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ABSTRACT 

Serotonin-specific reuptake inhibitor (SSRI) treatment of depressed patients 

displays a three week latency in amelioration of symptoms. Delayed desensitization of 5-

hydroxytryptamine 1A (5-HT1A) autoreceptors is believed to be in part responsible for 

this latency and may involve receptor dephosphorylation. We hypothesized the 5-HT1A 

secondary intracellular (i2) loop interacts with receptor regulatory molecules. Yeast two-

hybrid screen of a human cDNA library using 5-HTlA-i2 peptide as bait identified a 

novel 5-HTlA-i2 effector protein phosphatase 2A catalytic subunit (PP2AC). The 5-

HTlA-i2-PP2AC interaction was quantified using yeast mating/p-galactosidase assay. 

Furthermore, co-immunoprecipitation of tagged recombinant 5-HT1A receptor and 

endogenous PP2AC verified the interaction. Treatment with 5-HT1A receptor agonist 

enhanced the interaction. Mutation of critical receptor residues reduced or eliminated 

binding of PP2AC. Our results indicate a novel interaction between the 5-HT1A receptor 

and PP2AC and future studies will provide new insight into the role of protein 

phosphatase-receptor interactions in regulating 5-HT1A receptor desensitization, and 

resensitization. 
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INTRODUCTION 

Serotonin System 

Serotonin: Discovery, Synthesis and Metabolism 

While testing the effects of amine substances on smooth muscle contraction 

during the 1930s, Vittorio Erspamer isolated a chemical he named enteramine from rabbit 

gastric mucosa. Erspamer believed the substance originated from enterochromaffin cells 

of the gastrointestinal (GI) tract (Erspamer and Vialli, 1937). Serotonin was 'discovered' 

in the next decade as Irvine Page, Maurice Rapport and Arda Green isolated from bovine 

blood serum, a potent vasoconstrictor substance they coined serotonin (Rapport et al., 

1948). One year later, in 1949, Rapport elucidated the structure of serotonin as 

5-hydroxytryptamine (5-HT) (Rapport, 1949), and three years later Erspamer and Biagio 

Asero determined the structure of enteramine was also that of 5-HT (Erspamer and 

Asero, 1952). 5-HT was found to be expressed in the mammalian brain (Twarog and 

Page, 1953) leading to the notion that it functions as a neurotransmitter in the central 

nervous system (CNS). Woolley and Shaw first suggested in 1954 that 5-HT plays a role 

in mental illness (Woolley and Shaw, 1954) and over the next two decades drugs 

targeting the serotonergic system were developed and were effective in the treatment of 

depression. These drugs included monoamine oxidase inhibitors (MAOI) and tricyclic 

antidepressants (TCA), and functioned to enhance serotonergic neurotransmission. 

Modern advancements lead to the development of selective serotonin reuptake inhibitors 

(SSRI) such as fluoxetine (Prozac), sertraline (Zoloft) and paroxetine (Paxil) and are now 

commonly prescribed worldwide for the treatment of depression. 
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Serotonin is found in three distinct areas in the adult human with the 

enterochromaffin cells of the GI tract being the most prominent area (90%). Platelets 

(8-9%) and the CNS (1-2%) account for the remainder of total serotonin in the human 

body (Lambert et al., 1995). Ironically, despite such a small fraction of serotonin present 

in the CNS, it affects a multitude of functions including appetite, sleep, pain response, 

cognitive awareness, temperature regulation, mood and behavior and endocrine functions 

(Buhot, 1997). Serotonin cannot cross the blood brain barrier and is therefore 

synthesized within the brain from the essential amino acid L-tryptophan. L-tryptophan 

cannot be synthesized de novo and therefore dietary uptake of L-tryptophan is necessary. 

L-tryptophan undergoes hydroxylation through the rate limiting enzyme tryptophan 

hydroxylase (TPH) to form 5-hydroxytryptophan (5-HTP). Two distinct isoforms of 

TPH have been identified; TPH2 is exclusive to the brain and is the major isomer located 

there, while TPH1 is expressed in the brain (as the minor isomer) and peripheral tissues 

(Walther et al., 2003). 5-HTP undergoes further decarboxylation through 

5-hydroxytryptophan decarboxylase to form 5-HT. Vehicular monoamine transporter 

(VMAT) uptakes synthesized 5-HT into secretory vesicles which are stored for future 

exocytotic release. Non-vesicular sequestered 5-HT is inactivated by two mitochondrial 

enzymes monoamine oxidase A (MAO-A) and aldehyde dehydrogenase (ALDH-2) and 

converted to 5-hydroxyindole acetic acid (5-HIAA). 5-HIAA is excreted into the 

cerebrospinal fluid (CSF) and eventually leaves the body in the urine. Hence, levels of 

5-HIAA in urine are a measure of 5-HT synthesis (Lambert et al., 1995). 
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Central Serotonergic System 

The serotonergic system consists of an assorted group of neurons, and the brain 

stem raphe nuclei have been shown to contain the greatest number of these neurons 

(Tork, 1990; Jacobs and Azmitia, 1992). Rostral raphe nuclei contain the greatest 

abundance (85%) of all serotonergic neurons in the brain and the caudal raphe nuclei 

contain the remaining (15%) 5-HT neurons (Hornung, 2003). Serotonergic neurons 

emanating from the rostral raphe nuclei project and innervate the forebrain limbic system 

structures including the amygdala, thalamus, hypothalamus, basal ganglia, hippocampus 

and cingulate gyrus (Tork, 1990; Jacobs and Azmitia, 1992). The cortico-limbic system 

is widely innervated by 5-HT neurons originating from the raphe nuclei to regulate mood, 

neuroendocrine stress and sleep (Hoyer et al., 1994; Jacobs and Azmitia, 1992). The 

caudal raphe nuclei neurons have descending projections to the spinal cord and 

cerebellum. 

Serotonin Receptors 

5-HT receptors are conserved membrane-bound receptors and are located in the 

CNS, peripheral nervous system (PNS) and even non-neuronal tissues (GI, cardiovascular 

tissue and circulatory system). All 5-HT receptors, except for one subclass, couple to 

heterotrimeric G-proteins to carry out the functions of the serotonergic system. These 

receptors consist of seven transmembrane (TM) domains, with the exception of the ligand 

gated ion channel 5-HT3 receptor. Extensive studies involving pharmacological data, 

radioligand binding, signal pathways and structural analysis have identified seven classes 

of 5-HT receptors: 5-HT1 through 5-HT7. These receptors are sub classified into 

eighteen distinct subtypes: 5-HT1A/B/D/E/F, 5-HT2A/B/C, 5-HT3A/B/C/D/E, 5-HT4, 

3 



5-HT5A/B, 5-HT6 and 5-HT7 (Hoyer et al., 1994; Hoyer and Martin, 1997; Hoyer et al., 

2002; Niesler et al., 2007). 

Serotonin IA Receptor 

The 5-HT1A receptor is the most characterized receptor of these subtypes. The 

human gene encoding the 5-HT1A receptor is located on chromosome 5qll.2-ql3 and 

was unexpectedly isolated using specific pVadrenergic (pVAR) receptor probes to screen 

a human genomic library (Kobilka et al., 1987). The orphan receptor was identified as 

the 5-HT1A receptor one year later (Fargin et al., 1988). The receptor, initially cloned as 

a 421 amino acid protein due to a sequencing error, was subsequently shown to consist of 

a 422 amino acid polypeptide with a molecular weight of 46 kilodaltons (kDa) (Albert et 

al., 1990; Raymond et al., 1999). Further characterization revealed that the receptor 

contains an extracellular amino terminus and cytoplasmic carboxy terminal domain as 

well as seven hydrophobic TM domains (TM1-TM7), each consisting of 20-24 amino 

acids. These hydrophobic TM domains are predicted to form membrane-spanning 

a helices and are connected via three extracellular and three intracellular loops. The 

receptor is constitutively palmitoylated at specific C-terminal cysteine residues; Cys417 

and Cys420 (Papoucheva et al., 2004). 

The intracellular loops are critical to coupling of the receptor to the heterotrimeric 

G-proteins. Four protein kinase C (PKC) sites implicated in receptor desensitization are 

found in the intracellular loops: Thrl49 (i2 loop) and Thr229, Ser253, Thr343 (i3 loop) 

(Lembo and Albert, 1995; Lembo et al., 1997; Wu et al., 2002). The two i3 sites (Thr229 

and Thr343) are putative protein kinase A (PKA) sites (Liu and Albert, 1991; Raymond 

and Olsen, 1994). Three consensus sites for N-linked glycosylation are located near the 
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amino terminus of the receptor and formation of glycosylated receptors can account for 

the heavier forms (55-60 kDa) of the receptor detected by immunoblotting. Serotonergic 

raphe neurons express presynaptic somatic and dendritic 5-HT1A receptors, which 

function as classical autoreceptors (Sotelo et al., 1990; Riad et al., 2000). These 

autoreceptors modulate neurotransmitter synthesis, terminal release and alter the rate of 

neuronal firing, which lead to controlled regulation of the release of 5-HT onto 

postsynaptic sites (Albert et al., 1996; Evrard et al., 1999). The 5-HT1A receptor is also 

expressed as a postsynaptic receptor in the hippocampus, raphe nuclei, cortex, 

hypothalamus and amygdala (Chalmers and Watson, 1991; Pompeiano et al., 1992). 

5-HT action throughout the cortico-limbic system is mediated by post-synaptic 

5-HT 1A receptors (Tork, 1990), while presynaptic 5-HT 1A autoreceptors mediate 

negative feedback of raphe firing (Bortolozzi et al., 2004; Evrard et al., 1999). The 

5-HT 1A receptor is a member of the G protein-coupled receptor (GPCR) superfamily that 

mediates the action of neurotransmitters, hormones and odorants and is the most frequent 

target of current drug therapies (Bockaert et al., 2002). The rhodopsin-11-cis retinal 

complex is the first solved GPCR crystal structure (Palczewski et al., 2000). The 

5-HT1A receptor is also a prototypic GPCR consisting of seven predicted TM domains, 

three intracellular domains (il, i2, and i3) and three extracellular domains (el, e2, e3), as 

well as an intracellular C-terminal tail (Peroutka and Howell, 1994) (Figure 1). Relative 

to the TM and extracellular domains little is known about the G-protein-coupled-

intracellular domains (Bourne, 1997; Meng and Bourne, 2001; Menon et al., 2001; 

Ostrowski et al., 1992). Deducing the roles of the intracellular domains involved in 

receptor-G protein coupling and desensitization could lead to development of ligands to 

5 



Figure 1: Model of the 5-HT1A receptor. 

The amino acid sequence of the 5-HT1A receptor is shown with the predicted 
transmembrane domains (TM) and intracellular loops (il, i2, i3) as indicated. Shaded 
residues are identical to those of the p2-adrenergic receptor, and the conserved DRY 
motif (Ni2) and the alpha-helical region mutated in this proposal (Ci2) are boxed. 
Potential ionic/hydrogen bonds (dashed lines) and palmitoylation sites (squiggle) are 
indicated. PKC sites discussed are numbered. 
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selectively block specific receptor pathways. Mutagenesis studies reveal that 

receptor-G-protein coupling involves the TM-proximal segments of the i2 and i3 loops as 

well as the C-terminal tail (Kushwaha and Albert, 2005; Lembo and Albert, 1995; Lembo 

et al., 1997). Random and site directed mutagenesis studies provide evidence in support 

of an amphipathic a-helical structure for the amino-terminal of the third intracellular loop 

(Ni3) and the carboxy-terminal of the third intracellular loop (Ci3) (Albert et al., 1998). 

These amphipathic helical structures and a specific threonine (T149) residue are 

conserved in a wide range of GPCR (Burstein et al., 1996; Burstein et al., 1998; Hill-

Eubanks et al., 1996; Liu et al., 1996; Liu et al., 1995; Wess, 1997). 

5-HT1A i2 and i3 loops 

Previous studies identified phosphorylation of three i3 loop PKC sites and PKC 

site Thrl49 of the i2 loop as a site of PKC-induced desensitization (Raymond, 1991). 

12a-0-tetradecanyoyl phorbol 13p-acetate (TPA) induced activation of PKC 

phosphorylates the 5-HT1A receptor and uncouples GPy but not Ga signaling (Lembo 

and Albert, 1995; Liu and Albert, 1991; Raymond, 1991). The potency of TPA- and 

5-HT-induced desensitization was reduced by mutation of Thrl49 or mutation of three of 

the i3 PKC sites. These findings suggest a role for PKC in both TPA and 

agonist-induced desensitization (Lembo and Albert, 1995; Wu et al., 2002). 5-HT1A 

signaling to the same PKC-sensitive GPy pathways was uncoupled by mutation of 

Thrl49 (Lembo et al., 1997; Wu et al., 2002; Wurch et al., 2003). Because of its 

importance in signaling and desensitization, yeast-two hybrid assay was performed using 

a long-i2 peptide to identify 5-HTlA-G-protein interactions; however, we initially 

believed we had identified a novel interaction of Ser/Thr protein phosphatase PP2A with 
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the 5-HTlA-i2 domain. Upon further examination an error in subcloning of the long-i2 

peptide into the yeast vector pAS2-l was found and I will address the significance of this 

in the results section. 

