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Decreased Striatal Dopamine Release Underlies Increased
Expression of Long-Term Synaptic Potentiation at
Corticostriatal Synapses 24 h after 3-Nitropropionic-Acid-
Induced Chemical Hypoxia
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The striatum is particularly sensitive to the irreversible inhibitor of succinate dehydrogenase 3-nitropropionic acid (3-NP). In the present
study, we examined early changes in behavior and dopamine and glutamate synaptic physiology created by a single systemic injection of
3-NP in Fischer 344 rats. Hindlimb dystonia was seen 2 h after 3-NP injections, and rats performed poorly on balance beam and rotarod
motor tests 24 h later. Systemic 3-NP increased NMDA receptor-dependent long-term potentiation (LTP) at corticostriatal synapses over
the same time period. The 3-NP-induced corticostriatal LTP was not attributable to increased NMDA receptor number or function,
because 3-NP did not change MK-801 [(�)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine] binding or NMDA/AMPA
receptor current ratios. The LTP seen 24 h after 3-NP was D1 receptor dependent and reversed by exogenous addition of dopamine or a D2

receptor agonist to brain slices. HPLC and fast-scan cyclic voltammetry revealed a decrease in dopamine content and release in rats
injected 24 h earlier with 3-NP, and much like the enhanced LTP, dopamine changes were reversed by 48 h. Tyrosine hydroxylase
expression was not changed, and there was no evidence of striatal cell loss at 24 – 48 h after 3-NP exposure. Sprague Dawley rats showed
similar physiological responses to systemic 3-NP, albeit with reduced sensitivity. Thus, 3-NP causes significant changes in motor behav-
ior marked by parallel changes in striatal dopamine release and corticostriatal synaptic plasticity.
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Introduction
The striatum is particularly sensitive to metabolic deficits created
by stroke, cardiac arrest, and exposure to mitochondrial toxins
(Nishino et al., 2000; Ste-Marie et al., 2000; Carmichael, 2005).
These different forms of metabolic crisis share a unique profile of
creating striatal lesions, which preferentially impact the ventro-
lateral striatum, and within the lesion site, a sparing of NADPH
diaphorase and cholinergic interneurons (Ferriero et al., 1988;
Burke et al., 1994; Ste-Marie et al., 2000; Blum et al., 2002). The
striatal lesions created by stroke, cardiac arrest, and mitochon-
drial toxins are mediated at least in part by oxidative stress, and a
critical pathological role is also implicated for striatal dopamine
(DA) (Beal et al., 1993a,b; Hashimoto et al., 1994; Lancelot et al.,
1995; Bogdanov et al., 1998; Reynolds et al., 1998; Toner and
Stamford, 1999; Klivenyi et al., 2000; Fernagut et al., 2002; Kim

and Chan, 2002; Pang et al., 2002; Callaway et al., 2003; Fancellu
et al., 2003; Golden et al., 2003; Gu et al., 2004). This striatal
blueprint created by metabolic challenge indicates that common
mechanisms are likely triggered to create such a distinctive phe-
notype of pathology.

Most studies investigating striatal vulnerability to metabolic
challenge focus on an endpoint of cell death and quantifying the
size of lesions created by the challenge. Many questions still exist,
however, about cellular and synaptic events that precede dehy-
drogenase 3-nitropropionic acid (3-NP)-induced cell death or
those that may occur without cell death (Newcomb et al., 2005).
We intentionally reduced the dose of 3-NP to begin to address
changes in synaptic physiology, which may underlie the pathol-
ogy created by larger doses or increased risk to other physiologi-
cal challenges (Simpson and Isacson, 1993). This scenario is more
likely to occur in the dorsomedial striatum, which is spared in
models of stroke and mitochondrial poisoning. Electrophysio-
logical studies on ischemia and 3-NP toxicity in the striatum have
focused primarily on responses to bath delivery of the toxic insult
to brain slices (Calabresi et al., 2001; Gubellini et al., 2004). This
study differs in its analysis of electrophysiological changes created
by systemic, whole-animal exposure to 3-NP and in the use of a
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normal divalent cation saline to bathe brain slices instead of
Mg 2�-free saline often used to examine 3-NP effects in brain
slices (Centonze et al., 1999, 2001a; Calabresi et al., 2001, 2003).
The 3-NP-induced increase in corticostriatal long-term potenti-
ation (LTP) expression we observed is particularly noteworthy,
because long-term synaptic depression (LTD) is most often re-
ported for corticostriatal synapses (Calabresi et al., 1992; Par-
tridge et al., 2000; Centonze et al., 2001a; Smith et al., 2001; Wang
et al., 2006; Kreitzer and Malenka, 2007).

Dalbem et al. (2005) reported that systemic 3-NP caused a
reduction in LTD of corticostriatal field potentials for 48 – 60 h
after a 4 d regimen of 3-NP injections. In this study, we examined
the potential mechanisms underlying changes in corticostriatal
function created by systemic 3-NP and discovered that 3-NP cre-
ated unique conditions for enhancing corticostriatal LTP expres-
sion produced by a change in dopamine modulation of cortico-
striatal synapses.

Materials and Methods
3-NP injections and behavioral testing. Experiments were performed on
2-month-old Fischer 344 male rats obtained from a local vendor (Charles
River Breeding Laboratories). An additional set of Sprague Dawley rats
was also examined to study potential strain-specific differences in 3-NP
sensitivity (see Fig. 8). The age of rats at the time of injection was held
constant, because 3-NP sensitivity is age dependent (Beal et al., 1993a).
All protocols were approved by the Animal Use and Care Committee at
the University of Southern California and were in accordance with guide-
lines established by the United States Public Health Service Policy on
Humane Care and Use of Laboratory Animals. Single intraperitoneal
injections of 3-NP (15.0 –16.5 mg/kg) (Sigma) using an injection volume
of 0.5 cc/200 g were delivered to 2-month-old rats, and they were allowed
to survive 24 or 48 h after the injection. 3-NP was dissolved in saline and
neutralized to pH 7.4 using sodium hydroxide. The 15–16.5 mg/kg dose
was chosen empirically by looking at maximal changes in synaptic plas-
ticity, while still having good 48 h survival rates. A single dose of 20 mg/kg
was consistently lethal in the Fischer 344 rat. Rats were ranked for early
signs of 3-NP-induced motor problems 6 – 8 h after the 3-NP injection
according to the following rating scale developed by Ouary et al. (2000):
intermittent dystonia of one hindlimb, score � 1; intermittent dystonia
of two hindlimbs, score � 2; permanent dystonia of hindlimbs, score �
3; uncoordinated and wobbling gate, score � 4; animal lying on one side
but showing uncoordinated movement when stimulated, score � 5; near
death recumbence, score � 6.

Balance beam. Rats were tested for their ability to walk across a rod
before injection of 3-NP and then again before being killed at the 24 or
48 h post-3-NP-injection time point as a measure of motor coordination
and balance (Friedemann and Gerhardt, 1992). Each rat received an
injection of saline 24 h before its pre-3-NP, control test on the balance
beam. The walking apparatus was a 60-cm-long wooden dowel, 5 cm in
diameter, that was grooved and suspended between two platforms 60 cm
above a padded surface. Rats were placed in the center of the rod facing
one platform, and each rat was tested three times to reach the escape
platform with a maximum time limit of 120 s. A rank score was deter-
mined using the following scale: 0, fall; 1, clasp; 2, all paws on top; 3, takes
steps; 4, reach the platform (Friedemann and Gerhardt, 1992). The rat
was then given a score that reflected the maximum of the three trials.

Accelerating rotarod test. Rats were tested before injection with 3-NP
and before they were killed at the 24 or 48 h post-3-NP-injection time
point. Rats were first individually habituated to a stationary rod for 180 s
and then tested on an accelerating rod (rotarod) (Rotamex; Columbus
Instruments). The rod accelerated from 2 to 20 rpm with the rotation
increasing by 2 rpm every 10 s. The final speed and the latency to fall were
recorded. Three trials were performed with a 10 min interval between
trials. The rat was given the mean score of the three trials.

Brain slice preparation. Rats were anesthetized with halothane and
decapitated immediately at either 24 or 48 h after intraperitoneal injec-
tion of 3-NP. Their brains were removed and placed in cooled (1– 4°C),

modified-oxygenated artificial CSF (aCSF). In the modified aCSF, some
of the sodium was replaced with sucrose to reduce tissue excitability
during brain slice cutting (124 mM sucrose and 62 mM NaCl). This solu-
tion maintained the osmotic balance found in normal aCSF. Normal
aCSF contained (in mM) 124 NaCl, 1.3 MgSO4, 3.0 KCl, 1.25 NaH2PO4,
26 NaHCO3, 2.4 CaCl2, and 10.0 glucose, equilibrated with a 95% O2–5%
CO2 mixture to obtain a pH value of 7.3–7.4.

