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Abstract

Dopamine and serotonin in the basal ganglia interact in a bidirectional manner. On the one hand, 

serotonin (5-HT) receptors regulate the effects of dopamine agonists on several levels, ranging 

from molecular signaling to behavior. These interactions include 5-HT receptor-mediated 

facilitation of dopamine receptor-induced gene regulation in striatal output pathways, which 

involves the 5-HT1B receptor and others. Conversely, there is evidence that dopamine action by 

psychostimulants regulates 5-HT1B receptor expression in the striatum. To further investigate the 

effects of dopamine and agonists on 5-HT receptors, we assessed the expression of 5-HT1B and 

other serotonin receptor subtypes in the striatum after unilateral dopamine depletion by 6-OHDA 

and subsequent treatment with L-DOPA (5 mg/kg; 4 weeks). Neither dopamine depletion nor L-

DOPA treatment produced significant changes in 5-HT2C, 5-HT4 or 5-HT6 receptor expression in 

the striatum. In contrast, the 6-OHDA lesion caused a (modest) increase in 5-HT1B mRNA levels 

throughout the striatum. Moreover, repeated L-DOPA treatment markedly further elevated 5-

HT1B expression in the dopamine-depleted striatum, an effect that was most robust in the 

sensorimotor striatum. A minor L-DOPA-induced increase in 5-HT1B expression was also seen in 

the intact striatum. These changes in 5-HT1B expression mimicked changes in the expression of 

neuropeptide markers (dynorphin, enkephalin mRNA) in striatal projection neurons. After 

repeated L-DOPA treatment, the severity of L-DOPA-induced dyskinesias and turning behavior 

was positively correlated with the increase in 5-HT1B expression in the associative, but not 

sensorimotor, striatum ipsilateral to the lesion, suggesting that associative striatal 5-HT1B 

receptors may play a role in L-DOPA-induced behavioral abnormalities.
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Introduction

The ascending serotonin system modulates basal ganglia function in a complex manner, with 

serotonin input influencing neuronal activity in all basal ganglia nuclei. Serotonin effects are 

mediated by at least 14 serotonin (5-HT) receptor subtypes, many of which are present in the 

basal ganglia [1, 2]. For example, the striatum contains moderate to relatively high levels of 

5-HT1B, 5-HT2C, 5-HT4 and 5-HT6, among others [1, 2]. These receptors impact striatal 

function by affecting intrinsic neurons directly and by altering striatal inputs. Thus, studies 

show that serotonin modifies dopamine input via 5-HT receptors located in the 

somatodendritic area of dopamine neurons in the midbrain and in dopamine terminal fields 

[2].

Among the dopamine actions regulated by serotonin are effects of psychostimulants 

(indirect dopamine agonists) such as cocaine and others on striatal gene regulation. This has 

been shown for several genes [3–6], including the neuropeptide dynorphin (e.g., [6]), a 

marker for D1 dopamine receptor-expressing direct pathway (striatonigral) neurons [7]. 

Several 5-HT receptors appear to be involved, but the 5-HT1B receptor plays a prominent 

role in this effect. For example, cocaine-induced gene regulation in striatal projection 

neurons, while principally mediated by D1 receptors [8–10], is facilitated by co-activation of 

5-HT1B receptors [4, 11]. Our recent studies show that serotonin agonists (i.e., selective 

serotonin reuptake inhibitors, SSRIs) co-administered together with the psychostimulant 

methylphenidate, a dopamine reuptake blocker, potentiate methylphenidate-induced gene 

regulation in striatal projection neurons [12, 13]. This effect is also mediated at least in part 

by the 5-HT1B receptor [14].

The 5-HT1B receptor in turn is dynamically regulated by various factors, including stress 

(e.g., [15, 16]), drug withdrawal (e.g., [17]) and dopamine agonist treatments [18]. For 

example, upregulated 5-HT1B expression in the striatum has been shown after cocaine 

administration [19, 20]. Our studies recently demonstrated that repeated treatment with 

methylphenidate also increases the expression of 5-HT1B in striatal projection neurons [12]. 

This effect was selective in as far as another 5-HT receptor subtype that modifies dopamine 

and psychostimulant effects, 5-HT2C, was unaltered [12].

Serotonin receptors, including 5-HT1B, are also implicated in Parkinson’s disease and its 

treatment with L-DOPA [21, 22]. For example, recent studies reported upregulated 5-HT1B 

mRNA expression [23] and 5-HT1B receptor binding [24, 25] in the basal ganglia after 

dopamine depletion followed by repeated L-DOPA treatment. These findings raised the 

prospect that pharmacological targeting of serotonin receptors may provide an approach to 

control L-DOPA-induced dyskinesias, a problematic side effect of long-term L-DOPA 

treatment [21, 22].
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In the present study, we used an animal model for Parkinson’s disease, dopamine depletion 

by 6-OHDA in combination with repeated L-DOPA treatment, to further investigated how 

dopamine and dopaminergic drugs impact the expression of 5-HT1B and other 5-HT 

receptor subtypes relatively highly expressed in striatal neurons (5-HT2C, 5-HT4, 5-HT6). 

We mapped the effects of these treatments on 5-HT receptor mRNA expression throughout 

the striatum in order to assess their impact on the different functional domains and compared 

the effects with the well-established changes in expression of neuropeptide markers in direct 

(dynorphin) and indirect pathway neurons (enkephalin) after a 6-OHDA lesion and L-DOPA 

treatment. Our findings demonstrate that dopamine depletion produces a minor increase in 

5-HT1B mRNA levels and that repeated L-DOPA treatment causes a pronounced further 

increase in 5-HT1B expression, which mimics the regional distribution of increased 

dynorphin expression in direct pathway neurons (maximal in the sensorimotor striatum). 

Moreover, further analysis revealed that the severity of L-DOPA-induced dyskinesias was 

positively correlated with the magnitude of increases in 5-HT1B expression selectively in 

the associative striatum.

Materials and Methods

Animals

Adult male Sprague–Dawley rats (240–260 g at the beginning of the study; Harlan, 

Madison, WI, USA) were housed 2–3 per cage under standard laboratory conditions (12:12h 

light/dark cycle, lights on at 07:00h; with food and water available ad libitum). Experiments 

were performed between 13:00 and 17:00h. All procedures met the NIH guidelines for the 

care and use of laboratory animals and were approved by the Rosalind Franklin University 

Animal Care and Use Committee.

