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Abstract
Dystonia is a neurological disorder characterized by involuntary movements. We examined striatal
dopamine function in hyperactive transgenic mice generated as a model of dystonia. Evoked
extracellular dopamine concentration was monitored with carbon-fiber microelectrodes and fast-
scan cyclic voltammetry in striatal slices from non-transgenic mice, transgenic mice with a
positive motor phenotype, and phenotype-negative transgenic littermates. Peak single-pulse
evoked dopamine concentration was significantly lower in phenotype-positive mice than in non-
transgenic or phenotype-negative mice, but indistinguishable between non-transgenic and
phenotype-negative mice. Phenotype-positive mice also had higher functional D2 dopamine
autoreceptor sensitivity than non-transgenic mice, which would be consistent with lower
extracellular dopamine concentration in vivo. Multiple-pulse (phasic) stimulation (5 pulses, 10-100
Hz) revealed an enhanced frequency dependence of evoked dopamine release in phenotype-
positive versus non-transgenic or phenotype-negative mice, which was exacerbated when
extracellular Ca2+ concentration was lowered. Enhanced sensitivity to phasic stimulation in
phenotype-positive mice was reminiscent of the pattern seen with antagonism of nicotinic
acetylcholine receptors. Consistent with a role for altered cholinergic regulation, the difference in
phasic responsiveness among groups was lost when nicotinic receptors were blocked by
mecamylamine. Together, these data implicate compromised dopamine release regulation,
possibly from cholinergic dysfunction, in the motor symptoms of this dystonia model.
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Introduction
Dystonia is a neurological condition characterized by involuntary movements, sustained
muscle contractions, and abnormal postures (Fahn et al., 1998; Bressman, 2004), and is
commonly classified as a hyperkinetic movement disorder (Mink, 2003; Jankovic, 2009).
The pathophysiology of dystonia is poorly understood; post mortem brain tissue from
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individuals with primary dystonia shows no obvious neuronal degeneration (Breakefield et
al., 2008), in contrast to the marked loss, for example, of striatal projection neurons in
Huntington’s disease (Vonsattel et al., 1985; Vonsattel and DiFiglia, 1998) or dopamine
(DA) neurons of the substantia nigra pars compacta (SNc) in Parkinson’s disease (Albin et
al., 1989). Hence, the development of primary dystonia appears to involve deficits in motor
signaling and regulation at a synaptic or circuit level, rather than a gross change in brain
structure.

Several lines of evidence implicate the involvement of DA dysfunction in the development
of some forms of dystonia (Wichmann, 2008). First, dystonia can occur throughout the
course of Parkinson’s disease (Nausieda et al., 1980; Katzenschlager et al., 2002; Bruno et
al., 2004), after DA depletion by MPTP in non-human primates (Perlmutter et al., 1997a),
and can be a complication of antiparkinsonian therapy (Hallett, 1981; Fabbrini et al., 2007).
Second, PET imaging studies in individuals with dystonia suggest altered striatal DA
receptor binding and DA uptake (Perlmutter et al., 1997a; Perlmutter et al., 1997b; Naumann
et al., 1998; Playford et al., 1993). Third, dystonia is a consequence of DA deficiency in
dopa-responsive dystonia that involves impaired DA synthesis (Ichinose et al., 1999; Sato et
al., 2008).

Additional evidence implicating DA dysfunction has come from models of early-onset
(DYT1) dystonia, which is an autosomal dominantly inherited movement disorder (Kramer
et al., 1988, 1994; Risch et al., 1990; Ozelius et al., 1997; Bressman, 2004). The majority of
cases are caused by a 3 bp (GAG) deletion in the DYT1 gene on chromosome 9q34 (Ozelius
et al., 1989; 1997; Kramer et al., 1994; Risch et al., 1990). The protein encoded by the DYT1
gene, torsinA, is found throughout the brain (Ozelius et al., 1989; Augood et al., 1998, 1999,
2003; Walker et al., 2001). Overexpression of human mutant torsinA (ΔE-torsinA) in
heterologous cells leads to formation of ΔE-torsinA-enriched inclusions that contain the
vesicular monoamine transporter 2 (VMAT2), which is required for loading DA into
vesicles (Misbahuddin et al., 2005). Such in vitro studies have been complemented by data
from torsinA-overexpressing transgenic and knockdown mice showing altered striatal DA or
metabolite content, albeit with inconsistent patterns of change (Shashidharan et al., 2005;
Dang et al 2005, 2006; Grundmann et al., 2007; Zhao et al., 2008; Page et al., 2010).
Additionally, decreased striatal DA release has been reported in a model with pan-cellular
expression of ΔE-torsinA (Balcioglu et al., 2007) and one with selective ΔE-torsinA
expression in DA neurons (Page et al., 2010).