Hemicoronal striatal slices were cut at a thickness of 400 �m with a
Vibratome 1000 (Vibratome). The slices were immediately placed in an
oxygenated aCSF solution and were slowly brought to room temperature
(23°C). Bicuculline methiodide (BIC; 30 �M; Sigma) was always present
during recordings and used to block GABAA receptor-mediated inhibi-
tion as a method to isolate excitatory synaptic events. Slices remained in
this solution for 2 h before and throughout all recording sessions. Single
slices were transferred to the recording chamber (Haas ramp style gas
interface chamber) and bathed continuously with the oxygenated BIC–
aCSF solution maintained at a temperature of 32°C. In some experi-
ments, drugs were added directly to the bathing media to block D1

dopamine receptors [R-(�)-7-chloro-8-hydroxy-3-methyl-1-phenyl-
2,3,4,5-tetrahydro-1 H-3-benzazepine (SCH 23390); Sigma], D2 dopa-
mine receptors (L-sulpiride; Sigma), and NMDA receptors [5-amino
phosphonovaleric acid (APV); Sigma].

Intracellular recording and extracellular stimulation. Bipolar insulated
tungsten wire (50 �m diameter) stimulating electrodes were used for
delivering paired and tetanizing extracellular stimuli to the border be-
tween the striatum and the overlying corpus callosum. Intracellular
records were obtained at a 1 mm distance from the extracellular elec-
trodes. Test synaptic responses were delivered as pairs separated by an
interstimulus interval of 50 ms, with constant current stimulus intensity
(10 –500 �A) and duration (0.1 ms). The paired-pulse ratio (PPR) was
then determined for each recording as EPSP2/EPSP1. Responses to
paired stimuli were sampled every 20 s for a control period of 10 min
before tetanization and during a posttetanus sampling period of at least
20 min. Tetanic stimulation consisted of four trains of stimuli separated
by 10 s. Each train lasted 1 s and was delivered at a frequency of 100 Hz.
The tetanus stimulation intensity was set to equal the threshold for
orthodromic induction of action potentials. The intensity used to sample
EPSPs was then set to half the intensity of the orthodromic threshold.
The orthodromic threshold and the threshold for first detection of cor-
ticostriatal EPSPs were determined by performing an input– output re-
lationship between stimulation intensity and EPSP amplitude.

Intracellular records were obtained with glass microelectrodes pulled
by a Flaming-Brown P-87 pipette puller. Electrodes filled with 2 M potas-
sium acetate had resistance values ranging from 100 to 160 M�. Intra-
cellular electrodes contained 2% biocytin (Sigma) in some experiments
to verify the cell type based on morphology. Intracellular signals were
amplified with an Axoclamp 2A amplifier, digitized with a Digidata 1200,
and stored on disk using pCLAMP software (Molecular Devices). Estab-
lished electrophysiological criteria for striatal medium spiny neurons
were used for including cells in this study, which included resting mem-
brane potentials greater than �80 mV, a stable input resistance �20 M�,
A-current delayed firing in response to suprathreshold depolarizing in-
jections of current, and nonadapting firing of action potentials in re-
sponse to stronger injections of depolarizing current injections (Cala-
bresi et al., 1992; Akopian et al., 2000). These characteristics were
determined for each cell at the beginning of each experiment using 500-
ms-long injections of current.

To obtain the ratio of NMDA receptor-mediated (EPSCNMDA) to
AMPA receptor-mediated (EPSCAMPA) synaptic currents in striatal me-
dium spiny neurons, some recordings were performed in discontinuous
single-electrode voltage clamp (dSEVC) mode using an Axoclamp 2A
amplifier with sharp intracellular electrodes filled with 2 M CsCl and
100 mM QX-314 [N-(2,6-dimethylphenylcarbamoylmethyl)triethyl-
ammonium bromide]. After impaling a cell in current-clamp mode, the
amplifier was switched to discontinuous current clamp to adjust optimal
capacitance compensation and sampling rate. The gain was increased
carefully after switching to dSEVC mode followed by further sampling
rate correction. This process was observed on the separate oscilloscope to
avoid instability and overshooting. It was usually possible to use a sam-
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pling rate to 5–7 kHz. Currents were recorded with a low-pass filter set at
3 kHz and sampled at 10 kHz. After establishing a holding voltage (Vh) at
0 mV (no or minimal responses on extracellular synaptic stimulation),
Vh was stepped to either �80 mV or �40 mV 5 s before synaptic stimu-
lation. Synaptic responses were sampled three times at each holding po-
tential using 20 s interpulse intervals for each holding potential. Synaptic
responses from these three trials were averaged during the analysis of
synaptic ratios. The EPSCNMDA/EPSCAMPA ratios were obtained by di-
viding the currents recorded at a Vh of �40 mV by the synaptic currents
measured at Vh of �80 mV. AMPA synaptic currents were measured as
the peak current recorded at Vh of �80 mV, and NMDA synaptic cur-
rents were measured as the synaptic current measured 60 ms after the
stimulus artifact for the synaptic response generated at a holding poten-
tial of �40 mV (Kretizer and Malenka, 2007).

Electrophysiological analysis of EPSPs and EPSCs. The peak amplitude
of EPSPs were measured with respect to the potential measured just
before the stimulus artifact off-line using Clampfit analysis software
(Molecular Devices). This procedure reduced, but did not eliminate, the
possibility of error in calculating the amplitude of the second response of
the pair created by summation between the second response and the
falling phase of the first response when studying paired-pulse synaptic
plasticity. Another way of minimizing this problem is to measure the
ascending slope of the response, but previous work from our laboratory
and others has shown identical outcomes for measurement of response
amplitude and response ascending slope (Dos Santos Villar and Walsh,
1999; Kerr and Wickens, 2001).

Synaptic responses were sampled at 20 s intervals, and the average of
three samples (1 min) was plotted for each minute of the experiment. The
baseline paired-pulse plasticity, determined for each recording, was the
average of paired-pulse plasticities generated over the entire 10 min base-
line recording period. Each control pretetanus three-sample time point
(see above) was then normalized to the average value obtained over the
entire 10 min baseline recording period. Cells were included in the study
if they (1) maintained stability in EPSP amplitude over the entire 10 min
baseline recording period (�5% of the original EPSP amplitude) and (2)
maintained stable responses to current injection, including their pattern
of action potential discharge generated by depolarizing injections of cur-
rent. Posttetanic changes in response amplitude were calculated by ex-
pressing the amplitude of each 1 min average as a percentage of the
average response amplitude generated during the 10 min baseline sam-
pling period in each cell. Paired-pulse synaptic plasticity was calculated
by expressing the amplitude of the second response of each pair as a
percentage of the amplitude of the first response of the pair (PPR). Indi-
vidual cells were categorized for the plasticity they expressed 15–20 min
after the tetanus by comparing the average amplitude of the EPSP ex-
pressed by the cell at 15–20 min after the tetanus to the average control
amplitude of the EPSP for that cell calculated during from the 10 min
baseline pretetanus sampling period. Cells showing a 5% increase in
EPSP amplitude 15–20 min after the tetanus were categorized as express-
ing LTP.

Amplitude descriptive statistics (i.e., mean � SEM) were calculated for
paired-pulse, 3– 4 min posttetanic and long-term posttetanic samples.
Differences in tetanus-induced plasticity were determined through
repeated-measures ANOVA performed across the entire posttetanus
sampling period. Each cell was sampled every 60 s for 20 min after the
tetanus, and thus the repeated-measures ANOVA had 20 sampling time
points. Degrees of freedom (df), F-score ( F), and probability ( p) are
reported for repeated-measures ANOVAs. Post hoc comparisons were
also performed between each group at 0 –3 min after tetanus (posttetanic
plasticity) and at 16 –20 min after tetanus (long-term plasticity) using
post hoc Student’s t tests assuming unequal variance. The 0 –3 and 16 –20
min values were calculated by averaging the 1 min samples occurring in
the posttetanic and long-term plasticity ranges (0 –3 and 15–20 min).
Thus, post hoc tests consisted of single values from each cell for postte-
tanic and long-term plasticity. To examine distribution of response pat-
terns, posttetanic responses were categorized as potentiation (�100% of
pretetanus average) or depression (�100% of pretetanus average) for
short-term plasticity (STP) (3– 4 min after tetanus) and long-term plas-
ticity (15–20 min after tetanus) time points as done previously in our

laboratory (Akopian and Walsh, 2006). Distributions were plotted as bar
graphs, and analysis of distributions was performed using Fisher’s exact
test. The small sample size dictated the use of the Fisher’s exact test over
� 2 analysis to study distributions.

