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I. INTRODUCTION. 

A. Statement of the Problem 

An essential element to the survival and proliferation of all cell types is the ability 

to sense and respond to changes in the outside world. In eukaryotic organisms, several . 

receptor types, coupling co~ponents, and effector proteins transduce· extracellular. stimuli 

into cells, so they can produce appropriate responses to variations in tJ:ie extracellular 

environment. With oter 1000 family members encoded by mammalian genes, G protein

coupled receptors (GPCRs) compromise one of the largest groups of cellular signaling 

proteins. The importance of GPCRs is evident by the ·vast number of physiological 

processes involving GPCRs including muscle contraction, endocrine and exocrine 

secretion, metabolism, and the perception of light, odorants, and pain. GPCRs are seven 
\ 

transmembrane domain proteins that transfer external stimuli into meaningfyl 

intracellular signals through heterotrimeri~ G proteins, which are guanylyl.nucleotide

binding proteins. GPCR signal transduction occurs upon ligand binding and the· 

subsequent conformational change, which stimulates the receptor-coupled G ·proteins. 

These activated G proteins can then interact with numerous intracellular effectors ranging 

from fon channels to protein kinases. 

Most heterotrimeric G proteins can be generally classified into four major classes, 

Gs, Gi/o, G4111, and G121n, based upon the general mechanism among the members of the 
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subfatpily. Stimulation of the Gs subfamily activates adenylyl cyclase while activation of 

the Gi 1 subfamily leads to a decrease in adenylyl cyclase activity.The stimulation of the 

G4 sulJfamily activates· phospholipase C (PLC), and the G12 family is implicated in the 

regul8:ti.on of small GTP binding proteins. Structurally, heterotrimeric G proteins consist 

of three proteins: the a, (3, and· y-subunits. The a-subunit possesses the guanine-_ 

nucleotide binding site, the GTPase activity; and determines the receptor G protein family 

coupling ·preference. The (3 and y-subunits form a tightly bound dimer in cells and are 

important in the regulation of certain ion channels and intracellular signaling molecules. 

In the inactive state, the a-subunit binds to GDP and has a high affinity for the f3y dimer. 

Upon ligand activation, the receptor undergoes a conformational change, which 

I 1 

stimulates nucleotide exchange, GDP for GTP, on the a-subunit of the G-protein. The 

GTP bound a-subunit, now in its active state, has a low affinity for the (3y-subunits. 

Therefore, the heterotrimeric G protein dissociates into the active a and (3y-subunits, 
I 
I 

whic~ are free to interact with numerous effector proteins including adenylyl cyclase, 

. PLC, :ion channels, PB kinase, and molecules in the.MAP kinase pathway. Termination 

of the: G protein signaling process is achieved through the hydrolysis of GTP to GDP by 
I, 

an in"tpnsic GTPase activity on the a subunit and the re-association of the a- and (3y
! 

I 

subunits. 
: 

I In the central nervous system, neurons primarily use two general classes of 
I . I 

I 

recepiors to detect extracellular signals, ligand-gated ion ·channels and the above 
·I 
I ' 

mentioned GPCRs. During neurotransmission, neurons, use· ligand-gateq. ion channels 

located·at synaptic sites to detect and rapidly transduce neurotransmitter signals 

necessary for fast synaptic transmission. Upon neurotransmitter activation, ligand-gated 
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ion cbannels facilitate the 
1
movement of electrical ions across the plasma membrane, 

which results in an electrical signal. However, the complex signals of the nervous system 

require more than the movement of ions in. and out of the cells. The activation of G;E>CRs 

in neurons serves to modulate cellular physiology and ultimately function by modulating 
I . 

cellular properties ranging from ion conductance to gene transcription. GPCR 

interactions with ion channels are paramount in the CNS for regulating neuronal 

excitability and signaling. Of particular interest is the inhibitory tone from certain 

GPCR.s that signal through ion channels using the Guo family of G proteins. Subunits 

from Guo G proteins alter the likelihood that an action potential will cause 

neurotransmitter release and therefore control the strength of neurotransmission (1 ;2). In 

addition, activation of these same GPCRs leads to increases in potassium conductance, 

which may hyperpolarize the neuron and decrease cellular excitability (3-5). 
( 

A common characteristic of almost all GPCRs is that in the face of persistent 

activ~tion the resulting physiological activity often diminishes over time, or desensitizes. 

· For many GPCRs, desensitization occurs via a common mechanism, which is best 

understood with regards to the P-adrenergic receptor. This process can be divided.into 

three·principal components: uncoupling, internalization, and downregulation. 

Classically, desensitization begins when persistently activated GPCRs are phosphorylated 

on the intracellular loops and C-terminus by a member of the G-protein receptor kinase 

· (GRK) family, which serves to uncouple receptors from G-proteins and initiate the 

desen.sitization process (6;7). Receptor phosphorylation also promotes the binding of 

arrestin proteins, which further physically uncouples receptors from their G proteins -

(8;9). In addition to uncoupling receptors, arrestin binding sets in motion the 

\ 
\ 
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intem,alization process for many GPCRs (1 O;J 1 ). Internalization of GPCRs prevents 

further transmembrane sigr;ialing, and results in either receptor down regulation, which is,. 
L 

a decrease in the total amount of protein (12),. or recycling back to the plasnia memb(ane. 

Since desensitization is thought to underlie non-associative, cellular tolerance and 

ultimltely physiological tolerance to clinically used drugs and drugs of abuse (13), it is 
) 

imponant to understand the process re~ating GPCR desensitization.· 

: While a great deal is known about the mechanisms of GPCR desensitization and 

internalization in non-polarized cells, relatively little is kriown about the desensitization 

of GPCRs occurs in neurons. Even less work has been done directed at understanding 

desensitizatiOJ:?. in the specific subcellular domains of neurons. Despite the lack of work 

I 

examip.ing t~e role of subcelhilar domains on desensitization, several lines of evidence 

support the significance of the cellular microenvironment in GPCR desensitization· and 

internalization. Evidence indicates that the relative expression levels of certain proteins 

play an integral role in GPCR desensitization. For instance, in HEK 293 cells etorphine, 

but nbt morphine, stimulates µ-opioid receptor phosphorylation and internalization (14); 

However, overexpression ~f GRK.2, but not P-arrestin, results in morphine stimulated 

phosphorylation and internalization of the µ-opioid receptor (14). Additionally, in cell 

linesJ the maximal internalization of P2-adrenergic receptors correlates with the 
; \ 

. expr1ssion levels of both GRK and P-arrestin (15). These results suggest that GPCR 

I 

desef itization is directly affected by the cellular expression Of prOteins involved in 

I . . • 

GPCR desensitization. Additional evidence suggests not only are the relative levels of 

protein thought to be important, but also which protein i;mforms are expressed. Since 

particular isofonns of arrestins demonstrate different affinities for yarious GPCRs at the 



I . 

plas,a membrane (16; 17), the relative concentrations present may therefore (18) affect 

I 

the li!felihood that any particular receptor will desensitize. 

i Due to the specialized nature of neuronal tissue, receptors distributed at axon 

term.ihals mediate quite different processes than the identical receptors located on 
! - , 

den~tes. Thus, the preferential regulation of receptors at one site over another may 
I 

I 

dramati~ally alter the cellular physiology of a neuron. For example, the selective 

regul~tion of a presynaptic GPCR would primarily alter the output due to effects on 

i 

neurdtransmitter release, but an alteration in the activity of a postsynaptic GPCR would 
I - - . 

change overall cellular excitability. Recent studies have shown that desensitization of 
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GPCRs located· at synaptic terminals occurs more slowly than GPCRs in non-neuronal 

syste¢s. For example, CBI cannabinoid receptors·Iocated at presynaptic terminals 

requife greater than six hours to desensitize, whereas the desensitization of CB 1 receptors 

in ceID. lines occurs within an hour (19). Also, an earlier study showed that dendritic 

opioi~ receptors desensitize in approximately one hour (20), but other experiments 

demonstrated that presynaptic opioid receptors require much longer periods_ of agonist 

exposure·to desensitize (21). Together these results suggest that subcellular 

specializations may alter the regulation and function of presynaptic and postsynaptic. 

Thus, to understand agonist-induced regulation of GPCRs in vivo, it is important to 

understand not only the molecular mechanisms involved but also the extent to which 

these processes contribute to desensitization at distinct locations. Therefore, we have 

proposed to test the hypothesis that GPCRs undergo the process of desensitization in 

CNS neurons occurs differentially at subcellular sites within the same neuron. 



B. Statement of Specific Aims 

1. To test t~e hypothesis that endogenous G-protein coupled receptors (GPCRs) 

desensitize differently in hippocampal neurons at distinct subcellular locations. 

6 

The experimental objective of this specific aim is to measure GPCR function 

on axon terminals and dendrites of cultured neurons following .different periods of 

agonist or vehicle exposure. Hippocam.pal excitat9ry_ neurons endogenously express 

A1 adenosine receptors (A1Rs) and GABAB receptors (GABABRs) (22-24), and they 

couple to· the pertussis toxin sensitive Gi family of G proteins (25 ;26). These 

receptors are ideal for these studies because they are located on.both axon terminals 

and postsynaptic dendrites in hippocampal neurons (27). On presynaptic membranes 

of cultured hippocampal neurons, both A1Rs and GABABRs inhibit 

neurotransmission either directly (28;29) ·or indirectly through inhibition of calcium 

channels (24;30). At postsynaptic sites, A1Rs and GABABRs activate inwardly 

rectifying potassium channels (GIRK.s) (27) and inhibit calcium channels. 

To perform the proposed experiments, hippocampal microisland cultures are 

prepared as described (31 ). Neurons in this culture paradigm form functional 

synapses on themselves, so-called autapses~ These neurons serve as excellent model 

system for measuring both the presynaptic and postsynaptic activity of particular 

GPCRs wjthin a single· cell. Using standard electrophysiological techniques, it is 

possible to record the activity of GPCRs distributed at terminals and dendrites in the 

same cdl. The f~llowing experiments will examine the time course and extent of 

agonist-induced desensitization of A1Rs and GABABRs distributed both 

presynaptically and postsynaptically, and these experiments will provide new 



information about the features and mechanisms of GPCR desensitization at distinct sites 

in neurons.· This information may oe important for understanding how persistent 

activation affects GPCRs signaling in neurons and how desensitization in neurons is 

translated into drug induced tolerance. 

7 

2. To test the hypothesis that phosphorylation of intracellular serine/threonine residues is 

not required for Al R desensitization in neurons. 

Since the role of serine/threonine phosphorylation in the desensitization-_of A1Rs 

in neurons is unclear, we will attempt :to determine if serine/threonine phosphorylation is 

required for A1R desensitization. I propose that phosphorylation of the A1R on 

intracellular serines ot threonines is not required for A1R receptor desensitization. To 

accomplish this goal, site-directed mutagenesis of the ;rat wild-type A1R receptor will be 

done to remove all eight serine and threonine residues from the intracellular regions of 

the rat A1R. Following mutagenesis, DNA for wtA1R and mutant A1Rs will be 

transfected into cerebellar granule cells (CGC), and the time course of inactivation will 

be examined to determine if serine-threonine phosphorylation is involved in the 

desensitization of A1R in neurons. If A1Rs desensitize without serine ·or threonine 

phosphorylation, it is unlikely that the classical GRK. phosphorylation and subsequent ' 

\ arrestin binding process for-desensitization applies to A1Rs in neurons. These 

experiments will provide valuable information into the mechanism of desensitization of 

A1Rs in CNS neurons. 



C. Review of Literature: Desensitization of G-protein coupled receptors in neurons 

1. Mechanisms ofG-protein Coupled Receptor Desensitization 

8 . 

