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Abstract

Clinical observations have suggested that antagonism of 5-HT2A receptors may benefit patients

with parkinsonian symptomatology. The mechanism of the antiparkinsonian effects of 5-HT2A

receptor antagonists has not been fully elucidated. We have shown that the selective 5-HT2A

receptor antagonist M100907 [R-(+)-alpha-(2,3-dimethoxyphenyl)-1-[2-(4-fluorophenethyl)]-4-

piperidinemethanol] improved motor impairments in mice treated with the parkinsonian

neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). In Parkinson's disease (PD)

patients and animal models of parkinsonism dopamine denervation is associated with increased

cortico-striatal glutamatergic transmission. We hypothesized that 5-HT2A receptor antagonists

may exert their antiparkinsonian effects by decreasing striatal glutamate. Here, using in vivo

microdialysis, we have shown an increased basal level of extracellular striatal glutamate when

measured three weeks after MPTP administration. The local administration of M100907 to the

striatum significantly decreased striatal extracellular glutamate levels in MPTP-treated and saline

treated mice. Basal extracellular serotonin (5-HT) levels were also elevated, whereas dopamine

(DA) levels were significantly reduced in the striatum of MPTP-treated mice. Infusion of

M100907 into the striatum produced no effect on dopamine or 5-HT levels. Local application of

tetrodotoxin suppressed glutamate, 5-HT and DA concentrations in striatal dialysates in the

presence or absence of M100907. The striatal expression of the glutamate transporter GLT1 was

unchanged. However, there was an upregulation of the expression of 5-HT2A receptors in the

striatum in MPTP-treated animals. Our data provide further evidence of enhanced glutamatergic

neurotransmission in parkinsonism and demonstrate that blocking 5-HT2A receptors in the

striatum will normalize glutamatergic neurotransmission.
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1. Introduction

Parkinson's disease (PD) is a neurological disease associated with a decrease in dopamine

(DA) in the striatum which is the result of the degeneration of dopamine producing neurons

in the substantia nigra pars compacta. DA replacement, with L-3,4-dihydroxyphenylalanine

(L-DOPA), is the predominant treatment of PD. Unfortunately, most patients develop

dyskinesia (abnormal involuntary movements) and motor fluctuations within a few years of

L-DOPA therapy (Nutt, 1990; Hurtig, 1997; Obeso et al., 2000; Ahlskog and Muenter,

2001). Consequently, there is a clear need to identify non-dopaminergic drug targets to

provide fewer side effects while maintaining therapeutic efficacy.

In PD patients and animal models of parkinsonism, dopamine denervation induces an

increase in corticostriatal glutamatergic transmission (Anglade et al., 1996; Ingham et al.,

1998; Meshul et al., 1999). Accordingly, in vivo microdialysis and proton magnetic

resonance spectroscopy have revealed increased glutamate concentrations in the striatum of

MPTP-treated mice (Robinson et al., 2003; Chassain et al., 2008). Because hyper-

glutamatergic drive is associated with parkinsonism, treatment strategies that counteract

glutamatergic activity may provide alternatives to conventional dopaminergic- focused

therapies.

It is well known that the atypical antipsychotic drugs e.g. clozapine cause fewer

extrapyramidal motor deficits in schizophrenic patients (Kane, 2001). The favorable side

effect profile has been attributed to their potent 5-HT2 receptor antagonism in relation to

weak dopamine D2 receptor antagonism (Meltzer, 1991). Clozapine has been shown to be

effective at alleviating catalepsy induced by haloperidol (Murphy and Feldon, 2000), or the

selective dopamine D1 antagonist SCH 23390, and the dopamine D2 antagonist raclopride

(Ahlqvist et al., 2003). It has been reported that the non-selective 5-HT2A receptor

antagonist ritanserin reduced haloperidol-induced catalepsy in rats (Lucas et al., 1997;

Young et al., 1999). Recently, we have shown that the selective 5-HT2A receptor antagonist

M100907 but not the selective 5-HT2C receptor antagonist SB206553 improved motor

impairments in mice treated with the dopaminergic neurotoxin, 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP; Ferguson et al., 2010). The data suggest that antagonism of 5-

HT2A receptors could exert an anti-parkinsonian activity.

A number of studies have demonstrated a widespread distribution of 5-HT2A receptors in the

striatum (Pompeiano et al., 1994; Ward and Dorsa, 1996; Mijnster et al., 1997; Bubser et al.,

2001) and may suggest that 5-HT2A receptors may play a role in regulating striatal

glutamate transmission. For example, microdialysis in the cortex has revealed that the 5-

HT2A receptor antagonist M100907 blocks increases in extracellular glutamate levels

elicited by the 5-HT2A/2C receptor agonist, 1-[2,5-dimethoxy-4-iodophenyl]-2-

aminopropane (DOI; Scruggs et al., 2003).