Fast-scan cyclic voltammetry quantification of striatal dopamine release.
Disc carbon fiber electrodes (CFEs) were made from 7 mm unsized car-
bon fibers (Goodfellow) by electrophoretic anodic deposition of paint
(ALA Scientific Instruments) (Schulte and Chow, 1996). Extracellular
dopamine was monitored at the carbon fiber microelectrode every 100
ms by applying a triangular waveform (�0.4 to �1.0 V vs Ag/AgCl, 300
V/s). Currents were recorded with a modified VA-10X Voltammetric
and Amperometric Amplifier (NPI Electronic). Data acquisitions were
controlled by Clampex 7.0 software (Molecular Devices). Electrical stim-
ulation of the brain slice surface across a twisted, bipolar, nichrome
electrode was used to evoke dopamine release. Single constant current
pulses of 250 �A and 0.1 ms duration were obtained by using an A360R
Constant Current Stimulus Isolator (World Precision Instruments) and
a Master-8 pulse generator (A.M.P.I.). Stimulus intervals between pulses
were not less than 5 min. The CFEs were inserted 75–100 �m into the
slice at a position 100 –200 �m from the stimulating electrode pair (Miles
et al., 2002). Each slice was sampled for dopamine at five sites, which
represented medial-to-lateral and dorsal-to-ventral dimensions (see Fig.
6). Changes in extracellular dopamine were determined by monitoring
the current over a 200 mV window at the peak oxidation potential for
dopamine (for review, see Patel and Rice, 2006). Subtracting the current
obtained before stimulation from the current obtained in the presence of
dopamine created background-subtracted cyclic voltammograms. Elec-
trodes were calibrated with 5 �M dopamine solutions in aCSF after each
experiment to convert the oxidation current to dopamine concentration.

HPLC analysis of brain slice dopamine and DA metabolites. Brain slices
(400 �m) were removed from incubation chambers containing oxygen-
ated aCSF (see above), and the dorsomedial region of the striatum was
selectively removed for analysis, because this was the site for all intracel-
lular recordings performed in this study. Care was taken in each experi-
ment to select the same slice in the rostral– caudal dimension (slices are
cut in the coronal plane) at the same postcutting time point (average time
of intracellular recording). Slices were placed in prelabeled squares of
aluminum foil and rapidly transferred to dry ice. The folded-over pieces
of foil containing brain slices were stored at �80°C until the dopamine
content assay was performed. The pieces of foil (containing brain slices)
were coded to ensure that the dopamine analysis was performed blind.
Following the procedure of Crawford et al. (2000), frozen slices were
sonicated in 10 volumes of 0.1N HClO4 and then centrifuged at 20,000 �
g for 20 min at 4°C. The supernatant was then filtered through a 0.22 mm
centrifugation unit for 5 min at 2000 � g at 4°C. The remaining pellet
from each tissue sample was then resuspended and used for protein
determination using the Bio-Rad Protein Assay (Bio-Rad Laboratories)
based on the methods of Bradford (1976) and Lowry et al. (1951). Twenty
microliters of the resulting extracts were assayed for dopamine content
using HPLC (ESA; 582 pump with a MD-150 column) with electrochem-
ical detection (ESA; Coulochem II EC detector). The mobile phase con-
sisted of 75 mM NaH2PO4, 1.4 mM 1-octane sulfonic acid, 10 mM EDTA,
and 10% acetonitrile at a pH of 3.1 (MD-TM Mobile Phase; ESA)
pumped at a rate of 0.6 ml/min. Equipment for HPLC was as follows:
Waters Binary Pump (model 1525), Autosampler (Waters 717plus), and
Electrochemical Detector (ESA Coulochem II). The 24 and 48 h post-
3-NP groups were compared with saline-injected controls using separate
one-way ANOVAs.

Homogenate [3H]MK-801 binding assay. On the day of assay, frozen
striatal tissue was thawed on ice and homogenized in 15 volumes of 5 mM

Tris-HCl buffer, pH 7.4, for 	10 s using a Brinkmann Polytron. Homog-
enates were then centrifuged at 40,000 � g for 20 min. The supernatant
was discarded and the pellet washed twice under the conditions described
above. The final pellet was suspended in 	10 volumes of buffer, pH 7.4.
Protein concentrations for the final pellet were determined using the
Bio-Rad Protein Assay with BSA as the standard.

Striatal homogenates were assayed in duplicate in test tubes containing
5 nM [ 3H] (�)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-
5,10-imine (MK-801), 0.3 mM glycine, 2 mM glutamate, and 5 mM Tris-
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HCl buffer, pH 7.4. Nonspecific binding was determined in the presence
of 100 �M unlabled (�) MK-801. Incubation time was 90 min at 23°C.
Incubation was terminated by vacuum filtration over glass fiber filters
(Whatman GF/B, pretreated with 0.1% polyethylenimine). Filters were
washed twice with ice-cold Tris-HCl buffer, and radioactivity was mea-
sured by liquid scintillation spectrometry.

Immunohistochemical staining for tyrosine hydroxylase and dopamine
transporter proteins and Nissl staining. Rats (3 per group) were anesthe-
tized (pentobarbital, 30 mg/kg) and perfused transcardially with 100 ml
of ice-cold 0.9% saline followed by 250 ml of 4% paraformaldehyde in 0.1
M sodium phosphate buffer, pH 7.2 (PFA/PBS). Brains were removed,
postfixed in PFA/PBS at 4°C for 24 h, immersed in 20% sucrose/PBS, and
frozen in isopentane cooled on dry ice and stored at �80°C until section-
ing. Each brain was sectioned using a sliding microtome (Leica CM-
1900) cryostat at 25 �m thickness encompassing the entire striatum.
Sections were collected free-floating in PBS containing thimerosal and
stored at 4°C until used for Nissl or immunohistochemical staining.
Tissue sections at the level of the midstriatum (bregma 0.60) were se-
lected for immunohistochemical staining for tyrosine hydroxylase (TH)
(polyclonal antibody made in rabbit; Millipore Bioscience Research Re-
agents) and dopamine transporter (monoclonal made in rat; Millipore
Bioscience Research Reagents) or stained for Nissl substance. Briefly,
sections were rinsed in TBS (50 mM Tris, pH 7.2, with 0.9% NaCl),
quenched in 10% methanol/3% H2O2/50 mM Tris, pH 7.2, blocked in 4%
normal serum, exposed to antibody (concentration of 1:1000) for 48 h at
4°C, rinsed in TBS, and then exposed to secondary antibody using the
ABC Elite Kit (Vectastain; Vector Laboratories). Antibody staining was
visualized by development in 0.1% diaminobenzoic acid/3% H2O2. For
Nissl staining, tissue sections were placed on gelatin-coated acid-washed
microscope slides and allowed to dry overnight. Sections were stained
with thionin, dried in alcohol, cleared in xylenes, and coverslipped. For
quantification of immunostaining, a region of interest of 0.8 mm � 1.4
mm within the dorsomedial striatum (where electrophysiological re-
cordings were made) was captured at 10� using an Olympus BX-51
microscope equipped with the computer-assisted image analysis pro-
gram Bioquant (Bioquant Imaging). The relative optical density result-
ing from immunostaining within the dorsomedial striatum was deter-
mined by densitometry after subtraction of background determined
from staining within the adjacent corpus callosum. The number of Nissl-
stained cell bodies was determined within the same region. At 40� ob-
jective magnification, the image was digitized in the Bioquant program,
and the stained neurons (cells �10 �m in diameter) displaying a large
Nissl-stained cytoplasm and nucleus were counted manually. For each
analysis, at least six sections from each of the three rats per treatment
group were used.

Results
Behavioral effects of systemic 3-NP
Young rats (2 months old) given a single injection of 3-NP (15–
16.5 mg/kg) showed variable sensitivity based on changes in their
behavior noted during the first 48 h after the injection. We found
that higher doses of 3-NP injections (18 mg/kg) caused death,
whereas doses �15 mg/kg did not reliably result in visible motor
abnormalities. Injection of 15.0 –16.5 mg/kg 3-NP into 64 young
rats (2 months old) resulted in death in 15 rats (23.4%) within
24 h. All surviving rats were examined at 6 – 8 h after 3-NP injec-
tion for signs of motor system failure according to the rating scale
developed by Ouary et al. (2000) (see Materials and Methods).
The distribution of scores for animals receiving a single 3-NP
injection was 26.5% rated as 1, 26.5% rated as 2, 30.6% rated as 3,
12.2% rated as 5, and 4.2% rated as 6 (n � 49), with a rating of 1
being the least affected and a rating of 6 being the most affected.
The most obvious and consistent problem observed was hind-
limb paralysis. All animals showed complete recovery from the
motor failure, as demonstrated by hindlimb paralysis, by 24 h
after the injection.

Rats were next examined 24 – 48 h after 3-NP injection for

motor behavior. The hindlimb paralysis seen at 6 – 8 h after 3-NP
subsided in all surviving rats. Rats were tested before (saline-
injected control) and then again 24 or 48 h after 3-NP injection
for their ability to walk across a rod. The 24 h post-3-NP-
injection rats fell often, showed decreased ability to navigate the
rod, and were never able to reach the safe platform. Their control
rating was 3.70 � 0.11, whereas their behavior at 24 h after 3-NP
was 1.60 � 0.29 (p � 0.0001, paired t test; n � 49) (Fig. 1A). The
48 h post-3-NP-injection rats also showed motor deficits with a
behavioral rating of 2.43 � 0.24 (n � 7; p � 0.012, paired t test).
Comparison of behavioral ratings between the 24 and 48 h post-
3-NP-injection rats did not reveal a significant difference ( p �
0.137, unpaired t test).