We examined striatal DA release in a mouse model originally developed to express human
ΔE-torsinA in neurons using the promoter for neuron-specific enolase (NSE) (Shashidharan
et al., 2005). A proportion of these transgenic mice (30-40%) showed motor abnormalities
including hyperactivity, bi-directional circling, and dystonic-like limb movements
(Shashidharan et al. 2005). At the time our studies were conducted, symptomatic adult mice
showed expression of ΔE-torsinA and a 40% decrease in striatal DA content (Shashidharan
et al., 2005). Contemporaneous electrophysiological studies revealed aberrant firing patterns
of basal ganglia output neurons and prolonged muscle contractions in mice with motor
abnormalities (Chiken et al., 2008). We compared patterns of DA release and uptake in
striatal slices from transgenic mice classified by their hyperactive motor phenotype [Phe(+)],
transgenic littermates without overt changes in motor function [Phe(−)], and non-transgenic
(non-Tg) mice, using single-pulse (1 p, tonic-like) stimulation or multiple-pulse (5 p, phasic-
like) stimulation.
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Materials and methods
Transgenic mice

All animal handling procedures were in accordance with National Institutes of Health
guidelines and were approved by the Institutional Animal Care and Use Committees of the
Mount Sinai School of Medicine and New York University School of Medicine. Transgenic
mice were produced on a C57BL/6J × C3H background and bred as heterozygotes onto a
C57BL/6J background (Shashidharan et al., 2005). Originally, four transgenic mouse lines
were produced; although each had a different level of transgene expression, 30-40% of each
line developed abnormal involuntary movements with dystonic-appearing self-clasping of
limbs, hyperkinesia, and circling with no directional preference in a given mouse
(Shashidharan et al., 2005). The mice examined in the present study were from line TG#13;
Phe(+) mice from this line showed rotation rates of at least 1 cycle per minute (with the
majority showing at least 5-10 cycles per minute) during a given monitoring period, whereas
Phe(−) and non-Tg mice showed either no rotation behavior or less than one turn per 5
minute period (for methods, see Shashidharan et al., 2005). Genotype was confirmed in all
mice used in this study, as previously (Shashidharan et al., 2005); ΔE-torsinA expression
was not examined. Because no gender differences in motor dysfunction were seen in either
transgenic group (Shashidharan et al., 2005), both male and female littermates were
examined here; however, for each experimental group, mice were matched by age, sex, and
weight.

Slice preparation
Coronal forebrain slices (350 μm thickness) were prepared from adult transgenic and non-Tg
mice, and then maintained in HEPES-buffered artificial CSF (aCSF) at room temperature for
at least 1 h before experimentation (Chen and Rice 2001; Avshalumov et al. 2003; Li et al.,
2010). Recordings were made in a submersion chamber at 32 °C; the superfusing aCSF
contained (in mM): 124 NaCl, 3.7 KCl, 26 NaHCO3, 1.5 or 2.4 CaCl2, 2.2 or 1.3 MgSO4,
1.3 KH2PO4, and 10 glucose (equilibrated with 95% O2-5% CO2). In experiments to
examine the Ca2+-dependence of DA release, total divalent ion concentration was
maintained by adjusting Mg2+ concentration.

Carbon-fiber microelectrodes and DA recording in motor striatum
Evoked DA release was monitored using fast-scan cyclic voltammetry (FCV) with carbon-
fiber microelectrodes purchased from WPI Inc (Sarasota, FL) or made in-house from 7-μm
carbon fibers (Patel and Rice, 2006; Patel et al., 2009). Release of DA was elicited in the
dorsolateral quadrant of striatum (motor striatum) of mouse brain slices using a bipolar
stimulating electrode placed on the slice surface 100-150 μm ventromedially to the carbon-
fiber microelectrode (Li et al., 2010). The stimulation paradigm was either a single pulse (1
p) or a five-pulse burst (5 p) at 10, 25 or 100 Hz (Patel et al., 2003; Rice and Cragg, 2004; Li
et al., 2010). Pulse duration was 100 μs and pulse amplitude was 0.4-0.6 mA; evoked DA
release under these conditions is action-potential (blocked by tetrodotoxin) and Ca2+

dependent (Chen and Rice, 2001: Patel et al., 2003). Inter-stimulus interval was 5 min with
either paradigm.

Data were obtained using a Millar Voltammeter (available on request from Julian Millar,
Queen Mary, University of London, UK), with data acquisition controlled by Clampex 7.0
software (Molecular Devices, Foster City, CA), which imported voltammograms to a PC via
a DigiData 1200B A/D board (Molecular Devices). Scan rate for FCV was 800 V s−1 with a
sampling interval of 100 ms. Voltammograms were obtained in two-electrode mode, with a
Ag/AgCl wire in the recording chamber as the reference electrode. Identification of DA as
the release signal was based on characteristic DA voltammograms, as previously (Bao et al.,
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2005; Patel and Rice, 2006). Electrodes were calibrated with DA in aCSF in the recording
chamber at 32°C after each experiment in the presence of each reagent tested for calculation
of evoked extracellular DA concentration ([DA]o).

Experimental design
Release of DA evoked by 1 p or 5 p at 10, 25 and 100 Hz applied at 5 min intervals was
sampled at 2-4 sites in the dorsolateral striatum of each slice. In some slices from each
mouse cohort examined, the falling phases of 1 p evoked [DA]o were compared as a
qualitative index of DA uptake. At each site, peak 1 p evoked [DA]o was typically constant
by the third stimulus; after stable release was obtained, 5 p stimulations at each frequency
were applied in random order at the same site to examine the sensitivity of peak evoked
[DA]o to stimulation frequencies that mimic characteristic DA neuron burst firing (see Rice
and Cragg, 2004). After the last frequency, 1 p evoked [DA]o was again determined and
averaged with the last pre-train 1 p evoked [DA]o to give control 1 p evoked [DA]o for that
recording site; typically pre-train and post-train evoked [DA]o differed by <15%. To account
for this slight difference, the ratio of 5 p to 1 p evoked [DA]o for each site was determined
using this average 1 p evoked [DA]o.

