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Abstract 

 
The gold standard treatment for Parkinson’s disease (PD), L-3,4-dihydroxyphenylalanine (l-

dopa), results in involuntary movements referred to as l-dopa-induced dyskinesia (LID). The mechanisms 

of LIDs are poorly known and there is no current strategy to efficiently prevent or control LIDs. Recent 

evidence has found that the expression of several immediate early genes positively correlates with LID 

severity in a basal forebrain structure, the bed nucleus of the stria terminalis (BNST). Furthermore, 

evidence shows that dopamine D1-like receptor (D1R)-dependent overexpression of IEGs in the oval (ov) 

and juxtacapsular (jx) subregions of the BNST may contribute to this phenomenon. Therefore this study 

aimed to examine how a D1R agonist modulates synaptic transmission in the ov and jxBNST of rats with 

and without LIDs using in vitro electrophysiology. Male Sprague Dawley rats (n=34) surgically received 

unilateral 6-OHDA lesions (2.5 µl at 3µg/µl) in the medial forebrain bundle. Three weeks after lesioning 

and upon occurrence of  PD symptoms as measured by a stepping test, rats received daily injections of 

saline, or l-dopa (6mg/kg, i.p.) in benserazide (15mg/kg, i.p.), or benserazide alone. Benserazide is a 

peripheral inhibitor of DOPA-decarboxylase used to increase the central availability of dopamine (DA) 

and is generally administered with l-dopa, and thus was used as our vehicle control. On the 10th injection 

day, rats were assessed for the severity of three subtypes of dyskinesia: forelimb (jerks of the contralateral 

forelimb), orolingual (twitches of the jaw and tongue) and axial (contralateral twisted posturing). Rats 

were then euthanized one hour post injection and whole cell patch clamping was done in both the jx and 

ov areas of the BNST. Chronic l-dopa treatment did not alter strength at excitatory synapses in the 

ovBNST or jxBNST as measured by AMPA/NMDA ratios. Likewise, L-dopa treatment had no 

significant effect also D1-mediated modulation of GABAA or AMPA synaptic transmission in either the 

ov or jx BNST. Together, the data suggest that neither change in strength at excitatory synapses or D1R-

modulation of synaptic transmission in the ov or jxBNST are LID neurophysiological traces in this area 

of the rat brain. 
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Chapter 1 

Introduction 

1.1 Parkinson’s disease & Levodopa Induced Dyskinesia 

 

Parkinson’s disease (PD) is the most common progressive neurodegenerative disorder 

aside from Alzheimer’s disease (Squire et al., 2008). Initially described by James Parkinson in 

1871, patients with PD experience symptoms of motor dysfunction including resting tremors, 

hypokinesia, rigidity and postural reflex impairment (Squire et al., 2008; Wirdefeldt, Adami, 

Cole, Trichopoulos, & Mandel, 2011). The features of PD are not exclusive to motor symptoms, 

as the disorder also often involves speech abnormalities, cognitive dysfunction, depression, 

anxiety, sleep disturbances, hypotension, constipation, cramps, and other autonomic problems 

(Gelb, Oliver, & Gilman, 1999; Squire et al., 2008; Wirdefeldt et al., 2011). Parkinson’s disease 

involves the extensive loss of dopaminergic neurons in the nigrostriatal pathway, located in the 

substantia nigra pars compacta (SNpc) (Dauer & Przedborski, 2003). The axons of these neurons 

run along the medial forebrain bundle (MFB) and terminate in the dorsal striatum, primarily in 

the dorsolateral putamen (Dauer & Przedborski, 2003). At the onset of motor PD symptoms, 

dopamine (DA) in the putamen is depleted by nearly 80-85%, and approximately 50-60% of 

SNpc neurons have been lost (Dauer & Przedborski, 2003; Riederer & Wuketich, 1976). In 

addition to the SNpc neurons, there is also degeneration of neurons within the midbrain 

projecting to the ventrocaudal putamen, and the ventral tegmental area (VTA) projecting to the 

nucleus accumbens (NAc) (Deumens, Blokland, & Prickaerts, 2002). Due to the loss of these 

dopaminergic neurons in the SNpc and these areas, a large decline in striatal DA exists, which 

leads to motor impairments (Squire et al., 2008; Wirdefeldt et al., 2011). The pathology of PD is 

not restricted to DA neurons. There is evidence that there is a loss of noradrenergic and 
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serotonergic neurons as well, both of which may play a role in the non-motor symptoms of PD 

(Brichta, Greengard, & Flajolet, 2013; Deumens et al., 2002). 

 

As the motor dysfunctions associated with the disorder are due to a lack of dopamine, 

dopamine replacement therapy is the go-to pharmacological treatment for the disorder (Brichta et 

al., 2013). The most used and effective symptomatic treatment for PD remains the dopamine 

precursor levodopa (l-dopa), which works by increasing the concentration of DA at receptors 

without any receptor specificity (Brichta et al., 2013). L-dopa must be decarboxylated to DA, 

which can occur both inside and outside the brain (Schwarting & Huston, 1996). To increase the 

central availability of DA, peripheral decarboxylation is usually inhibited by a specific peripheral 

inhibitor of DOPA-decarboxylase, such as benserazide (Brichta et al., 2013; Schwarting & 

Huston, 1996). Previous studies have found physiological evidence that indicates that benserazide 

may have DAergic effects of its own, which may be important when trying to understand the 

effects of prolonged l-dopa treatment (Silva et al., 1997). L-dopa has its disadvantages, as its 

effectiveness declines over time and its dose is limited by negative side effects that occur in large 

doses (LeWitt, 2000). One of the most significant long-term problems of l-dopa treatment is the 

development of abnormal involuntary movements termed dyskinesia (Bezard, Brotchie, & Gross, 

2001; Lane & Dunnett, 2008). Levodopa induced dyskinesias (LIDs) can be classified into two 

types: dystonia (sustained, abnormal muscle contractions) and chorea (hyperkinetic, purposeless 

dance-like movements) (Bezard et al., 2001; Lane & Dunnett, 2008). LIDs can be debilitating, 

and occur in a high percentage of patients. Nearly 40% of patients will develop LIDS within 5 

years of starting l-dopa treatment, and 90% will develop LIDs within 10 years (Ahlskog & 

Muenter, 2001; Brichta et al., 2013). As the percentage of patients who experience LIDs is so 

high, and the LIDs themselves so debilitating, research into underlying mechanisms and treatment 

for LIDs is critical. 
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1.2 Animal Models of PD and Dyskinesia  

 

 There are a variety of animal models currently used for PD and LIDs. The most 

commonly used dopaminergic neurotoxins in these models are 6-hydroxydopamine (6-OHDA) 

and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Blum et al., 2001; Deumens et al., 

2002). The catecholamine neurotoxin 6-OHDA is hypothesized to produce cell death through 

hydrogen peroxide formation induced by MAO activity, reactive oxygen species generated by 

auto-oxidation, or direct inhibition of the mitochondrial respiratory chain (Blum et al., 2001). 

These mechanisms lead to oxidative stress and a decrease in cellular adenosine triphosphate 

(ATP) availability which results in cell death (Blum et al., 2001). In rodent models, 6-OHDA is 

injected into either the substantia nigra (SN), the medial forebrain bundle (MFB), or the striatum 

(caudate and putamen) to destroy dopaminergic neurons, leading to the depletion of DA in the 

striatum, and a reproduction of the physiopathological features responsible for the motor 

impairments in PD (Blum et al., 2001). Because 6-OHDA is not selective and also has the ability 

to destroy serotonergic and noradrenergic fibers, both a norepinephrine and serotonin reuptake 

inhibition are often administered prior to lesioning of the area (Iderberg, Francardo, & Pioli, 

2012). Although there is evidence that serotonin and norepinephrine systems are altered in PD, 

protection of these systems allows for the focus on the motor symptoms of PD which are thought 

to be a consequence of the loss of DA. MPTP can also be used to model PD, as it also produces 

degeneration of the neurons in the SN to striatum pathway (Blum et al., 2001). MPTP is 

transformed into 1-methyl-4-phenylpyridinium which leads to an inhibition of the cell respiratory 

chain and oxidative stress which trigger cell death (Blum et al., 2001). MPTP is injected into the 

SN and the MFB leading to a massive loss of dopamine in the striatum, and a moderate loss in the 

ventral tegmental area (VTA) and hypothalamus (Blum et al., 2001). MPTP in primates functions 
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as an excellent model of PD, however, rodents are relatively insensitive to MPTP so the 6-OHDA 

model is in the preferred method in rodent research (Donnan, Kaczmarczyk, Solopotias, Rowe, & 

Kalnins, 1986; Lane & Dunnett, 2008). 