A subset of rats was also tested on a separate rotarod apparatus
to see whether the behavioral problems created by 3-NP general-
ized to another motor task (Fig. 1B). Rats were tested before being
injected with 3-NP, and the same rats were tested again at 24 or
48 h post-3-NP-injection times. Saline-injected rats stayed on the
rotarod for 48.77 � 5.57 s (n � 17). In contrast, the same rats at
24 h after 3-NP injection stayed on the rotarod for 29.85 � 5.68 s.
The 48 h post-3-NP-injection rats stayed on the rotarod for
37.57 � 4.2 s (n � 16). A main effect for 3-NP exposure on
rotarod performance was found for both the 24 and 48 h groups
(F(1,62) � 5.56; p � 0.01).

Systemic exposure to 3-NP changes the expression of
corticostriatal long-term synaptic plasticity during the first
24 h after injection
Rats injected 24 h earlier with 3-NP were compared with age-
matched control rats for tetanus-induced long-term plasticity at

Figure 1. Systemic 3-NP causes impairment in balance beam and rotarod performance dur-
ing the first 48 h in rats. A, Rats were ranked according to a five-point scale on their ability to
navigate a balance beam according to the methods outlined by Friedemann and Gerhardt
(1992). Rats showed impairment at both 24 and 48 h after systemic injection with 3-NP (*p �
0.01). B, Rats were tested on a slowly accelerating rotarod test and both the 24 and 48 h after
3-NP rats showed impairment relative to their performance before being exposed to 3-NP
(*p � 0.01).
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dorsomedial corticostriatal synapses. Comparison between con-
trol and 24 h post-3-NP-injection animals revealed a significant
difference across the entire posttetanus sampling period ( p �
0.032; df � 1, 34; F � 5.054; repeated-measures ANOVA) (Fig.
2). Post hoc analysis of posttetanic plasticity (average 0 –3 min
posttetanus plasticity) also revealed a difference ( p � 0.05, un-
paired t test), as did long-term plasticity (average 15–20 min
posttetanus) ( p � 0.025, unpaired t test). Each cell contributed a
single value for the posttetanic and long-term plasticity post hoc
tests. This same method of repeated-measures ANOVA followed
by post hoc tests for posttetanic and long-term plasticity averages
was performed for all corticostriatal tetanus experiments.

Individual cells were categorized for the posttetanic or short-
term plasticity (0 –3 min average) and long-term plasticity they
expressed (15–20 min average) by comparing these averages to
the average control amplitude of the EPSP for that cell calculated
from the 10 min baseline pretetanus sampling period. Cells were
then categorized for expressing an EPSP amplitude of 100% or
greater than their own pretetanus EPSP amplitude, and we found
that 50% (10 of 20) of control cells expressed LTP. In contrast, 14
of 16 (87.5%) cells recorded from animals injected 24 h earlier
with 3-NP expressed LTP. Analysis of potentiation versus depres-

sion distributions between control and 24 h post-3-NP did not
show a difference for short-term plasticity (0 –3 min posttetanus;
p � 0.1, Fisher’s exact test), but did approach a significant differ-
ence for long-term plasticity (15–20 min posttetanus; p � 0.06,
Fisher’s exact test) (Fig. 2C). With a two-sided Fisher’s exact test,
our existing sample size (control � 20; 3-NP � 16) achieved 68%
power to detect a difference of 36% in proportion of long-term
plasticity between groups at a 0.05 significant level. To achieve a
desired power of 80%, we need to at least have 25 in the control
and 20 in 3-NP group. Similarly, our existing sample size has 65%
power to detect a difference of 28% in proportion of short-term
plasticity between the two groups at a 0.05 significant level. An
additional 9 in the control and 11 in the 3-NP group would be
needed to gain a sufficient power of 80%.

No difference was found between saline-injected controls and
rats injected 24 h earlier with 3-NP in the PPR at corticostriatal
synapses. The PPR for saline-injected controls was 108.7 � 5
(SEM; n � 20) and for 24 h post-3-NP-injection rats was 104.8 �
4 (SEM; n � 16).

The same experiment was repeated in a separate set of rats
injected 48 h earlier with 3-NP, and no difference was found in
the tetanus-induced short- or long-term plasticity when the 48 h
group was compared with age-matched, saline-injected controls
(Fig. 2). Comparison between 24 h (n � 16) and 48 h (n � 7)
post-3-NP-injection animals revealed a significant difference
across the entire posttetanus sampling period ( p � 0.004; df � 1,
21; F � 10.6; repeated-measures ANOVA). Post hoc analysis of
posttetanic plasticity (average 0 –3 min posttetanus plasticity)
also revealed a difference ( p � 0.04, unpaired t test), as did long-
term plasticity (average 15–20 min posttetanus; p � 0.03, un-
paired t test). No difference in distributions was found between
control and 48 h post-3-NP groups. Comparison between 24 and
48 h post-3-NP groups did not reveal a difference in short-term
plasticity, but there was a trend for difference in distributions for
long-term plasticity ( p � 0.09, Fisher exact test) (Fig. 2C). The
PPR for corticostriatal synapses in rats injected 48 h earlier with
3-NP was 94 � 5 (SEM; n � 7), which was reduced compared
with saline-injected controls ( p � 0.05, unpaired t test).

Enhanced LTP seen 24 h after systemic 3-NP is NMDA
receptor mediated
Brain slices taken from rats injected 24 h earlier with 3-NP were
bathed in the selective NMDA receptor antagonist AP-5, and long-
term plasticity was examined to test whether the enhanced LTP seen
in these rats was NMDA receptor dependent. AP-5 completely
blocked the enhancement of short-term potentiation and LTP cre-
ated by systemic 3-NP (Fig. 3A). Comparison between aCSF (n �
16)-bathed and AP-5 (n � 5)-bathed slices taken from rats injected
24 h earlier with 3-NP revealed a significant difference across the
entire posttetanus sampling period ( p�0.002; df�1, 19; F�12.74;
repeated-measures ANOVA). Post hoc analysis of short-term plastic-
ity (average 0–3 min posttetanus plasticity) also revealed a difference
( p � 0.001, unpaired t test), as did long-term plasticity (average
15–20 min posttetanus; p � 0.001, unpaired t test). The PPR for
corticostriatal synapses from slices bathed in AP-5 was similar to that
seen in slices from 3-NP-injected rats bathed in aCSF only (107.8 �
2.7; SEM; n � 5).

The increased expression of NMDA receptor-dependent LTP
is not attributable to a change in properties of NMDA
receptors
We examined NMDA receptor binding and NMDA receptor-
mediated synaptic currents in animals injected 24 h earlier with

Figure 2. Systemic exposure to 3-NP increases LTP expression at dorsomedial corticostriatal
synapses. A, Example traces of EPSPs selected from indicated time points for each experimental
group. B, Plots of tetanus-induced long-term synaptic plasticity at dorsomedial corticostriatal
synapses are shown. 3-NP injected intraperitoneally 24 h earlier increased the expression of LTP
induced in vitro. Control rats were injected with saline and examined 24 h later. Long-term
plasticity switched to LTD by 48 h after the 3-NP injection. EPSPs were measured using sharp
electrode intracellular recordings. C, Bar graphs showing distribution of cells expressing
tetanus-induced potentiation (�100%) and depression (�100%) for STP and LTP under each
experimental condition (control, 24 and 48 h after 3-NP).
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3-NP to determine whether the enhancement of NMDA
receptor-dependent LTP created by 3-NP was attributable to an
intrinsic change in NMDA receptor expression or physiological
function. EPSCNMDA/EPSCAMPA-K ratios were calculated in dor-
somedial striatal neurons from control slices and in cells from
slices cut from rats injected with 3-NP 24 h earlier. The synaptic
ratios were determined by sampling corticostriatal synapse, while
holding cells at a membrane potential of either �80 mV (AMPA/
kainate receptor response) or �40 mV (NMDA receptor re-
sponse). The NMDA response was measured 60 ms after the
stimulus artifact (Kreitzer and Malenka, 2007). No difference was

found between cells from control slices and those sampled from
3-NP-treated rats in the EPSCNMDA/EPSCAMPA-K ratio. The syn-
aptic ratio was 0.38 � 0.03 (n � 5) in striatal neurons from
control rats and 0.37 � 0.07 (n � 6) in striatal neurons from
3-NP-treated rats (Fig. 3B).

