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Abstract 

Somatostatin (SST) is a multifunctional peptide present in most brain regions as well as in 

peripheral organs. In QUIN/NMDA-induced excitotoxicity, an experimental model of 

Huntington’s disease (HD), SST positive interneuron coexpressing NPY/NADPH-d/bNOS 

are selectively spared whereas, projection neurons expressing NMDA receptors and DARPP-

32 are vulnerable. SST plays neuroprotective role in excitotoxicity, however, which SSTR 

subtypes mediate the neuroprotective role is not known. Accordingly, as a first step, we 

describe the colocaliztion of SSTR subtypes with DARPP-32 to determine the percentage of 

receptor subtypes in projection neurons. We further extended our study and compared HD 

transgenic mice (R6/2) with SSTR1 and 5 double knock out mice. In both strains we 

compared the expression pattern of NMDARs, DARPP-32, SST, bNOS and SSTRs and key 

downstream signaling pathways linked to the neuronal loss in HD such as PI3K, ERK1/2 

PKC-α, synapsin-IIa, enkephalin and calpain. Our data shows that SSTR1/5 double knock 

out mice mimic the neurochemical changes of HD transgenic mice indicating a key 

neuroprotective role of SSTR1 and 5 in HD. To derive direct physiological implications and 

mechanistic explanations for the role of SSTR subtypes in excitotoxicity we used striatal 

brain slices and determined the effect of SSTR1 and 5 agonist, alone or in combination with 

NMDA on key proteins such as DARPP-32, calpain, PSD-95 and signaling pathways 

associated with NMDA induced neurotoxicity. Our results here show significant decrease in 

NMDA currents and dissociation of NMDARs heterodimerization upon treatment with 

SSTR1 and 5-specific agonist. Our data further demonstrates significant decrease in 

NMDARs expression and upregulation of SSTR1 and 5 upon agonist treatment. Unlike 

NMDA, activation of SSTR1 or 5 in striatal slices induced DARPP-32 phosphorylation at 

Thr34 and Thr75 enhanced CREB phosphorylation and inhibits expression of calpain and 

PSD-95. The data presented in this thesis provides a new insight for the role of SSTR 

subtypes in excitotoxicity with relevance to neurological disorders. 
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Chapter  1: Introduction 

1.1 Thesis overview 

The gradual and progressive neuronal degeneration in region specific manner underlies the 

pathology of several neurodegenerative diseases including Alzheimer’s disease (AD), 

Parkinson’s disease (PD), Huntington’s disease (HD) as well as other neuropsychological 

conditions. Apoptosis and necrosis are the two distinct-and/or interconnected mechanisms 

responsible for neuronal death and have been under constant investigation over three 

decades.  In addition to genetic disposition of neurological diseases, abnormal functions in 

several proteins may also contribute to the pathology of neurological disorder. Amongst them 

neuropeptides and neurotransmitter receptor proteins are the prominent players. Previous 

studies have established that disturbances in the somatostatinergic system has profound 

implications in several human neurodegenerative diseases including AD, HD, hypoxic-

ischemic neuronal injury, neoplasia, prion disease and acquired immune deficiency syndrome 

(AIDS) encephalopathy (Aguila, 1994; Barnea et al., 1999; Beal, 1990; Beal et al., 1984; Da 

Cunha et al., 1995; Gemignani et al., 2000; Martin and Gusella, 1986; Patel, 1996; Patel et 

al., 1995b; Riekkinen and Pitkanen, 1990). Age dependent decrease in the expression of SST 

is well established in human brain. Beal et al., for the first time described that cortical and 

cerebrospinal fluid (CSF) concentrations of somatostatin (SST) are selectively and 

specifically reduced level of SST expression in AD (Beal et al., 1988).  Conversely, in HD, 

SST level is increased in basal ganglia i.e., striatum and a subset of SST producing neurons 

are selectively resistant to neurodegeneration (Dawbarn et al., 1985; Ferrante et al., 1985).  

This process of selective sparing of SST-producing neurons appears to be a feature of several 
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neurodegenerative conditions. Furthermore, supporting these in vivo observations, in vitro 

models of N-methyl-D-aspartate (NMDA)-induced neurotoxicity using cultured cortical 

neurons exhibit the upregulation of SST gene expression and SST release in response to 

NMDA receptors (NMDARs) agonist Quinolinic Acid (QUIN) in time and concentration 

dependent manner (Patel et al., 1991; Patel et al., 1995b).  In parallel, it was also shown that 

exogenous addition of SST exerts neuroprotective effect against NMDA-mediated toxicity 

(Forloni et al., 1997). Importantly, a recent study from our lab demonstrated that knocking 

down SST in cultured striatal neurons resulted in more neuronal loss upon NMDA treatment 

in comparison to control (Kumar, 2008). These results anticipate that SST functions as 

neuroprotective peptide against NMDA induced toxicity. 

In excitotoxicity, while the activation of NMDARs is a prerequisite to induce 

neuronal cell death, cell death is also associated with increased calcium, oxidative stress and 

modulation in several other proteins. Furthermore, changes in many of the downstream 

signaling pathways play detrimental role in neuronal survival and loss. Most importantly, the 

clinical and pathological manifestation of several neurological diseases is linked with over 

activation of NMDARs (Choi and Rothman, 1990; Coyle and Puttfarcken, 1993). The value 

of in vitro NMDA-induced model of excitotoxicity is not only to explore the mechanisms of 

glutamate toxicity but also mimic an experimental model of human neuronal disease HD in 

vitro. Despite the fact that SST plays an important role in various neurodegenerative 

diseases, very little is known about the contribution of somatostatin receptors (SSTRs), 

which are responsible for most of the biological roles of this peptide. Whether SSTR 

subtypes involve in the pathophysiology of excitotoxicity and exert any possible role in 

NMDA induced neurotoxicity remains largely illusive. Therefore, this thesis focuses to study 
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the roles of SSTRs and establish mechanistic relationship between SSTRs and 

neurodegenerative disease. Prior to delineate functional relevance and interaction of certain 

key proteins with the role of SSTR subtypes at the molecular level in central nervous system 

(CNS), it was essential to determine the expression and colocalization of SSTRs in brain with 

key proteins which are intimately associated with neuronal loss in excitotoxicity.  

Accordingly, in this thesis we first determined, specifically the expression of the 

somatostatinergic system (somatostatin receptors) in rat brain (cortex and striatum) with 

other proteins, which are well known for the crucial role in the process of neurodegeneration.  

We focused mainly on cortex and striatum region because these brain regions are affected 

most in neurodegenerative diseases. Striatum is composed of projection (80%) and 

interneurons (10%) and dopamine- and cAMP-regulated phosphoprotein (DARPP-32) is 

highly expressed in projection neurons and significantly decreased in excitotoxicity whereas, 

interneurons are devoid of DARPP-32 and selectively spared (Torres-Peraza et al., 2007). 

Since DARPP-32 is regulated by dopamine receptors (DR), which are well expressed in 

striatum, therefore we first accomplished colocalization of DARPP-32 with DR subtypes and 

followed by colocalization between SSTR subtypes and DARPP-32 in rat brain striatum and 

cortex. Secondly, to establish any pathophysiological relevance of SSTRs with neurological 

diseases we compared the neurochemical phenotype and signaling pathways in SSTR1/5 

knockout (ko) and HD transgenic (R6/2) mice. Previous studies have established that 

heterodimerization of NMDA receptors is detrimental for receptor functionality and critical 

for the status and degree of neuronal vulnerability. NMDARs also constitute functional 

heteromeric complex with other GPCRs mainly the members of dopamine receptor family 

(Lee et al., 2002). Accordingly, using a combination of morphological, biochemical and 
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electrophysiological approaches we characterized the role of SSTR1 and SSTR5 in brain 

slices to determine whether SSTR activation impede NMDAR heteromeric complex 

formation and consequently altered associated protein and signaling pathways responsible for 

neuronal loss or survival in excitotoxicity. 

1.2 Somatostatin 

The tetradecapeptide somatostatin (SST), also known as somatotropin release-inhibiting 

hormone (SRIF) was first isolated from sheep hypothalamus as growth inhibitory peptide 

with a low molecular weight (Krulich et al., 1968).  No more than five years later, Brazeau et 

al., examined hypothalamic extracts for potency in releasing growth hormone (GH) from 

long-term cultured anterior pituitary cells and found a factor that surprisingly inhibited even 

the basal expression of hormone release in minuscule amounts (Brazeau et al., 1973). Since 

then several studies have shown that SST is not only synthesized in the hypothalamus, but 

also present in other brain regions and major peripheral organs (Patel, 1999). SST exists in 

two bioactive isoforms, SST-14 and SST-28 that are synthesized in different amounts in 

various SST-producing cells in different parts of body (Hobart et al., 1980; Montminy et al., 

1984; Patel, 1999; Shen and Rutter, 1984). SST-28 consists of SST-14 sequence at the 

carboxy terminal, which is preceded by basic double pair of amino acids. Trypsin-like 

conversion allows direct cleavage from SST-28 to SST-14 (Brazeau et al., 1973; Srikant and 

Patel, 1981). SST is derived from a common precursor known as preprosomatostatin (PSST). 

PSST is processed into SST-14 in neuronal tissue as the main product by endoproteolytic 

action of prohormone convertase1 (Brakch et al., 1995). It is believed that SST-28 is released 

from the hypothalamus and has longer half-life in the portal blood system when compared to 

SST-14 (Dahms and Mentlein, 1992).   
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1.3 Anatomical distribution of somatostatin  

SST is a phylogenetically ancient peptide and SST-like immunoreactivity has been reported 

in microorganisms such as Tetrahymena pyriformis, Bacillus subtilis and Plasmodium 

falciparum (Lenard, 1992). By using radioimmunoassay and immunohistochemistry, the 

wide spread anatomical distribution of SST-producing cells has been detected in central and 

peripheral nervous systems along with gastrointestinal tract, the gut, the thyroid, the adrenals, 

the kidneys, the prostate, the placenta, the lymphoid cells and the δ cells of the pancreatic 

islets (Brownstein et al., 1975; Finley et al., 1981; Palkovits et al., 1976; Patel et al., 1990). 

In CNS, SST is highly expressed in hypothalamus, amygdala, and hippocampus, cortex, 

striatum, brain stem and the periaqueductal gray and all levels of major sensory pathways 

(Epelbaum et al., 1994; Johansson et al., 1984; Oliva et al., 2000). SST positive neurons in 

CNS are often co-expressed with several other neuroendocrine peptides including 

noradrenaline, γ-Aminobutryic Acid (GABA) or neuropeptide Y (NPY), glycine and 

enzymes such as brain nitric oxide synthase (bNOS) as well as other peptides such as met-

enkephalin, substance P and neurotensin (Epelbaum, 1986). These observations anticipate 

that SST might involve in regulation of secretion and function of these peptides in brain. 

SST positive neurons can be characterized in three different groups: interneurons, 

neurons projecting in single anatomical region and neurons connecting various regions of 

CNS (Morrison et al., 1983; Morrison et al., 1982). SST positive neurons can also be divided 

in two categories; long-projecting neurons and short GABAergic neurons (interneurons) 

(Gulyas et al., 2003; Oliva et al., 2000; Tomioka et al., 2005; Zappone and Sloviter, 2001). In 

addition to brain, SST-14 is predominantly expressed in peripheral tissues including stomach, 

pancreatic islets, nervous tissue, retina, peripheral nerves and enteric neurons (Epelbaum et 
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al., 1994; Patel, 1999). In comparison, SST-28 is also well expressed in brain pancreas and 

gut and synthesized mainly in intestinal mucosal cells (Patel, 1999). Although, SST-28 

represents 20-30% of total SST immunoreactivity in the brain, whether SST-14 and SST-28 

are expressed within the same neuron is not known (Patel, 1999; Reichlin, 1983a). 

Furthermore, the expression of SST has been detected during embryonic development as 

early as 10 week of gestation in fetal hypothalamus (Bugnon et al., 1978).  

In comparison to normal SST release from hypothalamic nerve terminals, the 

electrical stimulation of preoptic area and median eminence induces 3-7 fold increase of SST 

release into the blood portal system (Chihara et al., 1979a; Millar et al., 1983). Release of 

SST from median eminence is also due to nociceptive stress (Epelbaum et al., 1994). 

Furthermore, studies have described that low doses of dopamine (DA), acetylcholine and 

norepinephrine also increase SST release (Chihara et al., 1979b). Moreover, ionic 

dependency and calcium channel play critical role on SST release and secretion (Arancibia et 

al., 1984; Berelowitz et al., 1978; Iversen et al., 1978). 

In CNS, the large population of SST positive neurons in basal ganglia are confined in 

striatum (Johansson et al., 1984). Striatum is primarily composed of two different types of 

neuronal population including medium size projection neurons and medium sized aspiny 

interneurons. Interestingly, projection neurons are devoid of SST like immunoreactivity, 

whereas SST positive medium sized aspiny interneurons colocalize with NPY, nicotinamide 

adenine dinucleotide phosphate-diaphorase (NADPH-d)/bNOS (Kowall et al., 1987; 

Rushlow et al., 1995). In infragranular layer and the subcortical white matter of cerebral 

cortex, SST colocalizes with NPY in non-pyramidal neurons (Hornung et al., 1992). SST 

positive interneurons, a subset of GABAergic neurons also colocalizes with NPY in cortex 
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and hippocampus of rat brain. It is believed that the coexistence of SST with inhibitory 

GABAergic neurons indicates the inhibitory role of SST in local circuits (Esclapez and 

Houser, 1995; Hendry et al., 1984; Kohler et al., 1987; Kowall and Beal, 1988).  

1.4 Biological roles of somatostatin 

SST is known to exert diverse effects like inhibition of endocrine secretions, 

modulation of neurotransmission and regulation of cell proliferation (Patel, 1999). With this 

wide spread distribution and several endocrine and exocrine functions, SST is now 

considered as a multifunctional peptide (Fig 1.1).  In addition to neurotransmitter the role of 

some neuropeptides has also been associated with cognitive function. Relatively high 

expression of SST in hippocampus and cortex suggest the role of SST in learning and 

memory (Rubinow et al., 1995). In CNS, SST acts as a neuromodulator and neurotransmitter 

and specifically as a physiological regulator involving in locomotor, cognitive, sensory and 

other autonomic functions (Epelbaum et al., 1994; Reichlin, 1983a; Reichlin, 1983b). SST 

released in hypothalamus regulates the secretion of GH from pituitary, which is counter 

balanced by growth hormone–releasing hormone (GHRH) (Bresson et al., 1984). One of the 

most important roles of SST is the tonic inhibition of basal and GHRH stimulated secretion 

of GH from the pituitary (Barinaga et al., 1985). DA, substance P, glucagon, acetylcholine 

and cholesystokinin further augment SST secretion, however, it is inhibited by glucose 

(Chihara et al., 1979b; Reichlin, 1983b). Conversely, SST inhibits the secretion of dopamine, 

norepinephrine, thyroid releasing hormone and corticotrophin releasing hormone from 

hypothalamus in addition to its prominent role in inhibition of GH (Patel, 1997). Similarly, 

SST also regulates the secretion of thyroid-stimulating hormone (TSH) (Ferland et al., 1976; 

Siler et al., 1974). Most importantly, SST ko mouse revealed that SST is necessary for 
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masculinization of GH (Low et al., 2001). Importantly, this study also describes that male 

SST ko was feminized and displayed similar expression of GH like its counterpart female. 

Furthermore, in SST ko mice the expression levels of SSTR1 decreased while SSTR2 and 

SSTR5 increased, however SSTR3 and SSTR4 were unchanged (Low et al., 2001). Further 

in support binding analysis in brain extract of SST ko mice reveals significant increase in its 

cognate receptor subtypes (Ramirez et al., 2002). 

 

Figure 1.1Schematic illustration depicting the different biological roles of SST in various organs in 

human body  

SST directly affects the release of T4, T3 and calcitonin, inhibit angiotensin II in the 

adrenal glands, rennin in kidneys and inhibition of hormones in gastrointestinal tract (Patel, 
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1997). Furthermore, SST suppresses synthesis and secretion of insulin, glucagon and 

pancreatic polypeptide from δ cells of pancreatic islets (Ballian et al., 2006; Kendall et al., 

1995; Redmon et al., 1994).  One of the most prominent roles of SST described recently in 

CNS is associated with the beta amyloid accumulation and aggregation upon down regulation 

of SST expression (Saito et al., 2005).  

1.5 Somatostatin receptors  

The diverse biological effects of SST in target tissues are mediated by five different 

cell surface receptors namely somatostatin receptors 1-5 (SSTR1-5). SSTR subtypes were 

first studied and identified in the pituitary GH4C1 cell line by whole-cell binding analysis 

(Schonbrunn and Tashjian, 1978). All five SSTR subtypes have been cloned and 

pharmacologically characterized and belong to a family of a hepatahelical transmembrane 

guanine nucleotide-binding proteins coupled receptors (GPCRs) (Patel, 1999). SSTR 

subtypes bind to SST-14 and SST-28 with equal high affinity. SSTR1-4 shows a weak 

selectivity for SST-28 while SSTR5 has several fold high binding affinity for SST-28 when 

compared to SST-14 and appears to be SST-28 selective (Patel, 1997; Patel et al., 1995a; 

Patel and Srikant, 1994).  SSTR subtypes are divided into two subclasses based on their 

structural similarities and ligand binding affinities for SST analogs, octapeptides (octreotide) 

and hexapeptides (lanreotide). SSTR2, 3 and 5 comprises one subgroup which binds with 

similar binding affinity and SSTR1 and 4 constitute members of the other subgroup that bind 

to SST analogs with low affinity (Patel, 1997).  

As illustrated in Table 1.1, all SSTR subtypes inhibit adenylyl cyclase by coupling to 

pertussis toxin (PTX) sensitive Gαi protein and inhibit the formation of cyclic adenosine 
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monophosphate (cAMP) (Patel, 1999; Reisine, 1985; Reisine et al., 1985; Reisine et al., 

1983). In turn, cAMP binds to and activates protein kinase A (PKA) that phosphorylates 

specific downstream signaling molecules. The regulatory effects of cAMP on cellular 

functions include cell division, ion transport, ion channel functions, neuronal excitability and 

contractile proteins in smooth muscle (Patel, 1999; Patel and Srikant, 1997; Reichlin, 1983a).  

Table 1.1 – Summary of various signaling pathways modulated by SSTR subtypes. 

Transduction 

Pathways 
SSTR1 SSTR2 SSTR3 SSTR4 SSTR5 

Adenylyl Cyclase ↓ ↓ ↓ ↓ ↓ 

Nitric oxide ↑ ↓↑ ↓  ↓ 

Ca2+ ↓ ↓ ↓  ↓↑ 

K+ Conductances  ↑    

Phospholipase C  ↑ ↑  ↑ 

NA+/H+ exchanger ↓ ↓   ↓ 

CAMK II     ↑ 

MAP Kinase ↓↑ ↓↑ ↓↑ ↓ ↓ 

PI3 kinase ↓ ↓↑ ↓  ↓↑ 

 

SSTRs regulate wide range of second messenger systems such as inhibition of voltage 

–dependent calcium channels and stimulation of potassium ion channels resulting in 

membrane depolarization (Patel, 1999). SSTRs are involve in activation of phosphotyrosine 

phosphatase (PTP) and Na+/H+ antiporters in PTX independent manner (Patel, 1999). SSTRs 

couple to several K+ channels like ATP-sensitive K+ channels, large conductance Ca2+ 
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activated BK channels delayed rectifier and inward rectifier (White et al., 1991). Receptor 

activated K+ channels causes reversible hyper-polarization of the membrane leading to 

cessation of impulsive action potential activity and reduction in intracellular Ca2+ resulting in 

depolarization induced via voltage-sensitive Ca2+ channels. Additionally, SSTRs acts directly 

on voltage-dependent L-, N- and P/Q type Ca2+ channels (Kleuss et al., 1991; Yang et al., 

2007). SST mediated inhibition of Ca2+ influx through modulation of cGMP-dependent 

protein kinase is also regulated by SSTR subtypes (Meriney et al., 1994). SSTRs also 

monitor the expression levels of number of enzymes such as guanylate cyclase, mitogen-

activated protein kinase (MAP kinase) as well as serine and threonine phosphatases (Patel, 

1999).  Taking this in consideration one of the prominent biological effects of SST via 

SSTRs is inhibition of cell proliferation that has been studied the most with clinical 

implications in tumor biology (Buscail et al., 2002; Lamberts et al., 1991; Schally, 1988; 

Watt et al., 2008; Weckbecker et al., 2003). 

1.6 Distribution of somatostatin receptor subtypes in central nervous system 

Several previous binding studies have shown that SSTRs are expressed in brain, gut, 

pituitary, pancreas, adrenals, thyroid, kidneys and immune cells (Patel, 1997; Patel et al., 

1995b; Patel et al., 1990; Patel and Srikant, 1997; Reisine and Bell, 1995). The development 

of SSTR subtypes polyclonal antibodies accelerated the understanding and subcellular 

distribution of SSTR subtypes protein at the cellular levels by using peroxidase and 

immunofluorescence techniques (Kumar et al., 1997b; Kumar et al., 1999). Using specific 

antibodies several independent studies have provided somewhat comparable distribution of 

SSTR subtypes in rat and human brain with some site-specific differences (Cervera et al., 

2002; Csaba et al., 2005; Dournaud et al., 1998; Dournaud et al., 1996; Hervieu and Emson, 



  12 

1998a; Hervieu and Emson, 1998b; Kumar, 2005; Kumar, 2007; Schindler et al., 1998; 

Schindler et al., 1997; Schreff et al., 2000; Schulz et al., 1998; Selmer et al., 2000a; Selmer et 

al., 2000b).  

The distribution of SSTR1 mRNA has been described in most of the brain regions 

however, in contrast to mRNA receptor protein expression is confined in selected brain 

regions (Csaba and Dournaud, 2001; Helboe et al., 1998). SSTR2 like immunoreactivity is 

widely distributed in the brain. Immunohistochemical examination of SSTR2 distribution 

clearly revealed cells with a somatodendritic labeling profile in some brain areas (i.e. 

olfactory tubercle, central amygdala, medial septum, bed nucleus of the stria terminalis, 

dorsal horn of the spinal cord) (Beaudet et al., 1995; Perez et al., 1994). Moreover, mRNA of 

SSTR1 and SSTR2 have been found to colocalize in GHRH producing neurons in arcuate 

nucleus of hypothalamus (Tannenbaum et al., 1998).  SSTR3 like immunoreactivity is 

present most of the brain regions (Csaba and Dournaud, 2001; Handel et al., 1999).  SSTR4 

is expressed in most brain areas during birth however, receptor expression levels decline at 

the post-natal periods (Wulfsen et al., 1993). Increased expression of SSTR4 in adult brain 

has been observed in hippocampus and olfactory lobe (Wulfsen et al., 1993).  SSTR5 is the 

receptor subtype expressed least in rat brain (Ramirez et al., 2004). Previous studies have 

shown that SSTR1-4 colocalize with SST, suggesting SSTRs also act as autoreceptors 

however, most regions of hypothalamus lacked SSTR5 like immunoreactivity (Kumar, 

2007). Such distribution of SSTR in rat brain hypothalamus is different from mouse brain 

and opposite to pituitary, where SSTR5 is highly expressed and associated with regulation of 

GH release. SSTR subtypes are also regulated developmentally in pituitary, hypothalamus 
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and spinal cord (Goodyer et al., 2004). SSTR1-5 expression has also been shown in normal 

and AD human brain tissues (Kumar, 2005). 

Throughout the CNS, SSTRs display an overlapping pattern of distribution, 

anticipating the possibility of more than one SSTR subtype in single neuronal cell. Receptor 

and region specific colocalization of SSTR subtypes with SST is the indication that SSTR 

might functionally interact with each other (Kumar, 2007; Tannenbaum et al., 1998). 

Furthermore, receptor specific ko mice which showed compensatory role to each other 

support this speculation. Most importantly, SSTRs ko mice have been instrumental to 

elucidate the exact physiological role of receptors and its influence on other subtypes. SSTR2 

ko mice, especially the SSTR2 ko/lacZ knock-in strains contributed to the precise anatomical 

and cellular distribution of the SSTR subtypes (Allen et al., 2003). While SSTR1, SSTR3 and 

SSTR4 ko exhibit similar binding pattern as wild type (wt) conversely, specific total binding 

is dramatically reduced in SSTR2 ko brain, suggesting that SSTR2 is the major receptor 

subtype that might regulate remaining SSTR in CNS (Videau et al., 2003). Importantly, 

mouse lacking SSTR4 are susceptible to kainic acid induced epilepsy than wt and also more 

susceptible to inflammation and display sustained pain and loss of analgesic effect (Qiu et al., 

2008).  In addition, SSTR5 ko mice exhibited changes in SST and SSTR subtypes in brain 

and pancreas which are associated with sexual dimorphism (Ramirez et al., 2004). In SSTR5 

ko mice, increase in SSTR2 and 3 is observed while reduction of SSTR4 in female mice 

without any significant changes in male mice. Whereas, SST mRNA/immunoreactivity 

reduced in male ko mice without any changes in female mice (Ramirez et al., 2004). 
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1.7 Role of somatostatin receptors in neurodegenerative diseases 

SST and SSTRs play important role in pathophysiology of many neurological 

diseases including brain tumors (Dutour et al., 1998) and various neurodegenerative diseases 

such as AD (Davies et al., 1980; Kumar, 2005), PD (Epelbaum et al., 1983) and HD (Beal et 

al., 1986; Kumar, 2008) as well as in pituitary tumor (Jaquet et al., 1999) by modulating key 

neuronal signaling pathways. It has been well documented that cultured neurons exposed to 

various toxins such as NMDA, Aβ, gp-120 HIV-protein or prion protein exhibit neuronal cell 

death in a concentration and time dependent manner (Barnea et al., 1999; Geci et al., 2007; 

Gemignani et al., 2000; Patel et al., 1991).  However, observations introduced SST as a 

potential neuroprotective agent and demonstrated that SST-producing neurons are selectively 

preserved in excitotoxicity (Forloni et al., 1997; Kumar et al., 1997a). 

1.7.1 NMDA-induced neurotoxicity  

 Overactivation of ionotropic NMDARs has been associated with pathophysiology of 

several neurological diseases. The NMDARs activation resulted in increase Ca2+ influx. 

Forloni et al, examined if SST could afford neuroprotection in NMDA-induced neuronal 

death and suggested that SST mediated neuroprotective effect is attributed to cGMP-protein 

kinase action because the cGMP content was also increased in a dose-dependent fashion 

(Forloni et al., 1997). Therefore, it was argued that intracellular calcium levels play an 

important role in NMDA induced neurotoxicity.  Consistent with these observations NMDA 

antagonist averts neuronal cell death (Nakamura et al., 1997; Noguchi et al., 1999). Taken all 

together these studies provided the evidences in support that addition of SST probably by 

activating SSTR subtypes and inhibition of NMDARs resulted in neuroprotection. 
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Furthermore, it has been reported that the resistance of SST-containing neurons to NMDA-

induced toxicity may result from relatively sparse and less expression of NMDA receptors in 

comparison surrounding projection neurons (Augood et al., 1994; Kumar et al., 1997a). 

Furthermore, NMDARs agonist QUIN increases SST secretion and gene expression in 

cultured cortical and striatal neurons (Patel et al., 1991; Patel et al., 1995b). Blockade of the 

released SST enhances NMDA-induced cell death whereas exogenously applied SST 

prevents neuronal cell death, thus suggesting that SST plays a neuroprotective role (Kumar, 

2008). Taken together, these observations showed direct implications of SST in 

pathophysiology of neurological diseases including HD, PD and AD. 