6-OHDA Lesions

Rats received an injection of desipramine (20 mg/kg, i.p.; in 0.9% saline; Sigma-Aldrich, St 

Louis, MO, USA) 30 minutes prior to surgery. After being deeply anesthetized with 

isoflurane vapors (2–5%), they received an infusion of either 6-OHDA (6-OHDA HBr, 

Sigma-Aldrich; 8 μg/4 μl, in saline containing 0.1% ascorbic acid) or saline/ascorbic acid 

into the right medial forebrain bundle as previously described [26]. The coordinates used 

were (in mm): anterior: 4.3 (from bregma), lateral: 1.6, ventral: 8.3 (from dura) [27]. 6-

OHDA/vehicle were slowly infused at a rate of 0.4 μl/min, and the cannula was left in place 

for an additional 10 min before being removed.

The effectiveness of the 6-OHDA lesion was evaluated 4 weeks post-lesion by assessing 

deficits in forelimb movements using a stepping test. In this test, the number of adjusting 

steps with the forepaw contralateral to the lesion drops to 3 steps or fewer in animals with a 

>90% dopamine cell loss in the substantia nigra (normal response, 9–12 adjusting steps in 

our setting; [26, 28]). The present study included only 6-OHDA-infused rats that exhibited 3 

or fewer adjusting steps (20 rats). The lesion was further characterized by measuring 

tyrosine hydroxylase (TH) immunoreactivity, and enkephalin and dynorphin expression in 

the striatum (Fig. 1).
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Drug Treatment

Rats were randomly assigned to the different treatments. A sham/partial lesion group (S/V; 

n=9; five saline-infused rats plus four 6-OHDA-infused rats without behavioral deficits) 

received repeated injections of vehicle (saline, 1 ml/kg, i.p.). The 6-OHDA-infused rats with 

stepping deficits were treated with either vehicle (6/V; n=11) or L-DOPA (5 mg/kg, Alfa 

Aesar, Tewksbury, MA, USA; plus 12.5 mg/kg benserazide hydrochloride, Sigma-Aldrich) 

(6/L-DOPA; n=9). These two groups did not differ in their stepping deficits (p>0.05; data 

not shown). Animals received these drug treatments once daily on 5 days (Mon-Fri) for three 

weeks. In week 4, rats were treated on 3 days. Following the last injection, the rat was 

placed in an open-field apparatus (43 × 43 cm), and turning behavior was recorded with a 

video camera for 40 min. Rats were then killed 1 h after the final treatment.

Behavioral Analysis

L-DOPA-induced dyskinesias (abnormal involuntary movements, AIMs) were evaluated 

once daily on three days per week (Wed-Fri) during the first 3 weeks by a rater unaware of 

the treatment [29]. Behavior was videotaped, and AIMs were rated using a time-sampling 

procedure, i.e., during 2-min periods at 30 min intervals 30–180 min after the L-DOPA 

injection. Three AIMs subtypes were assessed, “axial”, “limb” (forelimb) and “orolingual” 

(see [30], for exact definitions). The frequency of these AIMs subtypes was rated using a 

standard scale (0 = absent; 1 = occasional; 2 = frequent with many interruptions; 3 = 

continuous but interrupted by external sensory stimuli; and 4 = continuous, not interrupted 

by strong sensory stimuli) [30–32]. In addition, the amplitude of AIMs was scored as 

follows [30]: axial AIMs (1 = consistent lateral deviation of head and neck at approximately 

30° angle; 2 = lateral deviation of head and neck, 30° < angle ≤ 60°; 3 = lateral deviation of 

head, neck and upper trunk, 60° < angle ≤ 90°; 4 = torsion of head, neck and trunk at > 90° 

angle, often causing rat to lose balance), forelimb AIMs (1 = small involuntary movements 

of the distal forelimb; 2 = movements of low amplitude causing translocation of both distal 

and proximal forelimb; 3 = involuntary movements of the whole limb including shoulder 

muscles; 4 = strong limb and shoulder movements, often similar to ballism), and orolingual 

AIMs (1 = small involuntary movements of the orofacial muscles; 2 = orofacial movements 

of high amplitude with tongue protrusion). Partial scores such as 0.5, 1.5, 2.5, and 3.5 were 

given to increase the sensitivity of the rating. Frequency and amplitude scores were 

multiplied for each monitoring period (i.e., 30, 60, 90, 120, 150 and 180 min) and the values 

added up, giving a total AIMs score for each subtype and an overall total for each testing 

day. For the correlation analyses reported here, the average AIMs scores for Wed, Thu and 

Fri of week 3 were used.

Turning behavior in the open-field test on the last day (week 4) was assessed during 4 

sampling periods, at 5–10, 15–20, 25–30, 35–40 min after drug injection. Tight circling 

contraversive to the lesion (i.e., towards the left side) (see [33]) was measured (counted as 

number of half-turns). In these animals, L-DOPA-induced turning behavior emerged 

between 11 and 18 min after L-DOPA injection. Thus, the total number of half-turns during 

the periods 25–30 and 35–40 min (“20–40 min”) were used for correlation analysis.
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Tissue Preparation and In Situ Hybridization Histochemistry

The rats were killed with CO2, and the brain was rapidly removed, frozen in isopentane 

cooled on dry ice and then stored at −30 °C until cryostat sectioning. Coronal sections (12 

μm) were thaw-mounted onto glass slides (Superfrost/Plus, Daigger, Wheeling, IL, USA), 

dried on a slide warmer and stored at −30 °C. In situ hybridization histochemistry was 

performed as described before [12, 34]. Oligonucleotide probes (48-mers; Invitrogen, 

Rockville, MD, USA) were labeled with [33P]-dATP. The probes had the following 

sequence: enkephalin, complementary to bases 436–483, GenBank accession number 

M28263; dynorphin, bases 862–909, M10088; 5-HT1B (Htr1b), bases 62–109, NM 022225; 

5-HT2C (Htr2c), bases 363–410, NM 012765; 5-HT4 (Htr4), bases 683–730, NM 012853; 

and 5-HT6 (Htr6), bases 841–888, L41146. Hybridization and washing procedures were as 

reported [12, 35]. The sections were apposed to X-ray film (BioMax MR-2, Kodak) for 3–11 

days.