Homogenates were made from the dorsomedial striatum
from saline- and 3-NP-injected rats and examined for [ 3H]MK-
801 binding as a measure of plasma membrane NMDA receptor
expression. No differences were found between saline-injected
and 3-NP-injected rats for [ 3H]MK-801 binding at either 24 or
48 h after injection. [ 3H]MK-801 binding was 83.25 � 7.56
fmol/mg protein 24 h after saline control injections and 91.57 �
8.95 fmol/mg protein 24 h after a single 16.5 mg/kg intraperito-
neal injection of 3-NP. At 48 h after injection, [ 3H]MK-801 bind-
ing was 85.65 � 5.68 fmol/mg protein for saline controls and
94.42 � 11.2 for 3-NP-injected rats (Fig. 3C). All values are
mean � SEM, and each group sample size was n � 6.

Enhanced LTP seen 24 h after systemic 3-NP requires
activation of D1 receptors
The LTP seen at corticostriatal synapses bathed in Mg 2�-free
aCSF has been shown to be D1 receptor dependent (Centonze et
al., 2001a; Kerr and Wickens, 2001). To determine whether the
enhanced LTP seen at corticostriatal synapses from rats injected
24 h earlier with 3-NP was also D1 receptor dependent, we bathed
slices in the selective D1 receptor antagonist SCH 23390 (10 �M).
It should be noted, however, that this experiment differed from
those described by Centonze et al. (1999, 2001a) and Kerr and
Wickens (2001) in our use of normal levels of extracellular Mg 2�.
Comparison between neurons from slices bathed in aCSF alone
(n � 16) or aCSF � SCH 23390 (n � 8) in rats injected 24 h
earlier with 3-NP revealed a significant difference across the en-
tire posttetanus sampling period ( p � 0.05; df � 1, 18; F � 4.64;
repeated-measures ANOVA) (Fig. 4). Post hoc analysis of postte-
tanic plasticity (average 0 –3 min posttetanus plasticity) also re-
vealed a difference ( p � 0.02, unpaired t test), and a similar trend
was seen for long-term plasticity (average 15–20 min posttetanus;
p � 0.09, unpaired t test). The PPR for corticostriatal synapses
from slices bathed in SCH 23390, which were cut from rats in-
jected 24 h earlier with 3-NP, was not different from that seen in
slices from 3-NP-injected rats bathed in aCSF only (95.2 � 2;
SEM; n � 5).

Enhanced LTP seen 24 h after systemic 3-NP is reversed by
adding dopamine or the D2 receptor agonist quinpirole to
brain slices
Dopamine was added to brain slices taken from rats injected 24 h
earlier to test the hypothesis that, although the enhanced LTP was
D1 receptor dependent, it occurred because dopamine levels were
reduced by 3-NP exposure. Brain slices taken from rats injected
24 h earlier with 3-NP were bathed in either aCSF alone or with
dopamine (30 �M) added, and long-term plasticity was exam-
ined. The antioxidant sodium metabisulfite (30 �M) was added to
dopamine-containing solution to keep dopamine from oxidiz-
ing. Dopamine completely blocked the enhancement of short-
term plasticity and LTP created by systemic 3-NP and actually
facilitated the expression of LTD (Fig. 4A). Comparison between
neurons from slices bathed in aCSF (n � 16) or dopamine (n � 8)
from rats injected 24 h earlier with 3-NP revealed a significant
difference across the entire posttetanus sampling period ( p �
0.0001; df � 1, 22; F � 18.01; repeated-measures ANOVA). Post
hoc analysis of posttetanic plasticity (average 0 –3 min postteta-
nus plasticity) also revealed a difference ( p � 0.05, unpaired t

Figure 3. LTP produced by systemic 3-NP is NMDA receptor dependent. A, Plots of tetanus-
induced long-term synaptic plasticity in rats injected 24 h earlier with 3-NP. The 3-NP group is
the same as that shown in Figure 1, where brain slices were perfused with normal aCSF. Perfu-
sion of brain slices taken from rats injected 24 h earlier with 3-NP with the NMDA receptor
antagonist APV blocked the induction of LTP seen in normal aCSF. B, The NMDA/AMPA-kainate
synaptic current ratio does not change at corticostriatal synapses from rats injected 24 h earlier
with 3-NP. B1, Bar graph of NMDA/AMPA-kainate current synaptic ratio from saline and 3-NP-
injected rats. B2, Examples of corticostriatal synaptic currents evoked at the indicated holding
potentials using single electrode switch clamp methods. C, MK-801 binding to NMDA receptors
from the dorsomedial striatum does not change 24 h after systemic injection with 3-NP. Bar
graphs illustrate MK-801 binding in saline-injected and 3-NP-injected rats (24 and 48 h after
3-NP).
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test), as did long-term plasticity (average 15–20 min posttetanus;
p � 0.025, unpaired t test). The PPR for corticostriatal synapses
in rats injected 24 h earlier with 3-NP and bathed in dopamine
was 89.1 � 2.4 (SEM; n � 8), which was reduced compared with
the PPR seen in slices from 3-NP-injected rats bathed in aCSF
only ( p � 0.05, unpaired t test).

The ability of exogenous dopamine to reverse the D1 receptor-
mediated enhancement of corticostriatal LTP suggested that sys-
temic 3-NP reduced endogenous dopamine, which altered the
normal balance between D1 and D2 receptor activation during
tetanic conditioning. To test this hypothesis, we manipulated D2

receptor activation and examined the impact of this manipula-
tion on long-term synaptic plasticity in 3-NP-treated rats. Slices
taken from rats injected 24 h earlier with 3-NP were bathed in the
D2 receptor antagonist L-sulpiride (1 �M), which resulted in a
slight but insignificant enhancement in the potentiation pro-
duced by tetanizing conditioning of corticostriatal synapses (Fig.
4B) (L-sulpiride, n � 3; aCSF, n � 16; df � 1, 17; F � 0.64; p �
0.43; repeated-measures ANOVA). Post hoc analysis of postte-
tanic plasticity (average 0 –3 min posttetanus plasticity) showed a
trend toward increased LTP in sulpiride-treated slices ( p � 0.09,
unpaired t test), with no difference in long-term plasticity (aver-
age 15–20 min posttetanus; p � 0.88, unpaired t test). We next
took brain slices from rats injected 24 h earlier with 3-NP and
bathed them in the D2 receptor agonist quinpirole (10 �M; n �
3). Quinpirole treatment caused a significant reduction in the
3-NP-induced expression of LTP at corticostriatal synapses
(quinpirole, n � 3; aCSF, n � 16; df � 1, 17; F � 4.75; p � 0.05;
repeated-measures ANOVA) (Fig. 4B). Post hoc comparison be-
tween aCSF- and quinpirole-treated slices from animals injected

earlier with 3-NP revealed differences in posttetanic (average 0 –3
min posttetanus plasticity; p � 0.009, unpaired t test), and long-
term plasticity (average 15–20 min posttetanus; p � 0.03, un-
paired t test).

Dopamine content is reduced at 24 h but not 48 h
after 3-NP–HPLC
The ability of dopamine applied to brain slices to reverse the
enhanced LTP expression at dorsomedial corticostriatal synapses
in rats injected 24 h earlier with 3-NP suggested that the LTP may
be facilitated by a reduction in striatal dopamine. To test this
hypothesis, we specifically measured striatal dopamine content
using HPLC from the dorsomedial striatum and found that DA
was decreased at 24 h after a single intraperitoneal injection of
3-NP (16.5 mg/kg; 90.50%; n � 5, control and 3-NP; 3-NP main
effect, F(1,8) � 6.349; p � 0.05; one-way ANOVA) (Fig. 5A). No
differences were seen for 3,4-dihydroxy-phenylacetic acid
(DOPAC) or homovanillic acid (HVA) levels between saline-
injected controls and rats injected 24 h earlier with 3-NP. HPLC
measurements for saline-injected rats were as follows: dopamine,
158.95 � 5.02; DOPAC, 22.611 � 1.41; HVA, 10.072 � 0.899
(n � 5). HPLC measures for rats injected with 3-NP 24 h earlier
were as follows: dopamine, 143.83 � 4.76; DOPAC, 23.071 �
1.73; HVA, 9.342 � 0.647 (n � 5). We next examined dopamine,
DOPAC, and HVA levels 48 h after a single injection of 3-NP
(16.5 mg/kg) and found that they returned to the normal. HPLC
measures for the 48 h saline controls were as follows: dopamine,
148.52 � 5.45; DOPAC, 23.172 � 1.59; HVA, 9.231 � 0.546 (n �
6). HPLC measures for the 48 h post-3-NP group were as follows:
dopamine, 149.26 � 8.10; DOPAC, 24.192 � 1.63; HVA, 9.749 �

Figure 4. LTP produced by systemic injection of 3-NP 24 h earlier requires dopamine activa-
tion of D1 receptors. A, LTP produced by systemic injection of 3-NP is eliminated by addition of
the D1 receptor antagonist SCH 23990 or dopamine. Plots of tetanus-induced plasticity in brain
slices taken from rats injected 24 h earlier with 3-NP. Brain slices were bathed in either aCSF,
aCSF � SCH 23390 (10 �M), or aCSF � 30 �M dopamine. B, LTP produced by systemic injection
of 3-NP 24 h earlier is slightly enhanced by block of D2 receptors with L-sulpiride (Sulp) (1 �M)
and completely eliminated by activation of D2 receptors with the D2 receptor agonist quinpirole
(Quin) (10 �M).