Mental Illness and the Serotonin System 

Major Depressive Disorder 

Major depressive disorder (MDD) is becoming an area of increasing concern, as it 

affects between 15-20% of the general population (Holden, 2000). Relative to men, 

women are twice as likely to develop depression (Doris et al., 1999). Patients suffering 

from depression usually exhibit anxiety; comorbidity with anxiety occurs in 25-50% of 

depressed individuals (Kessler et al., 2002). Common symptoms of depression include 

abnormalities affecting mood, anhedonia, insomnia, changes in appetite, feelings of 

worthlessness, psychomotor activity such as agitation and suicidal thoughts (Fava and 

Kendler, 2000). Major depressive disorder symptoms are those that persist longer than 

two weeks and result in severe changes in the day to day function of an individual. 

According to the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) the 

criteria for major depressive disorder are numerous; however, the range of signs and 

symptoms among individuals varies (Fava and Kendler, 2000). 

Serotonin System and Major Depressive Disorder 

The indoleamine hypothesis of depression was proposed in 1969 and stated that 

depression or mania was related to reduced serotonergic activity. This reduction in 

activity was believed to be the result of decreased serotonin release or less available 

serotonin receptors; both are critical to serotonin signal transduction (Mann, 1999). As a 
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result, the serotonin system became the subject of numerous studies. Research suggests 

that hyperactivity of the 5-HT system is involved in anxiety disorders (Gross and Hen, 

2004) and that decreased activity of the 5-HT system has the potential to lead to 

depression (Blier and de Montigny, 1999; Lesch and Heils, 2000). Studies measuring 

5-HT metabolite 5-HIAA in cerebrospinal fluid (CSF) established a correlation between 

severity of depression and decreased levels of 5-HIAA. These findings suggest that a 

decrease in metabolite levels are directly related to reduced availability of 5-HT, which in 

turn leads to symptoms of depression (Risch and Nemeroff, 1992). Individuals treated 

with reserpine or parachlorophenylalanine, inhibitors of VMAT and TPH respectively, 

showed development of symptoms of depression. These findings support the 

indoleamine hypothesis as blockage of VMAT results in depletion of monoamine stores 

and inhibition of TPH function selectively depletes 5-HT levels (Nemeroff, 2002). 

Furthermore, patients in remission from depression where shown to suffer transient 

relapse when subjected to a dietary acute tryptophan depletion (Booij et al., 2005; Leyton 

et al., 2000) while normal healthy patients developed acute melancholia (Ellenbogen et 

al., 1996). 

Analysis of post mortem brains from depressed suicide victims compared to 

non-suicide controls had elevated density of 5-HT1A autoreceptors in the dorsal raphe 

nucleus (DRN) and no changes in levels of postsynaptic receptor sites (Stockmeier et al., 

1998). Interestingly, conflicting reports from positron emission topography (PET) 

studies showed a widespread reduction of postsynaptic 5-HT1A receptors in patients with 

major depression (Sargent et al., 2000) and bipolar disorders (Drevets et al., 2000). A 

reduction in the expression of postsynaptic 5-HT1A receptors suggests reduced post 
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synaptic response to 5-HT, while elevated levels of inhibitory presynaptic receptors 

would reduce 5-HT neuron firing and further reduce 5-HT release. These findings 

suggest that a reduction in serotonergic activity through either of these mechanisms may 

predispose individuals to major depression. 

The 5-HT 1A Autoreceptors Role in Antidepressant Treatment 

Clinical drugs used to treat depression (MAOIs, TCA, SSRI) target the 5-HT 

system as dysregulation of 5-HT levels and/or 5-HT receptor function are implicated in 

neuronal psychiatric disorders. The 5-HT 1A receptor has been implicated as an 

antidepressant target as it regulates the serotonin system. As most therapeutic drugs act 

to boost synaptic 5-HT levels, hypoactivity of the 5-HT system may predispose 

individuals to episodes of depression (Stahl, 1998). SSRIs in particular act to rapidly 

block 5-hydroxytryptamine transporter (5-HTT) preventing reuptake of 5-HT into the 

neuron. The result is increased levels of 5-HT in the synapse leading to increased 

serotonergic neurotransmission. Antidepressants display a three week latency in 

improving the clinical symptoms of depression and this is thought to be due to delayed 

desensitization of 5-HT1A autoreceptors (Albert et al., 1996; Artigas et al., 2001; Blier 

and de Montigny, 1994; Hjorth et al., 2000; Pineyro and Blier, 1999). 

Acute SSRI treatment increases 5-HT levels within the midbrain raphe and post 

synaptic sites (Adell and Artigas, 1991). Increased dendrodendritic release of 5-HT in 

raphe nuclei results in activation of the 5-HT 1A autoreceptors and inhibition of cell 

firing, reduction of terminal 5-HT release and attenuates the increase in extracellular 

release of 5-HT produced from inhibiting the 5-HTT (Artigas et al., 1996). Chronic 

antidepressant treatment results in desensitization of the raphe 5-HT1A autoreceptors, 
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thus eliminating the negative feedback inhibition and facilitating 5-HT neurotransmission 

(Blier and de Montigny, 1994). The desensitization is specific to 5-HT 1A autoreceptors 

as postsynaptic receptors appear resistant to agonist induced desensitization (Blier and de 

Montigny, 1994; Pineyro and Blier, 1999). 5-HT1A autoreceptors are also targeted by 

pindolol to reduce antidepressant latency and 5-HT1A partial agonists like buspirone 

target post-synaptic sites to mediate anti-anxiety actions. The 5-HT1A agonist properties 

of atypical antipsychotic drugs clozapine and aripiprazole (Newman-Tancredi et al., 

2005; Newman-Tancredi et al., 2001) are believed to alleviate the cognitive defects in 

schizophrenia (Sumiyoshi et al., 2001a; Sumiyoshi et al., 2001b). Thus, the development 

of new therapeutic remedies targeting the 5-HT1A receptor could likely benefit the future 

treatment of mental illness. 

G protein-coupled Receptors 

G protein-coupled Receptor Structure 

The GPCR superfamily is a diverse group of proteins and is the largest 

evolutionary conserved family of proteins. GPCRs function as signal transduction 

molecules and convert external signals such as light, odour and neurotransmitters into 

cellular responses. Cellular responses are achieved through coupling to heterotrimeric 

G-proteins comprised of Ga and GPy subunits. As these receptors are involved in a wide 

spectrum of physiological responses they are the ideal targets for drug development. 

Twenty years ago information regarding the tertiary structure of GPCRs was derived 

from low resolution structures of retinal light sensing receptor rhodopsin (Schertler et al., 

1993) and high resolution structures of the bacterial light driven proton pump, 

bacteriorhopdopsin (Henderson and Schertler, 1990). The first reported true tertiary 
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structural model of a GPCR was obtained when inactive bovine rhodopsin was first 

crystallized for X-ray crystallography. The resulting three-dimensional structure was at 

resolution 2.8 A and confirmed our predicated structural and functional knowledge with 

respect to GPCRs (Palczewski et al., 2000). The serotonin receptor and other biogenic 

amine receptors (adrenergic, dopamine, histamine, muscarinic) belong to the Family A 

class; the largest and most studied family of GPCR (Gether, 2000). Conserved 

characteristics of Family A receptors include a short 40 amino acid extracellular amino 

terminus, palmitoylated cysteine residues in the carboxy-terminal (Gether, 2000; 

Palczewski et al., 2000) and highly conserved key residues: Asn-Pro-XX(X)-Tyr 

(NPXX(X)Y) motif in TM7 and Glu/Asp-Arg-Tyr (E/DRY) motif located near the 

boundary of TM3 and the i2 loop (Figure 1). 

G-proteins 

GPCR activation of effector molecules that carry out cellular responses involves 

heterotrimeric guanine-nucleotide binding proteins (G-proteins), consisting of a, P and y 

subunits (Gilman, 1987). These subunits bind to the intracellular GPCR domains and the 

a subunit cycles through binding guanosine diphosphate (GDP) and guanosine 

triphosphate (GTP); this cycle is controlled by the receptor. The a subunit is bound to 

GDP and is in a complex with the Py dimer whenever the receptor is inactive with no 

ligand bound. GPCR activation with ligand results in a conformational change in the a 

subunit and GDP dissociates and is replaced with GTP. The active a subunit-GTP 

conformation dissociates from the Py dimer and goes on to bind and activate effectors. 

The Py subunits regulate other functions perhaps more than the a subunit (Clapham and 

Neer, 1997). The a subunit contains intrinsic GTPase activity that results in hydrolysis of 
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GTP to GDP, leading to dissociation of the a subunit from its effector and promotes 

re-association with the Py subunits. 

5-HT1A Receptor Activation and Signal Transduction Pathways 

The 5-HT1A receptor regulates effectors such as adenylyl cyclase (AC) and ion 

channels through coupling to heterotrimeric Gi/Go proteins composed of Gai/o and GPy 

subunits. GPy subunits mediate cell-specific signaling pathways, while activation of Goci 

subunits mediate ubiquitous inhibition of AC (Albert, 1994; Raymond et al., 1999). 

Second messenger PKC has been shown to desensitize 5-HT1A signaling to GPy 

pathways but not Gai pathways; PKA shows no effect (Liu and Albert, 1991). Pertussis 

toxin (PTX) inhibits Gil, Gi2, Gi3 and Go proteins and blocks almost all 

5-HTlA-mediated actions (Figure 2). These results reveal that the 5-HT1A receptor is 

Gi/Go-coupled; however, identification of a remarkable receptor- and effector-specific 

G-protein specificity for Gi/Go-coupled receptors suggests specific 5-HT1A 

receptor-G-protein interactions (Albert and Morris, 1994; Albert and Robillard, 2002; 

Albert and Tiberi, 2001; Liu et al., 1999). 
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Figure 2: Signaling pathways of the 5-HT1A receptor. 

Shown figuratively are stimulatory and inhibitory signaling pathways of the 5-HT1A 
receptor in both mesenchymal (fibroblast/immune) and neuronal cell types. The specific 
cell lines in which these signaling pathways are studied are as indicated. The G protein 
subunits involved are based on studies using the 5-HT1A receptor or closely related 
receptors. The predicted outcome on neurosecretion has been measured in GH4 cells 
(Albert, 2002), and on cell proliferation in Balb/c- and NIH-3T3 fibroblasts (Abdel-Baset 
et al., 1992; Varrault et al., 1994). In hippocampal neurons, 5-HT1A receptors have been 
shown to reduce translocation of NR2B and GluRl receptors to synaptic membrane by 
inhibiting CAMKII/ERK signaling to microtubules (Cai et al., 2002; Schiapparelli et al., 
2005; Yuen et al., 2005). 
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God/o pathways 

While other receptors differ in Goci specificity, the 5-HT1A receptor specifically 

inhibits forskolin- or Gs-stimulated cyclic adenosine monophosphate (cAMP) formation 

via Gai2 (Albert and Robillard, 2002; Albert and Tiberi, 2001; Liu et al., 1999; Liu et al., 

1994). L-type calcium channels are inhibited by 5-HT1A receptor activation in GH4 

pituitary cells. This is mediated by G(3y and is dependent on Gao, which does not couple 

to inhibition of AC in most cells (Albert, 2002; Banihashemi and Albert, 2002; Liu et al., 

1999; Liu etal., 1994). 

Cell-specific GPypathways 

Calcium channels (Ca ): Inhibition of N-type calcium channels via a direct interaction 

with Gpy subunits have been reported in the literature (Herlitze et al., 1996; Ikeda, 1996; 

Jarvis and Zamponi, 2001). In vivo inhibition of N- and P/Q-type calcium currents is 

observed in raphe neurons and is mediated by 5-HT1A (Bayliss et al., 1997; Chen and 

Penington, 1996; McAllister-Williams and Kelly, 1995; Penington et al., 1991). 

