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 Restricted repetitive behaviors are extremely common in neurodevelopmental 

disorders. The deer mouse model of repetitive behavior is a particularly useful animal 

model because repetitive behavior develops early, persists through much of the lifetime 

of the animal, and occurs spontaneously. We’ve found that the repetitive behaviors 

exhibited by deer mice are a result of a neurobiological imbalance of activation between 

the direct and indirect pathways of the basal ganglia. The imbalance between the direct 

and indirect pathways in the deer mice is caused by decreased activation of the indirect 

pathway that allows direct pathway activation to over-excite the cortex. There are 

particular heteromeric complexes of receptors on neurons of the direct and indirect 

pathways. These receptor complexes include dopamine D2, adenosine A2A, and 

glutamate mGluR5 receptors on indirect pathway neurons in the striatum. Activation of 

A2A and/or mGluR5 receptors reduces the functioning of D2 receptors. We 

hypothesized that activation of A2A and mGluR5 receptors and antagonism of D2 

receptors could reduce the expression of repetitive behavior by enhancing the 

functioning of the indirect striatopallidal neurons. In a series of pharmacological studies 

we found that individually these drugs were each ineffective at reducing repetitive 
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behavior; however, the triple combination of these drugs significantly lessened the 

expression of repetitive behavior. These data further suggest that decreased indirect 

pathway activation mediates repetitive behavior and that targeting these heteromeric 

receptor complexes on the indirect pathway neurons of the striatum may offer 

pharmacotherapeutic benefit for individuals with neurodevelopmental disorders.
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CHAPTER 1 
INTRODUCTION 

 Repetitive behaviors are present in many different neurodevelopmental, 

neurological, and psychiatric disorders (e.g., autism, Fragile X syndrome, Rett 

syndrome, dementias, obsessive compulsive disorder, Tourette syndrome, and 

schizophrenia). These behaviors are classified as highly repetitive, invariant, and 

without obvious function. In neurodevelopmental disorders specifically, there is a wide 

array of repetitive behaviors exhibited by these populations, ranging from rhythmic hand 

flapping or head banging to circumscribed interests and insistence of sameness 

(Bodfish et al., 2000). This wide range of behavior has been statistically categorized into 

two clusters or factors (Turner, 1999; Cuccaro et al., 2003; Szatmari et al., 2006; 

Mooney et al., 2009; Bishop et al., 2013). Lower-order repetitive behaviors consist of 

sensory-motor behaviors such as whole body stereotypies, object stereotypies, and 

self-injury. The higher-order repetitive behaviors consist of compulsions, insistence on 

sameness, and restricted or circumscribed interests and behaviors.  

 Repetitive behaviors have a negative impact on both the individual and their 

family. The presence of these rigid and inflexible behaviors can impede treatment of 

other phenotypic traits of the disorder (Pierce & Courchesne, 2001; Scahill et al., 2012), 

become the genesis of mood and other behavioral problems (Green et al., 2006), and 

are a source of parental stress (Bishop et al., 2007). Unfortunately, we have no proven, 

effective pharmacological treatments for these maladaptive behaviors. Finding 

treatments that specifically target the neuropathology that mediates repetitive behavior 

is our best strategy for elucidating effective pharmacotherapy. 
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The wide range of repetitive behavior phenotypes and the spectrum of disorders 

associated with repetitive behavior suggest that the particular molecular 

pathophysiology that mediates repetitive behavior may vary between people and 

populations. This implies that the common dysfunction across these populations is 

altered output of complex neuronal circuitry. The circuitry predominantly associated with 

repetitive behavior is the cortico-basal ganglia circuitry. The neuroanatomy of the 

human cortico-basal ganglia circuitry generally consists of cortical inputs to the striatum 

(caudate, putamen, and nucleus accumbens), which project to the internal segment of 

the globus pallidus (GPi) and substantia nigra pars reticulata (SNr). These two nuclei, 

the GPi and SNr, are functionally equivalent and are usually grouped together when 

describing striatal output regions. The outputs from the striatum to the GPi/SNr take one 

of two paths. One path is direct from the striatum to the GPi/SNr and is termed the 

“direct pathway.” The other path is termed the “indirect pathway.” The indirect pathway 

includes relay projections to the external segment of the globus pallidus (GPe) and on 

to the subthalamic nucleus. From the GPi/SNr, projections go to the thalamus and then 

to the cortex.  

The neurochemistry of the cortico-basal ganglia circuitry consists mainly of 

glutamate, gamma-aminobutyric acid (GABA), and dopamine. Descending cortical 

projections to the striatum are glutamatergic. The direct pathway neurons from the 

striatum to the GPi/SNr are GABAergic, as are the indirect pathway neurons from the 

striatum to the GPe. The indirect pathway neurons from the GPe release GABA onto 

the relay neurons of the subthalamic nucleus, and those neurons that project from the 

subthalamic nucleus to the GPi/SNr are glutamatergic. The output from the GPi/SNr to 
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the different nuclei of the thalamus is GABAergic, whereas the neurons that project from 

the thalamus to the cortex release glutamate. This neuroanatomical and neurochemical 

organization is responsible for differing effects of the direct and indirect pathways on 

cortical activation. Activation of the direct pathway causes disinhibition of the thalamic 

neurons and results in excitation of the cortex. Likewise, activation of the indirect 

pathway increases the inhibition of the thalamic neurons, which results in a reduction of 

glutamate signaling to the cortex, and therefore, decreased activation of the cortical 

neurons.   

The cortico-basal ganglia circuitry can be modulated by dopamine signaling from 

neurons originating in the substantia nigra pars compacta (SNc). Dopamine has 

different effects on direct and indirect pathway neurons of the striatum, which is 

mediated by the different dopamine receptor subtypes. Direct pathway neurons in the 

striatum contain mostly D1 dopamine receptors. Dopamine binding to these receptors is 

excitatory. Indirect pathway neurons in the striatum contain mostly D2 dopamine 

receptors. Dopamine binding to these receptors is inhibitory. Furthermore, basal ganglia 

function can also be modulated by other neurotransmitters (e.g., serotonin and 

acetylcholine) and neuropeptides. The direct and indirect pathways are parallel and 

complementary pathways and proper, adaptive expression of basal ganglia-mediated 

behaviors depends on the appropriate balance of activity from these two antagonistic 

pathways - activation of the direct pathway leads to motor activation whereas activation 

of the indirect pathway leads to motor inactivation. 