Figure 5. Systemic 3-NP causes a reduction in dopamine content in the dorsomedial stria-
tum 24 h after the injection. A, Bar graphs of dopamine content, DOPAC, and HVA obtained from
the dorsomedial striatum of rats injected with 3-NP (16.5 mg/kg) 24 and 48 h earlier. The single
injection of 3-NP caused a significant reduction in dopamine content 24 h after the injection, but
this change reversed by 48 h after the injection. B, Injection of 3-NP for 2 consecutive days
causes significant changes in dorsomedial striatal dopamine, DOPAC, and HVA. The double
injection protocol was 15 mg/kg on day 1 and 10 mg/kg on day 2, and the rat was killed 3 h later
for analysis of dopamine and its metabolites in total striatal tissue. Dopamine content was
dramatically reduced, and this change was associated with large changes in DOPAC and HVA.
Note the change in scale for the DOPAC measurement for the double injection protocol. The
single injection data from the dorsomedial striatum shown in A are illustrated for comparison.
All values are normalized to saline-injected control rats. *p � 0.05; **p � 0.03.
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0.637 (n � 6). Values obtained for the 24
and 48 h post-3-NP groups are normalized
to saline-injected controls in Figure 3. All
data were obtained from the dorsomedial
striatum, because this was the site used for
all electrophysiological recordings.

Previous 3-NP-mediated lesion studies
have used a paradigm of injecting Sprague
Dawley rats with 20 mg/kg 3-NP for 5 con-
secutive days, and HPLC measures were
reported for the entire striatum (Beal et al.,
1993b). We attempted to replicate this
strategy for our dorsomedial striatum
study, but we found we had to limit 3-NP
injections to 2 d because of the extreme
sensitivity of the Fischer 344 rat to 3-NP.
We also needed to use a smaller first-day
dose of 10 mg/kg combined with a second
day’s dose of 15 mg/kg. The rats were near
death after the second dose and were
therefore killed 4 h later for dopamine,
DOPAC, and HVA detection using HPLC.
Significant differences were found in the
dorsomedial striatum for dopamine,
DOPAC, and HVA between saline-
injected controls and Fischer 344 rats re-
ceiving two 3-NP injections over 2 d as
indicated above (dopamine, F(1,12) �
6.057, p � 0.030; DOPAC, F(1,12) � 9.542,
p � 0.009; HVA, F(1,12) � 11.623, p � 0.005) (Fig. 5B). HPLC
measures for the double-injection saline controls were as follows:
dopamine, 147.72 � 3.23; DOPAC, 15.627 � 0.768; HVA,
7.150 � 0.557 (n � 6). HPLC measures for values obtained after
2 d of 3-NP injection were as follows: dopamine, 86.927 � 21.04;
DOPAC, 111.455 � 26.58; HVA, 10.651 � 0.778 (n � 8). All
HPLC data were reported in nanograms per milligram protein.
Values obtained for the 2 d 3-NP group are normalized to saline-
injected controls in Figure 5, and the data were obtained from the
dorsomedial striatum.

Dopamine release is reduced at 24 h but not 48 h after 3-NP
Dopamine release was measured via fast-scan cyclic voltammetry
(FSCV) in brain slices taken from rats injected either 24 or 48 h
earlier with 3-NP. Dopamine release was measured in each slice at
five different sites spanning medial-to-lateral and dorsal-to-
ventral dimensions of coronal brain slices. Comparison of dopa-
mine release between slices from saline-injected rats and slices
from rats injected 24 h earlier with 3-NP revealed a difference
across all five sampling sites ( p � 0.015; df � 1, 13; F � 8.207;
repeated-measures ANOVA) (Fig. 6). Post hoc analyses revealed
that dopamine release was significantly reduced at central as well
as dorsal and dorsolateral sites of striatum relative to that seen in
saline controls. The strongest effect of 3-NP in rats injected 24 h
earlier on evoked dopamine release was found at central striatum
[position (pos) 1; 0.07 � 0.03 �M dopamine (n � 9) vs control,
3.14 � 0.39 �M DA (n � 6); p � 9.2 � 10�6, unpaired t test],
whereas less, but significant, reduction of dopamine release was
also found at dorsal striatum (position 3; 1.29 � 0.61 �M dopa-
mine vs 2.93 � 0.38 �M dopamine in control; p � 0.042, un-
paired t test) and at dorsolateral striatum (position 4; 1.04 � 0.71
�M dopamine vs 2.93 � 0.41 �M dopamine in control; p � 0.040,
unpaired t test). The ventrolateral (position 5; 1.05 � 0.71 �M

dopamine vs 2.32 � 0.56 �M dopamine in control; p � 0.182,

unpaired t test) and medial (position 2; 2.36 � 0.68 �M dopamine
vs 3.82 � 0.34 �M dopamine in control; p � 0.080, unpaired t
test) sites were less affected.

Interestingly, levels of evoked dopamine release recovered
rapidly and by 48 h after injection were slightly elevated com-
pared with saline-injected controls (Fig. 6). The 48 h post-3-NP
dopamine release values were as follows: central striatum, 4.11 �
0.80 �M; dorsomedial striatum, 4.33 � 0.45 �M; dorsal striatum,
4.27 � 0.56 �M; dorsolateral striatum, 3.51 � 0.48 �M; and ven-
trolateral striatum, 3.82 � 0.59 �M (n � 7). Comparison of do-
pamine release between slices from rats injected 24 h earlier with
3-NP and slices from rats injected with 3-NP 48 h earlier revealed
a difference across all five sampling sites ( p � 0.003; df � 1, 14;
F � 14.611; repeated-measures ANOVA) (Fig. 6). Post hoc anal-
yses revealed differences at sites 1–5. The outcomes of unpaired t
tests performed at each position are as follows: central striatum
(pos 1; p � 0.002), medial striatum (pos 2; p � 0.04), dorsal
striatum (pos 3; p � 0.003), dorsolateral striatum (pos 4; p �
0.02), and lateral striatum (pos 5; p � 0.05).

Comparison of dopamine release between slices from control
saline-injected rats and slices from rats injected with 3-NP 48 h
earlier revealed a trend toward increased dopamine release in rats
injected 48 h earlier with 3-NP across all five sampling sites ( p �
0.159; df � 1, 11; F � 2.283; repeated-measures ANOVA). Post
hoc analysis demonstrated that position 3 (the dorsal striatum)
showed the greatest difference ( p � 0.075).

Single injection of 3-NP does not alter striatal TH levels or
show evidence of striatal cell loss in Nissl-stained sections
Immunostaining for tyrosine hydroxylase protein in sections
through the midstriatum showed no evidence of loss of nigrostri-
atal fibers based on the degree of TH immunostaining (Fig. 7),
nor DA transporter immunostaining (data not shown). The rel-
ative optical density of TH immunostaining at either 1 or 2 d

Figure 6. Systemic injection of 3-NP creates regionally dependent decreases in dopamine release in the striatum. The amount
of dopamine release was determined at 5 regions within the striatum (at approximately bregma level 1.00 – 0.80) including (1)
midstriatum, (2) dorsomedial, (3) dorsal, (4) dorsolateral, and (5) ventrolateral in representative mice from all four groups (see
brain slice inset). The bar graph illustrates peak dopamine released by a single intrastriatal stimulus (Calibration: 200 �A, 0.1 ms)
applied to striatal brain slices at each of the above indicated regions for saline-injected rats, rats injected 24 h earlier with 3-NP,
and rats injected 48 h earlier with 3-NP. Inset, Voltammogram response for dopamine release. Fifty traces are shown at a sampling
rate of every 100 ms (10 Hz) after delivery of a single 0.1 ms, 200 �A intrastriatal stimulus (*p � 0.05 for comparison of saline
control vs 24 after 3-NP injection).
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post-3-NP-treatment rats was not statistically different from the
saline-treated group (F � 0.28; p � 0.76). We also examined for
evidence of striatal cell loss by counting the number of Nissl-
stained neurons (large cell bodies) within the dorsomedial stria-
tum, the analogous region used for analysis of TH immunostain-
ing and electrophysiological recording. Comparison between the
saline-treated rats and the 3-NP-treated rats at 1 and 2 d after
lesioning showed no statistically significant differences between
the groups (F � 2.28; p � 0.76). Similar outcomes were found in
the dorsolateral striatum.

