �M

(AMPH and RAC) at the recording electrode (Callaghan et al., 2005),
concentrations equivalent to those found in brain after systemic administra-
tion of AMPH (Clausing et al., 1995). To record the efflux and clearance of
DA at the active electrode, oxidation potentials (consisting of 100 ms pulses
of 550 mV, each separated by a 0.9 s interval during which the resting poten-
tial was maintained at 0 mV) were applied with respect to an Ag/AgCl refer-
ence electrode implanted into the contralateral superficial cortex. Oxidation
and reduction currents were digitally integrated during the last 80 ms of each
100 ms voltage pulse. For each recording session, DA was identified by its
reduction/oxidation current ratio: 0.50 to 0.80.

At the conclusion of each experiment, an electrolytic lesion was made
to mark the placement of the recording electrode tip. Rats were then
decapitated while still anesthetized, and their brains were removed, fro-
zen on dry ice, and stored at 	80°C until sectioned (20 �m) for histo-

logical verification of electrode location within the striatum. HSCA data
were analyzed with GraphPad Prism using three signal parameters (see
Fig. 4 A–D): (1) the DA efflux rate (in nanomolar per second), which is
the change in DA oxidation current evoked by AMPH application as a
function of time of the ascending limb of the signal; (2) the maximal
signal amplitude of the released DA (in micromolar); and (3) the DA
clearance rate (in nanomolar per second), defined as the slope of the
linear portion of the current decay curve, i.e., from 20 – 60% of maximal
signal amplitude.

Statistical analyses. All treatment and drug effects were analyzed using
ANOVA followed by Bonferroni’s post hoc tests or t tests. All data are
presented as mean � SEM.

Results
Repeated intraperitoneal injections of AMPH rescues
AMPH-induced striatal BOLD response in STZ-treated rats
We found previously that the AMPH-induced BOLD response is
significantly diminished after depletion of insulin with STZ (Wil-
liams et al., 2007). In the present study, STZ-treated rats or un-
treated (euinsulinemic) control rats were challenged acutely with
AMPH (1.78 mg/kg, i.p.) in the MR scanner 4 d after receiving the
last of four injections (every other day) of AMPH (1.78 mg/kg,
i.p.) or saline vehicle, i.e., 17 d after STZ injection. Our results
confirm and extend our previous findings: compared with con-
trol rats (Fig. 2A), STZ-treated rats receiving intraperitoneal sa-
line injections every other day for 8 d showed significant blunting
of the AMPH-evoked BOLD signal response across multiple
brain areas including neocortex, striatum, and thalamus (Fig.
2B). In sharp contrast, repeated AMPH injections restored the
patterns of BOLD signal responses in STZ-treated rats to those
observed in control rats (Fig. 2C). Summary data from the DAT-
and insulin receptor (IR)-enriched striatum are shown in Figure
2D–F. ROI time-series data from the anterior and posterior cau-
date–putamen (Fig. 2D) were integrated 15 min before (baseline)
and after AMPH injection (Fig. 2E). Relative to their respective
preinjection baselines, AMPH-stimulated significant increases in
striatal BOLD signal in both untreated control rats and in STZ-
treated rats (F(5,44) � 6.984; p � 0.0001). In contrast to the
AMPH-naive STZ-treated rats, STZ-treated rats with a history of
repeated AMPH injections showed a BOLD response to acute
AMPH challenge that was not significantly different from control
rats. Repeated AMPH injections in control rats did not alter the
BOLD response to subsequent AMPH challenge and was compa-
rable to the AMPH-stimulated BOLD response we reported in
AMPH-naive control rats (Williams et al., 2007). Acute injection
of saline did not evoke any significant change in the striatal BOLD
response regardless of prior treatment (data not shown) (but see
Williams et al., 2007).