 

 In general the MFB is preferred as a target site for lesioning with 6-OHDA to the SN as it 

is hard to target the SN without lesioning adjoining structures (Deumens et al., 2002). The 

striatum is the preferred target for early stage PD, as the extent of the lesion is not as severe as 

with MFB lesioning with the mesolimbic dopamine system remaining intact (Deumens et al., 

2002). However, to model late-stage or treatment-dependent characteristics of PD (such as 

dyskinesia) unilateral 6-OHDA lesions of the MFB can provide a good model (Deumens et al., 

2002). Injections of 6-OHDA into the MFB unilaterally, destroys the SN neurons whose axons 

run along the MFB and terminate in the dorsal striatum (Deumens et al., 2002). This results in 

near total depletion of DA in the caudate and putamen on the side ipsilateral to the injection, and 

denervation supersensitivity of the postsynaptic DA receptors in the caudate and putamen 

(Deumens et al., 2002). Following injection of 6-OHDA into the MFB, SN neurons begin to die 

within the first 12 hours post-injection, whereas lesioning of the nigrostriatal dopaminergic 

terminals paralleled by DA depletion is established within 2-3 days (Deumens et al., 2002). The 

injection is commonly carried out unilaterally, because a high mortality rate is associated with 

bilateral lesions (Deumens et al., 2002).  

 

 The benefits of l-dopa are generally well reflected in both primate and rodent models of 

PD (Lane & Dunnett, 2008). Similarly to long term l-dopa treatment in humans, chronic l-dopa 

treatment in these models produces LIDs (Lane & Dunnett, 2008). Chronic l-dopa treatment in 

MPTP-treated primates leads to choreic and dystonic movements that closely parallel dyskinesia 

in patients and can be scored using similar clinical rating scales (Imbert, Bezard, Guitraud, 
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Boraud, & Gross, 2000; Lane & Dunnett, 2008). Similarly, rats chronically treated with l-dopa 

develop abnormal involuntary movements (AIMs) that although not necessarily equivalent to 

chorea and dystonia seen in human patients, still provide a model of dyskinesia (Bezard et al., 

2001; Iderberg et al., 2012). These AIMs seen in rodents have been described in detail, 

differentiated from normal rodent behaviors, and can be rated to measure severity (Cenci, Lee, & 

Bjorklund, 1998). 

 

1.3 Dopamine Receptors and the Basal Ganglia Circuitry  

 

 Critical to understanding the pathways involved in PD and LIDs is a basic understanding 

of the subtypes of specific receptors for dopamine and the distinct effect these subtypes have on 

neurons. While there are five dopamine receptors, there are two families of DAergic receptors, 

D1 and D2. The D1 family (D1 and D5 receptors) stimulates adenylate cyclase, activating cyclic 

adenosine monophosphate (cAMP) and protein kinase A (PKA) (Bernardi & Mercuri, 2009). The 

D2 family (D2, D3, and D4 receptors) inhibits adenylate cyclase, which in turn inhibits cAMP 

and PKA (Bernardi & Mercuri, 2009). Thus, these receptors can have opposite effects on 

neuronal excitability. 

As previously mentioned, PD is characterized by a loss of dopaminergic neurons in the 

SN, that lead to reduced dopamine in the caudate and putamen of the striatum. These areas are 

involved in the cortico-basal ganglia-thalamo-cortical loop, a set of structures that receive direct 

input from the cerebral cortex and project output back to the cerebral cortex via the thalamus 

(Bezard et al., 2001). There are two pathways within this loop that connect the putamen to the 

basal ganglia output nuclei termed the “direct” and “indirect” pathways (Alexander & Crutcher, 

1990). These output nuclei of the basal ganglia are the globus pallidus (GPi) and the subthalamic 

nucleus (STN), both of which have inputs to the thalamus (Alexander & Crutcher, 1990). These 
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output nuclei are critical to motor activity, as their inhibitory control of the thalamus regulate its 

glutamatergic projections to cortical motor areas (Alexander & Crutcher, 1990). In order to 

understand how this loop functions in PD, an understanding of how dopamine impacts these 

circuits is necessary.  

 

In the direct pathway, the putamen has GABAergic projections to the GPi/SNr 

(Alexander & Crutcher, 1990). Therefore when the putamen is stimulated it would reduce the 

GPi/SNr’s inhibitory input to the thalamus, leading to increased excitatory activity from the 

thalamus and greater activity in the motor cortex. In the indirect pathway the putamen has 

glutamatergic projections to the GPe, which has GABAergic projections to the STN, decreasing 

its activity (Alexander & Crutcher, 1990). The STN has glutamatergic projections to the GPi/SNr, 

whose activity is reduced by the putamen (Alexander & Crutcher, 1990). Thus the decreased 

activity in the GPe results in less inhibition of the STN which excites the GPi/SNr leading to 

more inhibition of the thalamus and a decrease in motor cortex activity. Dopamine in the putamen 

is important for the proper functioning of both of these pathways, as dopamine has an excitatory 

effect on the cells in the putamen that are part of the direct pathway via D1 receptors, and an 

inhibitory effect on cells in the putamen associated with indirect pathway via D2 receptors 

(Bezard et al., 2001). Accordingly, dopamine normally excites the direct pathway and inhibits the 

indirect pathway.  

 

1.4 PD and LID Circuitry 

 

In PD, the degeneration of the SNpc neurons and resulting loss of dopamine in the 

putamen have cascading effects on the areas involved in this loop thought to be responsible for 

some of the motor deficits associated with PD. The loss of dopamine in the putamen removes the 
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DAergic drive of both pathways, reducing the activity of the direct pathway, and increasing the 

activity of the indirect pathway (DeLong, 1990). The overall effect results in an increase in output 

from the GPi/SNr, leading to excessive inhibition of the thalamus and therefore decreased output 

to cortical motor areas (DeLong, 1990). This excessive inhibition is proposed to be the origin of 

the motor deficits in PD (Bezard et al., 2001; Crossman, 1990; DeLong, 1990). As LID is 

seemingly the opposite of parkinsonian symptoms (an excessive amount of involuntary 

movement instead of a lack of voluntary movement) it has been proposed that the opposite of 

what is seen in untreated PD may be responsible for LIDs (Crossman, 1990). This model would 

result in the reduction of the inhibition of the thalamus and an overactivation of cortical motor 

areas (Crossman, 1990).  

 

1.5 Basal ganglia circuitry and LIDs 

 

This theory of the hyperactivity of the GPi output neurons has been examined in two 

studies of metabolic activity in the basal ganglia of MPTP treated primates. The first study 

examined uptake of [3H]2-deoxyglucose (2-DG), which is indicative of changes in metabolic 

activity, in MPTP primates treated with l-dopa in non-dyskinetic or dyskinetic (choreic and 

dystonic) groups (Mitchell, Boyce, Sambrook, & Crossman, 1992). The levels of 2-DG in the 

basal ganglia were examined immediately after receiving an l-dopa injection that produced either 

LIDs in the dyskinetic animals or clinical alleviation of Parkinson’s symptoms in the non-

dyskinetic animals (Mitchell et al., 1992). Decreased levels of 2-DG uptake were seen in 

thalamus regions that received inputs from the GPi in the dyskinetic animals, suggesting 

underactivity of the GPi (Mitchell et al., 1992). A second study examined mRNA encoding for 

cytochrome oxidase subunit 1 (COI mRNA, also indicative of changes in metabolic activity) in 

MPTP primates treated with l-dopa (Vila, 1997). They found decreased COI mRNA expression in 
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the GPi and STN of l-dopa treated animals (Vila, 1997). However COI mRNA expression 

remained unchanged in the GPe suggesting the reduction of activity in the STN and GPi are not 

related to changes from the GPe (Vila, 1997). Numerous other studies also demonstrated that the 

activity of the indirect pathway did not diminish in MPTP lesioned primates with dyskinesia 

(Herrero et al., 1996; Vila et al., 1996; Vila, 1997). These results suggest that, although not 

directly due to a cascade of alterations in the indirect pathway, the GPi appears to be involved in 

LIDs. Consistent with these findings of alterations in GPi activity, a number of 

electrophysiological studies have found a decrease in GPi firing frequency in dyskinetic primates 

and humans (Boraud, Bezard, Bioulac, & Gross, 2001; Hutchinson, Levy, Dostrovsky, Lozano, & 

Lang, 1997; Lozano, Lang, Levy, Hutchison, & Dostrovsky, 2000; Papa, Desimone, Fiorani, & 

Oldfield, 1999; Stefani, 1997). A more recent study examined changes in GPi firing in dyskinetic 

MPTP primates (Boraud et al., 2001). Primates were administered either apomorphine (a 

nonspecific dopamine agonist), SKF-38393 (a D1 agonist), or piribedil (a D2 agonist) at doses 

known to cause dyskinesia (Boraud et al., 2001). All three agonists induced a marked decrease in 

GPi firing frequency, consistent with previous findings (Boraud et al., 2001). Furthermore, the 

bursting firing pattern of the GPi was changed to a random firing pattern (Boraud et al., 2001). 