1.7.2 Huntington’s disease  

HD is an inherited autosomal dominant neurodegenerative disorder characterized by 

progressive chorea and cognitive impairment (de la Monte et al., 1988; Giampa et al., 2006; 

Wilson et al., 1987). HD is caused by mutation in the huntingtin (Htt) gene located at 

chromosome 4. The cause of mutation is the expansion of CAG repeat >35, in the first exon 

of the HD gene. The ~350 kDa Htt protein, shows no homology to other known proteins 

(HDCRgroup, 1993). The lengths of CAG repeat sequence is inversely proportional with the 

onset of HD symptoms (Brinkman et al., 1997; Gusella and MacDonald, 2000). The 

pathological characteristic of HD is extensive reduction of the striatal mass, affecting caudate 

putamen. The striatal atrophy is the result of selective degeneration of GABAergic medium-

sized projection neurons, while SST/NPY/bNOS positive interneurons are relatively spared 

(Cicchetti et al., 1996; Cicchetti and Parent, 1996; Ferrante et al., 1987; Ferrante et al., 1985; 

Vonsattel et al., 1985). Studies have shown that mHtt functionally modulate the activation of 

ionotropic receptors like NMDARs, which are highly permeable to Ca2+ causing excessive 
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influx of ions into the cell leading to neuronal death (Fan and Raymond, 2007; Monaghan et 

al., 1989). Hence altered NMDARs signaling mediated by the pathogenic effect of mHtt 

result in neuronal degeneration (Fan and Raymond, 2007). 

The administration of QUIN and NMDA into striatum of rodents and primates mimic 

the degeneration of medium sized spiny neurons as well as neuropathological and behavioral 

changes as seen in HD patients (Beal et al., 1986; Coyle and Schwarcz, 1976; Ferrante et al., 

1993). Interestingly, HD is characterized by a reduced number of striatal projection neurons, 

as well as significant increase of endogenous SST in the basal ganglia (Beal et al., 1988; 

Palacios et al., 1990; Sperk et al., 1987). Furthermore, appreciable reductions in SST binding 

sites have also been reported in the striatal tissue obtained from HD post-mortem brain 

(Palacios et al., 1990). According to Beal et al., SST-like immunoreactivity is increased three 

fold in caudate, putamen and nucleus accumbens (Beal et al., 1988).  Post-mortem human 

putamen samples from HD patients exhibited 55% increase of SST (Sperk et al., 1987). 

Furthermore, morphological characterization of striatal-cultured neurons using 

immunohistochemical analysis revealed that SST co-localizes with NPY and NADPH-d 

containing neurons (Kumar et al., 1997a).  Selective and preferential neurodegeneration 

associated with HD is mostly confined to the striatum and interneurons those expressing 

NOS/NPY/SST are relatively spared.  Interestingly, it was proposed that the lack of 

NMDARs presence in these neurons justifies their survival (Koh et al., 1986). However, the 

relative abundance of NR1 on SST/NPY/NADPH-diaphorase positive neurons varies 

between a small population of neurons that are NR1 rich and the remainder (~80%) that 

express only low levels of NR1 (Augood et al., 1994; Kumar et al., 1997a). This important 

observation may determine the susceptibility to NMDAR-mediated neurotoxicity. In 
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addition, it has also been proposed that in glutamate-induced neurotoxicity NO released from 

bNOS-containing neurons may potentially mediate neurodegeneration (Norris et al., 1996). 

Similar observation has also been confirmed by striatal or systemic injections of 3-

nitropropionic acid or malonic acid (inhibitors of mitochondrial complex II) in rodents (Beal 

et al., 1993; Brouillet et al., 1998; Ferrante et al., 1993).  Previous studies have shown that 

many receptors like SSTRs, NMDARs and DRs and proteins like DARPP-32, calcineurin 

play a major role in process of neurodegeneration in HD (Fan and Raymond, 2007; 

Greengard et al., 1999). 

1.7.3 Parkinson’s diseases   

 HD is not the only isolated example; significant changes in SST expression have also 

been reported in PD and AD. Reduced (40-60%) SST like immunoreactivity has been shown 

in different brain regions including cortex in patients who also represent Alzheimer-type 

cortical pathology. The loss in SST like immunoreactivity in PD patients paralleled 

intellectual deterioration (Beal et al., 1988; Beal et al., 1985). Previously using 6-

hydroxydopamine induced experimental model of PD, SST administration to the lesion 

showed inhibition of apomorphine mediated rotation (Lu and Stoessl, 2002). Although these 

existing data suggest that SST is associated with PD however which receptor subtypes 

involve in pathogenesis of disease is not known. 

1.7.4 Alzheimer’s disease  

Alzheimer’s disease is a progressive neurodegenerative disease characterized by the 

presence of senile plaques, neurofibrillary tangles, and neuronal loss in several brain regions 

but especially in the cerebral cortex (Yankner, 1996). The abnormal production of β-amyloid 
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(Aβ) with an increased tendency to form fibrils has been clearly shown to result in 

neurotoxicity (Yankner, 1996). Oxidative stress and activation of glutamate receptors play an 

important role in the degenerative process. Cortical and CSF levels of immunoreactive SST 

immunoreactivity were first reported to be markedly decreased and have since become a 

reproducible biochemical marker of the disease (Epelbaum et al., 1994; Hyman et al., 1992; 

Kowall and Beal, 1988; Rossor et al., 1980). Previous studies have shown that SST positive 

neurons in deeper cortical layers are selectively preserved and the loss of SST positive 

neurons in superficial upper cortical layers is due to functional depletion of SST from these 

cells (Gaspar, 1989; Hyman et al., 1992). Studies have shown that higher concentrations of 

Aβ increased SST expression and mRNA synthesis at early times points in cultured cortical 

neurons that correlate with pathophysiology of AD (Geci et al., 2007). Increased 

accumulation of SST, in presence of Aβ was linked to impaired membrane permeability 

(Geci et al., 2007). Like SST, SSTRs measured by binding analysis in brain homogenates, 

show marked depletion in AD brain (Beal et al., 1985; Epelbaum et al., 1994; Krantic et al., 

1992). However, recent progress in development of SSTR subtypes specific analogs may 

provide an important tool for exploring the role of each individual SSTR in 

neurodegeneration. Comparative immunohistochemical analysis of SSTR subtypes in control 

and AD human brain tissues revealed 70% reduction in SST positive neurons in frontal 

cortex of AD brain (Kumar, 2005).  Cortical AD brain showed reduction in expression of 

SSTR4 and 5 along with a moderate decrease in SSTR2-like immunoreactivity with no 

changes in SSTR1 positive neurons. Interestingly, only SSTR3 receptor subtype showed 

increased expression in AD cortex in comparison to control brains. These data suggests the 
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loss of SSTR2, 4 and 5 immunoreactivity and increased SSTR3 expression in frontal cortex 

of AD brain (Kumar, 2005). 

1.7.5 Other neurodegenerative diseases 

In hypoxia-ischemia a massive loss of striatal efferent neurons with relative sparing 

of SST/NPY/NOS neurons has been observed. Interestingly, in addition to the preservation of 

SST positive neurons, increased SST mRNA levels have also been demonstrated (Loudes et 

al., 2000). The cortical encephalopathy of AIDS in infected monkeys and human patients are 

associated with an increase in SST mRNA levels in the cortex (Reisine and Bell, 1995). 

  Studies in patients suffering from schizophrenia have shown no significant changes of 

SST concentrations in CSF in comparison to controls (Banki et al., 1992a; Banki et al., 

1992b; Heikkila, 1993). However, in contrast studies have also shown increased and 

decreased levels of SST in CSF of drug free schizophrenia patients (Bissette et al., 1986).  

Studies in postmortem brains of schizophrenia patients with predominant negative symptoms 

have shown decrease in expression levels of SST in hippocampus, cerebral cortex and lateral 

thalamus (Ferrier et al., 1983; Gabriel et al., 1996; Roberts et al., 1983). Interestingly, plasma 

concentrations and serum SST autoantibodies are found to increase in schizophrenia patients 

(Rogaeva et al., 1990; Roy et al., 1994; Saiz-Ruiz et al., 1992). 

Multiple sclerosis (MS) is the demyelinating disease characterized by myelin damage 

with inflammation in the CNS (Compston and Coles, 2002; Steinman, 1996). In experimental 

allergic encephalomyelitis (EAE) rodent model of MS, reduced SSTR2 expression was 

detected with loss in inhibition of adenylyl cyclase activity of SST in EAE rats in comparison 

to forskolin treatment (Aguado-Llera et al., 2007). The physiological significance of 

impaired somatostatinergic system is correlated with the loss of SSTR2, that has been 
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associated with locomotors activity and spatial learning (Dournaud et al., 1998). 

Somatostatinergic system plays a key role in the inhibitory modulation of hippocampal 

neuronal circuitry. Significant changes in SST and SSTR subtypes have been observed in the 

experimental models of temporal lobe epilepsy especially in kindling and kainate models of 

epilepsy (Perez et al., 1995; Piwko et al., 1996; Vezzani and Hoyer, 1999). In contrast, SST 

biosynthesis and release have been shown to increase in kindling model of epilepsy. 

However, pharmacological activation of SSTR2 upon agonist treatment resulted in 

antiepileptic effects (Binaschi et al., 2003).   

1.8 Somatostatin receptor homo-and heterodimerization 

SSTR subtypes upon ligand binding have shown great diversity in pharmacological 

properties and receptor signaling efficiency in cell and receptor specific manner. The changes 

in receptor functional properties in large are attributed to the formation of homo-and 

heterooligomers. Concept of SSTRs dimerization was first supported due to the presence of 

more than one receptor in single cells. The pharmacological, biochemical and biophysical 

studies provided the direct evidence in favor of SSTR homodimerization with an example of 

SSTR5 in heterologous system using human embryonic kidney (HEK 293) and Chinese 

hamster ovary (CHO-K1) transfected cells (Grant et al., 2004b; Rocheville et al., 2000b). In 

this study, authors described that SSTR5 which otherwise exist as monomer in basal 

condition exhibited dimerization upon agonist treatment. SSTR2 that exist as preformed 

dimers in basal condition and dissociated to monomer in response to ligand, a step essential 

for receptor internalization (Grant et al., 2004a). SSTR3 exist as preformed dimer and 

homodimerization decreased upon ligand treatment. Interestingly, the C-tail of SSTR3 has no 

significant role in the process of dimerization however C-tail mutant SSTR3 lost its effect on 
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cAMP inhibition (War et al., 2011). SSTR4 exists as homodimers in basal condition and the 

dimerization is enhanced upon ligand treatment (Somvanshi et al., 2009). C-tail of SSTR4 

plays significant role in receptor dimerization as C-tail deficient SSTR4 failed to form 

homodimers as well as looses ability of membrane expression. Replacing C-tail of SSTR4 

with C-tail of SSTR1 displayed SSTR1 like properties, as the chimeric receptor is not 

capable to form dimers. However, swapping SSTR4 C-tail with the C-tail of SSTR5 resulted 

in receptor dimerization. SSTR4 constituted a heterodimeric complex with SSTR5 but not 

with SSTR1 (Somvanshi et al., 2009). 

In addition to homo-and/or heterodimerization within the family, SSTR subtypes also 

forms functional heteromeric complex with other related GPCR subtypes and attributed to 

distinct pharmacology and signaling properties (Baragli et al., 2007; Rocheville et al., 

2000a). Further, in extension SSTR subtypes also interact functionally with β–adrenergic 

receptors (Somvanshi et al., 2011a; Somvanshi et al., 2011b). Recent studies have also shown 

that SSTR subtypes functionally interact with the members of receptor tyrosine kinase family 

such as epidermal growth factor receptor (EGFR/ErbBs) in breast cancer cells and HEK 293 

and modulate tumor promoting signaling pathway and lead to the dissociation of ErbBs 

homo-and heterodimers (Kharmate et al., 2011a; Kharmate et al., 2011b).    

1.9 Evidence supporting neurotrophic effect of somatostatin and somatostatin 

receptors 

Role of SST as multifunctional peptide and its wide distribution in different parts of 

body has increased clinical interest and is linked to pathophysiology of several diseases 

(Cervia and Bagnoli, 2007; Panteris and Karamanolis, 2005). SST analogs such as octreotide 

and lanreotide are used in treatment of acromegaly (Hofland et al., 2005; Newman et al., 
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1998; Tolis et al., 2006), various neuroendocrine/pancreatic or gastroenterological tumors 

(Weckbecker et al., 2003). Studies have shown that direct blockade of autocrine/paracrine 

secretions and indirect antitumor effects of SSTRs like antiangiogenic actions and 

modulation of immune cell functions are the rationale behind therapeutic use of SST analogs 

and role of SSTRs in tumors (Susini and Buscail, 2006).  

In CNS a subset of neuronal population in striatum known as medium sized aspiny 

interneurons coexpressed SST/NPY/NADPH-d (Beal et al., 1986; Vincent and Johansson, 

1983). Although controversies exist, several previous studies have shown that these 

subclasses of neurons survive the neurodegeneration induced by NMDA receptor agonist 

QUIN injection and patients with HD (Aronin et al., 1983; Beal et al., 1984; Dawbarn et al., 

1985; Nemeroff et al., 1983). Previous studies have shown that QUIN induced excitotoxicity 

not only leads to the survival of SST/NPY neurons it also increases SST secretion and SST 

gene expression without any discernable changes in NPY expression (Patel et al., 1991; Patel 

et al., 1995b). Selective preservation of aspiny interneurons in excitotoxicity was supported 

due to the lack of NMDA receptors on these neurons and presence of NADPH-diaphorase 

(Koh et al., 1986). Later studies argued the lack of NMDA receptor and demonstrated mRNA 

and protein expression of NMDA receptor in these neurons however expression levels was 

relatively lower than those of projection neuron (Augood et al., 1994; Chen et al., 1996; 

Kumar et al., 1997a). Additionally, Landwehrmeyer et al. suggested that relative resistance 

of these neurons in excitotoxicity is because of NMDA channels present on aspiny 

interneurons that might exhibit distinct pharmacological and physiological properties than the 

projection neurons (Landwehrmeyer et al., 1995). Furthermore, studies have also shown that 

the selective survival of SST/NPY/bNOS-positive neurons after QUIN and NMDA treatment 
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might be due to the presence of NADPH-d and Cu/Zn superoxide dismutase (Cu/Zn SOD) 

(Kumar, 2004). However, one of the recent study from our laboratory has shown that 

knocking down of SST by using antisense oligonucleotides and immunoadsorption of 

released SST with SST specific antibodies potentiates neuronal cell death in QUIN and 

NMDA induced excitotoxicity including NDAPH-d positive interneurons which are 

selectively preserved in excitotoxicity (Kumar, 2008). Dawson et al., by using NOS deficient 

mice have shown that there is a selective preservation of SST positive neurons in 

QUIN/NMDA induced toxicity indicating NOS is not playing a neurotrophic role in 

excitotoxicity (Dawson et al., 1996). These studies provide a strong rationale for the 

neuroprotective role of SST in excitotoxicity as well as in the pathophysiology of HD. SST 

manifests its neurotrophic and neuroprotective role via SSTRs. To determine the role of 

SSTRs in excitotoxicity with specific reference to HD, characterization of SSTR subtypes 

with specific protein associated with HD will help in identifying the role of specific 

receptors. Elucidating the interactions between SSTRs, DARPP-32 and NMDARs its 

inference in signaling pathways involved in HD will help in understanding the 

neuroprotective role of SST and SSTRs. Most importantly, blockade of the released SST 

enhances NMDA-induced cell death whereas exogenously applied SST prevents death, thus 

suggesting that SST plays a neuroprotective role (Forloni et al., 1997).  

1.10 Role of NMDARs in neurodegeneration 

Glutamate is the major excitatory neurotransmitter in the CNS, which activates 

NMDARs resulting in significant increase in Ca2+ influx and neuronal cell death, also known 

as glutamate excitotoxicity. Glutamate is known to play an important role in many 

neurodegenerative diseases like cerebral ischemia, epilepsy and HD (Coyle and Puttfarcken, 
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1993; Greenamyre, 1986). NMDARs are involved in biological functions such as learning, 

memory processing, feeding behaviors and play a role in a variety of disease processes in 

addition to HD, AD, PD, hypoxia/ischemia, seizure disorders as well as neuropsychological 

disorders including schizophrenia (Loftis and Janowsky, 2003; Waxman and Lynch, 2005). 

Studies in non-human primates and rodents have shown that over activation of NMDARs in 

striatum mimics the pathological, neurochemical and behavioral changes of HD (Li and Li, 

2004). Autopsy brain tissues from HD patients revealed degeneration of NMDARs positive 

neurons in striatum (Albin et al., 1990; Young et al., 1988). NMDARs are tetrameric 

structures composed of two subunits of NR1 and two subunits of NR2A, NR2B or NR2C 

(Monyer et al., 1994; Ozawa et al., 1998). NR 2A and 2B subunits are highly expressed in 

the adult forebrain (Kew and Kemp, 2005). Moreover, NMDAR subunit composition and 

distribution in striatum, hippocampus and cortex may determine the role in synaptic plasticity 

and neurodegeneration (Hardingham and Bading, 2003; Liu et al., 2004; Morishita et al., 

2007). Previous studies have shown that neurons in striatum display more NR2B expression 

in comparison to other NR2 subunits (Ghasemzadeh et al., 1996; Landwehrmeyer et al., 

1995; Li et al., 2003; Rigby et al., 1996). NMDARs activated by glutamate are highly 

permeable to calcium and modulated by variety of cations including Zn2+, H+ and Mg2+ 

(Cull-Candy et al., 2001; McBain and Mayer, 1994). As discussed earlier stereotaxic 

injections of NMDARs agonist like NMDA/QUIN replicate the neurophathological features 

of HD and have been used as experimental models of HD pathology (Beal et al., 1991; Beal 

et al., 1986; Schwarcz et al., 1984).  

Receptor specific heterodimerization between NMDARs is associated with diversity 

in receptor function and a critical determinant in neurodegeneration (Cull-Candy et al., 2001; 
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Ishii et al., 1993; Monyer et al., 1994). Post-synaptic density protein 95kDa (PSD-95) has 

been shown to bind with C-terminal of NMDARs and plays a stabilizing role for cell surface 

expression of NMDARs (Kornau et al., 1995; Roche et al., 2001). Sun et al., have shown that 

mHtt binds to PSD-95, hence PSD-95 might act as a link between mHtt and NMDARs (Sun 

et al., 2001).  

 

Figure 1.2 Schematic representation illustrating NMDARs mediated signaling pathways associated with 

excitotoxicity 

Chen et al., for the first time described functional interaction between NMDARs and 

polyQ expansion in htt (Chen et al., 1999). HEK293 cells expressing NR1/NR2B exhibit 

larger NMDAR-mediated currents in presence of htt-138Q in comparison to htt-15Q. 

Interestingly, similar effect was not observed in cells expressing NR1/NR2A (Chen et al., 



  26 

1999). Increased apoptotic cell death was observed in HEK293 cells transfected with 

NR1/NR2B-subtype by mhtt (Zeron et al., 2001). Furthermore, studies in YAC transgenic 

mouse model indicate a major role of NR2B in mediating neuronal degeneration (Zeron et 

al., 2002). Previous studies in pre-symptomatic R6/2 mice have shown no significant changes 

in mRNA levels of NR1 or NR2B however, a decrease in mRNA levels of NR2A was 

observed (Ali and Levine, 2006). These data indicate NR2B subunit as a key receptor 

subtype modulating the excitotoxic damage induced via mhtt (Christie et al., 2000; 

Ghasemzadeh et al., 1996; Kuppenbender et al., 2000; Landwehrmeyer et al., 1995; Li et al., 

2003; Rigby et al., 1996).  

Recently, it has been described that the specific and selective role of NMDARs is 

confined in synaptic and extrasynaptic location in CNS (Hardingham, 2009; Hardingham and 

Bading, 2003; Raymond et al., 2011). Studies have also reported the functional consequences 

of activation of synaptic and extrasynaptic NMDARs in neuronal death and survival. Most 

importantly, activation of extra synaptic NMDARs leads to neuronal loss, whereas activation 

of synaptic NMDARs is linked to survival of neurons (Hardingham and Bading, 2003; 

Hardingham et al., 2002; Soriano et al., 2006).  

1.11 Dopamine and cAMP-regulated phosphoprotein (DARPP-32)  

In addition to NMDAR, in striatum, projection neurons are highly rich with DARPP-

32 which constitute >80% of medium-sized spiny projection neurons (Ouimet et al., 1998; 

Walaas and Greengard, 1984). The loss of DARPP-32 like immunoreactivity has been used 

as an index of neuronal loss in excitotoxicity as well as in several neurological diseases, 

specifically in HD. DARPP-32 is involved in regulation of signal transduction pathway 

mediated by DR subtypes (Greengard, 2001; Greengard et al., 1999; Svenningsson et al., 
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2004; Walaas et al., 1983). Dopamine induced activation of D1R resulted in DARPP-32 

phosphorylation and thus forms a potent inhibitor of protein phosphatase-1 (PPtase1) leads to 

the prevention of dephosphorylation DARPP-32 (Nishi et al., 2000; Nishi et al., 1997; 

Svenningsson et al., 2000). DR subtypes specifically D1 subtypes activate adenylyl cyclase 

converting ATP to cAMP and increasing the formation of cAMP and consequent activation 

of PKA. Further activated PKA phosphorylates DARPP-32 at Thr34 converting it into a 

potent inhibitor of PPtase1. PPtase1is known to inhibit the phosphorylated form of cAMP 

response element-binding protein (CREB), cAMP response element modulator (CREM) and 

activating transcription Factor-1 (ATF-1) (Andersson et al., 2005; Bastia and Schwarzschild, 

2003). Phosphorylation of CREB is essential for survival of CNS neurons (Mantamadiotis et 

al., 2002). Furthermore, the activation of postsynaptic NMDAR generates calcium signals, 

which once decoded by Ca2+ sensitive proteins have an impact on cell survival. Ca2+ 

modulates phosphorylation of DARPP-32 at Thr75 by activating calcium-dependent proteins 

like calretinin, calcineurin and calbindin. Phosphorylated DARPP-32 at Thr75 modulates 

protein phosphatase-2B (PP2B), which in turn also modulates PKA inhibition and plays 

important role in cell survival (Jay, 2003; Zhang et al., 2005). Phosphorylation of DARPP-32 

play an important role in modulating PKA and CREB which are involved in neuronal death 

due to over influx of Ca2+ upon NMDARs activation. With this existing information the 

association of receptor protein in CNS with DARPP-32 might serve as a crucial indicator for 

neuronal survival and loss in the process of neurodegeneration. Accordingly the 

characterization of receptors in striatum with colocalization with DARPP-32 might help to 

establish first the distribution in projection neurons and second their fate in excitotoxicity.  
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1.12 Hypothesis 

As discussed above SST positive neurons in brain respond to a variety of neurotoxins 

by inducing gene expression, peptide production and secretion. There is a large body of 

evidence supporting that SST is induced in the cortex and in the striatum in response to 

NMDA-mediated neurotoxicity as well as in certain pathological conditions.  Furthermore, 

exogenous addition of SST provides neuroprotection against NMDA-induced toxicity. 

Accordingly, we hypothesize that the loss of the protective effect of SST facilitates the 

neurotoxic effect of NMDA agonist and changes in SST and SSTR subtypes may be 

critical determinant of neuronal changes in neurological diseases and transgenic models 

of disease. To accomplish my aforesaid hypothesis I proposed the following four specific 

aims 

1. Colocalization of dopamine receptor subtypes with dopamine and cAMP-regulated 

phosphoprotein (DARPP-32) in rat brain.  

2. Colocalization of somatostatin receptors with DARPP-32 in cortex and striatum of rat 

brain.  

3. Somatostatin receptor 1 and 5 double knock out mice mimic neurochemical changes of 

Huntington’s disease transgenic mice.  

4. Somatostatin receptors-mediated inhibition of NMDA currents and dissociation of 

NMDARs complex in striatum: Implication in excitotoxicity. 
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Chapter  2: 1Colocalization of dopamine receptor subtypes with dopamine 

and cAMP-regulated phosphoprotein (DARPP-32) in rat brain 

DARPP-32 is highly expressed in projection neurons of striatum and protein 

expression is significantly diminished in excitotoxicity and many neurological diseases. 

Since Dopamine Receptors are well expressed in striatum and other brain regions and play 

major role in regulation of DARPP-32. In excitotoxicity, like DARPP-32, DRs positive 

neurons are also highly vulnerable.  Although, SSTR subtypes share almost >30-40% 

structural homology and functionally interact with each other however, whether SSTR 

subtypes are involved in regulation of DARPP-32 in striatum is still not known. Therefore in 

this chapter we first established the relation between DRs and DARPP-32 using 

immunohistochemistry and co-immunoprecipitation assay. 

2.1 Background 

In the central nervous system (CNS) dopamine (DA) via five different receptor 

subtypes namely dopamine receptors (D1R-D5R) function as one of the most prominent 

neurotransmitter (Lloyd and Hornykiewicz, 1970). Dopamine receptors (DRs) belong to G-

protein coupled receptors (GPCRs) family and have been divided into two major sub classes, 

D1 receptor subtypes (D1R and D5R) preferentially couple to Gs protein and stimulate 

adenylyl cyclase as well as protein kinase A dependent pathway (Sunahara et al., 1991). D2 

receptor subclass (D2R, D3R and D4R) couple to Gi protein and inhibit adenylyl cyclase 

(Bunzow et al., 1988; Missale et al., 1998; Sunahara et al., 1991; Van Tol et al., 1991). The 

                                                

1 A version of this chapter is published: 

Rajput PS, Kharmate G, Somvanshi RK, Kumar U. Neurosci Res. 2009; 65(1):53-63.  
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role of dopaminergic system in several neurological disorders such as Alzheimer’s disease 

(AD), Huntington’s disease (HD) and Parkinson’s disease (PD) and neuropsychiatric 

disorders like Tourette’s syndrome, attention deficit hyperactivity disorder, schizophrenia as 

well as in drugs of abuse is well established (Koob and Le Moal, 1997; Seeman et al., 1987; 

Seeman and Van Tol, 1993; Self et al., 1996). Amongst all five DR subtypes, D1R and D2R 

are the major receptor subtypes that are expressed predominantly in various regions of the 

brain (Amara et al., 1998; Sotnikova et al., 2006). D1 and D5 subtypes primarily regulate the 

regulation of motor control, cognitive function and emotions. D2R, D3R and D4R have been 

shown to play considerable roles on the regulation of antipsychotic drugs. Furthermore, 

increased expression levels of D3R have also been shown in schizophrenia (Gurevich et al., 

1997; Joyce, 2001). Immunohistochemical and in situ hybridization studies have shown that 

the two sub classes of DRs are present in the projection neurons in the striatum and also 

expressed in receptor specific manner in other brain regions (Le Moine and Bloch, 1995; 

Surmeier et al., 1993). DR subtypes alter the permeability of ion channels or act on various 

signaling pathways that mediate the effects of neurotransmitters in receptor specific manner. 

One of the major effects of DRs is to modulate the cyclic adenosine monophosphate (cAMP) 

levels in receptor specific manner and thus causing complicated phosphorylation cascades 

which in turn resulted in modifications of synaptic transmission (Sotnikova et al., 2006; 

Sunahara et al., 1991).  

In addition to the major neurotransmitters, there are some regulatory proteins which 

are activated by GPCRs. Amongst them Dopamine and cAMP-regulated phosphoprotein 

(DARPP-32) is one of the most studied protein which predominantly involves in the 

regulation of signal transduction pathway mediated by DR subtypes (Greengard, 2001; 
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Greengard et al., 1999; Svenningsson et al., 2004; Walaas et al., 1983). DARPP-32 is 

expressed in >80% of medium-sized spiny neurons (MSN) in striatum (Ouimet et al., 1998; 

Walaas and Greengard, 1984). The presence of DARPP-32 in striatal neurons has shown to 

be associated with modulation of cAMP (Andersson et al., 2005). In comparison to the 

striatum, other brain regions exhibited rather low abundance of DARPP-32 in region specific 

manner and associated with different array of functions in selective fashion. Since its 

discovery, DARPP-32 is proven to be a fundamental protein to modulate DA mediated 

central effects in the brain (Walaas et al., 1983). DARPP-32 is phosphorylated in response to 

DA upon activation of D1R and thus forms a potent inhibitor of protein phosphatase-1 

causing further prevention of the dephosphorylation (Nishi et al., 2000; Nishi et al., 1997; 

Svenningsson et al., 2000). It has also been shown that via D2R activation, DA inhibits the 

dephosphorylation of DARPP-32. Hence due to actions of different DRs, DA bidirectionally 

regulates the phosphorylation of DARPP-32 (Lindskog et al., 1999b; Nishi et al., 1997).  