Repeated intraperitoneal injections of AMPH increase striatal
ERK1/2 activity
AMPH acts directly at DAT and indirectly by increasing extracel-
lular DA concentration at DA receptors. We showed previously
that injection of STZ-treated rats with AMPH (1.78 mg/kg) every
other day for 8 d restored normal clearance of exogenously ap-
plied DA and the ability of AMPH to induce locomotion (Owens
et al., 2005; Sevak et al., 2007a). This effect of repeated intraperi-
toneal AMPH injections was blocked by pretreatment with the
D2/D3 receptor antagonist RAC (0.056 mg/kg) (Sevak et al.,
2007a). We have also shown that ERK1/2 regulates DAT function
and cell surface expression and that activation of ERK1/2 in-
creases transport capacity (Morón et al., 2003). Importantly,
D2/D3 receptors signal to activate ERK1/2 (Bolan et al., 2007; Lee
et al., 2007; Zapata et al., 2007). Therefore, we hypothesized that
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Figure 2. Repeated AMPH rescues the AMPH-induced striatal BOLD response in STZ-treated rats. A–C, BOLD activation maps were overlaid on high-resolution anatomic templates to depict
regional mean postinjection BOLD signal changes (�S/S0, in percent) in response to AMPH challenge (1.78 mg/ml, i.p.) for untreated (euinsulinemic) control rats that received repeated AMPH
injections (A), STZ-treated (hypoinsulinemic) rats that received repeated saline injection (B), and STZ-treated rats with a history of repeated AMPH injections (C). D–F, ROI time series within the DAT
and IR-rich striatum for all three treatment groups 4 d after the last saline or AMPH injection, i.e., 17 d after STZ. D, Time-series data from the caudate–putamen of each treatment group showing
the 15 min post-AMPH response after the 15 min baseline period. E, Comparisons of the area under curve for the pre-AMPH and post-AMPH periods across the three treatment groups in the study
reveal significant and equivalent increases in BOLD activation in dorsal striatum after AMPH in both euinsulinemic control and STZ-treated rats with a history of repeated AMPH injection. In contrast,
STZ-treated rats receiving AMPH for the first time show a dramatically blunted BOLD signal change. **p � 0.01 versus baseline (one-way ANOVA with Bonferroni’s multiple comparison test; n �
8 –9 per group). F, Position of right and left ROIs (red voxels) drawn in the anterior and posterior caudate–putamen. Stereotaxic coordinates indicate the approximate rostrocaudal distance from
bregma of the multislice images used in this study (Paxinos and Watson, 1998).
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restoration of the AMPH-stimulated BOLD response in STZ-
treated rats is mediated by D2 receptor activation of ERK1/2 sig-
naling. Figure 3 shows immunoblots for p-ERK1/2 and total
ERK1/2 obtained from striatal synaptosomes of saline- or STZ-
treated rats 2 d after receiving the last injection of the repeated
saline or repeated AMPH regimen (four injections every other
day for 8 d). Hypoinsulinemia was confirmed in all STZ-treated
rats. As seen in Figure 3, repeated AMPH administration in STZ-
treated rats increased p-ERK1/2 to 176 � 23% of control (n � 7;
p � 0.05 by Student’s t test). Repeated AMPH administration did
not, however, alter ERK1/2 activity in control (euinsulinemic)
rats (118 � 38% of control; n � 3; p � 0.05). We also investigated
the effect of a single acute injection of AMPH (1.78 mg/kg, i.p.)
on ERK1/2 activity measured 2 d later. As expected, there was no
effect of the single AMPH injection on ERK1/2 activity in control
(euinsulinemic) rats (82 � 9%; n � 10). Interestingly, there was
a trend for a single injection of AMPH to increase p-ERK1/2 in
STZ-treated rats (126 � 18%; n � 3), suggesting that this action
of AMPH in hypoinsulinemic rats begins after only one admin-
istration of AMPH. Together, these data are consistent with the
idea that D2 receptors are hyperactive in STZ-treated rats. Taking
into consideration that ex vivo striatal preparations do not distin-
guish between presynaptic and postsynaptic DA receptors, we
investigated a role for presynaptic D2 autoreceptors in mediating
these effects of AMPH in STZ-treated rats with a history of
AMPH injections. We performed HSCA experiments to measure
AMPH-stimulated DA release in vivo after pharmacological inhi-
bition of D2 receptors with RAC.

Repeated AMPH injections restore AMPH-induced DA efflux
in striatum of STZ-treated rats
In these experiments, the same paradigm of repeated AMPH ad-
ministration was used as described above, but two additional

groups were studied. One group of rats received RAC and saline
injections (RAC–SAL), and another received RAC and AMPH
injections (RAC–AMPH), every other day for 8 d. Replicating our
published findings (Williams et al., 2007), in rats that received
four injections every other day of SAL–SAL, the ability of intra-
striatal AMPH (50 pmol) to elicit DA release was significantly
decreased in STZ-treated rats (0.28 � 0.04 �M) compared to
control rats (0.63 � 0.09 �M; t(16) � 3.374; p � 0.004; n � 9 per
group) (Fig. 4A). Consistent with reduced plasma membrane
DAT expression and/or activity, this was accompanied by a sig-
nificant reduction in both the rate of DA release (SAL, 5.2 � 1.0
nM/s vs STZ, 2.3 � 0.4 nM/s; t(16) � 2.673; p � 0.017) and rate of
DA clearance (SAL, 2.2 � 0.6 nM/s vs STZ, 0.9 � 0.2 nM/s; t(16) �
2.085; p � 0.050). Highlighted in Figure 4B is the striking effect of
four intraperitoneal injections every other day of AMPH (SAL–
AMPH) to completely restore DA efflux in striatum following
intrastriatal application of AMPH in STZ-treated rats. Summary
data are shown in Figure 4E. This normalization occurred for all
parameters, including release and clearance rates (data not
shown). In control (euinsulinemic) rats, there was a tendency for
repeated AMPH injections to enhance DA release, but this was
not significant.