5-HTlA-induced inhibition of N-type calcium currents is observed in neuronal F l l cells 

while in pituitary GH4 cells L-type calcium influx was inhibited via Go. Fibroblast cells 

(Ltk-, Balb/c-3T3, NIH-3T3) had no detectable calcium currents (Albert, 1994; Liu et al., 

1999; Wu et al., 2002). 5-HT1A coupling to L- and N-type channels is inhibited by 

activation of PKC and mutating Thrl49 located in the second intracellular loop (i2) of the 

5-HT1A receptor inhibited the action of PKC. This suggests that PKC may 

phosphorylate Thrl49 to uncouple the receptor from GPy signaling to N-type channels. 
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Potassium (K ) channels: GPy subunits have been shown to interact with and activate the 

G protein-coupled inwardly rectifying potassium channel (GIRK) family of K channels 

(Clapham and Neer, 1997; Ford et al., 1998; Huang et al., 1995; Yan and Gautam, 1996; 

Yan and Gautam, 1997). The 5-HT1A receptor increases potassium conductance via 

GIRK channels (Luscher et al., 1997) in hippocampal CA1, raphe, septal, or 

hypothalamic neurons and in turn decreases action potential frequency (Andrade et al., 

1986; Colino and Halliwell, 1987; Katayama et al., 1997; Newberry, 1992; Penington et 

al., 1993). 

ACII: AC has ten subtypes and G(5y is shown to interact and activate just five: ACII, 

ACIV, ACV, ACVI and ACVII (Chen et al., 1995; Gao et al , 2007, Sunahara et al., 

1996). Co-transfection of 5-HT1A receptor, Gai2 and ACII induces a constitutive 

agonist-independent 5-HTlA-mediated stimulation of cAMP formation in human 

embryonic kidney 293 (HEK293) cells (Albert et al., 1999). Hippocampal membranes 

enriched in ACII (Baker et al., 1999) reveal 5-HTlA-induced ACII activation to increase 

cAMP (Cadogan et al., 1994; De Vivo and Maayani, 1990; Shenker et al., 1987). 

Phospholipase C (PLC): PLCP2 and -p3 are directly activated by GPy subunits (Chen et 

al., 1995; Exton, 1996; Ford et al., 1998; Katz et al., 1992) leading to 

phosphatidylinositol-4,5-biphosphate (PIP2) hydrolysis, inositol triphosphate (IP3) 

formation and release of calcium from internal stores raising the intracellular calcium 

concentration. We have shown that 5-HT1A receptors mediate PLC activation in 

fibroblasts and raphe RN46A cells, suggesting a potential role in raphe neurons; however, 
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not in pituitary cells (Kushwaha and Albert, 2005; Liu and Albert, 1991), indicating 

cell-specificity of this pathway. 

G protein-coupled Receptor Desensitization 

Homologous and Heterologous Desensitization 

Desensitization involves the repeated or sustained agonist stimulation of a 

receptor and results in reduction in receptor responsiveness. Desensitization is a 

protective cellular mechanism to protect cells from the harmful effects of repeated or 

persistent agonist stimulation. The process involves three main steps including: 

uncoupling (seconds to minutes), internalization (minutes to hours) and down regulation 

or degradation (hours to days). Secondary messengers PKA and PKC, G-protein receptor 

kinases (GRKs) and arrestins are the regulatory proteins involved in desensitization 

(Lefkowitz, 1998; Perry and Lefkowitz, 2002). 

Heterologous desensitization involves phosphorylation of GPCRs via secondary 

messenger kinases PKA and/or PKC on specific Thr/Ser residues found on the 

intracellular loops and/or C-terminal tail (Lefkowitz, 1998). The phosphorylation of the 

receptor induces conformational changes affecting the receptor/G-protein interactions 

(Lefkowitz, 1998). Heterologous desensitization is non-specific, as any stimulus can 

increase cAMP or diacylglycerol (DAG) levels, leading to activation of PKA and PKC 

respectively. 

Homologous desensitization is agonist specific and is mediated by the 

GRK-arrestin system. Agonist stimulation of the receptor leads to recruitment of GRK to 

phosphorylate the receptor and promote the binding of an arrestin. Arrestin binding 

follows phosphorylation of agonist activated receptor by GRK and causes steric 
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inhibition of the receptor/G-protein interactions (Pierce et al., 2002). Concurrent with the 

desensitization (uncoupling) mechanism, arrestins are also involved in agonist-stimulated 

endocytosis of receptors. P-arrestin-1/2 (Parr) targets agonist stimulated receptors to 

clathrin coated vesicles through interaction with clathrin adaptor protein 

p2-adaptin (AP-2) and clathrin (Goodman et al., 1996; Laporte et al., 1999). The 

resulting receptor containing vesicles are pinched off the PM by GTPase dynamin and the 

internalized receptor can be recycled rapidly, targeted to endosomes for slow recycling or 

targeted to lysosomes for degradation. Endocytosis has been shown to promote receptor 

resensitization and signaling (Daaka et al., 1998; Ferguson, 2001). 

Desensitization of5-HTlA Receptor 

5-HT1A receptor agonist treatment acts directly on 5-HT1A autoreceptors to 

induce desensitization and internalization (Riad et al., 2001). Desensitization of these 

receptors results in disinhibition of the serotonergic neuron, enhancing the action 

potential firing rate and releasing more 5-HT to augment serotonergic neurotransmission. 

Autoreceptor desensitization is crucial to the therapeutic action of antidepressant drugs. 

The clinically observed three week latency during chronic antidepressant treatment is 

thought to be due to delayed desensitization of autoreceptors (Albert et al., 1996; Artigas 

et al., 2001; Blier and de Montigny, 1994; Hjorth et a l , 2000; Blier and de Montigny, 

1999) (Figure 3). Evidence suggests that desensitization of the 5-HT1A receptor is 

mediated by PKC and PKA; however, recent evidence suggests that GRKs are also 

involved. The 5-HT1A receptor has four PKC sites, Thrl49A (i2 loop) and Thr229, 

Ser253 and Thr343 (i3 loop) and these are implicated in receptor desensitization (Lembo 

and Albert, 1995; Lembo et al., 1997; Wu et al., 2002). J. Raymond showed that in cells 
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Figure 3: 5-HT 1A autoreceptor desensitization upon chronic antidepressant 
treatment. 

Acutely, anti-depressants like selective serotonin reuptake inhibitors (SSRI) reduce 
serotonergic firing by augmenting 5-HT at cell body, leading to activation of 5-HT1A 
autoreceptors. After three weeks, a reduction in the number of 5-HT1A autoreceptors via 
homologous desensitization is observed: this disinhibits the serotonergic neuron, 
enhancing action potential firing rate, and releasing more 5-HT, correlating with clinical 
amelioration of depression. Reprinted by permission from Macmillan Publishers Ltd: 
[Nature], Neuropsychopharmacology, (Albert et al., 1996), copyright 1996. 
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expressing 5-HT1A receptor, phorbol ester PKC stimulation results in: (1) rapid 

phosphorylation on at least two of the four PKC sites and (2) desensitizes several 

5-HT1A receptor mediated signaling pathways (Raymond, 1991). Pretreatment of 

5-HT1A receptors expressed in HeLa cells with phorbol esters undergo rapid uncoupling 

from G-proteins and the uncoupling is reversed when treated with PKC inhibitors 

(Harrington et al., 1994). The Thrl49 site is implicated in coupling to N-type calcium 

channels and mutation of T149 to alanine (Ala) confers resistance to the receptor to low 

concentrations of TPA. These results suggest that this residue is important for receptor 

uncoupling where PKC is weakly activated (Wu et al., 2002). PKA also plays a role in 

5-HT1A receptor phosphorylation and desensitization in multiple cell types. Activation 

of PKA potentiates PKC mediated desensitization of 5-HT1A receptors expressed in 

fibroblast Ltk" cells (Liu and Albert, 1991). These findings are consistent with those of 

Raymond and Olsen who showed that stimulation of PKA increased PKC actions on 

5-HTlA-mediated AC inhibition in Chinese hamster ovarian (CHO) cells (Raymond and 

Olsen, 1994). In HeLa cells, forskolin induced activation of PKA resulted in loss of high 

affinity 5-HT1A receptor binding sites and desensitization of receptor-mediated AC 

inhibition (Harrington et al., 1994). Treatment of 5-HT1A receptors with agonist (5-HT, 

8-OH-DPAT and 5-CT) can also lead to desensitization and rapid uncoupling of receptor 

from G-protein and downstream signaling pathways (van Huizen et al., 1993; Harrington 

et al., 1994; Hensler et al., 1996). 

Hyperphosphorylation of the receptor via Gpy-dependent recruitment of 

G-protein receptor kinase (GRK) has been shown to mediate uncoupling and 

internalization (Ferguson, 2001; Riad et al., 2001). The phosphorylated receptor is 
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internalized via p-arrestin-1/2 (Parr) and recruitment of a p2-adapatin 

(AP-2)/dynamin/clathrin mediated internalization process. Our preliminary data (Figure 

4) show that upon agonist treatment, the 5-HT1A receptor rapidly recruits GFP-p-

arrestin2 within minutes and internalizes in vesicles. The fate of the internalized receptor 

is thought to be mediated by ubiquitinylation of the receptor or Parr (Shenoy and 

Lefkowitz, 2005). The vesicles are then targeted to lysosomal fusion leading to 

degradation of the receptor (Marchese and Benovic, 2001; Marchese et al., 2003; Martin 

et al., 2003; Perroy et al., 2004; Shenoy and Lefkowitz, 2003; Shenoy and Lefkowitz, 

2005; Shenoy et al., 2001). The 5-HT1A receptor is internalized as previously described 

(Riad et al., 2004); however, the roles of receptor dephosphorylation or ubiquitinylation 

in directing receptor trafficking are unknown (Figure 5). 
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Figure 4: 5-HT1A agonist induced translocation of /?-arrestin2-GFP in LZD7 cells. 

LZD-7 (mouse Ltk" fibroblasts stably transfected with the rat 5-HT1A receptor cDNA) 
were transiently transfected with P-arrestin2-GFP, and the response to 5-HT1A agonist 
DP AT (1 uM) observed after 5 minutes of treatment. The control cell was not treated. 
Representative cells for each condition are shown. Data courtesy of Dr. Paul Albert. 

22 



Figure 5: Second messenger/GRK-phosphorylation induced receptor 
internalization. 

Acute desensitization by receptor uncoupling following phosphorylation by PKA, PKC 
or GRK (seconds), internalization via targeting to clathrin coated pits (seconds-minutes) 
or degradation (hours) occurs too rapidly to explain the 2-3 week time course for 5-HT1A 
autoreceptor down regulation in vivo. The hypothetical role of PP2A would be to 
dephosphorylate the internalized 5-HT1A receptor, promoting dissociation of Parr and 
recycling to the plasma membrane (resensitization). Reprinted by permission from 
Aspet: [Pharmacological Reviews] (Ferguson, S.S., 2001), copyright 2001. 
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Protein Phosphatase 2A 

Phosphatases 

Protein phosphatases are critical molecules in biological systems responsible for 

dephosphorylation of a wide range of substrates. The four major classes of 

serine/threonine-specific protein phosphatases include protein phosphatase 1 (PP1), 

protein phosphatase 2 (PP2A), protein phosphatase 2B (PP2B), and protein phosphatase 

2C (PP2C). PP1 and PP2A are calcium-independent while PP2B and PP2C depend on 

intracellular calcium. 

Structure 

The holoenzyme of PP2A consists of a dimer composed of the 36-kDa catalytic 

subunit (PP2AC) and a 65-kDa regulatory subunit A (PR65). Substrate specificity and 

dephosphorylation activity are linked to regulatory subunits (B subunits) that bind to 

PR65 (Fan et al., 2001). There are two ubiquitously expressed mammalian isoforms of 

the protein phosphatase catalytic subunit, PP2AC-a and PP2AC-P and they share 97% 

sequence identity (Stone et al., 1987; Arino et al., 1988). The alpha isoform is ten times 

more abundant and high levels of the alpha isoform are found in the brain and heart 

(Khew-Goodall and Hemmings, 1988). The regulatory A subunit has two isoforms 

(PR65a and PR65P) which have 86% sequence identity. The A subunits remain tightly 

associated with the PP2AC subunit and act as a scaffold to which the appropriate 

regulatory B subunit can bind (Ruediger et al., 1992). Regulatory B subunits have the 

largest family consisting of PR53/B, PR56/61/B', PR48/59/72/130/B" and 

PR93/PR110/B"' subunit families (Lechward et al., 2001). The PR55/B family consists 

of a 55 kDa protein encoded by four genes giving rise to four isoforms (PR55a, PR55p, 
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PR55y and PR558). PR55p and PR55y are highly expressed in the brain while PR55a, 

PR55(3 have distinct localization patterns within neurons. The alpha isoform is expressed 

in the cell body and nucleus of GABAergic purkinje cells in the cerebellar cortex, while 

PR55P is found in the dendrites but not the nucleus (Strack et al., 1998). 