Several previous studies have shown the differential distributional pattern of DARPP-

32 in different parts of the brain in many species (Durstewitz et al., 1998; Ouimet et al., 

1992; Schnabel et al., 1997). DARPP-32 is the major protein which plays pivotal role in 

neurological diseases, drugs addiction and schizophrenia (Nairn et al., 2004; Svenningsson et 

al., 2005). Like DARPP-32, DR subtypes also exert critical role in similar condition in 

receptor specific manner and dopaminergic projections are the potential target for several 

drugs of abuse and anti-psychotics drugs (Hyman and Malenka, 2001; Nestler, 2001). The 

role of DARPP-32 has greatly been appreciated in pathophysiology of HD (Torres-Peraza et 

al., 2007). Whether DRs mediated effects on DARPP-32 are direct or indirect is not well 

understood yet. Accordingly, colocalization studies are essential to understand any potential 
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interaction between DR subtypes and DARPP-32 in brain. Although previous studies have 

shown the colocalization of DARPP-32 with D1R and D2R, whether remaining receptors 

D3R, D4R and D5R colocalize with DARPP-32 is not known (Aizman et al., 2000; Langley 

et al., 1997). Therefore, the present study was undertaken to determine the comparative 

colocalization of DR subtypes with DARPP-32 in the cortex and striatum of the rat brain. 

Further to confirm our colocalization studies we also determined the expression of DARPP-

32 in immunoprecipitate prepared by using DR subtypes antibodies from the tissue lysate of 

rat brain cortex and striatum. Our data indicates the colocalization of DARPP-32 and DR 

subtypes in a receptor and region specific manner in rat brain cortex and striatum. 

2.2 Materials and methods 

2.2.1 Animals 

Sprague-Dawley rats (males) weighing 150-200g were obtained from UBC animal 

care unit and used for immunohistochemistry and colocalization studies. The protocols 

regarding animal care were followed in compliance with the principles of the Canadian 

Council on Animal Care and were approved by the University of British Columbia Animal 

Care Committee. 

2.2.2 Materials   

Rabbit polyclonal antibodies directed against D1R-D5R were generated as described 

earlier (Kumar and Patel, 2006). Mouse anti-DARPP-32 monoclonal antibody was purchased 

from BD Biosciences (Pharmingen, San Diego, CA, USA). Goat anti-mouse Alexa-488 and 

goat anti- rabbit Alexa-594 secondary antibodies were purchased from Invitrogen 
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(Burlington, ON, Canada). Protein A/G agarose beads were purchased from Calbiochem 

(Mississauga, ON, Canada). Nitrocellulose Hy-Bond membrane and Enhanced 

chemiluminescence (ECL) detection system was purchased from Amersham Ltd. (Oakdale, 

ON, Canada). All other general chemicals were of analytical grade and were obtained from 

various commercial sources. 

2.2.3 Immunohistochemistry  

The animals were sacrificed using intravenous pentobarbital (100mg/kg) followed by 

perfusion with 5% heaprinized saline and 4% paraformaldehyde with an infusion pump (KD 

Scientific Model 200 Series, Holliston, MA). Brains were then removed and postfixed in 4% 

paraformaldehyde at 4°C for 24 h. 30 µm thick coronal brain sections were cut using a 

vibratome and free floating sections were collected in phosphate buffer saline (PBS) and 

incubated in 0.2% Triton X-100 for 10 min. Following three subsequent washes in PBS, 

sections were incubated in 5% normal goat serum (NGS) for 1 h at room temperature (RT). 

The brain sections were incubated with a cocktail of polyclonal DR subtype 1-5 antibodies 

(1:300) and monoclonal DARPP-32 antibody (1:250) for 24 h at 4°C in a humid atmosphere. 

The sections were washed with PBS and then incubated in the presence of goat anti-mouse 

Alexa-488 (green) and goat anti-rabbit Alexa-594 (red) secondary antibodies for 1 h at RT to 

visualize DARPP-32 and DR subtypes respectively.  Following three washes in PBS, 

sections were mounted on the slides and were examined under Leica DMLB microscope 

attached with the Retiga 2000R camera.  All the photographs composites were made using 

Adobe Photoshop (San Jose, CA) and merged images showing colocalization where 

generated by using NIH, ImageJ software.  



  34 

2.2.4  Quantitative analysis of DR subtypes colocalization with DARPP-32 

D1R-D5R colocalizations with DARPP-32 were analyzed quantitatively to determine 

receptor specific colocalization variation in cortex and striatum. Serial brain sections (30µm) 

double labeled with DR subtypes and DARPP-32 were processed for quantitative analysis as 

previously described (Kumar, 2007). Briefly, from individual rat three to four brain sections 

were taken for each receptor subtypes from five different rats and 10-15 fields were selected 

from cortex and striatum, following stereotaxic coordinates from rat brain atlas of Paxinos 

and Watson (1998). Total numbers of neurons displaying colocalization were counted as 

described previously (Kumar, 2007). Neurons with the intact morphology and 

immunoreactivity higher then background were only included for quantification purpose. 

Numbers of neurons positive for individual proteins and colocalized were pooled and then 

mean was taken to determine percent colocalization. Data are presented as percentage mean 

± SD. Blind study was also performed to support our quantitative analysis. Background 

staining referred to the staining observed in absence of primary antibodies. In order to verify 

the specificity of the immunofluorescence and to eliminate the possibility of fluorescent 

bleed through in colocalization, tissues stained for single staining were also photographed in 

green and red channels, respectively. 

2.2.5 Western blot analysis and co-immunoprecipitation  

Total tissue protein from rat brain cortex and striatum were obtained by using glass 

homogenizer in homogenization buffer containing (62.5 mM Tris-HCl, 50 mM dithiothretiol 

[DTT], 2% SDS, 10% glycerol). The total tissue protein concentration was then estimated by 

Bradford protein assay. 20 µg of total protein was then solubilized in Laemmli sample buffer 
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with 5% 2-mercaptoethanol (Bio-Rad) and denatured at 99° C for 5 min. The samples were 

subsequently fractionated by electrophoresis on 10% SDS polyacrylamide gel and then 

transferred onto 0.2µm nitrocellulose membrane in transfer buffer (20 mM Tris, 192 mM 

glycine and 20% methanol).  The membrane was blocked with 5% non-fat dried milk at room 

temperature for 1 h and subsequently incubated overnight at 4°C with specific primary 

antibodies for DRs 1-5 (1:600) and DARPP-32 (1:250) diluted in 5% bovine serum albumin. 

The membranes were later incubated with goat anti-rabbit or a goat anti-mouse secondary 

antibody at room temperature for 1 h to detect DR subtypes and DARPP-32 respectively. The 

bands were detected with chemiluminescence reagent and images were taken using an Alpha 

Innotech FluorChem 8800 (Alpha Innotech Co., San Leandro, CA) gel box imager. Beta- 

actin was used as the housekeeping protein. 

To perform co-immunoprecipitation whole tissue lysates were solubilized in 1 ml of 

radioimmune precipitation assay buffer (RIPA) consisting (150 mM NaCl, 50 mM Tris–HCl, 

1% Nonidet P-40, 0.1% SDS, 0.5% sodium deoxycholate, pH 8.0) for 1 h at 4°C. The lysates 

were then incubated with anti-D1-D5R antibodies (1:300) overnight at 4°C. The antibodies 

were then immunoprecipitated using protein A/G agarose beads for 2 h at 4°C. The agarose 

beads were then washed three times in RIPA buffer and then the pellet was solubilized in 

Laemmli sample buffer with 5% 2-mercaptoethanol (Bio-Rad). The samples were heated at 

99°C for 5 min and fractionated on a 10% SDS polyacrylamide gel by electrophoresis. The 

fractionated proteins were then transferred electrophoretically onto 0.2 µm nitrocellulose 

membrane and processed for DARPP-32 as described in western blot analysis above. 
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2.3 Results 

2.3.1 Specificity of dopamine receptors (D1R- D5R) antibodies 

We have previously characterized the specificity of DR subtypes antibodies by using 

immunohistochemistry and western blot analysis in various tissues (Kumar and Patel, 2007; 

Shin et al., 2003; Sidhu et al., 1998). In the absence of primary antibodies or in the presence 

of preimmune serum we observed only the background staining. 

2.3.2 Immunohistochemical expression of dopamine receptor subtypes and DARPP-

32 in rat brain cortical and striatal regions 

Consistent with several previous studies, we found wide spread distribution of DRs 

and DARPP-32 of rat brain cortex and striatum (Figures 2.1 – 2.8). DRs like 

immunoreactivity was seen in different layers of cortex and expressed as membrane and 

cytoplasmic protein. In striatum, DRs are well expressed in MSNs along with medium sized 

aspiny interneurons (Figure 2.7 red). Distributional pattern of DARPP-32 like 

immunoreactivity in cortex and striatum was consistent with previous studies (Ouimet et al., 

1998; Ouimet et al., 1984). In cortex, DARPP-32 positive neurons were mainly restricted to 

the deep layer of cortex whereas in upper cortical layer DARPP-32 positive neurons were 

sparsely distributed. Most strong DARPP-32 staining was observed in cingulate cortex in 

comparison to other cortical regions. In striatum, DARPP-32 like immunoreactivity was 

confined to MSNs and restricted to cytoplasm, neuronal processes, dendrites and densely 

innervated nerve fibers (Figure 2.7 green). We next determined the pattern of colocalization 

of DARPP-32 and DR subtypes in cortex and striatum. In cortical brain regions, DARPP-32 

positive neurons are most intense in cingulate, deep layer of temporal/frontal cortex as well 
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as in amygdaloid complex of enterohinal cortex. Therefore, the colocalization studies were 

only focused on cingulate, enterohinal and temporal/frontal cortical regions.  

2.3.3 Colocalization of dopamine receptor subtypes with DARPP-32 in rat brain 

cortex 

As shown in Figure 2.1 A-L, DARPP-32 (green) displayed differential distributional 

pattern of colocalization with D1R in cingulate cortex (Figure 2.1 A, C and D).  We 

identified three different populations of neurons; exhibiting colocalization and DARPP-32 or 

D1R immunoreactivity. DARPP-32 positive dendrites were devoid of colocalization with 

D1R. The colocalization was limited to the apical ending of neuronal cell bodies. In frontal 

cortex, colocalization between D1R and DARPP-32 was prominent in layer V and VI. 

Despite the significant expression of D1R in layer I-III, less colocalization between D1R and 

DARPP-32 was observed. In addition few neurons in upper layer of cortex expressing strong 

DARPP-32 immunoreactivity were also lacking colocalization. Enterohinal cortex displayed 

distinct pattern of colocalization, only few neurons expressed D1R and DARPP-32 whereas 

majority of neurons were positive for D1R like immunoreactivity (Figure 2.1 I-L). Nerve 

fibers expressing moderate immunoreactivity either for D1R or DARPP-32 were also 

observed in enterohinal cortex (Figure 2.1 K and L).  
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Figure 2.1 Indirect immunofluorescence photomicrographs illustrating the colocalization of D1R and 

DARPP-32 in rat brain cortex. 

30µm coronal brain sections were incubated with polyclonal D1R and monoclonal DARPP-32 antibodies for 24 

h and followed by incubation in goat anti rabbit Alexa-594 and goat anti mouse Alexa-488 secondary antibodies 

to visualize D1R and DARPP-32 respectively (please see Material and Methods section for details). In cingulate 

cortex (Panel A-D), frontal cortex (panel E-H) and enterohinal cortex (panel I-L) represent the expression of 

D1R (red) DARPP-32 (green) and colocalization is identified in orange yellow color. Note, neurons either 

expressing only D1R or DARPP-32 were also present in all three cortical regions. Arrows indicate 

colocalization, arrowheads indicate neurons expressing D1R, whereas neurons positive for only DARPP-32 are 

indicated by an asterisk (*). Panels A-C, E-G and I-K scale bar = 100µm and for panel D, H and L scale bar = 

20µm. 
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Figure 2.2 Photomicrographs illustrating the colocalization of D2R and DARPP-32 in cortical rat brain. 

Colocalization of D2R and DARPP-32 is identified in cingulate cortex (A-D), in temporal cortex (E-H) whereas 

colocalization in enterohinal region is represented in panels I-L.  In addition to the neurons expressing 

colocalization, D2R or DARPP-32 positive neurons are also present in the same region.  In all representative 

panels arrows indicate colocalization, arrowheads indicate neurons expressing D2R, whereas neurons positive 

for DARPP-32 like immunoreactivity are indicated by an asterisk (*). Scale bar represent 100 µm for Panels A-

C, E-G and I-K and 20µm for panel D, H and L. 

 

In rat brain cortex, the colocalization between DARPP-32 and D2R was strikingly 

different in all three cortical regions with significant changes in colocalization within 

neuronal cell bodies, dendrites and innervated nerve fibers (Figure 2.2 A-L).  As shown in 

Figure 2.2 A-D, D2R (red) and DARPP-32 (green) cingulate cortex displayed different 

patterns of colocalization. Selective neurons in cortical region showed strong colocalization 

between DARPP-32 and D2R but were comparatively less than D1R. Neuronal dendrites 

positive to DARPP-32 were devoid of D2R like immunoreactivity. As shown in Figure 2.2 

E-H, in frontal cortex three different populations of neurons was observed neurons 

expressing only D2R or DARPP-32 and neurons expressing both. DARPP-32 like 

immunoreactivity was also observed in innervated nerve fibers throughout the frontal cortex 
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without any expression of D2R. In enterohinal cortex similar pattern of colocalization was 

observed showing three different populations like in frontal cortex (Figure 2.2 I - L).  

Strikingly, in enterohinal cortex dense innervated nerve fibers positive to DARPP-32 were 

devoid of colocalization. 

 

Figure 2.3 Photomicrographs illustrating colocalization of D3R and DARPP-32 in rat brain cortex. 

Panel A-D represents colocalization in cingulate cortex; panel E-H represents colocalization in temporal cortex 

and panel I-L represent colocalization in enterohinal cortex. D3R colocalized with DARPP-32 in cortex in a 

region specific manner. Neurons either expressing D3R or DARPP-32 were also present in the same region in 

addition to colocalization. In all representative panels arrows indicate colocalization, arrowheads indicate 

neurons expressing D3R, whereas neurons positive for DARPP-32 like immunoreactivity are indicated by an 

asterisk (*). Scale bar represent 100 µm for Panels A-C, E-G and I-K and 20µm for panel D, H and L. 

 

As shown in Figure 2.3 A-L, colocalization of DARPP-32 and D3R revealed striking 

differences in cortical brain regions. D3R (red) and DARPP-32 (green) positive neurons 

constitute three different populations of cortical cells, first expressing only D3R, second 

exhibiting DARPP-32 like immunoreactivity and third population expressing colocalization. 

Interestingly, DARPP-32 like immunoreactivity was observed in dendrites and nerve fibers 

in cingulate cortex were devoid of colocalization with D3R (Figure 2.3 A-D).  
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Figure 2.4 Photomicrographs illustrating colocalization of D4R and DARPP-32 in rat brain cortex. 

D4R positive immunoreactivity was localized by Alexa- 594 (red) and DARPP-32 like immunoreactivity 

indicated by Alexa-488 (green). Panel A-D represents colocalization of D4R and DARPP-32 indicated by 

yellow color in cingulate cortex, panel E-H represents colocalization in temporal cortex and panel I-L represent 

colocalization in enterohinal cortex. D4R colocalized with DARPP-32 in most cortical regions in a region 

specific manner. In addition to colocalization, neurons either expressing D4R or DARPP-32 like 

immunoreactivity were also identified in the same region. In all representative panels arrows indicate 

colocalization, arrowheads indicate neurons expressing D4R, whereas neurons positive for DARPP-32 like 

immunoreactivity are indicated by an asterisk (*).  Scale bar represent 100 µm for Panels A-C, E-G and I-K and 

20 µm for panel D, H and L. 

 

The colocalization of DARPP-32 with D4R in cortical brain region was comparable 

to D1R displaying three different populations showing colocalization or DARPP-32 / D4R 

like immunoreactivity. Relatively, DARPP-32 positive neurons displayed greater degree of 

colocalization in cingulate cortex compared to frontal and enterohinal cortex. As illustrated 

in Figure 2.4 A-L, in addition to neuronal population neuronal processes and innervated 

nerve fibers also exhibit weak colocalization in cortical brain regions. In enterohinal cortex 

DARPP-32 moderately colocalized with D4R whereas, DARPP-32 positive nerve fibers and 

dendrites were devoid of colocalization.  
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Figure 2.5 Photomicrographs illustrating colocalization of D5R and DARPP-32 in cortical rat brain. 

D5R positive immunoreactivity was localized by Alexa- 594 (red) and DARPP-32 like immunoreactivity 

indicated by Alexa-488 (green). Panel A-D represents colocalization indicated by yellow color in cingulate 

cortex; panel E-H represents colocalization in temporal cortex and panel I-L represent colocalization in 

enterohinal cortex. D5R colocalized with DARPP-32 in most cortex regions in a region specific manner. In 

addition to colocalization, neurons either expressing D5R or DARPP-32 were also present in the same region. 

In all representative panels arrows indicate colocalization, arrowheads indicate neurons expressing D5R, 

whereas neurons positive for DARPP-32 like immunoreactivity are indicated by an asterisk (*).  Scale bar 

represent 100µm for Panels A-C, E-G and I-K and 20µm for panel D, H and L. 

 

As shown in Figure 2.5 A-L, in cortical brain regions we observed significant 

variation in colocalization between DARPP-32 and D5R in comparison to D1R-D4R 

subtypes. In majority the numbers of neurons expressing D5R positive immunoreactivity 

were negative for DARPP-32 expression in all three regions of cortex without any 

discernable changes. Only few neurons showed colocalization between D5R and DARPP-32. 

Neuronal processes and innervated nerve fibers throughout the cortex were strongly positive 

for DARPP-32 and were lacking colocalization with D5R (Figure 2.5 A-L).  
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2.3.4 Quantitative analysis of DR subtypes colocalization with DARPP-32 

We next quantified the percentage distribution of DARPP-32 positive neurons 

expressing DRs in rat brain cortex. The expression pattern of DR subtypes and DARPP-32 in 

frontal and temporal cortex was not discernable; accordingly, the quantitative analysis was 

performed on data accumulated from frontal and temporal cortex. Further DARPP-32 

positive neurons expressing DR subtypes were counted from each section, and averaged and 

are presented in Figure 2.6.  

 

Figure 2.6 Quantitative analysis of DR subtypes positive cortical neurons colocalized with DARPP-32 in 

temporal/frontal cortex. 

D1R and D2R colocalized with DARPP-32 in a comparable manner and constitute 32 % and 29 %. D3R and 

D4R exhibit similar degree of colocalization i.e., 20 % and 16 % respectively. D5R colocalized with DARPP-32 

the least and constitutes 10 % colocalization.  Each bar graphs represent mean ± SE from at least three sections 

from four different rats for each receptor subtype. 

 

As shown D1R was the most prominent receptor subtype expressing DARPP-32 and 

constituted 32% colocalization followed by D2R (29%), D4R (20%) whereas D3R and D5R 
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constituted 16% and 10% respectively. The distributional pattern of colocalization of D1 and 

D2R with DARPP-32 was comparable. 

2.3.5 Immunohistochemical expression of DARPP-32 and DR subtypes in rat brain 

striatum 

DARPP-32 and DRs immunopositive neurons are widely distributed throughout the 

striatum. As shown in Figure 2.7, DARPP-32 like immunoreactivity (green) confined in 

majority of MSNs whereas DR subtypes are selectively distributed in projection as well as in 

medium sized aspiny neurons in receptor specific manner (Figure 2.7 red).  

2.3.6 Colocalization of D1R-D5R with DARPP-32 in rat brain striatum 

In striatum most of the neurons displaying D1R like immunoreactivity were also 

positive for DARPP-32. As shown in Figure 2.7 A-D, despite the fact that D1R colocalized 

with DARPP-32 two other populations of neurons were identified either showing D1R or 

DARPP-32 alone. In addition to the projection neurons, interneurons positive for D1R like 

immunoreactivity were devoid of colocalization. As shown in Figure 2.7 D, the dendrites or 

neuronal processes of the MSNs showed selective colocalization of D1R with DARPP-32 to 

some extent. 

The colocalization between D2R and DARPP-32 was observed in neuronal cell 

bodies as well axonal dendrites (Figure 2.7 E-H). A sub-population of projection neurons 

positive for D2R was seen to colocalize with DARPP-32 indicating the colocalization was 

confined to MSNs. However, some projection neurons were DARPP-32 positive whereas a 

few large interneurons showed D2R like immunoreactivity. High magnification 
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photomicrographs revealed heavily innervated nerve fibers positive to DARPP-32 throughout 

the striatum and displayed lesser degree of colocalization in selective manner. 

 

 

Figure 2.7 Immunofluorescence photomicrographs illustrating colocalization of D1R-D5R and DARPP-

32 in rat brain striatum. 

The final product of D1R-D5R positive immunoreactivity was developed by Alexa-594 (red) fluorescence (A, 

E, I, M, and Q). DARPP-32 positive immunoreactivity was identified by using Alexa-488 (green) fluorescence 

(B, F, J, N, and R). The colocalization of D1R-D5R with DARPP-32 is indicated by a yellow color in the 

overlapped images (C, D, F, H, K, L, O, P, S and T). In all the representative panels arrows indicate 

colocalization and arrowheads represent D1R-D5R positive neurons and DARPP-32 positive neurons are 

identified by asterisk (*). Panels A-C, E-G, I-K, M-O and Q-S scale bar = 100µm and for panel D, H, L, P and 

T scale bar = 20µm. 
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As illustrated in Figure 2.7 I-L, in case of colocalization studies for D3R two 

different populations of neurons in striatum were detected. First population displayed 

colocalization between D3R and DARPP-32 in projection neurons whereas the second 

neuronal population showed only D3R like immunoreactivity. Further analysis of 

immunoreactivity revealed that D3R like immunoreactivity was comparatively less than any 

other DR subtypes and also displayed weak colocalization except few neurons displaying 

very strong colocalization. 

  Figure 2.7 M-P showed the distributional pattern of D4R and DARPP-32 like 

immunoreactivity and colocalization in the striatum. The pattern of colocalization of D4R 

and DARPP-32 was comparable to D1R and D2R. Punctated DARPP-32 positive 

immunoreactivity was seen in nerve fibers all over the striatal region without any 

colocalization with D4R. Importantly, like any other DR subtypes distributional pattern of 

colocalization exhibited three distinct population in striatum either showing colocalization or 

independent staining for D4R and DARPP-32.  

As shown in Figure 2.7 Q-T the pattern of colocalization of D5R with DARPP-32 in 

the striatum was greatly different than cortex. Some of the neurons positive to D5R and 

DARPP-32 displayed very strong colocalization. Interestingly, within the same region 

strongly positive D5R neurons with distinct morphological appearance were devoid of 

DARPP-32 positive immunoreactivity. Such neuronal populations were not seen positive for 

any other DR subtypes in cortical brain regions.  
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2.3.7 Quantitative analysis of DARPP-32 positive neurons demonstrating 

colocalization with DR subtypes in rat brain striatum 

As shown in Figure 2.8, quantitative analysis revealed striking differences in 

colocalization of DARPP-32 with DRs. D1R was the most prominent receptor subtype which 

displayed highest degree of colocalization and constitutes 60% where as D2R-D5R 

represents 49%, 37%, 40% and 25 % colocalization respectively. 

 

 

Figure 2.8 Quantitative analysis of D1R-D5R positive neurons showing colocalization with DARPP-32 in 

rat brain striatum. 

Neurons positive for D1R-D5R were counted from striatum and analyzed for coexpression with DARPP-32. A 

total of 500-800 neurons were counted for each receptor subtype. The data are presented as percent of D1R-

D5R neurons showing colocalization with DARPP-32 positive neurons. These data were obtained from three to 

four striatal sections from four different rats. Neurons positive for DARPP-32 and DR subtypes present on the 

edge of holes were not taken into consideration for quantitative analysis.  Bars represent the mean ± SE (n= 4). 
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2.3.8 Western blot analysis of D1R and D2R subtype and DARPP-32 in cortical and 

striatal brain tissue  

To validate our data for DRs and DARPP-32 like immunoreactivity we next 

determined the expression of DR subtypes and DARPP-32 in tissue lysate prepared from rat 

brain cortex and striatum using western blot analysis. As shown in Figure 2.9, D1R is well 

expressed in cortex and striatum at 65 kDa and 49 kDa.  

 

 

Figure 2.9 Western blot analysis showing the expression of D1R and D2R subtypes and DARPP-32 in 

tissue lysate prepared from rat brain cortex and striatum. 

Tissue lysate was subjected to western blotting and immunoblotted for DR subtypes and DARPP-32 specific 

antibodies. Beta-actin was used as control for loading protein. 

 

Expression levels were comparable in cortex and striatum. In comparison, D5R was 

weakly expressed in cortex and striatum at the expected size of 51 kDa. D2R (63 kDa) and 

D3R (65 kDa and 51 kDa) are well expressed at comparable levels in cortex and striatal 

tissue lysates. As shown, D4R at 49 kDa displayed significant differences between cortex 
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and striatum (Figure 2.9). When adjusted to beta-actin we observed high expression in 

striatum in comparison to cortex. DARPP-32 is also highly expressed in striatal tissue lysate 

in comparison to cortex and expressed at the expected size of 32 kDa. 

2.3.9 Expression of DARPP-32 in DR subtype immunoprecipitate 

To further validate our colocalization data we next determined the expression of 

DARPP-32 protein in DRs immunoprecipitate. Tissue lysate prepared from rat brain cortex 

and striatum was immunoprecipitated with DR subtypes antibodies and immunoprecipitate 

was fractionated on SDS gel, transferred to nitrocellulose membrane and blotted with 

DARPP-32 antibody.  

 

Figure 2.10 DARPP-32 is expressed in DR subtypes immunoprecipitate. 

Tissue lysate prepared from cortex and striatum was immunoprecipitated with D1R–D5R antibodies and 

subjected to western blot analysis with DARPP-32 specific antibodies. Two specific bands at approximately 
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100 kDa and 32 kDa were seen representing a complex of DARPP-32 and DR subtype and DARPP-32 

respectively. We also observed some additional nonspecific bands including IgG with or without primary 

antibody.  

 

As shown in Figure 2.10, DARPP-32 immunoreactivity was detected in DRs 

immunoprecipitate from cortex as well as striatum in receptor specific manner. We observed 

the expression of DARPP-32 at 32 kDa and in a complex of DRs and DARPP-32 at 

approximate size of 100 kDa.  

2.4 Discussion 

Previous studies by using DARPP-32 or DR knockout mice have identified intimate 

association and functional dependence between dopaminergic neurons and DARPP-32 in 

CNS. DARPP-32 has drawn great attention for its critical role in several neurological 

diseases and most importantly in drugs of abuse as well as in schizophrenia. Such potential 

and critical role of DARPP-32 is modulated by DR subtypes in receptor specific manners as 

well as in the presence of other members of GPCR family in brain (Lindskog et al., 1999a). 

Present study is the first comprehensive description showing the comparative colocalization 

of all five DR subtypes with DARPP-32 in rat brain cortex and striatum. The distributional 

pattern of DARPP-32 and DR subtypes in single staining or in colocalization was 

comparable. This is possible that single neurons may also express multiple DR subtypes. The 

expression of DARPP-32 in DRs immunoprecipitate strongly supports our colocalization at 

cellular levels.  

Several previous studies by using autoradiography or insitu hybridization have shown 

wide spread distribution of DR subtypes in CNS (Ariano et al., 1997; Bouthenet et al., 1991; 

Meador-Woodruff et al., 1992; Sunahara et al., 1991; Tiberi et al., 1991; Van Tol et al., 
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1991). Although discrepancies exist, however distinct and region specific distributional 

pattern of mRNA for DR subtypes revealed intimate association of DA in cognitive function, 

movement disorder as well as regulation of endocrine functions. Our data showing the 

immunohistochemical localization of D2R subtypes in cortex and striatum are consistent 

with the distributional pattern at mRNA as described earlier (Bouthenet et al., 1991; Van Tol 

et al., 1991). D5R is least studied receptor from DRs family, however it has been shown that 

D5R has higher affinity for DA than D1R and these data suggest that D5R might exert 

prominent role in CNS. mRNA for D5R has previously been shown in motor and limbic 

regions of the rat brain significantly comparable to D1R (Sunahara et al., 1991). In contrast, 

D5R is distributed selectively in human brain (Tiberi et al., 1991). The distributional pattern 

of D5R described in the present study is comparable to the expression of D5R as described in 

human and rat brain recently (Khan et al., 2000). The discrepancies at the level of mRNA or 

proteins expression for DR subtypes might account for the type of probes and the antibodies 

used and cannot be eliminated from the discussion. 