Most notably, rescue of DA efflux following intrastriatally ap-
plied AMPH could be completely blocked by administration of
RAC, given 30 min before the every other day injection of AMPH
(Fig. 4D,E, RAC–AMPH). Interestingly, in control rats that re-
ceived only RAC (RAC–SAL), the effect of intrastriatally applied
AMPH to stimulate DA release was blunted to the same magni-
tude as that following STZ treatment (Fig. 4C,E), further suggest-
ing a pivotal role of the D2 receptor in modulating AMPH
actions. STZ-treated rats receiving RAC–SAL did not show any
greater blunting of AMPH-evoked release than in those that re-
ceived SAL–SAL injections (Fig. 4C,E).

Acute intrastriatal D2 receptor blockade inhibits AMPH
stimulated DA efflux
Data presented thus far suggest that repeated injections of RAC
can lead to sustained dampening of AMPH’s ability to evoke DA
release, even when RAC is fully metabolized and no longer exert-
ing a direct action on D2 receptors (Sevak et al., 2007a). Others
have reported that acute local injection of RAC into striatum can
inhibit clearance of exogenous DA (Meiergerd et al., 1993; Cass
and Gerhardt, 1994; Dickinson et al., 1999). Thus, the next ex-
periments were designed to determine whether intrastriatal ap-
plication of RAC inhibited AMPH-evoked DA release and
whether this varied as a function of insulin status. In these exper-
iments, baseline AMPH-stimulated DA release was measured,
and then RAC (50 pmol) was pressure ejected into striatum.
AMPH was applied intrastriatally again at 45 and 90 min follow-
ing RAC. The results are illustrated in Figure 5. There was a
significant main effect of both treatment (F(2,12) � 5.32; p � 0.05)
and time (F(2,12) � 12.05; p � 0.001). In RAC-treated rats,
AMPH-evoked DA release decreased with time. Bonferroni’s post
hoc analysis showed this effect to be greater in STZ-treated rats,
compared to saline-treated control rats. Together, these data sug-
gest that D2 receptor regulation of DAT is an important mediator
of AMPH’s ability to cause the release of DA.

STZ treatment increases blood glucose and decreases
body weight
Tables 1 and 2 show the values for each treatment group used in
HSCA studies, both before and after STZ or saline injection.
Blood glucose and body weights did not vary among rats before

Figure 3. Repeated intraperitoneal injections of AMPH increase striatal ERK1/2 activity in
diabetic rats. A, Representative immunoblots of p-ERK1/2 (top) and total ERK1/2 (bottom)
obtained from striatal synaptosomes from saline- or STZ-treated rats, given either repeated
vehicle (4�saline) or repeated AMPH injections (4�AMPH) according to the timeline in Figure
1. B, Summary data showing p-ERK1/2 normalized to total ERK1/2 and expressed as a percent-
age of respective controls (4�saline). Repeated AMPH injections produced a significant in-
crease in p-ERK1/2 only in STZ-treated rats. *p � 0.05 (Student’s t test), STZ treated (n � 7)
versus vehicle treated (n � 3).
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STZ or saline injection. At the conclusion of experiments, 15–17
d later, blood glucose was significantly elevated and body weight
significantly decreased in STZ-treated rats. In contrast, blood
glucose was unchanged and body weight increased in control
(saline treated) rats. Blood glucose and body weight values did
not vary as a function of the drug combination that rats received
during the every other day for 8 d treatment regime. Thus, the
following are pooled values across these groups. There was a
significant main effect of treatment on blood glucose levels
(F(3,111) � 667.4; p � 0.0001). Before injection of saline or STZ,
blood glucose values were 93 � 3 (n � 29) and 95 � 5 mg/dl (n �
27), respectively. At the conclusion of experiments, blood glucose
values were significantly elevated in STZ-treated rats (494 � 14
mg/dl; t � 36.5; p � 0.001), whereas they remained unchanged in
control rats (101 � 6 mg/dl). There was also a significant main
effect of treatment on body weight (F(3,111) � 33.5; p � 0.0001).
Body weight did not differ between saline- and STZ-treated rats

before treatment (355 � 4 g and 364 � 5 g, respectively). At the
completion of the study, STZ-treated rats weighed significantly
less (313 � 6 g; t � 7.33; p � 0.001), and saline-treated rats
significantly more (379 � 4 g; t � 3.55; p � 0.01), compared to
their starting weight. STZ-treated rats weighed less than their
saline-treated counterpart at the conclusion of the study (t � 9.6;
p � 0.001). Similarly, in fMRI studies, 18 d after STZ there was
significant elevation in blood glucose levels and significant reduc-
tion in body weight relative to saline control in fMRI studies.