To examine the sensitivity of D2 DA autoreceptor regulation of DA release, 1 p stimulation
at 5 min intervals was used and peak [DA]o monitored during the application of the D2
agonist quinpirole. Under control conditions, peak single-pulse evoked [DA]o is stable for at
least 2-3 hours at 5 min intervals (e.g., Bao et al., 2005). The use of 1 p stimulation enabled
the efficacy of quinpirole on D2 release-regulating receptors to be assessed in the absence of
competition from the endogenous ligand (Palij et al., 1990; Limberger et al., 1991; Patel et
al., 1995; Patel et al., 2003) or from modulation by either glutamate or GABA via the local
microcircuitry (Avshalumov et al., 2003; Chen et al., 2006). After four to five consistent 1 p
evoked responses were obtained, quinpirole was applied at increasing concentrations (1 nM
to 10 μM), with application of each concentration until peak evoked [DA]o was again stable
(typically 20-30 min). Concentration-response data (expressed as % inhibition of [DA]o) for
individual experiments were analyzed by non-linear regression to provide a one-component
sigmoidal curve using PRISM 3.0 software (GraphPad Software Inc. San Diego, CA). The
pharmacological parameters for quinpirole, Imax (maximal response) and IC50 (drug
concentration required to produce half maximal inhibition), were derived from these fitted
curves, as previously (Patel et al., 1995; Patel et al., 2003).

To examine the Ca2+-dependence of the frequency response of DA release, 5 p to 1 p ratios
were obtained in an extracellular Ca2+ concentration ([Ca2+]o) of 2.4 or 1.5 mM, then the
experiment repeated at the same site after changing to the other [Ca2+]o. Although the order
of frequency presentation was varied among recording sites, the order examined at a given
site was the same for both [Ca2+]o tested. To examine the effect of nicotinic ACh receptor
(nAChR) blockade on the frequency dependence of DA release, 5 p to 1 p ratios were
obtained under control conditions, then in the presence of a nAChR antagonist,
mecamylamine; the same order of 5 p frequencies was used before and after mecamylamine
for a given site.

Statistical Analysis
Data are given as means ± SEM (where n indicates number of recording sites in 2-4 slices
from 3-5 animals per group for each experimental series) and illustrated as either absolute
[DA]o, the ratio of 5 p evoked [DA]o to 1 p, or percent inhibition of evoked [DA]o
normalized with control 1 p evoked peak [DA]o taken as 100%. As previously (Chen and
Rice, 2001; Rice and Cragg, 2004; Li et al., 2010), statistical comparisons were based on the
number of sites rather than number of slices or animals, because site-to-site variability
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within striatum typically exceeds variability between slices or between animals in a given
cohort. Significance of differences was assessed using one-way or two-way ANOVA, as
appropriate. Two-way ANOVA was used to compare the falling phase of DA release
profiles as an index of differences in DA uptake rate across the groups examined.
Significance was considered to be p < 0.05.

Drugs and Chemicals
All experimental solutions were prepared immediately before use. Components of HEPES-
buffered and superfusing aCSF solutions were obtained from Sigma-Aldrich Chemical Co.
(St. Louis, MO), as were DA and mecamylamine. Quinpirole was from Tocris Cookson
(Ellisville, MO). All drugs were water soluble and were prepared as aqueous stock solutions
then dissolved directly in aCSF immediately before use.

Results
Decreased DA release, but unaltered DA uptake in Phe (+) mice

DA neurons display two modes of discharge: tonic background firing and phasic (burst)
firing that is associated with motivation-related behaviors (Grace and Bunny, 1984; Romo
and Schultz, 1990; Grace, 1991; Ljungberg et al., 1992). Here we considered 1 p evoked
[DA]o to represent action-potential-dependent release from tonic activity, given the
independence of peak 1 p evoked [DA]o from autoreceptor regulation and concurrently
released transmitters, as already discussed. Local 5 p stimulation trains at 10, 25 or 100 Hz
were chosen to mimic phasic firing (Schultz, 2002; Hyland et al., 2002). Normalized 5 p to 1
p [DA]o ratios were then used to compare phasic-to-tonic responsiveness (Trout and Kruk,
1992; Patel et al., 1992; Rice and Cragg, 2004) in non-Tg and transgenic Phe(−), and Phe(+)
mice as an index of striatal DA signaling across groups.

Under control conditions with 2.4 mM [Ca2+]o, average peak [DA]o evoked by 1 p in the
striatum of non-Tg mice was 2.30 ± 0.16 μM (n = 49). Peak 1 p evoked [DA]o in the
striatum of Phe(−) mice (2.29 ± 0.11 μM, n = 52) did not differ from that in non-Tgs (p >
0.05) (Fig. 1A,B). In striking contrast, hyperactive Phe(+) mice showed significantly lower 1
p evoked [DA]o than either non-Tg mice or Phe(−) littermates, with a mean 1 p evoked
[DA]o of 1.49 ± 0.21 μM (n = 49) (p < 0.05 Phe(+) vs. non-Tg or Phe(−) mice) (Fig.1A,B).