The distributional pattern of colocalization described herein is consistent with 

previous studies showing colocalization of DARPP-32 with D1R and D2R (Aizman et al., 

2000; Langley et al., 1997). Several previous studies have shown the distribution of DARPP-

32 in different parts of the brain in various species including human brain (Durstewitz et al., 

1998; Schnabel et al., 1997). DARPP-32 positive neurons are widely distributed throughout 

the striatum and immunoreactivity mainly confined to the medium sized spiny projection 

neurons. In cortex DARPP-32 positive neurons were seen in deep layer of cortex and 

sparsely distributed in upper cortical layer. In cingulated and enterohinal cortex, DARPP-32 

positive neurons displayed strong immunoreactivity in neuronal processes along with 
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neuronal cell bodies as described earlier (Ouimet et al., 1984). Our colocalization studies 

dealing with D1R and DARPP-32 are consistent with previous studies (Langley et al., 1997). 

In striatum the distribution of DARPP-32 is unique and expressed in majority of medium 

sized spiny projection neurons, which are susceptible in excitotoxicity. DARPP-32 positive 

medium sized spiny projection neurons in striatum are selectively susceptible to quinolinic 

acid or NMDA induced neurotoxicity as well as in HD and several other neuropathological 

states (Torres-Peraza et al., 2007). Consistent with previous studies, sodium channels are 

under the influence of D1R and D2R subtypes dopamine receptors to modulate Na+ influx 

and efflux support the concept of colocalization (Aizman et al., 2000). Our data reveals 

receptors specific colocalization with DARPP-32 in cortex and striatum and suggests that DR 

positive neurons, which are lacking colocalization with DARPP-32, might be resistant in 

quinolinic acid or NMDA induced neurotoxicity as well as in pathophysiology of HD.  

The role of DR subtypes to modulate the status of DARPP-32 phosphorylation is 

undisputed. However, whether this effect of DR is mediated directly on DARPP-32 or 

through the modulation of other signaling pathways is still uncertain. Most importantly, in 

this direction the role of protein kinase A (PKA), upon activation of D1R and stimulation of 

Ca2+ and calcineurin through D2R is well established (Andersson et al., 2005; Jay, 2003; 

Zhang et al., 2005). The phosphorylation of DARPP-32 in bidirectional manner is regulated 

by DA in a receptor specific manner either through activation of PKA via D1R the effect 

which is encountered by D2R (Lindskog et al., 1999b; Nishi et al., 1997). In CNS, DRs are 

not the only neurotransmitter that regulates DARPP-32 phosphorylation; other 

neurotransmitters such as glutamate, serotonin and adenosine also participate equally (Blank 

et al., 1997; Greengard et al., 1999; Nishi et al., 1997). Recent electron microscopic studies 
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have provided detail distributional pattern of DARPP-32 in association with glutamate in 

basal ganglia of domestic chick (Csillag et al., 2008). Activation of D2R decreases the 

phosphorylation of DARPP-32 (Nishi et al., 1997). Quinpirole, D2R agonist decreased D1 

agonist mediated DARPP-32 phosphorylation (Lindskog et al., 1999b). These data suggest 

that this effect can be mediated by D1R and D2R, which are present in MSNs of striatal 

nigral projection. Indirectly, the distributional pattern of colocalization of DARPP-32 with 

DR subtypes also reveals that same neurons in striatum or cortex might contain more than 

one or two DR subtypes which also might express DARPP-32. D1 and D2 receptor exert 

opposite effect on DARPP-32 phosphorylation suggesting the presence of DR and DARPP-

32 on the same neurons and indicate that DR might functionally interact with DARPP-32. 

The presence of D1R and D2R subtype has already shown on same neurons in colocalization 

studies (Aizman et al., 2000; Langley et al., 1997). Further in extension to these studies we 

found that DARPP-32 colocalized with D3R, D4R and D5R as well. At least in part our data 

are consistent with previous studies (Aizman et al., 2000; Langley et al., 1997). Furthermore, 

significantly, it will be interesting to see whether D1R positive neurons expressing DARPP-

32 are devoid of D2R like immunoreactivity. 

The complexity is driven due to the presence of other GPCR as well as other 

neurotransmitter receptors on striatal neurons such as cannabinoid receptors and adenosine 

A2 receptor. Cannabinoid receptor -1 (CB1) is present in basal ganglia and exert pivotal role 

in regulation of neurotransmission, significantly on glutaminergic and GABAergic pathways 

(Andersson et al., 2005). Furthermore, CB1 receptors also modulate DR and adenosine A2 

transmission which are intimately associated with PKA dependent DARPP-32 

phosphorylation (Andersson et al., 2005). Recent studies have also shown that cannabinoid 
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receptor agonists (-)-cis-3-[2-hydroxy-4- (1,1-dimethylheptyl) phenyl] trans-4- (3-

hydroxypropyl) cyclohexanol (CP55,940) decrease the state of DARPP-32 phosphorylation 

(Andersson et al., 2005). On the other hand tetrahydrocannabinol increases DARPP-32 

phosphorylation via decreasing cAMP through D1R and anticipate possible interaction 

between two receptor subtypes (Borgkvist et al., 2008). In this direction the role of opioid 

receptors that are also present on MSNs in striatum cannot be avoided from discussion. 

Previously it has been shown that in the presence of µ opioid receptor agonist, D1 mediated 

increased DARPP-32 phosphorylation is blocked (Lindskog et al., 1999a) which further 

supported by the observation that D1 antagonist reverse the effect of D1 mediated DARPP-

32 phosphorylation (Borgkvist et al., 2007) . 

In striatum, like DARPP-32, majority of projection neurons also express N-methyl D-

aspartate receptor (NMDAR) and upon activation exert determinant role in excitotoxicity and 

further reduce phosphorylation of DARPP-32. Most significantly, using organotypic culture 

from striatum activation of NMDAR reduces the diffusion coefficient and increases the 

recruitment of D1Rs but not D2Rs in the plasma membrane. Most importantly, NMDAR and 

DRs create a heteromeric complex and modulate the role of DR subtypes in receptor specific 

manner (Lee et al., 2002; Scott et al., 2006). The formation of heteromeric complex has also 

been shown to slow down diffusion (Scott et al., 2006). Previous studies have also shown 

opposing effect of D1R and D2R on phosphorylation of NMDAR1 in nucleus accumbens has 

been shown and D2R activation block D1R mediated NMDAR1 phosphorylation and such 

effect is attributed to cyclosporine A which inhibits calcineurin (Blank et al., 1997). In 

contrast D2R activate calcineurin and decreases phosphorylation of NMDAR1. D2R 

mediated decrease in NMDAR1 phosphorylation is blocked by neuroleptic drug D2R 
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antagonist raclopride. Phosphorylated DARPP-32 also modulate NMDAR functions through 

the inhibition of protein phosphatase-1 (Blank et al., 1997). These are the compelling 

evidence to believe that NMDAR might exert important effect on the role of DR subtypes in 

the status of DARPP-32 phosphorylation and its functional consequences. Recently, 

administration of drugs of abuse and psycho-stimulants also modulate extracellular signal-

regulated kinases (ERKs) in striatum which is associated with the activation of D1R and 

NMDAR and blocked by D1R and NMDAR antagonists as well as in D1R or DARPP-32 

knockout mice where gene for D1R or DARPP-32 is ablated (Bertran-Gonzalez et al., 2008; 

Gerfen et al., 2008; Valjent et al., 2000). Whether this interaction between NMDAR and DR 

subtypes functionally interferes with DARPP-32 is not known and need to be elucidated. The 

potential outcome of these data will elucidate the detailed molecular mechanism for the 

status of DARPP-32 phosphorylation and signaling cascade involved. In conclusion taken 

together our data provides first comprehensive and comparative colocalization of all five DR 

subtypes with DARPP-32. Data presented here give new insight for the role of DRs and 

DARPP-32 that might play important role in neuropathological conditions as well as in drugs 

of abuse and schizophrenia. Our colocalization data provide evidence for the first time that 

DARPP-32 might constitute functional complex with DR subtypes. However further studies 

like confocal FRET are required to elucidate such possibilities in single neurons expressing 

DARPP-32 and DR subtypes and further studies are in progress in this direction. 
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Chapter  3: 2Colocalization of somatostatin receptors with DARPP-32 in 

cortex and striatum of rat brain  

DRs and SSTRs share 30% structural similarities and functionally interact with each 

other in a heteromeric complex (Baragli et al., 2007; Rocheville et al., 2000a). Differential 

distribution of SSTR subtypes in striatal projection and interneurons is still not known. 

Accordingly, to determine the percentage distribution of SSTR subtypes inprojection neurons 

is essential to determine potential role of SSTR subtypes in excitotoxicity. Furthermore, 

SSTR positive neurons with lack of DARPP-32 colocalization anticipate the possibility that 

these neurons are interneurons in striatum and might escape excitotoxicity. Having seen the 

selective and preferential colocalization of DR subtypes with DARPP-32 we next determined 

the colocalization of SSTRs with DARPP-32 in cortical and striatal brain regions. 

3.1 Background 

Somatostatin (SST), was first isolated from sheep hypothalamus as growth hormone 

inhibiting peptide (Brazeau et al., 1973). At present, there are several evidences that SST is 

not only synthesized in hypothalamus but also present in other brain regions and major 

peripheral organs (Hokfelt et al., 1975; Patel and Reichlin, 1978; Reichlin, 1983a). SST exists 

in two bioactive isoforms, SST-14 and SST-28 derived from a common precursor and 

synthesized variably in SST-producing cells (Hobart et al., 1980; Montminy et al., 1984; 

Patel, 1999; Shen and Rutter, 1984). In the central nervous system (CNS), SST like 

                                                

2  A version of this chapter is published as: 
Rajput PS, Kharmate G, Kumar U. J Mol Neurosci. 2011. DOI: 10.1007/s12031-011-9678-0 
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immunoreactivity is seen in most of the brain regions and plays a critical role in 

neurotransmission and neuromodulation (Epelbaum et al., 1994; Oliva et al., 2000). Previous 

studies have demonstrated close association between SST and several neurological diseases 

such as Alzheimer’s, Parkinson’s and Huntington’s disease (HD). Furthermore, impaired 

cognitive function, changes in locomotor behavior and other sensory and autonomic 

functions are linked with the loss of SST (Epelbaum et al., 1994; Reichlin, 1983a; Schindler 

et al., 1996).  

In striatum, medium sized projection neurons (MSNs) expressing γ-Aminobutyric 

acid (GABA), N-methyl D-aspartate receptor (NMDAR) and dopamine-and cAMP-regulated 

phosphoprotein (DARPP-32) constitute large neuronal populations that are selectively 

vulnerable in excitotoxicity and neurological diseases. Conversely, the second population, 

which is selectively preserved in excitotoxicity and many pathological conditions, includes 

medium sized aspiny interneurons expressing SST/Neuropeptide Y (NPY)/brain nitric oxide 

synthase (bNOS).  Previous studies have also shown increased SST expression in autopsy 

brain tissues from HD patients (Beal et al., 1984; Beal et al., 1991). Furthermore, cultured 

cortical neurons upon treatment with quinolinic acid (QUIN) and N-methyl-D-aspartic acid 

(NMDA) exhibited increased release of SST and mRNA expression (Patel et al., 1991; Patel 

et al., 1995b). Most significantly, knocking down SST by antisense oligonucleotide and 

immunoadsorption of released SST with SST antibodies potentiate the neuronal loss and 

exogenous addition of SST to cultured striatal neurons provides protection in QUIN and 

NMDA induced excitotoxicity (Kumar, 2008). This study provides the first evidence that 

presence of SST might be responsible for neuronal survival of interneurons and serve as 

neuroprotective peptide in excitotoxicity. In addition, SST via neprisilyn blocks the 
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aggregation of β-amyloid (Saito et al., 2005). These observations convincingly suggest a 

generalized neuroprotective role of SST in different models of excitotoxicity. The biological 

effect of SST is mediated by five different receptor subtypes commonly known as 

somatostatin receptors (SSTR1-5). SSTR subtypes belong to G protein-coupled receptors 

(GPCRs) family and are known to inhibit adenylyl cyclase thereby inhibiting intracellular 

cyclic adenosine monophosphate (cAMP) formation (Patel, 1999; Reisine, 1985; Reisine et 

al., 1985; Reisine et al., 1983).  SST inhibits Ca2+ through modulation of cGMP-dependent 

protein kinase, the events which play crucial role in neurotoxicity (Meriney et al., 1994).  

Unlike SST, DARPP-32 is expressed in almost >80% of medium-sized spiny neurons 

(projection neurons) in striatum (Ouimet et al., 1998; Walaas and Greengard, 1984). The loss 

of DARPP-32 immunoreactivity with progression of HD is well established (Torres-Peraza et 

al., 2007). DARPP-32 has been studied extensively and predominantly involved in regulation 

of signaling transduction pathway mediated by dopamine receptors (DRs) (Greengard, 2001; 

Greengard et al., 1999; Svenningsson et al., 2004; Walaas et al., 1983). We have recently 

shown that DRs colocalize with DARPP-32 (Rajput et al., 2009b). SSTR2 and SSTR5 

functionally interact with dopamine receptor 2 in a heteromeric complex with enhanced 

pharmacological and signaling properties than the native receptors (Baragli et al., 2007; 

Rocheville et al., 2000a). 

Although, several previous studies have shown differential distribution of SSTR 

subtypes in different parts of rat brain, the distribution of SSTR subtypes in projection and 

interneurons in cortex and striatum remains unknown. Such studies are critically important to 

understand the role of SSTRs in excitotoxicity and pathogenesis of neurodegenerative 

diseases. Accordingly, in the present study we used DARPP-32 as a marker of projection 
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neurons and applied to determine the colocalization with SSTR subtypes in cortex and 

striatum of rat brain using indirect immunofluorescence immunohistochemistry. We also 

determined the expression of DARPP-32 in SSTR1-5 immunoprecipitate prepared from rat 

brain cortex and striatum. Our results described here present the comprehensive distributional 

pattern of colocalization of SST and SSTRs with DARPP-32 in region and receptor specific 

manner in rat brain. 

3.2 Materials and methods 

3.2.1 Animals 

Sprague-Dawley male rats weighing 150-200 g were obtained from UBC animal care 

unit and used for indirect immunofluorescence and co-immunoprecipitation studies. All 

experiments and procedures involving animals were performed in accordance to the 

guidelines of the Canadian Council on Animal Care and were reviewed and approved by the 

University of British Columbia committee on Animal Care (Protocol #A06-0419). 

3.2.2 Materials 

Rabbit polyclonal antibodies directed against SSTR1-5 were generated in our 

laboratory as described previously (Kumar, 2007; Kumar et al., 1999). Mouse anti-

somatostatin monoclonal antibody was purchased from Santa Cruz Biotechnology (CA, 

USA). Rabbit polyclonal anti-DARPP-32 antibody and mouse monoclonal anti-DARPP-32 

antibody was obtained from Cell signaling (MA, USA) and BD Biosciences (Pharmingen, 

San Diego, CA, USA) respectively. Alexa-488 and Alexa-594 secondary antibodies were 

purchased from Invitrogen (Burlington, ON, Canada). Protein A/G agarose beads were 
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obtained from Calbiochem, (Mississauga, ON, Canada). Nitrocellulose Hy-Bond membrane 

and enhanced chemiluminescence (ECL) obtained from Amersham Ltd. (Oakdale, ON, 

Canada). All other chemicals of analytical grade were purchased from various commercial 

sources.   

3.2.3 Indirect immunofluorescence immunohistochemistry 

Indirect immunofluorescence immunohistochemistry was performed as described 

previously (Kumar, 2007; Rajput et al., 2009b). Briefly, rats were anesthetized with 

halothane and perfused with heparinized cold saline and 4% paraformaldehyde with an 

infusion pump (KD Scientific Model 200S, Holliston, MA, USA). 40µm thick brain sections 

were cut using Leica 1200s vibratome and free floating sections were collected in phosphate 

buffer saline (PBS). Brain sections were incubated in 0.2% Triton X-100 in PBS for 15 min 

and followed by three subsequent washes with PBS. Sections were then incubated in 5% 

normal goat serum for 1h at room temperature (RT) and followed by overnight incubation 

with mouse anti-SST (1:500) in combination with rabbit anti-DARPP-32 (1:300) and rabbit 

anti- SSTR1-5 (1:400) with mouse DARPP-32 (1:250) antibodies. Following three 

subsequent washes in PBS brain sections were incubated in a cocktail of Alexa 594 (red) and 

Alexa 488 (green) conjugated secondary antibodies for 1h at RT. The sections were washed, 

mounted on slides and viewed under Leica DMLB microscope attached with Retiga 2000R 

camera. All merged images showing colocalization were generated using NIH, ImageJ 

software and Adobe Photoshop (San Jose, CA, USA) was used to make the composites. 
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3.2.4 Quantitative analysis of SSTR1-5 and DARPP-32 colocalization 

Neuronal population displaying colocalization between SSTR1-5 and DARPP-32 was 

quantified in cortex and striatum as described previously (Kumar, 2007; Rajput et al., 

2009b). Briefly, three to four brain sections from individual rats were taken for each receptor 

subtypes from five different rats. 12-15 randomly selected areas were selected from cortex 

and striatum according to rat brain atlas Paxinos and Watson (Paxinos and Watson, 2007). 

Neuronal population expressing receptor like immunoreactivity higher then background and 

intact morphology were included for quantification. Colocalization was determined using 

ImageJ software (National Institute of Health) and the Colocalization Highlighter plugin (P. 

Bourdoncle, Institute Jacques Monod, Service Imagerie, Paris, France). Neurons showing 

colocalization or individual staining for SSTRs or DARPP-32 were pooled and calculated for 

percentage distribution. Data for neuronal quantification are presented as mean ± SEM. 

Background staining is referred to the staining in absence of primary antibodies. Tissues 

stained for single staining were also photographed in green and red channels in order to 

verify specificity of immunofluorescence.  

3.2.5  Co-immunoprecipitation 

Co-immunoprecipitation (CO-IP) was performed on tissue lysate prepared from 

cortex and striatum of rat brain as described previously (Rajput et al., 2009b). Briefly, 

cortical and striatal tissue was homogenized in homogenization buffer containing 62.5 mM 

Tris-HCl, 50mM dithiothretiol [DTT], 2% SDS, 10% glycerol. Total protein in tissue extract 

was determined by Bradford protein assay. 200 µg of tissue protein was solubilized in 1 ml 

of radio-immunoprecipitation assay (RIPA) buffer for 1h at 4°C. The lysates were incubated 
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with polyclonal anti-SSTR1-5 antibodies (1:500) overnight at 4°C. The antibodies were 

further immunoprecipitated using protein A/G agarose beads for 2h at 4°C. The agarose 

beads were subsequently washed three times with RIPA buffer. The purified samples were 

fractionated by electrophoresis on 10% SDS-Page gel and transferred onto nitrocellulose 

membrane. The membrane was blocked with 5% non-fat dried milk for 1h at RT and 

subsequently incubated overnight at 4°C with primary antibody for DARPP-32 (1:250) 

diluted in 5% bovine serum albumin. The membrane was incubated with goat anti-mouse 

secondary antibodies for 1h at RT. The bands were detected with chemiluminescence reagent 

and images were taken using an Alpha Innotech Fluorchem 800 (Alpha Innotech Co., San 

Leandro, CA) gel box imager as described earlier (Rajput et al., 2009b).  

3.3 Results 

3.3.1 Specificity of somatostatin receptors (SSTR1-5) antibodies 

The antibodies used for the expression of SSTR subtypes have been well 

characterized in our previous studies by using western blot analysis and 

immunohistochemistry in rat pancreas, brain and HEK-293 cells transfected with individual 

receptors (Kumar, 2007; Kumar et al., 1999; Rajput et al., 2009a). In the absence of primary 

antibodies, preabsorbed antibodies or in presence of preimmune serum only background 

staining was observed (Kumar, 2007; Kumar et al., 1999). Accordingly, receptor like 

immunoreactivity seen in the presence of receptor specific antibodies was considered 

specific.  
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3.3.2 Somatostatin positive neurons are devoid of DARPP-32 expression in rat brain 

cortex and striatum  

As shown in Figure 3.1 A, E and I, SST positive neurons were identified in all three 

cortical regions including cingulate, temporal and enterohinal cortex. In cingulate and 

temporal cortex, SST like immunoreactivity was confined in cortical layers II, III and deep 

layer (Figure 3.1 A and E). The neuronal population displaying DARPP-32 like 

immunoreactivity in cingulate and temporal cortex confined densely in deep layer with 

scattered neuronal population in upper layer and a cluster of neurons in enterohinal cortex 

(Figure 3.1 B, F and J). As shown in merged images two distinct populations either positive 

for SST or DARPP-32 were seen without any colocalization (Figure 3.1 C, D, G, H, K and 

L). Like cortical brain regions, similar distributional pattern of colocalization was observed 

in striatum. As shown in Figure 3.1 M-P, medium sized aspiny interneurons positive for 

SST can be seen in striatum without any colocalization with DARPP-32 positive MSNs. The 

distributional pattern of SST and DARPP-32 positive neurons in cortex and striatum is in 

accordance to the concept that SST is present in interneurons whereas DARPP-32 is an 

integrated part of the projection neurons. 
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Figure 3.1 Somatostatin positive neurons are devoid of colocalization with DARPP-32 in rat brain cortex 

and striatum. 

To visualize SST and DARPP-32 expression, 40 µm thick free floating brain sections were incubated with anti-

SST monoclonal and anti-DARPP-32 polyclonal antibodies for 24h and followed by incubation with Alexa 594 

(red) and Alexa 488 (green) to identify SST and DARPP-32 (please see methods section for details). In 

cingulate (panels A-D), temporal (panels E-H), enterohinal cortex (panels I-L) and striatum (panels M-P) the 

SST and DARPP-32 immunoreactivity was seen in neurons whereas DARPP-32 immunoreactivity was also 

seen in dendrites and innervated nerve fibers. Note medium sized aspiny interneurons positive to SST were 

devoid of colocalization with DARPP-32. Arrows indicate neurons expressing SST, whereas neurons positive 

for DARPP-32 like immunoreactivity are indicated by arrowhead. Scale bar = 100 µm for panels A-C, E–G, I–

K and M-O and 20 µm for D, H, L and P. 

 

3.3.3 Receptor and region specific colocalization of somatostatin receptor 1-5 with 

DARPP-32 in rat brain cortex 

In cingulate, temporal and enterohinal cortex DARPP-32 like immunoreactivity 

(green) was confined in neuronal soma and dendrites as well as in nerve fibers. As shown in 
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Figure 3.2 A-C, SSTR1 displayed a differential distributional pattern of colocalization with 

DARPP-32 in all three cortical regions studied. In cingulate cortex, we identified three 

different neuronal populations displaying colocalization between SSTR1 and DARPP-32 and 

neurons with either DARPP-32 or SSTR1 immunoreactivity (Figure 3.2 A). In temporal 

cortex, SSTR1 strongly colocalized with DARPP-32 whereas majority of receptor positive 

neurons in deep layer were devoid of DARPP-32 immunoreactivity (Figure 3.2 B). As 

shown in Figure 3.2 C, in enterohinal cortex SSTR1 strongly colocalized with selective 

DARPP-32 positive neurons whereas rest of the neurons were either positive to SSTR1 or 

DARPP-32. In addition, neuronal processes and axonal extension seen positive for DARPP-

32 were devoid of colocalization (Figure 3.2).  

The pattern of colocalization between SSTR2 and DARPP-32 was comparable in 

cingulate, temporal and enterohinal cortex. As illustrated in Figure 3.2 D-F, only few 

DARPP-32 positive neurons exhibit colocalization with SSTR2. Three different populations 

of neurons were identified in the cortical regions first expressing only DARPP-32 (green), 

second expressing SSTR2 (red) like immunoreactivity and third population coexpressing 

SSTR2 and DARPP-32.  However, intensity of colocalization between SSTR2 and DARPP-

32 in cingulate and temporal cortex was relatively weak than enterohinal cortex. The 

colocalization between DARPP-32 and SSTR3 revealed a region specific distinction in all 

three cortical regions. As shown in Figure 3.2 G-I, in cingulate cortex SSTR3 and DARPP-

32 displayed strong colocalization within neuronal cell bodies while dendrites and innervated 

nerve fibers were only positive for DARPP-32. Conversely few neurons in temporal and 

enterohinal cortical region showed moderate degree of colocalization between DARPP-32 

and SSTR3.  
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Figure 3.2 Representative photomicrographs showing the colocalization of SSTR1-5 and DARPP-32 in 

rat brain cortex. 

Coronal brain sections of 40 µm thickness were used for indirect immunofluorescence. Briefly, sections were 

incubated overnight with polyclonal SSTR1-5 and monoclonal DARPP-32 antibodies and followed by 

incubation with Alexa 594 (red) and Alexa 488 (green) to visualize SSTRs and DARPP-32 (please see methods 

section for details). Panels A-C show colocalization of SSTR1 with DARPP-32 in cingulate, temporal and 

enterohinal cortex in a region specific manner. Similarly, SSTR2 (D-F), SSTR3 (G-I), SSTR4 (J-L) and SSTR5 

(M-O) panels represent colocalization with DARPP-32 in region and receptor specific manner. All the three 

cortical regions showed neurons expressing either only SSTR1-5 or DARPP-32 as well as neurons showing 

colocalization. Arrows indicate neurons showing colocalization; SSTR1-5 positive neurons are indicated by 

arrowhead, DARPP-32 positive neurons by asterisk and paired thin arrows indicate DARPP-32 positive 

dendrites/nerve fibers. Scale bar = 20µm. 

 

As depicted in Figure 3.2 J-L, in cortical brain regions we observed significant 

variation in colocalization between DARPP-32 and SSTR4. The number of neurons 

expressing SSTR4 positive immunoreactivity colocalized with DARRP-32 was less in the 
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cingulate and temporal regions of cortex whereas enterohinal cortex exhibited moderate 

colocalization. The innervated nerve fibers in all three cortical regions were strongly positive 

for DARPP-32 and were lacking colocalization with SSTR4 (Figure 3.2 J-L). The 

colocalization of DARPP-32 with SSTR5 in cingulate cortex was comparable to SSTR1. 

SSTR5 is well-expressed receptor subtype in temporal cortex and displayed strong 

colocalization in selective neurons (Figure 3.2 M-O). In enterohinal cortex SSTR5 showed 

strong colocalization with DARPP-32. Three different neuronal populations either showing 

SSTR5 or DARPP-32 and colocalization were identified in all cortical brain regions.  

3.3.4 Quantitative analysis of DARPP-32 positive neurons demonstrating 

colocalization with SSTR subtypes in rat brain cortex 

To determine the percentage distribution of DARPP-32 positive neurons colocalizing 

with SSTRs in rat brain cortex quantitative analysis was performed. There were no 

significant changes in SSTRs and DARPP-32 colocalization in frontal and temporal cortex 

hence quantitative analysis was performed in the aforementioned regions in five different rats 

and neurons were counted from 10-15 fields in frontal/temporal cortex. As shown in Figure 

3.3, SSTR1 was the most prominent receptor subtype colocalized with DARPP-32 (38 ± 4%) 

followed by SSTR5 (32 ± 2%), SSTR4 (27 ± 2%) whereas SSTR2 and SSTR3 constituted 24 

± 0.9% and 18 ± 0.39% respectively.  
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Figure 3.3 Quantitative analysis of SSTR subtypes showing colocalization with DARPP-32 in rat brain 

cortex. 