Tyrosine Hydroxylase Immunohistochemistry

Striatal sections were processed for TH immunohistochemistry to determine the extent of 

the dopamine depletion, following previously published procedures [34, 36]. In short, fresh-

frozen, thaw-mounted 12 μm sections were first fixed in 4% paraformaldehyde/saline for 10 

min. TH immunolabeling was then revealed with a rabbit peroxidase–antiperoxidase (1:500) 

reaction, followed by a standard 3,3’-diaminobenzidine protocol with nickel intensification. 

The signal was measured by densitometry.

Analysis of Autoradiograms

Gene expression in the striatum was assessed in sections from 3 rostrocaudal levels [rostral, 

approximately at +1.6 mm relative to bregma [27]; middle, +0.4 (Fig. 1); caudal, −0.8] in a 

total of 23 sectors. These sectors are mostly defined by their predominant cortical inputs and 

thus reflect different functional domains (see [35, 37]). Eighteen of these sectors represent 

the caudate-putamen, and 5 the nucleus accumbens.

Hybridization signals on film autoradiograms were measured by densitometry (NIH Image; 

Wayne Rasband, NIMH, Bethesda, MD, USA), as described [12]. Mean densities (Fig. 2) 

were corrected for background by subtracting mean density values measured over white 

matter (corpus callosum). The illustrations of film autoradiograms displayed in Figure 1 are 

computer-generated images, and are contrast-enhanced where necessary.

Statistics

Treatment effects were determined by two-factor ANOVA. Newman-Keuls post hoc tests 

were used to describe differences between individual groups (Statistica, StatSoft, Tulsa, OK, 

USA). The distribution of changes in gene expression throughout the 23 striatal sectors was 

illustrated by maps (Fig. 3). For these maps, the difference in gene expression (vs. S/V or as 

indicated) in a given sector was expressed as the percentage of the values in S/V on the 

intact side (“basal” expression) and then normalized (percentage of maximal difference 

observed) for either gene (% max.). Gene regulation effects for different genes were 

compared by Pearson correlations. Changes in gene expression (values ipsilateral to the 
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lesion expressed relative to those on the intact side) were also correlated with the behavioral 

outcomes for the L-DOPA-treated group.

Results

Characterization of the Dopamine Depletion by 6-OHDA

Animals that met the inclusion criterion of 3 or less contralateral adjusting steps (groups 6/V 

and 6/L-DOPA) showed a loss of TH immunoreactivity in the striatum ipsilateral to the 6-

OHDA infusion with a range of 73.5–100% (mean ± SEM, 90.0±1.5; % of intact side; total 

measured on the middle level; Figs. 1A, 4). In the S/V group, the four 6-OHDA-infused rats 

without behavioral deficits had partial lesions with a loss of striatal TH labeling of 11–45% 

(Fig. 4). None of these rats showed a reduced number of adjusting steps (not shown), in 

agreement with previous findings [38].

Effects of 6-OHDA Lesion on Dynorphin and Enkephalin Expression

Consistent with previous findings (e.g., [39]), animals with partial dopamine depletion (S/V; 

<45% loss of striatal TH signal) displayed unchanged neuropeptide expression in the 

striatum ipsilateral to the 6-OHDA infusion (Fig. 4). In contrast, greater lesions (>73% loss 

of TH signal) produced decreased or increased expression of dynorphin or enkephalin, 

respectively, on the side of the lesion (6/V; Figs. 1, 2, 3, 4) [7]. Dopamine depletion (i.e., 

loss of TH signal) and these changes in neuropeptide expression were fairly uniform 

throughout the striatum (Figs. 1, 2, 3), with decreases in dynorphin expression present in 18 

striatal sectors [no statistically significant decreases were seen in 5 caudal sectors that 

display very low basal dynorphin expression (i.e., likely “floor” effect); not shown] and 

increases in enkephalin expression in 23 of the 23 striatal sectors.

Effects of L-DOPA Treatment on Dynorphin and Enkephalin Expression

Repeated treatment with L-DOPA (6/L-DOPA) produced a dramatic increase in dynorphin 

expression and a statistically significant (but modest) further increase in enkephalin 

expression in the dopamine-depleted striatum (Figs. 1, 2). Overall, after L-DOPA treatment, 

significantly increased dynorphin expression (6/L-DOPA vs. S/V) was present in 16 of the 

23 sectors and greater expression than in lesion-only animals (6/L-DOPA vs. 6/V) in all 23 

sectors, on all three rostrocaudal levels (Figs. 1, 2, 3; only effects on middle level shown). 

However, in marked contrast to the uniform changes seen after dopamine depletion alone 

(6/V; see above), these increases displayed a distinct medial-lateral gradient. The increases 

were minimal in the medial striatum and were most pronounced in the dorsal and lateral 

(sensorimotor) striatum (Figs. 1, 2, 3).

Similarly, L-DOPA treatment produced significantly increased enkephalin expression (6/L-

DOPA vs. S/V) in 22 of the 23 sectors and greater expression than in lesion-only animals 

(6/L-DOPA vs. 6/V) in 17 sectors, on all three rostrocaudal levels (only middle effects 

shown).

Repeated L-DOPA treatment also produced minor increases in enkephalin expression in the 

intact striatum (contralateral to lesion). These increases were restricted to dorsolateral (Fig. 
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2) and ventrolateral (sensorimotor) sectors on all rostrocaudal levels (6/L-DOPA vs. S/V, 6 

of 23 sectors; 6/L-DOPA vs. 6/V, 4 of 23) (data not shown).

Effects of 6-OHDA Lesion and L-DOPA Treatment on 5-HT Receptors: Selective Impact on 
5-HT1B Expression

Both dopamine depletion and repeated L-DOPA treatment produced differential changes in 

striatal 5-HT receptor expression. Marked effects were seen for 5-HT1B mRNA expression 

in the striatum ipsilateral to the lesion. These effects were widespread, present on all 3 

rostrocaudal levels (Figs. 1, 2, 3, 4). After dopamine depletion alone (6/V) there was a 

statistically significant increase in 5-HT1B expression in 21 of the 23 sectors (Figs. 2, 3). 

Although again fairly uniform throughout the striatum, lateral sectors showed a somewhat 

more robust increase (Figs. 1, 3). Repeated L-DOPA treatment produced a more pronounced 

increase in 5-HT1B expression (Figs. 1, 2). This increase was seen in comparison to sham/

partial lesion controls (6/L-DOPA vs. S/V, in 22 of the 23 sectors) and in comparison to 

lesion-only animals (6/L-DOPA vs. 6/V, in 17 sectors), on all three rostrocaudal levels (Fig. 