In the current studies, we determined whether there is increase in basal extracellular

glutamate levels in the striatum of mice treated with MPTP and whether infusion of

M100907 into the striatum will attenuate the elevation in extracellular glutamate. In view of
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the well documented interaction between 5-HT and DA systems (Di Matteo et al., 2008), we

also assessed the effect of M100907 on striatal extracellular DA.

2. Materials and methods

2.1. Animals

Male C57BL/6J mice, 70-77 days of age at the start of experiments, were obtained from

Jackson Labs (Bar Harbor, ME). Animals were group housed, with food and water available

ad libitum. All studies were performed in accordance with the National Institutes of Health

Guide for Care and Use of Laboratory Animals and under the oversight of the Meharry

Medical College Animal Care and Use Committee. All efforts were made to minimize

animal suffering, to reduce the number of animals used, and to utilize alternatives to in vivo

techniques, if available.

2.2. MPTP treatment

Mice were injected (i.p.) with 20 mg/kg MPTP (Sigma–Aldrich, St Louis, MO, USA) or

saline (10 mL/kg) every 2 hours for a total of four injections, resulting in a cumulative dose

of 80 mg/kg (Ferguson et al., 2010). The mortality rate in our cohort of animals was five

percent. All experiments were carried out three weeks after MPTP administration.

2.3. Surgical and microdialysis procedures

Two weeks after MPTP or saline treatment, mice were implanted with a chronic indwelling

guide cannula; 5-7 days later the mice were used in dialysis sessions examining the ability of

the 5-HT2A antagonist M100907 to modulate glutamate release in the striatum. One day

prior to use, the efficiency of transmitter recovery by the probe was determined by collecting

three 10-minute samples (perfusion flow rate of 2 μL/min) after placing the probe in a

solution of glutamate (200 pg/μL) in artificial cerebrospinal fluid (aCSF; 140 mM NaCl, 3.4

mM KCl, 1.5 mM CaCl2, 1.0 mM MgCl2, 1.4 mM NaH2PO4, and 4.85 mM NaHPO4, pH

7.4). Two groups of mice (control or MPTP-treated) were used in the experiment to assess

the effects of M100907. Mice were anesthesized under isoflurane for stereotaxic surgery to

place guide cannula (Plastics One; Roanoke, VA) into the right striatum (anterior-posterior,

+0.6 mm; dorso-ventral, −4.2 mm; and lateral, 2.0 mm relative to bregma). A dual dental

adhesive (Plastics One; Roanoke, VA) was applied to the skull surface and base of the

cannula, and then built up with a small amount of dental acrylic compound. Five to seven

days post-operatively, the dialysis probe (1.5 mm active exchange surface) was inserted and

the animal was placed in a Plexiglas dialysis chamber. The swivel assembly and attached

tubing was carefully counterbalanced to allow free movement of the mouse. The dialysis

probe was perfused at 0.2 μL/min with aCSF for one hour, after which the flow rate was

increased to 2 μL/min. Five 20min baseline samples were collected, after which the selective

5-HT2A antagonist M100907 (100 nM) was administered through the dialysis probe and an

additional five fractions were collected. Afterwards a mixture of M100907 (100 nM) and the

sodium channel blocker, tetrodotoxin (TTX; 1nM) was administered through the dialysis

probe and a final five fractions were collected. At the end of the experiment mice were

deeply anesthetized with sodium pentobarbital (60 mg/kg, i.p.), perfused intracardially with

4% paraformaldehyde and serial coronal sections (40 μm) were cut through the striatum and
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stained with cresyl violet. If the placement was not correct (i.e., outside the striatum), the

data from that animal were discarded. The levels of amino acids in the dialysate were

determined using reverse phase HPLC-EC and fluorescent detection. Aminobutyric acid was

added to dialysis samples as an internal standard. Samples were derivatized using o-

phthalaldehyde and loaded into an autosampler for injection onto a 1.5 micron C18 column

(Alltech Associates; Deerfield, IL). The mobile phase was 100 mM sodium phosphate buffer

containing 10% methanol (pH 3.70) and flow rate was set at 1.2 ml/min with the column

temperature maintained at 40°C. The glutamate and GABA derivatization products were

detected with a RF-10Axl fluorescence detector (Shimadzu Corp; Kyoto, Japan) and an

electrochemical detector (ESA; Chelmford, MA) placed in series. Mean baseline levels of

glutamate and GABA were calculated by averaging the concentrations of the five basal

dialysate samples. If any baseline sample from an animal varied by more than 30% of the

mean, it was eliminated; data from animals with less than three basal samples were not

included in the analysis.

2.4. Immunohistochemistry

Animals were deeply anesthetized with isoflurane and then transcardially perfused with 4%

paraformaldehyde in 0.1M phosphate buffer after a brief perfusion with phosphate buffer.