SSTR1-5 and DARPP-32 positive neurons were counted from frontal/temporal cortex and neuronal population 

showing colocalization was calculated as percentage as described in Material and Methods section. Briefly, 12-

15 randomly selected areas; from three to four sections for each receptor subtypes were used for the 

quantification. Percentage colocalization was quantified using ImageJ software and Colocalization highlighter 

plugin. SSTR1 and SSTR5 colocalized with DARPP-32 in a comparable manner and constitute 38 ± 4% and 32 

± 2% respectively. SSTR4 and SSTR2 exhibit comparable degree of colocalization i.e., 27 ± 2% and 24 ± 0.9% 

respectively. SSTR3 is the receptor subtype colocalized the least with DARPP-32 and constitutes 18 ± 0.39% of 

colocalization. Each bar graph represents mean ± SEM (n=5) 

3.3.5 Colocalization of SSTR subtypes and DARPP-32 in rat brain striatum 

 As described earlier >80% projection neurons in striatum are positive for DARRP-32 

(Ouimet et al., 1998; Walaas and Greengard, 1984). In comparison, SSTRs are expressed in 

medium sized aspiny interneurons as well as projection neurons in a receptor specific 

manner. In striatum, most of the interneurons displaying SSTR subtypes like 

immunoreactivity were lacking DARPP-32 expression. Conversely, projection neurons 

displayed receptor specific colocalization. As shown in Figure 3.4 A-D, SSTR1 strongly 
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colocalized with DARPP-32 in MSNs whereas large interneurons positive for SSTR1 were 

devoid of DARPP-32 like immunoreactivity.  As illustrated in Figure 3.4 E-H, 

colocalization of SSTR2 with DARPP-32 was relatively weak and large populations of 

neurons were devoid of colocalization. As shown in Figure 3.4 I-L, the pattern of 

colocalization of SSTR3 with DARPP-32 in the striatum was greatly different than SSTR1 

and SSTR2. Some of the neurons positive to SSTR3 and DARPP-32 displayed strong 

colocalization. Interestingly, within the same region strongly positive SSTR3 neurons with 

distinct morphological appearance probably interneurons were devoid of DARPP-32 like 

immunoreactivity. 
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Figure 3.4 Photomicrographs illustrating colocalization of SSTR1-5 and DARPP-32 in rat brain striatum. 

Immunofluorescence detection of SSTR1-5 and DARPP-32 in the rat brain striatum was performed using anti-

SSTR1-5 polyclonal and anti-DARPP-32 monoclonal antibodies as described in figure 2 legend. In striatum 

three different neuronal populations expressing SSTR1-5 or DARPP-32 and neurons showing colocalization 

between SSTR subtypes and DARPP-32 were observed. Note, the majority of interneurons positive for SSTR 

subtypes were devoid of DARPP-32 immunoreactivity (arrowheads). In contrast large number of projection 

neurons positive for DARPP-32 selectively display colocalization with SSTR subtypes in receptor specific 

manner. In all the representative panels arrows indicate colocalization and arrowheads represent SSTR1-5 

positive neurons and DARPP-32 positive neurons are identified by asterisk (*). Scale bar = 100 µm for panels 

A-C, E–G, I–K, M-O and Q-S and 20 µm for panels D, H, L, P and T. 
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As illustrated in Figure 3.4 M-P, SSTR4 positive neurons exhibited strong to weak 

colocalization with DARPP-32 and large neuronal population was positive for either SSTR4 

or DARPP-32 in striatum. SSTR5 colocalization was comparable to SSTR1 showing strong 

colocalization in Figure 3.4 Q-T. These results revealed three different populations of 

projection neurons either expressing SSTR subtypes or DARPP-32 alone or colocalization. 

Majority of innervated nerve fibers positive to DARPP-32 were devoid of SSTR subtypes 

like immunoreactivity. 

3.3.6 Quantitative analysis of SSTR subtypes colocalization with DARPP-32 in 

striatum 

Quantitative analysis revealed a distinctive pattern of colocalization of SSTR 

subtypes with DARPP-32. The neurons positive for SSTRs also showed positive 

immunoreactivity for DARPP-32. Like cortical region, highest degree of colocalization was 

displayed by SSTR1 constituting 69 ± 0.98% followed by SSTR5 with 63 ± 0.71%, whereas, 

SSTR2, 3 and SSTR4 positive neurons showed less colocalization when compared with 

SSTR1 and SSTR5 representing 52 ± 0.17%, 45 ± 0.41% and 48 ± 0.37% colocalization 

respectively (Figure 3.5).  
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Figure 3.5 Quantitative analysis of SSTR1-5 positive neurons showing colocalization with DARPP-32 in 

rat brain striatum. 

Neurons positive for SSTR1-5 were counted from striatum and analyzed for colocalization with DARPP-32. A 

total of 1200-1400 neurons were counted from each receptor subtype (as described in methods section). SSTR1 

and SSTR5 showed more colocalization (69 ± 0.98% and 63 ± 0.71% respectively) compared to SSTR2 (52 ± 

0.17%), SSTR3 (45 ± 0.41%) and SSTR4 (48 ± 0.37%). Colocalization highlighter plugin for ImageJ software 

was used to quantify colocalization. The data are presented as percent of SSTR1-5 neurons showing 

colocalization with DARPP-32 positive neurons. Bars represent the mean ± SEM (n = 5) 

 

3.3.7 Expression of DARPP-32 in SSTR1-5 subtypes immunoprecipitate 

The colocalization of SSTR subtypes with DARPP-32 in cortex and striatum is the 

indication that SSTR may interact with DARPP-32 and possibly, like DRs might involve in 

DARPP-32 phosphorylation. Accordingly, we next determined the expression of DARPP-32 

in SSTRs immunoprecipitate prepared from cortex and striatum.  Briefly, tissue lysate 
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prepared from rat brain cortex and striatum was immunoprecipitated with SSTR subtypes 

antibodies, fractionated on SDS-PAGE and blotted for DARPP-32 antibody. 

 

Figure 3.6 DARPP-32 is expressed in SSTR subtypes immunoprecipitate. 

Tissue lysate prepared from cortex and striatum was immunoprecipitated overnight for SSTR1-5 and 

fractionated on SDS page and immunoblotted for DARPP-32 (please see materials and methods section). Two 

specific bands at approximately 80-90 kDa and 32 kDa where; 80-90 kDa represents a complex of DARPP-32 

and SSTR subtype and 32 kDa represent DARPP-32.  

 

 As illustrated in Figure 3.6, SSTR subtypes immunoprecipitate from cortex and 

striatum exhibited DARPP-32 immunoreactivity. We observed the complex of SSTRs and 

DARPP-32 at approximate size of 80-90 kDa and additionally we also detected DARPP-32 

at 32kDa. Taken together, these results suggest that SSTR might interact with DARPP-32 in 

CNS. 
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3.4 Discussion 

We recently described that knocking down of SST using antisense oligonucleotide 

and immunoadsorption of released SST with SST antibodies accelerates QUIN/NMDA 

induced neuronal cell death in cultured striatal neurons including the neuronal population 

expressing enzyme nicotinamide adenine dinucleotide phosphate-diaphorase (NADPH-d) 

(Kumar, 2008). These results provide first evidence that the presence of SST in medium 

sized aspiny interneurons and released SST is necessary for the survival of projection 

neurons. However which receptor might be involved in SST mediated neuroprotection is not 

known. In the present study, we characterize the distributional pattern of SSTRs in projection 

neurons using DARPP-32 as an index of projection neurons. In cortex and striatum SST 

positive neurons are devoid of DARPP-32 immunoreactivity. Receptor specific 

colocalization with DARPP-32 in cortex and striatum revealed that SSTR 1 and SSTR 5 are 

the prominent receptor subtype colocalized with DARPP-32.  Furthermore, the direct 

evidence in support of our colocalization is the expression of DARPP-32 in SSTRs 

immunoprecipitate prepared from cortex and striatum. Such preferential and selective 

colocalization of SSTRs with DARPP-32 indicates the specific role of SSTR subtypes in 

excitotoxicity and specifically in pathophysiology of HD. This is the first comprehensive 

description elucidating the comparative colocalization of SSTRs with DARPP-32 in receptor 

and region specific manner and suggests that SSTRs positive neurons lacking colocalization 

with DARPP-32 might be preserved in pathophysiology of HD and QUIN/NMDA induced 

neurotoxicity. 

Role of SST as multifunctional peptide and its widespread distribution in different 

parts of CNS is linked to the pathophysiology of several diseases (Cervia and Bagnoli, 2007; 
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Panteris and Karamanolis, 2005). SSTRs are expressed in CNS and are involved in various 

neurological diseases like HD (Aronin et al., 1983; Menkes, 1988), Alzheimer’s disease 

(Doggrell, 2004; Kumar, 2005), Parkinson’s Disease (Agnati et al., 2003), epilepsy (Binaschi 

et al., 2003), HIV encephalitis (Fox et al., 1997), dementia (Doggrell and Evans, 2003) and 

psychiatric disorder like schizophrenia (De Wied and Sigling, 2002). Consistent with these 

studies, pattern of colocalization described here provides new insight for the role of SSTR 

subtypes in association with DARPP-32 in neurodegenerative diseases and 

neuropsychological disorders. 

Selective preservation of interneurons expressing SST in excitotoxicity was proposed 

due to the lack of NMDARs (Chen et al., 1999; Koh et al., 1986). However, recent studies 

have shown the presence of NMDARs in medium sized aspiny interneurons (Augood et al., 

1994; Kumar et al., 1997a). Consistent with these observations, preferential low 

preponderance of NMDAR and lack of DARPP-32 in SST positive neurons strengthen the 

concept of interneurons survival in excitotoxicity. The distributional pattern of SST and 

DARPP-32 in MSNs is consistent with previous studies showing single staining in different 

neuronal populations (Yoshioka et al., 2011). SSTR subtypes function as autoreceptors in 

region and receptor specific manner and subtype devoid of DARPP-32 like immunoreactivity 

might be resistant in excitotoxicity as well as in HD. Conversely, SSTRs subtypes displaying 

colocalization with DARPP-32 might be susceptible in excitotoxicity as well as in HD. 

Consistent with our speculation in our recent studies we have shown in SSTR1 and SSTR5 

double knockout mice a marked decrease in DARPP-32 like immunoreactivity as seen in 

R6/2 HD transgenic mice (Rajput et al., 2011b). This study further validates our 

colocalization findings, which shows an extensive colocalization of DARPP-32 with SSTR1 
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and SSTR5 in comparison to other subtypes In HD pathophysiology and excitotoxicity 

NMDARs that are expressed in majority of MSNs play key role upon activation (Cepeda et 

al., 2001; Fan and Raymond, 2007). Studies have shown that phosphorylation of DARPP-32 

modulates NMDAR functions via inhibition of Protein Phosphatase-1 (PPtase1) which play a 

key role in modulating cAMP Response Element-Binding Protein (CREB). Recent studies 

have shown the role of DARPP-32 phosphorylation and modulation of signaling via PPtase1 

and Protein Phosphatase-2 (PPtase2) in various HD models (Metzler et al., 2010). We have 

previously reported that NMDARs colocalize with SST positive neurons (Kumar et al., 

1997a). The data from our study indicates a possible interaction between SSTRs and 

NMDARs that could potentially modulate the signaling in HD.  

The role of DRs in DARPP-32 phosphorylation has been studied in detail and DRs 

mediated DARPP-32 phosphorylation modulates the downstream signaling linked to many 

neurodegenerative disorders. Previous studies have shown that SSTRs share a structural 

homology with DRs and function as heterodimers with enhanced pharmacological activity 

(Baragli et al., 2007; Rocheville et al., 2000a). In agreement with these observations, 

colocalization of DARPP-32 with SSTRs and its expression in SSTR immunoprecipitate 

suggest that SSTRs might be involved in DARPP-32 phosphorylation and might modulate 

downstream signaling pathways associated with neurodegeneration and excitotoxicity in HD. 

In conclusion our, data provides first comprehensive distributional pattern of colocalization 

of SSTRs with DARPP-32 and evidence that SSTRs and DARPP-32 might constitute 

functional complex that might play an important role in neurological diseases. The potential 

outcome of our study provides the new dimension in understanding the molecular mechanism 
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for DARPP-32 phosphorylation and receptor specific role of SSTR subtypes in brain 

specifically during progression of neurodegenerative diseases. 
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Chapter  4: 3Somatostatin receptor 1 and 5 double knockout mice mimic 

neurochemical changes of huntington’s disease transgenic mice 

Results described in previous chapter suggested that SSTR 1 and SSTR5 receptor 

subtype colocalize predominantly with DARPP-32 in striatum. These observations are the 

first indication that SSTR1 and SSTR5 receptor subtype might play a crucial role in 

neuroprotection. To study in depth and ascertain the physiological implications of SSTR1 

and SSTR5 we next determined the changes in key receptors and signaling pathways 

involved in excitotoxicity in SSTR1/5 double ko mice and compared with HD transgenic 

mice (R6/2).  

4.1 Background 

Huntington’s disease (HD) is an inherited autosomal dominant neurodegenerative 

disorder caused by mutation in the huntingtin (Htt) gene and characterized by progressive 

chorea and impaired cognitive function (de la Monte et al., 1988; Giampa et al., 2006). 

Genetic abnormality of expanded polyglutamine repeat sequence is confined in the coding 

region of a gene IT15 located on chromosome 4 encoding the Htt protein (HDCRgroup, 

1993; Kumar et al., 1997a). The length of CAG repeat is one of the factors that plays an 

important role in the onset of HD symptoms (Brinkman et al., 1997; Gusella and MacDonald, 

2000). Pathological characteristics of the disease are the intranuclear inclusion of mutated Htt 

and neostriatum atrophy and gliosis. 

                                                

3  A version of this chapter is published as:  
Rajput PS, Kharmate G, Norman M, Liu SH, Sastry BR, Brunicardi CF, Kumar U. PLoS 
One. 2011; 6(9):e24467.  
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In addition to genetic mutation and histopathological hallmarks, the critical 

determinant of HD is the degeneration of medium size spiny neurons (MSNs) expressing γ-

aminobutyric acid (γ-GABA), N-methyl-D-aspartic acid receptors (NMDARs) and dopamine 

and cAMP regulated phosphoprotein of 32 kDa (DARPP-32). In contrast, in striatum, a 

subset of neuronal population consisting of medium sized aspiny interneurons positive to 

somatostatin (SST), neuropeptide Y (NPY) and nicotinamide adenine dinucleotide 

phosphate-diaphorase (NADPH-d)/brain nitric oxide synthase (bNOS) are selectively spared 

(Cicchetti and Parent, 1996; Ferrante et al., 1985). In addition, the expression of calbindin D-

28K is increased in HD patients, transgenic mouse models and quinolinic acid (QUIN)-

induced excitotoxicity (Huang et al., 1995; Kiyama et al., 1990; Sun et al., 2005). Activation 

of NMDARs in striatum mimics the pathological, neurochemical and behavioral changes of 

HD (Li and Li, 2004). Furthermore, the analysis of HD patient’s postmortem brain reveals 

the degeneration of NMDAR-positive neurons and association with the pathogenesis in HD 

(Albin et al., 1990; Young et al., 1988). NMDARs are composed of two subunits of NR1 and 

two subunits of NR2A, NR2B or NR2C (Monyer et al., 1994; Ozawa et al., 1998). Previous 

studies have shown enhanced NMDAR-mediated toxicity in cells expressing mutated Htt as 

well as in HD mouse models (Chen et al., 1999; Fan and Raymond, 2007). Recently, the 

functional importance of NMDARs emerged from a study describing the role of NMDAR 

antagonist memantine to block the nuclear inclusion of Htt in yeast artificial chromosome 

(YAC) mice (Okamoto et al., 2009). These data suggest that NMDARs play an important 

role in HD and may contribute to neuronal loss.  

NMDA replicate the neuropathological features of HD and have been used as models 

of the disease (Beal et al., 1991; Beal et al., 1986). In the striatum of experimental mice, 
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medium-sized aspiny interneurons expressing SST, NPY and NADPH-d/bNOS are 

selectively resistant to QUIN-induced excitotoxicity. Similarly, such interneurons are 

relatively well spared observations in the brains of HD patients (Aronin et al., 1983; Beal et 

al., 1984; Beal et al., 1986; Dawbarn et al., 1985; Nemeroff et al., 1983; Okamoto et al., 

2009; Vincent and Johansson, 1983). Previous studies have also shown increased SST 

secretion and gene expression in HD brain and NMDA/QUIN-induced excitotoxicity (Beal et 

al., 1984; Beal et al., 1986; Patel et al., 1991). In support of the selective preservation of 

interneurons, it was argued that these neurons lack NMDARs (Koh et al., 1986). In contrast, 

several recent studies have shown the presence of NMDARs in SST/NPY/NOS positive 

neurons in striatum of rat brain and cultured striatal neurons (Augood et al., 1994; Chen et 

al., 1996; Kumar et al., 1997a). Most importantly, we have recently shown that 

immunoblockade of SST by using antisense oligonucleotides and immunoneutralization of 

released SST by using SST specific antibodies potentiate neuronal loss in QUIN/NMDA-

induced excitotoxicity in cultured striatal neurons, including NPY, NADPH-d and bNOS 

positive neurons (Kumar, 2008). Furthermore, selective sparing of SST positive neurons in 

bNOS knockout mice suggests that the presence of SST is essential for the survival of 

interneurons (Dawson et al., 1996).  

The presence of SST in the central and peripheral nervous system is associated with 

several physiological functions, which are attributed to different receptor subtypes, namely 

somatostatin receptor 1-5 (SSTR1-5), which are members of G-protein coupled receptor 

(GPCR) family. All five SSTR subtypes display-overlapping distribution in different parts of 

brain and importantly couple to Gi protein and inhibit cAMP in a pertussis toxin sensitive 

manner. SSTRs are involved in the regulation of ion channels; inhibition of Ca2+ and 
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activation of K+ channels involved in the release of several neurotransmitters and modulation 

of neurotransmission (Patel, 1999). These functional properties of SSTR subtypes can be 

further enhanced by interaction with members of their own family as well as other GPCRs, 

including dopamine and opioid receptors via heterodimerization (Grant et al., 2004a; Grant et 

al., 2004b; Pfeiffer et al., 2002; Rocheville et al., 2000a). Widespread distribution of SSTRs 

in CNS is involved in various neurological diseases such as Huntington’s disease (HD), 

Alzheimer’s disease (AD), Parkinson’s disease (PD), epilepsy, HIV encephalitis, dementia 

and psychiatric disorders, including schizophrenia (Aronin et al., 1983; Binaschi et al., 2003; 

De Wied and Sigling, 2002; Doggrell, 2004; Fox et al., 1997; Kumar, 2005). These studies 

cumulatively suggest the critical and pivotal role of SSTR subtypes in neurodegenerative 

diseases.  

We recently observed that the knock-down of SSTR 1 and SSTR 5 using antisense 

oligonucleotides accelerated neuronal death upon NMDA treatment in cultured striatal 

neurons (unpublished observations). Accordingly, in an attempt to elucidate the possible 

functions of SSTR1 and 5, the present study was undertaken to determine the expression of 

NMDARs, DARPP-32, calbindin, bNOS/SST and SSTRs in striatum of R6/2 and SSTR1/5-/-

mice. In addition, we also studied the downstream signaling cascades including calcineurin, 

calpain, PKC-α, ERK1/2, synapsin-IIa and enkephalin associated in the process of 

neurodegeneration in HD pathology as well as in experimental models of the disease. In the 

present study, for the first time, we describe that the SSTR1/5 complex is a critical regulator 

of NMDARs, DARPP-32 and downstream signaling cascades normally seen in R6/2 

transgenic mice. Importantly, this study revealed that SSTR1/5-/- mice mimic neuro-and 

biochemical changes of presymptomatic HD transgenic mice. 
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4.2 Materials and methods 

4.2.1 Materials 

Rabbit polyclonal antibodies for SSTR subtypes have been previously characterized 

(Geci et al., 2007; Kumar, 2005; Rajput et al., 2009a). Mouse monoclonal antibodies for 

DARPP-32 and calcineurin were purchased from BD Biosciences (Mississauga, ON, 

Canada). Antibodies against NMDAR-1, NMDAR-2A, and NMDAR-2B were obtained from 

Millipore (CA, USA) and anti-calbindin D-28K from Sigma-Aldrich (MO, USA). PKC-α, 

ERK1/2, synapsin-IIa and Met/Liu enkephalin were obtained from Cell Signaling 

Technology (MA, USA). The peroxidase vectastain ABC kit was purchased from Vector 

Laboratories (CA, USA). Nitrocellulose Hy-bond membrane and enhanced 

chemiluminescence (ECL) detection kit was obtained from Amersham Ltd. (Oakdale, ON, 

Canada). All other chemicals of analytical grade were obtained from various commercial 

sources. 

4.2.2 Animals 

Perfused and frozen brains from 8-week old HD (C57BL/6 X CBA)F1(B6CBA)-TgN 

(HDexon1)62 (R6/2) carrying 120 +/- 5 CAG repeat expansions and [wild-

type(WT)]B6CBAF1/J mice were obtained from Jackson Laboratory (Sacramento, CA, 

USA). Similarly, frozen and perfused brains from 8 weeks old SSTR1/5-/- mice and wt were 

kindly provided by Dr. F. C. Brunicardi (Michael E. DeBakey Department of Surgery, 

Baylor College of Medicine, Houston, Texas, USA). Further details for the creation and 

characterization of SSTR1/5-/- mice have been described in detail previously (Wang et al., 

2004). The protocols regarding animal care were followed in compliance with the Institute of 
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Laboratory Animal Resources, Commission on Life Sciences, National Research Council. 

The wt and SSTR1/5-/- mice were housed at Baylor college of Medicine, Houston, Texas, 

USA with 12-hour light/dark cycle. 

4.2.3 Immunohistochemistry studies  

In the present study, three male adult mice from each group, wt and R6/2 and five 

male adult mice from wt and SSTR1/5-/- mice were used. 30µm thick coronal brain sections 

were cut on Leica vibratome. Immunostaining was performed on free-floating sections using 

the avidin–biotin peroxidase Vectastain ABC kit as described previously (Billova et al., 

2007; Geci et al., 2007; Rajput et al., 2009a). Briefly, brain sections were incubated with 

0.3% hydrogen peroxide followed by incubation with 0.02% Triton X-100. Following three 

washes, sections were incubated with 5% NGS for 1 h at room temperature (RT) and 

followed by overnight incubation with specific primary antibodies against rabbit-anti-

SSTR1-5 (1:500), rabbit-anti-SST (1:600), mouse anti-DARPP-32 (1:250), mouse anti-

NMDAR-1, NMDAR-2A, NMDAR-2B and calbindin D-28K (1:500) and rabbit anti-bNOS 

(1:400) in 1 % NGS at 4°C in humid atmosphere. The sections were incubated with the 

biotinylated secondary antibodies; goat-anti-rabbit to detect SSTRs, SST, and bNOS and goat 

anti-mouse to detect DARPP-32, calbindin and NMDARs and followed by incubation in 

ABC complex for 30 min. The final color was developed by adding a mixture containing 

0.001% hydrogen peroxide and 0.2mg/ml of 3,3-diaminobenzidine (DAB) for 3-4 min in 

50mM Tris buffer. Sections were washed in PBS, mounted onto slides and viewed and 

photographed under Leica microscope attached with the Retiga 2000R camera.  

4.2.4 Western blot analysis 
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Striatal tissues isolated from R6/2 or SSTR1/5-/- mice and respective wt brains were 

homogenized in homogenizing buffer containing (62.5mM Tris-HCl, 50mM dithiothretiol 

[DTT], 10% glycerol, 2% SDS). 15µg of total protein was fractioned by electrophoresis on 

10% SDS polyacrylamide gel, transferred onto 0.2µm-nitrocellulose membrane.  The 

membrane was blocked with 5% non-fat dried milk at RT for 1 h and incubated overnight at 

4°C with specific primary antibodies against– SSTRs1-5, NMDARs, bNOS (1:600), SST, 

enkephalin, synapsin-IIa, calpain, calcineurin, calbindin, phospho and total ERK1/2, PI3K 

(1:1000), DARPP-32 (1:250) and PKC-α (1:500). Following three subsequent washes, the 

membrane was incubated with peroxidase conjugated goat anti-rabbit or a goat anti-mouse 

secondary antibody at RT for 1 h. The bands were detected using chemiluminescence reagent 

and images were taken using an Alpha Innotech FluorChem 8800 (Alpha Innotech Co., San 

Leandro, CA) gel box imager. β-actin was used as the housekeeping protein for loading 

control. The bands intensity was quantified using densitometric analysis and the changes in 

protein expression were calculated as the ratio of band of interest and the density of β-actin.  

4.2.5 Quantitative analysis  

Quantitative analysis on brain sections was performed using NIH Image J software as 

described earlier (Rajput et al., 2009a). Neurons were considered immunoreactive if the 

labeling of their cell bodies was distinctly higher than the background staining obtained in 

the presence of pre-absorbed or in the absence of primary antibodies. For quantitative 

analysis five mice were taken from wt, SSTR1/5-/- mice and three for wt and R6/2 mice. 12-

15 randomly selected areas from 6-7 sections from individual mouse brain were used for 

neuronal counting. Since our immunohistochemical studies provide semiquantitative analysis 
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of immunoreactivity in R6/2 or SSTR1/5-/- and respective wt mice we took all the possible 

precaution to keep our experimental conditions consistent in all aspects, i.e., incubation 

timings with antibodies (18 h) and 3, 3-diaminobenzidine for the final color development (4 

mins).  

4.2.6 Statistical analysis  

Data are presented as percentage changes in neuronal population for positive 

immunoreactivity from 6-7 brain sections per mice. Total of (6000-6500) neurons were 

counted in each condition. Bars represent the mean ± SEM (n= 3 for R6/2 and n=5 for 

SSTR1/5-/-). Statistical comparison between wt and R62 (n=3) and wt and SSTR1/5-/- (n=5) 

mice were analyzed using student t-test (*p< 0.05). GraphPad Prism 5.0 (San Diego, CA) 

was used to perform all the statistical analysis. 

4.3 Results 

4.3.1 Decreased DARPP-32 expression and increased calbindin D-28K expression in 

striatum of SSTR1/5-/- mice and R6/2 mice brain 

Neuronal population in striatum is largely composed of medium sized projection 

neurons, which are positive for DARPP-32 and constitute 80% of total neuronal population. 

Several previous studies have shown significant loss of DARPP-32 like immunoreactivity in 

HD patients and/or in experimental models of disease (Bibb et al., 2000; Torres-Peraza et al., 

2007). Accordingly, here we examined the DARPP-32 like immunoreactivity using 

immunohistochemical and Western blot analysis in R6/2 and SSTR1/5-/- as well as respective 

wt mice brains. As illustrated in Figure 4.1 a, consistent with previous studies, a marked 
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decrease in signal intensity of DARPP-32 was observed in R6/2 when compared to wt mice. 

Like R6/2 mice, a similar decrease in DARPP-32 like immunoreactivity was observed in 

SSTR1/5-/- when compared to wt mice. DARPP-32 like immunoreactivity is mostly 

expressed as cytoplasmic protein. Consistent with our immunocytochemistry data, Western 

blot analysis showed a significant decrease in DARPP-32 expression in comparison to wt in 

the brains of both R6/2 and SSTR1/5-/- mice (Figure 4.1 b).  

 

 

Figure 4.1 Representative low- and high-magnification photomicrogrpahs depicting comparative 

distribution of DARPP-32 immunoreactivity in striatum of R6/2 and SSTR1/5-/- mice. 

DARPP-32 like immunoreactivity was lost in striatum of R6/2 and SSTR1/5-/- mice, respectively (a). 

Comparable decreased expression of DARPP-32 (32 kDa)  in R6/2 and SSTR1/5-/- mice was also seen in 
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Western blot analysis (b). Calbindin like immunoreactivity was found to be increased in both R6/2 and 

SSTR1/5-/- mice compared to respective wt mice (c upper panel). Increased calbindin (28 kDa) expression was 

further confirmed with Western blot analysis (c bottom panel). Data presented as mean ± SD for Western blot 

analysis (SSTR1/5-/-, n=5 and R6/2 mice, n=3) in comparison to wt mice brain,***P<0.001 and *P<0.05. Scale 

bar = 150µm  upper panel a; 20µm for lower panel and upper panel c and 5µm for inset. 