Monitored evoked [DA]o reflects both release and uptake. To investigate possible
involvement of altered DA uptake by the DA transporter (DAT) in the transgenic mice
examined, we compared the time-courses of DA clearance after release among the three
groups. The falling phases of averaged representative 1 p evoked [DA]o records from these
three groups were indistinguishable (p > 0.05 for any pairwise comparison, n = 5 per group)
(Fig. 1C), indicating a lack of difference in DA uptake among the groups.

We next compared peak [DA]o evoked by 5-pulse trains at 10, 25 and 100 Hz among the
three groups of mice. As with 1 p stimulation, 5 p evoked [DA]o at 10, 25 and 100 Hz in 2.4
mM [Ca2+]o, was significantly lower in Phe(+) mice (n = 49) than in non-Tg (n = 49) or
Phe(−) mice (n = 52) (p < 0.05 Phe(+) vs. non-Tg or Phe(−) at each frequency) (Fig. 1D).
The relatively limited frequency dependence of evoked DA release in all groups is
consistent with previous observations that short-term depression of release occurs rapidly at
striatal synapses and diminishes release probability for successive pulses (Trout and Kruk,
1992;Patel et al., 1992;Cragg, 2003). Nonetheless, 5 p evoked [DA]o at each frequency was
significantly higher than 1 p evoked DA release (p < 0.05 vs. 1 p for each frequency in all
groups, n = 49-52 sites).
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Enhanced sensitivity of D2 autoreceptor regulation of DA release in Phe(+) mice
Release of DA from nigrostriatal terminals is regulated by inhibitory D2 DA autoreceptors
on striatal DA axons (Sesack et al., 1994) both in vivo and in in vitro brain slices (Palij et al.,
1990; Limberger et al., 1991; Benoit-Marand et al., 2001; Phillips et al., 2002; Patel et al.,
2003). Moreover, decreased tonic DA release in vivo can lead to a compensatory up-
regulation of D2 autoreceptor function that can be determined in vitro (Patel et al., 2003).
We therefore compared D2 autoreceptor sensitivity among the three groups of mice. In all
groups, activation of D2 receptors by quinpirole (1 nM to 10 μM) inhibited 1 p DA release
in a concentration-dependent manner (Fig. 2A,B), as described previously (Palij et al., 1990;
Patel et al., 2003). However, the quinpirole IC50, which is the concentration at which DA
release inhibition was half-maximal, differed among the groups (Fig. 2B and Table 1). The
IC50 in Phe(+) striatum was ~40% lower than non-Tg mice (p < 0.05 vs. non-Tg, n = 5 per
group) (Table 1), indicating enhanced D2 receptor sensitivity. The maximum inhibition of
DA release (Imax) did not differ among groups (Table 1).

Enhanced sensitivity to phasic versus tonic stimulation in Phe(−) and Phe(+) mice
We next compared the 5 p to 1 p ratios for 10, 25 and 100 Hz among Phe(+), Phe(−), and
non-Tg mice as an index of DA signaling in each group (Fig. 3). In the usual 2.4 mM
[Ca2+]o, the ratio of 5 p to 1 p evoked [DA]o in non-Tg mice was slightly over unity for each
of these frequencies (n = 49 sites). However, the ratios were significantly higher for Phe(+)
(n = 49) than for non-Tg mice at 10, 25 and 100 Hz (p < 0.001 vs. non-Tg mice for each
frequency) (Fig. 3A). The ratio of 5 p to 1 p release (n = 52) was also higher in Phe(−) than
non-Tg mice at 10 and 25 Hz (p < 0.05 for each frequency) (Fig. 3A).

Axonal DA is released through classical vesicle exocytosis in a Ca2+-dependent manner
(Bergquist et al., 1998; Phillips and Stamford, 2000; Chen and Rice, 2001). To test the
possible involvement of altered exocytotic release in the enhanced phasic-to-tonic
responsiveness seen in Phe(+) and Phe(−) mice, we assessed the Ca2+-dependence of the
frequency dependence of DA release. As expected for Ca2+-dependent transmitter release,
evoked [DA]o was significantly lower in 1.5 mM [Ca2+]o than in 2.4 mM [Ca2+]o at each
frequency tested (p < 0.01 for 1.5 mM vs. 2.4 mM [Ca2+]o in all groups, n = 27-52 sites).
Importantly, the difference in phasic-to-tonic responsiveness between Phe(+) and non-Tg
and Phe(−) mice was amplified in 1.5 mM [Ca2+]o (p < 0.01 Phe(+) vs. Phe(−) or non-Tg
mice; n = 24-27 sites) (Fig. 3B). By contrast, the difference in 5 p evoked [DA]o between
Phe(−) and non-Tg mice was lost at 1.5 mM [Ca2+]o (p > 0.05 Phe(−) vs. non-Tg mice for
each frequency; n = 24 sites each) (Fig. 3B).