3). Regionally, these effects were again strongest in the dorsal and lateral striatum and 

weakest in the medial and ventral striatum, including the nucleus accumbens (Figs. 1, 2, 3).

The effects of L-DOPA treatment on 5-HT1B expression in the dopamine-depleted striatum 

were also compared with those on dynorphin and enkephalin expression (middle level, total 

area) by correlation analysis (Fig. 5). Thus, in the 6/L-DOPA group, there was a significant 

positive correlation between the increases in dynorphin expression and those in 5-HT1B 

expression (r=0.800, p<0.01), and a strong trend towards a positive correlation between 

enkephalin and 5-HT1B expression (r=0.654, p<0.06), for individual animals (Fig. 5).

L-DOPA treatment also affected 5-HT1B expression in the intact striatum of animals with 6-

OHDA lesions. Although minor, these effects were statistically significant on the middle 

level and maximal in the lateral striatum (6/L-DOPA vs. S/V, 3 of 23 sectors; 6/L-DOPA vs. 

6/V, 2 of 23) (Figs. 1, 2).

In contrast to these prominent changes in 5-HT1B expression, no effects of dopamine 

depletion with or without L-DOPA treatment were found on the expression of striatal 5-

HT2C (Figs. 2, 3), 5-HT4 or 5-HT6 receptors (data not shown).

Relationship Between L-DOPA-Induced Behavioral Effects and Striatal 5-HT1B Expression

Detailed behavioral results are presented elsewhere (Padovan-Neto et al., submitted).

For the present analysis, dyskinesia (AIMs) scores and turning rates were considered (Fig. 

6). All L-DOPA-treated rats (6/L-DOPA group) developed axial, limb and orolingual AIMs 

during the repeated L-DOPA treatment. Total AIMs score averages for Wed-Fri of week 3 

are presented in Figure 6. These rats also displayed contraversive turning behavior in the 

open-field test in week 4. These turning rates (half-turns) in week 4 were positively 

correlated with the averaged total AIMs scores in week 3 (r=0.758, p<0.05; Fig. 6).

We used correlation analysis to compare the increases in gene expression in the dopamine-

depleted striatum with the 3-day averaged scores for total AIMs, orolingual, limb and axial 
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AIMs, and turning rates in individual L-DOPA-treated rats. A correlation matrix for these 

behavior x gene expression correlations for all 23 striatal sectors showed that predominantly 

sectors of the associative striatum displayed positive correlations between the increases in 5-

HT1B expression and behavioral changes. For example, Figure 7 displays the r values for 

total AIMs scores x gene expression correlations in the 23 sectors for 5-HT1B expression (in 

comparison to those for dynorphin expression); these individual-sector correlations were 

statistically significant (r>0.67, p<0.05) in the following sectors (see Fig. 3, for sector 

location): rostral: ventral; middle: medial, central, ventral; caudal: ventral (Fig. 7), all 

associative sectors.

To increase statistical power, we thus averaged gene expression values from sensorimotor, 

associative or limbic sectors, respectively, for rostral, middle and caudal striatal levels and 

also for the total striatum (rostral, middle, caudal values pooled; Fig. 8, top). This analysis 

confirmed that the pooled sensorimotor sectors displayed a significantly greater increase in 

5-HT1B expression than associative or limbic sectors (Fig. 8).

For values from all 3 rostrocaudal levels pooled, there were positive correlations between 

increases in 5-HT1B expression and behavior, as follows: associative sectors (total of 10 

sectors pooled): x total AIMs (r=0.788, p<0.05), x orolingual (r=0.869, p<0.01), x axial 

(r=0.715, p<0.05), and x turning (r=0.684, p<0.05); sensorimotor sectors (total of 8 sectors 

pooled): x orolingual (r=0.798, p<0.05); limbic sectors (rostral level, 5 nucleus accumbens 

sectors pooled): none.

Our regional analysis showed that these effects were not evenly distributed along the rostral-

caudal axis, but were most robust in middle striatum (Figs. 8, 9). The scatter plots in Figure 

8 (bottom) contrast these correlations between rostral and middle levels for total AIMs. 

There was a significant positive correlation for associative sectors x total AIMs (r=0.893, 

p<0.01) on the middle level, but no other significant correlations (p>0.05) on the rostral and 

middle levels (Fig. 8), or caudal levels (not shown).

Figure 9 displays correlation maps that summarize these effects for changes in 5-HT1B 

expression x specific AIMs scores (orolingual, limb, axial) and turning rates. Note that these 

maps also show tendencies (r=0.58–0.67, 0.1>p>0.05), as these confirm the overall regional 

patterns (i.e., associative > sensorimotor effects). There were no significant correlations on 

the rostral level (Fig. 9): associative, sensorimotor, limbic sectors, all p>0.05. In contrast, 

there were significant correlations for the middle level (Fig. 9): associative: x orolingual 

(r=0.871, p<0.01), x limb (r=0.790, p<0.05), x axial (r=0.773, p<0.05), and x turning 

(r=0.810, p<0.01); sensorimotor: x orolingual (r=0.797, p<0.05); and for the caudal level: 

associative: x orolingual (r=0.770, p<0.05), and x turning (r=0.679, p<0.05); sensorimotor: 

none.

We further assessed a potential relationship between these behavior (total AIMs) x gene 

expression correlations in the 23 striatal sectors for 5-HT1B expression and those for 

neuropeptide expression. Figure 7 shows that there was a significant positive correlation 

between the correlations (r values) for 5-HT1B vs. dynorphin expression (r=0.451, p<0.05; 

Fig. 7), but not enkephalin expression (r=0.361, p>0.05; not shown).
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Discussion

The present study investigated the role of dopamine in the regulation of serotonin receptors 

in the basal ganglia in an animal model of Parkinson’s disease. Our main findings are 

summarized as follows. Dopamine depletion by 6-OHDA and dopamine replacement by L-

DOPA had differential effects on the different serotonin receptor subtypes expressed in the 

striatum. Both dopamine depletion and repeated L-DOPA treatment produced increased 

expression of the 5-HT1B receptor, whereas no effects of these treatments on the expression 

of 5-HT2C, 5-HT4 or 5-HT6 receptors in the striatum were found. There were markedly 

differential effects on gene expression in the different functional domains of the striatum. 