 

Similar to DARPP-32, calbindin D-28K immunoreactivity was detected in the 

striatum and has been used as an index of MSN. As illustrated in Figure 5.1c, increased 

expression of calbindin-like immunoreactivity was observed in R6/2 and SSTR1/5-/- when 

compared to wt mice. Western blot analysis showed consistent results as seen in 

immunohistochemistry with increased expression of calbindin in striatum of R6/2 and 

SSTR1/5-/- mice (Figure 4.1 c). 

4.3.2 SST and bNOS positive neurons are selectively spared in striatum of R6/2 and 

SSTR1/5-/- mice   

Previous studies have shown that medium-sized aspiny interneurons positive for 

bNOS/ NADPH-d also co-express SST and NPY and are selectively preserved in HD 

patients as well as experimental models of disease (Cicchetti and Parent, 1996; Ferrante et 

al., 1985). Accordingly, we determined the expression of bNOS and SST-positive neurons in 

striatum of R6/2 and SSTR1/5-/- mice brain. As shown in Figure 4.2 a, bNOS 

immunoreactivity was observed in sparsely distributed neurons all over the striatum with 

arborizing neuronal processes without discernable changes in R6/2 and SSTR1/5-/- mice 

when compared to wt mice. In addition, Western blot analysis also revealed no significant 

changes in bNOS expression levels in R6/2 and SSTR1/5-/- mice in comparison to their 

counterpart wt.  
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Figure 4.2 Comparative immunohistochemical localization of bNOS and SST in striatum of R6/2 and 

SSTR1/5-/- mice. 

The expression level of bNOS (a upper panel) was comparable in both strains. Furthermore, Western blot 

analysis revealed  no significant changes in bNOS (160 kDa) expression (a bottom panel) . As shown in upper 

panel b expression of SST in both the strains was comparable. Western blot analysis reveals no change in 
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expression of SST (28 kDa) in both the strains (b bottom panel) when compared to respective wt. Histogram 

represent quantitative analysis of bNOS and SST positive neurons (c).  Data presented as mean ± SD (SSTR1/5-

/-, n=5 and R6/2 mice, n=3) in comparison to wt mice brain. Scale bar = 20 µm panel a and b and 5 µm for inset. 

 

As shown in Figure 4.2 b, the neuronal population exhibiting SST like 

immunoreactivity was comparable in R6/2 and SSTR1/5-/- mice using immunohistochemistry 

and Western blot analysis. As shown in Figure 4.2 c, further quantitative analysis revealed 

comparable changes in bNOS and SST positive neurons in R6/2 and SSTR1/5-/- mice as well 

as in comparison to wt. R6/2 transgenic mice exhibited 14 and 8% loss of bNOS and SST 

positive neurons, respectively. Conversely, SSTR1/5-/- mice showed 15 and 3% loss of bNOS 

and SST positive neurons respectively, not significantly different from wt mice. 

4.3.3 Expression of NMDA receptor subtypes in the striatum of SSTR1/5-/- and R6/2 

mice   

The role of activated NMDARs in degeneration of medium spiny neurons in HD as 

well as in excitotoxicity is indisputable. Several previous studies have shown the activation 

of NMDAR subtypes in the brain of R6/2 transgenic mice (Fan and Raymond, 2007). We 

sought to determine whether R6/2 and SSTR1/5-/- mice exhibit comparable cellular 

distribution pattern in NMDAR subunits and determined the expression levels of NR1, 

NR2A and NR2B using immunohistochemistry and Western blot analysis. As shown in 

Figure 4.3 a, in wt mice brain NR1-like immunoreactivity in striatal neurons was confined to 

the cell membranes, as well as, intracellularly. Additionally, NR1-like immunoreactivity was 

also seen in nerve fibers. In comparison to wt, R6/2 mice brain displayed strong NR1 

immunoreactivity that was restricted to cell membrane. Consistent with 

immunohistochemistry, increased receptor expression was observed in striatal tissue lysate 
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prepared from R6/2 mice in comparison to wt. Similar pattern of NR-1 immunoreactivity was 

observed in SSTR1/5-/- mice in comparison to wt using immunohistochemistry and Western 

blot analysis (Figure 4.3 a). Similar to the NR1 expression, NR2A subunit expression was 

increased in R6/2 and SSTR1/5-/- mice when compared to respective wt (Figure 4.3 b). 

Interestingly, NR2A immunoreactivity expressed at cell surface in R6/2 mice in comparison 

to SSTR1/5-/- mice where receptor immunoreactivity was markedly intracellular. Western 

blot analysis revealed enhanced NR2A expression in SSTR1/5-/- mice in comparison to R6/2 

mice as well as respective wt. In comparison to NR1 or NR2A expression, R6/2 and 

SSTR1/5-/- mice exhibited the loss of NR2B immunoreactivity. The loss of NR2B was to a 

greater extent in R6/2 brain than SSTR1/5-/- mice (Figure 4.3 c). The distributional pattern of 

NR2B-like immunoreactivity was significantly different in R6/2 and SSTR1/5-/- mouse 

striatum. As illustrated in Figure 4.3 c, in R6/2 mice, NR2B in striatal neurons was 

expressed at cell surface, whereas in SSTR1/5-/- mice, receptor-like immunoreactivity was 

present intracellularly. These data collectively provide comparable changes in NMDAR 

subunits in R6/2 and SSTR1/5-/- mice with a distinct distribution pattern. As illustrated in 

Figure 4.3 d, quantitative analysis revealed that R6/2 and SSTR1/5-/- mice displayed 10 and 

16% increase in neuronal population positive to NR1 whereas 15 and 12% increase was 

observed in NR2A. In contrast, neuronal population expressing NR2B declined by 21% in 

R6/2 mice without any significant changes in SSTR1/5-/- mice brain when compared to wt 

mice. 
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Figure 4.3 Representative photomicrographs illustrating distribution of NMDAR subtypes expression in 

striatum of R6/2 and SSTR1/5-/- mice. 

Comprarable distribution pattern of  NR1 (a), NR2A (b)  and NR2B (c) was seen between R6/2 mice and 

SSTR1/5-/- mice. Quantitaive analysis of receptor immunoreactivity was accomplished using Western blot 

analysis. Note the increased expression of NR1 (120 kDa)  immunoreactivity (a upper panel) and expression by 

Western blot (a lower panel) in R6/2 and SSTR1/5-/- mice. NR2A (180 kDa) expression was increased in R6/2 

and SSTR1/5-/- mice (b). Decreased expression of NR2B (190 kDa) was seen in R6/2 mice whereas no 

significant changes in SSTR1/5-/- mice when compared to wt mice (c). Note cytosolic accumulation of NR2A 
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and NR2B in SSTR1/5-/- mice and membrane expression in R6/2 mice. Percentage changes in NMDARs 

positive neurons in R6/2, SSTR1/5-/- mice and wt mice are shown in panel (d). Data presented as mean ± SD for 

Western blot analysis (SSTR1/5-/-, n=5 and R6/2 mice, n=3) in comparison to wt mice brain, *P<0.05, ** 

P<0.01. Scale bar = 20 µm panel a-c and 5 µm for inset. 

 

4.3.4 Receptor-specific changes in SSTR subtype in striatum of SSTR1/5-/- and R6/2 

mice 

In our recent study, we have shown the expression of SSTRs in both MSNs and 

interneurons (Rajput et al., 2009a). We have recently shown the receptor specific changes in 

cortical brain region of SSTR5-/-mice (Ramirez et al., 2004). Here we describe the 

comparative distribution pattern of SSTR subtypes in striatal brain regions of R6/2 and 

SSTR1/5-/- mice. In both cases, SSTRs like immunoreactivity was observed in medium-sized 

projection neurons, as well as in medium-sized aspiny interneurons in a receptor-specific 

manner. As shown in Figure 4.4, SSTR1-like immunoreactivity was increased in R6/2 mice 

in comparison to wt, as expected in SSTR1/5-/- mice, no SSTR1 expression was detected, 

while wt mice exhibited receptor-like immunoreactivity (Figure 4.4 a). Like SSTR1, in R6/2 

and SSTR1/5-/- mice striatum, SSTR2 like immunoreactivity was increased as determined by 

immunohistochemistry and Western blot analysis (Figure 4.4 b). Interestingly, SSTR3 like 

immunoreactivity in R6/2 and SSTR1/5-/- mice exhibited distinct distribution pattern. 
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Figure 4.4 Peroxidase immunohistochemistry illustrating the changes in distribution pattern of SSTR1-5 

in striatum of  R6/2 and SSTR1/5-/- mice.  

SSTR1(53 kDa)  like immunoreactivity increased in striatum of R6/2 mice and abolished completely in 

SSTR1/5-/- mice  (a). SSTR2 (57 kDa)  like immunoreactivity was increased in R6/2 and SSTR1/5-/- mice (b). 

SSTR3 (60 kDa) expression was increased in R6/2 while it decreased in SSTR1/5-/- mice striatum (c). 
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Comparable expression of SSTR4 (44 kDa) was observed in both R6/2 and SSTR1/5-/- mice brain (d). SSTR5 

(58 kDa)  expression was selectivley higher in R6/2 mice brain than wt  and receptor like immunoreactivity was 

not detected in SSTR1/5-/- mice (e). Data presented as mean ± SD (SSTR1/5-/-, n=5 and R6/2 mice, n=3) in 

comparison to wt mice brain, *P<0.05, ** P<0.01. Scale bar = 20 µm panel a-e and 5 µm for inset 

 

As illustrated in Figure 5-4 c, increased expression of SSTR3 was seen in R6/2 mice 

in comparison to wt, whereas SSTR1/5-/- displayed significant loss in SSTR3 likes 

immunoreactivity when compared with wt. Conversely, SSTR4-like immunoreactivity was 

comparable in both R6/2 and SSTR1/5-/- mice without any discernable changes (Figure 5-4 

d). R6/2 transgenic mice exhibited increased expression of SSTR5 like immunoreactivity 

when compared with wt (Figure 5-4 e). Although no SSTR5 expression was seen in 

SSTR1/5-/- mice, SSTR5 like receptor expression was well expressed in wt.  

 

Figure 4.5 Quantitative analysis of SSTR postive neurons for receptor specific changes in SSTR1/5-/- and 

R6/2 mice strains. 

Note receptor specific changes in the numbers of SSTR1–5 positive neurons in SSTR1/5-/-and R6/2 mice 

compared to the respective wt. Data presented as mean ± SD for neuronal quantification (SSTR1/5-/-, n=5 and 

R6/2 mice, n=3) in comparison to wt mice brain, *P<0.05, ** P<0.01. 
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As illustrated in Figure 4.5, quantitative analysis of SSTR subtypes indicates receptor 

specific changes in R6/2 and SSTR1/5-/-. In R6/2 transgenic mice SSTR1, SSTR2, SSTR3 

and SSTR5 positive immunoreactive neurons were increased by 25, 18, 19 and 17%, 

respectively, in comparison to wt. Conversely, SSTR4 positive neurons were not changed 

significantly in R6/2 and SSTR1/5-/- in comparison to wt. However, in SSTR1/5-/- mice 

SSTR2-positive neurons increased by 25%, whereas SSTR3 positive neurons declined by 

38% when compared to wt. 

4.3.5 Comparable changes in signaling cascades in striatum of SSTR1/5-/- and R6/2 

mice  

The physiological response of neurons upon activation or inhibition of GPCR or 

ionotropic receptors is intimately associated with the modulation of signaling pathways.  

Whether the ablation of SSTR modulates signaling cascades similar to the model of 

neurodegenerative disease has not been studied yet. Several previous studies have shown 

significant changes in mitogen activated protein kinases (MAPK); extracellular regulated 

kinase (ERK1/2) and several other key regulators associated with neuronal degeneration and 

pathogenesis of neurodegenerative diseases. To ascertain the underlying mechanism and 

functional consequences of the changes seen in SSTR and NMDAR subtypes here we 

determined the expression levels of pERK1/2, PKC-α, PI3K, calcineurin, calpain, synapsin-

IIa, and enkephalin in striatum of R6/2 and SSTR1/5-/- mice brain by Western blot analysis. 

As shown in Figure 4.6 a, the expression levels of pERK1/2 were not altered in R6/2 mice 

whereas the status of pERK1/2 was increased in SSTR1/5-/- mice but not significantly when 
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compared to wt.  The expression level of cell survival pathway PI3K was increased in 

SSTR1/5-/- mice, whereas, it decreased significantly in R6/2 transgenic mice (Figure 4.6 b). 

In contrast, decreased expression of PKC-α (Figure 4.6 c) was observed in SSTR1/5-/- mice 

and R6/2 mice when compared to wt.  

 

Figure 4.6 Downstream signaling pathways are differentialy regulated in R6/2 and SSTR1/5-/- mice.  

Tissue lysate prepared from striatum of R6/2 and SSTR1/5-/- mice brain was fractionated on 10% SDS PAGE 

and membrane was blotted for total and phosphorylated ERK1/2 and PI3K and PKC-α. The status of p-ERK1/2 
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is not changed in R6/2 and SSTR1/5-/- mice striatum (a). Note the decreased expression level of PI3K (110 kDa) 

in R6/2 mice whereas SSTR1/5-/- mice brain exhibited increased PI3K expression (b). In contrast PKC-α (80 

kDa) decreased in R6/2 and SSTR1/5-/- mice brain (c). Data presented as mean ± SD (SSTR1/5-/-, n=5 and R6/2 

mice, n=3) in comparison to wt mice brain, *P<0.05, ** P<0.01, ***P<0.001. 

 

Previous studies have shown that the inhibitors of calcineurin accelerate HD 

neurological phenotype in R6/2 mice (Hernandez-Espinosa and Morton, 2006). Accordingly, 

we determined the expression levels of calcineurin in R6/2 and SSTR1/5-/- mouse brains. As 

illustrated in Figure 4.7 a, calcineurin expression decreased in R6/2 and SSTR1/5-/- mice, 

when compared to wt mice. Studies using YAC transgenic mice models have shown 

increased calpain expression, which is involved in neuronal apoptosis (Cowan et al., 2008). 

However, no data is presently available for calpain expression in R6/2 mice. As shown in 

Figure 4.7 b, increased expression of calpain in R6/2 mice as well as in SSTR1/5-/- mice was 

observed. Consistent with previous studies, these data strongly suggest the possible 

interaction between activation of NMDARs and increased expression of calpain in YAC and 

R6/2 transgenic mice.  
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Figure 4.7 Western blot analysis demonstrating the changes in expression of downstreeam signaling 

protiens. 

Western blot analysis demonstrating the changes in expression of calcineurin (61kDa), calpain (90 kDa), 

synapsin-IIa (74 kDa) and enkephalin (55 kDa) in tissue lysate prepared from striatum R6/2 and SSTR1/5-/- 

mice. Note the loss of calcineurin in SSTR1/5-/- and R6/2 mice brain striatum (a) and increased expression of 

calpain and synapsin-IIa (b,c). In contrast enkephalin was not changed in R6/2 mice whereas increased in 

SSTR1/5-/- mice brain (d). Data presented as mean ± SD (SSTR1/5-/-, n=5 and R6/2 mice, n=3) in comparison to 

wt mice brain. *P<0.05, ** P<0.01. e) Photomicrographs showing apoptosis in R6/2 and SSTR1/5-/- mice 

striatum. R6/2 transgenic mice displayed significantly increased number of apoptotic neuronal cells in striatum 

when compared to wt (e panel left). Unlike R6/2 mice, only few apoptotic neuronal cells were observed in 

SSTR1/5-/- mice (e panel right). Arrows represent surviving cells and arrowheads represent apoptotic cells. 

Scale bar = 20 µm panel e. 

 



  99 

Decreased expression of synapsin-IIa mRNA in striatum of R6/2 mice without 

significant changes in protein expression has been described earlier (Bibb et al., 2000). In 

further extension to our study, we next determined the expression level of synapsin-IIa and 

enkephalin in striatum of R6/2 and SSTR1/5-/- mice and compared with wt using Western 

blot analysis. As shown in Figure 4.7 c, synapsin-IIa expression was increased in both R6/2 

and SSTR1/5-/- mice, whereas, no significant change in enkephalin protein expression was 

observed in R6/2.  However, increased expression was seen in SSTR1/5-/- mice striatum in 

comparison to wt (Figure 4.7 d).  

In HD transgenic mice, namely YAC and R6/2, increased apoptosis has been 

described in brain due to the toxic effect of mutated Htt (Fernandes et al., 2007). Here we 

determined whether occurrence of apoptosis is comparable in R6/2 and SSTR1/5-/- mice 

using Hoechst 33258 staining. As shown in Figure 4.7 e, in the absence of SSTR1/5 no 

apoptosis was observed. In comparison, R6/2 mice exhibited increased number of apoptotic 

cells when compared to their respective wt. These data strongly suggest that lack of SSTR1/5 

does not induce excitotoxicity and the changes seen in several markers might be associated 

with the physiological and pharmacological effects of SSTR subtypes.   

4.4 Discussion 

Receptor specific ablation of SSTR subtypes have shown behavioral changes, 

impaired cognitive function, loss of analgesic effect and sustained pain in a receptor-specific 

manner (Helyes et al., 2009; Viollet et al., 2000). Whether SSTR ko or any other GPCRs ko 

mice mimic the neurochemical changes similar to the neurodegenerative disorders has not 

been studied yet. In the present study, we compared the expression levels of key molecular 
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markers that exert a determining role in the pathogenesis of HD in SSTR1/5-/- and R6/2 mice 

striatum. We demonstrate that, SSTR1/5-/- and R6/2 mice display comparable changes in 

distribution pattern of SST, NMDA receptor (NR1, NR2A and NR2B), DARPP-32, calbindin 

and bNOS, as well as the downstream signaling pathways including pERK1/2, calpain, 

synapsin IIa, PKC-α, and calcineurin in striatum. In contrast, SSTR subtypes, enkephalin, 

and PI3K are modulated in strain specific manner. This is the first comprehensive description 

showing comparable neurochemical and biochemical changes in a transgenic model of HD 

and SSTR1/5-/- mice brains.  

The most coherent finding in HD pathology as well as in transgenic mice is the loss 

of DARPP-32 (Bibb et al., 2000). Consistent with this study, we describe comparable 

changes in DARPP-32 like immunoreactivity in R6/2 and SSTR1/5-/- mice, exhibiting >60% 

loss of DARPP-32. For the first time, we have demonstrated a similar pattern of DARPP-32 

loss in the striatum of SSTR1/5 ablated mice and HD transgenic mice R6/2 indicating that 

SSTRs might be involved in regulation of DARPP-32. The DARPP-32 mediated downstream 

signaling pathway is modulated by dopamine receptors (DRs), another prominent member of 

GPCR family (Greengard et al., 1999; Svenningsson et al., 2000). SSTRs share ~30 % 

structural homology with DRs and constitute functional heterodimers with distinct 

pharmacological properties and enhanced signaling (Baragli et al., 2007; Rocheville et al., 

2000a). In agreement with this information, SSTRs, directly or indirectly, via interaction with 

DR, may modulate DARPP-32. This concept is further strengthened by our recent studies 

showing receptor- and region-specific colocalization of DARPP-32 and DRs in rat brain 

(Rajput et al., 2009b). DARPP-32 becomes phosphorylated in response to the activation of 

D1R (Bibb et al., 2000). Conversely, D2R activation inhibits DARPP-32 phosphorylation.                      
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Whether SSTR subtype regulates DARPP-32 phosphorylation is not known. Here we provide 

the evidence that in the absence of SSTR subtypes, DARPP-32 expression is decreased in 

striatum in a similar manner as seen in HD brain and/or HD transgenic mice. The loss of 

DARPP-32 like immunoreactivity in SSTR1/5-/- mice is not surprising; as previous studies 

have also shown that DARPP-32-/- mice resemble HD mice in dopamine signaling (Bibb et 

al., 2000). 

  Consistent with the existing notion that bNOS positive neurons are preserved in HD, 

the expression pattern and quantification of bNOS positive neurons in R6/2 mice as well as 

SSTR1/5-/- mice is comparable. Similar is the pattern of SST expression in both strains. In 

line with previous observations, our results further strengthen the concept of selective 

preservation of medium-sized aspiny interneurons expressing SST/b-NOS (Ferrante et al., 

1985). Furthermore, our previous studies have shown that blockade of SST using antisense 

oligonucleotide leads to the loss of bNOS/NADPH-d positive neurons upon QUIN/NMDA 

treatment (Kumar, 2008). Taken together, these results support the notion that the presence of 

SST is likely responsible for the survival of aspiny interneurons in excitotoxicity. 

In HD, the activation of NMDAR is one of the leading causes of neuronal loss, in 

addition to the mutation in Htt. Functional and physiological significance of NMDARs has 

recently been described in pathophysiology of HD and reported that the NMDAR antagonist, 

memantine, blocks the nuclear inclusion of mutated Htt seen in HD (Okamoto et al., 2009). 

Furthermore, recent studies have shown the distinct role of synaptic and extrasynaptic 

NMDARs in early and late onset of HD (Gladding and Raymond, 2011; Hardingham, 2009; 

Hardingham and Bading, 2010). NMDAR positive neurons are most vulnerable in HD as 

well as in various mouse models of excitotoxicity (Ali and Levine, 2006; Cepeda et al., 2001; 
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Fan and Raymond, 2007; Milnerwood and Raymond, 2010). Cumulatively, these studies 

indicate an increase NR1 and the loss of NR2B expression. However, studies for NR2A are 

controversial and such discrepancies may be due to the mouse strain used as a model. In the 

current study, an increased NR1 and NR2A expression, with the loss of NR2B 

immunoreactivity in both R6/2 and SSTR1/5-/- mice may be linked to the neurodegeneration 

of MSNs, which is attributed to an increased Ca2+ influx. Moreover, in SSTR1/5-/- mice, 

NR2A and NR2B immunoreactivity accumulates intracellularly while in R6/2 both receptors 

are well expressed at cell surface. In light of these results, we propose two different 

mechanisms for the role in NMDAR-mediated neurotoxicity. First, the membrane expression 

of NR2A and NR2B in HD transgenic mice allows receptor interaction at cell surface, which 

results in excitotoxicity. Consistent with the existing concept that NMDARs are functionally 

active in heteromeric complex, the increased cell surface expression of NR1 and NR2A in 

R6/2 might be involved in excitotoxicity through heterodimerization. In the absence of SSTR 

subtypes, NMDAR trafficking might be impaired, leading to receptor accumulation 

intracellularly. Whether SSTR and NMDAR functionally interact with each other is not 

known and further studies are in progress to determine this. Studies are warranted to 

delineate the molecular mechanism for the intracellular accumulation of NMDAR in 

SSTR1/5-/- mice. Furthermore, the possibility of impaired mitochondrial function in these 

processes cannot be ruled out.  

The physiological response of cells upon the activation of SSTRs is receptor specific 

and can display multiple effects. SSTR2 is known to inhibit Ca2+ activated channels and 

increased neuronal Ca2+ is detrimental in excitotoxicity in vitro as well as in HD. Our results 

show increased expression of SSTR2 in the absence of SSTR1/5 and concomitantly in HD 
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transgenic mice, suggesting a compensatory mechanism to inhibit Ca2+ due to enhanced 

excitatory input via the activation of NMDAR. In support, we have recently shown that 

SSTR2 and SSTR5 heterodimerize with significant changes in receptor pharmacological 

properties as well as enhanced signaling (Grant and Kumar, 2010). Furthermore, SSTR1/5-/- 

mice exhibit increased expression of D2R in comparison to wt (unpublished observations). 

Since SSTR5 and D2R functionally interact and exist in a heteromeric complex, the 

increased expression of D2R in SSTR1/5-/- mice supports the compensatory role in the 

absence of SSTR5 in vivo (Rocheville et al., 2000a).  

Increased expression of NR1 and NR2A might be linked with the decreased 

expression of calcineurin and increased expression of calpain in R6/2 and SSTR1/5-/- mice. 

Calcineurin is involved in the phosphorylation of DARPP-32, which further regulates the cell 

survival pathways. Calcineurin knockout mice show the inhibition of motor functions, loss of 

synaptic plasticity, learning and memory (Miyakawa et al., 2003). The loss of calcineurin 

expression in R6/2 and SSTR1/5-/- mice might correlate with the symptoms of HD. 

Furthermore, the loss of calcineurin and DARPP-32 expression can be correlated with the 

decreased expression of PKC-α. PKC-α plays a role in regulation of membrane associated 

signal transduction pathways mediated by Ca2+ homeostasis (Blank et al., 1997). DARPP-32 

phosphorylated at Thr34 (threonine) via PKC-α converts into protein phosphatase-1 (PPtase-

1), which in turn inhibits the phosphorylated forms of calcium response element binding 

protein (CREB) and leads to cell survival (Bastia and Schwarzschild, 2003). Alternatively, 

the loss of PKC-α expression can also be correlated with increased apoptosis detected in 

R6/2 mice. However, decreased expression of PKC-α may also be associated with decreased 

expression of DARPP-32 in R6/2 and SSTR1/5-/- mice. Changes in pERK1/2 can be 
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correlated with the variable expression of SSTRs. Increased pERK1/2 in SSTR1/5-/- mice 

may be due to the loss of SSTR5, which is known to inhibit pERK1/2 and increased 

expression of SSTR5 in R6/2 might exert inhibitory role on pERK1/2.  

Previous studies have shown increased calpain activity in HD human brain tissue and 

YAC transgenic mice (Cowan et al., 2008; Gafni and Ellerby, 2002; Gafni et al., 2004). 

Increased expressions of calpain in R6/2 and SSTR1/5-/- mice further suggest a role of 

NMDAR-mediated cell death (Cowan et al., 2008). Enkephalin primarily functions as an 

anti-nociceptive but is also disrupted in early-onset of HD (Menalled et al., 2000). In 

agreement with previous studies, we detected no changes in enkephalin expression in R6/2 

mice (Menalled et al., 2000). However, these results contradict other findings, which report a 

decrease in enkephalin expression (Sun et al., 2002). Such discrepancies may be due to the 

isoform of enkephalin targeted. In SSTR1/5-/- mice, increased expression of enkephalin, in 

part, may be indirectly due to changes in opioid receptors, since SSTRs share 40% structural 

homology and exhibit heterodimerization (Pfeiffer et al., 2002). 

Post-mortem brains from HD patients and transgenic mice have shown augmented 

apoptosis in striatum (Fan and Raymond, 2007). Amongst all SSTRs, SSTR3 is the only 

known receptor subtype that can induce apoptosis (Patel, 1999). Whether increased 

expression of SSTR3 as seen in R6/2 mice is associated with apoptosis in HD needs further 

investigation. However, decreased SSTR3 expression in SSTR1/5-/- mice may account, albeit 

to a lesser degree, for apoptotic cell death in comparison to R6/2. SST via activation of SSTR 

subtypes blocks Ca2+ influx through the interference with NMDA function. This suggests 

that mice lacking SSTR1/5 may cause pronounced NMDA-induced toxicity due to the 

activation of NMDA receptors in SSTR1/5-/- mice. This speculation is consistent with 
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previous studies from HD transgenic mice (Fan and Raymond, 2007). Furthermore, the 

inhibitory effect of SST on excitatory synaptic transmission is also well established in rodent 

brain (Patel, 1999).  

Previous studies have shown that presymptomatic HD mice (6-8 weeks old R6/2 

mice) not only display physiological characteristics but also behavioral and neurochemical 

changes similar to those observed in HD (Lione et al., 1999). These observations indicate 

that SSTR1/5-/- might serve as a model to elucidate the role of SSTR subtypes to characterize 

the neurochemical changes in different proteins and pathways involved in HD. SSTR5 blocks 

the L-type Ca2+ channels and may correlate with the increased expression of SSTR5 in R6/2 

mice (Tallent et al., 1996). As SSTR5 is not predominantly expressed in mouse striatum and 

SSTR1 and SSTR5 are known to form heterodimers, we speculate that the increased 

expression of SSTR1 in R6/2 mice may be due to a compensatory mechanism of SSTR5. Our 

observations raise a potential question about the role of SSTR1 or SSTR5 independently. We 

did not eliminate this question from our discussion and propose that knocking out SSTR1 or 

SSTR5 might have same effect as seen in double ko mice, albeit to the lesser degree. We 

have recently characterized the SSTR subtypes for homo-and heterodimerization in detail 

with distinct pharmacological and enhanced functional properties (Grant et al., 2004a; Grant 

et al., 2004b; Somvanshi et al., 2009).  