Most of the neuroanatomical studies investigating the dysfunction that mediates 

repetitive behavior in individuals with neurodevelopmental disorders have involved the 



 

14 

striatum.  These studies can be challenging because the heterogeneous patient 

populations, but have consistently found volume differences between the patient 

populations and neurotypical controls (Casanova et al., 1991; Wong et al., 1996; 

Subramanium et al., 1997; Harris et al., 1998; Eliez et al., 2001; Hoeft et al., 2008). In 

addition, several studies have found a statistical correlation between caudate volume 

and repetitive behaviors in Fragile X and autistic patients (Reiss et al., 1995; Sears et 

al., 1999; Hollander et al., 2005; Rojas et al., 2006; Gothelf et al., 2008; Langen et al., 

2009; Wolff et al., 2013). All of these studies except Sears et al. (1999) found a positive 

correlation between caudate volume and some measure of repetitive behavior. These 

studies further implicate cortico-basal ganglia circuitry dysfunction in the patient 

populations that exhibit repetitive behavior but do not elucidate the exact pathology that 

may mediate repetitive behavior. 

 Studies using animal models are more suitable for tracking the particular 

molecular pathophysiology that may induce the expression of repetitive behavior.  

These animal models of repetitive behavior can be categorized into three domains: 

genetic or CNS insults, pharmacological models, and restricted environments or 

experience (Lewis et al., 2007). Investigations of the genetic basis of several 

neurodevelopmental disorders using gene knockout mice have described the 

expression of repetitive behaviors (e.g., MECP2, GABRB3, Ts65Dn). Pharmacological 

models of repetitive behavior typically involve dopamine or glutamate agonists that alter 

basal ganglia functioning (Lewis et al., 2007). Restricted environments or experience 

also induce repetitive behaviors in a wide variety of species (e.g. mice, birds, dogs, 

monkeys) in a wide range of environments (e.g., farms, zoos, laboratory housing, and 
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even human households). Our laboratory uses inbred (including C58 mice) and outbred 

(deer mice) strains that exhibit spontaneous restricted repetitive behavior as a result of 

normal laboratory housing. 

 The behavioral phenotype of C58 mice has been characterized as part of a long-

standing effort to find relevant mouse models of autism (Moy et al., 2008, Ryan et al., 

2009; Muehlmann et al., 2012). These studies have revealed that C58 mice have 

several characteristics that are similar to the core symptoms of autism, including low 

sociability and persistent repetitive behaviors. The repetitive motor behaviors include 

both jumping and backward somersaulting. Furthermore, we have begun to characterize 

the dysfunction of cortico-basal ganglia circuitry in C58 mice and find a specific 

downregulation of indirect pathway activity in C58 mice, compared to C57Bl/6 mice, 

which don’t exhibit repetitive jumping and backward somersaulting (Muehlmann et al., 

2013). 

 Deer mice, when housed in standard laboratory cages, also exhibit high rates of 

repetitive behavior consisting of vertical jumping and/or backward somersaulting. 

Several lines of evidence suggest that the cause of repetitive behavior is an imbalance 

of activation of the direct and indirect pathways of the basal ganglia. Pharmacological 

studies have identified that by reducing dopamine D1 receptor activation, and thereby 

dampening the tone of the direct pathway, repetitive jumping in the deer mice is 

reduced (Presti et al., 2003). In addition to differences in dopamine receptor expression, 

the direct and indirect pathways also differ by the neuropeptides that they contain. The 

direct pathway contains dynorphin peptide; the indirect pathway contains enkephalin 

peptide. Our lab has found that striatum enkephalin levels of mice with high rates of 
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repetitive behavior are much lower than that of mice that exhibited only low rates of 

repetitive behavior, whereas dynorphin levels were equal between the two groups 

(Presti & Lewis, 2005). This suggests that the functioning of the direct pathway is equal 

in the two groups of mice, but that the indirect pathway of the mice that exhibit high 

rates of repetitive behavior is disregulated, and may be the cause of the increased 

repetitive motor behavior. Another study to suggest that the indirect pathway is 

hypofunctioning in deer mice with high rates of repetitive behavior used an assay of 

long lasting neuronal activity, cytochrome oxidase staining, in the subthalamic nucleus. 

This nucleus is innervated by the indirect pathway and not the direct pathway. Neuronal 

activation, as measured by cytochrome oxidase staining, was significantly lower in mice 

with high rates of repetitive behavior compared to mice with low rates of repetitive 

behavior. In addition, the intensity of cytochrome oxidase staining was negatively 

correlated with stereotypy rates (Tanimura et al., 2011). This further suggests that 

decreased indirect pathway function, which causes less neuronal activation in the 

subthalamic nucleus, is involved in the repetitive behavior exhibited by deer mice. Our 

lab has also shown previously that housing these mice in an enriched environment 

reduces the prevalence and frequency of repetitive behavior (Turner et al., 2002; Turner 

& Lewis, 2003; Turner et al., 2003). This decrease in stereotypic behavior by the 

environment is due to changes in activation of basal ganglia circuitry (Turner et al., 

2002), dendritic branching in the motor cortex and striatum (Turner et al., 2003), and 

from increased levels of brain derived neurotrophic factor in the striatum (Turner & 

Lewis, 2003).  
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 Taken together these data suggest that repetitive behavior in our mouse models 

is mediated by hypofunctioning of the indirect basal ganglia pathway. We hypothesized 

that specific drug targeting of the indirect basal ganglia pathway cells in the striatum 

could increase indirect pathway function and reduce repetitive behavior in the deer 

mice. These striatal cells express a few different neurotransmitter receptors that are 

either only expressed in those cells and no others in the brain, or form heteromeric 

complexes with other receptors and those complexes are not found any where else in 

the brain (Fuxe et al., 2003; Cabello et al., 2009). These receptors include the 

dopamine D2 receptor (Camus et al., 1986), the adenosine A2a receptor (Schiffmann et 

al., 1991), and the glutamate mGluR5 receptor (Tallaksen-Greene et al., 1998). It has 

been shown repeatedly that adenosine A2a receptor and glutamate mGluR5 receptor 

agonism synergistically reduces dopamine binding at the D2 receptor (Ferre et al., 

1999; Rimondini et al., 1999; Popoli et al., 2001) and that these agonists increase 

GABA release from striatopallidal cells (Diaz-Cabiale et al., 2002). This is an effect that 

is mediated by synergistic activation of cell signaling cascades (e.g., protein kinase A, 

ERK1/2 and DARPP-32 phosphorylation) and immediate early gene expression (Fuxe 

et al., 2003; Schiffmann et al., 2007; Dell’anno et al., 2013).  