The brains were removed from the cranium, postfixed in 4% paraformaldehyde overnight,

and then cryoprotected in 30% sucrose in phosphate buffer for 1-2 days. The brains were

sectioned on a freezing microtome at a thickness of 40 μm in the coronal plane (Bubser et

al., 2001). Localization of tyrosine hydroxylase (TH)-positive neurons was performed by

using the Chemicon rabbit anti-TH with donkey anti rabbit biotinylated secondary antibody

(Chemicon, Temecular, CA). In brief, sections were incubated for 48 h at 4°C in primary

antibody for TH, a rabbit polyclonal antibody raised against amino acids 32-47 of the N-

terminus of the rat TH protein (Chemicon # P07101, Millipore, Temecular, CA). The

primary antibody was diluted 1:1000 in 0.1 M PBS containing 1% normal horse serum and

0.2% Triton X-100. The sections were incubated in secondary antibody for 90 min at room

temperature followed by incubation in ABC reagent (Vector, according to the

manufacturer's directions) for 90 min at room temperature. The reaction product was

visualized using nickel-enhanced diaminobenzidine (DAB kit, Vector, 12- min exposure).

The slices were then washed in buffer, mounted on gelatin-coated slides, air- dried, and

coverslipped. For a negative control, elimination of the primary antibody resulted in a

complete lack of tissue immunolabeling.

Stereological assessment of the number of TH-immunoreactive neurons in 40 μm thick

coronal sections cut through the substantia nigra was performed using the Stereologer

software package (Stereology Resource Center; Chester, MD) at the Morphology Core

Laboratory of Meharry Medical College (Nayyar et al., 2009). The two-stage (Nv × Vref)

approach using the optical dissector and Cavalieri method (West and Gundersen, 1990) was

used to calculate the total number of TH-immunoreactive cells in animals subjected to saline

or MPTP-treatment regimen. All immunohistochemical analyses were done by persons

unaware of the treatment condition of the animals.
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2.5. Preparation of striatal synaptosomes

All procedures were carried out at 4°C. After decapitating the mice, the dorsolateral striatum

was dissected from 1.0 mm thick coronal slices and immediately homogenized in 4 ml of a

cold 0.32 M sucrose solution using 10 up-and-down strokes of a pre-chilled Teflon/glass

homogenizer. The homogenate was centrifuged at 1000 × g for 10 min and the supernatant

was carefully collected and stored at 4 °C. The pellet was resuspended in 5 ml of cold 0.32

M sucrose solution and centrifuged again at 1000 × g for 10 min. The two supernatants were

pooled and centrifuged for 30 min at 17,500 × g. After discarding the supernatant, the final

pellet containing the synaptosomes was resuspended in 1 mL of ice-cold Krebs–Ringer

buffer (120 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3, 6

mM glucose, 1.3 mM CaCl2, pH 7.6). Protein concentration was determined and samples

diluted in Krebs–Ringer to a protein concentration of 50 μg/ml.

2.6. Immunoblot analyses

Striatal proteins were extracted using T-PER extraction reagent (Pierce BioTechnology;

Rockville, IL); the protein concentration of the supernatant was determined by the BCA

protein assay (Pierce BioTechnology). Protein was loaded and separated on a 10% SDS-

PAGE gel under reducing conditions, and transferred onto PVDF membranes. Nonspecific

binding was blocked by incubation with phosphate-buffered saline containing 0.05%

Tween-20 and 5% nonfat dry milk for 1 hour. The membranes were incubated in blocking

solution containing anti-5-HT2AR or GLT1 (1:1000; Sigma Chemical Co., St Louis, MO)

and β-actin as a loading control (1:5000; Chemicon), and the proteins revealed by an

immunoperoxidase method with ECL detection (Amersham Biosciences Inc., Piscataway,

NJ). The resultant signals were analyzed using an Alpha Imager™ 2000 Digital Imaging

System (Alpha Innotech Corp; San Leandro, CA).

2.7. Statistical analysis

Microdialysis data are expressed as percentages of basal values, averaged from five pre-drug

fractions. Microdialysis data presented as a histogram were analyzed by two-way ANOVA

with lesion (MPTP treatment) and drug as independent factors, followed by Tukey's post-

hoc tests when indicated by a significant main effect on the ANOVA. Student's t test was

used to compare measures of 5-HT2A, TH and GLT1 immunoreactivity in saline and MPTP-

treated animals.

3. Results

3.1. Effects of MPTP treatment on dopamine neurons in the substantia nigra

To quantify the extent of nigrostriatal damage caused by MPTP treatment, the number of

TH-immunoreactive neurons within the substantia nigra pars compacta was determined

using unbiased stereological methods. An example of TH immunolabeling within the

substantia nigra pars compacta of a saline- and MPTP-treated animal is illustrated in Fig. 1.

Three weeks after the last dose of the neurotoxin or saline, there was a significant decrease

in the number of substantia nigra pars compacta TH-immunoreactive neurons in the MPTP-

treated group compared to the saline-treated group. There was a 73% decrease in TH-
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immunoreactive neurons after MPTP-treatment compared to the saline group (Fig. 1; P <

0.001).