Function 

Protein phosphatases are responsible for dephosphorylation and regulation of a 

wide range of substrates. One key functions of PP2A is to control and regulate the 

actions of stimulus activated protein kinases. Stimulation of a cell results in 

phosphorylation and activation of specific kinases that act as second messengers to 

phosphorylate effector molecules. PP2A has been identified as the major phosphatase 

that regulates and inactivates activated protein kinases through dephosphorylation 

(Millward et al., 1999). In particular the PP2ACa isoform has been shown to be critical 

during mouse development, as PP2ACa knockout mice are embryonic lethal (Gotz et al., 

2000). PP2AC is also involved in carcinogenesis as inhibition of PP2AC by OA, 

calyculin A and other inhibitors have been shown to induce cancer (MacKintosh and 

MacKintosh, 1994). Reversible phosphorylation of cyclin-dependent protein kinases 

(Cdk)-cyclin complexes are involved in progression of cell cycle from G2 to M phase. 

Studies have reported that PP2A plays a role in this transition by negatively regulating 

Cdc2 protein kinase that forms a complex with cyclin B. PP2A is involved in the 

dephosphorylation of a Thrl61 phosphorylation site in Cdc2, thus inhibiting the kinase 

and preventing the phase transition (Karaiskou et al., 1999). 

PP2A has previously been shown to dephosphorylate several different types of 

non-GPCR and GPCR receptors. The catalytic subunit of PP2A (PP2AC) was shown to 
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associate with the carboxy domain of the NR3 A subunit of the N-methyl-D-aspartic acid 

(NMDA) receptor and this association resulted in an increase in the phosphatase activity 

and dephosphorylation of serine 897 of the NMDA receptor subunit NR1 (Chan and 

Sucher, 2001). The PP2A core enzyme (PP2AC and PR65) has been shown to interact 

with the CXC chemokine receptor 2 (CXCR2). Treatment of stable CXCR2 expressing 

HEK293 cells with agonist interleukin-8 (IL8) results in a robust phosphorylation of the 

receptor and PP2A was found to dephosphorylate the receptor (Fan et al., 2001). 

Pitcher and colleagues identified a phosphatase coined G protein-coupled 

phosphatase (GRP) that was associated with both the plasma and vesicular membrane. 

GRP was shown to dephosphorylate GRK phosphorylated pVAR receptor and was 

identified as a subclass of PP2A (Pitcher et al., 1995). In 1999, Shih and colleagues later 

found that both PP2A and PP2B form complexes with the 02-AR receptor and inhibition 

of either prevents recovery of the 02-AR receptor responsiveness in cells (Shih et al., 

1999). (32-AR in vesicular fractions are less phosphorylated relative to receptors found in 

the plasma membrane (Sibley et al., 1986). Suppression of receptor internalization 

through blocking agents of mutation of internalization motifs impairs receptor 

dephosphorylation and subsequent resensitization (Yu et al., 1993; Barak et al., 1994). 

Additionally, in vitro it has been shown that the serine/threonine protein 

phosphatases PP1 and PP2A act on the cholecystokinin (CCK) receptor. PP2A activity on 

the phosphorylated receptor is stimulated by agonist binding to CCK receptor (Lutz et al., 

1993). The thromboxane (TR) receptor is also rapidly dephosphorylated by protein 

phosphatases in HEK293 cells and this is completely blocked by combined treatment 

with PP1 and PP2A inhibitors. Interestingly, dephosphorylation of the receptor is 
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partially blocked when treated with specific inhibitors of either PP1 or PP2A, which 

suggests that the receptor is dephosphorylated by PP1- and PP2A- like protein 

phosphatases (Spurney, 2001). The phosphorylation state of the immune system 

expressed GPCR cannaboid 2 (CB2) receptor is regulated by the action of PP2A. 

Treatment of CB2 stably transfected CHO cells with agonist CP-55,940 for one hour 

leads to a robust phosphorylation of the receptor and upon treatment with receptor 

antagonist SR 144528 a decrease in phosphorylation is seen. Introduction of PP2A 

inhibitor OA inhibited the dephosphorylation of the receptor suggesting PP2A is the 

major phosphatase involved (Bouaboula et al., 1999). OA pretreatment has also been 

shown to effect the state of phosphorylation of the complement component 5a (C5a) 

receptor in human promyelocytic leukemia (HL60) cells. Treatment of cells expressing 

agonist C5a increases phosphorylation of the C5a receptor relative to untreated 

cells; however, pretreatment of these cells with OA increases basal phosphorylation of 

C5a receptors in the absence of C5a stimulation and inhibits or retards dephosphorylation 

of agonist-stimulated receptor (Giannini and Boulay, 1995). 

Recent studies suggest that activation of dopamine (D2 class) receptor leads to the 

formation of scaffolding complex involving P-arrestin 2, Akt and PP2A. Mice knockout 

studies showed that lacking functional p-arrestin 2 had reduced dopamine-dependent 

behaviors, loss of Akt regulation by dopamine in the striatum and disruption of the 

dopamine-dependent interaction of Akt with PP2A. PP2A is implicated in 

dephosphorylation of Akt on residue Thr308 leading to inactivation of Akt (Beaulieu et 

al , 2005). 
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Rationale for Proposed Studies 

The specific system under investigation in this report is the serotonin (5-HT) 

system. The 5-HT system is associated with several mental illnesses, which include 

depression, anxiety and other related mood disorders (Charney et al., 1990; Mann et al., 

2001; Murphy et al., 1999; Pineyro and Blier, 1999). The 5-hydroxytryptamine 1A 

(5-HT1A) receptor is a crucial regulator of this system (Albert and Lemonde, 2004). 

Thus, an understanding of the regulation of this receptor has implications for regulation 

of the entire serotonin system. Our initial hypothesis, derived from i2 loop mutagenesis 

studies, was that the 5-HTlA-i2 interacts with proteins involved in coupling, and from 

yeast hybrid screening we identified potential 5-HT1A regulatory proteins, one of which 

was PP2AC. To this end we have identified by yeast two hybrid screening and verified 

by co-immunoprecipitation a novel interaction between protein phosphatase 2A (PP2A) 

catalytic subunit and the 5-HT1A receptor, which could have implications for the 

desensitization and resensitization of the receptor. 

Hypothesis and Aims 

Protein phosphatase 2A (PP2A) interacts with the 5-HT1A second intracellular loop (5-

HTlA-i2) to potentially dephosphorylate i2 or i3 PKC or GRK phosphorylation sites to 

re-sensitize the receptor. 

i. To verify that protein phosphatase 2A (PP2A) interacts with the 5-HT1A receptor 

in mammalian cells, 

ii. To examine the effect of 5-HT treatment on the interaction between protein 

phosphatase 2A (PP2A) and the 5-HT 1A receptor. 
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MATERIALS AND METHODS 

Materials 

All chemicals were reagent grade. Restriction enzymes were purchased from 

New England Biolabs (Mississauga, ON). 12a-0-tetradecanyoyl phorbol 13p-acetate 

(TPA), O-nitrophenyl-P-D-galactosidase (ONPG), anti-FLAG Ml antibody, anti-FLAG 

M2 agarose beads, anti-phosphothreonine and anti-phosphoserine antibodies were 

purchased from Sigma-Aldrich (St. Louis, MO). Anti-PP2AC antibody was purchased 

from Cell Signaling Technology Inc. (Danvers, MA). S-protein horseradish peroxidase 

(HRP) conjugate antibody and S-protein agarose beads were obtained from Novagen-

Merck. pEGFP vector and yeast cDNA library were purchased from Clontech 

(Mountainview, CA). Coomassie (Bradford) protein assay kit and chemical cross linkers 

dithiobis[succinimidylpropionate] (DSP) and dimethyl 3,3'-dithiobispropionimidate 

(DTBP) were obtained from Pierce Biotechnology (Rockford, IL). The QuikChange XL 

II site directed mutagenesis kit was obtained from Strategene (La Jolla, CA). 

Polyvinylidene difluoride membranes were purchased from PerkinElmer Life Sciences; 

enhanced chemiluminescence (ECL) detection kits were obtained from Roche Applied 

Sciences; sera and media were obtained from Wisent, Inc. (St.-Bruno, Canada). 

Lipofectamine was purchased from Invitrogen. The human PP2AC gene was obtained 

from Origene (Rockville, MD). 

Plasmids 

To generate FLAG 5-HT1A receptor expression plasmids a 1.9 kb EcoRI/XhoI 

fragment of the rat 5-HT1A receptor gene wild-type or receptor mutant were subcloned 
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into EcoRI/XhoI-digested pcDNA3-FLAG vector. Three point mutations were needed to 

correct the original pAS2-l 5-HTlA-long-i2 yeast construct, done using a primer-

directed mutagenesis kit (QuikChange XL II Site-Directed Mutagenesis Kit, Stratagene). 

The first mutation corrected the frame of the construct, placing the i2 loop in frame with 

the Gal4 DNA binding domain (DBD); the second mutation converted an incorrect 

methionine residue with the correct isoleucine residue; last the third mutation placed a 

stop codon at the end of the i2 loop. To generate the His/S-tagged PP2AC expression 

plasmid a 1.0 kb EcoRI fragment of the human PP2AC gene (Origene) was subcloned 

into EcoRI-digested pTriex-4 vector. A single base insertion using a primer-directed 

mutagenesis kit (QuikChange XL II Site-Directed Mutagenesis Kit, Stratagene) was 

necessary to correct the original His/S-tagged 5-HT1A receptor construct. The insertion 

mutation corrected the frame of the construct, placing the receptor in frame with the 

His/S-tag. 

Cell Culture and Transient Transfection 

HEK293 cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) 

(Wisent, St.-Bruno, QC), plus 5% fetal bovine serum (FSB) (Invitrogen) at 37°C in 

5% C02 . HEK293 cells were plated at 2 x 106 cells/10 cm dish and incubated overnight. 

For determination of PKC mediated phosphorylation of the 5-HT1A receptor, cells were 

transfected by calcium phosphate co-precipitation with 5 |xg of pcDNA3-FLAG-5-HTlA 

(wild-type or Ci2 mutants) in 9 ml/dish DMEM + 5% FBS, and 2X HEPES-buffered 

saline (HBS), pH 7.0, at 37°C in 5% C02 for 24 h. To detect the interaction between the 

5-HT1A receptor and PP2A catalytic subunit, 5 ug of pcDNA3-FLAG-5-HTlA (wild-type 

or Ci2 mutants) or wild type His/S-tagged 5-HT1A constructs were transiently 
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transfected into HEK293 cells by either calcium phosphate co-precipitation (in 9 ml/dish 

DMEM + 5% FBS, and 2X HBS, pH 7.0, at 37°C in 5% C02 for 24 h) or Lipofectamine 

Plus reagent (Invitrogen) according to the manufacturer's protocol. 

Protein Kinase C mediated phosphorylation Assay 

The pcDNA3-FLAG-5-HTlA (wild-type or Ci2 mutants) constructs were 

transiently transfected into HEK293 cells by calcium phosphate co-precipitation. Forty-eight 

hours after transfection, the cells were pretreated (5 minutes) with 100 nM TPA and then 

scraped in R1PA lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% 

sodium deoxycholate, 0.1% SDS and Complete Mini protease inhibitor cocktail (Roche 

Applied Sciences)) and left at 4°C on shaker for 3 hours to lyse. They were lysed further by 

passing through 25 gauge needle. The cell lysate was centrifuged at 14,000 rpm for 20 

minutes at 4°C. The supernatants were incubated with 40 \i\ of anti-FLAG M2-agarose 

affinity gel (Sigma) at 4°C overnight. The gel was washed three times with RIPA lysis buffer 

at 4°C, resuspended in IX SDS-loading buffer and boiled for 5 minutes to elute the proteins. 

The eluted supernatants were resolved on an SDS-10% polyacrylamide gel that was 

transferred onto a polyvinylidene difluoride membrane (PDVF) and blocked at room 

temperature for 1 hour in 5% skimmed milk in Tris-buffered saline (TBS) buffer. 

Phosphorylation was analyzed by Western blot, incubating the membranes with rabbit 

polyclonal anti-phosphothreonine (1:2500), anti-phosphoserine (1:2500) and anti-

phosphoT149-5-HTlA (1:2500) antibodies overnight at 4°C. Secondary antibody was 

anti-rabbit horseradish peroxidase (1:5000) and was incubated for 1 hour at room 

temperature. Western blot was visualized using enhanced chemiluminescence (ECL) 
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detection kit (Roche Applied Sciences), exposed to Kodak BioMax MR film and 

developed. 