After dopamine depletion alone, the increases in 5-HT1B mRNA expression, similar to 

changes in neuropeptide expression (dynorphin, enkephalin), were fairly uniform across the 

striatum and mirrored the loss of dopamine terminals (TH immunoreactivity). In contrast, L-

DOPA-induced increases in 5-HT1B expression (as well as dynorphin and enkephalin) were 

most pronounced in the lateral (sensorimotor) striatum, with lesser or no effects in the 

medial (associative) and ventral (limbic) striatum. However, a comparison with L-DOPA-

induced dyskinesias (AIMs) in these animals revealed significant positive correlations 

between AIMs scores and increases in 5-HT1B expression in the associative, but not 

sensorimotor, striatum, predominantly on the middle striatal level.

Characterization of the Dopamine Depletion: Effects on Stepping and Dynorphin and 
Enkephalin Expression

Degree and distribution of dopamine depletion were characterized by mapping the loss of 

TH immunoreactivity (dopamine terminals) throughout the striatum. Our results show that 

the 6-OHDA-infused rats that were included based on their significant deficit in contralateral 

forepaw stepping (3 or fewer adjusting steps; [38]) had a uniform TH loss throughout the 

striatum. This TH loss had a range of 73–100% (average 90%). Overall, these results are 

consistent with previous findings showing deficient stepping with a 90% or greater loss of 

dopamine cell bodies in the substantia nigra [26, 28] or 80–100% loss of dopamine tissue 

content in the striatum [38]. The somewhat smaller loss of striatal TH immunoreactivity 

seen in some of the severely deficient animals observed here, compared with the previous 

cell counts [26, 28], may reflect methodological differences between these two studies. It is 

conceivable that the terminal TH immunocytochemical signal was somewhat less reduced, 

perhaps due to terminal sprouting or upregulated TH expression in residual dopamine 

terminals [40].

Previous work also compared the lesion size with changes in striatal neuropeptide 

expression after 6-OHDA lesions. Similar to our findings, large dopamine loss was found to 

be necessary for changes in neuropeptide expression in the striatum, whereas partial lesions 

had no effect. Nisenbaum et al. [39] assessed the effects of dopamine depletion on the 

expression of substance P and enkephalin (markers for neurons of the direct and indirect, 

respectively, striatal output pathways [7]). Those results showed decreased substance P 

expression in animals with a dopamine depletion (i.e., loss of striatal dopamine tissue 

content) of 40–100% and increased enkephalin expression with a dopamine depletion of 

>90% [39]. Our study found decreased dynorphin expression (direct pathway) and increased 
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enkephalin expression (indirect pathway) with 73–100% loss of TH immunoreactivity (and 

no changes with <45% loss, S/V group). The effects on enkephalin expression (increase with 

>73% TH loss) again suggest that the present TH signal (as compared to dopamine tissue 

content and cell counts) may slightly underestimate the lesion size.

Overall, our results on the regulation of dynorphin and enkephalin expression by near-

complete dopamine depletion followed by L-DOPA treatment are also in agreement with 

previous work (e.g., [31, 41–47]).

Effects on 5-HT Receptor Expression: Robust Regulation of 5-HT1B by Dopamine 
Depletion and Repeated L-DOPA Treatment

Previous studies demonstrated that dopamine depletion followed by repeated L-DOPA 

treatment produces changes in the expression of thousands of genes in the striatum (e.g., 

[18, 48, 49]). Although interactions between the dopamine and serotonin systems are well 

established (e.g., [50, 51]), only a few previous studies have assessed the impact of these 

treatments on serotonin receptors in the basal ganglia. Zhang et al. [23] first reported 

increased expression of the 5-HT1B receptor (and the functionally related adaptor protein 

p11) in striatal neurons after 6-OHDA lesions followed by repeated L-DOPA treatment in 

rats and mice. Consistent with this finding, other studies found increased 5-HT1B receptor 

binding in basal ganglia nuclei following L-DOPA treatment in MPTP-lesioned monkeys 

and Parkinson’s disease patients [24, 25]. However, these latter binding studies did not 

resolve the localization (afferent terminals vs. intrinsic neurons) of these receptor changes, 

while our study and that by Zhang et al. [23] demonstrate increased receptor expression in 

striatal neurons.

Our study can be directly compared with that of Zhang et al. [23], as we used a similar 

approach (6-OHDA lesions in rats, in situ hybridization histochemistry to localize 5-HT1B 

mRNA). Our findings are for the most part in agreement with and extend these earlier 

results, although some different outcomes were also obtained. For example, in contrast to 

our finding of (moderately) increased 5-HT1B expression after dopamine depletion alone, 

that study found no statistically significant effects of the dopamine lesion (92–97% loss of 

TH protein as determined by Western blotting) on 5-HT1B (and p11) mRNA or protein 

levels, although trends for increases were discernible for 5-HT1B mRNA [23].

These discrepancies may be related in part to the striatal subregions examined. The earlier 

investigation [23] appeared to be limited to a part of the striatum that corresponded to our 

caudal striatal level. Our study mapped changes in 5-HT1B mRNA levels after dopamine 

depletion throughout the striatum and demonstrated statistically significant increases in most 

striatal sectors on rostral, middle and caudal levels, but with somewhat more robust increases 

in lateral (sensorimotor) sectors, especially on the middle level. We also found regionally 

differential effects on the rostral level, with modest increases in 5-HT1B expression in the 

nucleus accumbens shell, but not core. In summary, in our study, the dopamine depletion 

produced widespread increases in 5-HT1B expression throughout the striatum, but these 

effects were to some degree region-specific, with different functional domains of the 

striatum being differentially affected: limbic regions displayed minimal and sensorimotor 

regions the most robust impact.
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Cell type-specific effects may also contribute to variable outcomes. Another study using a 

more sensitive approach - translating ribosome affinity purification (TRAP) analysis - 

determined changes in 5-HT1B and other 5-HT receptor mRNA expression in identified 

striatal projection neurons in mice (whole striatum) [18]. Results showed that dopamine 

depletion alone produced a modest increase in 5-HT1B expression preferentially in D2 

receptor-expressing (indirect pathway) neurons. This is consistent with our findings 

showing, in rats, increases in 5-HT1B expression after the 6-OHDA lesion alone with 

dynamics similar to those for enkephalin expression (marker for indirect pathway).

