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Abstract 

Introduction: We investigated the cholinergic regulation of striatal response to 

dopaminergic stimulation. 

Methods: Rat neurons for dissociated striatal cultures were harvested from El 8.5. E14.5 

neurons were supplemented to the cultures to provide cholinergic intemeurons. Cultures 

were stimulated with dopamine DIR or D2R agonist and antagonist and changes in c-

FOS and EGR-1 expression and DARPP-32 phosphorylation were assessed by Western 

blots. Electrophysiological recordings were performed using multielectrode array. 

Results: Molecular studies: Although no significant changes were observed, trends 

showed that cholinergic innervation produced a differential regulation of c-FOS and 

EGR-1 expression associated with DIR and D2R signaling. Electrophysiological 

analysis: Significantly more activity was detected in cultures without cholinergic 

intemeurons. Moreover, an increase in firing was seen in cultures with cholinergic 

intemeurons following the addition of a muscarinic 1 receptor antagonist. 

Conclusion: Our results suggest a differential impact of cholinergic regulation on DIR 

and D2R signaling pathways. 
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Introduction 

1.1 Basal Ganglia Circuits 

The basal ganglia are a group of interconnected nuclei that are important in regulating 

motor function. The striatum, comprised of the caudate nucleus and the putamen, is the 

main input nucleus of the basal ganglia. It receives excitatory glutamatergic input from 

practically all regions of the cerebral cortex and sends outputs to the external segment of 

the globus pallidus (GPe), internal segment of the globus pallidus (GPi) and substantia 

nigra pars reticulata (SNr). The striatum also receives dopaminergic input from the 

substantia nigra par compacta (SNc) and glutamatergic input from the thalamus (Bolam 

et al, 2000). 

Neurons in the striatum are either projection neurons, i.e. medium spiny neurons (MSNs), 

or intemeurons. The projection neurons carry the output information of the striatum and 

are divided into two anatomical sets, the direct and indirect pathways. Neurons (MSNs) 

in these two pathways differ in their connections with other basal ganglia nuclei, in the 

type of neuropeptide neurotransmitter they use and in the type of dopamine receptor they 

express. MSNs of the direct pathway project to the GPi/SNr, synthesize gamma-amino 

butyric acid (GABA) and the neuropeptide substance P as neurotransmitters and express 

the Dl subtype of dopamine receptor. MSNs of the indirect pathway project first to the 

external segment of the globus pallidus which in turn projects to the subthalamic nucleus 

(STN) before reaching the GPi/SNc. They also synthesize the neurotransmitter GABA in 

addition to the neuropeptide enkephalin and express the D2 dopamine receptor subtype 

(Figure 1) (Smith et al, 1998). 
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Figure 1: Connections between the basal ganglia nuclei 
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1.2 Striatal Intemeurons 

Projection neurons (MSNs) are the most abundant type of neurons in the striatum. The 

remaining neurons, representing the other 5% of the striatal volume in rat, are composed 

of four subtypes of typical intemeurons including three types of inhibitory GABAergic 

intemeurons co-expressing either parvalbumin, calretinin or somatostatin/neuropeptide Y 

/nitric oxide synthase. There is also a non-GABAergic, giant aspiny cholinergic 

interneuron (Tepper et al, 2004). It has been recently recognized that there is a small 

population of atypical GABAergic intemeurons noted for their ability to synthesize and 

release DA under unique circumstances (Ibanez-Sandoval et al 2010). 

Despite their small numbers, striatal intemeurons are very important in the regulation of 

striatal function. Electrical activation of the GABAergic intemeurons is strong enough to 

delay and even completely inhibit the cortically driven spiking activity of the projection 

neurons (Tepper et al, 2004). The electrophysiological differences between the three 

subtypes of classical striatal inhibitory intemeurons suggest that circumstances under 

which they are activated are particular to each subtype. 

The role of the cholinergic intemeurons in basal ganglia function is somewhat better 

understood than that of the other intemeurons. These neurons, also known as the tonically 

active striatal neurons, display a typical slow and steady firing in the absence of input 

stimulation but can express a variety of firing patterns with stimulation (Apicella, 2007). 

They have long been though to participle in regulation of motor function but it is only 

recently that the details of this mechanism are being understood. A salient stimulus will 
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cause ongoing motor activity to stop and attention to be focused on the salient stimuli. 

This happens via activation of the thalamostriatal neurons that will induce a burst 

followed by a short pause in striatal cholinergic firing (Ding et al, 2010). This cholinergic 

burst will lead to a presynaptic inhibition of corticostriatal innervation of both MSNs 

population as well as an enhanced sensitivity of the indirect pathway MSNs. The pause in 

cholinergic firing ceases inhibition of corticostriatal glutamate release, leading to an 

increased firing of the indirect pathway MSNs. Neurons from the indirect pathways are 

known to mediate inhibition of "none selected" movement so that the attention can be 

focused of the "movement to execute" by the direct pathway MSNs. Thus, activation of 

the indirect pathway MSNs will lead to inhibition of ongoing movement. Similarly, a 

burst-pause pattern in cholinergic firing is seen in reward learning mechanism (Aosaki, et 

al,2010). 

The cholinergic interneuron also targets the other subtypes of intemeurons, enhancing 

their role in striatum regulation (Contant et al, 1996). 

1.3 Cholinergic Receptor distribution and Function in the striatum: 

The importance of cholinergic regulation in the striatum is paralleled by the variety and 

abundance of cholinergic receptors expressed there. 

Both populations of MSNs express the muscarinic Ml receptor (ref) and 39% of direct 

pathway MSNs also express the M4R (Bernard et al, 1992). Activation of the MIR 

modulates MSN in discussion up and down states (see section number 4.5). MIR 

signalling will inhibit the activation of various potassium channels, such as Kir2 and 
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KCNQ, which are responsible in part for maintaining neuronal polarization. Thus, their 

inactivation is excitatory and favours the up state. MSNs from the indirect pathway 

express particularly high levels of the Kir channel, suggesting that cholinergic 

modulation of the up and down state is more potent on these MSNs. 

The effect of M4R activation of the subpopulation of direct MSNs is not fully 

understood. However, M4 activation decreases PKC activity which is required for 

inhibition of the KCNQ channel (ref). I postulate that M4R acts as an additional factor to 

dampen the cholinergic effect on direct pathway MSN excitability, enhancing the 

relatively greater increase in excitability of the indirect MSN .The specific response of 

the various GABAergic intemeurons to acetylcholine stimulation are not as well studied 

as are the MSN responses. Reports so far describe an inhibition of GABA release 

following cholinergic stimulation. (Sugita, et al, .1991) 

Cholinergic intemeurons also exert autoregulation in various manners. First, they express 

the M2R which is known to act as an auto receptor to decrease cholinergic activity 

(Lester et al, 2010). Second, cholinergic activation of the GABAergic intemeurons inhibit 

cholinergic intemeurons suggesting that the latter are indirectly interconnected via 

GABAergic intemeurons (Sullivan et al, 2008). 

This somewhat contradicts the report stating that acetylcholine leads to a decrease in 

GABA release. However, the variety of cholinergic receptors expresses by the 

GABAergic intemeurons may elicit various responses. In addition, the complex 
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interactions taking place between this network of intemeurons may indirectly affect 

cholinergic response of a specific sub population of neurons. 

Acetylcholine has been found to have a dual effect on dopamine release: 

Striatal acetylcholine acting directly on dopaminergic nerve terminals will increase 

dopamine release via both muscarinic (M5R) (Vilaro et al, 1990) and nicotinic (a4p2 or 

a6p2) receptors (Zhou et al, 2002). Expression of nicotinic and muscarinic receptor gives 

an additional control over the rapidity of response to cholinergic stimulation. Nicotinic 

receptors will lead to a rapid depolarization whereas the increase in dopamine release 

seen with M5R will happen in a much slower fashion 

It is when acting indirectly that striatal acetylcholine with have a dual effect on dopamine 

release. 