The relative effects of [Ca2+]o on phasic-to-tonic responsiveness for each group can be seen
when the data are plotted separately for each group of mice (Fig. 3C). This representation
shows that the change in [Ca2+]o, and thus Ca2+ entry, had little influence on the 5 p to 1 p
ratio in non-Tg and Phe(−) mice, reflecting a similar Ca2+ dependence for 1 p and burst-like
stimulation. When [Ca2+]o was decreased in slices from Phe(+) mice, however, the phasic-
to-tonic responsiveness of striatal DA release was significantly enhanced (Fig. 3C),
implicating a role for impaired exocytosis.

Differences in phasic-to-tonic responsiveness are lost when nAChRs are blocked
Striatal DA axon terminals express nAChRs (Dajas-Bailador and Wonnacott, 2004; Dani
and Bertrand, 2007). Previous studies have shown that inhibition of striatal nAChRs
suppresses DA release evoked by low tonic-like frequencies, but selectively enhances DA
release evoked by higher, burst-like frequencies (Rice and Cragg, 2004; Zhang and Sulzer,
2004). This pattern of release is similar to the characteristics of evoked [DA]o in Phe(+)
mice under control conditions described here (Fig. 3A,B). Moreover, there is evidence of
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cholinergic dysfunction in a previously described mouse model of DYT1 dystonia (Pisani et
al, 2006; Martella et al., 2009). We therefore tested the hypothesis that enhanced phasic
responsiveness of DA release in Phe(+) mice might involve altered cholinergic tone. Evoked
[DA]o was monitored in Phe(+), Phe(−) and non-Tg mice in the absence, and then the
presence of mecamylamine (10 μM; Rice and Cragg, 2004), a selective antagonist of
nAChRs (Fig. 4). Consistent with facilitation of tonic DA release by endogenous ACh (Zhou
et al., 2001), blockade of nAChRs by mecamylamine caused a similar ~50-60% decrease in
1 p evoked [DA]o, with control 1 p evoked [DA]o for each group taken as 100% for that
group. In mecamylamine, evoked [DA]o was 0.92 ± 0.13 μM in non-Tg, 0.91 ± 0.13 μM in
Phe(−), and 0.70 ± 0.09 μM in Phe(+) mice (n = 17-22). Mecamylamine also enhanced 5 p
evoked [DA]o in a frequency-dependent manner in all three groups (Fig. 4A,B). However,
the differences in the responsiveness of DA release to burst-like stimulation among Phe(+),
Phe(−) and non-Tg mice seen under control conditions (Figs. 3A and 4C) were lost when
nAChRs were blocked (Fig. 4D) (p > 0.05 for all comparisons; n = 17-22 sites). In fact, in
mecamylamine there was a trend towards a lower 5 p to 1 p ratio in Phe(+) mice versus non-
Tg or Phe(−) mice, especially at the higher frequencies tested (Fig. 4D).

Discussion
Here we examined striatal DA release in the dorsolateral striatum from transgenic mice
originally developed to express human ΔE-torsinA in neurons (Shashidharan et al., 2005).
We found that both tonically and phasically evoked DA release were significantly lower in
striatal slices from Phe(+) mice than those from either asymptomatic Phe(−) littermates or
non-Tg mice. Hyperactive Phe(+) mice also showed increased D2 DA autoreceptor
sensitivity compared to non-Tg mice, which would be consistent with lower extracellular
[DA]o in vivo. Additionally, evoked striatal DA release in Phe(+) mice showed an enhanced
frequency dependence compared to Phe(−) or non-Tg mice; this difference was eliminated
when nAChRs were blocked, implicating a role for cholinergic, as well as DAergic
dysregulation in the motor phenotype of Phe(+) mice.

Correlations between any animal model of a movement disorder and the human phenotype
must be made with caution, given the potential differences in expression of motor
abnormalities in species-specific basal ganglia, in addition to potentially unknown effects of
transgene manipulations. The mouse model we have studied, like many other genetic mouse
models, does not exhibit overt dystonia. However, previous findings from these mice
support the potential relevance of this mouse dystonia model. Basal ganglia output neurons
in the internal and external segments of the globus pallidus (GPi and GPe) of Phe(+) mice
show decreased firing rates and irregular bursts and pauses (Chiken et al. 2008), which are
also seen in patients with dystonia (Vitek et al 1999; Zhuang et al. 2004; Starr et al. 2005).
In addition, electromyography (EMG) of these mice demonstrate prolonged co-contractions
of agonist and antagonist muscles (Chiken et al. 2008), which is also characteristic of human
dystonia (Herz, 1944; Yanagisawa and Goto, 1971; Obeso et al., 1983; Marsden and
Rothwell, 1987; Cohen and Hallett, 1988; Berardelli et al., 1998; Farmer et al., 1998; Liu et
al., 2004). Although these similarities support the value of Phe(+) mice as a model of this
movement disorder, another important limitation is that there are observations that suggest
that the nature of the model may have changed over time, and raise questions about the
relationship of the phenotypes to the expression of the torsinA transgene. Our studies were
conducted in or before 2006, contemporaneous with other published studies of these
animals. In later generations of this mouse line, some investigators observed that expression
of the ΔE-torsinA transgene was no longer detectable, yet there was persistence, albeit in a
diminished form, of the hyperactive phenotype (unpublished observations). These findings
raise the possibility that some aspects of the phenotype may arise from insertional effects or
other events not directly related to expression of the ΔE-torsinA protein.
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Decreased DA release with unaltered DA uptake in Phe(+) mice
Evoked striatal [DA]o was markedly lower in Phe(+) mice than in either non-Tg or Phe(−)
mice. Lower 1 p evoked [DA]o in Phe(+) mice is consistent with previous evaluation of
striatal DA content in each group, which showed significantly lower striatal DA levels in
Phe(+) than in non-Tg mice (Shashidharan et al., 2005). Decreased DA content and evoked
[DA]o are unlikely to be consequences of increased activity per se in Phe(+) mice, because
exercise has been shown to increase DA content and DA release in mouse striatum
(Petzinger et al., 2007). Notably, Phe(−) mice have significantly higher striatal DA content
than non-Tgs (Shashidharan et al., 2005). Coupled with our finding that 1 p evoked [DA]o in
Phe(−) mice did not differ from that in non-Tg mice, this suggests that elevated tissue DA
content might reflect a compensatory mechanism that helps maintain normal DA release
levels in Phe(−) mice.