Sprague Dawley rats show reduced sensitivity to 3-NP
Our data illustrate the sensitivity of Fischer 344 rats to 3-NP;
however, a majority of studies investigating the action of 3-NP
have been performed on the Sprague Dawley rat strain. We there-
fore studied corticostriatal synaptic plasticity and dopamine re-
lease 24 h after systemic injection of 3-NP in Sprague Dawley rats
age-matched to the Fischer 344 rats used in this study. We began
with a much higher dose of 3-NP in Sprague Dawley rats (25
mg/kg) than what was used for Fischer 344 rats (15 mg/kg), be-
cause previous studies have shown Sprague Dawley rats to be less
sensitive to 3-NP (Ouary et al., 2000). We found that doses as
high as 35 mg/kg did not produce a significant change in long-
term plasticity at corticostriatal synapses (saline, n � 9; single
3-NP injection, n � 6; df � 1, 15; F � 1.87; p � 0.192; repeated-
measures ANOVA) (Fig. 8A). Brain slices from the same animals

studied for corticostriatal synaptic plasticity indicated above were
also studied for changes in evoked dopamine release using FSCV,
and no change was found in dopamine release in Sprague Dawley
rats injected with 25–35 mg/kg 3-NP (Fig. 8B). We therefore
applied a repeated 3-NP injection dosing strategy in Sprague
Dawley rats based on previous lesioning studies, which used large
daily injections of 20 mg/kg 3-NP over a 5 d period (Beal et al.,
1993a,b). However, our goal was to find a dose for inducing
changes in dopaminergic and glutamatergic synaptic function.
We found that injecting 3-NP once a day for 3 d using a dosing
regimen of 15, 10, and 10 mg/kg caused significant changes in
dopamine release across all five sampling sites between saline-
(n � 6) and 3-NP- (n � 3) injected rats (df � 1, 7; F � 7.5; p �
0.03; repeated-measures ANOVA). Post hoc analysis demon-
strated significant reductions in dopamine release at sites 1, 3, 4
( p � 0.01), and 2 ( p � 0.02) (unpaired t test) (Fig. 8B). We also
found a significant difference in long-term plasticity at corticos-
triatal synapses, with the 3� 3-NP-injected rats showing reduced
expression of LTD (3� 3-NP, n � 8; saline, n � 9; df � 1, 15; F �
7.785; p � 0.02; repeated-measures ANOVA). Post hoc analysis of
posttetanic plasticity (average 0 –3 min posttetanus plasticity)
showed the same trend ( p � 0.06, unpaired t test), as did long-
term plasticity (average 15–20 min posttetanus; p � 0.02, un-
paired t test). Comparison of distributions of short- ( p � 0.66)
and long- ( p � 0.34, Fisher exact test) term plasticity did not
reveal a difference between recordings from control and 3� 3-NP

Figure 7. Staining of striatal tissue for tyrosine hydroxylase protein or Nissl substance. A–L, Tissue sections from the midstriatum of rats treated with either saline or 3-NP (collected at 1 or 2 d
after lesioning) were immunostained for either TH protein (A–F ) or Nissl substance (G–L). The top panels show sections at low magnification of the entire striatum in coronal sections, whereas the
bottom panels show a higher magnification (20�) of the dorsal region of the striatum. Scale bars: (top) 1.7 mm; (bottom) 100 �m. Relative optical density of the dorsomedial striatum (graph below
TH panels) showed no evidence of loss of TH immunostaining, and cell counting (graph below Nissl panels) showed no reduced number of Nissl-stained striatal neurons.
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Sprague Dawley rats. We further examined strain differences in
synaptic function by comparing long-term plasticity and dopa-
mine release between saline-injected Sprague Dawley (n � 9) and
Fischer 344 (n � 20) rats. Saline-injected Sprague Dawley rats
showed increased expression of LTD across the 20 min postteta-
nus sampling period (df � 1, 27; F � 7.88; p � 0.01; repeated-
measures ANOVA) and increased dopamine release across the
five sampling sites (df � 1, 10; F � 11.24; p � 0.008; repeated-
measures ANOVA; Sprague Dawley, n � 6; Fischer 344, n � 6).

Discussion
3-NP is a plant mycotoxin known epidemiologically for out-
breaks of dystonia and cardiac arrest after ingestion of moldy
sugarcane in China (Liu et al., 1992; Ming, 1995). Pathology stud-
ies revealed that 3-NP inhibition of mitochondria complex II
caused necrosis in the putamen (Ludolph et al., 1991). 3-NP
animal models corroborated this finding, revealing a pattern of
cell loss similar to that seen in Huntington’s disease and hypoxia
(Hamilton and Gould, 1987; Beal et al., 1993b; Beal, 1994; Bor-
longan et al., 1995; Nishino et al., 2000). Our analysis focused on
changes in striatal circuitry created by exposure to low doses of
3-NP, which limited the chance of striatal lesions. We discovered
a 3-NP-induced change in the relationship between striatal glu-
tamatergic and dopaminergic synapses during the first 24 h after
3-NP exposure.

Behaviorally, adult Fischer 344 rats responded to a single in-
jection of 3-NP with hindlimb dystonia 4 h after injection
(ranked at 6 – 8 h after injection), and they performed poorly on
the balance beam and rotarod 24 h after injection (Fig. 1). These
findings are in agreement with other behavioral studies per-
formed after multiple systemic injections of 3-NP, which created
striatal lesions (Koutouzis et al., 1994; Ouary et al., 2000). Unlike
lesion studies, the hindlimb dystonia subsided by 24 h after a
single 3-NP injection.

A single 3-NP injection increased the expression of corticos-
triatal LTP 24 h after injection in Fischer 344 rats. Dalbem et al.
(2005) found that multiple, high-dose systemic injections of
3-NP increased LTP at corticostriatal synapses for 48 – 60 h in
Wistar rats. In contrast, Picconi et al. (2006) reported that a 4 d
cycle of multiple 3-NP injections did not change Mg 2�-free
saline-dependent LTP. However, their use of Mg 2�-free saline
may have masked the 3-NP-mediated increase in corticostriatal
LTP observed under normal Mg 2� and Ca 2� conditions (Fig. 1)
(Dalbem et al., 2005). Our study also differed in using a single
injection of 3-NP, which did not create striatal lesions, and we
recorded from the less vulnerable dorsomedial striatum.

The increase in LTP that we observed 24 h after systemic 3-NP
exposure was NMDA receptor dependent (Fig. 3). In vitro isch-
emia also produces NMDA receptor-dependent potentiation of
corticostriatal synapses, and acute application of 3-NP to striatal
brain slices produces a direct increase in NMDA, but not AMPA
receptor-mediated EPSPs (Calabresi et al., 2001, 2003; Centonze
et al., 2001a). Furthermore, the NMDA receptor antagonist me-
mantine blocks changes in synaptic function created by in vitro
ischemia and bath application of 3-NP (Tozzi et al., 2007). We
therefore reasoned that increased NMDA receptor function con-
tributed to enhanced LTP observed 24 h after systemic 3-NP.
However, we did not find a change in NMDA/AMPA-kainate
receptor ratio 24 h after systemic 3-NP exposure (Thomas et al.,
2001; Borgland et al., 2004). We also did not find a change in
MK-801 binding to NMDA receptors 24 h after 3-NP injection.
This finding differs from the increase in MK-801 binding seen 3 h

Figure 8. Sprague Dawley rats show reduced sensitivity to systemic 3-NP. A, Plots of
tetanus-induced long-term synaptic plasticity at dorsomedial corticostriatal synapses are
shown. No difference was found in the tetanus-induced plasticity between slices taken from
saline-injected Sprague Dawley rats and Sprague Dawley rats injected 24 h earlier with 25–35
mg/kg 3-NP. A trend toward reduced LTD was seen in slices taken from rats injected once a day
for 3 d with 3-NP (15, 10, and 10 mg/kg). B, Bar graphs showing distribution of cells expressing
tetanus-induced potentiation (�100%) and depression (�100%) for STP and LTP under each
experimental condition (saline, single injection, and 3� injection). C, Systemic injection of
3-NP creates regionally dependent decreases in dopamine release in the striatum. The amount
of dopamine release was determined at 5 regions within the striatum including (1) midstria-
tum, (2) dorsomedial, (3) dorsal, (4) dorsolateral, and (5) ventrolateral (inset). Bar graph illus-
trates peak dopamine released by a single intrastriatal stimulus (200 �A, 0.1 ms) applied to
striatal brain slices at each of the above indicated regions for saline-injected rats, rats injected
24 h earlier with 3-NP (25–35 mg/kg 3-NP), and rats injected once a day for 3 d with 3-NP (15,
10, and 10 mg/kg) and killed 24 h after the last injection. No differences were observed between
saline-injected and single injected (25–35 mg/kg 3-NP) Sprague Dawley rats. A significant
reduction in dopamine release was seen in rats injected once a day for 3 d with 3-NP across all 5
sampling sites (repeated-measures ANOVA; p � 0.03). Post hoc analysis showed reduced re-
lease at sites 1, 3, 4 (*p � 0.01) and 2 (**p � 0.02).
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after 3-NP exposure (Wüllner et al., 1994), which may reflect a
process temporally distinct from that examined in this study.