 Consistent with our hypothesis, we have found that acute administration of a 

cocktail of drugs comprising a dopamine D2 receptor antagonist, an adenosine A2a 

receptor agonist, and a glutamate mGluR5 positive allosteric modulator (PAM), 

selectively reduces repetitive behavior in deer mice. These drugs did not selectively 

reduce repetitive behavior either alone or in double combinations. In addition, the triple 

cocktail of drugs continued to reduce repetitive behavior in deer mice throughout a 
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seven day, sub-chronic administration protocol. Finally, we were able to demonstrate 

that a converse drug cocktail (an adenosine A2a receptor antagonist, a dopamine D2 

receptor agonist, and a glutamate mGluR5 negative allosteric modulator; NAM) 

formulated to further reduce striatal indirect pathway cell function significantly increased 

repetitive behavior in deer mice.  
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CHAPTER 2 
METHODS 

Experiment 1: Acute Administration of Drug Cocktail in Saline Vehicle to Reduce 
Repetitive Behavior 

Animals 

 One hundred and five adult male deer mice were used in experiment 1. They 

were acquired from our established breeding colony, wherein they were weaned at 21 

days and housed with up to seven other male mice in a standard cage (29 x 18 x 13 

cm). Room temperature was maintained within a range of 70-75ºF, and a 12:12 

light:dark cycle, with lights off at 10AM. Food and water were available ad lib and two 

Nestlet squares were provided for nest construction. All procedures were performed in 

accordance with the guidelines set forth in the NIH Guide for the Care and Use of 

Laboratory Animals and were approved by the University of Florida Institutional Animal 

Care and Use Committee. 

Drugs 

 The dopamine D2 receptor antagonist, L-741,626, was purchased from Tocris 

Bioscience and suspended in 25% DMSO and saline at either 0.3, 1, or 3 mg/mL and 

injected at either 3, 10, or 30 mg/kg (respectively). The solution was sonicated and 

vortexed repeatedly up until time of injection. The adenosine A2a agonist, CGS21680 

hydrochloride, and the glutamate mGluR5 PAM, 3-Cyano-N-(1,3-diphenyl-1H-pyrazol-5-

yl)benzamide (CDPPB), were each acquired through the National Institute of Mental 

Health’s Chemical Synthesis and Drug Supply Program. CGS21680 was dissolved in 

25% DMSO and saline at 0.005 mg/mL and injected at 0.05 mg/kg. CDPPB was 

suspended in 25% DMSO and saline at either 0.3 or 3 mg/mL and injected at 3 or 30 
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mg/kg (respectively). This solution also required repeated sonication and vortexing up 

until time of injection. When drugs were given together as double or triple cocktails, a 

single solution was made and was administered in a single injection.  

Drug Treatments 

 Single drug dose response analyses were conducted to evaluate the efficacy of 

the dopamine D2 receptor antagonist, L-741,626, and the glutamate mGluR5 PAM, 

CDPPB, to selectively reduce repetitive behavior in deer mice. We injected separate 

cohorts of mice at the following doses: 3 mg/kg L-741,626 (n=9), 10 mg/kg L-741,626 

(n=9), 30 mg/kg L-741,626 (n=13), 3 and 30 mg/kg CDPPB (n=11). We also tested a 

single dose of CGS21680 (0.05 mg/kg). We found previously that this dose did not 

reduce repetitive behavior in deer mice and that any higher doses resulted in 

nonselective motor suppression (Tanimura et al., 2010).  

 Our investigations of double drug combinations were also run in separate cohorts 

of mice. We selected the highest dose of the individual drugs that were run in the single 

drug experiments: L-741,626 at 30 mg/kg, CGS21680 at 0.05 mg/kg, and CDPPB at 30 

mg/kg. We injected separate cohorts of mice with the following double drug 

combinations: L-741,626 + CGS21680 (n=12), L-741,626 + CDPPB (n=12), and 

CGS21680 + CDPPB (n=13). Finally, a separate cohort of deer mice received a triple 

combination of drugs at the individual doses used in the double drug cocktail (n=12). All 

of these studies were run in a random crossover design, wherein each mouse was also 

administered a vehicle injection (25% DMSO, saline) on a test day separated by at least 

a week from the drug challenge. All injections were administered at 4:00 PM (six hours 

following lights off), leaving two hours of the dark cycle remaining to study the effects of 

the drugs on repetitive behavior. 



 

21 

Repetitive Behavior Testing 

 The stereotypy observed in deer mice consists largely of two response 

topographies: jumping and backward somersaulting. The former topography involves 

the animal rearing against the cage wall and engaging in vertical hindlimb jumping. The 

second topography (backward somersaulting) involves the animal rotating its body such 

that it starts with all four paws on the cage floor, inverts its ventral surface to the cage 

top, and returns to the cage floor, upright and on all four paws. As these behaviors 

involve vertical activity, they were quantified using photobeam arrays which, when 

interrupted, recorded a count. We routinely video-recorded test sessions in order to 

identify the topography of stereotypy, insure accuracy of the automated counters, and 

measure the occurrence of non-stereotyped behavior. 

 Measurement of stereotypy was done in six standardized test cages using the 

automated apparatus described. We also employed a video surveillance system that 

allows digital recording of each automated test cage during the entire 8 hour dark cycle. 

The system makes use of a DVR capture card (GeoVision) and acquires images at 240 

frames per second which provided a high resolution per individual cage (ca. 40 fps). 

This permitted precise determination of the individual behavior of the animals and 

precise estimates of the reliability of the automated apparatus. The testing protocol 

involved removing mice from their home cages, weighing them, and placing them singly 

in standard testing cages (22 x 15 x 28 cm) one hour prior to the beginning of the dark 

cycle to allow for habituation. Food and water were provided. Each animal was 

assessed for the 8 hours of the dark cycle. 
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Locomotor Monitoring 

 To assess the selectivity of the motor effects of the triple cocktail of drugs, we 

injected three deer mice with L-741,626 (30 mg/kg), CGS21680 (0.05 mg/kg), and 

CDPPB (30 mg/kg) and compared their locomotor responsivity in an open field to three 

deer mice injected with vehicle. We used video tracking software (Ethovision, Noldus 

Information Technology) to measure total distance traveled and velocity. Locomotion 

was tested in individual mice 20 minutes following injection and testing lasted ten 

minutes. 

Data analysis  

 The dependent measure used for these experiments was a difference score of 

the number of jumps counted in the 60 minutes following injections minus the number of 

jumps counted in the 60 minutes preceding injections. These scores were compared for 

each mouse in the vehicle and drug conditions using paired t-tests. This crossover 

design was necessitated by the high individual differences between mice and the need 

to reduce type II error when examining new drug treatments. Data from the locomotor 

monitoring experiment were compared using unpaired t-tests. 