!~e desensitization of GPCR-:-fi?-ediated signaling can divided into three regulatory. 

,processes that limit responsiveness in the continued presence of agonist: desensitization, 

uncoupling of the receptor from its G-proteins; internalization, removal of receptors from 

the cell surface; and downregulation, a decrease in the total amount of receptor protein. 

There fa a common, classical mechanism thought to be responsible for desensitization , 

and int~rnalization of many GPCRs, the best-studied example being 'the P2-

adrenoreceptor. Active GPCRs are phosphorylated by G-prot,ein receptor kinases (GRK.s), 

which uncouples receptors from G-proteins (32;3 3) and promotes binding of arrestins 

(9;34). ,Arrestin-bound GPCRs are physically uncou~led from G-proteins and are targeted 

for encfocytosis. Internalization of GPCRs can lead to activation of other signaling 

cascades before resulting in either the recycling of the receptor back to the cell surface or 

receptor downregulation. In neurons, the mechanisms regulating the desensitization and 

trafficking of GPCRs are poorly understood due to the complexity·and 

compartmentalization of neuronal cells. However, several families of proteins exist iri 

CNS neurons that have been implicated in GPCR desensitization and internalization in 

non-neuronal cells including GRKs (35) and P-arrestins (36). The classical processes of 

agonist-induced desensitizatio~ in non-neuronal signaling are also thought to be 

~~$ponsible for the regulation of GPCR signaling in neurons. 

/ 

J 
( 



a. G-protein receptor kinases 

G protein-coupled receptor kinases (GR.Ks) are a family of serine/theronine 

. I . 
protein kinases with the capacity to recognize and phosphorylate activated GPCRs. 

GRK.-mediated phosphorylation on the intracellular domain of the receptor partially 

uncouples the receptors from G-proteins and promotes the binding of an arrestin protein,. 

which further uncouples the receptor from G-protein consequently terminating receptor 

9 

. signaling. Seven members of the GRK family have been identified, and they have been 

divided into three subfamilies. GRK.1 and GRK.7 expressed in the visual system form 

one group. The second group is composed of GRK2 and GRK.3, which interact with the 

G-protein f3y dimer in an activity dependent manner. GRK.4; GRK.5, and GRK.6 compose 

the third subfamily. All GR.Ks sh~e a simiiar structural organization with a poorly 

conserved amino-terminal domain of rw 185 residues, a protein kinase catalytic domain of 

rw270 residues, and a variable length carboxyl-terminal domain of 105-230 residues 

(37;38,). GR.Kl, 4, 5, 6, and 7 are all membrane associated proteins and located near the 

receptors they phosphorylate. GRK2 and GRK3 are located in the cytosol and are 

recruited to the plasma membrane following GPCR activation by binding to liberated f3y 

subunits (39). This translocation to the membrane is required for normal GRK 2 and 3 
/-- I 

mediated desensitization ( 40;41 ). GRK2 and GR.K3 phosphorylate nuinerous receptors 

and are thought to be involved in the homologous desensitization of most" neuronal 

GPCRs. With regard to neuronal expression, GRK.2, GRK?, and GRK.6 are widely 

distributed in rat brain with nearly the identical·expression pattern. However GRK.5 is 

not expressed ubiquitously in the brain but is localized to the limbic region specifically 

the lateral septal area ( 42). 
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· However, GRK.s are not the only protein kinase implicated in agonist-induced 

desensitization. Phosphorylation of GPCRs by protein kinases A and C (PKA and PKC), 

MAP kinases, and c-Src can also result in receptor desensitizati~n (43;44;45:46). · 

Des~nsitization initiated by the phosphorylation of receptors by these kit~.ases tends to be 

heterologous, responses mediated by multiple GPCRs are diminished through the chronic 

activation of a single receptor. Generally, heterologous desensitization involves a 

feedback mechanism in which the second messenger signal generated by the agonist

stimulated GPCR activates a protein kinase; which phosphorylates both activated and 

inactive GPCRs. This phosphorylation decreases the activity of many receptors and 

ultimately attenuates the production of the second messenger. Also, modulation of 

downstream effectors by protein kinases, which serve as points of convergence in signal 

transduction, may result in a heterologous desensitization. 

b. Arrestins 

, Although phosphorylation does impair receptor to G-protein coupling, 

desen.sitization typically requires the binding of additional proteins to completely halt 

GPCR signaling. The discovery that a purified retinal protein, arrestin, could enhance 

GRK2 mediated desensitization of ~i-adrenergic receptor in purified system provided the 
. . 

first evidence that an arrestin-like protein was required for GPCR desensitization (9). 

Since then, four members of the arrestin family have been cloned. They can be divided 

irlto two subfamilies based upon sequence homology, function, anq. tissue distribution: 1) 

visual arrestin and cone arrestin are a major component of photosensitive tissue and 2) 

the ~-arrestins, arrestin-2 and arrestin-3:, are expressed ubiquitously in all tissues outside 

I. 



of the retina and are particularly abundant in several neuronal pathways in the rat CNS 

(36). The mammalian arrestin family share approximately 45% identity and 70% 

similarity to one another ( 4 7). Arrestins are cytosoHc proteins that translocate to the 

plas~a membrane following receptor activation and phosphorylation ( 48-50). The 

binding of arrestins to ligand activated receptors directly. inhibits the interaction of 

receptors with G proteins and blocks subsequent signaling (51;52). 

11 

In addition to uncoupling receptors from G-proteins, P-arrestins, unlike the visual 

arrestin, are important_ for targeting GPCRs for endocytosis. Two motifs located on the 

C-temtlnal domain of arrestin.:2 and arrestin-3 allow the P-arrestins to act as adaptors for 
. \ 

the -internalization process. P-Arrestins possess a short clathrin-binding domain located 

between residues 374 and 377 of arrestin-3 (53), which serves to recruit arrestin bound 

receptors to clatbrin-coated pits for endocytosis (3 8). P-Arrestins also bind Pi-adaptin, a 

subunit of the AP-2 complex (16;54). The mutation of a motif on the C-temtlnal, which 

intera~ts with P2_-adaptin, blocks internalization but not desensitization (54). Therefore, 
. . 

the interaction between these domains on the P-arrestins and the endocytic machinery j 

targets GPCRs to clathrin-coated pits for endocytosis (l 8;50). Arrestins are also involved 

__ in receptor down-regulation, overall decrease in the total amount qf receptor protein, and 

resensitization through the dephosphorylafion of the receptor and recycling of the 

receptor back to the cell surface. 

c. Internalization 

An important component of GPCR regulation is the internalization of agonist

activated receptors. GPCR internalization can serve a variety of WJ]-CtlOfis. Although 



internalization terminates extracellular signaling transduction, it can activate alternative 

signaling pathways such as the MAP kinase pathway (55). Internalization has been · 
' ' 
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shown to.play an important role in down-regulation of proteins in the signal.transduction 

process and the resensitization of desensitized receptors. GPCR internalfaation was first 

observed in frog erythrocytes when agoni_st treatment induced a loss in ~-adrenergic 

binding sites (56;56). Since this first observation, numerous studies have investigated the 

precise mechanisms of GPCR internalization. Initially, GPCR internalization was 

' thought to be the primary mechanism ofGPCR desensitization (57). However, the 

current model of receptor desensitization favors phosphocylation by intracellular kinases 

and arrestin binding to _the receptor. While this process does appear to be the case for 

numerous receptors, other studies have observed internalization of GPCRs without 

phosphorylation (58-60). Thus, the numerous possible mechanisms for receptor 

internalization suggest tha~ the mechanism of GPCR internalization depends not only on 

the receptor but also on the intracellular environment as well. 

( 

2. Agonist Regulation of G Protein-Coupled Receptors in Neurons 

a. Visl;lcil System 

I 

Vision is a dynamic process, which operates in a wide range of light stimuli, and 

it represents one of the first neuronal systems in which the process of G protein-coupled 

receptor desensitization is well understood. The photoreceptors of the rods and cones are 

able to discriminate various light stimuli in ambient light levels ranging from moonlight 

to bright sunlight. Several different mechanisms contribute to this property, but of 

particular interest is the process- of desensiti.zati-on in the photoreceptor cells. Vision 
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initiates when a photon interacts with rhodopsin, the visual pigment molecule in rod cells 

and a member of the G protein~coupled receptor family. Rhodopsin is linked to the 

chromophore 11-cis-retinal, which inactivates rhodopsin. Illumination of rhodopsin 

isomerizes 11-cis-retinal to 11-trans-retinal, which results in a conformational change in 

rhodopsin to its active form. Activated rhodopsin interacts wHh the G protein transducin 

which leads activation of cGMP phosphodiesterase thereby decreasing intracellular · 

cGMP and hyperpolar~irig the cell. Rhodopsin signaling is interesting because the 

amplitude and duration of single photon responses are extremely consistent and 

reproducible ( 61 ). Due to the important function of rhodopsin, the regulatidn of the singl~ 

photon response has received a great deal of attention. 

In rods, the reproducibility of rhodopsin signaling originates from the regulation 

of rhodopsin not the downstream Q,;.protein or effectors. The regulation of rhodops~ 

signaling proceeds along the classical desensitization pathway. The inactiv~tion of 

photoreceptor is initiated by the· phosphorylation by rhodopsin kinase ( GRK.1) following 

light activation (62). The phosphorylation of serine residues near the carboxyl terminal 

is the key event in the attenuation of rhodopsin activity (63). Recent evidence has 

demonstrated that deactivation of activated rhodopsm requires multiple phosphorylation 

of rhodopsin by the rhodopsin kinase (6_4). However, phosphorylation is insufficient to 

fully inactivate rhodopsin. The subsequent binding of arrestin molecules following 

phosphorylation completely inactivates rhodopsin ( 65). In mice lacking the arrestin gene, 

( photoreceptors failed to completely desensitize in the face of persistent activation 

(66;67). Following desensitization, dephosphorylation of rhodopsin by phosphatase 2A 

is required to regain the capacity for further phototransduction. · 
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b. Olfactory System 

Olfactory cues are detected by sensory neurons at two locations in mammals: the 

olfactory epithelium (OE),~ the nasal cavity and the neuroepithelium of the vomeronasal 

organ (VNO). Volatile chemicals released from a variety of sources, including food, are 

detected in the OE .. The VNO appears to detect pheromones that are emitted by other 

animals and that convey information for social and reproductive behavior. Odorant 

receptors belong to the seven transmembrane GPCR super-family an'.d couple through a 

specific G protein, Golf, (68) to the olfactory adenylyl cyclase (69). A characteristic 

feature of odorant-induced signaling is the transient responsiveness to an odorant 

molecule. Rapid increases and subsequent decreases in cAMP or IP3 have been observed 

both in olfactory cilia (70) and in primary olfactory neuron cultures (71). Several 

mechanisms of receptor desensitization have been suggested to. be important in regulation , 

. of olfactory receptor desensitization. Original experiments implicated PKA in the 

termination of odorant-induced signaling (72). However, experiments eventually pointed 

. to both secon9 messenger kinases and a GRK-like enzyme being involved in the 
\ 

· desensitization of olfactory signaling (73). In addition; further proof of homologous 

desensitization mediated by GRK.3 and arrestin-3 was demonstrated in cultured olfactory 

neurons through the use of inhibitory antibodies against those specific molecules (74). 