The above study by Zhang et al. [23] also probed the impact of L-DOPA treatment on 5-

HT1B expression by assessing the effects of high doses of L-DOPA (100 mg/kg, twice daily, 

5 days, or 10 mg/kg, once daily, 28 days) after the 6-OHDA lesion in rats. Both high-dose 

treatments produced significantly increased 5-HT1B (and p11) mRNA or protein levels 

(measured in the caudal striatum) [23]. Our study demonstrates that a more moderate 

repeated L-DOPA treatment (5 mg/kg, 18 doses over 4 weeks) following dopamine 

depletion is sufficient to produce a pronounced increase in 5-HT1B expression.

In our study, this impact of L-DOPA on 5-HT1B expression mimicked the L-DOPA-induced 

increase in dynorphin expression, which is a well-established effect on this marker of direct 

pathway neurons (e.g., [18, 31, 52]). Indeed, TRAP analysis confirmed robust upregulation 

of 5-HT1B expression in D1 receptor-expressing (direct pathway) neurons, with no further 

changes in expression in D2 receptor-expressing (indirect pathway) neurons, by L-DOPA 

treatment in dopamine-depleted mice [18]. This effect resembles that on another striatal 

receptor involved in regulating striatal output pathways, the D3 dopamine receptor. The D3 

receptor was also found to be preferentially upregulated in direct pathway neurons after 

dopamine depletion and repeated L-DOPA treatment (see [53]). Antagonism of these striatal 

receptors may be useful for attenuating L-DOPA-induced dyskinesias [53].

Our regional mapping analysis demonstrated L-DOPA-induced upregulation of 5-HT1B 

expression again preferentially in the sensorimotor striatum, with lesser effects in medial and 

ventral striatal sectors, including the nucleus accumbens. Furthermore, our regional analysis 

also revealed a modest increase in 5-HT1B expression in some sensorimotor sectors of the 

intact striatum after repeated L-DOPA treatment, an effect that would likely be missed with 

whole striatum approaches. This effect on the intact side is reminiscent of the upregulated 5-

HT1B expression in the normal striatum after repeated treatment with other dopamine 

agonists/psychostimulants (e.g., [12]).

Together, these findings demonstrate a powerful regulation of 5-HT1B expression by 

dopamine that appears to be opposite in the two striatal output ways, that is, an increase in 

indirect pathway neurons after dopamine depletion vs. an increase in direct pathway neurons 

after dopamine replacement therapy with L-DOPA. These changes parallel established 

changes for neuropeptide markers in these neurons (enkephalin, dynorphin), which are 

thought to reflect changes in “neuronal activity” in these pathways [7].
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The Robust 5-HT1B Effects Contrast with Limited or No Effects on 5-HT2C, 5-HT4 or 5-HT6 
Receptors

In contrast to the striking increases in striatal 5-HT1B expression, we did not see significant 

effects of dopamine depletion or L-DOPA treatment on 5-HT2C, 5-HT4 or 5-HT6 

expression. This finding appears to conflict with results in the previous TRAP study [18], 

which reported minor decreases in 5-HT2C and 5-HT4 expression selectively in indirect 

pathway neurons after dopamine depletion (5-HT6 was not assessed). On the other hand, the 

TRAP analysis revealed that L-DOPA treatment produced some increases in indirect 

pathway neurons for both 5-HT2C and 5-HT4, while at the same time 5-HT2C was 

decreased and 5-HT4 unchanged in direct pathway neurons [18]. Such differential cell type-

specific changes would be expected to diminish or even cancel each other with approaches 

using whole tissue measurements such as the in situ hybridization analysis used in our study 

(see [18], for discussion). On the other hand, these considerations underscore the robustness 

of the observed changes in 5-HT1B receptor expression in our study.

In summary, our findings demonstrate a differential impact of dopamine depletion and 

subsequent L-DOPA treatment on 5-HT1B vs. 5-HT2C, 5-HT4 or 5-HT6 receptors. This is 

consistent with our previous results showing increased expression of 5-HT1B, but no 

changes for 5-HT2C, after repeated psychostimulant treatment [12]. Together, our findings 

highlight the sensitivity of 5-HT1B to variations in striatal dopamine tone induced by lesions 

or pharmacological treatments.

Mechanisms Underlying Increased 5-HT1B Expression

The markedly increased gene induction by dopamine agonists (L-DOPA) after dopamine 

depletion is considered to reflect a “supersensitive” response to stimulation of D1 receptors 

in direct pathway neurons, as a consequence of altered second messenger signaling after loss 

of dopamine input [54, 55]. However, our results show that dopamine (or loss thereof) is not 

the only factor contributing to such abnormal gene induction. Regionally, there was a clear 

mismatch between the observed L-DOPA-induced increases in 5-HT1B and dynorphin 

expression, which were strikingly predominant in lateral striatum, and the loss of dopamine 

input (TH signal), which was uniform throughout the striatum. This mismatch indicates that 

loss of dopamine input is not sufficient to account for the magnitude of L-DOPA-induced 

gene regulation.

D1 receptor stimulation is critical for dopamine agonist-induced increases in gene regulation 

in the striatum, but other inputs participate as well (for review, see [56]). For example, it has 

been shown that dopamine agonist-induced increases in striatal gene expression are also 

dependent on glutamate receptor stimulation/cortical input both in the normal striatum and 

after dopamine depletion (e.g., [57–59]). Therefore, the striking upregulation of gene 

expression predominantly in the lateral, sensorimotor striatum may, to some degree, reflect 

differential cortical (or other) inputs in interaction with supersensitive D1 receptors, during 

repeated L-DOPA treatment. We speculate that L-DOPA-induced enhanced output in the 

supersensitive, D1 receptor-regulated direct pathway and resulting abnormally enhanced 

activity in sensorimotor cortex (e.g., [60, 61]), followed by abnormal re-entrant 

corticostriatal activity to the sensorimotor striatum [28], sets up aberrant feedforward 
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activation that facilitates and then reinforces these regionally restricted molecular changes, 

ultimately leading to abnormal sensorimotor function.

Functional significance and conclusions

Enhanced molecular signaling in D1 receptor-regulated direct pathway neurons is critically 

important for L-DOPA-induced dyskinesia (AIMs) after dopamine depletion (for reviews, 

see [49, 62]). Moreover, aberrant activation of the direct pathway arising in the sensorimotor 

striatum is sufficient for AIMs [63–67]. Consistent with these earlier findings (e.g., [31]), 

our present mapping results demonstrate that the most pronounced gene regulation effects of 

L-DOPA occur in the sensorimotor striatum. However, unexpectedly, our findings also show 

that AIMs scores after repeated L-DOPA treatment best correlated with upregulated gene (5-

HT1B) expression in the associative, not the sensorimotor, striatum. Our findings are 

correlative, and future studies will have to determine how molecular changes in the 

associative striatum could contribute to L-DOPA-induced dyskinesias.