Thus LIDs, induced by D1 or D2 agonists, were correlated to both firing pattern and frequency 

alteration of GPi neurons in the MPTP treated primate (Boraud et al., 2001). These results were 

also a departure from the indirect pathway hypothesis of dyskinesia, as they demonstrated that 

both D1 and D2 agonism produced dyskinesia and induced the hypoactivity of GPi firing.  

 

1.6 Dopamine receptors and LIDs 

 

As the physiology of dyskinesia appears to be more complex than an increase of 

dopamine produced by l-dopa in the PD-depleted putamen, it has been theorized that cell to cell 
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signalling is responsible for the changes in the neural firing rate and pattern described above. 

Both D1 and D2 receptors are normally located at the postsynaptic membrane (Levey, 1993). 

Activation of D1 receptors by either agonists or endogenously released dopamine modifies their 

subcellular distribution in neurons, and their internalization into the cytoplasm (Dumartin, Caille, 

Gonon, & Bloch, 1998). Thus far, the number of dopamine receptors has not been clearly 

correlated with dyskinesia (Bezard et al., 2001). However internalization of dopamine receptors 

in response to receptor stimulation might account for the occurrence of dyskinesia. Studies have 

shown abnormalities in D1 receptor function by investigating the downstream effects of this 

receptor. There is evidence that there is a switch in signal transduction mechanisms that result in 

a supersensitive form of D1-mediated neuronal plasticity (Gerfen, 2000). Additionally, D1 

receptor activation leads to the induction of several immediate-early genes in neurons that are 

likely components of the direct pathway in the dopamine-depleted striatum (Bezard et al., 2001; 

Gerfen, 2000). These findings indicate a role for the direct pathway in LID, due to D1 receptor 

involvement. However once the brain has been primed to show dyskinesia in response to l-dopa, 

either D1 or D2 receptor agonists can elicit similar dyskinesia (Bezard et al., 2001). Thus if D1 

abnormalities are the mechanisms that underlie dyskinesia, there must be mechanisms by which 

D2 agonists can influence D1 signaling. Two explanations have been proposed as to how D2 

agonists can impact D1 signal transduction cascades. The first is that there is crosstalk between 

the direct and indirect pathways. In support of this theory, a study that found D2 receptor agonists 

enhance the effects of D1 receptor stimulation on immediate early gene expression in a 

subpopulation of striatal neurons that are involved in the direct pathway (Gerfen, Keefe, & 

Gauda, 1995). A second possible explanation is that D2 receptor agonists may be activating 

receptors other than D2, such as D3. In support of this theory, it has been found that l-dopa 

treatment for 3 weeks induced strong D3 expression in the striatum, that dyskinesia is blocked by 

D3 antagonists, and that D3 receptors that are expressed after dopamine therapy appear in D1-



 

10 

 

expressing striatal neurons in the direct pathway (Bezard et al., 2003; Bordet, 1997; Bordet, 

Ridray, Schwartz, & Sokoloff, 2000). 

 

1.7 Mechanism of LIDs outside of the striatum 

 

  Although LIDs are primarily thought to involve the dopamine D1 receptor-expressing 

striatal medium spiny neurons, there is evidence that several other structures in the brain play a 

role in LIDs (Bastide et al., 2014). The activation of D1 receptors results in increased expression 

of immediate-early genes (IEG), which are activated transiently and rapidly in response to a wide 

variety of cellular stimuli (Feyder, Bonito-Oliva, & Fisone, 2011; Okuno, 2011). As would be 

predicted, studies have found that within the cortico-basal ganglia-thalamo-cortical loop the IEGs 

ΔFosB, ARC, FRA2 and Zif268 are significantly overexpressed in the dorsolateral, ventrolateral, 

dorsomedial and ventromedial part of the lesioned striatum of dyskinetic rats compared to non-

dyskinetic rats (Bastide et al., 2014). Similarly in the motor cortex and the SNr these IEGs 

displayed significantly increased expression on the lesioned side of the dyskinetic animal 

compared to non-dyskinetic rats (Bastide et al., 2014). This study also found that 6 non-striatal 

brain regions, including 3 brain nuclei of the bed nucleus of the stria terminalis (BNST): the oval 

(ovBST), juxta capsular (jxBST) and the medial bed nucleus of the stria terminalis (amBST), 

exhibited a significant increased expression of the 4 IEGs on the lesioned side of dyskinetic rats 

compared to non-dyskinetic (Bastide et al., 2014). Additionally the unlesioned side the ovBNST 

showed a significant overexpression of ΔFosB and ARC (Bastide et al., 2014). Interestingly, IEG 

expression in the BNST positively correlated with LID severity, suggesting a potential role for 

this brain structure in the dyskinesia (Bastide et al., 2014). 

 

1.8 The BNST and LIDs 
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The BNST is a highly interconnected neural network made up of approximately 12 

distinct nuclei, which plays an important role in coordinating somatic, autonomic, and 

neuroendocrine motor responses to maintain homeostasis (Dumont, 2009). The dopamine inputs 

to the BNST are primarily from the VTA, periaqueductal grey and the retrorubral field (Dong, 

Petrovich, Watts, & Swanson, 2001) The ovBNST primarily has GABAergic outputs to other 

areas within the BNST, the lateral extended amygdala, as well as midbrain and brainstem motor 

regions (H. Dong et al., 2001). The jxBNST primarily projects to the medial central amygdala 

(involved in viseromotor responses), the caudoputamen, the anterior basolateral amygdalar 

nucleus, and the substantia nigra pars compacta (Dong, Petrovich, & Swanson, 2000). Thus both 

of these areas seem to integrate sensory inputs, higher cortical centers, and autonomic function 

with somatomotor activity. To date, the BNST has been implicated in the physiology of fear, food 

intake, social behaviours, pain, goal-directed behaviours, and psychopathologies such as anxiety 

and addiction (Dumont, 2009).   

As previously mentioned, the jxBNST sends a monosynaptic inhibitory input to DA 

neurons in the substantia nigra pars compacta and the caudoputamen, two critical components of 

the cortico-basal ganglia-thalamo-cortical loop involved in PD (Dong et al., 2000). Furthermore, 

6-OHDA lesions of the MFB are shown to nearly completely destroy dopaminergic terminals in 

the jxBNST on the lesioned side as shown in Figure 1. As mentioned, D1-receptor (D1R) 

activation and expression at the membrane is linked to LIDs. Previous research demonstrated that 

in the ovBNST of naive rats, exogenous DA can reduce the inhibitory synaptic transmission in a 

D2 like dopamine receptor-dose-dependent manner (Krawczyk, Georges et al., 2011). Further 

research showed a D2R-to-D1R switch in the ovBNST that resulted in a reversal of the 

modulatory effects of DA on GABAA mediated synaptic transmission in rats with a history of 

cocaine self-administration, a hyperdopaminergic condition reminiscent of long term l-dopa 
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exposure (Krawczyk, Sharma et al., 2011). These results suggested that cocaine self-

administration promotes the expression of the D1R gene or receptor trafficking to the membrane 

surface (Krawczyk et al., 2011). More recently, we demonstrated that cocaine-maintenance rats 

display an overexpression of D1R (Krawczyk et al., 2013). Overall, given the 

immunohistochemical evidence for BNST involvement in LIDs, the evidence of D1R 

involvement in LIDs, and evidence for DIR overexpression in cocaine maintenance rats in the 

BNST, we looked to investigate the potential mechanisms of LIDs in the BNST. 

 

Hypothesis 

 

The study of the mechanisms of LIDs is a critical area of research, as LIDs result from 

the most commonly used treatment for PD and are often severe and debilitating. Recent research 

has found overexpression of several IEGs that positively correlate with LID severity in the 

ovBNST and jxBNST, and evidence suggests that this overexpression of IEGs in the BNST may 

be dependent on D1 receptors which could contribute to dyskinesia. Therefore, we sought to 

examine the neurophysiolgoical traces of LIDs in the ovBNST and jxBNST of chronic l-dopa and 

benserazide treated 6-OHDA lesioned rats. We hypothesized that chronic l-dopa treatment 

enhances D1R-mediated modulation of synaptic transmission in the ovBNST and/or jxBNST in 

6-OHDA-lesioned rats.  

 

Specific Aims 

1. Identify whether chronic l-dopa treatment alters strength at excitatory synapses in the 

ovBNST and jxBNST as measured by α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) to N-methyl-D-aspartate (NMDA) ratios 
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2. Identify whether chronic l-dopa treatment alters DAergic modulation of glutamate 

transmission in the ovBNST and jxBNST 

3. Identify whether chronic l-dopa treatment alters DAergic modulation of GABAA 

transmission in the ovBNST and jxBNST  
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Figure 1. 