These data suggest that changes in the kinetics of AMPH-
induced DA release and inhibition of uptake in STZ-treated rats
are not due to hyperglycemia or differences in body weight. Blood
glucose concentrations and body weights were the same across
different groups of rats that received STZ, and which subse-
quently received different drug treatments that resulted in mark-
edly varied abilities of AMPH to release DA. Therefore it is
unlikely the hyperglycemia or body weight difference could ac-

Figure 4. Repeated intraperitoneal AMPH injections restore the ability of intrastriatally applied AMPH to evoke DA efflux in STZ-treated rats by a D2 receptor-dependent mechanism. A–D,
Representative oxidation currents (converted to a micromolar concentration using a calibration factor determined in vitro). The time of intrastriatally applied AMPH is shown by the arrow. DA release
following intrastriatal AMPH injection was dampened in STZ-treated (black trace) compared to control (saline-treated) rats (gray traces; A), but rescued by four (every other day) intraperitoneal
injections of systemically administered AMPH (B). Four injections (every other day) of raclopride (intraperitoneally) blunted the ability of intrastriatally applied AMPH to evoke DA release in control
rats, but caused no further dampening of AMPH-evoked DA release in STZ-treated rats (C). However, raclopride did block the ability of repeated systemic AMPH injections to restore the ability of
striatally applied AMPH to elicit DA release (D). E, Summary data for AMPH-stimulated DA release in saline-treated (controls; open bars) and STZ-treated rats (closed bars) treated repeatedly (every
other day, intraperitoneal injections for 8 d) with combinations of saline and saline (SAL–SAL), saline and amphetamine (1.78 mg/kg; SAL–AMPH), raclopride (0.056 mg/kg) and saline (RAC–SAL),
or raclopride (0.056 mg/kg) and amphetamine (1.78 mg/kg; RAC–AMPH). Saline was injected in a volume of 1 ml/kg. Data are expressed as the mean � SEM. of 4 –9 rats per condition; the sample
size for each group is shown below each bar. *p � 0.05; **p � 0.01 (two-way ANOVA with Bonferroni’s multiple comparison test).

2642 • J. Neurosci., February 22, 2012 • 32(8):2637–2647 Owens et al. • Dopamine Transporter Function in Hypoinsulinemic Rats



count for changes in the kinetics of intrastriatally applied
AMPH-evoked DA release. Likewise, hyperglycemia does not
significantly influence BOLD signals (Gruetter et al., 2000), sug-
gesting that blunting of the AMPH-induced BOLD response in
the DAT-dense striatum of insulin-depleted rats and its rescue by
repeated systemic AMPH administration are not due to STZ-
mediated metabolic abnormalities. Notably, the AMPH-induced
BOLD response correlates with striatal extracellular DA levels
(Chen et al., 1997, 1999) and, consequently, with DAT-mediated
reverse transport of DA following acute AMPH. Together, these
data further support the notion that normalization of the acute
actions of AMPH by repeated systemic AMPH is unaffected by
blood glucose and mediated by a PI3K-independent, ERK1/2-
dependent pathway.

Acute intrastriatal inhibition of ERK1/2 slows DA clearance
We have shown that AMPH-evoked DA release in striatum is
blunted in STZ-treated rats and that this impairment can be res-
cued by repeated, systemic administration of AMPH, an effect
that could be blocked by the D2 receptor antagonist, raclopride.
D2 receptors are coupled to ERK signaling. We found that re-
peated systemic AMPH increased striatal ERK1/2 activity. To fur-
ther study the putative link between ERK1/2 activity and DAT
function, we determined the effect of local application of the
ERK1/2 inhibitor SL327 into the striatum on clearance of exoge-
nously applied DA. In these experiments, exogenous DA was
pressure ejected into striatum until reproducible signals were ob-
tained, and then SL327 was pressure ejected into striatum. Two
minutes later, DA was again pressure ejected and at regular inter-
vals thereafter until the signal returned to its pre-SL327 form.
This approach is well established in our lab (Owens et al., 2005;
Price et al., 2007) and those of others (Zahniser et al., 1999; Gulley
et al., 2002) and affords a measure of DA clearance without an
associated release component, as is the case with AMPH. We
found that SL327 significantly slowed DA clearance, reflected by
an increase in time course of the DA signal (Fig. 6) (F(1,48) �
11.94; p � 0.018). Consistent with inhibition of DA uptake, DA
signal amplitude also increased by �40% following SL327 (data
not shown). Both signal amplitude and time course returned to
predrug values 45 min following SL327 application. For rats
treated with SL327, baseline (predrug) clearance time, defined as
the time for DA to clear 80% from its peak signal amplitude, was
21 � 3 s, and peak amplitude was 0.83 � 0.06 �M (n � 8).