Mice with a disruption of GRK.3 gene do not demonstrate agonist-induced desensitization 

, l ' 

of olfactory receptors within the olfactory cilia (75). Together the inhibition of ol~actory 

desensitization with GRK.3 and arrestin-3 specific antibodie_s and the lack of 



desensitization ~ GRK3 deficient mice illustrate the relevance of these proteins in 

odorant desensitization. 

c. Desensitization in CNS Neurons 

15 

Many GPCRs found in the brain are known to desensitize in neuronal tissue in 

vitro and in vivo (7 6). Yet, the process of GPCR desensitization in CNS neurons has not 

I been examined in as much detail as in the visual and olfactory systems~ It is likely that 

the agonist-induced regulation of GPCRs in most neurons proceeds along the classical 

GRK ~d arrestin mediated pathway, since both GRKs and arrestins are expressed within 

most cells in the nervous system.1 In addition, following the development of opioid 

tolerance, studies have shoVVI_l that the expression of certain GRK.s and arrestins increases 

in the brain (77 ;78), which indicates these proteins might be involved in the 

desensitization thought to proceed tolerance. Furthermore, in isolated neurons the 

desensitization of several GPCRs appears to require GRK. activity. The desensitization of 

both a 2-adrenoreceptors in chick dorsal root ganglia (79) and CB 1 cannabinoid receptors 

in hippocampal neurons (19) was blocked by inhibiting GRK. activity. The possible role 

of arrestins in neuronal desensitization has been demonstrated using arrestin-3 knockout 

mice and isolated neurons .. Arrestin 3 knockout mice show exaggerated analgesic · 

responses to morphine (80) and reduced tolerance (6;81). However, without arrestin 3 · 

present there appears to be a compensatory PKC-dependent process which leads to the 

development of some tolerance in the arrestin 3 knockout mouse (81). Finally, 

internalization, not desensitization, of µ-opioid receptors in cultured hippocampal 

neurons requires the overexpression of arrestin 3 (21 ). Despite what is known about the 



mechanism of desensitization in neurons, there are many issues that needed to' be 

addressed. 

3. Al Adenosine Receptors in the CNS 

16 

Adenosine is not a typical hormone or 
1

neurotransmitter, however it is considered · 
. . . I 

an important neuromodulator in both the central and peripheral nervous systems where it 

is released by both neurons and glial cells. In the central nervous system, adenosine 

signaling is involved in numerous normal and pathophysiological processes, including 

sleep,_ seizures, arousal, and ischemic insults. Adenosine mediates these effects through 

the activation of adenosine receptors, which are seven transmembrane domain, G-.. \. 

' ' ' ' 

protein~oupled receptors. To date four different adenosine receptors have been 

identified, Al, A2A, A2B, and A3 reviewed in (82). The Al adenosine receptor (Al_R) is -

expressed at high levels in the brain, heart, and testis and is linked fo the inhibition of 

adenylyl cyclase (83), activation of K + channels (3), and inhibition of Ca2+ channels 

(84). 'The A2A receptor and (A2AR) and the A2B receptor (A2BR). are primarily linked 

~to activation of adenylyl cyclase (85). The A3 receptor (A3R) was discovered recently 

and is thought to function in a similar manner to AlRs (86). In addition, it has been 

reported to uncouple Al and metabotropic glutamate receptors via a protein kinase C

deperident mechanism (87). 

The inhibitory action of adenosine on excitatory neurotransmission is primarily 
\ 

due to Al receptor activation, which is thought to underlie the neuroprotective_ effects of 

adenosine that have been demonstrated in vitro and in vivo (88-90). The primary source_ 

of inhibit-0ry tone via Al Rs is thought tq be due to the inhibition of calcium influx into . 



.J 

\. 

the presynaptid, terminal, which inhibits the presynaptic release of neurotransmitters. 

While Al receptors have been linked to inhibiting the release of numerous 

neurotransmitters including glutamate, gamma-aminobutyric acid (GABA), 

acetylcholine, norepinephrine, and dopamine, the most prominent inhibitory affects of 
I 

J 
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adenosine appear to be on the excitatory glutam.atergic systems (91). The mechanism of 

inhib~tory modulation of transmitter release has been extensively studied, and the 

. inhibition of Ca2+ influx at nerve terminals appears to be the primary inhibitory 

mechanism (92;93). Other mechanisms may contribute to this effect as well, because 

adenosine also inhibits the spontaneous Ca2+-independenfrelease of neurotransmitter 

(28). In addition, the activation of AIR.s results in the hyperpolarization of the resting 

membrane potential mediated via a G-protein-dependent activation of inwardly 

rectifying potassium channels (GIRKs), thus reducing neuronal, excitability and firing -

rate (94). These postsynaptic GIRK.s are also activated by other receptors that couple to 

the Gi sub-family including GABAB, µ-opioid, serotonin SHTIA, and somatostatin 

rec~p~ors (5). 
'-' 

The processes that regulate AIR signaling are not understood as well as other 

GPCR.s, partly due to the highly variable rate of AIR desensitization that seems to be cell 

type dependent. In the guinea pig smooth muscle-derived celfline DDTl:MF-2, the tl/2 

for desensitization of the AlR response is ,...,6-8 hr (95). Similarly, the desensitization of 

AlR~mediated inhibition of adenylyl cyclase in isolated chick atrial myocytes appears to 

have a tl/2 of ,...,7_5 hr (96). In CHO cells transfected with human AIR, a 30-min agonist 

treatment did not affect the potency nor the efficacy of AIR in promoting the inhibition 

offorskolin-stimulated AC activity (97). However, a 5-min treatment of DDTlMF-2 



cells with R-PIA resulted in a marked.reduction in subsequent AlR~mediated 

intracellular calcium accumulation and inositol phosphate production (98)~ The 

molecular source of this disparity in the desensitization kinetics of the AIR in various 

cells has not been defined .but may be- due to variations in the cellular content of 

regulatory proteins. 
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A likely source for the cell-based variability found in AIR desensitiz~tion is the · 

kinase responsible for receptor phosphorylation. The precise· role of various protein 

kinases including PK.A, PKC, and GRK.s in mediating agonist-stimulated 

phosphorylation of the AlRis not known. In DDTlMF-2 cells, AlRs were 

phosphorylated fol.lowing a 5-min treatment with R-PIA, but the time course of R-PIA

stimulated phosphorylation of the AIR was not consistent with receptor internalization,: 

which was not evident until 5 hours of R-PIA, exposure (98). The phosphorylation was 

also shown to occur_predominantly on tyrosine•residues and, to a lesser extent, on serine 

residues, which is in contrast to the process of the classical GRK-arrestin mediated 

pathway. The same study also observed phosphorylation of the AIR upon treatment of_ 

~ DDT_lMF-2 cells with the direct activators of PK.A and PKC, chlorophenyl-cAMP, and 

phorbol-12-myristate-13-acetate, respectively (98). However, phosphorylation.of the 

AIR in response to these compounds was on serine and threonine residues. An 

additional study provided evidence that a GRK. may be involved in the desensitization of 

the AIR in DDTlMF-2 cells (99). In contrast to these studies, a study of chimeric ARs 

derived from the humanAlR and rat A3Rprovided evidence that wild type AlRs lack 

sufficient serine/threonine phosphorylation sites. The AIR and A3R are both Gi-coupled 

receptors that upon activation transduce signals through Gi. However, following their 
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stable expression in CHO cells, these AR subtypes exhibit different desensitization rates 

(97).-: The A3R desensitizes and internalizes quite rapidly compared to the AIR (97;100), 

which is thought to be due to.the serine/threonine rich C-terminal tail of the A3R. A 

chimeric AIR with the C-terminal tail from A3R demonstrates a desensitization time 
' ' . 

course identical __ to the A3R in CHO cells (97)., which suggests th~t AlRs lack the 

necessary phosphorylation sites to undergo rapid agonist induced desensitization. To 

completely understand the mechanism ofAIR desensitization, it is imperativ~ to 

dete~e what role, if any, receptor phosphorylation plays in the process. 

(' 
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II. Published Material · 

A. Chapter 1: Differential D.esensitization ofResponses·Mediated by Presynaptic 

and Postsynaptic A1 Adenosine Receptors 

ABSTRACT 

G-protein coupled r~ceptors ( GPCRs) often desensitize in the continuous presence of an 

agonist,: but it is not known whether such desensitization is influenced by the subcellular 

location of the receptors. In hippocampal neurons activation of adenosine A1 receptors 

(AlRs) or GABAB receptors:located on synaptic terminals inhibits neurotransmitter 

· release, whereas activation of the same receptors on cell bodies and dendrites de~reases 
r C 

excitability by activating inwardly rectifying potassium (GIRK.) channels. Here we 

report that responses mediated by presyn~ptic AlRs desensitize much more slowly than 

responses mediated by postsynaptic (somatodendritic) AlRs in cultured neurons. 

Agonis~ treatment for 2 hours had no effect on _adenosine-induced presynaptic inhibition, 

whereas such treatment nearly abolished adenosine_-induced activation of postsynaptic 

GIRK channels. Agonist treatment for longer periods (>12 hours) eventually 

desensitized AIR-mediated presynaptic inhibition. After removal of agonist or addition 

of antagonist recovery of postsynaptic AlR responses was complete in 12 hours, whereas 

recovery of presynaptic inhibition required 3 days. Inhibition of voltage-gated calcium 

channels by postsynaptic AlRs also desensitized rapidly, although this desensitization 

was less complete than was observed for activation of postsynaptic GIR.K channels. 

Presynaptic and postsynaptic responses mediated by GABAB receptors were unaffected 



by chronic activation of AlRs, suggesting common downstream signaling components 

(G-proteins and ion channels) remained functional. The absence ofpresynaptic 

desensitization after brief agonist exposures could not be accounted for by the presence 

of a presynaptic receptor reserve. These results suggest that agonist-induced 

desensitization of responses mediated neuronal GPCRs depends on the effector 

mechanism involved and the subcellular location of the receptors. 

INTRODUCTION 

21 

Many neurotransmitters signal by binding to G-protein coupled.receptors (GPCRs). In 

neurons, the ultimate effect of GPCR activation often depends on the location of the 

receptors on_ the cell surface. For example, several GPCRs couple to pertussis toxin

sensitive G-proteins to ~bit adenylate cyclase, inhibit voltage-gated calcium c~els, 

and activate inwardly rectifying potassium (GIRK.) channels. Activation of these 

\ 

receptors on synaptic terminals inhibits neurotransmitter release, whereas activation of 

these receptors on cell bodies and dendrites decreases excitability by opening GIRK 

channels. Some types of these receptors are selectively expressed on presynaptic ( axon 

t~rminal) or postsynaptic (somatodendritic) domains(l O 1; 102), but other types are ·present 

- at both locations. In the bippocampus, the latter class includes adenosine A1 receptors 

(AlRs) and GABAB receptors (GABABRs). 

\ 

'When GPCRs are persistently activated the resulting response often diminishes 

over time as a result of receptor desensitization. A common mechanism is responsible 

for desensitization of many. GPCRs, the best-studied example bejng the ~2 

adrenoreceptor. Active GPCRs are phosphorylated by G-protein receptor kinases 
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(GRK.s)(l03;104), which uncouples receptors from G-proteins and promotes binding of 

arrestins(l 05). Arrestin-bound GPCRs are physically uncoupled from G-proteins and are 

targeted for endocytosis(l 00;106-108). Internalization of GPCRs prevents further 

transmembrane signaling, and is sometimes a prelude to receptor downregulation, where 

the total amount of receptor protein in a cell decreases(i09) .. ·Desensitization ofGPCRs 

in neurons is thought to underlie tolerance to centrally active drugs(l 10), and may also be 

involved in the dev~lopment of drug dependence. It is therefore important to fully 

· understand the mechanisms of GPCR desensitization in neurons. 

Relatively few studies have investigated GPCR desensitization in polarized cells 

where receptor function can be measured in different subcellular domains. Therefore, 

little is known about how receptor location influences desensitization. We have 

addressed this question by studying the effects of chronic agonist application on 

responses mediated by presynaptic and postsynaptic adenosine A1 receptors (AlRs)(fl 1). 