Co-immunoprecipitation/Co-precipitation Assay 

The pcDNA3-FLAG-5-HTlA (wild-type or Ci2 mutants), wild type His/S-tagged 

5-HT1A receptor and His/S-tagged PP2AC constructs were transiently transfected into 

HEK293 cells by either calcium phosphate precipitation or Lipofectamine Plus reagent 

(Invitrogen). Forty-eight hours after transfection, cells were treated with 10 uM 5-HT 

(10-15 minutes) and proteins were cross-linked with 2.5 mM 

dithiobis[succinimidylpropionate] (DSP) at 4°C or 5.0 mM dimethyl 

3,3'-dithiobispropionimidate (DTBP) at 4°C for 30 minutes prior to harvesting. The cells 

were scraped in RIPA lysis buffer and left at 4°C on shaker for 3 hours to lyse. They 

were lysed further by passing 3 to 4 times through 25 G needle at room temperature. The 

cell lysate was centrifuged at 14,000 rpm for 20 minutes at 4°C. The supernatants 

containing approximately 800 ug of total protein were incubated with 40 ja.1 of anti-FLAG 

M2-agarose affinity gel (Sigma Aldrich) or 40 ul of S-protein agarose beads (Novagen) at 

4°C overnight. The agarose beads were washed three to five times with RIPA lysis buffer 

(4°C), resuspended in IX SDS-loading buffer with 100 mM DTT to cleave the cross 

linker and boiled for 5 minutes to elute the proteins. The eluted supernatants were 

resolved on an SDS-10% polyacrylamide gel that was transferred onto a polyvinylidene 

difluoride membrane (PDVF) and blocked at room temperature for 1 hour in 1% 

commercial blocking solution (Invitrogen) in Tris-buffered saline (TBS) buffer and 

analyzed by Western blotting using a mouse monoclonal anti-PP2A catalytic subunit 

(1:5000) (Cell Signaling), anti-FLAG Ml antibody (1:2500) (Sigma Aldrich) and 
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S-protein conjugated HRP (1:5000) antibodies to detect immunoprecipitated phosphatase 

subunit and 5-HT1A receptor. Secondary antibody was anti-mouse horseradish 

peroxidase (1:5000) and was incubated for 1 hour at room temperature. Western blot was 

visualized using BM Chemiluminescence Blotting Substrate detection kit (Roche Applied 

Sciences), exposed to Kodak BioMax MR film and developed. 

Chemical Cross linking 

Dithio-bis(succinimidylpropionate reagent 

We used the cleavable homobifunctional, amine-reactive reagent DSP dithio-

bis(succinimidylpropionate) to covalently link the transient interaction between the 

5-HT1A receptor and the PP2A catalytic subunit. DSP was solubilized in DMSO to a 

final concentration of 25 mM (stock solution) prior to use and added to a final 

concentration of 2.5 mM and incubated with the cells for 30 minutes on ice at 4°C. The 

reaction was stopped by adding from a stock solution of 1 M Tris, pH 7.5 to a final 

concentration of 15 mM and incubated on ice for 15 minutes. Cross linker was cleaved 

using 100 mM DTT in the SDS loading buffer prior to separation on a gel. 

Dimethyl 3,3'-dithiobispropionimidate reagent 

We used the cleavable homobifunctional, imidoester cross linking reagent DTBP 

(dimethyl 3,3'-dithiobispropionimidate) to covalently link the transient interaction 

between the 5-HT1A receptor and the PP2A catalytic subunit. DTBP was solubilized in 

phosphate buffered saline (PBS) to a final concentration of 50 mM (stock solution) prior 

to use and added to a final concentration of 5.0 mM and incubated with the cells for 30 

minutes on ice at 4°C. The reaction was stopped by adding from a stock solution of 1 M 
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Tris, pH 7.5 to a final concentration of 20 mM and incubated on ice for 15 minutes. 

Cross linker was cleaved using 100 mM DTT in the SDS loading buffer prior to 

separation on a gel. 

Yeast mating assay and f)-galactosidase Assay between 5-HT1A long i2 and PP2AC, 

Nedl-1 and dynein 

5-HTlA-long i2 was subcloned in pAS2-l (leu+) while PP2AC, Nedl-1 and 

dynein constructs were cloned into the pACT2 (trp+) yeast vector as part of a yeast 

cDNA screening library (Clontech). For (3-galactosidase assays, pAS2-5-HTlA long i2 

loop peptide and pACT2 constructs (dynein, Nedll, and PP2ACa clones) were 

transformed into Y187 and AH109 strains and plated onto S.D.-Trp- and S.D.-Leu-

plates, respectively. Resultant colonies were mated in S.D.-Leu-Trp- medium at 30°C 

overnight and were diluted to A6oo = 0.7, from which 10 JJ.1 of the yeast cell medium was 

spotted on S.D.-Leu-Trp- and S.D.-Leu-Trp-His plates. Liquid (3-galactosidase assays 

were performed using mated yeast cells described above. Briefly, yeast cells subcultured 

in S.D.-Leu-Trp-His- medium (30°C, overnight), were lysed by three freeze-thaw cycles 

and re-suspended in Z buffer (60 mM Na2HP04, 40mM NaH2P04, lOmM KCl, 1 mM 

MgS04, pH 7.0). For quantitative assay, 0-nitrophenyl-|3-D-galactopyranoside (Sigma) 

and yeast lysate were incubated at 30°C; absorbance at 420 nm was measured to 

determine (3-galactosidase activity units, which was normalized by the (3-galactosidase 

unit of the positive control vector pCLl in each assay. 
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Re-optimization of transfection and protein detection 

HEK293 cells were transfected with various amounts of empty pEGFP vector 

(Clontech) via calcium phosphate precipitation or Lipofectamine Plus reagent 

(Invitrogen). Cells were analyzed for fluorescence under a fluorescence microscope. 

Once optimal transfection conditions were determined, HEK293 cells were transfected 

with 6 ug of FLAG-5-HT1A and 1 ug of empty pEGFP (positive transfection control) or 

5 ug of FLAG-RASA3 (positive control) and 1 ug of empty pEGFP (positive transfection 

control) using Lipofectamine Plus for 48 hours (1:3 ratio of Lipofectamine to 

Lipofectamine Plus reagent per ug of plasmid). Cells were analyzed for fluorescence 

under a fluorescence microscope prior to harvest. The cells were washed twice with PBS 

and harvested. The cells were then lysed with 800 ul of lysis buffer containing 50 mM 

Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 

Complete Mini protease inhibitor cocktail (Roche). After gentle rotation for 3 hours, 

samples were centrifuged for 15 minutes at 14 000 rpm and the supernatant was 

collected. 20 ul of supernatant was combined with 20 ul of 2 X SDS-PAGE loading 

buffer, and proteins separated on a 10% SDS-PAGE gel, and visualized by 

immunoblotting using anti-FLAG Ml antibody (Sigma Aldrich). 

Statistical Analysis 

The data are presented as mean ± SEM of at least three independent experiments. 

The data were analyzed by the student's t-test (two tailed, paired) as indicated using the 

GraphPad Prism program (San Diego, CA). The corresponding bands for co-precipitated 

PP2AC were digitally quantified using Adobe Photoshop and the results were normalized 

to the amount of tagged 5-HT1A receptor precipitated. 
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RESULTS 

Solubilization of FLAG-tagged 5-HT1A receptors for phosphorylation and co-

immunoprecipitation studies 

Wild-type and mutant 5-HT1A receptors were successfully transfected into 

HEK293 cells and detected after receptor solubilization and subsequent 

immunoprecipitation using anti-FLAG M2 Affinity Gel (Sigma) (Figure 6). The wild-

type FLAG tagged receptor is functional and has been characterized relative to the wild-

typed untagged form with respect to ligand binding, G-protein coupling and receptor 

number (Kushwaha, unpublished data). Two specific FLAG-5-HT1A receptor species of 

molecular weight (M.W.) 48 and 60 kDa were detected in cells transfected with the wild-

type or T149A mutant receptor plasmid, but not observed in non-transfected cells. 

Treatment of cells with 5-HT has no effect on the amount of receptor 

immunoprecipitated. Further studies using another tagged variant of the 5-HT 1A 

receptor showed similar results. 
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Figure 6: Solubilization of FLAG-tagged 5-HT1A receptors for phosphorylation and 
co-immunoprecipitation studies. 

Plasmids encoding FLAG 5-HT1A receptor and mutant FLAG 5-HT1A-T149E receptor 
were transiently transfected in HEK293 cells and compared to non-transfected HEK293 
cells. After 48 hours, the cells were treated or not with 5-HT (10 uM) for 10-15 minutes 
as indicated. The protein levels of cell lysates were quantified and equal amounts of 
protein incubated with anti-FLAG M2 agarose beads. Proteins were eluted and separated 
on a 10% SDS-PAGE gel, and visualized by immunoblotting using anti-FLAG Ml 
antibody. Shown at left is the migration of molecular weight markers (kDa). Two 
specific bands were detected in 5-HTlA-transfected cells but not non-transfected cells 
(arrows). Data courtesy of JinLu. 
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5-HT1A receptor phosphorylation via protein kinase C 

John Raymond has previously shown that activation of PKC via phorbol ester 

TPA leads to phosphorylation and eventual desensitization of the 5-HT1A receptor 

(Raymond, 1991). Examination of total wild-type, mutant 5-HT1A-T149A and mutant 

5-HT1A-T149E phosphorylation following immunoprecipitation with anti-FLAG M2 

agarose and Western blot using anti-phosphoserine (Sigma Aldrich) or 

anti-phosphothreonine (Sigma Aldrich) commercial antibodies was done. Western blot 

with anti-FLAG Ml antibody revealed a major band for 5-HT1A transfected cells at 

44 kDa. Weak bands corresponding to the molecular weight of the 5-HT1A receptor (48 

and 60 kDa) were detected using anti-phosphoserine antibody, particularly in the 

TPA-treated wild-type 5-HT1A lanes, but not in non-transfected cells (Figure 7). A very 

weak signal was present in the TPA-treated T149A and T149E mutants. These data 

suggest that the 5-HT1A receptor is phosphorylated by PKC at Ser sites, and that this 

phosphorylation may be affected by the T149A mutation. Using the 

anti-phosphothreonine antibody, no bands were detected at 48 or 60 kDa, but a band at 

70 kDa was present in the TPA-treated 5-HT1A and T149A lanes but not untreated lanes 

(Figure 7). Because it migrates at a different size than the 5-HT1A receptor, the identity 

of this protein is unclear but it could be a receptor-associated protein that is 

phosphorylated by PKC, or a low abundance glycosylated form of the receptor that was 

not detected using the anti-FLAG antibody. 

A second experiment was inconclusive as only non-specific bands were visualized 

utilizing anti-phosphoserine (Sigma Aldrich) and anti-phosphothreonine (Sigma Aldrich) 

antibodies, despite that probing with anti-FLAG Ml antibody (Sigma Aldrich) verified 
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the presence of 5-HT1A receptor (Figure 8). Probing with a specific anti-phospho-5-

HT1A-T149 antibody (Sigma) revealed faint bands approximately near the size of the 5-

HT1A receptor and treatment with TPA yielded a stronger band relative to non-treatment 

conditions (Figure 8). Mutation of residue T149 in the receptor to the non-

phosphorylatable alanine (T149A) seems to have blocked the effect (Figure 8). These 

results are consistent with phosphorylation of the 5-HT1A receptor by PKC at Ser and 

Thr residues, particularly T149. 
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Figure 7: PKC mediated phosphorylation of wild-type and mutant 5-HT1A 
receptors. 

Plasmids encoding FLAG 5-HT1A receptor, mutant FLAG 5-HT1A-T149A receptor and 
mutant FLAG 5-HT1A-T149E receptor were transiently transfected in HEK293 cells. 
The transfected cells were treated with the PKC activator TPA (100 nM) or control 
(ddF^O) for 5 minutes and the cells lysed. Cell lysates were quantified and incubated 
with anti-FLAG M2 agarose beads. Proteins were eluted and separated on a 10% SDS-
PAGE gel, and visualized by immunoblotting using anti-FLAG Ml (above), anti-
phosphoserine (middle) and anti-phosphothreonine (below) antibodies as indicated. 
Molecular weight markers are shown at left (kDa). Bands specific for 5-HT1A 
receptor-transfected cells are shown (arrows). 
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Figure 8: PKC mediated phosphorylation of wild-type and mutant 5-HT1A 
receptors. 