Baseline clearance time and amplitude values for rats receiving
vehicle did not differ and were 23 � 6 s and 0.79 � 0.03 �M (n �
6), respectively. Vehicle had no significant effect on the clearance
of exogenously applied DA (Fig. 6). These data are consistent
with ERK1/2 signaling regulating DAT function in vivo.

Insulin increases ERK1/2 activity, AMPH-evoked DA release,
and DA clearance kinetics
Our data suggest that both insulin and ERK1/2 signaling can
regulate activity of DAT in terms of both the ability of AMPH to
induce DA release and the efficiency with which DA can be
cleared from extracellular fluid. We therefore sought to establish
the relationship between the level of circulating insulin, ERK1/2
activity, and DAT function, as indexed by AMPH-evoked DA
release and clearance of exogenously applied DA.

As shown in Figure 7, incubation of striatal synaptosomes
prepared from untreated (euinsulinemic) rats with physiological
concentrations of insulin (1 or 10 nM) produced significant in-
creases in pERK1/2 [153 � 9% and 254 � 28% for 1 nM (10 min
incubation) and 10 nM (5 min incubation), respectively].

To study the effect of increased circulating levels of insulin in
the whole animal, we surgically implanted (subcutaneously) a
group of rats with Linplant pellets that release 2 U of insulin per
day. Insulin delivered in this way has been shown to increase
plasma insulin and decrease plasma glucose (Galipeau et al.,
2002). In our experiments, blood glucose was significantly re-
duced in rats implanted with Linplant pellets (before, 113 � 4
mg/dl; 7 d after implant, 99 � 4 mg/dl; p � 0.01, paired t test),
whereas sham-operated rats showed no significant change in
blood glucose levels (before, 110 � 5 mg/dl; 7 d after sham im-
plant, 122 � 9 mg/dl; p � 0.27). Using high-speed chronoamper-
ometry to measure DA, we found that the ability of intrastriatally
applied AMPH to evoke DA release was increased in hyperinsu-
linemic rats (2.29 � 0.61 �M; n � 8) compared to sham-operated
rats (0.78 � 0.36 �M; n � 6), though this difference did not reach
statistical significance (p � 0.07, Student’s t test).

To study the effect of circulating insulin on DA clearance,
without an associated release component, we turned to exoge-
nous application of DA into the striatum. A group of STZ-treated
rats were included in these experiments for comparative pur-
poses. Illustrated in Figure 8 is the striking association between
DA clearance rate and insulin status. Hyperinsulimic (Linplant)
rats cleared DA �1.5-fold faster than control (euinsulinemic)
rats. Replicating our previous findings (Owens et al., 2005), DA
clearance rate was decreased approximately fivefold in hypoinsu-
linemic (STZ-treated) rats. These putative insulin-dependent
changes in DA clearance rate were dependent on shifts in the
maximal velocity (Vmax) for DA clearance and not via shifts in the
affinity of DAT for DA in vivo, denoted KT. Vmax values were
436 � 169 nM/s, 698 � 111 nM/s, and 85 � 16 nM/s for control
and Linplant- and STZ-treated rats, respectively (F(4,77) � 19.23;
p � 0.001; n � 5–7 per group). KT values were 6.6 � 1.0 �M, 6.0 �
0.7 �M, and 4.3 � 1.1 �M, for control and Linplant- and STZ-
treated rats, respectively. Together, these data suggest that insulin
signaling exerts tight control over DAT function in vivo. More-
over, they support the idea that insulin and repeated systemic
administration of AMPH can act through ERK1/2 signaling to
regulate DAT activity.