We find that Al Rs in both locations desensitize following chronic agonist application, 

but presynaptic ·receptors desensitize much more ·slowly than postsynaptic receptors. · 
", 

These results suggest that the mechanisms of GPCR desensitization may differ in 
I • 

different regions of individual cells. 

MATERIALS AND METHODSl 

Cell culture and chronic drug application 

Hippocampal neurons were grown on collagen/polylysine microislands esseD:tially as 

described(3 l; 112). Hippocampi were dissected from newborn rats and digested with 

papain (--25 U m1-1
; W:orthin-gton). After di~sociation 5 x 104 neurons were plated in 35 
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mm dishes that had been coated with 0.15% _agarose (Sigma), then sprayed with a 1 :5 

(v/v) mixture of rat tail collagen (3.6 mg m1-1
) and poly-D-lysine (0.5 mg ml-1; both from 

Becton Dickinson). Growth medium contained minimal essential medium (MEM) 

supplemented with B-27 -(GIBCO), serum extender (Becton Dickinson), 5% defined FBS 

(Hyclone), 0.6 % glucose, ·1 mM pyruvate and 0.5 mM glutamine. Neurons were treated 

chronically with drugs ( or vehicle) by adding sterile-filtered stock solutions directly to 

culture dishes, which were then returned to the incubator (37°C, 5% CO2) for the 

appropri~te time. Recordings were made less than one hour after dishes were removed 

from the incubator and washed with drug-free external solution. 

Recording solutions and electrophysiology 

Whole-cell patch-clamp recordings were_ made from isolated ( one neuron per 

microisland) neurons. For recordings of synaptic currents and GIR.K currents, patch 

· electrodes.were filled with a solution containing (in mM): 140 K-gluconate, 5 KCI, 0.2 

EGTA, 10 HEPES,,3 MgATP, 0.3 Na2GTP (pH 7.2, ,...,295 mOsm kg-1 H20). The 

external solution for synaptic recordings contained (in mM): 150 NaCl, 2.~ KCl, 10 
I 

HEPES, 10 glucose, 1.5 CaC12, 2.5 MgCh (pH 7.2, ,...,310 mOsmkg-1 H20). The external 

solution for simultaneous recording of GIRK and synaptic currents (Figure 8) was the 
I 

same as above with KCl increased to 6mM. The external solution for the remaining 

GIRK current recordings was the same with KCl increased to 30mM, NaCl reduced to 

122.5mM, and 0.5 pM tetrodotoxin (TIX). For recordings of calcium currents patch 

electrodes were filled with a solution containing (in mM): 100 CsCl, 40 

tetraethylammonium-Cl, 0.2 EGTA, fO HEPES, 3 MgATP, 0.3 Na2GTP (pH 7.2, ~295 



m0sm kg-1 H20), and the ·external solution contained (in mM): 150 NaCl, 2.5 KCl, 10 

HEPES, 10 glucose, 3 CaCh, 2 MgCh, 0.2 BaCh and (in µM):_ 0.5 TTX, 10 6,7-
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( 

dinitroquinoxaline-2,3-dione (DNQX) and 10 D(-)-2-amino-S-phosphonopentanoic acid 
, .. 

I 

(APV) (pH 7.2, ,...,310 m:Osm kg-1 H20). All recordings were made at room temperature._ 

Series resistaric_e was minimized by briefly applying positive pressure after patch rupture, 

and was compensated using the amplifier. For synaptic recordings neurons were held at· 

· -60 m V and depolarized above O m V with 2 ms square commands. every 5 s. For 

· recordings of postsynaptic GIRK currents the membrane potential was ramped from -100 

mV to-10 mV at a rate of0.18 mV ms-1 or stepped to -100 mV (Figure 8). For calcium 

\ 

current recordings neurons were held at -80 m V and stepped to O m V for 40 ms. 

(' 

Currents .evoked by this protocol were subjected to P/4 leak subtraction prior to analysis. 

Currents were digitized and recorded with a multifunction I/0 board and Win WCP . 

software (provided by Dr. J. Dempster, Strathclyde University, Glasgow). Drugs were, 

applied during recordings ~ia a fused silica tube (i.d. 200 J:1,ID.) conn~c~ed to multiple 

reservoirs. Numerical values, plots and bar graphs are expressed as mean± S.E.M., and 

statistical comparisons were made using student's unpaired t-test or ANOV A. 

Concentration-response curves were fitted to the Hill equation, Y = M(Xn/(Xn + K0
) 

where M is the maximal response, X is the concentration of drug, n is a slope factor and 

K is the concentration at half of the maximal effect (ECso). EC5o values reported in the 

text were derived from these fits. 

RESULTS 

Differential regulation of presynaptic and postsynaptic adenosine responses 



Postnatal hippocampal neurons were grown on substrate microislands such that 

the cells formed synapses (autapses) onto themselves(112). After 14-18 days in vitro, 

transient depolarization of these cells in whole-cell voltage-clamp mode evoked 
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. unclamped action potentials, which in turn evoked excitatory postsynaptic currents 

(EiSCs) (31 ) .. In ·control neurons application of saturating concentrations of either 

adenosine (100 µM) or the selective GABAB receptor (GABABR) agonist bacl~fen (50 

µM) decreased the amplitude of EPSCs by ....,80% (Figure 1, top). In control experiments 

using selective agonists and antagonists, we verified that depression of EPSCs by 

adenosine or baclofen was mediated by activation of AlRs and GABABRs; respectively . 

. The adenosine response was blocked the selective A 1 R antagonist · 

cyclopentyldipropylxanthine (DPCPX; 1 µM; data not shown), whereas the baclofen 

. response was blocked by the selective GABABR antagonist CGP 55845A (1 µM; data 

not shown). A number of previous studies have shown that Al Rs and GABABRs inhibit 

EPSCs in hippocampal neurons by decrea~ing neurotransmitter release, and both 

receptors couple to effectors via pertussis toxin (PTX)-sensitive G-

proteins(2;4;23;92;94;113). 

In addition to these presynaptic effects, application of either adenosine or· 

baclofen activated a postsynaptic current with properties characteristic of currents 

mediated by G-protein gated,inwardly-rectifying potassium (GIRK.) channels(l 14;115). 

During rec9rdings of EPSCs this was evident ~s a small outward shift in holding current. 

In external ~olution containing 30 mM K+ application of either drug reversibly induced 

an.inwardly rectifying current that reversed polarity near the calculated K+ equilibrium 

potential of-39 mV (Figure 1, bottom). Again, control experiments using selective 



Figure 1. Agonist treatment for 4 hours desensitizes postsynaptic but not presynaptic 

adenosine responses. (top) Excitatory postsynaptic (autaptic) currents (EPSCs) recorded 

· from cultured hippocampal neurons are shown after treatment with vehicle ( control) or 20 
·, 

µ.M 2~chloroadenosine (CADO treated). In both cases activation of adenosine A1 

receptors with 100 µM adenosine or GABAB receptors with 50 µM baclofen produces 

robust presynaptic inhibition. These examples are shown. normalized to the control 

current and scaled pr?portibnally. (bottom) Current-voltage relatfon~hips recorded from 

vehiclei. or C.AbO.:.tteated neurons in response to a volta~e ramp command (from -100 

mV to -10 mV; 0.18 mV nis-1
) in the presence of30 mM external K+ and tetrodotoxin 

I 

(0.5 µM). fu tlie control neuron application of either adenosine or haclofen ilidu~ed a 
. ' 

robust inwardly-rectifying curren~. (GIRK current). _In the CADO_-treated neuron, 

baclofon induced a robust GIRK current, whereas-the adenosine-induced current was 

greatly diminished. In these panels the voltage scale is located at O pA. (right) Stlmmiry 

of all experiments examining presynaptic inhibition and postsynaptic GIRK currents ( at 

-60 hiV) in vehicle-treated (control) and CADO-treated (treated) neurons. Only 

-ad~nosine-mduced GIRK currents were significantly r~dhced (*p<0.01) compared td 

responses in vehicle-treated neurons. Bars represent the mean± S.E., the number of 

experiments (n) is in parep.theses. 
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antagonists indicated that adenosine and baclofen effects were mediated by Al Rs and 

GABABRs, respectively (see above; data not shown). We used this system to study the 

effect of chronic agonist activation on responses mediated by presynaptic and 
. \ 

postsynaptic Al Rs. Since AlRs and GABABRs are thought to couple to the same 

downstream signali1:1-g molecules(l 16), we used responses mediated by presynaptic and 

postsynaptic GABABRs to assess the function of G-proteins and effector molecules after 

chronic AIR activation. 

In the first series of experiments, neurons were treated with either 20 µM 2-
, 

chloroadenosine (CADO), a poorly hydrolysable analog of adenosine, or vehicle at 37°C 

for 4 hours. After CADO treatment presynaptic inhibition mediated by acute activation 

of either AlRs (100 µM adenosine) or GABABRs (50 p.M baclofen) was unaltered 

(Figure I, top). In contrast, activation 0fpostsynaptic ~IRK channels by AlRs w~s 

dramatically reduced (Figure 1, bottom). Adenosine-induced currents at-60mV (30mM 
\ 

exte~al Kl in vehicle-treated control cells were-356 ± 43 pA (n=l 7), whereas th~se . · 

currents were-35 ± 21 pA in CADO-treated neurons (n=14;p<0.0l). This esensitization 

was homologous, as baclofen-induced GIRK currents in the same neurons were not 

different from those induced in control neurons (p>0.05; Figure 1, bottom). -

These results indicated that responses mediated by presynaptic and postsynaptic 

AlRs were differentially regulated by chronic agonist application. In order to determine 

· if presynaptic inhibition ~ediated by Al Rs was completely refractory to agonist-induced 

regulation, we extended the duration of agonist treatment. As shown in Figure 2, longer 

exposures to CADO substantially dimipished presynaptic inhibition. For example, after 

treatment with CADO for 48 hours presynaptic inhibition induced by 100 µM adenosine 



Figure 2. -Agonist treatment for > 12 hours desensitizes presynaptic adenosine .responses. 

(left) Averaged EPSCs recorded from a neuron treated· with 20 µM CADO for 96 hours 

under control conditions, in the presence of 100 µM adenosine, and in the presence of 50 

µM baclofen are shown superimposed. (right)iGrd~ped data from control cells and cells 

treated with CADO for 48 hours. Adenosine-iilduced presynaptic inhibition was 

significantly reduced (p<0.bl), whereas baclofen-induced presynaptic inhibition in the 

same cells was not changed. Bats represent the mean± S.E., the nuinber of experiments 

(n) is in parentheses. 
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was reduced to 21 ± 4% (n=l 7;p<0.0l coni.p~ed to controls). As was the case·· 

with_ postsynaptic responses, baclofen-induced presynaptic inhibition in the same cells 

I 

was not changed. Given the time required for agonist treatment to reduce presynaptic 

inhibition, it is certainly possible that the loss this of effect reflects receptor 
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· downregulation, rather than desensitization or internalization of an unchanged number of 

receptors. However, in order to avoid implication of any mechanism, we will refer to this 

phenomenon as "desensitization", meaning simply the loss of responsiveness of some 

component of the signaling macb).nery. 