Plasmids encoding FLAG 5-HT1A receptor, mutant FLAG 5-HT1A-T149A receptor and 
mutant FLAG 5-HT1A-T149E receptor were transiently transfected in HEK293 cells. 
The transfected cells were treated with the PKC activator TPA (100 nM) or control 
(ddH20) for 5 minutes and the cells lysed. Cell lysates were quantified and incubated 
with anti-FLAG M2 agarose beads. Proteins were eluted and separated on a 10% SDS-
PAGE gel, and visualized by immunoblotting using anti-phosphothreonine (A), anti-
phosphothreonine (B) anti-FLAG Ml (C) and anti-phospho-5-HTl A-T149 (D) antibodies 
as indicated. Molecular weight markers are shown at left (kDa). Bands specific for 
5-HT1A receptor-transfected cells are shown (arrows). 
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5-HT1A i2/regulatory protein interactions 

Yeast mating/fi-galactosidase assay 

Dr. Kushwaha's initial yeast mating/B-galactosidase assays using an assumed 

wild-type 5-HT1A long i2 construct and one with a mutated PKC site (T149A) showed 

decreased interaction with the 5-HTlA-long i2 relative to the wild type receptor in 

yeast-two hybrid assay (data not shown). However, upon sending the long i2 construct 

for automated sequencing an error in subcloning was discovered. Dr. Kushwaha's 

construct used in the yeast/mating and B-galactosidase assays were one nucleotide base 

out of frame with the Gal4 DNA binding domain and is predicted to encode a non-sense 

protein (Figure 9A, upper). Yeast mating/ B-galactosidase assays were re-tested using a 

corrected construct in which the extra base was deleted through mutagenesis. 

Interactions with the correct long i2 construct were re-confirmed with PP2AC and dynein 

but not Nedl-1 (Figure 9B). 
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Figure 9: Yeast mating assay with 5-HT1A long i2 and PP2AC, dynein and Nedl-1. 

(A) Upper schematic refers to Gal4 DNA binding domain fusion protein encoded by the 
erroneous subcloned long i2 into the yeast vector pAS2-l. The lower schematic refers to 
the Gal4 DNA binding domain fusion protein encoded by the corrected long i2 in the 
yeast vector pAS2-l. (B) Interactions with proper long-i2 construct were re-confirmed 
with PP2AC and dynein clones. No interactions were observed with Nedl-1. 
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It is unclear whether this construct was used in the initial screening, or became altered in 

subsequent preparations. The original non-sense yeast hybrid construct yielded a positive 

interaction with the PP2AC subunit clone and this could be due to several reasons. First, 

the non-sense target construct contained a threonine residue which is the target of PP2A, 

a threonine- and serine-specific phosphatase. Second, the yeast transcriptional machinery 

could have skipped over a single base, and in turn, it inadvertently corrected the frame of 

the construct and resulted in translation of the correct i2 loop sequence. Yeast-two 

hybrid studies were repeated using the corrected 5-HTlA-i2 construct and suggested a 

potential interaction between the i2 domain of the 5-HT1A receptor and PP2AC subunit 

and dynein. The interaction with the PP2AC subunit and dynein was re-confirmed using 

P-galactosidase assay (Figure 10). 
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Interaction with corrected 5-HTlA-long i2 construct 

PP2Ac + 5-HT1A long i2 Dynein + 5-HT1A long i2 ZBTB4 + 5-HT1A long i2 

Figure 10: p-galactosidase quantification of 5-HTlA-long i2 yeast interactions. 

Liquid P-galactosidase assays were performed using mated yeast cells described above. 
Briefly, yeast cells subcultured in S.D.-Leu-Trp-His- medium (30°C, overnight), were 
lysed by three freeze-thaw cycles and re-suspended in Z buffer (60 mM Na2HPC>4, 40mM 
NaH2P04, lOmM KCl, 1 mM MgS04, pH 7.0). For quantitative assay, 
O-nitrophenyl-P-D-galactopyranoside (Sigma) and yeast lysate were incubated at 30°C; 
absorbance at 420 nm was measured to determine P-galactosidase activity units, which 
was normalized by the P-galactosidase unit of the positive control vector pCLl in each 
assay. 
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FLAG-tagged 5-HT1A Co-Immunoprecipitation assay 

Wild-type 5-HT1A receptor and PP2AC subunit were found to 

co-immunoprecipitate together with and without 5-HT treatment in the presence of 

dithiobis[succinimidylpropionate] (DSP) chemical cross linking agent. Previous 

experiments to show the interaction without the addition of a chemical cross linker were 

unsuccessful, as no specific bands corresponding to PP2AC were detected in the wild 

type and mutant receptor transfected cells (Figure 11). The interaction between the 

receptor and phosphatase appears to be weak and transient, owing to the dynamic nature 

of the G-protein coupled receptor-protein interactions, as the addition of a cross linker 

was needed to capture the interaction for analysis (Figure 12). As expected, the non 

transfected cell extract showed no band corresponding to the PP2AC subunit after 

immunoprecipitation with anti-FLAG M2 antibody. By contrast, in cells transfected with 

Flag-5-HTl A receptor, PP2A catalytic subunit was present in the immunoprecipitate, and 

was consistently increased in the presence of 5-HT. The non-specific bands correspond 

to the molecular weight of the heavy and light IgG chains. These initial data suggested 

that the 5-HT1A-PP2A interaction does occur in cells, and hence it could regulate 

receptor phosphorylation and sensitization. The interaction appears to be enhanced 

following 5-HT treatment, providing evidence that the interaction may play a role in 

homologous desensitization to enhance de-phosphorylation of the GRK-phosphorylated 

receptor. Co-transfection with exogenous PP2AC did not increase the interaction, 

presumably because overall PP2A levels were not increased, and this is consistent with 

past studies noting the notorious difficulties involved in overexpresion of PP2AC. 

PP2AC levels are regulated under a strict autoregulatory mechanism at the translational 
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level and transfection of PP2AC constructs leads to decreases in production of 

endogenous PP2AC making overexpression a challenge (Baharians and Schonthal, 1998). 

While FLAG-5-HT1A wild type and PP2AC co-immunoprecipitate together initial data 

suggest FLAG 5-HT1A-E340K does not co- immunoprecipitate with PP2AC subunit 

possibly due to disruption of i2 loop structure (Figure 13). These results are consistent 

with Dr. Kushwaha's previous cell signaling studies involving the 5-HT1A receptor third 

intracellular (i3) loop E340 5-HT1A mutant receptors (data unpublished). Relative to 

wild type 5-HT1A receptor, mutant E340K showed inverse activity promoting dopamine-

stimulated cAMP accumulation (Gcci response) and decreased 8-OH-DPAT induced 

intracellular calcium levels (G(3y response) (data not shown). Dr. Kushwaha et. al., have 

predicted that residue E340 plays a critical role in facilitating interactions between the N-

terminal i2 loop (Ni2) DRY motif and the C-terminal (Ci2) YXXKR motif. The residue 

Glu340 located on the C-terminal side of the third intracellular loop (Ci3) provides ionic 

or other types of interactions with the residues K147, Y144 and R134 (Figure 1), which 

in turn provides the i2 loop the proper conformation of the Gai and GPy subunit binding 

sites in the second and third intracellular loops respectively (Kushwaha et al., 2006). 

The PP2AC subunit co-immunoprecipitated with the wild-type FLAG 5-HT1A, 

mutant FLAG-5-HT1A-T149A and mutant FLAG 5-HT1A-T149E receptors whether 

treated with 5-HT or not in the presence of DSP chemical cross linker, again 5-HT 

treatment led to increased association of PP2AC with the wild-type 5-HT1A receptor, but 

only background levels for the T149A mutant, while the T149E data were not 

interpretable due to incomplete transfer (Figure 14). These data further support yeast 

studies that the 5-HT1A receptor-PP2A interaction does occur in cells. Interestingly, the 
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interaction is enhanced in the presence of 5-HT, suggesting the recruitment of PP2A to 

the receptor upon activation. The 5-HT1A-PP2A interaction was not observed upon 

mutation of T149 or E340, suggesting that the i2 loop structure is required for correct 

interaction, which is consistent with the interaction of PP2A with the i2 loop in yeast 

studies. 
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Figure 11: Co-immunoprecipitation of wild type and i2-mutant FLAG-5-HT1A 
receptor and PP2A catalytic subunit without chemical cross linking. 

Plasmids encoding FLAG 5-HT1A receptor, mutant FLAG 5-HT1A-T149A receptor and 
empty pcDNA3 FLAG vector were transiently transfected in HEK293 cells and 
compared to non-transfected HEK293 cells. After 48 hours, the cells were harvested and 
the protein levels of cell lysates were quantified and equal amounts of protein incubated 
with anti-FLAG M2 agarose beads. Proteins were eluted and separated on a 10% 
SDS-PAGE gel, and visualized by immunoblotting using anti-PP2AC antibody as 
indicated. Shown at left is the migration of molecular weight markers (kDa). Without 
treatment with chemical cross linker no specific band for PP2AC was detected in the 
tagged 5-HT1 A-transfected (wild type or mutant) cells (arrows). 
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Figure 12: Co-immunoprecipitation of FLAG-tagged 5-HT1A receptor and PP2A 
catalytic subunit with DSP chemical cross linking. 

Plasmids encoding FLAG 5-HT1A receptor and PP2A catalytic subunit (PP2AC) were 
transiently transfected in HEK293 cells and compared to non-transfected HEK293 cells. 
After 48 hours, the cells were treated with or without 5-HT (10 uM) for 10-15 minutes, 
and proteins were cross-linked with 2.5 mM dithiobis[succinimidylpropionate] (DSP) 
prior to harvesting as indicated. The protein levels of cell lysates were quantified and 
equal amounts of protein incubated with anti-FLAG M2 agarose beads. Proteins were 
eluted and separated on a 10% SDS-PAGE gel, and visualized by immunoblotting using 
anti-PP2AC antibody as indicated. Shown at left is the migration of molecular weight 
markers (kDa). A specific band was detected in 5-HTlA-transfected cells but not 
non-transfected cells (arrows). 
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Figure 13: Co-immunoprecipitation of wild type and i3-mutant FLAG-5-HT1A 
receptor and PP2A catalytic subunit with DSP chemical cross linking. 

Plasmids encoding FLAG 5-HT1A receptor and mutant FLAG 5-HT1A-E340K were 
transiently transfected in HEK293 cells and compared to non-transfected HEK293 cells. 
After 48 hours, the cells were lysed and proteins cross linked with 2.5 mM 
dithiobis[succinimidylpropionate] (DSP) prior to harvesting. The protein levels of cell 
lysates were quantified and equal amounts of protein incubated with anti-FLAG M2 
agarose beads. Proteins were eluted and separated on a 10% SDS-PAGE gel, and 
visualized by immunoblotting using anti-PP2AC antibody as indicated. Shown at left is 
the migration of molecular weight markers (kDa). A specific band was detected in wild 
type 5-HTlA-transfected cells but not mutant 5-HT1A-E340K and non-transfected cells 
(arrows). 
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Figure 14: Co-immunoprecipitation of wild type and i3-mutant FLAG-5-HT1A 
receptor and PP2A catalytic subunit with DSP chemical cross linking. 

Plasmids encoding FLAG 5-HT1A receptor, mutant FLAG 5-HT1A-T149A receptor and 
mutant FLAG 5-HT1A-T149E receptor were transiently transfected in HEK293 cells and 
compared to non-transfected HEK293 cells. After 48 hours, the cells were treated or not 
with 5-HT (10 uM) for 10-15 minutes and proteins were cross-linked with 2.5 mM 
dithiobis[succinimidylpropionate] (DSP) prior to harvesting as indicated. The protein 
levels of cell lysates were quantified and equal amounts of protein incubated with anti-
FLAG M2 agarose beads. Proteins were eluted and separated on a 10% SDS-PAGE gel, 
and visualized by immunoblotting using anti-PP2AC antibody as indicated. Shown at 
left is the migration of molecular weight markers (kDa). A specific band was detected in 
5-HT1 A-transfected cells (wild type and mutant) but not non-transfected cells (arrows). 
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Re-optimization of plasmid transfection and protein detection 

Eventually, technical difficulties arose in detecting the FLAG-tagged receptors in 

either co-immunoprecipitated samples or even input lysates of these 

co-immunoprecipitation experiments. Troubleshooting pointed to poor transfection 

efficiency as transfection of 4 \ig of empty GFP vector using the calcium phosphate 

precipitation method yielded no fluorescence cells when observed with the fluorescence 

microscope (Figure 15A). Switching to Lipofectamine Plus transfection reagent provided 

better transfection efficiency (Figures 15B & 15C) and transfection of 6 ug of empty 

GFP vector gave the best efficiency (Figure 15D). However, when 6 \ig of 

FLAG-5-HT1A or 5 |j.g of FLAG-RASA3 (positive control) were co-transfected with 

1 |ig of empty GFP vector (positive transfection control) into HEK293 cells using 

Lipofectamine Plus reagent, no bands corresponding to the molecular weight of the 

5-HT1A receptor (48 kDa) or RASA3 (~ 100 kDa) were detected using anti-FLAG Ml 

antibody (Figure 16), despite visualizing fluorescence under the microscope. 

Furthermore, no specific band for the positive control FLAG-RASA3 was detected. 

Therefore, we decided to label the 5-HT1A receptor with a different tag using the 

pTriex-4 vector that contains both His- and S-antigen tags. 
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Figure 15: Re-optimization of transfection using empty pEGFP2 vector. 