Discussion
A growing literature supports insulin regulation of DA neu-
rotransmission as well as the progression and maintenance of
drug dependence (Pandey, 1998; Carvelli et al., 2002; Garcia et al.,

Figure 5. Intrastriatally applied raclopride blunts AMPH-stimulated DA release to a greater
extent in STZ-treated rats than saline-treated control rats. Time 0 denotes baseline AMPH-
stimulated DA release in STZ-treated (0.59 � 0.13 �M; n � 3) and saline-treated control rats
(1.30 � 0.52 �M; n � 3). Raclopride (50 pmol) or ACSF was pressure ejected into striatum, and
then AMPH was applied intrastriatally again 45 and 90 min later. **p � 0.01 (two-way ANOVA
with Bonferroni’s multiple comparison test).
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2005; Izzo et al., 2002; Russo et al., 2007, Wei et al., 2007; Wil-
liams et al., 2007). One of the most striking findings is that low-
ered ambient levels of circulating insulin, as occur in diabetes or
periods of fasting, produce dramatic decreases in DAT-mediated
DA uptake as well as the ability of AMPH to elicit BOLD signals
and cause DA release (Patterson et al., 1998; Owens et al., 2005;
Sevak et al., 2007a; Williams et al., 2007) due to decreased plasma
membrane expression of DAT (Williams et al., 2007). The effect
of dampened insulin signaling on the kinetics of DA release and
uptake can be fully restored by insulin replacement or other ac-
tivators of PI3K/Akt signaling, which serve to restore plasma
membrane expression of DAT (Williams et al., 2007). Here we
find that repeated systemic injections of AMPH can restore the
ability of intrastriatally applied AMPH to elicit DA release in
hypoinsulinemic rats via D2-like receptor signaling as well as re-
store the BOLD response to a single acute injection of AMPH.
These results reveal that PI3K/Akt-independent pathways can
also rescue hypoinsulinemia-induced deficits in DAT function.

Repeated activation of D2 receptors rescues STZ-induced
deficits in AMPH-stimulated BOLD signals and DA release
and increases ERK2 activity in striatum
The major novel finding of this study is that D2 receptor activa-
tion, via repeated (four, every other day) intraperitoneal injec-
tions of the indirect-acting agonist AMPH, fully restores the
ability of a single acute dose of AMPH to elicit marked increases
in striatal BOLD signals and the ability of intrastriatally applied
AMPH to evoke DA release in hypoinsulinemic rats in vivo. We
reported previously that STZ-treated rats show a blunted re-

Table 1. Blood glucose (milligrams per deciliter) values among STZ- and saline-treated rats receiving repeated injections of AMPH, raclopride, or saline

SAL-SAL SAL-AMPH RAC-SAL RAC-AMPH

Baseline
Presaline 95 � 5 (9) 101 � 5 (6) 83 � 5 (7) 93 � 6 (7)
Pre-STZ 97 � 5 (9) 98 � 9 (8) 82 � 6 (6) 105 � 25 (4)

15–17 d post
Saline 98 � 8 (9) 108 � 11 (6) 96 � 17 (7) 101 � 8 (7)
STZ 491 � 21* (9) 482 � 38* (8) 494 � 18* (6) 527 � 41* (4)

Rats were injected once with either saline or STZ, and then 7 d later given two injections, once per day every other day for 8 d. The first injection was given 30 min prior to the second. Injections comprised intraperitoneal administration of
combinations of SAL, AMPH, and RAC. Number of rats is in parentheses.

*p � 0.01 from all saline counterpart and all baseline groups (two-way ANOVA with Bonferroni multiple comparison).

Table 2. Body weight (grams) values among STZ- and saline-treated rats receiving repeated injections of AMPH, raclopride, or saline

SAL-SAL SAL-AMPH RAC-SAL RAC-AMPH

Baseline
Presaline 346 � 10 (9) 341 � 15 (6) 368 � 5 (7) 367 � 5 (7)
Pre-STZ 357 � 9 (9) 374 � 11 (8) 365 � 5 (6) 362 � 11 (4)

15–17 d post
Saline 377 � 8 (9) 360 � 9 (6) 393 � 6 (7) 385 � 5 (7)
STZ 320 � 10* (9) 312 � 17* (8) 312 � 15* (6) 304 � 8* (4)

Rats were injected once with either saline or STZ, and then 7 d later given two injections, once per day every other day for 8 d. The first injection was given 30 min prior to the second. Injections comprised intraperitoneal administration of
combinations of SAL, AMPH, and RAC. Number of rats is in parentheses.

*p � 0.01 from all saline counterpart and all baseline groups (two-way ANOVA with Bonferroni multiple comparison).

Figure 6. Intrastriatally applied SL327 inhibits DA clearance. DA was pressure ejected into
striatum until a stable baseline was achieved (represented as time 0). The ERK1/2 inhibitor
SL327 (30 nmol) or equivalent volume of vehicle (ACSF and 10% DMSO) was pressure ejected
into striatum and then DA was applied again 2, 15, 30, and 45 min later. *p � 0.018 (two-way
repeated measures ANOVA; SL327, n � 8; vehicle, n � 6).