We next performed a series of control experiments to verify that CADO-induced 

desensitization of presynaptic and postsynaptic adenosine responses was mediated by 

chronic activation of AlRs. The results ofthese·~xperiments for postsynaptic responses 

are shown in Figure 3. The effect of CADO was mimicked by 4-hour treatment with the 

AlR agonistN6-cyclopentyladenosine (CPA; 10 µM;-9 ±·7 pA, n~7;p<0.0l), and was 

blocked by the AlR antagonist 8-sulfophenyltheophylline (8-SPT; 100 µM;-414 ± 188 

pA, n=S;p>0.05); 8-SPT by itself had no effect. Similar experiments,were- carried out 

for presynaptic inhibition. F9r example~ presynaptic inhibition induced by 100 µM 

adenosine was reduced to 20 ± 5% after 48 treatment with CPA (n=S;p<0.01), and 

CADO-induced desensitization was prevented or reversed by additionrofDPCPX(l µM; 

Figure 4). These results suggest thatdesensitizatfon at both sites is mediated by chronic · 

activation of AlRs, rather than a non-specific effect of CADO. 

1 
Since presynaptic and postsynaptic AIR responses appeared to desensitize at 

different rates, we measured presynaptic inhibition and activation of GIRK channels by 

Al Rs and GABABRs after CADO exposures ranging from 1 hour to 360 hours. As 



Figure 3. Desensitization of adenosine-induced activation of GIRK channels results from 

activation of Al Rs. Grouped data from neurons treated for 4 hours with vehicle ( control), 

the selective AlR agonist cyclopentyladenosine (CPA; 10 µM), the AIR-preferring 

'l,ntagonist 8-sulfo-phenyltheophylline (SPT; 100 µM), or CADO (20 µM) plus SPT. 

GIRK currents were induced with adenosine (100 µM) _or baclofen (50 µM) in the same 

: I , ' 

cells. Homologous desensitization of postsyhaptic AlR respbrtses is mimicked by a 

selective agonist, and CADb"7indticed desenJitization was blocked by SPT. Bats 

represent the mean± S.E., the number of ex~eriments (n) is hi pareiitheses. 
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shown in Figure 4, desensitization of the postsynaptic AlR respon~e was essentially 

complete in 2 hours. In contrast, desensitization of the presynaptic AlR response began 

after a considerable lag (,....12 hours), and was still incomplete after 48 hours. GABABR

mediated responses were never affected by CADO treatment. · Both presynaptic and 
\. 

postsynaptic AIR-mediated responses recov_ered following either agonist w~shout or 

addition ofDPCPX (1 µM; Figure 4). However, the time course of recovery from 

desensitization differed for the two responses. P9stsynaptic AlR responses returned to 
( 

control levels within 12 hours,. whereas recovery of presynaptic Al R responses took 

) 

place over 3 days (Figure 4); Taken together these results suggest substantial differences\ 

in agonist-induced regulation of responses mediated by presynaptic and postsynaptic 

AlRs. 

Postsynaptic desensitization reflects a change in A1 receptors rather than downstream 

signaling molecules 

A reduction of postsynaptic adenosine-induced GIRK currents after 4 hour AlR 

I 
/ 

activatiop. could reflect a change in the number or function of A1 receptors, G-proteins, or 

· GIRK channels. However, it is thought that postsynaptic Al Rs and GABABRs couple to 

a common population of GIRK channels in mature hippocampal neurons(l 16), as 

currents mediated by activation of these receptors-are mutually ocelusive(l 1_7). We 

-repeated this experiment to determine if Al Rs and GABABRs also couple to a common 

population of GIRK channels in cultured neonatal hippocampal neurons. As shown
1 

in 

Figure 5, GIRK. currents evoked by saturating concentrations of adenosine and baclofen · 

were occlusive rather than additive. The ratio of baclofen-induced current to that induced 



Figure 4. Presynaptic adenosine responses desensitize and recover from desensitization 

over the course of days, whereas postsynaptic adenosine responses desensitize and 

recover from desensitization over the course of hours. (top) Presynaptic inhibition 

mediated by adenosiri.e (100 µM) and baclofen (50 µM) in the same cells plotted as a 

function of time after 20 µM CADO treatment (left), and time after addition of the AIR 

antagonist DPCPX (1 µM) after 48 hours of CADO treatment (right). (bottom) 

Postsynaptic GIRK current induced by adendsine and baclofen in the same cells plotted 

as a function of time after CADO treatment (left), and time after CADO removal 

following 4 hours of CADO treatment (right). Each point represents the mean± S.E. of 

at least 5 experiments. 



presynaptic 
-•- adenosine . C: .::.~ 

§ 100 -o- baclofen 100 .Q 
:p 0---9 ..... 
:.c 

~:¢-*--◊--◊-i--9 . 
:c. 

:.c 80 ¢· 80 :.c 
.5 .5 
t) CJ 
:p 60 \ .. · ~· 60. ;:; 
C. C. 
tU tU 
C: C: 

>- 40 /+ .. 40 
~ 

ti) ti) 

~ +" . Q) 
'-

C. . ·c. 
..... 20 ·-----♦ ' 

+ .. 20 ..... 
C: C: 

-a> Q) 

CJ ' .... ,~ ~ '- 0 0 Q) Q) 
0.. u a. 

,· I I I I ,, I 
0 24 48 72 360 24 -46' 72 

CADO pretreatment (hours) Recovery time (hours) . 

posttynaptic 

0.8 -•- adenosine 0.8 

-<( . 
0.6 -s 0.6 

? 
<( ..... 

\?✓? 
C: 

C: ....,..., 
~ -0.4 C: :3 0.4 . Q) 

'-
CJ '-

::J 
~ CJ . 0::: 

0.2 ~ C!> 0.2 ~ 

+-------+ • ,--t (!) . 

0.0 0.0 
I I I I i I i 

0 1 2 3 4 0 ·4 8 12 
CADO pretreatment (hours) Recovery time (hours) 



by combined application of adenosine and baclofen was 0.93 ± 0.05 (n=I3), indicating 

that the l~ge majority of GIRK channels activated by AI Rs were also activated by 

GABABRs. Thus it is unlikely that the reduction of adenosine-induced GIRK currents 

following chronic CADO treatment reflects a change .in these channels. 
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We next explored the-possibility that AIR agonist treatment alters the ·activity or 

availability of postsynaptic G-prote~. This could produce _a homologous desensitization 
/ \ 

such as we observed, provided GABABR-mediated responses were much less sensitive to 

such regulation ( e.g. by coupling more efficiently to G-proteins ). To test this hypothesis 

we constructed concentration-response curves for baclofen-induced' GIRK. currents with 

and without CADO treatment. If postsynaptic G-protein activity was in some way 

impaired by chronic AIR activation, we expected a rightward shift in this r~lationship. 

However, CADO treatment had no effect on the concentration-dependence of baclofen · 

activation of GIRK channels; average EC50 values were 3.0 µM (n~6) and 3.7 µM (n~S) 

in vehicle- and CADO-treated neurons, respectively (Figure· 6). It should be emphasized 

that this experiment would not detect changes in G-protein function if AlRs and 

GABABRs coupled to separate_ populations of PTX-sensitive G-proteins. However, these 

results suggest that the diminished postsynaptic adenosine response following 4 hour 

agonist treatment most likely reflects a change at the level of the AlRs, rather than a 

change in G-proteins or GIRK channels. 



Figure 5. AJRs and GABABRs activate a common population ofGIRK channels'in 

cultured hippocampal neurons. (left) Leak-subtracted currents induced by adenosine 

(100 µM), baclofen (50 µM) and the combination of these two drugs (both) ~e plotted as 

a function of voltage and superimposed. Currents reverse polarity near the predicted EK+ 

of-39 mV (30 mM external K+) and rectify heavily at more positive potentials. The 

GIRK current induced by the combination of drugs was equal to that induced by baclofen 

alone, suggesting that AlRs activate GIRk channels that can also be activated by 

GABABRs. (right) The ratio of GIRK current evoked by baclofen to that evoked by the 

combination ofbaclofen and adenosine (both) is plotted for 13 cells. The majority of 

cells cluster near a ratio of 1, similar to the example shown ~ the left panel. 
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Figure 6. CADO treatment does not impair postsynaptic G-protein function. 

Concentration response curves for baclofen-induced activation of GIRK current (at :---60 

m V, 30 mM ext~mal K+) are pl_otted from vehicle-treated control cells and CADO-treated 

- . ;· 

(20 µM, 4 hours) cells. Baclofen potency was not changed by _CADO treatment, 
• ' -· i• .. 

indicating postsynaptic G-protein activity was unaltered. All data points represent the 

mean± SJ~. of at leas_t 5 experiments. Concentration response curves were fitted with the 

· Hill equation. 
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pesensitization of AJR-inediated modulation ofpostsynaptic calcium channels 

Presynaptic inhibition mediated by AIRs results from inhibition ofpresynaptic 

voltage-gated calcium channels. Therefore, regulation of presynaptic inhibition and · · 
, . 

· activation of postsynaptic GIRK. channels could differ either because of subcellular 
'. ' 

location or because the effector i01i channels are different. In order to distin.gti.is~ 
. . . 

between these possibilities, we measured inhibition of whole-cell calciuµi currerits by 
,,,. 

activation_ofpostsyri.aptic AlRS·and.GABABRs m CADO:-treated and ¢ontrol n¢urons. 
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Since such inhibit~o:Q. is mediated by sbinatodendrl.tic receptors, we predicted that CADO 
. .. 

treatment would produce a rapid homologous desJnsitization of AIR-mediated inhibition 

of po~tsynaptic ~o1tage-gated calcium channel~. . tJ sing a Cs-based ~tetnal solution and 
. ' 

an external soluti_on designed to isolate calcium ¢tlrr~iits, neurons were held at -80 .m V 

and ~teppe~ to O ~V for 40 ms. ·The ~urrents evdi~d by this protocol (Figure 7) weret 

com~1etely abolished by cadmium (1 bo µM; not Jiown), and were slow to activate and 

inacti~~te comp~ed to c~ents eyo~ed in electrdtbnicaliy 9ompact cells, indicatlhg that 
. . . 

voltage~clamp ih lhese complex neurtitl§ was im~etfect. _ Nonetheless in most cells 

voltage-clamp was sufficient for us to observe robust_ reversible inhibition_ of ca.lei~ 

currents (lea; Figure 7). In 16 control cells adenosine (50 .µM) inhibited peak lea by 21 ± 

2%, and baclofen (30 µM) inhibited peak lea by 26 ± 2%. · A paired t-test indicated that 

inhibition oflea by baclofen was significantly greater·than that by adenosine (p<0.001). 

These values agree well with previous studies of calcium channel inhibition in c-µltured 

hippocampal neurons(23;113). In 14 neurons treated with 20 µM CADO for 2-9 hours 

(ayerage 6.9 hours) adenosip-e inhibited peak le~ by 11 ± 1%, and baclof~n inhibited peak 

lea by 24 ± 1% (Figure 7). Inhibition of lea by adenosine in CADO-treated neurons was 



Figure 7. AIR-mediated inhibition ofpostsynaptic voltage-gated calcium channels also 

desensitizes rapidly. (top) Examples of superimposed averaged calcium currents (lea) 
- ' 

evoked by 4o· ms. step commands to 0 m V recorded under control conditfons, in the 
. ' .•: 

presence of 50 µM adenosine, and. in the presence of ?O µM baclo~en. · (bottom) Grouped 

data from such experiments: Adenosine and h~clofen -responses in individual cells are 

joined by lines; the mean± S.E. of all of these experiments is shown beside the individual 

points. In vehicle-treated ( control) cells (left) adenosihe and baclofen inhibit peak lea by 

comparable amounts (21 % vs. 26% respectively; n=i6). In cells treated with 2d µM 

CADO for 2-9 hours (right; average 6.9 hours) inhibition of lea by adenosine was 

substantially diminished (11 % vs. 24% for baclofen, n=14). 
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significantly less than that in cQntrol cells (p<0.001), whereas inhibition by baclofen was 

unaltered (p=0.37). Desensitization of postsynaptic AIR-mediated inhibition of calc~um 

charniels was less co~plete (,...,50%) than desensitization of postsynaptic AIR-mediated 

activation of GIRK channels (-90%) after similar CADO treatment. However, 

desensitization of this response was maximal at this time, as CADO treatment for 24 

hours did not further reduce inhibition oflea by adenosine (12 ± 3%; n=5;p=0.70 

compared to 2-9 hour treated cells) .. These results suggest that responses mediated by 

different effector molecules can desensitize to varying degrees in-a single neuronal 

compartment (see Discussion). However, if inhibition of lea in presynaptic terminals had 

desensitized to the same extent as we observed for somatodendritic lea, presynaptic 

inhibition would have been substantially reduced. Thus we 9onclude that desensitization 

of neuronal AlRs also differs for different subcellular coµi.partments. 