We found no evidence for increased [DA]o clearance as an explanation for lower evoked
[DA]o in Phe(+) mice. Indeed, although wildtype torsinA has been shown to influence DAT
trafficking to the plasma membrane, ΔE-torsinA does not (Torres et al., 2003). These data
are consistent with other studies indicating either no change or a possible decrease in DAT
binding sites or DA uptake in mice overexpressing ΔE-torsinA (Shashidharan et al., 2005;
Balcioglu et al., 2007; Hewett et al., 2010; Page et al., 2010). Thus, lower evoked [DA]o in
Phe(+) mice compared to non-Tg or Phe(−) mice reflects lower DA release, not enhanced
DA uptake.

Altered DA content and/or DA release has been found in several transgenic mouse models
of DYT1 dystonia (Dang et al., 2005, 2006; Grundmann et al., 2007; Balcioglu et al., 2007;
Zhao et al 2008; Page et al., 2010). Moreover, Misbahuddin et al. (2005) showed that ΔE-
torsinA-enriched inclusions contain VMAT2. This suggests that ΔE-torsinA might interfere
with filling DA vesicles by VMAT2, which could contribute to the lower DA content of
Phe(+) mice (Shashidharan et al., 2005), despite similar numbers of striatal VMAT2 binding
sites in ΔE-torsinA transgenic mice and their non-Tg littermates (Balcioglu et al., 2007).
Data from our evaluation of striatal D2 DA autoreceptor function would also be consistent
with lower [DA]o in vivo in Phe(+) versus non-Tg mice, with a lower IC50 for quinpirole-
induced inhibition of DA release in Phe(+) indicating enhanced D2 receptor sensitivity.
Previous studies have shown that increased DA receptor sensitivity is a compensatory
response to low [DA]o (Kim et al., 2000), including that seen in VMAT2 mutant mice (Patel
et al., 2003). Although there is evidence for a decrease in total D2 receptor number in human
dystonia (Perlmutter et al., 1997b), such measurements do not distinguish between pre- and
postsynaptic D2 receptors or provide an indication of the functional efficacy of D2
autoreceptor activation, as examined here.

Enhanced sensitivity of DA release to phasic stimulation in Phe(+) dorsolateral striatum
In contrast to the generally lower evoked [DA]o in Phe(+) mice, the responsiveness of
evoked [DA]o to phasic versus tonic stimulation (5 p to 1 p ratio) was significantly enhanced
compared to that in either Phe(−) or non-Tg mice. The phasic-to-tonic responsiveness of DA
release was also slightly enhanced in Phe(−) mice compared to that in non-Tg mice,
indicating some level of altered DA release patterns, whether or not the mice exhibited the
positive motor phenotype. The difference in the sensitivity of DA release to phasic
stimulation between Phe(+) and Phe(−) or non-Tg mice was Ca2+ dependent, with
amplification of differences when Ca2+ availability was lowered. Such Ca2+ dependence
would be consistent with an impairment in Ca2+-dependent vesicle exocytosis in Phe(+)
mice. Enhanced phasic-to-tonic DA signaling, especially when paired with increased DA
receptor sensitivity, could be a potential contributing factor to the motor characteristics of
Phe(+) mice.
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The role of cholinergic tone in enhanced phasic sensitivity of DA release in Phe(+) mice
Decreased 1 p evoked striatal DA release in Phe(+) mice and enhanced sensitivity to phasic
versus tonic stimulation mirror the pattern of changes in DA release seen when nAChRs are
blocked (Zhou et al., 2001; Rice and Cragg, 2004; Zhang and Sulzer, 2004). The loss of
enhanced phasic responsiveness of DA release in Phe(+) compared to non-Tg or Phe(−)
mice with mecamylamine suggests that altered striatal cholinergic transmission might also
contribute to the neurochemical phenotype of symptomatic Phe(+) versus non-Tg and
asymptomatic Phe(−) mice. Previous electrophysiological studies support a role for altered
cholinergic transmission in a mouse dystonia model with pan-cellular ΔE-torsinA
overexpression (Pisani et al, 2006; Martella et al., 2009). Because nAChR regulation of
striatal DA release is lost when nAChRs are desensitized by excessive agonist, as well as by
nAChR blockade (Zhou et al., 2001; Rice and Cragg, 2004; Zhang and Sulzer, 2004), either
excessive or impaired ACh release could contribute to the enhancement of phasic-to-tonic
DA release in Phe(+) mice. However, the Ca2+ dependence of this neurochemical phenotype
argues for too little, rather than too much ACh. Lowering [Ca2+]o would be expected to
decrease Ca2+-dependent release of ACh, as well as DA. If elevated ACh and consequent
nAChR desensitization were responsible for the patterns of evoked [DA]o in Phe(+) mice,
then this should have been ameliorated when ACh release was decreased in lower [Ca2+]o.
Instead, however, the phasic-to-tonic responsiveness of DA release in Phe(+) mice was
exacerbated, suggesting that Ca2+-dependent, exocytotic release of ACh, as well as DA, may
be compromised in Phe(+) mice. At first glance, this indirect evidence for decreased
cholinergic tone in Phe(+) mice seems inconsistent with the fact that anticholinergic therapy
is one of few effective pharmacologic approaches for some forms of human dystonia (Fahn,
1983). However, the anticholinergic agents used are antagonists of muscarinic ACh
receptors (mAChRs). Recent studies indicate that in the striatum, mAChR agonists act at
cholinergic autoreceptors to suppress ACh release, resulting in enhanced phasic-to-tonic
sensitivity of striatal DA release that was nAChR dependent (Threlfell et al., 2010). Thus,
properly controlled levels of mAChR antagonists should boost striatal cholinergic tone,
thereby restoring cholinergic-DAergic balance for proper basal ganglia function (e.g.,
Morris et al., 2004).