Signaling via the M4R inhibit GABAergic neurons which lead to an increase in DA 

release (Zhang et al, 2002, Marchi et al, 1990 and Kernel et al 1989). However, activation 

of the M3R on corticostriatal synapses inhibits glutamate release, which normally 

facilitates dopamine release (Sugita et al 1991). 

1.4 The Dopamine/Acetylcholine Balance Hypothesis 

There has long been an interest in the striatal cholinergic intemeurons as they are known 

to be involved in a balanced interaction with the dopaminergic inputs from the SNc in the 

maintenance of striatal function. Cholinergic function has a direct impact on motor 
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control and reward learning mechanisms. Disruption of DA/ACh balance leads to 

pathological states such as Parkinson diseases (PD), Huntington's disease and 

schizophrenia (Calabresi et al, 2000). The classical hypothesis of ACh and DA balance 

in the regulation of striatal function was originally based on the improvement of 

symptoms seen in patients with PD when given a cholinergic antagonist (Vale, 2008). 

More recently, studies on the effect of chronic deprivation of dopaminergic input to the 

striatum have reported important changes in gene expression and neurotransmitter 

activity as well as significant reorganization of the cholinergic innervation of the MSNs 

(Salin et al, 2009 and Meurers et al, 2009). Taken together these findings suggest that the 

regulation of ACh by DA in the striatum is more complex than originality thought. 

Finally, DA and ACh closely regulate each other and striatal function either via direct 

neurotransmitter effects or indirectly by impacting on intemeurons, networks of inter-

MSNs axon collaterals and glutamatergic input from both the cortex and the thalamus 

(Kreitzer et al, 2009). Electrophysiology in behaving animals shows that the tonically 

active neuron - cholinergic interneuron - exhibits a pause in firing in response to novel 

behaviorally relevant stimuli (Morris et al, 2004). This is proposed to facilitate increased 

DA release and behavioral plasticity or learning. Thus we see that the ACh DA balance 

deduced from clinical observations in the middle of the last century has maintained 

relevance on into the most current models of striatal function. Despite indications that 

cholinergic function is of equal importance, most of the literature focuses of the DA side 

of the balance. Most studies on cholinergic intemeurons deal with their 

electrophysiological properties rather than their contribution to striatal function. 

7 



1.5 Dissociated Culture Model 

Much of the data on the function of striatal cholinergic intemeurons has been collected 

from organotypic slice cultures. My interest, on the other hand, is in dissociated cultures 

as they present a different set of advantages to study function, such as better patch clamp 

analysis, calcium imaging for networks analysis and transgenic labeling of dispersed 

cells. One of the major advantages specific to our interests is that dissociated cultures 

offer us the possibility to create an in vitro preparation in which the cholinergic 

intemeurons are absent. When using the conventional embryonic time point for rat 

neuronal dissociated cultures (El8.5), no cholinergic intemeurons are present. This is 

because of their earlier birthdates and migration to the striatum, compared to other striatal 

neurons, which causes the cholinergic intemeurons to die during the dissociation 

protocol. This can be corrected by harvesting striatal neurons from an earlier time point, 

at which the cholinergic intemeurons survive the dissociation protocol. By mixing the 

two gestational culture time points together, we can create striatal cultures containing 

cholinergic intemeurons (Figure 2). This gives us the opportunity to compare function 

and pharmacology of striatal dissociated cultures containing or lacking cholinergic 

intemeurons. Moreover, dissociated cultures give us the opportunity to add or remove 

other components of the basal ganglia circuits such as cortical, nigral or thalamic inputs. 

1.6 Research Hypothesis 

Our hypothesis is that the presence and absence of cholinergic intemeurons will have 

major effects on DA signaling in striatal circuits. To reveal the differences, we will study 

a striatal dissociated culture model with and without cholinergic intemeurons which 

receives excitatory cortical input. The differences observed will provide a better 
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understanding of key aspects of cholinergic signaling function and will serve as an 

excellent starting point for future experimental design. 

My research focuses on the electrophysiological and neurochemical differences between 

corticostriatal cultures with and without striatal ACh intemeurons. I investigated changes 

seen in the regulation of signaling pathways that are known to be regulated by DA in the 

striatum, and determined how they were affected by the absence of cholinergic 

regulation. Specifically, I studied changes in the regulation of DARPP-32, c-FOS and 

EGR-1. As the striatum is comprised of 95% GABAergic inhibitory neurons, we decided 

to study these changes in the presence of cortical inputs which provide a constant 

baseline of neural excitation in the striatal neurons. 
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Figure 2: Rat Corticostriatal dissociated cultures models. Rat striatal neurons 
harvested at El8.5 lack the cholinergic intemeurons. Cholinergic intemeurons can be 
successfully harvested from E14.5. Neurons collected from both time point can then be 
added together to create cultures containing and lacking cholinergic intemeurons. A 
similar process can be followed with cortical neurons harvested at E18.5. 
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1.6 Molecular Studies 

1.7.1 DARPP-32 

Several transduction pathways exist to regulate MSN excitability. The dopamine and 

cAMP regulated phosphoprotein-32kDa (DARPP-32) signaling pathway is known to be 

differentially activated by the Dl and D2 receptors (Borgkvist et al, 2007; Ouimet et al, 

1988). The downstream targets of DARPP-32 are varied and can lead to biochemical, 

electrophysiological and behavioral responses (Nairn et al, 2004). DARPP-32's actions 

depend on its phosphorylation state. Its two main phosphorylation sites are threonine 

(Thr) 34 by protein kinase A (PKA) and threonine 75 by cyclin dependant kinase 5 

(cdk5) (Walaas et al, 1983 and Bibb et al, 1999). Both dopamine and glutamate come 

into play in regulating DARPP-32's phosphorylation state. Glutamate increases the Thr 

34 phosphorylation by inhibition of protein phosphatase 1 (PP-1) which is responsible for 

dephosphorylation at this site (Qi et al, 2010). Moreover, DA can regulate DARPP-32's 

phosphorylation differently depending on which receptor it activates. Dopamine Dl 

receptor (DIR) stimulation increases intracellular cAMP levels and leads to increased 

phosphorylation at the Thr 34 site (Walaas et al, 1983). On the other hand, dopamine D2 

receptor (D2R) stimulation decreases intracellular cAMP levels and results in an increase 

in phosphorylation at the Thr 75 site (Figure 3) (Bateup et al, 2008). 

In addition to this dual phosphorylation, DARPP-32's function is regulated by positive 

feedback on itself. Phosphorylation on the Thr 34 site will inhibit PP-1 whereas 

phosphorylation of Thr 75 site will inhibit PKA (Hemmings et al, 1984 and Bibb et al, 

11 



1999). The inhibition of PP-1 potentiates the Dl-cAMP-PKA signaling pathway by 

reducing dephosphorylation of its downstream targets (Narin et al, 2004). Finally, 

activation of the DIR will decrease phosphorylation of the Thr75 site (Usui et al, 1998, 

Bibb et al, 1999, Nish et al, 2000). 

The regulation of DARRP-32 is essential in eliciting the behavioral responses seen with 

psychostimulants (Zachariou et al, 2006) such as amphetamine and cocaine. For instance, 

the hyperlocomotor response observed after treatment with cocaine is severely decreased 

in DARPP-32 knock outs (Fienberg et al, 1998). Moreover, cocaine can also result in 

differential phosphorylation of DARPP-32 with an acute or chronic exposure (Borgkvist 

et al, 2007). 

Considering DARRP-32's role in the integration of the cAMP-signaling pathways, its 

impact on MSNs and its regulation by dopamine, we decided to investigate its regulation 

in the presence and absence of cholinergic intemeurons. 
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Figure 3: Effect of DIR or D2R stimulation on the DARPP-32 Signalling Pathway. 
Stimulation via the Dl receptor increases phosphorylation of DARPP-32 on Thr 34, 
promoting neuronal excitability. Signalling via the D2 receptor increases phosphorylation 
of DARPP-32 on Thr 75 inhibiting neuronal excitability. 
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1.7.2 c-FOS 

c-FOS is a transcription factor belonging to the immediate early gene family. It combines 

with c-jun to form the AP-1 transcription factor complex. Genes from the Fos family 

function to translate short term extracellular stimuli into long term intracellular changes. 