Spare presynaptic Al Rs do not explain differential regulation 

, One possible explanation for the apparent absence of desensitization of 

presynaptic A 1 Rs following brief ago~st exposures is that a large receptor reserye exists 

at presynaptic terminals but not at postsynaptic sites. In this case inactivation of a large 

fraction of the receptors at both locations could spare maximal presynaptic -inhibition 

induced by saturating concentrations of adenosine, yet substantially decrease the 

postsynaptic response. We theref~re constructed concentration response curves in the 

presence of 6rnM external K+, which all~wrd us to meas~re presynaptic inhibition and 

activation of pqstsynaptic GIRK channels simultaneously in individual cells. · These 

curves allowed us compare activation of GIRK channels and presynaptic inhibition as 
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functions of AlR occupancy. If a greater AIR reserve existed at presynaptic terminals, 

the concentration-response relationship for presynaptic inhibition in control cells should 

be shifted leftward compared to th~t for activation of GIRK. channels, as a lower. degree 

of receptor. occupancy would be required to produce a maximal response~ As showp. in 

Figure 8, the concentration-response curve for AlR mediated presynaptic inhibition was, 

in fact, shifted leftward compared to the curve for activation of postsynaptic GIRK 

channels. The ECso for presyhaptfo inhibition was OA2 µM,.whereas that for activation 

ofpostsynaptic GIRK channeis was 1.87 µM (n~6). In addition, AlR occupancy 

increased (as indicated by'activation of substantiEtl additional dIRK current) over a 
I 

•' . . 

concentration range where presynaptic inhibition was already nearly rilaximal (2.5 to 25 . . 

µM). These results suggest that a receptor reserve does indeed exist for AIR-mediated 

presynaptic inhibition, as pr~viously suggested by studies of Al R defi~i~nt mutant 

mice(l 18). However, the degtee of overlap of the two curves indicates that this receptor 

reserve cannot accourl.t for the difference in desensitization ofpresynaptic and 

postsynaptic AlR responses that we observed. if desensitization.spared equal fractions 

of receptors at pre- and postsynaptic sites in CADO-treated cells, responses produced by 

occupation of all ·of these rece~tors (by a saturating concentration of adenosine) should be 

equivalent to responses produced by occupation of this same fraction of receptors in 

control cells (by a subsaturating concentration of adenosine ). Thus desensitization of 

I 

Al Rs sufficient to decrease maximal post~ynaptic responses by 90% (the amount we 

observed with 4 hour CADO treatment) would reduce maximal p:resynaptic inhibition to 

less than 50% (Figure 8). Since maximal presynaptic inhibition was unaffected by this 
! 



Figure 8. The concentration-response curves for presynaptic and posisynaptic adenosine 

effects overlap. (top) Examples of superimposed averaged traces recorded in the 

presence of 6 mM external K+ under control conditions, and in the presence of 0.75 µM 

and 25 µM adenosine. GIRK channel activity was indicated by the inward current 

response during steps to -100 m V. Presynaptic inhibition was indicated by the decrease 

in EPSC amplitude evoked in the same cells. (bottom) Concentration-response curves 

constructed from this type of experiment are shown superimposed. Concentration

response ~urves were fitted with the Hill equation. Two additional points kt 0.75 µM 

show presynaptic and postsynaptic responses in 4 hour CADO-treated cells. AH data 

points teptesent the mean ± S .E. of at least 12 experiments, with the exception of the 100 

µM postsynaptic point which was recorded from a separate group of 6 cells. The overlap 

of presynaptic and postsynaptic concentratidtUesponse curves suggests that a decrease irl. 

receptdr availability sufficient to produce a latge decrease in the maximal postsynaptic 

response would produce a substantial deqrea~e in th~ maximal presynaptic response. 
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treatn:;tent (Figure. I), we conclude that chronic agonist applicatiop. desensitized 

presynaptic and postsynaptic AIRs at different rates. 
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The above results suggest that a AIR reserve is present at presynaptic terminals, 

but that it is not sufficiently large to account for the difference between desensitization of 

presynaptic and postsynaptic responses by 4 h?ur CADO treatment. However, this 

treatment could have desensitized some presynaptic Al Rs, just not enough to remove the 

receptor reserve and thus decrease the maximum response. In order to determine if brief 

CADO treatment had any ~ffec~ at all on AIR-mediated presynaptic ~bition, we 

constructed concentration response curves after exposure to CADO for increasing time 

intervals. In the presence of a receptor reserve, desensitization of a fraction of 

presynaptic AIRs would produce a rightward shift in the concentration-response 

r~lationship for this response, as a greater fraction of the remaining AlRs would need to 

be occupied to produce the same effect. However, 4 hour CADO treatment had no effect 
\ 

on the concentration-dependence of adenosine-induced presynaptic inhibition; average 

ECsos were 0.31 µM (n=21) in vehicle-treated neurons and 0.25 µM neurons treated with 

CADO for 4 hours (n=6; Figure 9). This result was confirmed in a separate set of 

neurons (n=12) where presynaptic_inhibition produced by 0.75 µM adenosine (a value 

just above the presynaptic ECso) was unaffected by 2-4 hour-CADO treatment (p>0~0S 

compared to untreated cells), while GIRK currents in the same cells were virtually 

abolished (Figure 8, open symbols). These ~esults indicate that this duration of agonist 

exposure did not disable a significant fraction of presynaptic Al Rs. In contrast, average 

ECsos were 0.57 µMand 1. 73 µM (n~6) in neurons treated with CADO for 12 and 24 

hours, respectively (Figure 9) .. The rightward shifts in these concentration-response 



Figure 9. The absence of presynaptic Al R desensitization after 4 hour agonist treatment 

is not due to a presynaptic Al R reserve. Concentration response curves for adenosine

induced presynaptic inhibition are plotted from vehicle-treated control cells and cells 

treated with CADO (20 µM) for 4, 12 and 24 hours. Adenosine potency was not changed 

by 4 hour CADO treatment, suggesting the lack ~f desensitization of presynaptic 

responses to adenosine was not dtie to spare presynaptic AlRs. Adenosine potency was 

decreased after 12 and 24 hour CADO treatment, as indicated by the rightward shift µi 

the concentration-response curves. All data points represent the mean± S.E.; the number 

of cells (n) is in parentheses. Concentration-response curves were fitted with the Hill 

equatidh. 
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curves results support the idea that an AlRreserve·at presynaptic terminals is eventually 

removed during long-term (>4 hour) agonist treatment. 

Discussion 

The results shown here demonstrate that responses mediated by presynaptic and 

postsynaptfo Al Rs desensitize at markedly different rates. This diff~rence does not 

appear to reflect a difference in receptor density (receptor reserve) at presynaptic and 

postsynaptic sites, or a-difference in downstream signaling components, and thus 

probably r_esults from a difference in the mechanisms that regulate receptor function. 
I • 

) 

These results complement previous studies, which have shown that chroni~ in vivo 

-
administration of A 1 R agonists or antagonists regulates the function of these receptors in 

the hippocampus (l 19;120). 

The loss of postsynaptic adenosine responses after 4 hours of agonist treatment 

was not accompanied by a change in the sensitivity of the same GIRK channels to 

activation of GABABRs. This suggests that neither,postsynaptic GIRK channels nor 

postsynaptic G-proteins were adversely affected by prolonged activation of AlRs, at least 

within the limits of sensitivity of our assay. However, the latter conclusion is limited by 

the assumption that Al Rs and GABABRs couple to a common population of PTX

sensitive G-proteins. We are unaware of any direc_t evidence that either supports or 

refutes this assumption, thus it is possible that prolonged AlR activation in some way 

impairs a population of G-proteins that couples to these receptors but not GABABRs. A 
r 

change of this type could also explain homologous desensitization of calcium channel 

inhibition. However, if a change in G-protein function is responsible for the rapid loss .of 
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. postsynaptic adenosine responses, our results suggest that presynaptic G-proteins would 

have to be r~gulated differently, as inhi~ition of presynaptic calcium channels was not 

similarly impaired. -

Even though activation of postsynaptic GIRK channels and inhibition of 

postsynaptic lea both desensitized more rapidly than presynaptic inhibition, it was notable 

that activation of GIRK channels_ was nearly abolished ~er a few hours of agonist 

' exposure, whereas inhibition of lea was reduced to only half of the control level, even 

after 24 hours of agonist exposure. What might account for this difference? One 

possibility is that different populations of postsynaptic Al Rs mediate tp.ese two 

responses, and that the_ receptors that couple to calcium channels desensitize 

incompletely .. Another, perhaps more likely possibility is that the difference results from 

· different sensitivity of these ion channels to G-protein J3y ,dimers. Both channels are 

affected by binding J3y dimers(121;122), but GIRK. channels apparently need to bind 

more than one dimer for activation(l23), whereas calcium channels are apparently 

inhibited by binding of single dimers(l24). This difference, together with possible 
. ( ; 
differences in affinity~ ~fficacy and spatial arrangement, could make GIRK. channels 

\ 

relatively insensitive to free J3r subunits. Such a difference could partially account for 

the receptor reserve at presynaptic terminals, as presynaptic inhibition is mediated by 
. . I 

inhibition of calcium channels. In this case residual postsynaptic receptor activity could 

be unable to liberate sufficient J3r dimers to activate most GIRK. channels, while· at the 

same time a significant fraction of calcium channels could be inhibited. Simultaneous 

recordings of these two responses in individual cells could give some idea as to the 

relative sensitivity of each to G-protein activation. Additional experiments will be , 
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re_quired to determine the basis of this apparent dependence of desensiti~ation on effector 

mechanism. 

One possible explanation for the lack of apparent desensitization of AIR

mediated presynaptic inhibition after 4 hour CADO treatment is that there are spare 
I 

receptors for this response. In fact, our results as well as those of.previous studies(l 18) 

indicate that an AIR reserve does exist at hippocampal presynaptic terminals. However, 

three pieces of evidence suggest that this receptor reserve atone cannot. explain the 

differences we observed between presynaptic and postsynaptic Al R-mediated responses. 

First, concentration-response curves for presynaptic and postsynaptic responses overlap _ 

to such an extent that no decrease in receptor activity could produce a ...... 90% decrease in 
\ 

,GIRK activation without changing maximal presynaptic inbjbitio~ much less presynaptic 

inhibition produced by a lower concentration of adenosine (Figure 8). Second, no change 

in the concentration-response relationship was observed for presynaptic inhibition until 

CADO was present for 12 hours (Figure 9). This observation was confirmed using a 

concentration of adenosine (750 nM) just above the EC5o (300-400 nM), a point that 

should be quite sensitive to changes in the total number of functional receptors. Third, if 

all else were equal at presynaptic and postsynaptic sites with the exception of a receptor 

reserve, we would have expected that desensitization of maximal presynaptic inhibition 

would have been delayed ( as it was),- but that it would have progressed rapidly (in a few 

hours) ·after the receptor reserve was depleted. As shown in Figure 3, this was not the 

case. It is unlikely that rapid replenishment of presynaptic Al Rs explains the slow ' 

development of presynaptic dese~itization, as this would predict rapid recovery of 

presynaptic inhibition following agonist removal or addition of antagonist (c.f. Figure 4 ). 