 

Figure 1.1 A figure demonstrating Tyrosine hydroxylase (TH) staining in the jxBNST. Tyrosine 

hydroxylase is an enzyme that catalyses the conversion of L-tyrosine to l-dopa. On the unlesioned side the 

jxBNST has substantial TH staining, however the lesioned side is nearly completely devoid of TH, 

suggesting dopamine terminals in the jxBNST are completely destroyed by the lesion. Figure was provided 

by Matthieu Bastide (2014). 
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Chapter 2 

Methods 

Chapter 2: Methods 

 

2.1 Subjects 

 

Thirty four adult male Sprague Dawley rats weighing between 175-200g at arrival, were 

pair caged and housed in a colony room with a regular light cycle (12 hours light at 7am/ 12 

hours dark at 7pm). Rats had free access to food (standard chow) and water. Rats were given one 

week to acclimate to the facility prior to surgery. Colony room temperatures were maintained at 

approximately 21°C. All procedures were conducted in accordance with the Canadian Council of 

Animal Care guidelines, and all experiments were approved by the Queen’s University Animal 

Care Committee Protocol #2014-1522. 

 

2.2 Drugs 

 

Marcaine (2mg/kg) and metacam (2mg/kg) for surgeries were obtained from the 

University Veterinarian and arrived in injectable form. Citalopram (1mg/kg) a selective serotonin 

reuptake inhibitor and desipramine hydrochloride (20mg/kg), a norephinephrine reuptake 

inhibitor were obtained from Sigma Aldrich (St. Louis, Missouri) and were prepared in sterile 

saline on the day of surgeries. The neurotoxin 6-OHDA (3µg/µl) was obtained from Tocris 

Biosciences (Now R&D Systems; Minneapolis, Minnesota) and was prepared in a solution of 1% 

ascorbic acid in saline on the day of surgeries. Benserazide, an inhibitor of peripheral aromatic 

amino acid decarboxylase enzymes that cannot cross the blood brain barrier was used to prevent 
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L-dopa from decarboxylating to dopamine before it reaches the brain, allowing dopamine to build 

up in the brain while reducing its peripheral side effects. Benserazide (15mg/kg) was obtained 

from Sigma Aldrich and prepared in sterile saline daily. L-Dopa (6mg/kg) was obtained from 

R&D and prepared in this Benserazide solution daily. D-amino-phosphonopentanoic acid (D-

AP5), Dinitroquinoxalinedione (DNQX), Picrotoxin, and (±)-6-Chloro-2,3,4,5-tetrahydro-1-

phenyl-1H-3-benzazepine hydrobromide (SKF-81297) were obtained from R&D. Stock solution 

of D-AP5 (100mM), an NMDA receptor antagonist, and SKF-81297, a D1R agonist (1mM) were 

made in double-distilled water and frozen. DNQX, an AMPA receptor antagonist was prepared in 

DMSO (100%) to form a stock solution of 100mM. Picrotoxin, a GABAA receptor antagonist was 

directly added to physiological solutions on the day of electrophysiological recording to achieve a 

concentration of 100µM. Other stock solutions were further dissolved in physiological recording 

solutions at the following desired concentrations: DNQX 50µM, DAP-5 50µM, SKF-81297 1µM. 

 

2.3 6-OHDA Lesioning  

 

2.3.1 Surgical Procedure 

 

Instruments, gauze and sterile fields for surgery were wrapped in sets and vapor sterilized 

prior to each surgery day. Each set of instruments was used for 2 surgeries, and tools were 

cleaned and sterilized with a bead sterilizer between each surgery. The experimenter wore a clean 

lab coat, a facemask as well as sterile gloves that were replaced after each surgery. To protect 

serotonin and norepinephrine systems during the lesion, reuptake inhibitors citalopram (1mg/kg, 

i.p.) and desipramine hydrochloride (20mg/kg, i.p.) were administered 30 min prior to surgery. 

Rats were anesthetized using isoflurane (4% V/V O2 at 10ml/min), administered local analgesic 

at the incision site (Marcaine, 2mg/kg, intradermally.) and received a general analgesic 
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(Metacam, 2mg/kg i.p.). The surgical site was shaved and the skin aseptized with sterilizing soap 

followed by a three-step alcohol (70%) and betadine alternate cleaning. Lidocaine gel was applied 

onto non-rupturing earbars and rats were placed in a stereotaxic apparatus which was on an 

electric heated blanket. A 1cm incision was made to expose the skull and a small hole was drilled 

at the stereotaxic coordinates of A/P: -3.6, L +1.6. Rats then received unilateral injections of 6-

OHDA using a sterile glass pipette or a sterile Hamilton syringe. Five injections of 0.5μl of 6-

OHDA (3µg/µl) were made using a picospritzer or a 5 μl Hamilton syringe, starting at D -7.5 and 

moving dorsally 0.5mm for each injection, totaling 2.5 μl of 6-OHDA. Following infusion, the 

skin was sutured with 4-0 absorbable interrupted suturing. The wound was carefully cleaned with 

sterile saline solution and a topical anesthetic and antibiotic (Polysporin with lidocaine) was 

applied. Rats received a 5mL injection of sterile lactated ringer to prevent dehydration from the 

procedure. 

 

2.3.2  Surgical Recovery 

 

Rats were individually housed in their colony room for three days post-operatively where 

they received metacam injections (1mg/kg i.p.) and were treated with a topical 

anesthetic/antibiotic daily for three days. After this time rats were paired with the cagemate they 

had prior to surgery.  

 

2.3.3 Confirmation of Lesions: Stepping Test 

 

Three weeks after the surgery the rats underwent a stepping test twice a day for two days 

to confirm the lesions were effective and that rats display symptoms of PD. During testing the rat 

was held by the experimenter in a manner where both hindlimbs and one paw were gently 
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restrained. The rat was then lowered until the free paw touched the table surface. The rat was 

slowly moved sideways (90cm) on the table with the number of footsteps recorded. The lesion 

should cause asymmetry in forelimb use, thus a successful unilateral lesion results in significantly 

fewer footsteps on one side. For more details on the stepping test see Olson et al., 1995 or Berthet 

et al., 2009. Only the animals displaying the impaired stepping test, which indicated the lesions 

were successful, were used in final analysis. Three animals were excluded due to non-impaired 

stepping test results.  

 

2.4 L-dopa Induced Dyskinesia  

 

2.4.1 Chronic L-Dopa Treatment 

 

Upon assessment of PD symptoms, the rats received daily injections of either l-dopa 

(6mg/kg, q.d., i.p.) with benserazide (15mg/kg, q.d., i.p.,) or benserazide alone (15mg/kg, q.d., 

i.p.,) as a control. Follow up experiments were done with rats receiving daily saline injections as a 

further control. Injections were administered daily for a minimum of 10 days. The injection site 

was alternated (right/left) daily to reduce the risk of inflammation and infection. A total of 11 rats 

received chronic l-dopa treatment, 11 rats received benserazide only injections, and 9 rats 

received saline only injections. 

 

2.4.2 Behavioral Measures of Dyskinesia  

 

On the 10th day, rats receiving l-dopa were assessed for the severity of three subtypes of 

l-dopa induced dyskinesia: forelimb (jerks of the contralateral forelimb), orolingual (twitches of 

the jaw and tounge) and axial (contralateral twisted posturing). Every 30 min for 2 hours 
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following the administration of l-dopa the severity of each subtype was assessed using scores 

from 0 to 4. The scale values are as follows: 0: no dyskinesia present, 1: occasional, i.e. present 

less than 50% of the time; 2: frequent, i.e. present more than 50% of the time; 3: continuous, but 

interrupted by strong sensory stimuli; 4: continuous, not interrupted by strong sensory stimuli. 

For more details on dyskinesia measures see see Lundblad et al., 2002. Once assessed, rats 

continue to receive daily injections until they are euthanized for electrophysiological analysis. 

The experimenter was not blind to the condition of the animals. 

 

2.5 Electrophysiology 

 

2.5.1 Brain Slice Preparation 

 

One hour after injection of l-dopa, benserazide, or saline rats were anesthetized with 

isoflorane for brain slice preparation. Coronal slices (250 µm) containing the BNST were 

prepared in a physiological solution containing (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.6 

CaCl2, 1.2 NaH2PO4, 25 NaHCO3 and, 11.1 D-glucose (all chemicals obtained from Fisher 

Scientific).  The brains were cut coronal slicing (250 µm) with a vibrating microtome (Leica VT-

1000) in the physiological solution maintained at 2C throughout the slicing procedure. Slices 

were incubated at 34°C for 60 minutes and transferred to a chamber constantly perfused (3 

mL/min) with physiological solution maintained at 34°C and equilibrated with 95%O2/5%CO2. 