Their downstream targets include genes involved in cell proliferation, differentiation, 

apoptosis, and transformation (Durchdewald et al, 2009). Several regulatory responses 

influence c-FOS expression. Complex interactions between these elements rather than 

independent regulation are responsible for the differential regulation of c-FOS under a 

wide range of stimuli (Robertson et al, 1995). 

Under normal conditions, c-FOS expression in the striatum is undetectable but can be 

rapidly induced by behavioral or drug stimuli (Graybiel et al, 1990). In rats, RNA levels 

of c-FOS are known to peak 30 to 45 min after systemic injection of antipsychotic drug, 

whereas proteins can be detected 2 hrs after injection. A differential regulation of c-FOS 

by typical and atypical antipsychotics has led to the discovery of both Dl and D2 

dependent regulation (Svenningsson et al, 2000 and Nguyen et al, 1992). 

Increases in c-FOS expression are seen after administration of a Dl agonist or a D2 

antagonist (Roberson et al, 1992). Decreases in c-FOS expression in the striatum have 

been described in both 6-OH-DOPA and MPTP lesion mice and coincide with the 

appearance of motor symptoms (Gross et al, 2009 and Kano et al, 1995). However, in 

these conditions, the increase in c-FOS associated with stimulation of the DIR is lost but 

the effect seen with a D2R antagonist persists (Roberson et al, 1992 and Dragunow et al, 

1990). 
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Based on this information, we can infer that c-FOS regulation reflects certain acute drug 

effects relevant to the context of striatal function. 

1.7.3 EGR-1 

Early growth response -1 (EGR-1) is another transcription factor part of the immediate 

early gene family. Its expression can be stimulated by many extracellular signaling 

molecules including hormones, neurotransmitters, growth, differentiation factors and 

nitric oxide (NO) (Contestabile, 2008). It is induced within minutes following the onset 

of a stimulus and decays within hours thereafter (Nguyen et al, 1992). 

In the striatum, EGR-1 expression is induced by dopamine and glutamate via an 

intracellular Ca2+ dependent mechanism. (Knapska et al, 2004). More specifically, the 

efficacy of induction was dependent on the type of receptor activated, the more potent 

being the NMDA receptor (Cordorelli et al, 1994 and Keefe et al, 1996). 

Similarly to c-FOS, EGR-1 is differentially regulated by the Dl and D2 receptors and 

under certain conditions, its induction is specific to the direct or indirect pathway (Keefe 

etal, 1996). 

Since the expression and/or phosphorylation of these three proteins (DARPP-32, c-FOS 

and EGR-1) are tightly regulated in the striatum and are widely used as indicators of 

striatal function, we decided to investigate how they would be affected by the absence of 

cholinergic intemeurons when stimulated by different dopaminergic agonists and 

antagonists. 
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1.8 Electrophysiological analysis 

Neuronal network activity can be very easily analyzed in tissue culture preparation by 

multielectrode array (ME A). ME As are culture dishes that contain electrodes, on which 

neurons are grown. Upon connection of the culture dish to an amplifier and recording 

device, activity at each electrode can be recorded. The signal detected at each electrode 

can be spatially and temporally integrated to represent network activity. 

Despite their morphological similarities, membrane properties of striatal MSNs appear to 

differ (Day et al, 2008). Under normal conditions, corticostriatal stimulation will increase 

excitability of direct pathway MSNs but will decrease firing rate of indirect pathway 

MSNs (Flores-Barrera et al, 2010). Acetylcholine signaling can modulate the activity of 

membrane ion channels and thereby impact MSN excitability (Shen et al, 2005). In 

addition, cholinergic signaling impacts differentially the two populations of striatal 

MSNs, and this regulation is altered by the absence of dopaminergic signaling (Shen et 

al, 2007). 

In addition to the impact of cholinergic intemeurons on signal transduction, we studied 

changes in network firing activity of corticostriatal cultures (AChI+/-), using 

multielectrode array analysis. 
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1.9 Research Goals 

1. Develop an in vitro striatal dissociated neuronal model that includes the AChI. 

Standard CPu cultures lack the cholinergic interneuron and as such we had to work out 

the appropriate conditions to reconstitute it from earlier embryonic sources. 

2. Develop an in vitro corticostriatal model. The largely inhibitory striatal culture 

requires cortical input to maintain a baseline firing rate. We combined cortex and 

striatum in culture and then sought evidence of functional innervation. 

3. Investigate cortical cell cultures to determine neuronal developmental maturity. 

Using a simplified culture model that only contains cortical neurons, assess, by means of 

molecular and electrophysiological studies, their development milestone in vitro, to 

insure that pharmacological studies, performed in 4. below, are not carried during a 

period of rapidly changing synaptic organization. 

4. Assess the impact of the presence and absence of AChI on DA signaling in 

striatal circuits. Provide further understating of AChI functional relevance to striatal 

regulation. 
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Methods 

2.1 Dissociated cell cultures 

Striatal neurons were prepared from Sprague-Dawley rats at either gestational day 14.5 or 

18.5. Cortical neurons were prepared from Sprague-Dawley rats at gestational day 18.5. 

Dissection procedures were approved by the University of Ottawa Animal Care 

Committee. From each embryo, the CPu primordia MGE/LGE (medial/lateral ganglionic 

eminence) was removed and placed into ice cold IX Hank's buffered salt solution 

(HBSS; Sigma Aldrich). Neurons were centrifuged at 1000 RPM for 5 min prior to 

mechanical dissociation in the presence of DNAse (200 units/ml, Sigma Aldrich). 

Exclusion of Trypan blue (0.4%, MP Biomedicals) was used to assess live cell number. 

Neurons were cryopreserved (QBM cell science, Ottawa, Canada) and stored in liquid 

nitrogen until used. 

Neurons were thawed and resuspended in Neurobasal/B27 (2% final volume, Invitrogen), 

100 units/ml of penicillin, 100 ug/ml of streptomycin (pen/strep), L-glutamine (L-glut: 2 

mM) and nerve growth factor (NGF; 100 ng/ml). Neurons were plated at a density of 

lxl05 cells per well on 96 well culture dishes which were pre-coated with poly-D-lysine. 

Cultures contained El8.5 striatal neurons (no AChI) with El8.5 cortical neurons and/or 

E14.5 striatal neurons (AChI) (Figure 2). Cells were incubated (5% C02/95% air) at 37 

°C, at least 35 DIV with media change every 3-4 days, replacing water lost (Potter and 

DeMarse, 2001) by adding 160 ul sterile water per 1ml media to be added. 
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2.2 Immunocytochemistry 

Cultures were fixed in 4% paraformaldehyde containing 7% (v/v) saturated picric acid for 

45 min at room temperature. Cells were rinsed three times with 10 mM phosphate 

buffered saline (PBS) and stored at 4°C until assessed. Cultures were incubated with 

primary antibodies (Table 1) diluted in 10 mM PBS containing 0.3% triton X overnight at 

4°C, then rinsed with 10 mM PBS for 5 min. Appropriate secondary antibodies were used 

at a 1:400 dilution in 10 mM PBS containing 0.3%) triton X and were incubated for 35 

min at 37°C, then rinsed again for 5 min prior to analysis using a Zeiss Axiovert 200M 

fluorescence microscope or a Zeiss Axioplan fluorescence microscope. 

2.3 Counting and Statistics 

Cell counting was performed with the public domain ImageJ software (NIH Image). 