Our associative striatal sectors [35] receive inputs predominantly from various frontal 

cortical areas (orbital frontal, prefrontal/anterior cingulate, insular cortex; reviewed in [68, 

69]). These frontal cortical areas play an important role in monitoring and adapting 

behavioral responses related to changing environmental or internal demands (“executive 

functions”), and are thus critical for goal-directed behavior [69]. How could changes in the 

associative striatum influence sensorimotor processes? The influential “parallel circuit” 

model of the basal ganglia [70] posits that cortico-basal ganglia-cortical circuits are 

organized in distinct anatomical channels connecting limbic, associative or motor domains 

in all basal ganglia nuclei. However, it is recognized that cross-talk between these channels 

is necessary and occurs on several levels (e.g., [69, 71]). For example, anatomical studies 

showed between-channel-connections for direct pathway projections to the substantia nigra, 

providing a mechanism for functional flow from limbic to associative to motor domains [69, 

72]. While these “nonreciprocal” connections [69] to neighboring channels are established 

for targeting dopamine neurons [72], they also innervate surrounding GABAergic output 

neurons in the substantia nigra pars reticulata [69], thus providing a mechanism for cross-

talk in the absence of dopamine neurons (Parkinson’s disease). This connectivity may 

forward effects of molecular changes in associative channels to motor channels and may 

thereby influence motor processes underlying L-DOPA-induced behavior.

How could striatal 5-HT1B receptors modify L-DOPA-induced behavior? 5-HT1B receptors 

have recently attracted attention for their potential utility in the treatment of L-DOPA-

induced dyskinesia. In advanced Parkinson’s disease a certain portion of L-DOPA seems to 

be converted to dopamine in serotonin terminals and then released therefrom, thus 

contributing to overstimulation of dopamine receptors and direct pathway neurons, and 

promoting L-DOPA-induced dyskinesia [21, 22, 73, 74]. 5-HT1B receptors, in addition to 

being postsynaptic (heteroreceptors), are also autoreceptors on serotonin neurons, and, 

together with 5-HT1A receptors, regulate (inhibit) transmitter release from serotonin 

neurons [1, 2]. There is good evidence that agonists for these receptors can attenuate L-

DOPA-induced dyskinesia presumably via inhibition of abnormal dopamine release from 
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serotonin terminals (at higher doses the antiparkinsonian effects of L-DOPA may also be 

diminished) (e.g., [73, 75–77]; for reviews, see [21, 74]).

However, our finding of a significant positive correlation between the magnitude of 

increases in 5-HT1B mRNA expression in the associative striatum and the severity of AIMs 

suggests that stimulation of these 5-HT1B receptors (heteroreceptors) may facilitate rather 

than attenuate AIMs. 5-HT1B receptors expressed in direct pathway neurons are 

predominantly located presynaptically on axon terminals [1, 2] to regulate (inhibit) GABA 

release from these neurons [78, 79]. Increased 5-HT1B receptor levels on terminals of 

“nonreciprocal” connections from associative to sensorimotor circuits (see above) would 

thus be expected to increase inhibition of GABA release from these neurons [80, 81], 

thereby releasing sensorimotor circuits from associative modulation, and facilitating L-

DOPA-induced dyskinesia.

It is noteworthy that one criterion for rating the severity of AIMs is whether or not AIMs can 

be interrupted by sensory input: the most severe AIMs are unlikely to be interrupted by 

ambient noise [30]. Such sensory input will likely engage associative striatal circuits [69] 

and would normally modify/interrupt ongoing behavior, perhaps by facilitating more 

appropriate motor programs. Deficiency in this associative striatal input, due to increasing 5-

HT1B receptor function, would thus increasingly fail to interfere with ongoing activity in 

sensorimotor circuits, resulting in increased expression of L-DOPA-induced dyskinesia.

Future studies will have to determine how abnormal 5-HT1B signaling in striatal output 

pathways impacts L-DOPA-induced dyskinesia and whether pharmacological interventions 

could alleviate these effects.
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Figure 1. 
Dopamine depletion by 6-OHDA and repeated L-DOPA treatment produce increased 5-

HT1B expression in the striatum. (A) Coronal sections through the mid-level striatum 

labeled with tyrosine hydroxylase (TH) immunohistochemistry are shown for rats that 

received a sham lesion (S/V), a 6-OHDA infusion into the right medial forebrain bundle 

followed by vehicle treatment (6/V), or a 6-OHDA lesion followed by repeated treatment 

with L-DOPA (5 mg/kg + benserazide, 12.5 mg/kg; 4 weeks; 6/L-DOPA). (B) Illustrations 

of film autoradiograms depict expression of 5-HT1B, dynorphin (DYN), and enkephalin 

(ENK) mRNA in sections from the mid-level striatum in sham controls (S/V), after a 6-

OHDA lesion only (6/V), or after dopamine depletion followed by repeated L-DOPA 

treatment (6/L-DOPA). Animals were killed 60 min after the last injection. The maximal 

hybridization signal is in black. Dopamine depletion alone (6/V) produced changes in gene 

expression with a fairly even distribution throughout the striatum (5-HT1B, DYN, ENK), 

matching the loss of dopamine terminals (TH signal).