 

2.5.2 Whole cell patch clamping 

 

Recordings measuring either evoked excitatory postsynaptic currents (EPSCs) or evoked 

inhibitory postsynaptic currents (IPSCs), were made in both the ovBNST and the jxBNST. For 
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the locations of the recordings see Figure 2. Whole-cell voltage-clamp recordings were made 

using glass microelectrodes filled with a conductive solution that varied slightly in each 

experiment as outlined below. In each experiment this solution was adjusted with KOH until pH 

rested between 7.2 and 7.4. Osmolarity for the solution in the perfused bath and microelectrode 

was measured and maintained at a difference of 20 mOsm (~ 270-290 mOsm). EPSCs or IPSCs 

were evoked by local fiber stimulation using tripolar tungsten electrodes approximately 100-500 

µm dorsal from the recorded neurons. Visual guidance was provided by an upright transmitted 

light microscope (BX-51W1, Olympus) equipped with a Dolt-Gradiant-Contrast-System (Luigs 

Neumann). Synaptic activity was recorded using a Multiclamp 700B amplifier and an 

InstruTECH ITC-18 digitizer in conjunction with Axograph 1.4.4 (Axograph Scientific). 

 

2.5.3 AMPA/NMDA Ratio 

 

A total of 6 rats resulting in recordings from 20 cells were used in AMPA/NMDA ratio 

experiments. A total of 3 chronic l-dopa and 3 benserazide treated rats were used for 

AMPA/NMDA ratio recordings. Recordings were done on the side of the lesion. Neurons were 

voltage clamped at -60 mV until stable, when the voltage was slowly increased until it was at 

40mV to release Mg blockade of NMDA receptors. The recording pipette was filled with a 

solution containing (in mM): 140 Cs+MeSO3-, 1 EGTA, 10 HEPES, 4 NaCl, 1 MgCl2, 2 ATP, 0.3 

GTP, and 1 P-creatine.  EPSCs were pharmacologically isolated with the GABAA receptor 

antagonist Picrotoxin. Repeated electrical stimulation (0.1 ms duration, 3000 ms interval) was 

applied at 0.1Hz, and the amplitude of the evoked EPSC was recorded. After a baseline period of 

5 minutes, the NMDA receptor antagonist D-AP5 was bath applied for 5 minutes to isolate 

AMPA currents. Recordings continued until the cell health declined or the effect of the D-AP5 



 

21 

 

had washed completely. Recordings of isolated AMPA currents were digitally subtracted offline 

from the total EPSCs to obtain the NMDA currents.  

 

2.5.4 Effect of dopamine on AMPA EPSCs 

  

A total of 6 rats resulting in recordings from 15 cells were used in AMPA EPSC 

recordings. A total of 3 chronic l-dopa and 3 benserazide treat rats were used for these recordings. 

Recordings were done on the lesioned side. Neurons were voltage clamped at -60 mV to ensure 

blockade of NMDA receptors. The recording pipette was filled with a solution containing (in 

mM): 130 K+-gluconate, 1 EGTA, 10 HEPES, 1 MgCl, 1 ATP, 0.3 GTP, and 1 P-creatine. EPSCs 

were pharmacologically isolated with GABA receptor antagonist picrotoxin. Paired electrical 

stimulation (0.1 ms duration, 50 ms interval) was applied at 0.1Hz, and the amplitude of the 

evoked EPSC was recorded. After a baseline period of 5 minutes, the D1 receptor agonist SKF 

81297 was bath applied for 5 minutes (1 µM) and washed for at least 15 min. DA-induced change 

in peak amplitude was recorded and measured. 

 

2.5.5 Effect of dopamine on GABAA IPSCs 

 

A total of 19 rats resulting in recordings from 66 cells were used in GABAA IPSC 

recordings. A total of 5 chronic l-dopa, 5 benserazide and 9 saline treated rats were used for these 

recordings. Recordings were done on the lesioned side. Neurons were voltage clamped at -60 mV 

to ensure blockade of NMDA receptors. The recording pipette was filled with a solution 

containing (in mM) 80 KCl, 70 K+-gluconate, 1 EGTA, 5 HEPES, 2 MgATP, 0.3 GTP, and 1 P-

creatine.  IPSCs were pharmacologically isolated with the AMPA receptor antagonist DNQX (50 

µM). Paired electrical stimulation (0.1 ms duration, 50 ms interval) was applied at 0.1Hz, and the 
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amplitude of the evoked IPSCs was recorded. After a baseline period of 5 minutes, the D1 

receptor agonist SKF 81297 was bath applied for 5 minutes (1 µM) and washed for at least 15 

min. DA-induced change in peak amplitude was recorded and measured. 

 

2.6 Data Analysis 

 

All analysis was done using Statistical Package for the Social Sciences (SPSS) Version 

22.0. Measurement of AMPA to NMDA ratios were completed using Axograph X. Recordings of 

isolated AMPA currents were obtained by averaging amplitudes at the peak of the effect of D-

AP5. These currents were digitally subtracted offline from the total EPSCs obtained from an 

average of the baseline to obtain the NMDA currents. AMPA to NMDA ratios were calculated 

and compared using a one-way analysis of variance (ANOVA) for each brain area of interest. 

 

Measurement of the peak amplitude of evoked IPSCs or EPSCs was completed using 

Axograph X. Recordings that exhibited changes in recording conditions, a substantially 

increasing or decreasing baseline, changes in health of the neurons, or a change of more than 20% 

in series resistance were not included in analysis due to the fact that the amplitude of the currents 

could have been influenced by any of these factors. Peak amplitudes for each minute of recording 

were evaluated as a percent change from baseline. This was calculated by creating an averaged 

amplitude value of the first 5 min baseline recording, then creating a percent change score for the 

first potential of each evoked pair from that baseline value. Analysis of change in amplitude for 

both GABAA and AMPA analysis were evaluated with mixed-design ANOVA. Time (in 1 min 

bins) was set as the within-subject variable and condition (chronic l-dopa or benserazide treated) 

as the between-subject variable. When interactions were found statistically significant, post-hoc 

tests were done to determine simple main effects. When main effects of time were found, paired 
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samples t-tests comparing baseline (as measured by minute 5) and peak effect post-SKF-81297 

(as measured by minute 25) were conducted. 
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Figure 2.1 

 

Figure 2. An atlas image depicting the ovBNST and the jxBNST. 
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Figure 2.2 
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Figure 2.2. To confirm successful lesioning rats underwent a stepping test twice a day over two 

days for a total of four tests. The large figure depicts the differences in steps the rats took with 

their unrestrained paw while being moved backwards. A t-test was done to demonstrate that as 

expected, rats took significantly less footsteps, t (258)= 12.99, p > .001, on their left paw 

(M=0.65, SEM= 0.10) than their right paw (M=8.64, SEM =0.61), confirming successful lesions. 

In the upper righthand corner are the results of the three rats that were deemed to have not been 

successfully lesioned. These rats were excluded as they took more than four steps with the 

impaired paw during at least two of the four tests. 
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Chapter 3 

Results 

 

3.1 Chronic l-dopa treatment does not alter excitatory synapses as measured by AMPA/NMDA 

ratio in the jxBNST 

 

IEGs are theorized to be indicators of previous neuronal activity. Given that previous 

studies found an increase in IEGs in the jxBNST we wanted to determine whether chronic l-dopa 

treatment altered strength at excitatory synapses in the jxBNST. To examine excitatory activity 

we measured AMPA/NMDA ratios, which are indicative of excitatory plasticity, recorded on the 

lesioned side. A one-way ANOVA indicated there was no significant difference, F(1, 7) = 3.370, 

p = .109, between the chronic l-dopa (M= 1.40, SD = .258) or benserazide groups (M= 1.14, SD 

= .167) on the lesioned side (Figure 3). These results suggest that chronic l-dopa treatment does 

not alter excitatory synapses in the jxBNST. 

 

3.2 Chronic l-dopa treatment does not alter excitatory synapses as measured by AMPA/NMDA 

ratio in the ovBNST 

 

To determine whether chronic l-dopa treatment altered strength at excitatory synapses in 

the ovBNST, we measured AMPA/NMDA ratios recorded on the lesioned side. A one-way 

ANOVA indicated there was no significant difference, F(1, 9) = 0.112, p = .745, between the 

chornic l-dopa (M= 1.18, SD = .179) or benserazide groups (M= 1.12, SD = .387) on the lesioned 

side (Figure 4). These results suggest that chronic l-dopa treatment does not alter excitatory 

synapses in the ovBNST. 
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3.3. Chronic l-dopa treatment does not alter DAergic modulation of AMPA transmission in the 

jxBNST 

 

To determine whether chronic l-dopa treatment alters DAergic modulation of AMPA 

transmission in the jxBNST, we measured the effects of D1-agonist SKF-81297 on amplitudes of 

evoked AMPA-EPSCs over time. We compared two groups that varied by treatment condition: 

chronic l-dopa and benserazide. In order to assess the relationship between groups over time a 

mixed design analyses of variance (ANOVA) was conducted. The results show that there was 

neither a main significant effect of time F(24, 312) = 1.402, p = .103, or group F(1,13) = 0.017, p 

= .897, and accordingly there was not a significant interaction F(24, 312) =  1.154, p = .284. 

These results suggest that there were no differences in the effects of D1-agonist SKF-81297 on 

amplitudes of evoked AMPA-EPSCs between the chronic l-dopa treated animals and the control 

group, nor was there a significant difference in any of the groups AMPA-EPSCs over time 

(Figure 5). As there was no evidence of chronic l-dopa treatment altering excitatory transmission 

as measured by AMPA/NMDA ratios or DAergic modulation of AMPA transmission, we decided 

to next examine inhibitory transmission.  