Successive steps were (i) linear adjustment of threshold so that only the NeuN positive 

cells were highlighted, (ii) analyzing the particles with a pixel size of 20-infinity. Results 

obtained were reliable as tested with several independent counts by hand of the same 

culture. Counts were made on 2 wells from 3 independent experiments. Significance was 

determined by a one-way ANOVA. The range indicated standard deviation. 
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Primary 
Antibody 

Calretinin 
Somatostatin 

NOS 
ParV 
vAChT 
TH 

NeuN 
DARPP-32 

DARRP-32 
phosphoThr34 

DARRP-32 
phosphoThr75 

EGR-1 
c-FOS 
vGAT 

vGLUT 

Synapsin 

Actin 

Species 

Goat 
Mouse 

Rabbit 
Mouse 
Rabbit 
Mouse 

Mouse 
Rbt 

Rabbit 

Rabbit 

Rabbit 
Rabbit 
Rabbit 

Guinea Pig 

Rabbit 

Mouse 

Concentration 

IH: 1:400 
IH: 1:200 

IH: 1:200 
IH: 1:4000 
IH: 1:1000 
IH: 1:50 

IH:1:10 
IH: 1:100 
WB: 1:2000 
WB: 1:1000 

WB 1:1000 

WB 1:1000 
WB 1:1000 
IH: 1:500 
WB: 1:2000 
IH: 1:500 
WB: 1:1000 
IH: 1:500 
WB 1:1000 
WB 1:1000 

Supplier 

Swant, Bellinzona 
Dr. Brown, University of British 
Columbia 
Santa Cruz 
Sigma 
Synaptic-Systems 
Boehringer Mannheim 
Biochemica 
Dr Mullen, University of Utah 
Cell Signalling 

Chemicon 

Millipore 

Santa Cruz 
Abeam 
Alpha Diagnostics 

Millipore 

Phosphosolutions 

Santa Cruz 
Table 1: Antibodies used for immunocytochemistry (IC) and Western Blot analysis 
(WB). 
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2.4 Pharmacological studies 

Cultures were grown up to 35 DIV before receiving drug treatments. Cultures received 

either: 20 uM of SKF 38393 (Sigma Aldrich), a dopamine Dl receptor specific agonist 

for 45 min, overnight treatment with 20 uM of apomorphine (Sigma Aldrich), a non 

specific dopamine agonist or over night treatment with 20 uM of apomorphine, a non 

specific dopamine agonist followed by 45 min with 20 uM of raclopride tartrate (Sigma 

Aldrich), a Dopamine D2 specific antagonist. 

2.5 Western Blot 

Protein levels were determined by Western blotting using the antibodies listed in Table 1. 

To harvest cells, plates were washed 2X with PBS, and lysed in 

radioimmunoprecipitation assay buffer (RIPA: Tris 50mM; NaCl 150 mM; SDS 0.1 %; 

Na.Deoxycholate 0.5 %>; Triton X 100 or NP40 1%) buffer with protein inhibitors (Sigma 

Aldrich) for 30 min on ice, vortexing every 5 min. Lysates were centrifuged at 10,000 x g 

at 4°C for 2 min. Protein concentration was determined by Bradford method (BioRad). 

Protein (15 ug) were added to 4X reducing sample buffer (100 mM Tris-Cl pH 6.8, 

200 mM dithiothretiol, 4% SDS, 20% glycerol and 0.2% Bromophenol blue) and heated 

at 100°C for 5 min. Samples were electrophoresed on 12% polyacrylamide gel under 

constant current (100 mV). Separated proteins were transferred onto a PDVF membrane 

(Perkin-Elmer). Blots were blocked with 1% milk solution in TBST (20 mM Tris-HCl 

pH 7.6, 137 mM NaCl, 0.05% Tween-20) for 1 h at room temperature and incubated 

with primary antibody two hours at room temperature, washed 3X with TBST and 

incubated for two hours with horseradish peroxidase (HRP)-conjugated second antibody 
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(Santa Cruz Biotechnology). Membranes were washed three times with TBST and the 

immunoblots were visualized on X-ray films (Interscience) after exposure to enhanced 

chemiluminescence reagent (ECL) (Amersham). Actin bands were monitored on the 

same blot to verify consistency of protein loading. Immunoblots were stripped with 

Reblot Plus solution (Chemicon) for 30 min at room temperature. Blots were probed with 

anti-actin primary antibody and second antibody (anti-mouse, Santa Cruz) as described 

above. The molecular size of the protein was determined by running prestained protein 

markers in an adjacent lane (Sigma). 

2.6 Quantification of Western Blots 

Image J densitometry software (National Institutes of Health, USA) was used for 

quantitative densitometric analysis of Western blots. Selected bands were quantified 

based on their relative intensities. Results were expressed in fold increase or decrease 

compare to control condition. 

2.7 Electrophysiological analysis 

Mutielectrode arrays (MEAs) recordings were performed on cultures. Dissociated cells 

were plated at a density of 0.5xl06 cells on poly-D-lysine coated multielectrode arrays 

with a square grid 8x8 of 60 planar Ti/TiN-microelectrodes (Multichannel Systems, 

Reutlingen, Germany). Extracellular potentials from all 60 electrodes were 

simultaneously recorded at a sampling frequency of 25 kHz, visualized and stored using 

the standard software MC_Rack provided by Multichannel Systems (Reutlingen, 

Germany). Spike detection was performed offline using the software SpAnNer 

(Medizinische Analyseverfahren, Tbnisvorst, Germany; for details see Otto et al. 2003). 
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At the beginning of the experiments cells were transferred to the recording apparatus and 

placed into a 37°C incubator with 5% CO2 and left to settle for 15 min. Recordings were 

then performed for 10 min per MEA once every 7 days for 42 DIV and then again at 46 

DIV. Pharmacological studies were performed at 46 DIV. Dmgs used were 200 nM of 

muscarinic toxin 7 (MT 7) (Peptide Institute Inc, Osaka Japan), 50 uM SKF 38393 

(Sigma Aldrich), and 50 uM raclopride tartrate (Sigma Aldrich). Addition of water was 

used as a control and recording lasted 5 min per drug. 
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Results 

3.1 Striatal cultures 

Standard dissociated striatal cultures (harvested from El8.5) were cultured for 35 DIV 

and were examined using immunohistochemistry, for the presence of cholinergic 

intemeurons, as well as other types of striatal neurons. As seen in preliminary 

experiments, all intemeuronal types were represented, except for the cholinergic 

interneuron. The presence of the TH intemeurons is explained by the lack of 

dopaminergic innervation to our cultures which creates an ideal environment for TH 

expression in the striatum (Ibanez-Sandoval et al, 2010). When mixing the two 

gestational dissections together (El 8.5 with E14.5) all types of striatal neurons, including 

the cholinergic intemeurons and the MSNs were detected (Figure 4). Morphologically, 

the intemeurons in both the El8.5 and the mixed gestational cultures showed typical 

morphological characteristics. The parvalbumin intemeurons displayed aspiny dendrites 

with modest arborisation as well as some heterogeneity in the size of the cell soma. The 

cholinergic interneuron was easily identifiable as a giant aspiny neuron. The NOS and 

CalR neurons also displayed their typical morphological characteristics (Tepper et al, 

2004). 

3.1.1 Proportion of intemeurons in culture models 

The proportion of intemeurons harvested from each time point was established and 

compare to values from in vivo reports (Table 2) (Tepper J et al. 2004). As expected, we 

found very sparse cholinergic intemeurons in the typical dissection date for striatal 

cultures (0.01 ±0.01%). The cultures collected from the earlier time point (E14.5) and the 
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mixed gestational cultures both contained significantly more cholinergic intemeurons 

(0.22±0.04% and 0.08±0.03%, respectively). This represents an almost 10 fold increase 

in the number of cholinergic neurons in mixed culture and approaches the values seen in 

vivo. 