Experiment 2: Acute Administration of an Inverse Drug Cocktail to Increase 
Repetitive Behavior 

Animals 

 Five male deer mice were used in this experiment to evaluate the effect on 

repetitive behavior by a drug cocktail made up of an adenosine A2a antagonist, a 

dopamine D2 receptor agonist, and a glutamate mGluR5 NAM. Mice were weaned and 

housed as described in Experiment 1.  
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Drugs 

 SCH58261 (an adenosine A2a antagonist), quinpirole hydrochloride (a dopamine 

D2 agonist), and MTEP hydrochloride (a glutamate mGluR5 NAM) were purchased from 

Sigma-Aldrich. They were dissolved in 10% DMSO and saline at 0.1 mg/mL for 

SCH58261, 0.3 mg/mL for quinpirole, and 0.5 mg/mL for MTEP. The combined drug 

cocktail was administered at 1 mg/kg SCH58261, 3 mg/kg quinpirole, and 5 mg/kg 

MTEP. 

Repetitive Behavior Testing 

 Repetitive behavior was quantified as described in experiment 1.  For this 

experiment we hypothesized that the drug cocktail would increase the expression of 

repetitive behavior. We injected the drug cocktail at a time during the dark cycle when 

repetitive behavior counts were at their lowest (unpublished observations), 

approximately 2:00 PM.  

Data Analysis 

 This experiment was run as a random crossover design wherein injections were 

separated by at least one week. The number of jumps was recorded for 30 minutes pre-

injection and 30 minutes post injection. Pre-injection and post-injection jump 

frequencies were compared between the vehicle and drug administration days using a 

2-way analysis of variance (ANOVA).  

Experiment 3: Acute Administration of Drug Cocktail in Oil to Extend the Duration 
of Action on Repetitive Behavior  

Animals 

 Fifty two male deer mice were used for this experiment to evaluate an oil based 

formulation of the triple drug cocktail (using a dopamine D2 receptor antagonist, an 
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adenosine A2a agonist, and a glutamate mGluR5 PAM). Mice were weaned and 

housed as described in Experiment 1.  

Drugs 

 L-741,626, CGS21680, and CDPPB were acquired as described in Experiment 1. 

Each drug was suspended in peanut oil and left stirring for at least one hour before 

injection. L-741,626 was suspended at 0.5 mg/mL, CGS21680 was suspended at 0.03 

mg/mL, and CDPPB was suspended at 1.5 mg/mL. When drugs were given together as 

double or triple cocktails, a single solution was made and was administered in a single 

injection. 

Drug Treatments 

 Based on the known hydrophylicity of each drug, additional testing of efficacy 

and nonselective motor suppression was required. Using separate cohorts of mice we 

tested L-741,626 at 5 mg/kg (n=19), CGS21680 at 0.3 mg/kg (n=11), and CDPPB at 15 

mg/kg (n=11). In addition, we ran a crossover experiment comparing the oil vehicle, and 

double drug combinations, L-741,626 + CGS21680, L-741,626 + CDPPB, and 

CGS21680 + CDPPB in a separate cohort of mice (n=10). We also ran a comparison of 

the triple drug cocktail and oil vehicle in a separate cohort of mice (n=10). 

Repetitive Behavior Testing 

 Repetitive behavior was quantified as described in Experiment 1. For the single 

and double drug analyses, injections were administered at 2:00 PM in order to evaluate 

the duration of action of any effective combinations. For the triple drug cocktail 

assessment, injections were given as soon as the lights turned off (10 AM) in order to 

evaluate the full duration of action.  
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Data Analysis 

 For the single and double drug experiments we used a difference score of the 

total number of jumps counted post-injection (4 hours total) minus the total number of 

jumps counted pre-injection (4 hours total). The comparison of L-741,626 and vehicle 

was run with independent groups of mice (drug: n=7, vehicle: n=12) and was compared 

using an unpaired t-test. The comparisons for CGS21680, CDPPB, and the double drug 

combinations were run as crossover experiments and were analyzed using paired t-

tests (for single drug experiments) or repeated measures ANOVA (for double drug 

experiment). In a follow-up analysis of the CGS21680 data, we analyzed pre-injection 

and post-injection jump counts separately using paired t-tests. For the triple drug 

cocktail experiment, the total number of jumps for the five hours following injections was 

used as the dependent measure. A paired t-test was used for this crossover 

experiment.   

Experiment 4: Sub-chronic Administration of Drug Cocktail in Oil for Long-term 
Reduction of Repetitive Behavior 

Animals 

 Twenty one male deer mice were used for this experiment. The mice were 

weaned and housed as described in Experiment 1.  

Drugs 

 L-741,626 (0.5 mg/mL), CGS21680 (0.03 mg/mL), and CDPPB (1.5 mg/mL) were 

suspended in peanut oil. The suspensions were made up fresh each day and left stirring 

for at least one hour before injection. 
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Drug Treatments 

 Independent groups of deer mice were injected with either the triple drug cocktail 

(L-741,626 at 5 mg/kg, CGS21680 at 0.3 mg/kg, and CDPPB at 15 mg/kg; n=11) or 

peanut oil vehicle (n=10). Injections were given at lights out (10 AM) each day for seven 

days.  

Repetitive Behavior Testing 

 Repetitive behavior testing was conducted as described in Experiment 1, but only 

on days 1, 4, and 7 of drug administration. On days 2, 3, 5, and 6 each mouse was 

injected and then immediately returned back to their home cage for the rest of the day.  

Data Analysis 

 The total number of jumps counted throughout the test day was used as the 

dependent measure. Drug and vehicle comparisons were completed using a two-way 

repeated measures ANOVA, which analyzed the main effects of treatment and time and 

their interaction. The significant effects were further analyzed by a Bonferroni post-test. 
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CHAPTER 3 
RESULTS 

Experiment 1: Acute Administration of Drug Cocktail in Saline Vehicle to Reduce 
Repetitive Behavior 

 In the single drug experiments we evaluated the efficacy of three doses of the 

dopamine D2 receptor antagonist, L-741,626, and two doses of the glutamate mGluR5 

receptor PAM, CDPPB.  Repetitive behavior was not significantly reduced by any of 

these single drug challenges (3 mg/kg L-741,626: t(12)=0.5573, p=0.5876; 10 mg/kg L-

741,626: t(8)=0.9497, p=0.3701; 30 mg/kg L-741,626: t(12)=1.084, p=0.2997; 3 mg/kg 

and 30 mg/kg CDPPB: F(2,32)=0.6528, p=0.5314; Figs. 3-1 and 3-2). In addition, our 

previous work found that a single dose of 0.05 mg/kg of the adenosine A2a receptor 

agonist, CGS21680, also had no significant effect on repetitive behavior (Tanimura et 

al., 2010).     