Taken together these results suggest that AIR.s are regulated differently by agonist 

expo.sure at presynaptic and postsynaptic sites in these neurons. 
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The molecular mechanisms. that regulate presyn~ptic and postsynaptic AIRs and 

their downstream. effectors are unknown, therefore we can only speculate as to why AIR

mediated responses desensitize differently in these two comparttnents. Many GPCRs are 

desensitized via a canonical mechanism whereby active receptors are phosphorylated by 

a GRK, phosphorylated receptors bind an arrestin~ and arrestin-bound receptors are 

internalized. Studies of AIR desensitization in vitro and in other types of cells have 

shown that AIRs can be phosphorylated (albeit weakly), uncoupled from G-proteins, and 

are internalized in an agoriist-dependent manner(98;I25-I28). In striatal slices and 

cultured cerebellar granule neurons AIR-mediated inhibition.of adenylate cyclase can 

desensitize (inco~pletely) m. less than 2 hours. This desensitization apparently results 

from uncoupling of AIRs and G-proteins; as total AIR density (assessed by radioligand 

binding) is unchanged(l29;I30). AIR density has been shown to decrease in response to 

agonist treatment in granule neurons, but tl)is downregulation occurred over the course of 

48 hours(I26;13 I). It is therefore tempting to speculate that the relatively rapid loss of 

postsynaptic responses results from _a true "desensitization" or internalization mechanism, 

whereas the slower loss of presynaptic responses results from receptor _downregulation. 

The relatively slow recovery of presynaptic inhibition after agonist removal is consistent 

with this model. Future experiments will be directed towards determining the 

.. mechanisms of agonist-induced regulation of AIRs in presynaptic and postsynaptic 

compartments. It will also be interesting to find out if a difference in desensitization of 

presynaptic and postsynaptic receptors similar to that which w~ have shown for AlRs in 
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hippocampal neurons is observed for other GPCRs in other types of neurons, and in other 

types of polarized cells(l32). For example, chronic activation of opiate receptors 

produces well-characterized changes in ptesynaptic and postsynaptic function in various 

brain regions(13;133;134), but desensitization of presynaptic and postsynaptic opiate 

receptors has not been compared in a single cell. 

These fmdings may have implications for the complex processes of drug tolerance 

and drug dependence. Since GPCR desensitization is thought to underlie some aspects of 

nonassociative drug tolerance(l 10), it is possible ~at differential desensitization of 

presynaptic and postsynaptic receptors can explain ·some instances were tolerance to a 
I • 

given effect of a drug develops at a different rate thart tolerance to other effects. Drug 

dependence may result from cellular adaptations that occur iD: response to persistent 

. GPCR signaling( 13; 13 5), which in turn could depend on slow or incomplete · 

desensitization(136). The results presented hete suggest that subcellular _location may be 

one factor that influences the rate of GPCR desensitization, and thus the propensity of a 

population of receptors to mediate the development of tolerance and dependence. 



CHAPTER 2: GABAu receptor activatio;n desensitizes postsynaptic responses 

mediated, by GABAu arid A1 adenosine receptors in rat hippocampal neurons 

SUMMARY 

Whole-cell recordings of EPSCs and G-protein7"activated inwardly rectifying (GIRK) 
. . \ 
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currents were ~ade from cultured hippocampal neurons to determine the effect on long-

term agonist treatment on presynaptic and postsynaptic responses mediated by GABAB 

· receptors (GABABRs). GABABR-mediated presynaptic inhibition was unaffected by 

agonist (baclofen) treatment for up to 48 hours, and desensitized by alfout one-h~f after 

96 hours. In contrast, GABABR-mediated GIRK currents desensitized by a similar 

amount after only 2 hours of agonist treatment. In addition, presynaptic inhibition 

mediated by A1 adenosine.receptors (Al-Rs) was-unaffected by prolonged GABABR 

activation, whereas AIR-mediated GIRK. currents were desensitized. Desensitization of 

postsynaptic GABABR and AIR responses was blocked by the GABABR antagonist· 

CGP 55845A, but not by the AIR antagonist cyclopentyldipropylxanthine (DPCPX). 

GIRK current amplitude could b~ partially restored after baclofen treatment by .either 

coapplication ofbaclofen and adenosine, ot intracellular infusion of the non-hydrolyzable 

_GTP analog 5'-guanylyliniidodiphosphate (Gpp(NH)p). Short-term (4-24 hour) baclofen 

treatment also significantly desensitized inhibition of postsynaptic voltage-gated calcium 

channels by activation of GABABRs or Al Rs. These results show that responses 

mediated by GABABRs and AIRs desensitize differently in presynaptic and postsynaptic 
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compartments, and demonstrate heterologous desensitization of postsynaptic AIR 

responses. 

INTRODUCTION 

Neurons detect a wide variety of signals using G-protein coupled receptors (GPCRs). 

Activation of a GPCR by agonist binding promotes nucleotide exchange. and the 

dissociation of heterotrimeric G-proteins into □ and ~ □ subunits. These subunits then 

bind to downstream effectors ranging from ion channels to protein kinases(137). Many 

neuronal GPCRs couple to the class of pertussis toxin (PTX)-sensitive G-proteins that 

inhibit adenylate cyclase, inhibit voltage-gated calcium channels, and ~ctiv~te inw~dly

rectifying potassiun1 (GIRK) channels. Activation of these receptors on synaptic 

terminals inhibits neurotransmitter release by inhibiting calcium channels(2;138;139), 

/ 

wheteas activation of the same receptors on cell bodies and dendrites decreases 

excitability by opening GIRK channels(140;141). One such receptor is the GABAB 

receptor (GABABR), which is widely expressed in the CNS(l42;143). 

Responses mediated by GPCRs often desensitize after prolonged receptor activation, and 

desensitization is thought to at least partly underlie physiological tolerance(! IO; 144). 

A11:hough the acute effects of GABABR activation are well known, relatively little is 

.. known about desensitization of responses mediated by these receptors. Therefore, we 
. . 

have studied agonist-induced desensitization of respons~s mediated by presynaptic and 

postsynaptic GABABRs. We fmd that response·s mediated by postsynaptic GABABRs 

desensitize rapidly (2 hours), whereas responses mediated by GABABRs-located at 

,/ 



presynaptic terminals desensitize very slowly ( 48 hours). This differential desensitization 

is similar to that which o~curs for presynaptic and postsynaptic A1 adenosine ;receptors 

(AlRs) after prolonged activation of A1Rs(145). Surprisingly, prolonged activation of 
( 

GABABRs also produced a heterologous desensitization of responses mediated by 
' \ 

postsynaptic but not presynaptic Al Rs. Activation of GIRK. channels fmd inhibition of 

postsynaptic calcium channels were both blunted by chronic GABABR activation, 

suggesting a site of action upstream from these effector molecules. These results 

reinforce the idea that ptesynaptic and postsynaptic compartments differ substantially · 

with respect to regulation of GPCRs, and demonstrate unidirectional heterologous 

desensitization of postsynaptic GPCR-mediated responses. 

l\'l:tTHODS -

Cell culture and chronic drug application · 

Hippocampal neurons dissociated fiom newllom rats were grown on collagen/polylysine 

microislands as described(31 ;145). Growth medium contained minimal essential medium 

(MEM) supplemented with B-27 (GIBCO); serum extender (Becton Dickinsorl), 5% 

defined FBS (Hyclbne ), 0.6 % glucose, 1 mM pyruvate and 0.5 mM glutamine. Neurons 

were treated chronically with drugs ( or vehicle) by adding sterile-filtered stock solutions 

directly to culture dishes, which were then returned to the incubator (3 7°C, 5% CO2) for 

· the appropriate time. Recordings were made less than 40 minutes after dishes were 

removed from the incubator and washed with drug-free· external solution, and no more 

than two recordings were made from any one clilture dish. 
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Recording solutions and electrophysiology 

Whole-cell patch-clamp recordings were made from isolated ( one neuron per 

·microisland) neurons after 14-18 days in v~tro. For synaptic (autaptic) and GIRK. current 

recordings electrodes were filled with a solution containing (in m.M): 140 K-gluconate, 5 

KCl, 0.2 EGTA, 10 HEPES, 3 MgATP, 0.3 Na2GTP (pH 7.2, ....,295 mOsm kg-1 H2O). In 

some experiments GTP was replaced with 0.6 mM 5'-guanylylimidodiphosphate 

1 

(Gpp(NH)p). The external solution contained (in m.M):_ 150 NaCl, 2.5 KCl, 10 HEPES, 

IO.glucose, 1.5 CaCh, 2.5 MgCh (pH 7.2, ,..,310 mOsm kg-1 H2O). In some experiments 

the external K+ concentration was increased (to 6 mM or 30 mM) by replacing NaCl with 

\ 

KCl._ For calcium current recordings electrodes were filled with a solution containing (in · 

mM): 100 CsCl, 40 teu;aethylammonium-Cl, 0.2 EGTA, 10 FiEPES, 3 MgATP, 0.3 · 

Na2GTP (pH 7 .2, ,..,295 mOsm kg-1 H2O), and the external solution contained (in m.M): 

150 NaCl,. 2.5 KCl, 10 HEPES, 10 glucose, 3 CaCh, 2 MgCh, 0.2 BaCh and (in µM): 0.5 
• 

TTX, 10 ~,7-dinitrdquinoxaline-2,3-dione (DNQX) and 10 D(-)-2-amino-5-

phosphonopentanoic acid (APV) (pH 7.2, ,..,310 mOsm kg-1 H2O). All recordings were 

made at room temperature. For synaptic recordings neurons were held at -60 m V and 

depolarized above 0 mV with 2 ms square commands every 5 s. For GIRK current 

recordings the membrane potential was ramped from -100 ~ V to -10 m Vat a rate of 

0.18 mV ms-1 or stepped to -90 mV. For calcium current recordings neurons were held 

at -80 m V and stepped to 0 m V for 40 ms .. Currents evoked by this protocol were 

subjected to P/4 leak subtraction prior to analysis. Currents were digitized and recorded 

with a mul.tifunction 1/0 board and Win WCP software (provided by Dr. J. Dempster, 

' l,_ 



Strathclyde University, Glasgow)~ Drugs were applied via a fused silica rube (i.d. 200 

µm) connected to multiple resen:oirs. Numerical values, plots and bar graphs are 

· expressed as mean ± S .E.M., and statistical comparisons were made using student's 

,unpaired t-test or ANOV A unless specified otherwise.. Concentration-response curves 

were fitted to the Hill equation. 

RESULTS 

Differential desensitization of presynaptic and post~ynaptic GABABR-mediated 

re_sponses 

61 

EPSCs were evoked in hippocampal neurons grown on substrate microislands by 

triggering undamped action potentials. Adenosine (100 µM) or the selective GABAB 

receptor (GABABR) agonist baclofen (50 µM) reversibly decreased the amplitude of 

EPSCs by -80% (Figure 1 0A). Previous studies have sho"Yll that Al Rs and GABABRs 

inhibit EPSCs in hippocampal neurons by decreasing neurotransmitter release, .largely by 

inhibiting presynaptic calcium channels(2; 13 8; 13 9). In addition to these presynaptic 

effects, application of either adenosine or baclofen reversibly activated postsynaptic 

inwardly-rectifying potassium (GIRK) channels, which· produced an inward current 

during voltage commands to--100 m V (Figure 1 OB; 6 mM external K+). We used this 

system to study the effect of chronic GAB~R a~tivation on responses mediated by 

presynaptic and postsynaptic GABABR and AlRs. 