 

3.4 D1 agonism increases GABAA synaptic transmission in the jxBNST in both chronic l-dopa 

and benserazide treated rats 

 

To determine whether chronic l-dopa treatment alters DAergic modulation of GABAA 

transmission in the jxBNST, we measured the effects of the D1-agonist SKF-81297 on 

amplitudes of evoked GABAA-IPSCs over time. In order to assess this relationship between 

groups over time a mixed-design analyses of variance (ANOVA) was conducted. The interaction 



 

28 

 

between time and condition was not significant F(24, 480) =  .833, p = .695. There was a 

significant main effect of time, F(24, 480) = 2.559, p = .000, but no significant main effect of 

group F(1, 20) = .193, p = .665. These results suggest application of D1 agonist SKF-82958 

caused an increase in GABAA-IPSC amplitude over time in both groups of animals (Figure 6). 

However because all groups demonstrated this increase, chronic l-dopa treatment was not 

responsible for the increase in amplitude seen after D1 agonist application. To further examine the 

main effect of time, a paired samples t-test was done comparing the final minute of baseline 

(minute 5), and final minute of recording post SKF-81297 application (minute 25). There was not 

a significant difference in the percent change in GABAA between the baseline (M= 8.87, SD= 

15.94) and at the final minute of recording (M= 25.99, SD= 57.99); t(21)= -1.515, p = .145. 

Though both groups increased over time, the difference between baseline and the final minute of 

recording was not significant. 

 

3.5 D1 agonism increases GABAA synaptic transmission in the ovBNST in both chronic l-dopa 

and benserazide treated rats 

 

To determine whether chronic l-dopa treatment alters DAergic modulation of GABAA 

transmission in the ovBNST, we measured the effects of D1-agonist SKF-81297 on amplitudes of 

evoked GABAA-IPSCs over time. In order to assess this relationship between groups over time a 

mixed-design analyses of variance (ANOVA) was conducted. The interaction between time and 

condition was not significant F(24, 408) =  .551, p = .960. There was a significant main effect of 

time, F(24, 408) = 2.361, p = .000. There was not a significant main effect of group F(1, 17) = 

.038, p = .848. These results suggest application of D1 agonist SKF-82958 caused an increase in 

GABAA-IPSC amplitude over time in both of the groups of animals (Figure 7). However, because 

both groups demonstrated this increase, chronic l-dopa treatment was not responsible for the 
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increase in amplitude seen after D1 agonist application. To further examine the main effect of 

time, a paired samples t-test was done comparing the final minute of baseline (minute 5), and 

final minute of recording post SKF-81297 application (minute 25). There was a significant 

difference in the percent change in GABAA between the baseline (M= 1.87, SD= 11.55) and at 

the final minute of recording (M= 23.76, SD= 39.29); t(18)= -2.495, p = .023. These results 

suggest that both groups saw a significant increase from baseline to the final minute of recording. 

 

3.6 Chronic saline treatment does not differ from chronic l-dopa and chronic benserazide when 

measuring D1-meidated effects on GABAA synaptic transmission in the jxBNST 

 Given the lack of significant differences between the effect of D1-agonism on GABAA in 

the l-dopa and benserazide groups we sought to examine whether these effects could be due to the 

dopaminergic effects of benserazide. To examine this we measured the effects of the D1-agonist 

SKF-81297 on amplitudes of evoked GABAA-IPSCs over time in the jxBNST of 6-OHDA 

lesioned rats that had been chronically treated with saline instead of l-dopa and benserazide or 

benserazide alone (Figure 8). In order to assess this relationship between groups over time a 

mixed-design analyses of variance (ANOVA) was conducted. Mauchley’s test indicated that the 

assumption of sphericity had been violated χ2(299)= 923.62, p=.000 and therefore degrees of 

freedom were corrected using Greenhouse-Geisser estimates of sphericity (ε= .143). The 

interaction between time and condition was not significant F(6.86, 95.98) =  .662, p = .701. There 

was a significant main effect of time, F(3.43, 95.98) = 4.379, p = .004, but no significant main 

effect of group F(2, 28) = .180, p = .836. These results suggest that application of D1 agonist 

SKF-82958 caused an increase in GABAA-IPSC amplitude over time in all groups of animals 

unrelated to treatment condition. This confirms that the increase in IPSC amplitude seen in the 

benserazide group was not due to the dopaminergic effects of benserazide, as the saline group 

saw the same increase in IPSC amplitude. 
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3.7 Chronic saline treatment does not significantly differ from chronic l-dopa and chronic 

benserazide when measuring the effects of a D1 agonist on GABAA synaptic transmission in the 

ovBNST.  

Similarly recordings in the ovBNST done with 6-OHDA rats treated with chronic saline, 

were compared to the l-dopa and benserazide groups. In order to assess this relationship between 

groups over time a mixed-design analyses of variance (ANOVA) was conducted. Mauchley’s test 

indicated that the assumption of sphericity had been violated χ2(299)= 959.71, p=.000 and 

therefore degrees of freedom were corrected using Greenhouse-Geisser estimates of sphericity 

(ε= .140). The interaction between time and condition was not significant F(6.71, 107.37) =  

.1.017, p = .42. There was a significant main effect of time, F(3.36, 107.37) = 3.209, p = .022, but 

no significant main effect of group F(2, 32) = .1.441, p = .252.  Although visually it appears as if 

saline does not see the same increase in GABAA potentiation as the l-dopa and benserazide 

groups (Figure 9), these differences are not significant and suggest that there is not a meaningful 

difference between these groups. 
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Figure 3. 1 

 

Figure 3.1 AMPA/NMDA ratio in the jxBNST of 6-OHDA lesioned rats chronically treated with 

l-dopa or benserazide obtained from whole cell patch clamping on the lesioned side 

 

Figure 3.2 

 

Figure 3.2 AMPA/NMDA ratio in the ovBNST of 6-OHDA lesioned rats chronically treated with 

l-dopa or benserazide obtained from whole cell patch clamping on the lesioned side 
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Figure 3.3  

 

 
 
Figure 3.3. Effect of 5 min bath application of the D1R agonist SKF-81297 on the amplitude of 

electrically evoked jxBNST AMPA-EPSCs as a function of time in chronically l-dopa treated 6- 

OHDA lesioned rats and benserazide treated 6-OHDA lesioned rats. Evoked events were binned 

(1 min, 6 events) and data points and error bars represent means +/-SEM across all recorded 

neurons within each experimental group. Bottom Right: Example traces are shown in reflecting 

recordings prior to (Pre) and after (Post) D1R agonist application. 
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Figure 3.4 

Figure 3.4. Effect of 5 min bath application of the D1R agonist SKF-81297 on the amplitude of 

electrically evoked jxBNST GABAA-IPSCs as a function of time in chronically l-dopa treated 6-

OHDA lesioned rats and vehicle treated 6-OHDA lesioned rats. Evoked events were binned (1 

min, 6 events) and data points and error bars represent means +/-SEM across all recorded neurons 

within each experimental group. Bottom Right: Example traces are shown in reflecting 

recordings prior to (Pre) and after (Post) D1R agonist application. 
 
Figure 3.5 

 
Figure 3.5. Effect of 5 min bath application of the D1R agonist SKF-81297 on the amplitude of 

electrically evoked ovBNST GABAA-IPSCs as a function of time in chronically l-dopa treated 6 -

OHDA lesioned rats and vehicle treated 6-OHDA lesioned rats. Evoked events were binned (1 

min, 6 events) and data points and error bars represent means +/-SEM across all recorded neurons 

within each experimental group. Bottom Right: Example traces are shown in reflecting 

recordings prior to (Pre) and after (Post) D1R agonist application. 
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Figure 3.6 

 

 
Figure 3.6. Effect of 5 min bath application of the D1R agonist SKF-81297 on the amplitude of 

electrically evoked jxBNST GABAA-IPSCs as a function of time in chronically l-dopa treated 6 -

OHDA lesioned rats and vehicle treated 6-OHDA lesioned rats with the addition of a group that 

received chronic saline injections. Evoked events were binned (1 min, 6 events) and data points 

and error bars represent means +/-SEM across all recorded neurons within each experimental 

group. Top Right: Amplitude of electrically evoked jxBNST GABAA-IPSCs expressed as delta 

GABA at 25 minutes (peak) of recording.  
 