 Our analyses of the double drug combinations revealed much of the same. No 

significant reduction of repetitive behavior was found with the L-741,626 + CGS21680 

combination (t(11)=0.9446, p=0.3652; Fig. 3-3), nor the L-741,626 + CDPPB 

combination (t(11)=1.561, p=0.1468, Fig. 3-4), or the CGS21680 + CDPPB combination 

(t(12)=1.974, p=0.0719, Fig. 3-5).  

 A significant reduction in repetitive behavior was found using the triple drug 

cocktail of drugs, L-741,626 + CGS21680 + CDPPB (t(11)=3.985, p=0.0021; Fig. 3-6). 

This effect was selective for repetitive behavior and was not due to nonselective motor 

suppression, as revealed by our test of locomotor reactivity in an open field. We found 

no between groups differences in total distance traveled or velocity in mice treated with 

either vehicle or the triple drug cocktail (distance: t(4)=1.811, p=0.1443; velocity: 

t(4)=1.692, p=0.1659; Fig. 3-7). 
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Experiment 2: Acute Administration of an Inverse Drug Cocktail to Increase 
Repetitive Behavior 

 Results from Experiment 1 suggested that only a triple cocktail of drugs targeted 

to the dopamine D2, adenosine A2a, and glutamate mGluR5 receptors, which are 

located on the striatal indirect pathway neurons, could reduce repetitive behavior. As a 

proof of concept we investigated whether a converse combination of drugs targeted to 

the heteromeric receptors could further decrease striatal indirect pathway neurons and 

increase repetitive behavior. We found that the dopamine D2 agonist, quinpirole, the 

adenosine A2a antagonist, SCH58261, and the glutamate mGluR5 NAM, MTEP, 

significantly increased repetitive behavior in the thirty minutes following injection (Fig. 3-

8). The two-way ANOVA revealed no significant main effect of time (F(1,8)=0.5142, 

p=0.4937) or drug (F(1,8)=1.539, p=0.25), but a significant drug x time interaction 

(F(1,8)=7.913, p=0.0227). This significant interaction was mediated by a reduction of 

repetitive behavior in the vehicle group, which we anticipated based on our 

understanding of the time course of repetitive behavior throughout the dark cycle, and a 

significant increase in repetitive behavior in the mice administered the converse triple 

drug cocktail.  

 
Experiment 3: Acute Administration of Drug Cocktail in Oil to Extend the Duration 

of Action on Repetitive Behavior 

 Results from Experiment 1 were encouraging but the duration of drug effect was 

relatively short, lasting only 60 minutes. Drugs suspended in oleaginous solution have a 

longer duration of action, so we examined whether a peanut oil vehicle could extend the 

duration of action of the triple drug cocktail. Because the hydrophylicity of the drugs, 

which changes their solubility in oil relative to aqueous solution, we retested each single 
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and double drug combination to confirm that there were no nonselective motor effects 

with the new doses and formulation. A single dose of the dopamine D2 receptor 

antagonist, L-741,626, did not significantly reduce repetitive behavior (t(17) = 2.099, 

p=0.051; Fig 3-9). The paired t-test of the difference score (post-injection minus pre-

injection) for the adenosine A2a agonist, CGS21680, revealed a significant difference in 

repetitive behavior between the vehicle and drug-treated mice (t(10)=2.701, p=0.0223; 

Fig. 3-10), though a follow-up analysis of the pre-injection and post-injection jump totals 

showed that this significant effect was mediated by a difference in pre-injection jump 

totals (t(10)=2.254, p=0.0478) and not by any drug-mediated change in post-injection 

behavior (t(10)=1.335, p=0.2114). Furthermore, a single injection of the glutamate 

mGluR5 receptor PAM, CDPPB, also did not significantly reduce repetitive behavior 

(t(10)=0.1065, p=0.9173; Fig. 3-11). A crossover study also showed no significant effect 

of any of the double drug combinations on repetitive behavior (F(3,39)=1.88, p=0.1568; 

Fig. 3-12). 

 Consistent with our finding in Experiment 1, the triple drug combination 

significantly reduced repetitive behavior (t(9)=2.705, p=0.0242; Fig. 3-13). This 

significant reduction in repetitive behavior lasted nearly five hours and an examination 

of the video recordings suggested no nonselective motor suppression. 

Experiment 4: Sub-chronic Administration of Drug Cocktail in Oil for Long-term 
Reduction of Repetitive Behavior 

 To examine the long-term efficacy of the triple drug cocktail in oil, we injected 

independent groups of mice each day for seven days and tested their repetitive 

behavior on days 1, 4, and 7. A two-way repeated measures ANOVA revealed a 

significant main effect of drug (F(1,36)=14.57, p=0.0013) and no significant main effect 
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of time (F(2,36)=1.643, p=0.2075) or drug x time interaction (F(2,36)=0.003, p=0.9968). 

This shows that the triple drug cocktail continued to stay effective at redacting repetitive 

behavior over each of the test days and that rates of repetitive behavior did not change 

within either the drug or vehicle groups across time. The Bonferroni post-test confirmed 

that the reduction in repetitive behavior by the triple drug cocktail was significant at each 

time point (Fig. 3-14). 

 

 
Figure 3-1. Acute administration of a dopamine D2 receptor antagonist in saline. Single 

doses of the dopamine D2 receptor antagonist, L-741,626, had no significant 
effect on repetitive behavior. 
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Figure 3-2. Acute administration of a glutamate mGluR5 receptor positive allosteric 

modulator in saline. Single doses of the glutamate mGluR5 PAM, CDPPB, 
had no significant effect on repetitive behavior. 

 
Figure 3-3. Acute administration of a dopamine D2 receptor antagonist and an 

adenosine A2a receptor agonist in saline. A combination of the dopamine D2 
receptor antagonist (L-741,626) and the adenosine A2a receptor antagonist 
(CGS21680) had no significant effect on repetitive behavior. 
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Figure 3-4.  Acute administration of a dopamine D2 receptor antagonist and a glutamate 

mGluR5 receptor positive allosteric modulator in saline. A combination of the 
D2 receptor antagonist (L-741,626) and the glutamate mGluR5 PAM 
(CDPPB) had no significant effect on repetitive behavior. 

 
Figure 3-5. Acute administration of an adenosine A2a receptor agonist and a glutamate 

mGluR5 receptor positive allosteric modulator in saline. A combination of the 
adenosine A2a receptor agonist (CGS21680) and the glutamate mGluR5 
PAM (CGS21680) had no significant effect on repetitive behavior. 