3.1.2 Proportion of neuronal progenitors in our culture model 

Since the AChI are harvested from a much earlier time point then typical striatal cultures, 

we worried about contaminating our mixed gestational model with neuronal progenitors 

from the E14.5 dissection. Because of this, other members of my lab further characterized 

the mixed gestational cultures in order to assess the proportion of AChI to other neuronal 

progenitors in the El4.5 cultures, using EdU assays (a recent improvement on the BrdU 

technique). The proportion of progenitor neurons was significantly higher in the E14.5 

culture than in the El 8.5 culture. However, no significant differences in the proportion of 

progenitors were found between the El 8.5 culture and the mix gestational culture (El 8.5 

with E14.5), suggesting that the proportion of neuronal progenitors added from the E14.5 

is negligible in our mixed gestational culture model. 

3.1.3 Neuronal death over time 

Since our cultures are incubated for 35 DIV before being used for experiments, another 

potential limitation to our culture model is neuronal death over time. This was assessed 

by counting the number of NeuN positive neurons in cultures at different points during 

their development. We found no significant changes in neuron numbers between 7, 21 

and 35 DIV (data not shown). 
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Figure 4: Striatal neurons in dissociated cultures. Inverted immunohistochemical 
figure showing striatal intemeurons and MSNs in dissociated cultures. All 4 types of 
typical intemeurons are present in cultures in addition to the atypical tyrosine 
hydroxylase (TH) interneuron. DARPP staining represents striatal MSNs. 

% 
ParV 
NOS 
vAChT 
CalR 

E18.5 
0.27 ±0.04 
1.11±0.19 
0.01±0.01 
0.96±0.28 

E14.5 
0.18±0.04 
0.24±0.01* 
0.22±0.04* 
1.01±0.05 

E18.5/E14.5 
0.37±0.07 
0.93±0.18 
0.08±0.03* 
0.68±0.23 

CPu in vivo 
0.7 
0.8 
0.3 
0.8 

Table 2: Proportion of striatal intemeurons in dissociated cultures. Numbers 
represent percentage of interneuron detected by immunocytochemistry ± standard 
deviation. * p < 0.01 for dissection dates in comparison to the typical striatal dissection 
date (El 8.5). (In vivo data from Tepper et al, 2004) 
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3.2 Cortical innervation of striatal intemeurons 

Mixed gestational striatal cultures (El8.5 with E14.5) were cultured together with El8.5 

cortical neurons. When comparing the morphology of intemeurons in corticostriatal 

cultures to striatal cultures, we consistently found more intense immunostaining together 

with more pronounced dendritic and axonal outgrowth of intemeurons in cultures with 

cortical innervation (Figure 5). This effect was particularly prominent for the 

parvalbumin and cholinergic intemeurons. Failed attempts at quantifying these changes 

based on immunostaining methods directed us toward WB analysis. Changes in protein 

expression of each interneuronal marker were assessed by other members of my lab, and 

confirmed my results that cortical innervation resulted in an increase in vAChT and 

parvalbumin expression, with no significant changes in NOS or DARPP-32. Furthermore, 

these increases were mimicked by glutamate agonist and the effect of cortical innervation 

was reversible by the addition of glutamate antagonist (unpublished data for our lab). 

These observations indicate functional innervation of striatal intemeurons by cortical 

input in our cultures. They are further supported by patch clamp analysis performed by 

our collaborators in Japan, which confirmed functional cortical innervation of striatal 

neurons in our culture model (Randall et al, 2009). 
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Figure 5: Effect of cortical innervation on striatal intemeurons. Inverted 
immunohistochemical figure showing the effect of cortical innervation on dentritic and 
axonal outgrowth of striatal intemeurons. 
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3.3 Development of dissociated cortical cultures 

Rat cortical neurons (El 8.5) in vitro development was assessed at weekly time points. 

The expression of synaptic markers such as synapsin, vGAT and vGLUT were assessed 

by immunocytochemistry, and Western blotting to follow synaptogenesis. These results 

were performed in collaboration with coauthors in my lab. 

3.3.1 Synapsin expression in cortical cultures 

Immunocytochemistry and WB analysis showed that synapsin expression was negligible 

during the two first week of development, but significantly increased after 21 DIV (p= 

0.037 for IM, p= 0.0009 for WB) (Figure 6). Immunohistochemical results indicate that 

synapsin levels stabilize after 21 DIV, while WB analysis showed a 2-fold increase 

between 21 and 42 DIV (p= 0.001). 

3.3.2 vGAT and vGLUT expression in cortical cultures 

Immunocytochemistry showed a modest increase in vGAT expression throughout the 

time course followed (Figure 7). WB results show a similar pattern of expression with an 

11 fold increase after 21 DIV (p=0.002). vGLUT showed a pattern of expression similar 

to vGAT with a 3.1-fold after 21 DIV, showed by WB (p<0.02) (Figure 8). 
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Figure 6 : Synapsin expression in developing cortical cultures. Expression was 
assessed using immunocytochemistry and WB. A: Inverted histochemical figures 
showing synapsin expression at every week. B: Graph showing quantification of 
immunohistochemical data. C: Graph and gel showing WB results. * shows significance 
compared to the previous week at p <0.001 using one way ANOVA. Note that actin 
controls are the same for figure 6, 7 and 8 since they come from the same sample. 
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Figure 7: vGAT expression in developing cortical cultures. Expression was assessed 
using immunocytochemistry and WB. A: Inverted histochemical figures showing vGAT 
expression at every week. B: Graph showing quantification of immunohistochemical 
data. C: Graph and gel showing WB results. * shows significance compared to the 
previous week at p <0 001 using one way ANOVA. 
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Figure 8 : vGLUT expression in developing cortical cultures. Expression was 
assessed using immunocytochemistry and WB. A: Inverted histochemical figures 
showing vGLUT expression at every week. B: Graph showing quantification of 
immunohistochemical data. C: Graph and gel showing WB results. * shows significance 
compared to the previous week at p <0 001 using one way ANOVA 

32 



3.3.3 Electrophysiological analysis of developing cortical cultures 

In addition to the molecular characterisation, we assessed culture maturity based on 

electrophysiological activity. Spikes detection showed minimal activity at 7, 14 and 21 

DIV, with a 10-fold increase detected at 28 DIV. A significant increase in spike detection 

was observed at each of the time points following (Figure 9 A). 

Network activity does not always represent network maturity. In addition to spike 

detection, we studied network synchronicity as a way to evaluated maturity of our 

cultures. Network synchronicity analysis was based on population burst detection. These 

values represent the number of electrodes from which an action potential is detected at 

one point in time. When the number of electrodes firing exceeded a set threshold, it was 

considered a population burst. 

Due to the insufficient firing, this analysis could not be performed prior to 35 DIV. From 

35 to 42 DIV, there was a 2.2-fold increase in the number of population bursts detected 

(p<0.0005) (Figure 9B). There were no significant changes observed between 42 and 46 

DIV. These data suggest that even though overall network activity kept increasing during 

the entire time period from which we recorded, network maturity, i.e. synchronicity, was 

reached at 42 DIV. 
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Figure 9: Electrophysiological analysis of cortical cultures maturity in vitro. A: 
Number of spike detected per minutes per array, for recordings at each weeks. B: 
Population burst analysis: represent network synchronicity. * shows p <0.001 with one 
way ANOVA, when compared to the previous week. 
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3.4 Effect of cholinergic intemeurons on striatal response 

To study if cholinergic intemeurons had an impact on MSNs' regulation by dopaminergic 

signaling, we assessed changes in protein levels of genes that are known to be affected by 

dopamine stimulation. Due to a small number of replicates, none of these results have 

reached statistical significance yet. Nevertheless, the trends seen in the different types of 

cultures with the addition of dopaminergic dmgs are interesting and will be the basis of 

my discussion. 

3.4.1 c-FOS 

c-FOS protein expression was evaluated using Western blot analysis. No changes were 

observed in the CxCPu AChI+ cultures after stimulation with SFK38393 (DIR agonist) 

or apomorphine (DA agonist) (Figure 10). However, when cultures treated with 

apomorphine were given raclopride tartrate, (D2R antagonist), an increase in c-FOS 

expression was observed. Indicating that in these cultures a disinhibition of the indirect 

pathway results in an increase in c-FOS expression. 