Figure 3.7 

 

 
 
Figure 3.7. Effect of 5 min bath application of the D1R agonist SKF-81297 on the amplitude of 

electrically evoked ovBNST GABAA-IPSCs as a function of time in chronically l-dopa treated 6 -

OHDA lesioned rats and vehicle treated 6-OHDA lesioned rats with the addition of a group that 

received chronic saline injections. Evoked events were binned (1 min, 6 events) and data points 

and error bars represent means +/-SEM across all recorded neurons within each experimental 

group. Top Right: Amplitude of electrically evoked ovBNST GABAA-IPSCs expressed as delta 

GABA at 25 minutes (peak) of recording. 
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Chapter 4 

Discussion 

The frequent use of l-dopa as a PD treatment and the debilitating nature of LIDs make 

research into the mechanisms of LIDs necessary. Research establishing that the overexpression of 

several IEGs is positively correlated with LID severity in the ovBNST and jxBNST, and evidence 

suggesting that this overexpression of IEGs in the BNST may be dependent on D1 receptors 

which could contribute to dyskinesia led us to examine neurophysiological traces of LIDs in the 

ovBNST and jxBNST. Rats were lesioned with 6-OHDA and received either chronic l-dopa 

treatment, chronic benserazide treatment, or chronic saline treatment for a minimum of 10 days. 

We then conducted whole-cell patch clamp electrophysiology to determine if there were any 

neurophysiological traces of dyskinesia in the l-dopa group compared to the benserazide group 

(or in follow up experiments the saline group).  

  

Based on previous research correlating the presence of IEGs with LID severity in the 

ovBNST and jxBNST, we first hypothesized that chronic l-dopa treatment altered strength at 

excitatory synapses in these areas. We hypothesized that IEG’s would be indicators of excitatory 

activity, and chose AMPA/NMDA ratios as a measure of this altered strength, as higher ratios are 

associated with excitatory plasticity in these areas, as AMPA receptors are trafficked to the 

synapse during potentiation (Dumont et al., 2005). We found that chronic l-dopa treatment did not 

alter excitatory synapses as measured by AMPA/NMDA ratios in the ovBNST or jxBNST. This 

result is similar to previous studies done in the striatum, which is also an area where the presence 

of IEG’s correlated with LID severity. Research in this area found NMDA/AMPA ratio in 6-

OHDA lesioned rats, and this reduced ratio remained unaltered by l-dopa (Bagetta et al., 2012). 

Our results suggest that despite the presence of IEGs in these areas, LIDs do not produce 
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alterations in excitatory plasticity in the ovBNST or jxBNST. 

 As previous evidence suggested that this overexpression of IEGs in the BNST may be 

dependent on DA D1-like receptors which could contribute to dyskinesia we sought to examine 

the effects of a D1 agonist on excitatory transmission in the jxBNST. We chose to examine only 

the jxBNST in this experiment due to time limitations. We selected this region over the ovBNST 

because its connections to motor regions, and its pronounced effects of the 6-OHDA lesion 

previously discussed (Dong et al., 2000, and see Figure 1). We measured the effects of D1-agonist 

SKF-81297 on amplitudes of evoked AMPA-EPSCs over time and found that chronic l-dopa 

treatment does not alter DAergic modulation of AMPA transmission in the jxBNST. Overall our 

results suggest not only is there no evidence of alterations in excitatory plasticity due to LIDs but 

D1 receptor agonists had no effect on excitatory transmission in the jxBNST.  

 

 As these results suggest that there are no physiological traces of an alteration in 

excitatory activity as a result of chronic l-dopa treatment (and the resulting LIDs) we sought to 

examine whether LIDs had any alterations on inhibitory activity in these areas.  Previous research 

had found D1R overexpression in cocaine maintenance rats in the ovBNST and previous studies 

have found D1-mediated increases in GABA in cocaine maintenance rats (Krawczyk et al., 2013). 

Since cocaine maintenance can be considered similar to the hyperdopaminergic dopamine state of 

rats chronically treated with l-dopa, we predicted similar results and hypothesized that chronic l-

dopa treatment would enhance D1R-mediated modulation of inhibitory synaptic transmission in 

the ovBNST and/or jxBNST in 6-OHDA-lesioned rats. To identify whether chronic l-dopa 

treatment alters DAergic modulation of GABAergic transmission in the jxBNST or ovBNST we 

measured the effects of D1-agonist SKF-81297 on amplitudes of evoked GABAA-IPSC’s over 

time. Overall we did not find any differences between the chronic l-dopa treated rats and 

benserazide control rats in D1-mediated GABAA activity. This could be due to the fact that l-dopa 
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was administered in a passive fashion (intraperitoneal injections) as effects of D1-agonist SKF-

81297 on GABAA seen in studies of cocaine maintenance rats did not find an increase in delta-

GABA after SKF application in yoked controls, but only in rats that self-administered cocaine 

(Krawczyk et al., 2013). This could suggest that the self-administration aspect is responsible for 

this increase and would explain why it was not seen in chronic l-dopa treated rats. 

 

 Given that all of our findings were non-significant, we hypothesized that the similarity in 

the l-dopa and benserazide group could have been due to the dopaminergic properties of 

benserazide itself. As previously mentioned, benserazide acts to increase the central availability 

of DA, as it inhibits its peripheral decarboxylation (Brichta et al., 2013; Schwarting & Huston, 

1996). However the properties of benserazide have been found to enhance central DA in the 

absence of l-dopa, and as previously mentioned studies have found physiological evidence that 

indicates that benserazide may have DAergic effects of his own, which may be important when 

trying to understand the effects of prolonged l-dopa treatment (De Silva et al., 1997). To identify 

whether the DAergic effects of benserazide were responsible for its similarities to l-dopa on 

previous experiments we gave 6-OHDA lesioned rats chronic saline injections in lieu of l-dopa or 

benserazide. We then examined whether chronic l-dopa treatment alters DAergic modulation of 

GABAergic transmission in the jxBNST or ovBNST compared to rats treated with chronic saline. 

We measured the effects of D1-agonist SKF-81297 on amplitudes of evoked GABAA-IPSC’s over 

time in these chronic saline rats and compared them to the l-dopa and benserazide treated rats. We 

did not find any differences between the three groups (chronic l-dopa, chronic benserazide, 

chronic saline) in D1-meidated GABAA activity in the jxBNST or ovBNST. Since 6-OHDA 

lesions completely eliminate TH -positive terminals in the jxBNST (see Figure 1), it was unlikely 

that benserazide would have any effects in this region. However, the lesioning of TH-positive 

terminals was partial in the ovBNST compared to the jxBNST, likely because DA terminals are 
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projections from the PAG and dorsal raphe (Dong et al., 2001).  Although the results were not 

significant, visually it seems as if the saline group in the ovBNST does not see the enhancement 

in D1-mediated GABA activity that the l-dopa and benserazide groups have. We believe this is 

due to a low number of rats in the l-dopa condition and intend to follow up with further research 

in this area. Regardless of this visual difference, it should be emphasized that the differences 

between these groups are not significant and therefore the conclusion can be drawn that there is 

no meaningful DAergic effect of benserazide affecting our results. This emphasizes that the lack 

of differences between the chronic l-dopa treated rats and benserazide control rats in 

AMPA/NMDA ratios, and D1-mediated AMPA and GABA activity can not be attributed to 

DAergic effects of benserazide and is likely reflective of a true absence of neurophysiological 

traces of LIDs in these areas. 

 

Our study had a variety of limitations. One overall limitation, is the weakness of the 

medical forebrain lesion model in rodents. One difficulty with this model is that many dopamine 

neurons run along the MFB including neurons that terminate in the NAc, and these neurons are 

also damaged in the lesion (Deumens et al., 2002). Due to the extensiveness of the lesion, which 

is not progressive, it is a more accurate model of late stage PD, and does not reflect the 

development of the disorder. The extensive dopamine loss resulting from the lesion particularly in 

the areas we were recording from may have contributed to our inability to find differences 

between groups. Also worth noting, abnormal involuntary movements seen in rodents are not 

necessarily equivalent to chorea and dystonia seen in patients (Bezard, 2001). MPTP lesions in 

primates produce more similar movements to human dyskinesia and more accurately model the 

disorder (Bezard, 2001). Given its limitations, 6-OHDA lesions in rodents may not be the best 

model for examining dyskinesia. 
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However, these limitations do not explain why our results did not find any evidence on 

the neural activity changes suggested by the presence of IEGs seen in these areas in chronic l-

dopa treated rats compared to benserazide controls found by Bastide et al (2014), as they used the 

same animal model. One potential explanation for the difference in results is that injections were 

done for 10 days in the experiment done by Bastide et al., and animals were all euthanized at this 

time (2014). Due to the nature of patch clamping (only one rat can be patched per day), chronic 

injections of l-dopa or benserazide were done for variable amounts of time (ranging between 10-

30 days). Perhaps if number of injections were kept consistent, a clearer difference between the 

groups would have been seen. Furthermore, while our experiments primarily centered on 

dopamine, the increased presence of IEGs in the chronic l-dopa treated group could have been 

due to other neurotransmitter systems.  

 

Our null results should not be the end of research on the involvement of the ovBNST and 

jxBNST in LIDs. Not only does research suggest that serotonin and norephenephrine systems are 

involved in PD, but the serotonin system seems to be very involved in LIDs (Bezard et al., 2015). 