3.2. Effects of M100907 and TTX infusion on glutamate Levels in the dorsal striatum

All in vivo microdialysis experiments were carried out 3 weeks after the last MPTP

administration. The mean basal extracellular glutamate levels in striatal dialysates obtained

from saline treated mice were 3.41 ± 0.24 pmol/μL, (mean ± S.E.M.; n= 30). In local

application experiments, baseline samples were collected from the striatum after a 2 hour

perfusion, and basal extracellular levels remained stable before drug perfusion. A two-

ANOVA revealed main effects of lesion produced by MPTP treatment (F1,42 = 29.05, p <

0.0001), drug treatment (F2,42 = 90.18, p < 0.0001) and lesion × drug interaction (F2,42 =

4.856; p < 0.05) on extracellular glutamate (Fig. 2). MPTP-treated mice exhibited a greater

than 60% increase in basal extracellular glutamate levels compared to the saline-treated

mice (Fig. 2). Post hoc analysis using the Tukey's multiple comparison test showed that

local perfusion of 100 nM M100907 into the dorsal striatum significantly decreased basal

glutamate levels in saline (p<0.0001) and MPTP (p < 0.0001)-treated mice, compared with

the baseline levels of the saline-treated mice. Extracellular glutamate was further decreased

(p < 0.0001) subsequent to administration of M100907 and TTX (Fig 2). TTX perfusion is a

powerful in vivo method for differentiating between action potential-dependent and action

potential-independent drug-induced neurotransmitter release (Westerink et al., 1987). The

addition of 1μL TTX to the perfusion fluid reduced extracellular glutamate in saline and

MPTP-treated mice (lesion; F1,18 = 124.3, P < 0.0001; TTX; F1,18 = 31.01, p < 0.0001;

lesion x TTX interaction; F1,18 = 10.11, p < 0.05) (Fig. 3). Extracellular glutamate was

decreased by 73% (p<0.0001) in the saline-treated and 75% (p < 0.0001) in the MPTP-

treated mice, in comparison to basal levels of each respective treatment group (Fig 3).

3.3. Effects of M100907 and TTX on 5-HT levels in the dorsal striatum

Two-way ANOVA revealed significant main effects (lesion; F1,42 = 16.03, p<0.001; drug;

F2,42 = 298.1, p < 0.0001; lesion × drug interaction; F2,42 = 4.47, p < 0.05) (Fig. 4). Post hoc

analysis using the Tukey's multiple comparison test revealed a significant increase (21%) of

basal serotonin levels in the MPTP-treated mice (p < 0.05) compared to the saline-treated

mice (0.664 ± 0.087 fmol/5 μL sample, mean ± S.E.M.; n= 30) (Fig. 4). Post hoc analysis

using the Tukey's multiple comparison test revealed no significant decreases in 5-HT levels

subsequent to M100907 application (Fig. 4). However, serotonin levels were significantly

decreased in the saline-treated (p < 0.0001) and the MPTP-treated mice (p < 0.0001) with

the co-administration of M100907 and TTX. In the absence of M100907 the addition of 1μL

TTX to the perfusion fluid reduced serotonin by 96% in the saline-treated (p < 0.0001) and

99 % in the MPTP-treated mice (p<0.0001), in comparison to basal levels of each respective

treatment group (lesion; F1,18 = 7.490, P < 0.05; TTX; F1,18 = 1068, p < 0.0001; lesion ×

TTX interaction; F1,18 = 11.33, p < 0.01) (Fig. 5).

3.4. Effect of M100907 and TTX on DA Levels in the dorsal striatum

Two-way ANOVA indicated significant main effects of treatment (lesion; F1,42 = 155 , p <

0.0001; drug effect, F2,42 = 76.23, p < 0.0001 and lesion × drug interaction F2,42 = 38.93, p

< 0.0001) (Fig. 6). The basal dopamine levels were 80% lower in the MPTP-treated mice (p
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< 0.0001) compared to the saline-treated mice (1.71 ± 0.05 fmol/ 5 μL sample, mean ±

S.E.M.; n= 30) (Fig. 6). Post hoc analysis using the Tukey's multiple comparison test

revealed no significant decreases in the dopamine levels subsequent to M100907

application. However, dopamine levels were significantly decreased in the saline-treated (p

< 0.0001) and the MPTP-treated mice (p < 0.0001) with the administration of M100907 and

TTX (Fig. 6). In the absence of M100907 the addition of 1μL TTX to the perfusion fluid

reduced dopamine by 97% in the saline-treated (p < 0.0001) and 79% in the MPTP-treated

mice (p<0.0001), in comparison to basal levels of each respective treatment group (lesion;

F1,18 = 197.8, P < 0.0001; TTX; F1,18 = 638.5, p < 0.0001; lesion × TTX interaction; F1,18 =

239.4, p < 0.0001) (Fig. 7).