On the other hand, treatment with both SKF 38393 (DIR agonist) and apomorphine (DA 

agonist) elicited an increase in c-FOS expression in CxCPu AChI- cultures (Figure 10). 

This increase was not reversible with the addition of raclopride tartrate (D2R antagonist), 

indicating that the apomorphine response was due to DIR stimulation. 

In the CPu AChI+ cultures, addition of apomorphine (DA agonist) resulted in a decrease 

in c-FOS expression. Addition of raclopride tartrate (D2R antagonist) not only reversed 
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the effect of apomorphine but also resulted in an increased c-FOS expression (Figure 10). 

This over-compensation may be due to a supersensitivity of the D2R to an antagonist. No 

differences were observed with the addition of SKF 38393 (DIR agonist). 

3.4.2 EGR-1 

EGR-1 levels were also assessed by Western blot analysis (Figure 11). Addition of both 

SKF 38393 (DIR agonist) and apomorphine (DA agonist) to CxCPu AChI+ cultures 

elicited an increase in EGR-1 (Figure 11). This increase was not reversible with the 

addition of raclopride tartrate (D2R antagonist), indicating that the effect seen with 

apomorphine treatment was most likely due to stimulation of the DIR. 

In the CxCPu AChI- cultures, addition of SKF 38393 (DIR agonist) or apomorphine (DA 

agonist) resulted in an increase in EGR-1 expression. The higher increase seen with 

addition of apomorphine suggests that the increase in EGR-1 expression is mediated by 

both activation of the DIR and D2R. This increase was reversible with the addition of 

raclopride tartrate. 

Finally, no changes in EGR-1 expression were observed in the CPu AChI+ cultures 

(Figure 11), indicating a role for corticostriatal stimulation in regulation of EGR-1. 
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Figure 10: Western blot quantification of c-FOS. All results are expressed as a fold 
increase compared to control dmg condition (n=3). CxCPu AChI+: corticostriatal 
cultures with cholinergic intemeurons, CxCPu AChI-: corticostriatal cultures without 
cholinergic intemeurons and CPu AChI+: striatal cultures with cholinergic intemeurons. 
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Figure 11: Western blot quantification of EGR-1. All results are expressed as a fold 
increase compared to control dmg condition (n=3). CxCPu AChI+: corticostriatal 
cultures with cholinergic intemeurons, CxCPu AChI-: corticostriatal cultures without 
cholinergic intemeurons and CPu AChI+: striatal cultures with cholinergic intemeurons. 
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3.4.3 DARPP-32 

Using WB analysis, we studied the effect of cholinergic intemeurons on DARPP-32 basal 

expression level as well as its phosphorylation state on two major regulatory sites Thr 34 

and Thr 75. 

Despite apparent variation in DARPP-32 expression levels seen after quantitative 

methods, the pictures of the WB seem to indicate little variation in DARPP-32 basal 

expression levels with the addition of the different dmgs. However, CPu AChI+ cultures 

seem to have overall lower levels of expression than cultures containing cortical 

innervation (Figure 12) 

3.4.4 DARPP-32 Phosphorylation 

An important variation amongst replicates is observed making these results difficult to 

interpret at this point (Figure 13). 
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Figure 12: Western blot quantification of DARPP-32 expression in striatal cultures. 
All results are expressed as a fold increase compared to control dmg condition (n=3). 
CxCPu AChI+: corticostriatal cultures with cholinergic intemeurons, CxCPu AChI-: 
corticostriatal cultures without cholinergic intemeurons and CPu AChI+: striatal cultures 
with cholinergic intemeurons 
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Figure 13: Western blot of DARPP-32 phosphorylation. Showing blot results for 
phosphorylation on the two main regulatory sites Thr 34 and Thr 75. CxCPu ACM+: 
corticostriatal cultures with cholinergic intemeurons, CxCPu AChI-: corticostriatal 
cultures without cholinergic intemeurons and CPu AChI+: striatal cultures with 
cholinergic intemeurons 



3.5 Effect of AChI on striatal network activity 

Multi electrode array (MEA) recordings of our cultures were performed to study their 

electrophysiological properties. The parameter used to quantify activity was the number 

of spikes per minute (Figure 14). Firing activity of the cultures started to appear after 14 

DIV and considerably increased thereafter. No firing was detected in the CPu AChI+ 

cultures. Throughout their development, there was significantly more activity detected in 

the CxCPu AChI- cultures than in the CxCPu AChI+ cultures, suggesting an inhibition of 

the MSNs by cholinergic intemeurons 

In addition we stimulated the cultures with various cholinergic and dopaminergic dmgs to 

see how they would affect the cultures (Figure 15). Under control conditions, we found 

that the CxCPu AChI- culture had significantly more spikes per minute than the CxCPu 

AChU- cultures. Addition of muscarinic toxin 7 (MT 7), an MIR inhibitor, resulted in a 

2.5 fold increase (p< 0.0001) in the number of spikes per minute in the CxCPu AChI+ 

cultures with no effect on the CxCPu AChI- cultures. Similarly, we observed a 1.3 fold 

decrease (p< 0.0001) in firing in the CxCPu AChI+ cultures after the addition of 

raclopride tartrate. No effect was observed in the CxCPu AChI- cultures. 
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Figure 14: Electrophysiological activities of cultures on multielectrode arrays. The 
graph shows the average number of spikes per minute measured at every week of the 
culture development. Error bars represent standard error of the mean. Note, no activity 
was detected in the striatal cultures lacking cortical input. CxCPu AChI+: corticostriatal 
cultures with cholinergic intemeurons, CxCPu AChI+: corticostriatal cultures without 
cholinergic intemeurons, DIV: days in vitro. 
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Figure 15: Electrophysiological activities of cultures on multielectrode arrays 
following drug treatment. The graph shows the average number of spikes per minute 
following dmg treatment, measured at 46 DIV. CxCPu AChI+: corticostriatal cultures 
with cholinergic intemeurons, CxCPu AChI+: corticostriatal cultures without cholinergic 
intemeurons, MT 7: Muscarinic toxin 7 (MIR antagonist). * p<0.01 when compared to 
H20 measurements. 
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Discussion 

4.1 Striatal cultures 

The striatum originates from the lateral ganglionic eminence (LGE) (Marin et al, 2001). 

The striatal cholinergic intemeurons however are bom in the medial ganglionic eminence 

(MGE) and migrate to the LGE very early during development (Van Vulpen et al, 1998). 

They start their neurite outgrowth before the other striatal neurons and are already 

sending out processes while other striatal neurons have only a soma. Because of this, 

cholinergic intemeurons die during the dissociation protocol for typical striatal cultures 

and are not present in the final dissociated cultures. However, cholinergic intemeurons 

can be harvested from an earlier dissection time point and supplemented to the cultures in 

order to create a complete striatal cultures. 

Our mixed gestational culture successfully allows us to obtain dissociated striatal cultures 

containing or lacking cholinergic intemeurons. In addition, it creates the possibility of 

adding back other components of the basal ganglia circuit, such as cortical, nigral or 

thalamic innervations, and studying their impact on striatal neurons. 

In parallel to these rat striatal cultures, we have developed a similar protocol using mouse 

striatal neurons (Schock et al, 2010). This opens the door to the use of transgenic mice in 

which specific subpopulations of neurons can be labeled. For example, we recently 

acquired a transgenic mouse in which the AChI express the green fluorescent protein 

(GFP). Therefore, using fluorescence activated cell sorting (FACS), we can isolate these 
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neurons from our dissection and specifically supplement them in a controlled proportion 

to our standard striatal cultures. 

Similarly, we could remove a GFP-tagged interneuron subtype from a population of 

striatal neurons, allowing us to create a culture model in which that particular interneuron 

subtype would be lacking. This is equivalent to the creation of a knock out mouse but 

much superior, not only in its simplicity, but in the certainty that the interneuron subtype 

is lacking from the population rather than simply not expressing a specific marker, 

making it invisible to immunochemical staining protocols. 