We next examined 3-NP-induced changes in dopamine mod-
ulation of corticostriatal synaptic function as a mechanism to
explain changes in synaptic plasticity created by systemic 3-NP
because (1) dopamine influences corticostriatal long-term plas-
ticity and (2) nigrostriatal dopamine release underlies 3-NP-
induced striatal degeneration (Calabresi et al., 1992; Reynolds et
al., 1998; Fernegut et al., 2002; Wang et al., 2006; Kreitzer and
Malenka, 2007). Dopamine content was reduced 24 h after a
single 3-NP injection in the dorsomedial striatum (HPLC), and
corroborating earlier multiple injection studies in Sprague Daw-
ley rats, two injections over 2 d in Fischer 344 rats produced
profound changes in total striatal dopamine content (Beal et al.,
1993b) (Fig. 5).

FSCV revealed that systemic 3-NP created regionally specific
decreases in evoked dopamine release 24 h after 3-NP. The largest
effect was in the center of the striatum, which corresponds to the
site most vulnerable for 3-NP-induced lesions (Beal et al., 1993b).
A smaller decrease in dopamine release was found in the dorso-
medial recording site used to study corticostriatal synaptic plas-
ticity. Previous work from our laboratory and others has shown
that dopamine release created by intrastriatal stimulation is Ca 2�

and TTX sensitive (Cragg and Greenfield, 1997; Rice et al., 1997;
Petzinger et al., 2007). HPLC demonstrated a return in dopamine
content, and FSCV showed a slight but insignificant increase in
dopamine release compared with saline-injected rats 48 h after
3-NP. The 48 h time point thus provides an estimate of the time
to restore dopamine levels in nigrostriatal terminals (Reynolds et
al., 1998; Marti et al., 2003). TH content did not change, indicat-
ing that a low dose of 3-NP did not cause permanent damage to
nigrostriatal terminals as reported for larger doses (Nakao et al.,
1999; Blum et al., 2004).

We found that LTP induced 24 h after systemic 3-NP exposure
was D1 receptor dependent. Corticostriatal LTP enabled by
Mg 2�-free aCSF is also D1 receptor dependent (Kerr and Wick-
ens, 2001). D1 receptors modulate NMDA receptors via the ade-
nylate cyclase–protein kinase A–DARPP-32 pathway in the stri-
atum, cerebral cortex, and hippocampus (Huang and Kandel,
1995; Otmakhova and Lisman, 1996; Gurden et al., 2000; Flores-
Hernández et al., 2002; Otani et al., 2003). However, bath appli-
cation of 3-NP is reported to enhance NMDA receptor function
via D2 receptors when slices are bathed in Mg 2�-free aCSF (Ca-
labresi et al., 2001).

The coincidence of increased LTP expression and reduced
dopamine release in our study suggests that these observations
may be related. Trantham-Davidson et al. (2004) theorized that
D1 receptors play a stronger role in the prefrontal cortex when
dopamine levels are low, and D2 receptors take over when dopa-
mine is high. Reynolds et al. (2001) and Reynolds and Wickens
(2002) proposed a similar theory to explain D2 receptor-
dependent LTD and D1 receptor-dependent LTP at corticostria-
tal synapses. Our data support these theories, because (1) LTP is
enhanced when 3-NP reduces dopamine release in the striatum
and (2) exogenous addition of dopamine or the D2 receptor ag-
onist quinpirole eliminates the 3-NP enhanced LTP and increases
LTD. More LTP is seen in the dorsomedial striatum, as are more
D1 receptors, and thus, when dopamine is reduced, it has a
greater probability of binding to D1 receptors (Maeno, 1982; Ari-
ano et al., 1989; Partridge et al., 2000; Smith et al., 2001). In
contrast, normal dopamine release in control slices or addition of
dopamine to dopamine-depleted brain slices increases the prob-
ability of dopamine binding to D2 receptors, which increases LTD

expression at corticostriatal synapses (Calabresi et al., 1992; Ako-
pian and Walsh, 2006; Wang et al., 2006; Kreitzer and Malenka,
2007).

Our study cannot address differences that may exist in D2-
(indirect pathway) versus D1- (direct pathway) expressing striatal
neurons (Wang et al., 2006; Kreitzer and Malenka, 2007). How-
ever, our selection of the dorsomedial striatum increased the like-
lihood of D1 receptor participation over D2 receptors (Maeno,
1982; Ariano et al., 1989). Wang et al. (2006) found that dopa-
mine triggers D2 receptor-dependent LTD by acting presynapti-
cally to reduce acetylcholine (ACh) release from cholinergic in-
terneurons. Our voltammetry data indicate that dopamine
release is dramatically reduced 24 h after 3-NP, which would (1)
reduce D2 receptor-mediated presynaptic inhibition of ACh re-
lease and consequently (2) enhance M1 receptor-dependent LTP
(Calabresi et al., 1999). Our ability to reverse 3-NP-induced LTP
to LTD by adding dopamine adds further support to this hypoth-
esis. Last, widespread D2 receptor activation created by bath ap-
plication of dopamine may cause a diffuse “spill-over” of messen-
gers, like endocannabinoids, which act presynaptically to reduce
glutamate release (Wang et al., 2006; Kreitzer and Malenka,
2007).

This study was performed in the Fischer 344 rat strain, iden-
tified as a model for aging studies as well as stroke or hypoxia
(Coleman et al., 1977; Aspey et al., 1998, 2000). Oaury et al.
(2000) found the Fischer 344 strain to be far more sensitive to
chemical hypoxia via 3-NP poisoning than Sprague Dawley or
Lewis rat strains. However, much of the previous work examin-
ing 3-NP-induced lesions of the striatum used Sprague Dawley
rats. We thus wanted to know whether our findings on synaptic
change generalized to the Sprague Dawley strain and found,
much like Ouary et al. (2000), that Sprague Dawley rats were far
less sensitive to 3-NP. Single injections of 3-NP had little effect on
corticostriatal synapses or dopamine release at a dose that was
larger than that used in Fischer 344 rats (25–35 mg/kg vs 15
mg/kg). Simpson and Isacson (1993) also found a single systemic
dose of 30 mg/kg to be below the threshold creating lesions in
Sprague Dawley rats. However, multiple injections of 3-NP in
Sprague Dawley rats over 3 d created changes in corticostriatal
synaptic plasticity and dopamine release (Fig. 8). Our findings
thus add to the literature demonstrating strain-dependent differ-
ences in sensitivity to metabolic challenge in mice and rats (Aspey
et al., 1998, 2000; Ouary et al., 2000; Schauwecker, 2005; Mclin et
al., 2006). We also found saline-injected Sprague Dawley rats had
greater dopamine release and increased LTD relative to saline-
injected Fischer 344 rats, further supporting the role for en-
hanced dopamine release and LTD expression.

In conclusion, mild exposure to 3-NP alters both dopamine
and glutamate physiology in the striatum of the Fischer 344 rat.
Systemic 3-NP increased LTP at corticostriatal synapses, which
may be linked, at least in part, to changes in the nigrostriatal
pathway. These changes occur without a pathological loss of stri-
atal neurons or nigrostriatal terminals, suggesting alterations in
striatal circuitry may be sufficient to alter behavior (Newcomb et
al., 1995). The link between reduced dopamine release and in-
creased D1-dependent NMDA receptor function could also ex-
plain the cell death created by exposure to low doses of 3-NP
combined with NMDA (Simpson and Isacson, 1993), and it is a
mechanism likely operating in excitotoxicity and delayed cell
death (apoptosis) seen with more severe exposure to 3-NP (Beal
et al., 1993b; Beal, 1994; Wüllner et al., 1994; Kim et al., 2000).
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(2000) Hydroxyl radical production in the cortex and striatum in a rat
model of focal cerebral ischemia. Can J Neurol Sci 27:152–159.

Thomas MJ, Beurrier C, Bonci A, Malenka RC (2001) Long-term depres-
sion in the nucleus accumbens: a neural correlate of behavioral sensitiza-
tion to cocaine. Nature Neurosci 4:1217–1223.

Toner CC, Stamford JA (1999) Effects of metabolic alterations on dopamine
release in an in vitro model of neostriatal ischaemia. Brain Res Bull
48:395–399.

Tozzi A, Costa C, Di Filippo M, Tantucci M, Siliquini S, Belcastro V, Parnetti
L, Picconi B, Calabresi P (2007) Memantine reduces neuronal dysfunc-
tions triggered by in vitro ischemia and 3-nitropropionic acid. Exp Neu-
rol 207:218 –226.

Trantham-Davidson H, Neely LC, Lavin A, Seamans JK (2004) Mechanisms
underlying differential D1 versus D2 dopamine receptor regulation of
inhibition in prefrontal cortex. J Neurosci 24:10652–10659.

Wang Z, Kai L, Day M, Ronesi J, Yin HH, Ding J, Tkatch T, Lovinger DM,
Surmeier DJ (2006) Dopaminergic control of corticostriatal long-term
synaptic depression in medium spiny neurons is mediated by cholinergic
interneurons. Neuron 50:443– 452.
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