3.5. Glutamate transporter expression in the striatum

To determine if changes in the basal level of striatal glutamate could be the result of

alterations in the density of glutamate transporter (GLT1), semi-quantitative western blot

analysis was conducted on tissue from the dorsal striatum. An example of western blot for

GLT1 in a saline-and MPTP -treated group is illustrated in Fig. 8. The GLT1 protein was

not significantly affected (p > 0.05) by MPTP treatment.

3.6. 5-HT2A Receptor Expression in the Striatum

We analyzed the expression of 5-HT2A receptors in the dorsolateral striatum, a major area of

input of cortico-striatal projections (McGeorge and Faull, 1989). Synaptosomes prepared

from tissue dissected from the dorsal striatum were subjected to Western blot analysis and

probed with antibodies for 5-HT2A receptors. The 5-HT2A receptor protein was highly

expressed in both saline-treated and MPTP-treated mice (Fig. 9). The 5-HT2A receptor

protein was robustly upregulated (p < 0.01) in the MPTP-treated mice in comparision to the

saline-treated mice.

4. Discussion

The current study shows that the administration of the neurotoxin MPTP results in an

increase in the basal level of extracellular striatal glutamate when measured 3 weeks after

MPTP administration. In addition the MPTP regimen evokes increased serotonergic

neurotransmission as reflected in elevated striatal levels of 5-HT. The local administration of

the selective 5-HT2A receptor antagonist M100907 to the striatum significantly decreased

striatal extracellular glutamate levels in the MPTP-treated mice and the saline-treated mice.

It is important to note that M100907 administered into the striatum by reverse microdialysis,

produced no effect on DA or 5-HT release in this region. Glutamate, DA, and 5-HT

concentrations in striatal dialysates were suppressed by local application of TTX both in the

presence and absence of M100907. Overall, these data illustrate that under the experimental

conditions used, dialysate glutamate, 5-HT, and DA concentrations are largely derived from

neuronal, impulse-dependent release in the striatum. These findings suggest that M100907 is

acting directly on corticostriatal projections to inhibit the neuronal release of glutamate in

the striatum. In addition we noted an increased expression of 5-HT2A receptors but no

changes in GLT-1 in the striatum of MPTP-treated mice.
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It has been well established that in PD (Anglade et al., 1996) and rodent models (Ingham et

al., 1993; Meshul et al., 2000), nigrostriatal DA depletion leads to increased diameter of

postsynaptic density in glutamatergic axo-spinous synapses, suggesting that corticostriatal

activity may be increased. In line with these observations, there is evidence for an increase

in the basal extracellular levels of striatal glutamate in MPTP-treated mice (Robinson et al.,

2003; Holmer et al., 2005; Chassain et al., 2008) and 6-hydroxydopamine-lesioned rats

(Lindefors and Ungerstedt, 1990; Meshul et al., 1999; Meshul and Allen 2000; Jonkers et

al., 2002; Walker et al., 2009). These findings are in agreement with our studies, though

some investigators did not detect any changes in extracellular striatal glutamate (Corsi et al.,

2003; Galeffi et al., 2003; Robelet et al., 2004). The discrepancy may be attributable to

differences in the PD model used or differences in survival times after lesioning.

The control of the levels of extracellular glutamate is the function of the sodium-dependent

transporters (Sheldon et al., 2007). Of the five members of the family of reuptake

transporters, GLT-1 is the primary transporter that regulates the extracellular levels of

glutamate (Suchak et al., 2003; Maragakis and Rothstein, 2004). There is the possibility that

the increased extracellular levels of glutamate associated with loss of DA could result from

downregulation of striatal GLT-1. Whereas some groups have reported downregulation of

GLT-1 following dopaminergic lesioning (Holmer et al., 2005; Chung et al., 2008), others

have observed an upregulation of striatal GLT-1 (Massie et al., 2010). We and others did not

detect changes in striatal GLT-1 expression (Lievens et al., 2001). It has been reported that

alterations in GLT-1 expression following 6-hydroxydopamine injections is transient and

could explain these contradictory findings (Massie et al., 2010). Another possible

explanation is that other factors besides glutamate uptake may play a role in influencing the

extracellular level of glutamate.

It has been well documented that activation of 5-HT2A receptors in the cortex evokes the

release of glutamate (Aghajanian and Marek, 1999; Scruggs et al., 2000, 2003). We

observed increased basal levels of 5-HT coupled with the upregulation of 5-HT2A receptor

expression. Our data suggest that an enhanced 5-HT2A-mediated neurotransmission in the

corticostriatal pathway may contribute to the increase in glutamatergic signaling associated

with DA depletion in PD.