Taken together, our results indicate that SST and SSTRs might play an important 

neuroprotective role in neurodegenerative diseases. Targeting this pathway can provide novel 

insights in understanding the pathophysiology of neurodegenerative diseases. This is the first 

study showing similar disease characteristics related to neurochemical changes upon ablation 

of the GPCR gene (i.e., SSTRs). We here reinforced the concept that mice in the absence of 
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SSTR subtype might have greater susceptibility to neurodegenerative diseases as well as 

excitotoxicity. We propose that in HD transgenic mice as well as in HD patient’s 

pharmacological restoration and maintenance of somatostatinergic system might serve as a 

beneficial therapeutic approach in treatment of HD. 
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Chapter  5: 4Somatostatin receptors-mediated inhibition of NMDA 

currents and dissociation of NMDARs complex in striatum: implication in 

excitotoxicity 

SSTR1 and SSTR5 double ko mice resulted in similar neurochemical changes as seen 

in HD transgenic models leading to the hypothesis for the role of SSTR1 and SSTR5 specific 

agonist and their role in excitotoxicity. The speculation is based on critical findings including 

activation of NMDARs and signaling pathways associated with neuronal cell death. We next 

determine the effects of SSTR1 and SSTR5-specific agonist on NMDARs heterodimerization 

and NMDARs mediated signaling pathway in striatal brain slices using morphological, 

biological and electrophysiological approaches.  

5.1 Background 

In the striatum, N-Methyl-D-aspartic acid (NMDA) induced excitotoxicity represents 

a model of neurodegeneration attributed to several neurological diseases such as Alzheimer’s 

disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), human 

immunodeficiency virus (HIV)-associated dementia, multiple sclerosis (MS) and 

amyotrophic lateral sclerosis (ALS) (Lau and Zukin, 2007; Lipton, 2006). NMDA receptor 

(NMDARs) and dopamine and cAMP-regulated phosphoprotein (DARPP-32) positive 

neurons are highly susceptible in excitotoxicity (Albin et al., 1990; Sun et al., 2005; Torres-

                                                

4  A version of this chapter is will be submitted as: Somatostatin Receptor Mediated 
Inhibition of NMDA Currents and Dissociation of NMDARs Complex in Striatum: 
Implication in Excitotoxicity. 
Rajput PS, Yang, B, Sastry BR, Kumar U.  
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Peraza et al., 2007; Young et al., 1988). In contrast, medium sized aspiny interneurons 

positive to somatostatin (SST) and coexpressing neuropeptide Y (NPY)/brain nitric oxide 

synthase (bNOS) are selectively spared in excitotoxicity as well as in several neurological 

diseases such as AD, HD as well as PD (Beal et al., 1984; Beal et al., 1988; Beal et al., 1985; 

Kumar, 2004; Kumar, 2005; Kumar, 2008; Patel et al., 1991; Patel et al., 1995b; Saito et al., 

2005). Previous studies demonstrate increased release of SST and mRNA expression upon 

treatment with Quinolinic acid (QUIN)/NMDA in cultured cortical neurons without any 

changes in NPY expression (Patel et al., 1991; Patel et al., 1995b). Furthermore, 

immunoneutralization of released SST using SST antibodies and knocking down of SST 

using SST antisense oligonucleotides resulted in extensive neuronal loss in response to 

QUIN/NMDA in cultured striatal neurons (Kumar, 2008). We recently described that SSTR1 

and 5 double knockout mice show similar neurochemical changes as seen in HD transgenic 

R6/2 mice (Rajput et al., 2011b). These changes include increased expression of NMDARs, 

key signaling molecules which are involved in neuronal degeneration like DARPP-32, 

calpain, calbindin and calcineurin, suggesting a potential role of SSTR1 and 5 in 

NMDA/QUIN induced excitotoxicity as well as HD (Rajput et al., 2011b). 

NMDARs at synaptic and extrasynaptic location play a detrimental role, whether 

NMDARs activation is neuroprotective or triggers neuronal loss (Hardingham, 2009; 

Hardingham and Bading, 2003; Hardingham and Bading, 2010). Activation of synaptic 

NMDARs leads to an activation of cAMP response element binding (CREB)/calmodulin 

kinases (CaMK) pathway and affords neuroprotection (Papadia et al., 2005). Whereas, 

activation of extrasynaptic NMDARs leads to an increase in Ca2+ influx, oxidative stress, 

mitochondrial damage and consequent neuronal cell death (Milnerwood and Raymond, 2010; 
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Raymond et al., 2011). Furthermore, NMDA mediated neurodegeneration is determined with 

the formation of NMDARs specific complex formation. NMDARs comprise NR1 as the 

main receptor subunit and NR2 (A-D) or NR3 (A and B) (Monyer et al., 1994; Ozawa et al., 

1998; Roy et al., 1994). In this direction, partial inhibition of NMDARs can be used for 

potential therapeutic intervention to protect neurons in excitotoxicity and neurodegenerative 

diseases (Okamoto et al., 2009).  

There is growing evidence that neuronal cell death in excitotoxicity is not due to a 

single cause but rather associated with well-integrated events responsible for impaired cell 

response. Whether or not SSTRs interfere in NMDA induced currents and NMDARs 

heteromeric complex, this could represent a novel therapeutic application of SSTRs in 

regulation of neurodegeneration in excitotoxicity. Previous studies support the concept of 

receptor heterodimerization in improving receptor functional activity and modulation of 

effective signaling compared to native receptors (Kumar and Grant, 2010; Rocheville et al., 

2000a). However, in contrast, dissociation of preformed receptor complex might also exert a 

beneficial role specifically in excitotoxicity. Accordingly, in the present study, we explored 

the role of SSTR1 and SSTR5 in modulation of NMDARs mediated signaling in slices 

prepared from rat brain striatum. We applied morphological, biochemical and 

electrophysiological approaches to determine the interaction between NMDARs and SSTRs 

in the striatum of rat brain.  In addition, we also explored the role of key proteins and 

signaling pathways upon treatment with NMDA and SSTR1 or 5 agonist alone or in 

combination. Our results suggest that SSTR1/5 abrogate the signaling cascade associated 

with neuronal cell death upon activation or over expression of NMDARs. 
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5.2 Materials and methods 

5.2.1 Materials  

Rabbit polyclonal antibodies for SSTR1 and 5 subtypes have been characterized 

previously (Kumar, 2005; Kumar, 2007; Rajput et al., 2009a). Mouse monoclonal antibodies 

for DARPP-32 and PSD-95 were purchased from BD Biosciences (Mississauga, ON, 

Canada). Mouse monoclonal antibodies against NR-1, NR-2A, and NR-2B were obtained 

from Millipore (CA, USA) and NR1 rabbit polyclonal from Sigma (KY, USA). 

Phosphoinositide 3-kinase (PI3K), protein kinase C-alpha (PKC-α), extracellular signal-

regulated kinases (ERK1/2), Calpain, CREB, p-DARPP-32 Thr34 and Thr75 were obtained 

from Cell Signaling Technology (MA, USA). The non-peptide agonists L-797591 (hSSTR1) 

and L-817818 (hSSTR5) were provided by Dr. S.P. Rohrer from Merck & Co. Nitrocellulose 

Hy-bond membrane and enhanced chemiluminescence (ECL) detection kit were obtained 

from Amarsham Ltd. (Oakdale, ON, Canada). All other chemicals of analytical grade were 

obtained from various commercial sources.  

5.2.2 Indirect immunofluorescence immunohistochemistry 

Indirect immunofluorescence immunohistochemistry was performed as described 

previously (Rajput et al., 2011a; Rajput et al., 2009b). Briefly, rats were anesthetized with 

halothane and perfused with heparinized cold saline and 4% paraformaldehyde with an 

infusion pump (KD Scientific Model 200S, Holliston, MA, USA). 40µm thick brain sections 

were cut using Leica 1200s vibratome and free floating sections were collected in phosphate 

buffer saline (PBS). Brain sections were incubated in 0.02% Triton X-100 in PBS for 15 min 
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and followed by three subsequent washes with PBS. Sections were then incubated in 5% 

normal goat serum for 1h at room temperature (RT) and followed by overnight incubation 

with rabbit anti-SSTR1 and SSTR5 (1:400) and mouse NR1, NR2A and NR2B (1:1000) 

antibodies. Following three subsequent washes in PBS brain sections were incubated in a 

cocktail of Alexa 594 (red) and Alexa 488 (green) conjugated secondary antibodies for 1 h at 

RT. The sections were washed, mounted on slides and viewed under Leica DMLB 

microscope attached with Retiga 2000R camera. All merged images showing colocalization 

were generated using NIH, ImageJ software and Adobe Photoshop (San Jose, CA, USA) was 

used to make the composites. 

5.2.3 Western blot analysis  

Brain was removed from anesthetized rats and kept in artificial cerebrospinal fluid 

equilibrated with 95% O2 -5% CO2 carbogen (pH 7.4). The striatal slices were cut using a 

Lecia vibratome and slices were treated with NMDA (300µm), SSTR1 agonist (L-797,591, 

20 nM), SSTR5 agonist (L-817,818, 20 nM) and in combination with SSTR1 or 5 agonist 

with NMDA for 30 min. Post treatment striatal slices were homogenized in homogenizing 

buffer. Total protein in tissue extract was determined by Bradford protein assay and 15µg of 

total protein was fractionated by electrophoresis on 10% SDS-PAGE, and transferred onto 

0.2µm-nitrocellulose membrane. The membrane was blocked with 5% non-fat dried milk at 

RT for 1 h and incubated overnight at 4°C with specific primary antibodies against– SSTR1 

and 5 (1:500), NR1, NR2A, NR2B, calpain, PSD-95, p- DARPP-32Thr75, p-DARPP-32Thr34, 

phospho and total PI3K, CREB and ERK1/2 (1:1000) and PKC-α (1:500). Following three 

subsequent washes, the membrane was incubated with peroxidase conjugated goat anti-rabbit 
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or goat anti-mouse secondary antibody at RT for 1 h. The bands were detected using 

chemiluminescence reagent and images were taken using an Alpha Innotech FluorChem 

8800 (Alpha Innotech Co., San Leandro, CA) gel box imager. β-actin was used as the 

housekeeping protein for loading control. The bands intensity was quantified using 

densitometric analysis and the changes in protein expression were calculated as the ratio of 

band of interest and the density of β-actin.  

5.2.4 Co-immunoprecipitation 

Co-immunoprecipitation (Co-IP) was performed on lysate prepared from striatal 

slices following different treatment conditions as described previously (Rajput et al., 2011a; 

Rajput et al., 2009b). 200 µg of tissue protein was solubilized in 1 ml of radio-

immunoprecipitation assay (RIPA) buffer for 1 h at 4°C. The lysates were incubated with 

polyclonal anti-SSTR1 and SSTR5 antibodies (1:500) overnight at 4°C. The antibodies were 

further immunoprecipitated using protein A/G agarose beads for 2 h at 4°C. The agarose 

beads were subsequently washed three times with RIPA buffer. The purified samples were 

fractionated by electrophoresis on 10% SDS-Page gel and transferred onto nitrocellulose 

membrane. The membranes was blocked with 5% non-fat dried milk for 1h at RT and 

subsequently incubated overnight at 4°C with primary monoclonal antibodies for NR1, 

NR2A and NR2B diluted in 5% bovine serum albumin. The membrane was incubated with 

goat anti-mouse secondary antibodies for 1 h at RT. For co-immunoprecipitation of NR1 

with NR2A and NR2B the membranes were incubated with rabbit polyclonal NR1 antibody 

overnight and followed by similar procedure described earlier and immunobloted for NR2A 

and NR2B. The bands were detected with chemiluminescence reagent and images were taken 
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using an Alpha Innotech Fluorchem 800 (Alpha Innotech Co., San Leandro, CA) gel box 

imager as described earlier. 

5.2.5 Electrophysiology  

Rat striatal slices were prepared as described previously (Venance et al., 2004) and 

superfused with Mg2+ -free artificial cerebrospinal fluid (ACSF) containing (in mM): 120 

NaCl, 3 KCl, 26 NaHCO3, 4 CaCl2 and 10 dextrose, equilibrated with 95% O2–5% CO2 

carbogen (pH 7.35–7.4) at 1.5~2 ml/min. Recordings were made with a patch pipette while 

voltage-clamping the neurons at around -60 mV. Excitatory postsynaptic currents (EPSCs) 

were recorded in response to stimulations (at 0.05 Hz) in presence of 50 µM DNQX (6,7-

dinitroquinoxaline-2,3-dione). In preliminary experiments, concentrations of L-797,591 and 

L-817,818 that produced effects on the EPSC were determined and for each drug, three 

concentrations were chosen for testing dose-response relationships. To examine the effects of 

combined agonists (L-797,591 and L-817,818), a concentration of 20 nM was chosen for 

each agonist. Six consecutive EPSCs were averaged and used for quantitative analysis. 

Control recordings were made for 10 min and cells that showed stable control responses were 

chosen for further studies. All drugs were applied to the superfusing medium and their effects 

expressed as percentage of control.  

5.2.6 Data Aquisation and statistical analysis 

For each cell, amplitudes of evoked currents (EPSCs) were normalized relative to 

responses prior to drug application. EPSCs were recorded in the whole-cell voltage clamp 

mode using an Axopatch 200A (Molecular Devices, CA) amplifier. Records were digitized 

using Digidata 1322A interface and Clampex Ver. 9.0 software (Molecular Devices, 
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Sunnyvale, CA). Low pass filtering was set at 2 kHz. Data were analyzed using Clampfit 

Ver. 9.2 software (Molecular Devices, CA) and expressed, as mean ± SEM. Statistical 

significance of changes in amplitude of EPSCs was determined using one-way ANOVA and 

the post hoc Dunnett's. Differences were considered significant if P <0.05. Since one cell per 

striatal slice was used in this study, n refers to number of cells (n = 7). The data presented in 

the study were analyzed using GraphPad Prism 4.0. The data for western blot analysis were 

analyzed using one-way ANOVA and the post hoc Dunnett's was applied according to the 

experimental conditions Significant statistical differences were taken at *P < 0.05. 

Representative data is presented from studies in five different animals (n = 5). 

5.3 Results 

5.3.1 Expression of SSTR1, SSTR5 and NMDA receptor subtypes in rat brain 

striatum 

We first examined the distributional pattern of NMDARs, SSTR1 and 5 in striatum. 

As shown in Figure 5.1 A, NR1, NR2A and NR2B like immunoreactivity was expressed in 

majority of the medium sized projection neurons with strong expression on neuronal cell 

membrane. As shown, SSTR1 was expressed in majority of neuronal population including 

dendrites. In comparison to SSTR1 and NMDARs, only a few neurons showed SSTR5 

positive immunoreactivity in the striatum. These results indicate that NMDARs and SSTR1 

and 5 could be present in the same neuronal population therefore, as a next step we wanted to 

determine whether these receptors colocalize with each other in the striatum. 
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Figure 5.1 Expression and colocalization of SSTR1, SSTR5 and NMDARs (NR1, NR2A and NR2B) in 

striatum.  

A) NR1-like immunoreactivity was highly expressed in majority of striatal neurons followed by NR2B and 

NR2A (upper panel). SSTR1 positive neurons display strong immunoreactivity in neuronal cell body. SSTR5-

like immunoreactivity was strongly expressed relatively in less number of neurons in comparison to SSTR1 

(bottom panel). Specificity of immunoreactivity was confirmed in absence of primary antibodies. In the absence 

of primary antibody no receptor-like immunoreactivity were observed. Arrows indicate receptor positive 

neurons and arrowhead shows nerve fibers. B) Representative photomicrograph illustrating colocalization of 
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SSTR1 and SSTR5 with NR1, NR2A and NR2B in striatum of rat brain. As described in materials and methods 

section brain sections were incubated overnight with polyclonal SSTR1 or SSTR5 and monoclonal NMDARs 

antibodies and followed by incubation with Alexa 594 (red) and Alexa 488 (green) to visualize SSTRs and 

NMDARs. SSTR1 and SSTR5 coexpressed with NR1, NR2A and NR2B in a receptor specific manner (upper 

and lower panel respectively). Three different populations of neurons expressing SSTRs or NMDARs and 

colocalizing neurons were observed. SSTRs positive neurons are indicated by red arrow, NMDARs positive 

neurons by green arrow and colocalization is indicated by yellow arrow. Scale bar = 5µm 

5.3.2 SSTR1 and SSTR5 colocalizes with NMDA receptor subtypes in striatum 

In excitotoxicity, the concept of selective preservation of aspiny interneurons was 

proposed due to the lack of NR1 immunoreactivity (Koh et al., 1986). However, later studies 

using cultured striatal neurons and brain slices revealed that SST positive neurons 

coexpressed NMDARs like immunoreactivity, but relatively less than the projections neurons 

(Augood et al., 1994; Kumar et al., 1997a). Whether, SSTR subtypes positive neurons 

colocalized with NMDARs is not known. Therefore, to confirm any possible interaction 

between SSTRs and NMDARs colocalization studies were performed. Figure 5.1 B, 

illustrates comparative colocalization of SSTR1 and 5 with NR1, NR2A and NR2B in 

striatum.  We found that, SSTR1 positive neurons show a selective colocalization with NR1 

and few neurons were devoid of NR1-like immunoreactivity while strongly positive for 

SSTR1. However, a large number of neurons show selective colocalization of SSTR1 with 

NR2A and neurons with distinct morphology (interneurons) were devoid of colocalization 

with NR2A. In case of NR2B only a selective population of neurons displayed mild to strong 

colocalization whereas number of neurons show only SSTR1 or NR2B-like 

immunoreactivity.  
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As illustrated in Figure 5.1 B, SSTR5 positive neurons exhibited lesser degree of 

colocalization in comparison to SSTR1 with NMDARs. Sparsely distributed SSTR5-positive 

neurons exhibit colocalization with NMDARs. Colocalization analysis exhibited three 

distinct neuronal population either showing colocalization or independent staining for SSTR5 

or NR1. However more SSTR5-positive neurons show colocalization with NR2A then NR1. 

Like colocalization with NR1, NR2B and SSTR5 colocalization data shows three different 

neuronal populations with selective neuronal population expressing colocalization and 

neuronal population expressing SSTR5 or NR2B only (Figure 5.1 B). These results strongly 

suggest that same neuronal population could be positive to NMDARs as well as SSTRs.  

5.3.3 SSTR1 and 5 agonist decreases expression of NMDA receptor subtypes in 

striatum 

We recently described increased expression of NMDARs in SSTR1/5 double knock 

out mice, which were comparable to HD transgenic mice (Rajput et al., 2011b). These results 

suggest inhibitory influence of SSTR1/5 on NMDARs expression and association with HD 

pathology. To ascertain, direct activation of SSTR1 and 5 on NMDARs expression striatal 

slices were treated with NMDA (300µM), SSTR1 (L-797,591, 20nM) and SSTR5 (L-

817,818, 20nM) agonist alone or in combination. 
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Figure 5.2 Western blot analysis depicting expression of NMDARs, SSTR1 and SSTR5 in tissue lysate 

prepared from striatal brain slices.  

The slices were treated with NMDA (300µM), SSTR1 agonist (L-797,591, 20nM), SSTR5 agonist (L-817,818, 

20nM) alone or in combination with NMDA for 30 min at room temperature. Post treatment slices were 

homogenized in homogenizing buffer and tissue lysate was used for Western blot analysis as described in 

methods section. NR1, NR2A and NR2B expression was significantly elevated in response to NMDA 

treatment. Note significant decrease in NMDARs expression upon SSTR1 and SSTR5 agonist treatments 

(panels A-C). Striatal tissue lysate exhibit increased expression of SSTR1 and SSTR5 upon NMDA and SSTRs 
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specific agonist treatments panel D and E. Increased SSTR1 and SSTR5 expression might support the 

inhibitory role of SSTRs on NMDARs expression. * P< 0.05. 

  Tissue lysate prepared from striatal slices were processed for western blot analysis. 

As shown in Figure 5.2, NR1 (A) NR2A (B) and NR2B (C) are well expressed in striatal 

lysate at expected size of >120 kDa, >180 kDa and >190 kDa and receptor expression 

increased upon treatment with NMDA. Interestingly, striatal slices treated with SSTR1 or 5 

specific agonist displayed decreased NMDARs expression and NMDA effect was attenuated 

in the presence of SSTR1 and 5 agonist. Conversely, SSTR1 (>53 kDa) and SSTR5 

(>58kDa) expression increased upon treatment in comparison to control as indicated (Figure 

5.2D and E).  

5.3.4 NMDARs are expressed in SSTR1 or SSTR5 immunoprecipitate and changed 

upon receptor specific activation.  

Receptor specific colocalization and changes in receptor immunoreactivity following 

treatment with respective agonists suggest that SSTRs might constitute a functional receptor 

complex with NMDARs. Next we investigated the expression of NMDARs in SSTR1 and 

SSTR5 immunoprecipitate prepared from striatal tissue lysate upon treatment as indicated. 

As shown, NR1 was expressed in SSTR1 and SSTR5 immunoprecipitate at the expected 

molecular size of >180 kDa and >190 kDa in basal as well as in the presence of NMDA 

treatment (Figure 5.3A). Expression levels of NR1 significantly decreased upon treatment 

with SSTR1 or SSTR5 specific agonist with or without NMDA. Interestingly, as illustrated 

in Figure 3 A (middle panel), NR2A was expressed in SSTR1 immunoprecipitate at 

>240kDa without any discernable changes upon treatment as indicated. In contrast, SSTR5 
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and NR2A complex formation at >250 kDa was relatively strong in presence of SSTR5 

agonist alone and with NMDA in comparison to control and NMDA treatment.  

We next determined the effect of SSTR1 and 5-specific agonist on association of NR2B with 

SSTR1 and SSTR5 respectively. As shown in Figure 5.3 A (bottom panel), in basal 

condition no expression of NR2B was observed in SSTR1 immunoprecipitate whereas, 

NR2B was expressed in SSTR5 immunoprecipitate. Conversely, NMDA, L-797,591 and L-

817,818 treatment showed enhanced expression of NR2B in SSTR1 immunoprecipitate 

attesting the complex formation between two receptors (Figure 5.3 A). In contrast, 

expression of NR2B in SSTR5 immunoprecipitate was comparable to control upon NMDA 

treatment, but enhanced significantly with SSTR5 agonist alone or in combination. Co-IP 

results strongly suggest that treatment with SSTR1 and 5 agonist can modulate the 

heteromeric complex formation of SSTRs and NMDARs, indicating dissociation of 

NMDARs complex and can be correlated to decrease in NMDARs expression. 
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Figure 5.3 SSTR1 and SSTR5 immunoprecipitate expresses NMDARs in striatal tissue lysate. 

A) Western blot analysis in SSTR-1 and SSTR-5 immunoprecipitate illustrating the expression of NR1, NR2A 

and NR2B in tissue lysate prepared from striatal slices treated with SSTR1 and SSTR5-specific agonist alone or 
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in combinations with NMDA. Western blot analysis indicates the formation of heteromeric complex between 

SSTR1 and NMDARs in control or NMDA treatment in striatal tissue lysate immunoprecipitated with SSTR1 

antibodies. Note the dissociation of heteromeric complex between NMDARs and SSTR1 upon treatment with 

SSTR1 agonist alone or in combination with NMDA (upper left hand panel). SSTR1 and NR2A display stable 

rather weak complex with or without treatment as indicated (middle left hand panel). NR2B is not expressed in 

SSTR1 immunoprecipitate in basal condition but induced upon agonist treatment (bottom panel). SSTR5 

immunoprecipitate displayed comparable expression of NR1 (upper right hand panel). NR2A is well expressed 

in SSTR5 immunoprecipitate with slight increase upon SSTR5 agonist treatment alone or in combination with 

NMDA (middle right hand panel) NR2B is also well expressed in control or NMDA treated SSTR5 

immunoprecipitate and increased in presence of SSTR5 agonist in absence or presence of NMDA (bottom right 

hand panel). B) SSTRs activation impedes NMDARs heteromeric complex. Post treatment with NMDA or 

SSTR1 or SSTR5 agonist alone or in combinations NR1 immunoprecipitate prepared from tissue lysate of 

striatal slices was immunobloted for NR2A and NR2B expression. Note the expression of NR2A in control or 

NMDA treated tissue lysate was completely dimisnished upon SSTR agonist alone or in combination with 

NMDA (left hand panel) Conversely, NR2B expression in NR1 immunoprecipitate was observed only when 

striatal slices were treated with NMDA whereas, no complex formation was observed in basal as well as agonist 

treatment as indicated. Note the data indicate that treatment with SSTR1 and 5-specific agonist dissociates the 

NMDARs preformed heteromeric complex in striatum. 

5.3.5 SSTR1 and SSTR5 activation impedes the formation of NR1 heteromeric 

complex with NR2A and NR2B. 

In order to determine whether the activation of SSTR1 and 5 impedes NMDARs 

heterodimerization, NR1 immunoprecipitate prepared from striatal tissue lysate following 

indicated treatment was probed for NR2A and NR2B expression. NR2A was expressed in 

NR1 immunoprecipitate (>300 kDa) in basal condition with relatively higher expression 

upon treatment with NMDA (Figure 5.3 B). Interestingly, upon treatment with L-797,591 

and L-817,818 alone or in combination with NMDA no expression of NR2A was detected in 
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NR1 immunoprecipitate suggesting the disruption of NR1 and NR2A preformed complex. 

NR2B was expressed strongly in NR1 immunoprecipitate upon treatment with NMDA at the 

expected molecular size of >320 kDa suggesting agonist induced complex formation between 

NR1 and NR2B. In rest of the experimental conditions as indicated NR2B expression in NR1 

immunoprecipitate was not detectable including control. These results support that activation 

of SSTR1 and 5 lead to the dissociation of herterodimerization between NR1/NR2A and 

NR1/NR2B. Furthermore, diminished heterodimerization between NMDARs upon SSTR1 

and 5 agonist treatment suggests the role of SSTR1 and SSTR5 in NMDA induced 

excitotoxicity.  

5.3.6 NMDA current in striatal slices is inhibited by activation of SSTR1 and SSTR5  

To determine direct functional consequence of NR1 dissociation from NR2A or 

NR2B and impact of SSTR activation, we processed striatal slices for NMDA currents. To 

record NMDA currents, striatal slices were voltage-clamped at -60mV in the presence of 

DNQX in Mg2+ free medium. As illustrated in Figure 5.4, addition of SSTR1 and SSTR5 

specific agonist to bath medium resulted in inhibition of NMDA current by 25 and 28 %, 

respectively.  
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Figure 5.4 Activation of SSTR1 and 5 suppressed NMDA-current in brain slices. 

To monitor NMDA currents, slices were superfused continuously with DNQX (50µM) that blocks α-amino-3-

hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) receptor-mediated excitatory post-synaptic currents, 

EPSCs and Mg2+-free medium to unblock the NMDA channels. In A, both SSTR1 agonist (20 nM) and SSTR5 

agonist (20 nM) decreased the NMDA EPSCs whereas, inhibition of EPSCs was further enhanced upon 

combined application of SSTR agonists. APV (50µM), the NMDA receptor antagonist, completely blocked the 

EPSC. In B, histograms show that both SSTR1 and SSTR5 agonists markedly suppressed the amplitudes of 

EPSCs (n=6, **P<0.001). 
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Interestingly, inhibitory effect by combined activation of SSTR1 and 5 was relatively 

higher, albeit not significantly different than the activation of SSTR1 or 5 alone. 

Furthermore, NMDA current, in striatal slices was completely abolished in presence of 2-

amino-5-phosphonovaleric acid (APV), a selective antagonist of NMDA receptor.  These 

results from electrophysiological data lend support to inhibition of NMDA receptor 

immunoreactivity in the presence of SSTR1 or SSTR5 agonist.  