 

33 

 
Figure 3-6. Acute administration of a dopamine D2 receptor antagonist, an adenosine 

A2a receptor agonist, and a glutamate mGluR5 receptor positive allosteric 
modulator in saline. A triple drug cocktail made up of the dopamine D2 
receptor antagonist (L-741,626), the adenosine A2a receptor agonist 
(CGS21680), and the glutamate mGluR5 PAM significantly reduced repetitive 
behavior.  

 
Figure 3-7.  Test of locomotor reactivity in an open field. The triple drug cocktail had no 

significant effect on distance traveled (A) or velocity of locomotion (B), 
compared to that of vehicle-treated mice. 
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Figure 3-8. Acute administration of a dopamine D2 receptor agonist, an adenosine A2a 
receptor antagonist, and a glutamate mGluR5 receptor negative allosteric 
modulator in saline. Rates of repetitive behavior in the vehicle- and drug-
injected groups were similar before injections, but diverged post-injection. The 
triple drug cocktail made up of the adenosine A2a receptor antagonist 
(SCH58261), the dopamine D2 receptor agonist (quinpirole), and the 
glutamate mGluR5 receptor NAM (MTEP), significantly increased repetitive 
behavior.  

 

 

Figure 3-9. Acute administration of a dopamine D2 receptor antagonist in oil. A single 
dose of the dopamine D2 receptor antagonist, L-741,626, suspended in 
peanut oil had no significant effect on repetitive behavior. 
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Figure 3-10. Acute administration of an adenosine A2a receptor agonist in oil. A single 

dose of the adenosine A2a receptor agonist, CGS21680, suspended in 
peanut oil had no significant effect on repetitive behavior. 

 
Figure 3-11. Acute administration of a glutamate mGluR5 positive allosteric modulator in 

oil. A single dose of the glutamate mGluR5 receptor PAM, CDPPB, 
suspended in peanut oil had no significant effect on repetitive behavior. 
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Figure 3-12. Acute administration of the double drug combinations in oil. Combinations 

of the double drug cocktails suspended in peanut oil had no significant effects 
on repetitive behavior. 

 

Figure 3-13. Acute administration of a dopamine D2 receptor antagonist, an adenosine 
A2a receptor agonist, and a glutamate mGluR5 receptor positive allosteric 
modulator in oil. The triple drug cocktail suspended in peanut oil significantly 
reduced repetitive behavior.  
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Figure 3-14. Sub-chronic administration of the triple drug cocktail in oil. Sub-chronic 
administration of the triple drug cocktail shows continued reduction of 
repetitive behavior across seven days of injections. 
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CHAPTER 4 
DISCUSSION 

 Repetitive behaviors are an impairing characteristic of many 

neurodevelopmental, neurological, and psychiatric disorders, yet there are no 

medications that are specifically approved for their treatment. Reasons for this are 

numerous, but one of the most important factors is that we do not yet understand the 

neuropathologies that mediate repetitive behavior. Elucidating the disregulated neural 

circuits will allow better pharmacotherapeutic strategies and reveal novel drug targets. 

 Previous work using the deer mouse model has revealed specific downregulation 

of indirect basal ganglia pathway function (Presti et al., 2003; Presti & Lewis, 2005; 

Tanimura et al., 2010; Tanimura et al., 2011). We hypothesized that targeting 

dopamine, adenosine, and glutamate heteromeric receptors, which are only found on 

the indirect pathway neurons of the striatum, would significantly reduce repetitive 

behavior. In fact, we found that in both an aqueous and an oleaginous formulation, the 

triple drug cocktail targeting these receptor heteromers (a dopamine D2 receptor 

antagonist, an adenosine A2a receptor agonist, and a glutamate mGluR5 receptor 

PAM) significantly and selectively reduced repetitive behaviors. Single and double drug 

preparations were not effective. In addition, our sub-chronic administration protocol 

continued to show a significant drug effect across seven days of injections, indicating 

that tolerance or supersensitivity of the receptors to the drugs would not reduce drug 

efficacy with repeated administration. Finally, to further our understanding of the role of 

the indirect pathway neurons of the striatum in the expression of repetitive behavior, we 

tested whether a converse drug cocktail could increase the expression of repetitive 

behavior. We found that a combination of a dopamine D2 receptor agonist, an 
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adenosine A2a receptor antagonist, and a glutamate mGluR5 NAM, which we 

hypothesize to reduce striatal indirect pathway neuron function, did significantly 

increase repetitive behavior.   

 These experiments represent our initial attempts to find targeted 

pharmacotherapy for repetitive behaviors and will be the basis for future drug 

development. There are numerous advantages to a polypharmacy strategy targeted to 

heteromeric receptor complexes. Targeting particular receptor complexes on particular 

neurons allows selectivity of receptor activation and eliminates the necessity for high 

doses of singular drugs that may bind to receptors all over the central nervous system 

(CNS). These relatively lower doses of drugs reduce the side effect profile of each drug 

and may improve the likelihood of approval in the sensitive neurodevelopmental, 

neurological and psychiatric populations. This pharmacological strategy is also 

preferred over standard single target drugs because they take advantage of the normal 

physiological functioning of the cell. Numerous heteromeric complexes have been 

identified throughout the CNS and researchers are beginning to understand the 

differential functioning of receptor monomers and heteromers upon activation at the 

level of cell signaling cascade pathways (Agnati et al., 2003). Additionally, the effect of 

heteromeric receptor activation on cell signaling cascades can have synergistic effects 

such that targeting heteromeric receptor complexes can have significantly more impact 

on cell functioning than single drug exposure would. 

 Although there are many advantages to using multiple drugs to bind to receptor 

heteromers, designing a single molecule to bind within the binding pore of the 

heteromeric complex would be preferred. Finding a single molecule to preferentially 



 

40 

activate particular cell signaling cascades linked to the dopamine, adenosine, and 

glutamate receptor heteromer would significantly improve pharmacotherapeutic effect 

and reduce side effects. 

 Our finding of significant and selective reduction of repetitive behavior in deer 

mice with a triple drug cocktail designed to target the dopamine D2, adenosine A2a, and 

glutamate mGluR5 receptor is encouraging and suggests that further study of the 

mechanism of action is needed. We formulated the triple drug cocktail based on our 

understanding of each receptor’s association with cell signaling cascades and their 

effect on cellular activation. Future studies should confirm our hypothesis that the triple 

drug cocktail increased activation of the indirect pathway neurons of the striatum. 