4.1. Striatal 5-HT2A neurotransmission and its implications in PD

L-DOPA is arguably the most effective treatment for PD, but patients invariably develop

motor fluctuations and dyskinesias after chronic treatment (Lang and Lozano, 1998; Obeso

et al., 2000; Dauer and Przedborski, 2003; Fahn, 2003; Nutt and Wooten, 2005). Therefore

efforts towards the development of alternative non-dopaminergic treatments are warranted.

Modulation of striatal dopamine release by 5-HT2A compounds has been well investigated.

Results have shown that while 5-HT2A receptor activation has no effect on basal dopamine

release, stimulated dopamine release is facilitated (Ichikawa and Meltzer, 1995; Gobert and

Milan, 1999; Lucas and Spampinato, 2000; Kuroki et al., 2003). Furthermore, it has been

noted that 5-HT2A receptor antagonists do not alter striatal dopamine levels when

administered under basal conditions (Sorensen et al., 1993; Schmidt and Fadayel, 1996; De

Deuwaerdere and Spampinto, 1999; Gobert et al., 2000) but attenuate increases in dopamine
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release evoked by psychostimulant administration (Schmidt et al., 1994; Porras et al., 2002;

Auclair et al., 2004). Under the conditions of our study, it is unlikely that the

antiparkinsonian effects of the 5-HT2A antagonist M100907 could be attributed to its effects

on dopamine homeostasis in the striatum. How 5-HT2A receptors may modulate motor

function can be derived from our understanding of current models of basal ganglia anatomy

and physiology (Fig 10). The striatum is the primary input nucleus of the basal ganglia. It

receives excitatory glutamatergic input from the cerebral cortex. The major output nuclei of

the basal ganglia, the internal globus pallidus (GPi) and the substantia nigra pars reticulata

(SNr), receive information from the striatum via two major pathways. The direct pathway

consists of monosynaptic inhibitory projections from the striatum to the output nucleus (Fig

10). The net excitatory polysynaptic projections which include the external globus pallidus

(GPe) and the subthalamic nucleus (STN), terminating in the output nuclei constitutes the

indirect pathway. At the striatal level, dopamine acting on dopamine D1 receptors, facilitates

transmission along the direct pathway and inhibits transmission along the indirect pathway

through dopamine D2 receptors. It is thought that the delicate balance between inhibition of

the output nuclei by the direct pathway and excitation by the indirect pathway is critical for

normal control of motor activity, and that modulation of striatal activity by dopamine plays a

crucial role in maintaining this balance. In the parkinsonian state, dopamine deficiency leads

to an overall increase in excitatory drive in the GPi-SNr, increasing the inhibitory output

from GPi-SNr and thus decreased activity in the thalamocortical motor centers (Fig 10).

Accordingly, it has been observed that in PD (Anglade et al., 1996) and rodent models

(Ingham et al., 1993; Meshul et al., 2000), nigrostriatal DA depletion leads to increased

diameter of postsynaptic density in glutamatergic axo-spinous synapses, suggesting that

corticostriatal activity may be increased. In line with these observations, there is evidence

for an increase in the basal extracellular levels of striatal glutamate in MPTP-treated mice

(Robinson et al., 2003; Holmer et al., 2005; Chassain et al., 2008) and 6-hydroxydopamine-

lesioned rats (Lindefors and Ungerstedt, 1990; Meshul et al., 1999; Meshul and Allen 2000;

Jonkers et al., 2002; Walker et al., 2009). Counteracting the glutamatergic hyperactivity in

the striatum may alleviate parkinsonian motor deficits.

In situ hybridization and immunohistochemical studies have revealed widespread

distribution of 5-HT2A receptors in the striatum (Pompeiano et al., 1994; Ward and Dorsa,

1996; Mijnster et al., 1997; Bubser et al., 2001), but the major source of 5-HT2A receptors

appears to be the heteroceptors located on the terminals of the cortico-striatal glutamatergic

axons (Bubser et al., 2001). As such, the organization of 5-HT2A-containing afferents to the

striatum offers an anatomical substrate for the ability of 5-HT2A antagonists to modulate the

dysfunctional basal ganglia circuitry that may be responsible for parkinsonian symptoms.

Activation of 5-HT2A heteroceptors in several brain areas has been shown to evoke

glutamate release (Aghajanian and Marek, 1997; Scruggs et al., 2000, 2003). We

hypothesize that 5-HT2A receptor antagonists may restore motor function by normalizing the

overactive glutamatergic drive resulting from DA depletion (Fig 10).