5.3.7 Activation of SSTR 1 and SSTR 5 modulates DARPP-32 phosphorylation  

Majority of striatal projection neurons are positive for DARPP-32 and are susceptible 

in excitotoxicity (Sun et al., 2005; Torres-Peraza et al., 2007). The phosphorylation of 

DARPP-32 at threonine 34 and 75 positions is critical regulator of DARPP-32 activity (Nishi 

et al., 2000). To ascertain whether SSTRs mediated neuroprotection is associated with the 

regulation of DARPP-32 site-specific phosphorylation, we determined the effect of NMDA 

and SSTR1 or 5 specific agonist on phosphorylation of DARPP-32 at Thr34 and Thr75 in 

striatal tissue lysate prepared from control and treated conditions as indicated. As shown in 

Figure 5.5 A, p-DARPP-32Thr34 was increased significantly upon NMDA treatment in 

comparison to control whereas, upon treatment with SSTR1 or 5 agonist the status of p-

DARPP-32Thr34 was decreased in comparison to NMDA treatment and remained comparable 

to control. Interestingly, NMDA induced DARPP-32Thr34 phosphorylation was completely 

abolished in the presence of SSTR1 or 5 agonist. Conversely, p-DARPP-32Thr75 was 

decreased upon NMDA treatment whereas SSTR1 or 5 agonist enhanced DARPP-32Thr75 

phosphorylation. Interestingly, SSTR1 and 5 agonist in combination with NMDA augmented 

p-DARPP-32Thr75 in comparison to NMDA treatment alone and expression level remains 

comparable to control. As illustrated in Figure 5.5 A, expression of DARPP-32 was not 
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changed upon NMDA treatment when compared to control; however, SSTR1 specific agonist 

L-797,591 treatment increased the expression of DARPP-32. On the other hand SSTR5 

specific agonist L-817,818 alone exhibit increased expression of DARPP-32 and blocked 

NMDA induced inhibitory effect in combination. 

 

Figure 5.5 Western blot analysis showing changes in key proteins associated with NMDARs activity. 

Tissue lysate prepared from striatal slices following treatment with NMDA or SSTR1 agonist or SSTR5 agonist 

alone or in combination were processed for Western blot analysis for phospho and total DARPP-32, CREB, 
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PSD-95 and calpain. The phosphorylation of DARPP-32Thr34 increased upon NMDA treatment and decreased 

upon SSTR1 and 5-specific agonist treatments. However, p-DARPP-32Thr75 decreased upon NMDA treatment 

and increased following SSTRs agonist-specific treatment. DARPP-32 expression was significantly increased 

upon SSTR1 and 5-specific treatment (panel A). Note enhanced phosphorylation of CREB upon SSTR1 and 

SSTR5 agonist treatments in combination or alone indicating neuronal survival (panel B). Decrease in Calpain 

(panel C) activity was also observed after SSTR1 and SSTR5 agonist treatments indicating decrease in 

NMDARs activity. PSD-95 (panel D) expression was decreased upon SSTR1 and SSTR5 agonist treatment 

indicating dissociation between NMDARs and PSD-95 complex. * < P 0.05. 

 

5.3.8 Enhanced expression of CREB in the presence of SSTR1 and SSTR5 is an 

indication of synaptic NMDA receptor activation 

Increased phosphorylation of DARPP-32 at Thr75 position leads to the 

phosphorylation of CREB, which is further involved in neuronal survival. Additionally, the 

status of p-CREB also distinguishes activation of synaptic or extrasynaptic NMDARs and 

decides the fate of neurons. Therefore, we next determined the effect of SSTR1 and 5 

specific agonist on phosphorylation of CREB which is a key transcription factor involved in 

neuronal cell survival and regulating SST gene (Montminy and Bilezikjian, 1987). As shown 

in Figure 5.5 B, the status of phosphorylated CREB was comparable to control in presence 

of NMDA however significantly enhanced upon treatment with SSTR1 and 5-specific 

agonist alone or in combination with NMDA. These results indicate that SSTR1 and 5 may 

play a key role in neuronal cell survival. 

5.3.9 Postsynaptic density protein PSD 95 is inhibited upon activation of somatostatin 

receptors 

Studies have shown that PSD-95 binds with NMDARs and is involved in assembly of 

NMDARs at cell membrane and opening of NMDARs mediated calcium channels causing 
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Ca2+ overload and consequent neuronal death. To ascertain whether the changes in NMDARs 

complex formation and NMDA current are under the influence of PSD-95, we next 

determined the expression of PSD-95 in striatal slices. As shown in Figure 5.5 C, NMDA 

treatment shows significant increase in PSD-95 activity, however, L-797,591 and L-817,818 

treatment results in decreased expression of PSD-95 when compared to NMDA treatment 

correlating to the expression of NMDARs as demonstrated in Figure 5.2 A-C. Importantly, 

PSD-95 expression levels were not changed when NMDA was used in combination with 

SSTRs agonist. These results suggest that SSTR1 and SSTR5 activation blocked NMDA 

induced PSD-95 expression in the striatum.  

5.3.10 Inhibition of calpain is the indication of reduced Ca2+ influx upon SSTR 

activation 

Having seen the significant changes in DARPP-32, PSD-95 and CREB, we next 

determined the expression of calpain, a protein linked to increased Ca2+ influx in response to 

NMDA induced neurotoxicity. As shown in Figure 5.5 D, calpain expression was increased 

in response to NMDA treatment in comparison to the control. SSTR1 and 5 specific agonist 

not only inhibit calpain expression but also abrogated NMDA mediated increased calpain 

expression in striatal tissue lysate.   

5.3.11 SSTR 1 and SSTR 5 induced dissociation of NMDA receptor complex 

modulates NMDA induced signaling pathways  

Direct implication and physiological significance of receptor heterodimerization 

although well established in vitro still awaits in vivo confirmation. To ascertain the 

underlying mechanism and functional consequences of the dissociation of NMDARs 

complex and the complex formation between NMDARs with SSTR1 or SSTR5 upon agonist 
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treatment we next determined the changes in downstream signaling pathways including 

PKC-α, PI3K and ERK1/2 by western blot analysis.  

 

Figure 5.6 Representative immunoblots showing changes in PKC-α , PI3K and ERK1/2 in striatal slices. 

Striatal slices were treated with NMDA and SSTRs agonist alone or in combination as indicated for 30 min at 

37°C. Tissue lysate prepared were processed for downstream signaling pathways including PKC-α, PI3K and 
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ERK1/2. SSTR1 and SSTR5 agonist treatment shows significant increase in PKC-α, PI3K cell survival 

pathway. The status of phosphorylated ERK1/2 signaling pathways was with out any discernable changes. * P< 

0.05, ** P< 0.01. 

As shown in Figure 5.6 A, insignificant decrease in expression of PKC-α was 

observed upon treatment with NMDA however, SSTR1 and 5 agonist in absence or presence 

of NMDA significantly increased PKC-α expression in comparison to basal and NMDA 

treatment. The phosphorylation of PI3K was not changed upon NMDA treatment 

significantly, but increased upon treatment with SSTR1 and 5 specific agonist alone and in 

combination with NMDA (Figure 5.6 B). ERK1/2 phosphorylation is associated with 

neuronal degeneration and NMDA mediated excitotoxicity. NMDA treatment decreased the 

p-ERK1/2 levels whereas, SSTR1 agonist in the presence or absence of NMDA resulted in 

enhanced ERK1/2 phosphorylation without any significant changes in comparison to control. 

Interestingly, significant increase in p-ERK1/2 was observed upon treatment with SSTR5 

agonist alone or in combination with NMDA (Figure 5.6 C). These data strongly suggest 

that activation of SSTR1 and SSTR5 upon agonist treatment modulate NMDARs mediated 

signaling pathways.  

5.4 Discussion  

We recently described that mice lacking SSTR1/5 receptors exhibit neurochemical 

changes comparable to HD transgenic R6/2 mice with increased expression of NMDARs 

(Rajput et al., 2011b). Because, inhibition of NMDA receptors is a prerequisite in 

neuroprotection, these observations indicate that SSTR might exert a neuroprotective role in 

excitotoxicity. This speculation is further supported by our previous in vitro study showing 

that SST provides neuroprotection against QUIN/ NMDA induced neurotoxicity (Kumar, 

2008). In excitotoxicity, over activation and increased NMDARs complex formation and 
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increased Ca2+ influx play determinant role in neuronal cell death and correlate with 

pathology of HD as well as many other neurological diseases (Chen and Lipton, 2006; 

Lipton, 2006). In the present study, we used striatal brain slices to delineate the effect of 

SSTR1 and 5 specific agonists with or without NMDA on NMDARs heterodimerization and 

signaling pathways involved in NMDA-induced excitotoxicity. We established that 

activation of SSTR1 or 5 diminished heteromeric complex between SSTR1 or SSTR5 with 

NR1 seen in control and NMDA treated striatal tissue lysate, decreases the expression of 

NMDARs and increases the expression of SSTR1 and SSTR5. Interestingly, agonist 

treatment not only triggers receptor or treatment specific in complex formation of NMDARs 

with SSTR1 or SSTR5 but also prompts the dissociation of NR1 with NR2A and NR2B in 

immunoprecipitation assay. Furthermore, significant decrease in NMDA currents in presence 

of SSTR agonist supports the role of SSTRs in NMDARs heterodimerization, dissociation of 

NMDARs complex and its implication in signaling associated with NMDA induced 

excitotoxicity. This is the first comprehensive description providing a mechanistic 

explanation in support of neuroprotective role of SST via its receptor through modulation of 

NMDARs functions. 

Receptor specific colocalization in striatum and inhibition of NMDARs 

immunoreactivity in striatal tissue lysate tempted us to determine the complex formation 

between SSTR and NMDARs in striatal tissue lysate. The expression of NMDARs in SSTR1 

and SSTR5 immunoprecipitate upon agonist treatment indicates dissociation of preformed 

NMDARs complex in basal or NMDA induced treatment. Selective and preferential 

functional complex formation between NMDARs is essential in excitotoxicity (Fan and 

Raymond, 2007; Lipton, 2006). Consistent with these observations, the lack of NR2A and 
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NR2B expression in NR1 immunoprecipitate upon treatment with SSTR1 and 5-specific 

agonist alone or with NMDA provides first evidence in support of SSTRs mediated 

neuroprotective role in excitotoxicity.  

DARPP-32 phosphorylation at Thr34 and Thr75 decreases upon activation of 

NMDARs and AMPA receptors in Ca2+ dependent manner involving protein phosphatase-2B 

(PP2B) and protein phosphatase-2A (PP2A) respectively (Nishi et al., 2005). Our 

observations while consistent with Thr75 phosphorylation, contradict Thr34 phosphorylation 

upon NMDA treatment. This discrepancy may arise due to the concentration of NMDA and 

time of treatment. In previous studies, striatal slices were treated with 100µM NMDA for 5 

min. whereas in present study striatal slices were treated for 30 min. with 300µM NMDA. 

Nishi et al., have also shown increased Thr34 phosphorylation at very early time point in 

response to NMDA treatment. In contrast mGluR enhances Thr34 phosphorylation in a 

cAMP dependent manner whereas, glutamate exerts rapid and transient Thr34 

phosphorylation which was abolished by inhibitors of bNOS and guanylyl cyclase which 

support the concept that glutamate activates bNOS in SST and GABAergic positive neurons 

in striatum (Nishi et al., 2005). In contrast, we speculate that glutamate activated NMDARs 

also increase SST release that activates SSTRs and inhibits cAMP and PKA formation and 

consequently modulates DARPP-32Thr34 phosphorylation. Previously, it has been shown that 

activation of NMDARs attenuates the PKA inhibition via dephosphorylation of DARPP-

32Thr75(Ferraro et al., 1995; Nishi et al., 2000). DARPP-32 Thr75 phosphorylation is regulated 

through the increased NMDARs mediated Ca2+ influx. In agreement with these, we show 

decrease in DARPP-32Thr75 phosphorylation upon NMDA treatment. Furthermore, the 

presence of SSTR1 and 5-specific agonist not only enhanced phosphorylation of DARPP-
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32Thr75 but also diminished NMDA induced inhibition of DARPP-32. Previous studies have 

reported decrease in DARPP-32 expression in striatum of chemically induced excitotoxicity 

models as well as HD transgenic mouse models (Bibb et al., 2000; Rajput et al., 2011b; 

Torres-Peraza et al., 2007).  Meanwhile increased DARPP-32 expression in presence of 

SSTR1 and 5-specific agonist without any significant difference in presence or absence of 

NMDA indicates major contribution of SSTRs in DARPP-32 signaling. It has been 

previously proposed that activation of D1R, which activates cAMP, enhanced NMDA 

function involving cAMP, PKA and DARPP-32. Accordingly, the inhibition of cAMP upon 

SSTR activation a well-established role of SSTR subtypes, can consequently inhibit 

NMDARs function.  

The neuroprotective role of increased p-CREB is well established in NMDA induced 

excitotoxicity as well as in HD or other neurological disorders (Lonze and Ginty, 2002; 

Lonze et al., 2002). Interestingly, SST positive interneurons display increased CREB levels 

in QUIN induced lesioned animals in comparison to parvalbumin and calretinin positive 

interneurons as well as projection neurons (Giampa et al., 2006). As discussed previously, 

NMDA-mediated toxicity results in increased SST mRNA expression, interestingly; studies 

have also shown that increased CREB activity results in upregulation of SST synthesis via 

modulation of transcription factors (Montminy and Bilezikjian, 1987). In agreement with the 

information, we provide evidence that upon NMDA treatment no significant changes were 

observed in phosphorylated CREB however, SSTR1 and 5-specific agonist treatment resulted 

in elevated phosphorylated CREB levels.  

Previous studies have shown that PSD-95 enhances NMDARs clustering at synapses 

and inhibits NR2-mediated internalization and reduced PSD-95 that inhibits NMDA 
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receptor-mediated excitotoxicity (Kim et al., 1996; Lavezzari et al., 2004; Roche et al., 2001; 

Sattler et al., 1999). Suppressed PSD-95 expression upon treatment with SSTR1 and 5-

specific agonist also prompt the dissociation NMDARs receptor heteromeric complex as 

PSD-95 play crucial role in anchoring NMDARs at cell surface. Taken together, our results 

anticipate that activated SSTR1 and 5 modulate PSD-95 mediated changes in NMDA 

receptors functions. Increased Ca2+ influx upon stimulation of NMDARs leads to the 

activation of calcium-dependent calpain and influence diverse cellular function including 

excitotoxic neuronal death and neurodegeneration (Abe and Takeichi, 2007; Bano et al., 

2005; Gafni and Ellerby, 2002; Saito et al., 1993; Xu et al., 2007). In contrast, inhibition of 

calpain activity in NMDA mediated excitotoxicity leads to neuronal survival (Nimmrich et 

al., 2008). Consistent with these observations, we show an increased expression of calpain in 

presence of NMDA, which was abrogated upon SSTR1 and 5-specific treatment. PKC-α 

plays a key role in cell swelling and neuronal death due to activation of Ca2+ influx and also 

enhances NMDARs mediated NMDA currents (Bickler et al., 2004; Liao et al., 2001; Wagey 

et al., 2001). Moreover, studies have also shown decreased expression of PKC in NMDA 

induced toxicity and HD with its implication in long-term potentiation and effects on 

synaptic plasticity and learning (Harris et al., 2001). SSTR1 and 5-specific agonist treatment 

reveals increased expression of PKC-α indicating survival of neurons and inhibition Ca2+ 

influx. The presence of NMDARs at different locations has been associated with 

neuroprotection or neurodegeneration upon activation of NMDARs. Supporting the 

neuroprotective role of synaptic NMDARs is the elevated status of phosphorylated PI3K and 

ERK1/2 in association of enhanced CREB phosphorylation. Consistent with these 

observation, we show that SSTR1 and 5-specific agonist treatment enhanced CREB, PI3K 
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and ERK1/2 phosphorylation. 

NMDA receptor are expressed in large neuronal population of striatum and over 

activation of NMDARs is involved in pathogenesis of several neurodegenerative disorders. 

Colocalization of NMDARs with SSTRs, dissociation of NMDA receptor complex upon 

SSTR activation and modulation of associated proteins and signaling pathways opens a new 

avenue in the possible intervention of NMDA-mediated excitotoxicity without changing 

physiological expression of NMDARs. NMDARs activation, enhanced Ca2+ influx, PSD-95 

and Calpain along with decreased CREB and DARPP-32 phosphorylation at Thr 34 or 75 are 

associated with NMDA induced excitotoxicity and our data shows SSTR subtype activating 

avert these changes. Although, results of our study indicate inhibition of extrasynaptic 

NMDA receptors and activation at synaptic NMDA receptors however, further studies are 

warranted to draw any conclusive decision in this direction. 

 

 

 

 

 

 

 

 

 

 

 



  136 

Chapter  6: Overall general discussion and significance  

Neurodegeneration, in NMDARs agonist induced excitotoxicity in striatum is exactly 

similar to HD that is associated with severe atrophy of the neostriatum with marked neuronal 

loss and gliosis (Coyle and Puttfarcken, 1993; Kumar, 2004).  In striatum, large neuronal 

population is composed of medium sized projection neurons which make up >80% of all 

striatal neurons and are selectively vulnerable in excitotoxicity (Torres-Peraza et al., 2007). 

A subclass of medium sized aspiny neurons also known as interneurons that coproduce 

SST/NPY/bNOS are selectively spared in excitotoxicity as well as in HD (Beal, 1990; 

Kumar, 2004; Patel et al., 1991). Interestingly, in addition to selective sparing of SST 

positive neurons, striatal concentrations of SST and NPY are not simply maintained but 

actually increased for SST in HD brain as well as in a model of excitotoxicity induced by 

NMDARs agonist QUIN (Beal et al., 1984; Patel et al., 1991; Patel et al., 1995b). 

Multifunctional nature and widespread distribution of SST in different regions of the CNS 

has led to many studies correlating SST to the pathophysiology of several neurodegenerative 

diseases (Beal, 1990; Patel, 1999). However, there are many other questions to answer 

regarding the physiological function of SST in the brain. SST and its analogs, octreotide and 

newly identified cortistatin have been shown to be neuroprotective in ischemic brain damage, 

NMDA/kainate-induced excitotoxicity in cortical neurons, as well as during seizures and 

epileptogenesis (Braun et al., 1998; Rauca et al., 1999; Tallent and Qiu, 2008). 

NMDA/QUIN induced excitotoxicity is due to the activation of NMDARs associated Ca2+ 

channels leading to overload cytosolic Ca2+ and resulting in severe neuronal death (McBain 

and Mayer, 1994; Waxman and Lynch, 2005).  
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The finding that all striatal and a major subset of cortical SST neurons possess a 

specialized phenotype with co-expression of NADPH-d and NPY those are selectively 

resistant in clinical and experimental models of neurodegeneration. In support, it was 

suggested that these neurons survive due to the lack of NMDA receptors and presence of 

NADPH-d (Koh et al., 1986). Soon after this theory was challenged and it was noticed that 

SST/NPY/NOS positive neurons are not lacking NMDA receptors but rather had low 

expression in comparison to surrounding projection neurons (Augood et al., 1994; Chen et 

al., 1996; Kumar et al., 1997a). SST-14 added to the incubation medium with QUIN or 

NMDA rescued the neurons virtually completely from excitotoxic death. These results 

clearly indicate a potent neuroprotective role of SST on all striatal neurons including SST 

producing NADPH-d positive neurons. The preferential localization of Mn-superoxide 

dismutase (Mn-SOD) in SST positive striatal neurons indicates another mechanism for 

protecting these cells against toxic free radicals (Kumar, 2004). Furthermore, direct evidence 

in support of neuroprotective role for SST emerged from recent studies showing that 

immunoneutralization of released SST by using SST antibodies and knocking down SST 

using antisense oligonucleotides lead to 95% of neuronal death including NADPH-d neurons 

which are selectively spared in QUIN and NMDA induced neurotoxicity (Kumar, 2008). 

SST via binding to five different SSTR subtypes executes its biological functions. 

SSTR subtypes are well expressed in various regions of CNS and are involved in various 

neurological diseases. However, which SSTR subtype is associated with SST mediated 

neuroprotective role in excitotoxicity is largely elusive and poorly understood. Accordingly, 

the characterization of SSTR subtype distribution in MSNs and interneurons was critical to 

determine the population of neurons, which could be vulnerable to neurodegeneration in 



  138 

excitotoxicity and pathophysiology of several neurological disorders, specifically in HD. One 

of the major proteins associated with MSNs in striatum is DARPP-32, which is expressed in 

>80% of MSNs. Because these neurons are most vulnerable in QUIN/NMDA induced 

excitotoxicity, accordingly, DARPP-32 has been used as a marker of MSNs. However, a 

review of the literature showed no functional and physiological correlation between DARP-

32 and SSTRs in CNS. In contrast, DARPP-32 has been extensively characterized with DRs 

and studies have shown that DRs modulate the phosphorylation of DARPP-32 at various 

threonine sites (Greengard et al., 1999; Matsuyama et al., 2003; Nishi et al., 2000). 

Interestingly, previous studies have shown that SSTRs and DRs share 30% sequence 

homology and are known to form active functional heterodimers (Baragli et al., 2007; 

Rocheville et al., 2000a). Taking these facts in consideration, the first colocalization study 

was accomplished between DRs and DARPP-32 in different brain regions including cortex 

and striatum to confirm if DARPP-32 can be used as marker for differentiating projection 

and interneurons with respect to characterizing DRs member of GPCR family (Chapter 2).  

The distributional pattern of colocalization between DARPP-32 with DR subtypes 

reveals that all five DR subtypes and DARPP-32 were expressed in rat brain cortex and 

striatum. DARPP-32 positive neurons displayed comparative colocalization with DR1-5. 

D1R is one of the most predominant subtypes that colocalized with DARPP-32 in cortex as 

well as striatum and followed by D2R, D3R, D4R and D5R. Amongst all DR subtypes D5R, 

was the least coexpressed with DARPP-32 positive neurons. Importantly, these data also 

reveal that the same neurons in striatum or cortex might contain more than one or two DR 

subtypes which also might express DARPP-32. This study further confirmed the approach to 
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use DARPP-32 as a marker for MSNs and validated the use of technique for characterization 

of other GPCRs in different neuronal sub population.  

To ascertain differential pattern of expression of SSTR in projection neurons we 

further determined the colocalization of SST and SSTRs with DARPP-32 in rat brain cortical 

and striatal regions using immunofluorescence immunohistochemistry (Chapter 3). SST 

positive neurons in cortex and striatum are devoid of colocalization with DARPP-32. These 

data suggest that SST is not synthesized in projection neurons; rather this peptide is an 

integral part of interneurons. However, in cortical and striatal brain regions three different 

neuronal populations either expressing SSTRs and DARPP-32 alone or displaying 

colocalization were identified. Quantitative analysis revealed that in cortex and striatum, 

SSTR1 and 5 are the most predominant receptor subtypes colocalized with DARPP-32 

followed by SSTR4, 2 and 3 in cortex whereas, SSTR2, 4 and 3 in striatum. SSTRs positive 

neurons lacking colocalization with DARPP-32 might be preserved in the pathophysiology of 

HD and QUIN/NMDA induced neurotoxicity. Conversely, SSTRs displaying colocalization 

with DARPP-32 might be susceptible in excitotoxicity as well as in HD. These results 

demonstrate that SSTR1 and SSTR5 receptor subtypes colocalize predominantly with 

DARPP-32 in striatum suggesting these receptor subtypes might play a crucial role in 

phosphorylation of DARPP-32 and modulate the DARPP-32 mediated downstream pathways 

involved in excitotoxicity.  
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Figure 6.1 Schematic illustration showing SSTR mediated signaling involved in neuronal cell survival. 

 

To provide direct evidence for the physiological role of SSTR1 and SSTR5 we next 

delineated receptor subtype selective neurochemical changes in SSTR1/5-/- mice and 

compared with HD transgenic R6/2 mice in striatum (Chapter 4). Our study revealed for the 

first time significant loss of DARPP-32 and comparable changes in SST, calbindin and 

bNOS expression. A similar pattern of changes in the expression of NMDARs was observed 

in both R6/2 and SSTR1/5-/-. Increased expression of both SSTR1 and SSTR5 in R6/2 mice 

indicates that these receptors upregulate in HD. Interestingly, increased SSTR2 like 

immunoreactivity in both R6/2 and SSTR1/5-/- mice indicate possible mechanism to decrease 

the Ca2+ overload caused due to activated NMDARs. Changes in key signaling proteins 

including calpain, phospho-ERK1/2, synapsin-IIa, protein kinase C-α and calcineurin in 
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SSTR1/5-/- and R6/2 mice strongly indicate the key neuroprotective role played by SSTR1 

and SSTR5 in pathophysiology of HD. SSTR1/5 appears to be important in regulating 

NMDARs, DARPP-32 and signaling molecules in similar fashion as seen in HD transgenic 

mice.  

Ablation of SSTR1 and SSTR5 resulted in similar neurochemical changes as seen in 

HD transgenic models suggesting that SSTR1 and SSTR5 govern crucial role in HD as well 

as in excitotoxicity. Based on our previous observations from SSTR1/5-/- mice we next 

extended our study to determine the role of SSTR1 and 5 on NMDARs complex formation 

and its consequences on downstream signaling pathways in striatal brain slices using 

morphological, electrophysiological and biochemical analysis (Chapter 5). This study using 

striatal brain slices, revealed selective and preferential colocalization between SSTR1 and 

SSTR5 with NR1, NR2A and 2B. These results indicate a receptors specific colocalization 

pattern and possibility of functional interaction. Interestingly, while NR1 exists in a complex 

with NR2A and 2B in striatal tissue lysate, treatment with a SSTR specific agonist leads to 

the dissociation of this complex and consequently leads to the complex formation between 

SSTR and NMDARs. Treatment with SSTR agonists further decreases the NMDA currents 

in striatal brain slices indicating that SSTRs might be interrupting the NMDARs heteromeric 

complex and thereby inhibiting the excitotoxic effects of NMDARs. Furthermore, striatal 

brain sections treated with NMDA, L-797,591 and L-817,818 were used to determine the 

changes in receptor expression. Significant decrease in NMDARs receptor expression upon 

SSTR agonist treatment was in correlation with the changes in calpain and PSD-95, which 

further enhances the NMDARs, mediated excitotoxicity in neurons. Taken together the data 
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reveals that SSTR1 and SSTR 5 could play an important neuroprotective role in NMDA-

induced excitotoxicity.  
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Chapter  7: Conclusion  

In this thesis, I have characterized the possible association of SSTR subtypes with 

different proteins that are known to exert crucial and determinant role in excitotoxicity and 

further correlated closely with neurological disease such as HD. The specific emphasis is on 

HD, because NMDARs activation mimics the neurochemical phenotype of HD and SST via 

different SSTRs prevents neuronal loss in NMDA induced neurotoxicity. Furthermore, 

observations described in second and third chapter elucidate the characterization of SSTR 

and DRs with DARPP-32. Importantly, characterization of SSTR subtypes revealed that 

SSTR positive neurons devoid of DARPP-32 might escape in excitotoxicity as well as in 

pathology of HD. In support of this, results presented in chapter four provide further direct 

evidence that SSTR1/5-/- displayed exactly similar neurochemical phenotype and changes in 

signaling pathways linked to neuronal loss in HD transgenic mice R6/2. The last chapter of 

this thesis described direct evidence for the role of SSTR1 and 5 in modulation of NMDARs 

function. Most importantly, dissociation of NMDARs heteromeric complex formation upon 

activation SSTR1 and 5 in rat brain slices provide first evidence that SSTR might serves as 

potential neuroprotective receptor target in excitotoxicity and pathophysiology of HD. 

Although, the mechanistic profile for SSTR subtypes need to be addressed the activation of 

SSTR with partial inhibition of NMDARs may open an avenue for the development of new 

drugs for the treatment of neurological diseases which are partly attributed to over-activation 

of NMDA receptor induced Ca2+ influx and oxidative stress.  

In many of the neurological diseases, excitotoxicity is one of the major contributing 

factors in neurodegeneration and involve activation of NMDARs. Neuroprotective 

approaches are largely elusive, poorly understood and utmost need in neurological disorder.  
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Although, the clinical implication of SSTRs is highly possible numerous difficulties need to 

overcome to develop effective drugs. The observations described in this thesis speculate a 

chimeric molecule as novel drugs in combination of SSTR activation and subsequent 

blockade of NMDARs. Such new drugs if developed will help not only a potential treatment 

of HD but also in many neurological disorders associated with abnormal function of 

NMDARs.  
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