Studies in rat and primate PD models have shown that the serotonergic system is a major source 

of striatal l-dopa derived DA release (Carta et al., 2007; Munoz et al., 2008; Fidalgo et al., 2015). 

Recently serotonin transporter blockade with selective serotonin reuptake inhibitors was found to 

counteract l-dopa induced dyskinesia in 6-OHDA lesioned rats and MTPT-treated macaques 

(Fidalgo et al., 2015). This is of particular interest to our group, as the ovBNST is an area 

associated with intermingling of cognitive and emotional processing, and it is innervated with 

serotonergic neurons from the dorsal raphe (Phelix et al., 1992).  Further research into the role of 

serotonin in LIDs in the jxBNST and ovBNST may provide some insight into these areas 

involvement with this phenomenon.  
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Appendix 

Unlesioned Side Data 

A.1 Abbreviated Methods  

  

Thirty seven (twenty-one l-dopa and sixteen benserazide)  adult male Sprague Dawley 

rats weighing between 175-200g at arrival and were pair caged and housed in a colony room with 

a regular light cycle (12 hours light at 7am/ 12 hours dark at 7pm). Rats had free access to food 

(standard chow) and water. Rats were given one week to acclimate to the facility prior to surgery. 

Colony room temperatures were maintained at approximately 21°C. All procedures were 

conducted in accordance with the Canadian Council of Animal Care guidelines, and all 

experiments were approved by the Queen’s University Animal Care Committee. All drugs used in 

this experiment are the same as outlined in the methods section (section 2.2). Rats received 6-

OHDA lesions, and lesions were confirmed in the same manner as outlined in the Methods 

section (section 2.3). Stepping test results are presented in Figure A.1. Electrophysiology was 

conducted in the same manner as outlined in the Methods section (section 2.5) except patch 

clamping was conducted on the unlesioned side of the brain. Data analysis was done using the 

methods outlined in section 2.6 

 

A.2 Unlesioned Side Results 

 

A.2.1 No significant differences between chronic l-dopa and vehicle treated rats and in the 

AMPA/NMDA ratio in the ovBNST or the jxBNST 

In the ovBNST a one-way ANOVA indicated there was no significant difference, F(1, 18) = 

0.049, p = .829, between the AMPA/NMDA ratio in the chronic l-dopa group (M= 1.79, SEM= 

0.13) compared to vehicle treated rats (M = 1.75, SEM= 0.09, See Figure A.2a).  Results were 

similar in the jxBNST, where a one-way ANOVA revealed no significant differences, F(1, 24) = 
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0.156, p=.695, between the AMPA/NMDA ratio in the chronic l-dopa group (M=1.38, SEM= 

.13) compared to vehicle treated rats (M=1.31, SEM=0.09, See Figure A.2b). These results 

suggest that chronic l-dopa treatment has no effect on AMPA/NMDA ratios in the ov and 

jxBNST. 

A.2.2 No significant effects of D1 agonism on AMPA activity  

Amplitudes of evoked AMPA-EPSCs over time with the application of D1-agonist SKF-82958 in 

the ovBNST or the jxBNST were examined. In the ovBNST there was neither a significant main 

effect of time F(24, 216) = 0.336, p = .999, η2 = .036, or condition F(1, 9) = 0.032, p = -.863, η2 = 

.004, and there was not a significant interaction F(24, 216) = 0.229, p = 1.00, η2 = .025.  In the 

jxBNST there was neither a significant main effect of time F(24, 120) = 1.011, p = .458, η2 = 

.168, or a main effect of group F(1, 5) = 0.822, p =- .406, η2 = .141. Accordingly, the interaction 

between time and condition was not significant F (24, 120) = 1.016, p = 4.52, η2 = .169. 

Application of D1 agonist SKF-82958 did not impact AMPA activity in either the chronic l-dopa 

or vehicle group in the ovBNST and the jxBNST (Figures A.3a and A.3b) 

A.2.3 D1 agonism increases GABAA activity in the jxBNST in both chronic l-dopa and vehicle 

treated rats. 

Amplitudes of evoked GABAA-IPSCs over time with the application of D1-agonist SKF-82958 in 

the jxBNST were examined. There was a main effect of time F(24, 432) = 5.35, p < .001, η2 = 

.229, but no significant main effect of group F(1, 18) = .03, p =- .863, η2 = .002. The interaction 

between time and condition was not significant F(24, 432) = .66, p = .891, η2 = .035. These 

results suggest application of D1 agonist SKF-82958 caused an increase in GABAA-IPSC 

amplitude over time in both the l-dopa and vehicle treated animals (Appendix Figure A.4a). 

However because both groups demonstrated this increase, chronic l-dopa treatment was not 

responsible for the increase in amplitude seen after D1 agonist application. To further examine the 
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main effect of time, a paired samples t-test was done comparing the final minute of baseline 

(minute 5), and peak effect post SKF-82958 application (minute 24) in each condition.  A 

significant difference was not found between baseline (minute 5) and peak (minute 24) in either 

the chronic l-dopa treated animals, t(11)= -1.669, p= .123, or the vehicle treated animals, t(7)= -

2.233, p= .061. 

A.2.4 D1 agonism increases GABAA activity in the ovBNST in chronic l-dopa but not vehicle 

treated rats. 

Amplitudes of evoked GABAA-IPSCs over time with the application of D1-agonist SKF-82958 in 

the ovBNST were examined. Analysis revealed a main effect of time F(24, 504) = 4.16, p < .001, 

η2 = .165, and a main effect of condition F(1, 21) = 7.76, p = .01, η2 = .270 that were qualified by 

a significant interaction between time and condition F(24, 504) = 2.09, p = .002, η2 = .091. This 

suggests that animals that received chronic l-dopa treatment had an increase in amplitudes over 

time compared to vehicle treated animals after D1 agonist application (Figure A.4b).  To examine 

simple main effects, two one-way ANOVAs were conducted comparing the two conditions at 

both baseline (minute 5) and peak effect post SKF-82958 application (minute 24). As expected, 

there was no significant difference between chronic l-dopa treated animals and vehicle treated 

animals at baseline, F(1, 24)= 3.164, p= .088. However there was a significant difference, F(1, 

22)= 4.324, p= .050, between chronic l-dopa treated animals (M=49.93, SEM= 14.93) and vehicle 

treated animals (M= 9.78, SEM= 5.67) at peak effect post SKF-82958. This confirms that the 

groups were not significantly differing in amplitudes at baseline, but the l-dopa group 

experienced a significantly larger increase post-SKF-92858 application. Furthermore when a 

paired samples t-test was done to analyze the main effect of time, the benserazide group did not 

show any significant differences, t(8)=-2.036, p=.076, between baseline (minute 5) and peak 

(minute 24), whereas the chronic l-dopa treatment group showed a significant difference, t(13)= -

.360, p=.005 between baseline (M=6.50, SEM= 3.66) and peak (M=49.93, SEM= 14.93). This 
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indicates that only the chronic l-dopa group demonstrated a significant increase in amplitude over 

time. 
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Figure A.1. Stepping Test Results 

 

Figure A.1. To confirm successful lesioning rats underwent a stepping test twice a day over two 

days for a total of four tests. The large figure depicts the differences in steps the rats took with 

their unrestrained paw while being moved backwards. A t-test was done to demonstrate that as 

expected, rats took significantly less footsteps, t (326)= 17.08, p > .001, on their left paw 

(M=0.646, SEM= 0.096) than their right paw (M=9.335, SEM =0.4995), confirming successful 

lesions. In the upper righthand corner are the results of the two rats that were deemed to have not 

been successfully lesioned. Two rats were excluded as they took more than four steps with the 

impaired paw during at least two of the four tests.  
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Figure A.2. 
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Figure A.2. AMPA/NMDA ratio in the ov/jx BNST of dyskinetic 6-OHDA lesioned rats and 

control benserazide-treated 6-OHDA lesioned rats  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

54 

 

Figure A.3. 
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Figure A.3. Effect of 5 min bath application of the D1R agonist SKF-81297 on the amplitude of 

electrically avoked ovBNST (3a) and jxBNST (3b) AMPA-EPSCs as a function of time in 

chronically l-dopa treated 6-OHDA lesioned rats and benserazide (veichle) treated  6-OHDA 

lesioned rats. Evoked events were binned (1 min, 6 events) and data points and error bars 

represent means +/-SEM across all recorded neurons within each experimental group. 
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Figure A.4. 
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Figure A.4. Effect of 5 min bath application of the D1R agonist SKF-81297 on the amplitude of 

electrically evoked ovBNST (4a) and jxBNST (4b) GABAA-IPSCs as a function of time in 

chronically l-dopa treated 6-OHDA lesioned rats and benserazide (veichle) treated  6-OHDA 

lesioned rats. Evoked events were binned (1 min, 6 events) and data points and error bars 

represent means +/-SEM across all recorded neurons within each experimental group. 

 