Several studies have examined the 5-HT2A antagonists in PD for their potential effects on

LDOPA-induced dyskinesia. The 5-HT2A receptor inverse agonist pimavanserin alleviated

LDOPA-induced dyskinesia in the MPTP-lesioned parkinsonian monkey (Vanover et al.,

2008) and PD patients (Roberts, 2006). At odds with this finding, the selective 5-HT2A
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receptor antagonist volinanserin (M100907) failed to reduce L-DOPA-induced dyskinesia in

6-OHDA-lesioned rat (Taylor et al., 2006). Despite the discrepancy it appears that increased

serotonergic neurotransmission may play a role in L-DOPA-induced dyskinesia since

chronic L-DOPA treatment led to increased 5-HT2A receptor expression in the striatum and

cortex of MPTP-lesioned macaques (Riahi et al., 2011; Huot et al., 2012). Increased 5-HT2A

receptor mediated neurotransmission will enhance glutamatergic neurotransmission by

evoking glutamate release (Aghajanian and Marek, 1999; Scruggs et al., 2003). As we have

shown, inhibition of glutamate release in the corticostriatal pathway may be a possible

mechanism for the antidyskinetic actions of 5-HT2A receptor antagonists.

5. Conclusions

In conclusion, our studies reveal an increased glutamatergic and serotonergic

neurotransmission in the striatum of the parkinsonian mouse model. 5-HT2A receptor

antagonists attenuated striatal glutamate with no effect on striatal serotonin or dopamine.

Considering that excessive glutamatergic tone is thought to be a pathophysiological feature

of Parkinson's disease our findings demonstrate that further exploration of 5-HT2A receptor

antagonists as potential therapeutic target for PD is warranted.
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There was elevated basal striatal glutamate three weeks after MPTP administration.

Striatal serotonin was elevated, but dopamine was reduced in MPTP-treated mice.

Local infusion of M100907 to the striatum decreased extracellular glutamate levels.

Local Infusion of M100907 had no effect on striatal serotonin or dopamine levels.

Glutamatergic transmission in PD may be normalized by 5-HT2A receptor blockade.
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Figure 1.
Tyrosine hydroxylase expression in the substantia nigra pars compacta of saline and MPTP-

treated mice. (A) Photomicrographs illustrating tyrosine hydroxylase expression in the

substantia nigra pars compacta. Magnification of inset is shown on the right panels. Scale

bar: 50 μm on left panels. Scale bar: 10 μm on right panels (B) Stereological counts of

tyrosine hydroxylase immunopositive neurons in the substantia nigra pars compacta of

saline and MPTP-treated mice. There was a significant difference between saline and
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MPTP-treated mice (n = 6/group). *** significantly different from saline-treated (P <

0.001), by Student's t-test.
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Figure 2.
Effect of M100907 on Glutamate Levels in the Dorsal Striatum. Data are expressed as

percentages of values in vehicle-injected control mice. Mice were treated with four doses of

MPTP (20 mg/kg, ip) or saline (10 ml/kg, ip) (n = 11/group) every 2 hours for a total of four

doses. Dialysis was carried out 7 days after cannula implantation (3 weeks after MPTP

treatment). (A) Four baseline samples were first collected and then a challenge dose of

M100907 (100 nM) and an additional five samples were collected. Finally a challenge dose

of M100907 (100 nM) and TTX (1 μM) and five samples were collected. (B) The time
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course data are represented as a histogram. *** Significantly different from saline-treated

mice (P < 0.001); in two-way ANOVA with Tukey's post hoc comparison. The line

segments on time course graphs indicate duration of drug administration.
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Figure 3.
Effect of tetrodotoxin (TTX) on Glutamate Levels in the Dorsal Striatum. Data are

expressed as percentages of values in vehicle-injected control mice. Mice were treated with

four doses of MPTP (20 mg/kg, ip) or saline (10 ml/kg, ip) (n = 6/group) every 2 hours for a

total of four doses. Dialysis was carried out 7 days after the cannula implantation. (A) Five

baseline samples were first collected and then a challenge dose of TTX (1 μM) and six

samples were collected. (B) The time course data are represented as a histogram. ***

Significantly different from saline-treated mice (P < 0.001); in two-way ANOVA with
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Tukey's post hoc comparison. The line segments on time course graphs indicate duration of

drug administration.
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Figure 4.
Effect of M100907 on Serotonin Levels in the Dorsal Striatum. Data are expressed as

percentages of values in vehicle-injected control mice. Mice were treated with four doses of

MPTP (20 mg/kg, ip) or saline (10ml/kg, ip) (n = 11/group) every 2 hours for a total of four

doses. Dialysis was carried out 7 days after cannula implantation. (A) Four baseline samples

were first collected and then a challenge dose of M100907 (100 nM) and an additional five

samples were collected. Finally a challenge dose of M100907 (100 nM) and TTX (1 μM)

and five samples were collected.(B) The time course data are represented as a histogram. *
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Significantly different from saline-treated mice (P < 0.05); *** Significantly different from

saline-treated mice (P < 0.001); in two-way ANOVA with Tukey's post hoc comparison.