Conclusions
We show here that in a mouse model of dystonia with motor hyperactivity, aberrant muscle
contractions, and abnormal basal ganglia output, tonic striatal DA release is low, but the
responsiveness to phasic stimulation is enhanced. Assuming that DA motor signals are
encoded by DA neuron burst firing, our data suggest that falsely amplified DA signals on a
low tonic [DA]o background in symptomatic Phe(+) mice might contribute to overactive DA
motor signaling and consequent uncontrolled movement. Consistent with this hypothesis,
pharmacological agents that deplete DA stores can improve the symptoms of dystonia
(Jankovic, 2009). We also provide evidence for a role of impaired cholinergic regulation of
DA release in Phe(+), but not Phe(−) mice, which with other recent findings (Threlfell et al.,
2010) may contribute mechanistic insight into the efficacy of anticholinergic (mAChR
antagonist) therapy in DYT1 dystonia (Fahn, 1983).

Several other mouse models of DYT1 dystonia have been developed and characterized, with
most showing subtle neurological phenotypes (Goodchild et al., 2005; Sharma et al., 2005;
Dang et al., 2006; Grundmann et al., 2007; Zhao et al., 2008), rather than the pronounced
motor symptoms of the Phe(+) mice examined here (Shashidharan et al., 2005). Differences
could include the target of ΔE-torsinA expression, e.g., pan-cellular vs. pan-neuronal, levels
of expression, and/or developmental differences in the timing of expression. Additionally, as
noted above, ΔE-torsinA expression was lost in much later generations of genotype-positive
mice than those examined here (unpublished observations), despite persistent hyperkinesia,

Bao et al. Page 9

J Neurochem. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



possibly pointing to an insertional mutation or other effect independent of the mutant
torsinA protein as a contributor to the motor phenotypes. At the time our studies were
conducted, there was reliable transgene expression in the mouse line (Shashidharan et al.,
2005), although this was not determined in the specific mice examined. It is therefore likely,
but not certain, that the mice we examined expressed ΔE-torsinA. Thus, the relationship of
the motor and neurochemical phenotypes of these mice to ΔE-torsinA expression is in some
respects uncertain. Regardless, our characterization of the neurochemical phenotype of these
animals, like the previous physiological assessment of prolonged muscle contractions and
altered neuronal activity in the GPi and GPe of Phe(+) mice (Chiken et al., 2008), provides
new information about the roles of striatal DA and ACh release regulation in coordinated
motor behavior. Our findings may also contribute to a better understanding of the
pathophysiology of dystonia and other hyperkinetic disorders and suggest more effective
therapeutic approaches.
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Abbreviations