Figure 7. Insulin increases striatal ERK1/2 activity in rats. A, Representative immunoblots of
p-ERK1/2 (top) and total ERK1/2 (bottom) obtained from striatal synaptosomes from untreated
(euinsulinemic) rats, and incubated with either 1 or 10 nM insulin for 10 or 5 min, respectively. B,
Summary data showing p-ERK1/2 normalized to total ERK1/2 and expressed as a percentage of
respective controls (no insulin added). *p � 0.05 (one-way ANOVA followed by Dunnett’s test;
n � 3 per group).
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sponse to the locomotor stimulant effect of AMPH and that this
too is normalized by repeated AMPH administration (Owens et
al., 2005). Thus, consistent with restored effects of AMPH on
behavior, here we show that so too are its neurochemical actions
to stimulate DA release and induce BOLD signals. These effects
occurred concurrently with strong activation of ERK1/2, consis-
tent with findings that D2 receptor stimulation increases DAT
function (Meiergerd et al., 1993; Cass and Gerhardt, 1994; Dick-
inson et al., 1999; Mayfield and Zahniser, 2001) and DAT cell
surface expression, via phosphorylation and activation of ERK1/2
(p-ERK1/2) (Bolan et al., 2007; Lee et al. 2007). A role for D2-like
receptors in mediating this effect of repeated systemic adminis-
tration of AMPH was revealed by experiments showing that the
D2/D3 antagonist RAC, given before systemic AMPH, completely
blocked the rescue. RAC also has affinity for the D3 receptor,
which can regulate DAT function and surface expression in cell
systems in vitro (Zapata et al., 2007). However, D3 receptors are
unlikely to mediate the effects observed here, since only very
short exposure to D3 agonists (1 min) promoted increased cell
surface DAT, whereas longer agonist exposure (30 min) de-
creased cell surface DAT expression. In sum, these data support
the idea that internalization of DAT and subsequent reduction in
DAT activity that occurs as a result of blunted insulin signaling at
insulin receptors in STZ-treated rats (Williams et al., 2007) can

be reversed by activation of D2 receptors by the indirect agonist
AMPH. This activation likely triggers ERK1/2 signaling, which in
turn promotes plasma membrane expression of DAT and in-
creased DAT activity. However, future studies designed to block
ERK1/2 signaling before repeated AMPH administration are
needed before definitive conclusions can be made regarding the
requirement for ERK1/2 signaling in the D2 receptor-dependent
rescue of DAT function in hypoinsulinemic rats.

It is important to emphasize that all data were collected in the
absence of drugs, 2 to 4 d after the last systemic drug administra-
tion. The 2 to 4 d “rest” period may be sufficient to bring any
acutely elevated p-ERK1/2 levels back to baseline. As demon-
strated by Shi and McGinty (2006), repeated administration of
AMPH leads to elevated striatal p-ERK1/2 activity, but only after
an additional “challenge” injection 15 min before the experiment
(for review, see Shiflett and Balleine, 2011; Choe and Wang, 2002;
Valjent et al., 2005); repeated AMPH injections did not elevate
ERK activity without this challenge injection. This is consistent
with our data (repeated AMPH in control rats) and suggests that
STZ, and hence the diabetic state, might cause sensitization of the
ERK pathway. A particularly novel finding, then, lies in the long-
lasting effects of repeated treatment with AMPH, RAC, or a com-
bination thereof. The half-life for RAC is �1 h in rats (Ericson et
al., 1996); thus, at the time of HSCA recordings, RAC would be
fully metabolized and eliminated. The half-life for AMPH is lon-
ger (5–9 h) (Kuhn and Schanberg, 1978). However, we showed
previously that the ability of four intraperitoneal injections, every
other day, of AMPH to restore clearance rates of exogenously
applied DA into striatum of STZ-treated rats to normal persisted
as long as 25 d after the last AMPH injection (the longest time
point tested) (Owens et al., 2005), a time point well past that
when AMPH might be present. It is most likely, therefore, that
treatment-dependent restoration of the ability of intrastriatally
applied AMPH to evoke DA release, and its prevention by RAC,
results from persistent changes in DAT function that occur in
response to repeated drug treatment, and not to acute effects and
the lingering presence of drug.

Intrastriatally applied raclopride blunting of
AMPH-stimulated DA release is greater in STZ-treated rats
Other groups have demonstrated decreases in DA uptake follow-
ing application of D2 receptor antagonists, and increases follow-
ing D2 receptor agonists (Meiergerd et al., 1993; Cass and
Gerhardt, 1994; Batchelor and Schenk, 1998; Mayfield and Zah-
niser, 2001). We extend these findings to show that intrastriatally
applied RAC markedly attenuates the ability of subsequent intra-
striatal application of AMPH (45 and 90 min later) to evoke DA
release. This effect of RAC was apparent in both control and
hypoinsulinemic rats; however, the relative magnitude of effect
was significantly greater in hypoinsulinemic rats. These results
are consistent with RAC decreasing expression and/or activity
level of plasma membrane DAT and/or altering D2 receptor reg-
ulation of synaptic activity.