The line segments on time course graphs indicate duration of drug administration.
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Figure 5.
Effect of TTX on Serotonin Levels in the Dorsal Striatum. Data are expressed as

percentages of values in vehicle-injected control mice. Mice were treated with four doses of

MPTP (20 mg/kg, ip) or saline (10 ml/kg, ip) (n = 6/group) every 2 hours for a total of four

doses. Dialysis was carried out 7 days after cannula implantation. (A) Five baseline samples

were first collected and then a challenge dose of TTX (1 μM) and six samples were

collected. (B) The time course data are represented as histogram. * Significantly different

from saline-treated mice (P < 0.05); *** Significantly different from saline-treated mice (P <
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0.001); in twoway ANOVA with Tukey's post hoc comparison. The line segments on time

course graphs indicate duration of drug administration.
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Figure 6.
Effect of M100907 on Dopamine Levels in the Dorsal Striatum.

Data are expressed as percentages of values in vehicle-injected control mice. Mice were

treated with four doses of MPTP (20 mg/kg, ip) or saline (10 ml/kg, ip) (n = 11/group) every

2 hours for a total of four doses. Dialysis was carried out 7 days after cannula implantation.

(A) Four baseline samples were first collected and then a challenge dose of M100907 (100

nM) and an additional five samples were collected. Finally a challenge dose of M100907

(100 nM) and TTX (1 μM) and five samples were collected. (B) The time course data is
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represented in histogram. *** Significantly different from saline-treated mice (P < 0.001); in

two-way ANOVA with Tukey's post hoc comparison. The line segments on time course

graphs indicate duration of drug administration.
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Figure 7.
Effect of TTX on Dopamine Levels in the Dorsal Striatum. Data are expressed as

percentages of values in vehicle-injected control mice. Mice were treated with four doses of

MPTP (20 mg/kg, ip) or saline (10 ml/kg, ip) (n = 11/group) every 2 hours for a total of four

doses. Dialysis was carried out 7 days after cannula implantation. (A) Five baseline samples

were first collected and then a challenge dose of TTX (1 μM) and six samples were

collected. (B) The time course data is represented in histogram. *** Significantly different

from saline-treated mice (P < 0.001); in two-way ANOVA with Tukey's post hoc
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comparison. The line segments on time course graphs indicate duration of drug

administration.
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Figure 8.
Expression of GLT1 in the Dorsal Striatum. Western blot analysis of GLT1 expression in

homogenate prepared from the dorsal striatum. Exposure to MPTP did not significantly

affect the expression of the GLT1 protein expression in the dorsal striatum. Mice were

treated with four doses of MPTP (20 mg/kg, ip) or saline (10 ml/kg, ip) every 2 hours for a

total of four doses. Optical density values are shown in relation to saline group after

normalization to corresponding β-actin bands. Error bars represent mean ±SEM.
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Figure 9.
Expression of 5-HT2A receptor (5-HT2AR) in the Dorsal Striatum. Western blot analysis of

5-HT2A receptor expression in synaptosomes prepared from the dorsal striatum. Exposure to

MPTP resulted in up regulation of the 5-HT2A receptor. Mice were treated with four doses

of MPTP (20 mg/kg, ip) or saline (10 ml/kg, ip) every 2 hours for a total of four doses.

Optical density values are shown in relation to saline group after normalization to

corresponding β-actin bands. ** significantly different from saline-treated mice (n = 5/

group) (P < 0.01). Error bars represent mean ±SEM.
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Figure 10.
Basal ganglia circuitry showing proposed antiparkinsonian activity of 5-HT2A receptor

antagonists. Excitatory projections are depicted as closed arrows and inhibitory projections

are shown as open arrows. (A) The striatum is the primary input nucleus of the basal

ganglia. It receives excitatory glutamatergic input from the cerebral cortex. The major

output nuclei of the basal ganglia, the internal globus pallidus (GPi) and the substantia nigra

pars reticulata (SNr), receive information from the striatum via two major pathways. The

direct pathway consists of monosynaptic inhibitory projections from the striatum to the

output nucleus. The net excitatory polysynaptic projections which include the external

globus pallidus (GPe) and the subthalamic nucleus (STN), terminating in the output nuclei

constitutes the indirect pathway. At the striatal level, dopamine acting on dopamine D1

receptors, facilitates transmission along the direct pathway and inhibits transmission along

the indirect pathway through dopamine D2 receptors. It is thought that the delicate balance

between inhibition of the output nuclei by the direct pathway and excitation by the indirect

pathway is critical for normal control of motor activity, and that modulation of striatal

activity by dopamine plays a crucial role in maintaining this balance. (B) In the parkinsonian

state, loss of dopamine in the substantia nigra pars compacta (SNc) leads to an overall

increase in excitatory drive in the GPi-SNr, increasing the inhibitory output from GPi-SNr

and thus decreased activity in the thalamocortical motor centers. Activation of 5-HT2A

receptors on the terminals of corticostriatal neurons increase glutamatergic transmission. (C)

Blocking 5-HT2A receptors will dampen the increased glutamatergic drive arising from

dopamine deficiency and restore normal function of the basal ganglia and improve

parkinsonian motor deficits.
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