(A) Calcium phosphate precipitation transfection of 4 ug of GFP vector in HEK293 cells 
(24 hours post-transfection). (B) Lipofectamine transfection of 4 ug of GFP vector in 
HEK293 cells (24 hours post-transfection). (C) Lipofectamine transfection of 6 jug of 
GFP vector in HEK293 cells (24 hours post-transfection). (D) Lipofectamine 
transfection of 6 ug of GFP vector in HEK293 cells (48 hours post-transfection). 
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Figure 16: Re-optimization of protein expression and detection. 

Plasmids encoding FLAG 5-HT1A receptor and FLAG RASA3 were transiently 
transfected in HEK293 cells and compared to non-transfected HEK293 cells. After 
48 hours, the cells were harvested and the protein levels of cell lysates were quantified 
and equal amounts of protein incubated with anti-FLAG M2 agarose beads. Proteins 
were eluted and separated on a 10% SDS-PAGE gel, and visualized by immunoblotting 
using anti-FLAG Ml antibody. Shown at left is the migration of molecular weight 
markers (kDa). No specific bands for the 5-HT1A receptor or the positive control 
FLAG-RASA3 were detected. 
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Solubilization of His/S-tagged 5-HT1A receptors for phosphorylation and co-

precipitation studies 

Wild-type His/S-tagged 5-HT1A receptors were successfully transfected into 

HEK293 cells and detected after receptor solublization and subsequent precipitation 

using S-protein agarose beads (Novagen) (Figures 17, 18). His/S-tagged 5-HT1A 

receptor function has not been examined; however, similar N-terminal tagged FLAG 

tagged receptors are functional and have been characterized relative to the wild-type 

untagged form with respect to ligand binding, G-protein coupling and receptor number 

(Kushwaha, unpublished data). Western blot of the precipitates using S-protein HRP 

conjugate revealed a single specific band of 53 kDa was detected in cells transfected with 

the tagged, but not the non-tagged, 5-HT1A receptor. The greater size of the His/S-tag 

could account for the larger M.W. observed compared to the native non-glycosylated 

FLAG-tagged 5-HT1A receptor in previous figures (48 kDa). Treatment of cells with 5-

HT had no effect on the amount of receptor precipitated (Figure 18), as observed 

previously with the FLAG-tagged 5-HT1A receptor variant. 

5-HT1A i2/regulatory protein interactions 

His/S-tagged 5-HT1A Co-precipitation assay 

As with the FLAG tagged receptor variant, S-tagged 5-HT1A receptor and 

PP2AC subunit were found to co-precipitate together with and without 5-HT treatment, 

only in the presence of dithiobis[succinimidylpropionate] (DSP) or a similar chemical 

cross-linking agent. Previous experiments to show the interaction without the addition of 

chemical cross linker were unsuccessful, as no specific bands corresponding 
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Figure 17: Solubilization of His/S-tagged 
phosphorylation and co-precipitation studies. 

5-HT1A wild type receptors for 

Plasmids encoding His/S-tag 5-HT1A receptor and untagged 5-HT1A receptor 
(pcDNA3-5-HTlA) were transiently transfected in HEK293 cells and tagged receptor 
compared to non-tagged receptor transfected HEK293 cells. (A) After 48 hours, the cells 
were harvested and the protein levels of cell lysates were quantified and 15, 30 and 50 ug 
of total protein were separated on a 10% SDS-PAGE gel, and visualized by 
immunoblotting using S-protein conjugated HRP. Shown at left is the migration of 
molecular weight markers (kDa). A specific band was detected in tagged 5-HT1A 
transfected cells but not untagged 5-HT1A transfected cells (arrows). (B) After 48 hours, 
the cells were harvested and the protein levels of cell lysates were quantified and 10, 20, 
30 and 40 ug of total protein were separated on a 10% SDS-PAGE gel, and visualized by 
immunoblotting using S-protein conjugated HRP. Shown at left is the migration of 
molecular weight markers (kDa). A specific band was detected in tagged 5-HT1A 
transfected cells but not untagged 5-HT1A transfected cells (arrows). 
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Figure 18: Solubilization and precipitation of His/S-tagged 5-HT1A receptors for 
phosphorylation and co-precipitation studies. 

Plasmid encoding His/S-tag 5-HT1A receptor was transiently transfected in HEK293 
cells and compared to non-transfected HEK293 cells. After 48 hours, the cells were 
treated or not with 5-HT (10 uM) for 10-15 minutes as indicated. The protein levels of 
cell lysates were quantified and equal amounts of protein incubated with S-protein 
agarose beads. Proteins were eluted and separated on a 10% SDS-PAGE gel, and 
visualized by immunoblotting using S-protein conjugated HRP. Shown at left is the 
migration of molecular weight markers (kDa). A specific band was detected in 
5-HT1 A-transfected cells but not non-transfected cells (arrows) and treatment with 5-HT 
had no effect on the level of receptor precipitated. 
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to PP2AC were detected in the receptor transfected cells (Figure 19). The transient or 

weak nature of the interaction necessitates the use of the chemical cross linker. 

Co-precipitation studies were performed using HEK293 cells transfected with 

His/S-tagged 5-HT1A receptor or His/S-tagged-Freudl, a transcription factor not known 

to interact with PP2A. The 5-HT1A receptor was detected using S-protein HRP 

conjugate as a single band of 53 kDa but upon addition of 5-HT, two bands (53 and 

90-100 kDa) were detected, suggesting the formation of a dimer, while no bands were 

present in the non-transfected control (Figure 20). The presence of these putative dimers 

is likely due to the inability of dithiothreitol (DTT) to cleave the cross linker prior to 

separation on an SDS PAGE gel. Overall, the loading of 5-HT1A receptor protein 

appeared similar. For Freud-1, a major 90-100 kDa band was detected, and some smaller 

bands that may represent degradation products. Wild-type His/S-tagged 5-HT 1A 

receptor and PP2AC subunit were found to co-precipitate together with more PP2A 

detected in the 5-HT treatment lane vs. untreated, in the presence of DSP chemical cross 

linker (Figure 20). Surprisingly, His/S-tagged hFreud-1 (short isoform) and the PP2AC 

subunit co-precipitated together in the absence of DSP cross linker, suggesting that these 

proteins have a strong interaction. In a separate experiment (Figure 21), a specific band 

for the 5-HT1A receptor (53 kDa) was detected upon transfection of the 5-HT1A receptor 

(without or with 5-HT treatment), but not with the vector pTriex-4. As shown in the 

input, similar amounts of 5-HT1A receptor and PP2A were loaded, and in the 

precipitation the 5-HT1A receptor and PP2AC subunit were again found to co-precipitate 

together in the presence of DSP chemical cross linker and 5-HT treatment enhanced this 
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Figure 19: Co-precipitation of His/S-tagged 5-HT1A receptor and PP2A catalytic 
subunit without chemical cross linking. 

Plasmid encoding His/S-tag 5-HT1A receptor was transiently transfected in HEK293 
cells and compared to non-transfected HEK293 cells. After 48 hours, the cells were 
treated or not with 5-HT (10 uM) for 10-15 minutes and the protein levels of cell lysates 
were quantified and equal amounts of protein incubated with S-protein agarose beads. 
Proteins were eluted and separated on a 10% SDS-PAGE gel, and visualized by 
immunoblotting using S-protein conjugated HRP (above) and anti-PP2AC antibody 
(below). Shown at left is the migration of molecular weight markers (kDa). Without 
treatment with chemical cross linker no specific band for PP2AC was detected in the 
tagged 5-HT1 A-transfected cells (arrows). 
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Figure 20: Co-precipitation of His/S-tagged 5-HT1A receptor and PP2A catalytic 
subunit with DSP chemical cross linking. 

Plasmids encoding His/S-tag 5-HT1A receptor and His/S-tag hFreud-1 (short isoform) 
were transiently transfected in HEK293 cells and compared to non-transfected HEK293 
cells. After 48 hours, the 5-HT1A transfected cells were treated or not with 5-HT 
(10 uM) for 10-15 minutes as indicated and proteins were cross-linked with 2.5 mM 
dithiobis[succinimidylpropionate] (DSP) prior to harvesting. Freud-1 transfected cells 
were untreated. The protein levels of cell lysates were quantified and equal amounts of 
protein incubated with S-protein agarose beads. Proteins were eluted and separated on a 
10% SDS-PAGE gel, and visualized by immunoblotting using S-protein conjugated HRP 
(above) and anti-PP2AC antibody (below). Shown at left is the migration of molecular 
weight markers (kDa). Two specific bands for the 5-HT1A receptor were detected (53 
kDa, 100 kDa), while a specific band was present for Freud-1 (100 kDa), while no bands 
were detected in non transfected cells. Specific bands for PP2AC was detected in 
5-HTlA-transfected and Freud-1 transfected cells but not empty vector and 
non-transfected cells (arrows). 
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Figure 21: Co-precipitation of His/S-tagged 5-HT1A receptor and PP2A catalytic 
subunit with DSP chemical cross linking. 

Plasmids encoding empty His/S-tag vector (pTriex-4) and His/S-tag 5-HT1A receptor 
were transiently transfected in HEK293 cells and compared to non-transfected HEK293 
cells. After 48 hours, the cells were treated or not with 5-HT (10 uM) for 10-15 minutes 
and proteins were cross-linked with 2.5 mM dithiobis[succinimidylpropionate] (DSP) 
prior to harvesting. The protein levels of cell lysates were quantified and equal amounts 
of protein incubated with S-protein agarose beads. Proteins were eluted and separated on 
a 10% SDS-PAGE gel, and visualized by immunoblotting using S-protein conjugated 
HRP (above) and anti-PP2AC antibody (below). Shown at left is the migration of 
molecular weight markers (kDa). A specific band for PP2AC was detected in 
5-HT1 A-transfected cells but not empty vector and non-transfected cells (arrows). 
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association (Figure 21). The empty His/S-tagged vector pTriex-4 (lane 1) and non-

transfected (lane 4) cell extracts produced no co-precipitation of PP2AC (Figure 22), 

despite treatment with DSP cross linker, suggesting the interaction between the 5-HT1A 

receptor and the phosphatase subunit is specific. The results were reproducible, as co-

precipitation of the PP2AC subunit is observed in the presence of His/S-tagged 5-HT1A 

receptor positive transfected cells with and without 5-HT treatment in the presence of a 

second chemical cross linker, dimethyl 3,3'-dithiobispropionimidate (DTBP) (Figure 22). 

The empty His/S-tagged vector pTriex-4 (lane 1) and non-transfected (lane 4) and cell 

extracts produced no co-precipitation of PP2AC (Figure 22) despite treatment with DTBP 

cross linker, again suggesting a specific interaction between the receptor and 

phosphatase. Interestingly, the agonist specific enhancement of the interaction was not 

seen using DTBP cross linker. This could be due to the inability of DTBP to permeate 

the cell membrane as it is a more hydrophilic molecule relative to DSP. 

A third and fourth replicate experiment utilizing DSP chemical cross linker 

showed again that the receptor and the phosphatase catalytic subunit co-precipitate 

together with and without 5-HT treatment (Figure 23, 24). The data for PP2AC co-

precipitated with 5-HT1A receptor from four independent DSP cross linking experiments 

were quantified by densitometry and normalized to control untreated samples and 

demonstrated a statistically significant 2-fold increase in the level of 5-HT1A-PP2A 

interaction (Figure 25). The finding that the interaction between the receptor and the 

phosphatase catalytic subunit appears to be enhanced following 5-HT treatment provides 

evidence that the interaction may play a role in receptor resensitization following 
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homologous desensitization to enhance dephosphorylation of the GRK- or PKC-

phosphorylated receptor. 
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Figure 22: Co-precipitation of His/S-tagged 5-HT1A receptor and PP2A catalytic 
subunit with DTBP chemical cross linking. 

Plasmids encoding empty His/S-tag vector (pTriex-4) and His/S-tag 5-HT1A receptor 
were transiently transfected in HEK293 cells and compared to non-transfected HEK293 
cells. After 48 hours, the cells were treated or not with 5-HT (10 uM) for 10-15 minutes 
and proteins were cross-linked with 5.0 mM dimethyl 3,3'-dithiobispropionimidate 
(DTBP) for 30 minutes on ice prior to harvesting. The protein levels of cell lysates were 
quantified and equal amounts of protein incubated with S-protein agarose beads. Proteins 
were eluted and separated on a 10% SDS-PAGE gel, and visualized by immunoblotting 
using S-protein conjugated HRP (above) and anti-PP2AC antibody (below). Shown at 
left is the migration of molecular weight markers (kDa). A specific band for PP2AC was 
detected in 5-HTlA-transfected cells but not empty vector and non-transfected cells 
(arrows). 
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Figure 23: Co-precipitation of His/S-tagged 5-HT1A receptor and PP2A catalytic 
subunit with DSP chemical cross linking. 