Additionally, the effect of the triple drug cocktail on the neuropeptide enkephalin should 

be explored. Antagonism of dopamine D2 receptors and agonism of glutamate mGluR5 

receptors both increase enkephalin content (Steiner & Gerfen, 1998). Previous work 

from our lab showed significantly lower levels of enkephalin in the striata of deer mice 

with high rates of repetitive behavior, as compared to deer mice with low rates of 

repetitive behavior (Presti & Lewis, 2005). Future studies should also elucidate which 

cell signaling pathways and transcription factors mediate the positive 

pharmacotherapeutic effect. Adenosine A2a and glutamate mGluR5 cascades utilize 

overlapping molecules, including MAP kinase and CREB (Agnati et al., 2003). It will be 

important to understand which pathways are beneficial to drug response and to confirm 

that any single molecules that are designed to hit the receptor heteromer signal through 

the same cascades. These future experiments will improve our understanding of the 
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neurobiological mechanisms that mediate repetitive behavior reduction and will lead to 

the elucidation of more potential targets for novel pharmacotherapies. 

 



 

42 

LIST OF REFERENCES 

Bishop SL, Hus V, Duncan A, Huerta M, Gotham K, Pickles A, et al. (2013) 
Subcategories of restricted and repetitive behaviors in children with autism 
spectrum disorders. J Autism Dev Disord 43: 1287-1297. 

 
Bishop SL, Richler J, Cain AC, Lord C (2007) Predictors of perceived negative impact in 

mothers of children with autism spectrum disorder. Am J Ment Retard 112: 450-
461. 

 
Bodfish J, Symons F, Parker D, Lewis MH (2000) Varieties of repetitive behavior in 

autism: comparisons to mental retardation. J Autism Dev Disord 30: 237-243. 
 
Cabello N, Gandia J, Bertarelli DCG, Watanabe M, Lluis C, Franco R, et al. (2009) 

Metabotropic glutamate type 5, dopamine D2 and adenosine A2a receptors form 
higher-order oligomers in living cells. J Neurochem 109: 1497-1507. 

 
Camus A, Javoy-Agid F, Dubois A, Scatton B (1986) Autoradiographic localiztion and 

quantification of dopamine D2 receptors in normal human brain with [3H]N-n-
propylnorapomorphine. Brain Res 375: 135-149. 

 
Casanova MF, Naidu S, Goldberg TE, Moser HW, Khoromi S, Kumar A, Kleinman JE, 

Weinberger DR (1991) Quantitative magnetic resonance imaging in Rett 
syndrome. J Neuropsychiatry Clin Neurosci 3: 66-72. 

 
Cuccaro ML, Shao Y, Grubber J, Slifer M, Wolpert CM, Donnelly SL, et al. (2003) Factor 

analysis of restricted and repetitive behaviors in autism using the Autism 
Diagnostic Interview-R. Child Psychiatry Hum Dev 3: 3-17. 

 
Dell’Anno MT, Pallottino S, Fisone G (2013) mGlu5R promotes glutamate AMPA 

receptor phosphorylation via activation of PKA/DARPP-32 signaling in 
striatopallidal medium spiny neurons. Neuropharmacol 66: 179-186. 

 
Diaz-Cabiale Z, Vivo M, Del Arco A, O’Connor WT, Harte MK, Muller CE, et al. (2002) 

Metabotropic glutamate mGlu5 receptor-mediated modulation of the ventral 
striopallidal GABA pathway in rats. Interactions with adenosine A2a and 
dopamine D2 receptors. Neursci Lett 324: 154-158. 

 
Eliez S, Blasey CM, Freund LS, Hastie T, Reiss AL (2001) Brain anatomy, gender and 

IQ in children and adolescents with fragile X syndrome. Brain 124: 1610-1618. 
 
Ferre S, Popoli P, Rimondini R, Reggio R, Kehr J, Fuxe K (1999) Adenosine A2a and 

group I metabotropic gluatamate receptors synergistically modulate the binding 
characteristics of dopamine D2 receptors in the rat striatum. Neuropharmacol 38: 
129-140. 

 



 

43 

Fuxe K, Agnati LF, Jacobsen K, Hillion J, Canals M, Torvinen M, et al. (2003) Receptor 
heteromerization in adenosine A2a receptor signaling: Relevance for striatal 
function and Parkinson’s disease. Neurology 61: S19-S23. 

 
Gothelf D, Furfaro JA, Hoeft F, Eckert MA, Hall SS, O’Hara R, Erba S, Ringel J, 

Hayashi KM, Patnaik S, Golianu B, Kraemer HC, Thompson PM, Piven J, Reiss 
AL (2008) Neuroanatomy of Fragile X syndrome is associated with aberrant 
behavior and the Fragile X Mental Retardation Protein (FMRP). Ann Neurol 63: 
40-51. 

 
Green VA, Sigafoos J, Pituch KA, Itchon J, O’Reilly M, Lancioni GE (2006) Assessing 

behavioral flexibility in individuals with developmental disabilitites. Focus on 
Autism and Other Developmental Disabilities 21: 230- 236. 

 
Harris JC, Lee RR, Jinnah HA, Wong DF, Yaster M, Bryan RN (1998) Craniocerebral 

magnetic resonance imaging measurement and findings in Lesch-Nyhan 
syndrome. Arch Neurol 55: 547-553. 

 
Hoeft F, Hernandez A, Parthasarathy S, Watson CL, Hall SS, Reiss AL (2008) Fronto-

striatal dysfunction and potential compensatory mechanisms in male adolescents 
with Fragile X syndrome. Human Br Map 28: 543-554. 

 
Hollander E, Anagnoston E, Chaplin W, Esposito W, Haznedar M, Licalzi E, et al. 

(2005) Striatal volume on magnetic resonance imaging and repetitive behaviors 
in autism. Bio Psychiat 58: 226-232. 

 
Langen M, Schnack HG, Nederveen H, Bos D, Lahuis BE, de Jonge MV, van Engeland 

H, Durston S (2009) Changes in developmental trajectories of striatum in autism. 
Bio Psychiat 66: 327-333. 

 
Lewis MH, Tanimura Y, Lee LW, Bodfish JW (2007) Animal models of restricted 

reptitive behavior in autism. Behav Brain Res 176: 66-74. 
 
Mooney EL, Gray KM, Tonge BJ, Sweeney DJ, Taffe JR (2009) Factor analystic study 

of repetitive behaviours in young children with Pervasive Developmental 
Disorders. J Autism Dev Disord 39: 765-774. 

 
Moy SS, Nadler JJ, Young NB, Nonneman RJ, Segall SK, Andrade GM, Crawley JN, 

Magnuson TR(2008) Social approach and repetitive behavior in eleven inbred 
mouse strains. Behav Brain Res, 191: 118-129. 