We showed that inhibition of basal ERK1/2 activity decreases
DAT plasma membrane expression (Morón et al., 2003) and
slows DA clearance from extracellular fluid in striatum (Fig. 6),
raising the possibility that inhibition of ERK signaling via block-
ade of D2 receptors likely contributes to this effect of RAC to
blunt the DA releasing activity of AMPH. Our data suggest that in
STZ-treated rats, a greater fraction of AMPH-evoked DA release
is RAC sensitive, and therefore that a greater fraction of DAT
trafficking/activity is maintained by D2 receptor–ERK signaling
in hypoinsulinemic conditions. Related to this, several studies

Figure 8. DA clearance rate is increased in hyperinsulinemic and decreased in hypoinsuline-
mic rats. A, Representative oxidation currents (converted to a micromolar concentration using a
calibration factor determined in vitro), produced by pressure ejection of 40 pmol of DA into the
striatum of rats that, 7 d earlier, had received a Linplant insulin or sham pellet (subcutaneously)
or an injection of STZ (50 mg/kg, i.p.). Note the increased and decreased rate of DA clearance in
Linplant-treated (hyperinsulinemic) and STZ-treated (hypoinsulinemic) rats, respectively. B,
Summary data where the rate of DA clearance is plotted as a function of increasing DA concen-
tration. DA clearance rate did not differ between sham-operated and saline-injected control
rats, and so the data were pooled. The curves represent sigmoid fits from which estimates of
Vmax and KT were calculated. The fits were significantly different among treatments ( p �
0.001; n � 5–7 per group).
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show that diabetogenic agents increase binding of D2-like recep-
tor ligands in striatum, which could be normalized to control
levels by insulin replacement (Lozovskyet al. 1981; Trulson and
Himmel 1983; Serri et al. 1985; Lim et al., 1994), supporting the
idea that D2 receptor function may be enhanced in hypoinsuline-
mic rats. Further support comes from microdialysis studies
showing that basal DA and AMPH-induced increases in DA were
lower in diabetic than in normal rats (Murzi et al., 1996). This
idea is further supported by our finding that repeated AMPH
significantly enhanced the ability of intrastriatally applied AMPH
to evoke DA release only in STZ-treated rats. In control rats,
repeated AMPH did not further increase the ability of intrastri-
atal AMPH to elicit DA release, suggesting that D2 receptor sen-
sitivity to the indirect-acting agonist is not enhanced in control
(euinsulinemic) rats.

Implications
While insulin is well known for its important role in regulating
energy homeostasis, it is now recognized to be an important reg-
ulator of monoaminergic neurotransmission (Fig. 8) (Figlewicz
and Benoit, 2009; Daws et al., 2011; Niswender et al., 2011). We
and others have shown that conditions that dampen insulin sig-
naling, such as diabetes, food restriction, or fasting, dramatically
impair the ability of DAT to clear DA from extracellular fluid in
brain areas subserving reward, as well as motivated and learned
behaviors including drug- and food-seeking activities (Figlewicz
et al., 2007; Palmiter, 2007, 2008). Furthermore and importantly,
in the context of drug abuse, impaired insulin signaling blunts the
ability of AMPH to evoke DA release. We found these effects of
hypoinsulinemia to be due to PI3K/Akt mediated decreases in
plasma membrane expression of DAT. Here we show that we can
override the effect of hypoinsulinemia to blunt the actions of
AMPH by repeated stimulation of D2-like receptors, an effect
likely mediated by stimulation of ERK2 signaling, which restores
DAT to the plasma membrane.

DA is well known to play a major role in the regulation of
cognition, food intake, and motor and behavioral function, and
abnormalities in DA neurotransmission are implicated in a num-
ber of psychiatric and neurological disorders, including drug ad-
diction, schizophrenia, and Parkinson’s disease. Given that DAT
is a major regulator of ambient DA levels, its dysregulation by
abnormal insulin levels could have profound, potentially detri-
mental effects. With the growing incidence of diabetes, obesity,
and eating disorders (including anorexia), all of which are asso-
ciated with disrupted insulin signaling, understanding the
mechanism by which insulin regulates DAT and, importantly,
mechanisms that can override these effects, will be critical for the
design of therapeutics to target DA-related pathologies.
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