In contrast, repeated L-DOPA treatment (6/L-DOPA) produced increases in gene expression 

(5-HT1B, DYN) with a distinct medial-lateral gradient (maximal increases in lateral, 

sensorimotor sectors).
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Figure 2. 
Effects of unilateral dopamine depletion by 6-OHDA and repeated L-DOPA treatment on 

gene expression in the striatum. Mean density values (mean ± SEM) for 5-HT1B, 5-HT2C, 

dynorphin (DYN), and enkephalin (ENK) in rats with sham/partial lesions (S/V), rats with a 

6-OHDA lesion only (6/V), and rats with a dopamine lesion followed by repeated L-DOPA 

treatment (6/L-DOPA) are given for the medial (m), dorsal (d), and dorsolateral (dl) sectors 

on the side ipsilateral (LESION) and contralateral (INTACT) to the lesion, on the middle 

striatal level (see Fig. 3 for locations of these sectors). In contrast to the robust changes in 

gene expression for 5-HT1B, dynorphin and enkephalin, no changes were found for 5-

HT2C. *p<0.05, **p<0.01, ***p<0.001 vs. S/V or as indicated; #p<0.05, ##p<0.01, 
###p<0.001 vs. same group on intact side.
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Figure 3. 
Topography of gene regulation induced the 6-OHDA lesion and L-DOPA treatment in the 

striatum. Maps depict the distribution of changes in gene expression (i.e., the differences vs. 

sham/partial lesion controls, S/V) for 5-HT1B and 5-HT2C across the 23 sectors of the 

rostral, middle and caudal striatum, and for dynorphin (DYN) and enkephalin (ENK) in the 

6 sectors of the middle striatum, on the side of the lesion in rats with 6-OHDA lesions only 

(6/V) and in rats with 6-OHDA lesions followed by repeated L-DOPA treatment (6/L-

DOPA). The differences between 6/L-DOPA and 6/V groups are also shown (box). The data 

are normalized relative to the maximal increase observed (% of max.) for each gene. Sectors 

with a statistically significant difference (p<0.05) are shaded as indicated. Sectors with a 

decrease are hatched (DYN). Sectors without significant difference (vs. S/V) are in white. 

Note the distinct medial-lateral gradient in L-DOPA-induced gene regulation (6/L-DOPA) 

for 5-HT1B and dynorphin. No significant changes were seen for 5-HT2C. Sectors are based 

on corticostriatal inputs (see [35]): Limbic sectors (nucleus accumbens), rostral: medial shell 

(mS), ventral shell (vS), lateral shell (lS), medial core (mC), lateral core (lC); associative 

sectors, rostral: dorsomedial (dm), medial (m), ventral (v); middle: medial (m), central (c), 

ventral (v); caudal: medial (m), dorsal central (dc), ventral central (vc), ventral (v); 

sensorimotor sectors, rostral: dorsolateral (dl), dorsal (d); middle: dorsal (d), dorsolateral 

(dl), ventrolateral (vl); caudal: dorsal (d), dorsolateral (dl), ventrolateral (vl).
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Figure 4. 
Relationship between the degree of dopamine depletion, as indicated by the loss of tyrosine 

hydroxylase (TH) immunoreactivity in the striatum, and changes in striatal gene expression. 

Scatter plots compare the TH signal with levels of 5-HT1B (top), dynorphin (middle) and 

enkephalin expression (bottom) (values in % of intact side) measured in the total striatal area 

on the middle level for individual animals in the sham/partial lesion group (S/V), after the 6-

OHDA lesion only (6/V) and after the 6-OHDA lesion plus L-DOPA treatment (6/L-DOPA). 

Note that half of the S/V animals had partial lesions without behavioral deficits (see text) or 

effects on striatal gene expression.
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Figure 5. 
Relationship between changes in the expression of 5-HT1B and those in dynorphin (top) or 

enkephalin expression (bottom) in the striatum. Scatter plots show levels of gene expression 

(in % of intact side) measured in the total striatal area on the middle level for individual 

animals in the sham/partial lesion group (S/V), after the 6-OHDA lesion only (6/V), and 

after the 6-OHDA lesion plus L-DOPA treatment (6/L-DOPA). For animals in the 6/L-

DOPA group (red), there was a significant positive correlation between 5-HT1B and 

dynorphin expression (r=0.800, p<0.01) and a strong tendency between 5-HT1B and 

enkephalin expression (r=0.654, p<0.06). **p<0.01.
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Figure 6. 
Behavioral effects induced by repeated L-DOPA treatment (6/L-DOPA group). The scatter 

plot shows the positive correlation (r=0.758, p<0.05) between total AIMs scores in week 3 

(3-day averages) and turning rates in week 4 (number of half-turns contraversive to the 

lesion) for these animals. *p<0.05.
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Figure 7. 
Relationship between L-DOPA-induced dyskinesias (AIMs) and increases in gene 

expression in the striatum. The scatter plot shows the relationship between the r values for 

gene expression x AIMs (total AIMs, 3-day averages, week 3) correlations for 5-HT1B 

expression and those for dynorphin expression, in the 23 striatal sectors of the 6/L-DOPA 

group [r=0.451, p<0.05; without outlier (C/m), r=0.575, p<0.005]. The broken lines indicate 

the significance threshold for the single-sector correlations (r=0.67, p=0.05). Note that 5 of 

the 10 associative sectors (red dots) showed significant positive correlations between 5-

HT1B expression and total AIMs scores (r>0.67, p<0.05), and 2 of the 10 associative sectors 

showed significant positive correlations between dynorphin expression and total AIMs 

scores. In contrast, none of the 8 sensorimotor sectors (dark blue dots) or 5 limbic sectors 

(light gray dots) displayed significant gene expression x AIMs correlations (r<0.67, p>0.05). 

R/lC, rostral/lateral core; R/v, rostral/ventral; M/c, middle/central; M/m, middle/medial; 

M/v, middle/ventral; C/dc, caudal/dorsal central; C/m, caudal/medial; C/v, caudal/ventral. 

*p<0.05.
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Figure 8. 
Regional expression of 5-HT1B in the dopamine-depleted striatum and its relationship to L-

DOPA-induced dyskinesias (total AIMs) in 6/L-DOPA group. (Top) Expression of 5-HT1B 

(mean density, mean ± SEM, in % of intact side) in total rostral (R), middle (M) and caudal 

(C) striatum (left), and in averaged limbic (LI), associative (AS) and sensorimotor (SM) 

sectors, on the side of the lesion is depicted. (Bottom) Scatter plots show the relationship 

between the total AIMs scores (3-day averages, week 3) and the increases in 5-HT1B 

expression in averaged limbic, associative or sensorimotor sectors on the rostral and middle 

striatal levels for individual animals of the 6/L-DOPA group. There was a significant 

positive correlation for total AIMs vs. increases in 5-HT1B expression in the associative 

striatum on the middle level (r=0.893, p<0.01). *p<0.05, **p<0.01, ***p<0.001.
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Figure 9. 
Relationship between L-DOPA-induced behavior and increases in 5-HT1B expression in the 

associative striatum. Correlation maps for rostral, middle and caudal striatal levels display 

the strength of correlations (r values) between AIMs/turning and increases in 5-HT1B 

expression in averaged limbic, associative or sensorimotor sectors for orolingual, limb and 

axial AIMs, and turning behavior.
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