In addition, transgenic mice also create the opportunity to study changes in gene 

expression of specific neuronal populations eg: MSNs of the direct versus indirect 

pathway, giving further insight on striatal regulation (Valjent et al, 2009). 

Finally, GFP-tagged neurons can also be used to differentiate between neuronal 

populations from different nuclei. For example, cortical neurons could be expressing GFP 

together in culture with wildtype striatal neurons, allowing us to easily differentiate 

between these two populations. 

4.2 Cortical innervation of striatal neurons 

We have demonstrated a functional impact of cortical innervation on striatal interneuron 

morphology. The fact that the changes seen were reversible with the addition of 

glutamate antagonist suggests they were dependent on changes in neuronal excitability 

rather than secretion of growth factors by the cortical neurons. They also confirm that 
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there was functional innervation of the striatal neurons by the cortical neurons in our 

cultures. These results are part of a manuscript in preparation. 

We and others (Segal et al, 2003) have shown that cortical stimulation has both 

functional and morphological impact on striatal neurons. Adding back the cortical input 

is our first step in recreating a basal ganglia circuit in vitro. We are now ready to 

supplement the cultures with dopaminergic inputs from the SNc, and are working on 

dissection protocols for thalamic neurons. Ultimately, we will study functional 

differences in striatal regulation in the presence and absence of cholinergic intemeurons, 

when all major inputs to the striatum are present. 

4.3 Development of cortical cultures 

Striatal studies using live animal models are based on a mature neuronal network. Since 

our neurons for culture are harvested at an embryonic time point, we have to insure they 

have reached maturity prior to beginning our experiments. If striatal functions are 

assessed to early during development, the synaptogenesis process that occurs can create 

an unstable environment for scientific studies and are not representative of in vivo 

conditions. 

To assess the development of dissociated neurons in vitro, we studied a simplified model 

based on cortical cultures. We followed synaptogenesis during their development based 

on expression of synaptic markers such as synapsin, vGAT and vGLUT, as well as 

network maturity based on electrophysiological recordings. 
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4.3.1 Synaptogenesis in cortical cultures 

Synapsin's expression could be considered in two ways; the number of varicosities and 

the amount of protein in those varicosities. Our immunostaining results, representing the 

number of varicosities showed that these have reached a maximum after 21 DIV. In 

contrast, the WB results, representing the quantity of protein, shows a persistent increase 

even after 21 DIV. 

In contrast to the synapsin data, vGAT and vGLUT expression showed a constant 

increase, throughout the time course followed, with both immunostaining and WB 

analysis. These data suggest that synaptogenesis is not completed until at least 35 DIV, 

and that cultures should not be assessed for pharmacological experiments prior to this. 

Moreover, the earlier rise in synapsin compare to the markers of vesicular storage 

suggests a role for synapsin earlier in development. 

4.3.2 Electrophysiological maturation of cortical cultures 

Using multielectrode array analysis, we recorded electrophysiological activities during 

development of our cultures. Detection of spike activity was very sparse prior to 28 DIV, 

which is in accordance with our molecular studies of synaptogenesis. Spike activity kept 

increasing past the 46 DIV time point followed for our study, suggesting that perhaps 

maturity of network had not been reached at 46 DIV. However, studies of network 

synchronicity showed that at 42 DIV cultures had reached a plateau in term of 

synchronicity. These suggest that firing activity may not be the best measure to estimate 

network maturity and that network synchronicity should be considered instead. 
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Finally, our molecular and electrophysiological data indicate that cultures should be 

maintained for 42 DIV prior to use for analysis. 

4.4 Effect of cholinergic intemeurons on striatal response 

We studied functional responses to dopaminergic stimulation of corticostriatal cultures in 

the presence and absence of cholinergic intemeurons. Our dopaminergic stimulation 

consisted of stimulation with a DIR specific agonist (SKF 38393), a non specific 

dopamine agonist (apomorphine) or a specific D2R antagonist (raclopride tartrate). 

Because of the differential expression of dopamine receptors by the MSNs the DIR 

agonist specifically stimulates MSNs from the direct pathway, whereas a D2R antagonist 

specifically acts on MSNs from the indirect pathway (Figure 16). Finally, apomorphine 

can stimulate both the DIR and D2R and therefore act on both populations of MSNs. 

Due to some technical challenges with the culturing, these results are based on a small 

number of replicates (n=2 or 3). Because of this, none of the results have significance at a 

statistical level. Nonetheless, the trends observed are of great interest from a 

physiological point of view and point to differences between cultures with and without 

the cholinergic intemeurons. 
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Figure 16: Pharmacological studies: Impact of dopaminergic drugs on MSN 
population. 

49 



4.4.1 c-FOS 

In the dopamine deprived striatum, c-FOS expression can be induced via the 

ERK/MAPK pathway (Gerfen et al, 2002). This induction requires combined interaction 

between DIR and NMDA/mGLUR (Gross et al, 2009). Stimulation with a D2R 

antagonist also produces an increase in c-FOS expression but this is achieved via an 

ERK/MAPK independent mechanism (Bertran-Gonzalez et al, 2008). 

We expect to see an increase in c-FOS expression after stimulation of the DIR (SKF 

38393 or apomorphine), or after inhibition of the D2R (raclopride tartrate) (Pollack et al, 

2010). However, only the withdrawal response after stimulation with a D2R antagonist is 

observed in our CxCPu AchI + cultures. On the other hand, we do see the expected 

increase in c-FOS expression after stimulation with of DIR in the CxCPu AChI- cultures 

but the increase seen with inhibition of the D2R is lost. Taken together, these results 

suggest that the cholinergic intemeurons inhibit activation of the DIR/ NMDA-mGLUT 

stimulation of c-FOS expression in MSNs expressing the DIR but are required for 

increased c-FOS expression in MSNs expressing the D2R, indicating a differential 

regulation of the two neuronal pathways by cholinergic intemeurons. Finally, our results 

suggest that the regulation c-FOS expression in MNS from the indirect pathway function 

via a corticostriatal innervation independent mechanism, since the increase in c-FOS seen 

after Apo/Rac stimulation persists in CPu AChI+ cultures. This is consistent with a 

previous report that c-FOS expression after stimulation of the D2R with an antagonist 

does not require interaction with glutamate receptors (Brami-Cherrier et al, 2009). 
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I suggest that a potential mechanism for the regulation c-FOS expression by cholinergic 

intemeurons most likely involves intracellular signaling pathways regulating c-FOS 

expression. Moreover, differential regulation of the two populations of MSNs by 

acetylcholine may be explained by the pattern of muscarinic receptor they express. Both 

populations of MSNs express the Ml and M4 mucarinic receptor, however, the M4 

muscarinic receptor is more widely expressed on neurons from the direct pathway 

(Bernard et al, 1992). Activation of the MIR receptor results in activation of PKC, which 

can activate both ERK and PKA and also results in mobilization of the intracellular 

calcium (Felder, 1995). Activation of the M4R is negatively coupled to adenylyl cyclase 

which will result in inhibition of PKA. Therefore, the inhibition of the induction of c-

FOS expression following SKF 38393 when the AChI are present may be regulated via 

activation of the M4R. On the other hand, the increase in c-FOS expression seen with 

disinhibition of the D2R may be associated with activation of the MIR. Previous studies 

had reported a positive effect of cholinergic agonist on c-FOS expression in MSNs from 

the indirect and of a positive effect of cholinergic antagonist on c-FOS expression in 

MSNs from the direct pathways, which are in agreement with the results presented here 

(Bernard et al, 1993). Finally, AChI may also indirectly impact regulation of MSNs by 

affecting other interneuron subtypes (Sullivan et al, 2008). 