ACh acetylcholine

aCSF artificial CSF

DA dopamine

[DA]o extracellular dopamine concentration

ΔE-torsinA human mutant torsinA

FCV fast-scan cyclic voltammetry

GPe globus pallidus external segment

GPi globus pallidus internal segment

h-torsinA human wildtype torsinA

mAChR muscarinic ACh receptor

nAChR nicotinic ACh receptor

non-Tg non-transgenic

NSE neuron-specific enolase

Phe(−) transgenic with no motor phenotype

Phe(+) transgenic with a positive motor phenotype

SNc substantia nigra pars compacta

VMAT2 vesicular monoamine transporter 2
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Fig.1. Single-pulse (1 p) or five-pulse (5 p) evoked DA release in the striatum is lower in Phe(+)
than Phe(−) or non-Tg mice
A. Representative 1 p evoked [DA]o recorded in striatal slices from non-Tg mice, Phe(−)
and Phe(+) mice in 2.4 mM [Ca2+]o. B. Mean 1 p evoked [DA]o for each group (*p < 0.05
non-Tg vs. Phe(+) mice; #p < 0.05 Phe(−) vs. Phe(+) mice; n = 49-52 sites per group). C.
Time-course of 1 p evoked [DA]o in striatal slices from non-Tg, Phe(−) and Phe(+) mice,
with peak evoked [DA]o taken as 100% and error bars omitted for clarity. The falling phase
of averaged 1 p release records were indistinguishable indicating similar DA clearance (p >
0.05, n = 5 each). D. Mean 5 p evoked [DA]o at 10, 25 or 100 Hz in each group of mice (*p
< 0.05 non-Tg vs. Phe(+) mice; #p < 0.05 Phe(−) vs. Phe(+) mice; n = 49-52 sites per
group).
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Fig. 2. D2 receptor regulation of striatal DA release is enhanced in Phe(+) mice
A.Representative records of 1 p evoked [DA]o in a non-Tg mouse under control conditions
and in increasing concentrations of the D2 receptor agonist, quinpirole (1 nM to 10 μM). B.
Mean concentration-response curves for the inhibition of DA release by quinpirole in non-
Tg, Phe(−) and Phe(+) mice. Values are expressed as % inhibition of DA release (mean ±
SEM, n = 5 for each group) against log concentrations of quinpirole; dashed lines indicate
the quinpirole concentration at which peak 1 p evoked [DA]o was inhibited by 50%. Actual
IC50 and Imax values for each group (see Table 1) were calculated from fitting one-
component sigmoidal curves to concentration-response data from individual experiments.
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Fig. 3. Enhanced responsiveness of striatal DA release in Phe(+) mice to phasic versus tonic
stimulation is Ca2+ dependent
A. Mean evoked [DA]o elicited by 5 pulse (5 p) stimulus trains at 10, 25 and 100 Hz in
striatal slices from each group, normalized to 1 p evoked [DA]o in 2.4 mM [Ca2+]o (n =
49-52 sites). B. Mean evoked [DA]o elicited by 5 pulse (5 p) stimulus trains at 10, 25 and
100 Hz in striatal slices from each group, normalized to 1 p evoked [DA]o in 1.5 mM
[Ca2+]o (n = 24-27). Significance of differences among the groups for each frequency in
either A) 2.4 mM [Ca2+]o or B) 1.5 mM [Ca2+]o is indicated by *p < 0.05, **p < 0.01, ***p
< 0.001 for non-Tg vs. Phe(+) or Phe(−) mice; #p < 0.05, ##p < 0.01, ###p < 0.001 for Phe(−)
vs. Phe(+) mice (one- and two-way ANOVA for repeated measures with Bonferoni post hoc
tests). C. Lowering [Ca2+]o from 2.4 to 1.5 mM selectively amplifies the phasic (5 p) to
tonic (1 p) ratio of evoked [DA]o at 10, 25, and 100 Hz in Phe(+) mice (**p < 0.01 for 1.5
mM [Ca2+]o vs. same site response in 2.4 mM [Ca2+]o; n = 27-49 sites per point). No Ca2+

dependence of 5 p to 1 p ratio was seen in non-Tg or Phe(−) mice (n = 24-52 sites per
group) (two-way ANOVA for all comparisons).

Bao et al. Page 18

J Neurochem. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. Differences in phasic versus tonic DA release between Phe(+) and non-Tg or Phe(−) mice
are lost when nAChRs are blocked
A. Representative 1 p and 5 p evoked [DA]o recorded in striatal slices from non-Tg, Phe(−)
and Phe(+) mice in the presence of mecamylamine (10 μM), an antagonist of nAChRs. B.
Mean 1 p or 5 p evoked [DA]o in mecamylamine in each group of mice (*p < 0.05 vs. non-
Tg mice; #p < 0.05 Phe(−) vs. Phe(+); n = 17-22 per group). C. Ratio of 5 p to 1 p evoked
[DA]o under control conditions showing enhanced sensitivity to phasic simulation in Phe(+)
mice (*p < 0.05, ***p < 0.001 vs. non-Tg mice; #p < 0.05, ###p < 0.001 vs. Phe(−) mice (n =
17-22). D. Differences among the three groups were lost in mecamylamine (p > 0.05 for all
comparisons; two-way ANOVA).
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Table 1
IC50 and Imax values for inhibition of 1 p evoked [DA]o by the selective D2 receptor
agonist quinpirole in non-transgenic (non-Tg), phenotype positive (Phe(+)) and phenotype
negative (Phe(−)) mice

Group IC50 (nM) Imax (%)

Non-Tg 46.7 ± 5.3 96.8 ± 1.1

Phe(−) 35.6 ± 6.3 93.0 ± 1.4

Phe(+) 29.7 ± 5.2* 91.0 ± 2.6

*
IC50 and Imax values were calculated by fitting a one-component sigmoidal curve to concentration-response data from individual experiments

and are expressed as means ± SEM (n = 5 per group). The IC50 for DA release inhibition by quinpirole was significantly lower in Phe (+) mice (p
< 0.05 vs. non-Tg) indicating enhanced sensitivity for D2 receptor regulation of DA release. See Methods for experimental details.
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