 
Muehlmann, A.M., Buchwald, Z., Edington, G., Lewis, M.H. (2013) Neuronal 

hypoactivation of the subthalamic nucleus in an inbred model of restricted, 
repetitive behavior. Society for Neuroscience Abstracts, 43. 

 



 

44 

Muehlmann AM, Edington G, Mihalik AC, Buchwald Z, Kopphuzha D, Korah M, et al. 
(2012) Further characterization of repetitive behavior in C58 mice: developmental 
trajectory and effects of environmental enrichment. Behav Brain Res 235: 143-
149. 

 
Pierce K, Courchesne E (2001) Evidence for a cerebellar role in reduced exploration 

and stereotyped behavior in autism. Biol Psychiat 49: 655-664. 
 
Popoli P, Pezzola A, Torvinen M, Reggio R, Pintor A, Scarchilli L, et al. (2001) The 

selective mGlu5 receptor agonist CHPG inhibits quinpirole-induced turning in 6-
hydroxydopamine-lesioned rats and modulates the binding characteristics of 
dopamine D2 receptors in the rat striatum. Neuropsychopharmacol 25: 505-513. 

 
Presti MF, Lewis MH (2005) Striatal opioid peptide content in an animal model of 

spontaneous stereotypic behavior. Behavioural Brain Research 157: 363-368. 
 
Presti MF, Mikes HM, Lewis MH (2003) Selective blockade of spontaneous motor 

stereotypy via intrastriatal pharmacological manipulation. Pharmacol Biochem 
Behav 74: 833-839. 

 
Reiss AL, Abrams MT, Greenlaw R, Freund L, Denckla MB (1995) Neurodevelopmental 

effects of the FMR-1 full mutation in humans. Nature Medicine 1: 159-167. 
 
Rimondini R, Fuxe K, Ferre S (1999) Multiple intramembrane receptor-receptor 

interaction sin the regulation of striatal dopamine D2 receptors. NeuroReport 10: 
2051-2054. 

 
Rojas DC, Peterson E, Winterrowd E, Reite ML, Rogers SJ, Tregellas JR (2006) 

Regional gray matter volumetric changes in autism associated with social and 
repetitive behavior symptoms. BMC Psychiatry 13: 56-68. 

 
Ryan BC, Young NB, Crawley JN, Bodfish JW, Moy SS (2009) Social deficits, 

stereotypy, early emergence of repetitive behavior in C58/J inbred mouse strain. 
Behav Brain Res 208: 178-188.  

 
Scahill L, McDougle CJ, Aman MG, Johnson C, Handen B, Bearss K, et al. (2012) 

Effects of risperidone and parent training on adaptive functioning in children with 
pervasive developmental disorders and serious behavioral problems. J Am Acad 
Child Adol Psychiat 51: 136-146. 

 
Schiffmann SN, Fisone G, Moresco R, Cunha RA, Ferre S (2007) Adenosine A2a 

receptors and basal ganglia physiology. Prog Neurobiol 83: 277-292. 
 
Schiffmann SN, Jacobs O, Vanderhaeghen JJ (1991) Striatal restricted adenosine A2a 

receptor (RDC8) is expressed by enkephalin but not by substance P neurons: an 
in situ hybridization histochemistry study. J Neurochem 57: 1062-1067. 



 

45 

 
Sears LL, Vest C, Mohamed S, Bailey J, Ranson BJ, Piven J (1999) An MRI study of 

the basal ganglia in autism. Neuropsychpharmacology Biological Psychiatry 23: 
613-624. 

 
Steiner H, Gerfen CR (1998) Role of dynorphin and enkephalin in the regulation of 

striatal output pathways and behavior. Exp Brain Res 123: 60-76. 
 
Subramanium  B, Naidu S, Reiss AL (1997) Neuroanatomy in Rett syndrome: Cerebral 

cortex and posterior fossa. Neurol 48: 399-407. 
 
Szatmari P, Georgiades S, Bryson S, Zwaigenbaum L, Roberts W, Mahoney W, et al. 

(2006) Investigating the structure of the restricted, repetitive behaviours and 
interests domain of autism. J Child Psychol Psychiatry 47: 582-590. 

 
Tallaksen-Greene SJ, Kaatz KW, Romano C, Albin RL (1998) Localization of mGluR1a-

like immunoreactivity and mGluR5-like immunoreactivity in identified populations 
of striatal neurons. Brain Res 780: 210-217. 

 
Tanimura Y, King MA, Williams DK, Lewis MH (2011) Development of reptitive behavior 

in a mouse model: roles of indirect and striosomal basal ganglia pathways. Int J 
Dev Neurosci 29: 461-467. 

 
Tanimura Y, Vaziri S, Lewis MH (2010) Indirect basal ganglia pathway mediation of 

repetitive behavior: attenuation by adenosine receptor agonists. Behav Brain Res 
210: 116-122. 

 
Turner CA, Lewis MH (2003) Environment enrichment: effects on stereotyped behavior 

and neurotrophin levels. Physiology and Behavior 80: 259-266. 
 
Turner CA, Lewis MH, King MA (2003) Environmental enrichment: effects on 

stereotyped behavior and dendritic morphology. Developmental Psychobiology 
43: 20-27. 

 
Turner CA, Yang MC, Lewis MH (2002) Environmnetal enrichment: effects on 

stereotyped behavior and regional neuronal metabolic activity. Brain Research 
938: 15-21. 

 
Turner M (1999) Annotation: Repetitive Behaviour in Autism: A Review of Psychological 

Research. J Child Psychol Psychiatry & Allied Disciplines 40:839. 
 
Wolff JJ, Hazlett HC, Lightbody AA, Reiss AL, Piven J (2013) Repetitive and self-

injurious behaviors: associations with caudate volume in autism and fragile X 
syndrome. J Neurodevelopmental Disord 5: 12-20. 

 



 

46 

Wong DF, Harris JC, Naidu S, Yokoi F, Marenco S, Dannals RF, Ravert HT, Yaster M, 
Evans A, Rousset O, Bryan RN, Gjedde A, Kuhar MJ, Breese GR (1996) 
Dopamine transporters are markedly reduced in Lesch-Nyhan disease in vivo. 
Proc Natl Acad Sci USA 93: 5539-5543. 
 



 

47 

BIOGRAPHICAL SKETCH 

Amber M. Muehlmann is an Assistant Professor in the Department of Psychiatry 

at the Univeristy of Florida. She received her Bachelor of Arts degree from San Diego 

State Univeristy in 2002, her Masters of Science degree from the University of Florida in 

2005, and her Doctorate of Philosophy also from the University of Florida in 2011.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