4.4.2 EGR-1 

EGR-1 is a member of the immediate early gene (IEG) transcription factors. Similarly to 

c-FOS, EGR-1 expression is regulated by the ERK/ MAPK pathway, however, its 

regulation depends on different downstream intermediaries (Brami-Cherrier et al, 2009). 
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Activation of the ERK/MAPK pathway with glutamate, dopamine or acetylcholine has 

been associated with an increase in EGR-1 expression (Grimes et al, 1999 and Vaccarino 

etal, 1992). 

Previous reports associated an increase in EGR-1 expression with stimulation of the DIR, 

and little effect was seen with inhibition of the D2R (Cole et al, 1992). From this, we 

should expect to see an increase in EGR-1 expression with SKF38393 (DIR agonist) and 

apo (non specific DA agonist) stimulation and no effect with addition of rac (D2R 

antagonist), which is what we observed in the CxCPu AChI+ cultures. However, when 

we removed the AChI from the cultures, an important increase in EGR-1 was seen 

following stimulation with apo. This increase was reversible with the addition of rac. 

These results suggest that in the absence of cholinergic stimulation, expression of EGR-1 

can be induced via D2R signaling. Cultures lacking the AChI also demonstrate a lesser 

increase in EGR-1 expression following SKF 38393 stimulation suggesting that the AChI 

may potentiate this increase. Finally, the lack of changes seen in the CPu AChI+ cultures 

agrees with a previous report suggesting that corticostriatal innervation is important in 

regulation of EGR-1 expression (Knapska et al, 2004). 

Interestingly, it seems like the effect of AChI on the two populations of MNS is opposite 

in terms of c-FOS and EGR-1 expression (Figure 17). More specifically, in MSNs from 

the indirect pathways, AchI seems to be required for the expression of c-FOS but has an 

inhibitory effect on the expression of EGR-1. Since both of these genes are under the 

control of the ERK/MAPK pathway, this implies that AChI have a differential regulation 

of both arms of this downstream pathway. 
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Figure 17: Differential regulation of striatal MSNs by AChI. A proposed mechanism 
for the differential regulation of striatal MSNs by AChI is the pattern of expression of the 
muscarinic receptors. 
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4.4.3 DARPP 

Downstream targets of DARPP-32 include voltage dependent calcium channels as well as 

AMPA, NMDA, and GABA receptors (Borgkvist et al, 2007). DARPP-32 

phosphorylation on Thr 34 activates these proteins, resulting in increasing MSN 

excitability. 

DARPP-32 is an important intracellular mediator of dopamine signaling (Qi et al, 2010). 

Its phosphorylation state, rather than its expression levels are under the control of 

dopamine receptors (Nishi et al, 2000). In culture models, basal levels of DARPP-32 

expression are severely diminished compared to in vivo models, but can be induced by 

addition of BDNF (Ivkovic et al, 1999). 

We believe that changes observed in DARPP-32 basal expression levels are likely 

resulting from loading differences between replicates rather than expression differences 

associated with dopaminergic or cholinergic signalisation. 

4.4.4 DARPP-32 phosphorylation 

DARPP-32 phosphorylation state is heavily regulated by dopamine. We expected 

stimulation with SKF 38393 to cause an increase in Thr34 phosphorylation and a 

decrease in Thr 75 phosphorylation. We also expected an increase in phosphorylation of 

Thr 34 after addition of Rac to the cultures. Because of great variation between the 

replicates, interpretation of DARPP-32 phosphorylation state is difficult. A higher 

number of repeats is necessary. 

54 



4.5 Effect of AChI on striatal network activity 

From a developmental point of view, significant firing was detected in cultures after 28 

DIV. This is similar to data that we obtained in cortical cultures from which we 

characterized the development more extensively (manuscripts in preparation) and is what 

guided us toward using cultures that had reached at least 35 DIV before using them for 

analysis. 

The lack of activity detected in the CPu AChI+ cultures was to be expected since striatal 

cultures are comprised of 98% inhibitory GABAergic neurons. The interesting results are 

the differences in firing activity between the CxCPu AChI+ and CxCPu AChI- cultures. 

Striatal MSN membrane properties differ in their responses to neurotransmitter 

stimulation. MSNs can be in two physiological excitability states known as "up" or 

"down" state. MSNs can only fire when they are in their "up state" (Galinanes et al, 

2009). 

Cholinergic intemeurons increase MSN excitability by decreasing the opening of 

membrane ion channels such as KCNQ and Kir2 channels (Shen et al 2005 and Shen et 

al, 2007). Therefore, we would expect the presence of cholinergic intemeurons to 

increase overall MSN excitability in our cultures. However, cultures without AChI 

displayed more spontaneous activity. Moreover, addition of a MIR antagonist (MT 7) 

resulted in increased firing in cultures with AChI. These data suggest that in our culture 

model, cholinergic intemeurons exert an inhibitory effect on MSN excitability. This 

result is opposite to the impact of AChI on MSN excitability described in the literature, 

55 



including DA depleted striatum. The differences observed could be explained by several 

factors. 

First, our results describe overall network activity and not single neuron excitability. 

Therefore even if at the single neuron level, AChI have an excitatory effect, it does not 

mean it will be translated to the overall network activity. Second, our culture model 

represents an incomplete basal ganglia circuit. Not only is it lacking the thalamic inputs, 

which is the main excitatory inputs to the cholinergic intemeurons (Lapper et al, 1992) 

but it also differs in its dopaminergic depletion. In animal studies, neurons reach maturity 

in the presence of dopaminergic nigral input, which is then lesioned for PD models. In 

our cultures, the nigral inputs have been absent from the beginning. It is possible that the 

lack of thalamic and nigral inputs to AchI has affected their ability to regulate MSN 

excitability. Finally, in our cultures, the architectural organization of the striatum is 

destroyed which could impact on MSN regulation (Svenningsson et al, 2000). 

It is interesting to notice however, that our MEA results indicate a decrease in network 

firing with addition of D2R antagonist raclopride tartrate, but no changes with addition of 

DIR agonist SKF 38393. Several studies have indicated a more prominent regulation of 

indirect pathway MSNs (expressing the D2R) by AChI in DA depleted striatum (Shen et 

al, 2007 and Salin et al, 2009). Therefore, even if in our culture model AChI the effect of 

striatal MSNs seems to be opposite to what we expected, it still maintains a preferential 

regulation of D2R MSNs. 
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Conclusion and Future Experiments 

We have successfully created a dissociated culture model in which the presence of 

cholinergic intemeurons can be manipulated. Our preliminary results indicate that AChI 

differentially regulate the two different MSN populations, and that this regulation is 

sometimes dependent on cortical innervation. 

Future work will first include , confirmation of these results by increasing the number of 

replicates; second, continuation of reconstructing basal ganglia circuitry in vitro and third 

specifically studying changes in both MSN populations using transgenic mouse culture 

models. 

5.1 Confirmation of preliminary results 

By increasing the number of replicates, we can reach statistical significance for the 

results presented here. If the trends observed so far persist, deeper understanding of 

differential cholinergic regulation could be obtained by repeating molecular experiments 

in the presence of muscarinic receptor specific antagonists, particularly MIR and M4R 

antagonists. Ultimately, we could also gain deeper understanding of interactions between 

intracellular signalling pathways by looking at changes in ERK/MAPK, PKA or PKC 

phosphorylation states. 

5.2 Reconstruction of Basal Ganglia Circuits 

The next step in reconstmction of basal ganglia circuits in vitro is the addition of 

dopaminergic input from SNc. We have successfully harvested and grown nigral 
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dopaminergic neurons with striatal cultures and are in the process of repeating the 

molecular analysis done on corticostriatal cultures. Adding back the dopaminergic side of 

the balance will provide insight into cholinergic regulation of dopamine secretion at the 

presynaptic levels. 

Thalamic innervation is another important input to the striatum and dissection and 

culturing protocols are now being optimized. 

5.3 Differential regulation of MSN populations 

We have translated our culture models to mouse neurons which offer the possibility of 

transgenic labeling. Being able to separate MSNs for the direct and indirect pathway prior 

to molecular analysis will enable us to more specifically study changes in their gene 

expression. 
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