Plasmids encoding empty His/S-tag vector (pTriex-4) and His/S-tag 5-HT1A receptor 
were transiently transfected in HEK293 cells and compared to non-transfected HEK293 
cells. After 48 hours, the cells were treated or not with 5-HT (10 uM) for 10-15 minutes 
and proteins were cross-linked with 2.5 mM dithiobis[succinimidylpropionate] (DSP) 
prior to harvesting. The protein levels of cell lysates were quantified and equal amounts 
of protein incubated with S-protein agarose beads. Proteins were eluted and separated on 
a 10% SDS-PAGE gel, and visualized by immunoblotting using S-protein conjugated 
HRP (above) and anti-PP2AC antibody (below). Shown at left is the migration of 
molecular weight markers (kDa). A specific band for PP2AC was detected in 
5-HT1 A-transfected cells but not empty vector and non-transfected cells (arrows). 
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Figure 24: Co-precipitation of His/S-tagged 5-HT1A receptor and PP2A catalytic 
subunit with DSP chemical cross linking. 

Plasmids encoding empty His/S-tag vector (pTriex-4) and His/S-tag 5-HT1A receptor 
were transiently transfected in HEK293 cells and compared to non-transfected HEK293 
cells. After 48 hours, the cells were treated or not with 5-HT (10 uM) for 10-15 minutes 
and proteins were cross-linked with 2.5 mM dithiobis[succinimidylpropionate] (DSP) 
prior to harvesting. The protein levels of cell lysates were quantified and equal amounts 
of protein incubated with S-protein agarose beads. Proteins were eluted and separated on 
a 10% SDS-PAGE gel, and visualized by immunoblotting using S-protein conjugated 
HRP (above) and anti-PP2AC antibody (below). Shown at left is the migration of 
molecular weight markers (kDa). A specific band for PP2AC was detected in 
5-HT1 A-transfected cells but not empty vector and non-transfected cells (arrows). 
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Figure 25: Enhancement of the interaction between PP2AC and the 5-HT1A 
receptor following treatment with 5-HT. 

5-HT stimulation enhances the interaction between the protein phosphatase 2A catalytic 
subunit and the 5-HT 1A receptor in transiently transfected HEK293 cells. Cells were 
treated with lOuM 5-HT or control (ddH20) for 10-15 minutes prior to assay. Data was 
from four independent co-precipitation experiments utilizing DSP chemical cross linker. 
Immunoblots were quantified digitally using Adobe Photoshop and PP2AC levels were 
normalized first to amount of 5-HT1A receptor protein precipitated and were then 
calculated as fold of control treatment and expressed as mean ± SEM for +5-HT. 
*P<0.05, versus control. 
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DISCUSSION 

Novel Interaction between 5-HT1A Receptor and Protein Phosphatase catalytic 

subunit 

Substantial evidence has implicated regulation of 5-HT1A receptor expression in 

association to mental illnesses, including anxiety and depression (Charney et al., 1990; 

Mann et al., 2001; Murphy et al., 1999; Pineyro and Blier, 1999). Rapid receptor 

desensitization cannot account for the three week latency in antidepressant treatment of 

depressed patients and, hence, other regulatory mechanisms must be occurring. The 

novel interaction between the 5-HT1A receptor and PP2AC identified here could account 

for one of these mechanisms. PP2A could act to dephosphorylate and allow 

resensitization of internalized agonist-stimulated 5-HT1A receptors. PP2A and 

PP2A-like phosphatases have previously been shown to interact and dephosphorylate 

several different GPCRs. Treatment of stable CXCR2 transfected cells with CXCL8 

agonist increases the association of CXCR2 with PP2A. Stimulation of these cells with 

CXCL8 results in robust phosphorylation of the receptor and this is reversed after 

removal of the agonist after one hour. OA treatment was shown to inhibit this 

dephosphorylation of the receptor in a concentration dependent manner and even 

increased basal phosphorylation levels of CXCR2 in the absence of CXCL8 stimulation 

(Fan et al., 2001). In addition studies of the CXCR2 receptor showed inhibition of 

CXCR2 internalization has been shown to block receptor dephosphorylation (Yang et al., 

1999). These results suggest that CXCR2 receptor internalization is required for 

association of the receptor with PP2A. The interaction found here suggests that PP2A 

could potentially dephosphorylate second messenger/GRK hyperphosphorylated-
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internalized receptor to promote dissociation of Parr and recycle the receptor to the 

membrane (resensitization). The p2-AR receptor also undergoes dephosphorylation by 

both PP2A and PP2B, which form complexes with the receptor and inhibition of either 

phosphatase prevents P2-AR receptor resensitization (Pitcher et al., 1995; Shih et al., 

1999). Further evidence supporting the argument that PP2A is responsible for 

dephosphorylation of internalized receptors is that P2-AR receptors in vesicular fractions 

are less phosphorylated relative to receptors found in the plasma membrane (Sibley et al., 

1986). As well, suppression of receptor internalization through blocking agents or 

mutation of internalization motifs impairs receptor dephosphorylation and subsequent 

resensitization (Yu et al., 1993; Barak et al , 1994). 

PP2A was shown to interact with the CB2 receptor as OA treatment inhibited 

SR 144528-induced dephosphorylation of CB2 receptor. In contrast inhibition of PP2B 

with cyclosporin A failed to alter dephosphorylation of the receptor. A strong inhibition 

was also observed using a potent specific PP2A inhibitor calyculin A, suggesting that 

PP2A is the major phosphatase responsible for dephosphorylation of CB2 (Bouaboula et 

al., 1999). Yeast two hybrid studies indicate PP2AC and the 5-HT1A receptor interact 

directly; however, it is possible that the two proteins are part of a large scaffolding 

complex. 

Novel Interaction between Freud-1 transcription factor and Protein Phosphatase 

catalytic subunit 

Our lab has previously identified and characterized a novel transcriptional 

repressor Freud-1 and its function to repress 5-HT1A receptor expression (Ou et al., 

2003; Lemonde et al., 2004; Rogaeva and Albert, 2007). Calcium-regulated transcription 
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factor, Freud-1 has been shown to repress 5-HT1A receptor expression in neurons (Ou et 

al., 2003). Recent studies have shown that phosphorylation of Freud-1 by 

calcium/calmodulin-dependent protein kinase IV (CaMKIV) inactivates the repressor 

function of Freud-1 (Albert et al., 2009). Expression of the Thr/Ser specific CaMKIV is 

localized in the brain to the thymus, T-lymphocytes, spleen and male germ cells 

(Ohmstede et al., 1989; Frangakis et al., 1991; Means et al., 1991). CaMKIV induces 

serine and threonine phosphorylation at sites Ser644 and Thr780 of Freud-1 leading to its 

inactivation. The novel interaction identified between PP2AC and the Freud-1 suggests 

that the phosphatase is responsible for dephosphorylation of inactive phosphorylated 

Freud-1 to re-activate it. Re-activation of Freud-1 would allow for the repression of 5-

HT1A receptor expression. Previous studies have shown that PP2A and CaMKIV exist 

in a stable complex and PP2A can dephosphorylate CaMKIV on Thr200 to negatively 

regulate CaMKIV transcriptional function (Chow et al., 2005) and it is possible that 

CaMKIV, PP2A and Freud-1 exist in a complex to regulate 5-HT1A receptor expression. 

5-HT stimulation enhances the PP2AC and the 5-HT1A receptor interaction 

Agonist stimulation of 5-HT1A receptor transfected HEK293 cells had a two fold 

increase in the amount of PP2AC co-precipitated with the receptor. These findings 

suggest that the 5-HT stimulation promotes recruitment of PP2A to the receptor above 

basal levels and are consistent with our hypothesis that the phosphatase is responsible for 

dephosphorylation of the receptor. Agonist treatment would lead to homologous 

desensitization of the receptor and GRK-induced phosphorylation and subsequent 

Parr-mediated internalization (Riad et al., 2001). Furthermore, we would expect 
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hyperphosphorylated internalized receptor or plasma membrane associated receptor to 

recruit more PP2A relative to non-stimulated receptor. 

Future Studies 

Pull down and in vitro phosphorylation 

Pull-down studies will verify the 5-HTlA-i2-PP2AC interaction. The following 

experiments will indicate a direct interaction in vitro. Pull-down assays using 

GST-tagged short and long-i2 recombinant proteins bacterially expressed His/S-tagged 

PP2A, will verify the 5-HTlA-i2/PP2A interaction. These experiments will test the 

interaction in vitro, indicating a direct interaction. The effect of PKC and PP2A will be 

examined in vitro by phosphorylation of long-i2 using purified PKC subtypes shown to 

phosphorylate the receptor and by performing pull down with His, GST or S-antigen 

columns. Phosphorylation will be monitored by 32P incorporation while PP2A activity 

measured by loss of P-i2 loop. Phosphorylation at the T149 site will be quantified by 

Western blot using anti-phosphoT149. 

Bioluminescence Resonance Energy Transfer (BRET) 

BRET studies will be used to verify the interaction between the phosphatase and 

the 5-HT1A receptor. BRET2 involves the expression of recombinant green fluorescent 

protein 2 (GFP2) and renilla luciferase (Rluc) tagged proteins. An interaction between 

the two proteins is verified through the transfer of energy from the donor (Rluc tagged 

protein) to the acceptor (GFP2-tagged protein). These studies can be done in the 

presence or absence of PP2A inhibitors (okadaic acid, calyculin A) to block the 

interaction or with selective i2 and i3 mutants known to disrupt the i2 loop of the receptor 
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thus inhibiting binding of the phosphatase. As well, pepducin (a synthetic lipidated 

peptide with the i2 sequence of the receptor) or HSV-TAT i2 peptides could be used to 

block the interaction selectively; however, since i2 also interacts with GPy subunit, this 

might be a complication. 

Receptor biotinylation 

The role of PP2A in 5-HT1A receptor internalization will be examined through 

receptor biotinylation studies. Cells expressing 5-HT1A receptor will be treated with 

5-HT for 10 minutes and biotinylated at certain time courses to examine re-surfacing of 

5-HT1A receptors. This will be done with and without pre-treatment with non-selective 

(okadaic acid) and selective (fostriecin or calyculin A) protein phosphatase inhibitors to 

examine whether PP2A plays a role in recycling of internalized receptor back to the 

membrane. 

Function of the 5-HT1A/PP2A interaction 

The function of the 5-HT1A/PP2A interactions will be addressed in the following 

manner. As PKC activation phosphorylates the 5-HTlA-Ci2 Thrl49 site, cells 

expressing 5-HT1A receptor will be treated with non-selective (okadaic acid) and 

selective (fostriecin or calyculin A) protein phosphatase inhibitors and basal, TPA- or 

agonist-mediated T149 or 5-HT1 A-Ser phosphorylation detected by Western blot. Using 

wild-type and selected 5-HT1 A-Ci2 mutants in interaction, phosphorylation and signaling 

studies we will address the importance of the i2 domain in PKC and PP2A action. 

Through transfection of cells with siRNA of PP2A, the function of these interactions in 

5-HT 1A receptor localization, signaling or desensitization will be examined. It should be 
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noted that anti-depressants display a three-week latency period believed to be the result 

of desensitization of the 5-HT1A autoreceptors. These experiments will test the 

hypothesis that PP2A interaction with 5-HT1 A-i2 domain might target dephosphorylation 

of i2 or i3 PKC or GRK sites to re-sensitize the 5-HT1A receptor. Receptor biotinylation 

studies could be used to measure the effect of PP2A dephosphorylation of the receptor on 

receptor resensitization in the presence and absence of PP2A inhibitors. 

CONCLUSIONS 

In summary, these studies provide new insight into the role of protein 

phosphatase-receptor interactions in regulating 5-HT1A receptor desensitization and 

resensitization. The data obtained identified a novel interaction between the 5-HT1A 

receptor and the PP2A catalytic subunit, and is likely to regulate receptor 

phosphorylation and sensitization. The interaction appears relatively transient or weak 

and to see the interaction within the cell, chemical cross-linking agents were necessary to 

prevent the transient or weak interaction from dissociating. However, similar transient or 

weak interactions have been observed between receptors and G-proteins requiring cross 

linking for observation observe by immunoprecipitation. The finding that the interaction 

is enhanced following 5-HT treatment suggests that this interaction may play a role in 

homologous desensitization to enhance dephosphorylation of the GRK-phosphorylated 

receptor. In addition, the 5-HT1A-PP2A interaction may also affect heterologous 

desensitization by PKC. The experiments outlined above will provide additional 

evidence to strengthen the experimental results shown here to verify the interaction and 

identify the function of the interaction. 
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