In the first set of experiments cultures were treated with either 50 µM baclofen or vehicle 

and returned to the incubator at 37°C for 2-24 hours. ~e then tested presynaptic and 



Figure I 0. Differential desensitization ·of presynaptic and postsynaptic responses 

mediated by GABABRs and Al Rs after prolonged GABABR activation A, examples of 

EPSCs evoked under control conditions, in the presence of a submaximal concentration 

of the GABABR agonist baclofen (5 µM), and a maximal concentration ofbaclofen (50 

µM) shown superimposed. Recordings wer~ made from control neurons (top panel), or 

neurons treated with baclofen ( 50 µM) 4 hours. Presynaptic inhibition mediated by 

GABABRs was ~affected hy baclofen pretreatment.. Calibration bars are 20 ms· and 1 
! . ; : 

nA. B, examples of cutreht tr~ces evoked. by hyperpofarizing vol take commands ( from -

: : ::. ! . 
60 mV to-90 mV) in the sattie cells as panel A. Activation of GIRK current was 

substantially desensitized by baclofen treatment. The calibration bars are 20 ms and 0.5 

I 

nA. C, sumrhary of data frcim experiments like those shown in panel A, (n = 6-28). Ottly 

presynaptic inhibition produced by 5 µM baclofen after 4 or 24 hours and that producea 

by 50 µM b_aclofen after 24 hours was significantly different (P <0.01) from controt 

presynaptic inhibition. D, sumpiary of data from experiments from experiments like 

those shown in panel B, frohi the same cells as panel C. GIRK current evoked by 

baclofeii or adenosine was significantly different (P < 0.01) from control at all times after 

baclofon treatment. 5 µM baclbfen produces more than half the maximal GIRK ~urrerlt 

in control neurons, and less than half of the maximal current in baclofen-treated neurons. 
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postsynaptic receptor function using saturating concentrations (50 µMand 100 µM, 

respectively) of adenosine and baclofen, and a subsaturating concentration of (5 µM) 

baclofen. · Presynaptic inhibition mediated by activation of GAB AB Rs was modestly but 

significantly decreased after prolong~d GABABR activation (Figure lOA, C). For 

example, presynaptic inhibition produced b~ 50 µM baclofen was 77 ± 1 % (n = 14) after 

24 hours ofbaclofen treatment compared to 87 ± 1 % (n = 28) in control cells (P < 0.01). · 

Presynaptic prpduced by 5 µM baclofen was also significantly smaller (P < O.Oi) after 4 

and 24 hours ofbaclofen treatment (Figure lOC), although.once again the difference was 

relatively small. Presynaptic inhibition was not significantly smaller (P > 0.01) at all 

-other_tim~points (< 24 hours}, and presynaptic inhibition produced by adenosine was 

unaffected at all time points after baclofen treatment. 

hi contrast to these small effects on presynaptic inhibition, activation of postsynaptic 

GIRK channels was greatly reduced after as little as 2 hours of baclofen treatment (Figure 

1 OB,' D). At all time points measured, baclofen treatment signific~tly reduced the 

amount ofGIRK. current activated by both GABABRs and AlRs (P < O.Ol;_Figure lOD). 

For example, SO µM baclofen activated 252 ± 21 pA of GIRK current in control cells (n 

= 28) compared to 70 ± 17 pA (n = 16) in cells treated with baclofen for 24 hours. In 

addition to decreasing ¢.e maxi.Ip.al baclofen-induced GIRK current, chronic GABABR 

activation also decreased the sensitivity of this response. As shown in Figure 1 OD, 5 µM 

baclofen is greater than the ECso in control cells, and less than the EC5o in treated cells. 

Contrary to our expectations, prolonged GABABR activation also produced a · 

heterologol,ls desensitization of postsynaptic AIR-mediated responses. This 



Figure 11. Desensitization of postsynaptic GABABR and Al R responses is mediated by 

activation of GABABRs. Summary of data plotting GIRK current amplitude evoked by 

baclofen (50 µM) or adenosine (100 µM) in control neurons, neurons treated with 50 µM 

baclofen for 4 hours,neur.ons treated with the GABABR~tagoirist CGP 55845A (1 µM) 

alone, neurons treated with baclofen and CGP 55845A for 4 hours, neurons treated with 

baclofen and-the AIR antagonist cyclopentyldipropylxanthine DPCPX (1 µM), and 
. : '· 

. . . . ·, ;·. '. . . . 

neurons treated With b~clofeil for 24 hours then washed with baclofen-free medium for an 

additional 24 hduts. Homologous and heterologbus·desensitization were blocked by 
• I . ~ I 

preventing activation of GABABR.s, but not by pt~vehting activation of Al Rs. The 

number of experiments in each group (n) is in parentheses; * P < 0.05, ** P < 0.01. 
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desensitization was less robust than the homologous desensitization of GABABR 

responses, but was still highly significant (e.g. 168 ± 13 pA, n = 26 versus 80 ± 15 pA, 11:. 

= 16 after 24 hours, P < 0.01). Thus prolonged baclofen treatmentproduced both 

homologous desensitization of postsynaptic GABABR responses, and heterologous 

d~sensitization of postsynaptic AlR responses. 

We then performed experiments to determine ifbaclofen-induced desensitizat!on of 

postsynaptic GABABR and AlR responses was mediated by persistent activation 

GABABRs. Neuron cultures were treated as before with baclofen or the selective 

GABABR antagonist CGP 55845A (1 µM) together with baclofen for 4 hours. As shown 

in Figure 11, baclofen alone desensitized postsynaptic GABABR and AlR responses.as 

before, and this desensitization was completely prevented by the addition of CQP . 

55845A (n = 14). Pretreatment with CGP 55845A alone for 4 hours had no effect on 

postsynaptic GIRK responses (n = 6; Figure 11). We specifically wanted to rule out the 

possibility that endogenous adenosine activated (and desensitized) postsynaptic AlR 

responses in, the presence of baclofen. We th~refore treated cultures with baclofen and 

the selective AlR antagonist cyclopentyldipropylxanthine DPCPX (1 µM)._ DPCPX had 

no effect on baclofen-induced desensitizatio!1 of GABABR or AIR responses (n = 6; 

. Figure 11 ). These results suggest that desensitization of GABABR and AIR responses 

after baclofen treatment are_ the result of GABABR activation, and do not involve 

activation of AlRs. Finally, we wanted to test the reversibility ofbaclofen-induced 

desensitization of postsynaptic GIRK. responses following agonist removal. Cultures 

were treated with baclofen for 24 hours, at which time the agonist-containing medium 
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was removed and replaced with drug-free· conditioned medium for 24 hours. GABABR 

and AIR mediated GIRK. currents recorded from these cells (n = 8) were not significantly 

different from controls, suggesting postsynaptic desensitization can be completely 

reversed within 24 hours (Figure 11). 

To determine ifpresynaptic inhibition mediated by GABABRs or AlRs was completely 
. ( . 

' 
resistant to chronic activation of GABABRs, neurons were exposed to baclofen for 

I '. 

extended periods of time (up to 96 hours). In this series of experiments more than 48 

hours ofbaclofen treatment was required to significantly (P <,0.01) reduced presynaptic 

inhibition. After 48 hours ofbaclofen treatment, presynaptic inhibition mediated by 
__ ,,. . . . 

GABABRs (50 µM baclofen) was not different from control (75 ± 5% versus 84 ± 2%, 

respectively, n = 15, P > 0.05; Figure 12A). This result was confirmed in a separate set 

, of cells usi_ng a range ofbaclofen concentrations (0.1-100 µM). The ECso for GABABR

mediated· presynaptic inhibition was 4.28 µM (n ~ 8) in control cells, and 6.69 µM (n ~ 8) 

in cells treated with baclofen for 48 hours (Figure 12~)- This r~sult suggests that the lack 

of observable desensitization at this time point was not the result of a receptor reserve. 

However, after 96 hours ofbaclofen treatment, presynaptic inhibition was reduced to 46 

± 6% (n = 5; P < 0.01). In contrast baclofen treatment did not significantly alter 

inhibition ofEPSCs by AlRs, even after 96 hours (Figure 12A). Taken together, these 

experiments and those shown in Figure 10 demonstrate that GABABR-mediated 

presynaptic inhibition is largely unaffected by chronic-receptor activation for up to 48 

hQurs.- Presynaptic inhibition mediated by GABABRS is decreased by more prolonged 

recept~r activation, but presynaptic inhibition mediated by Al Rs is unaffected. ,Thus 



Figure 12. Homologous desensitization of presynaptic inhibition mediated by GABABRS 

occurs after 72 hours. A, percent presynaptic inhibition produced by baclofen (50 µM) 

and adenosine ( 100 µM) plotted as a function of baclofen treatment time. GABABR

mediated presynaptic inhibition was significantly desensitized after 72 hours (* P < 0.01 ), 

whereas AIR-mediated presynaptic inhibition was not significantly diminished. The 

number of experiments in each group (n) is in parentheses. B, concentration-response 

curves plotting percent presynaptic inhibition versus baclofen concentration generated 

from control neurons (n ~ 8; ECso = 4.28 DM), and neurons treated with baclofen for 48 

hours (n ~ 8; ECso = 6.69 DM). The lack of observable desensitization after 48 hours 

was not due to the presence of a receptor reserve. 
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presynaptic and postsynaptic GABABR and AIR responses are differentially regulated 

by persistent GABABR activation. 

Desensitization of postsynaptic GIRK currents is partly overcome by liberation of 

additional fJ,; subunits 

71 

Homologous andheterologous desensitization of GABABR- and A.IR-mediated GIRK. · 

currents following baclofen exposure could be the result of a change in the number or , 

function of the receptors, G proteins_, or the effector ion channels. However, many of the 

possible changes in GIRK. channel function would decrease the maximal GIRK. current 

without shifting agonist sensitivity. A shift in sensitivity such as we observed is 
. ~ 

consistent with a defect in either f3y delivery to the channels ( due to a change in receptor 

or G-protein number or function), or a decrease in the sensitivity of GIRK channels to (3y 

subunits, but not with a change in the number of GIRK. channels or their gating. GIRK 

currents mediated by saturating concentrations of adenosine and baclofen occlude each 

other in cultured hippocampal neurons, suggesting that these receptors couple to a 

common pool of channels(l l 7;145). We therefore reasoned that if chronic baclofen 

treatment impaired the delivery of f3y subunits to the channels, or decreased the 

sensitivity of GIRK channels to f3y subunits, then baclofen- and adenosine-evoked 

currents should become additive. We therefore examined GIRK currents ev~ked by 

saturating concentrations of baclofen or baclofen and adenosine combined in control and 
. \ 

baclofen-treated neurons. In agreement with previous studies, the ratio of baclofen-

. induced current to that induced by ~aclofen together with adenosine was 0.94 ± 0.05 (n = 

9) in control neurons; currents evoked by baclofen and baclofen plus adenosine were not -

'---
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significantly different (P > 0.05; paired t-test). However, this ratio \vas 0.65 ± 0.05 (n = 

6) in cultures treated with baclofen for 4 hours, and 0.41 ± 0.05 in cultures treated for 24 

. hours (n = 6); currents evoked by baclofen and baclofen plus adenosine were 

significantly different m baclofen-trea~ed cells (P < 0.01; paired t-test). The GIRK 

current activated by combined app~ication of baclofen and adenosine was smaller in cells 

~eated for 4 hours compared to controls (205 ±52 pA versus 241 ± 29), but this 

differenc~ was not statistica]Jy significant (P > 0.05). However, the combined GIRK 

current was significantly smaller in cells treated for 24 hours (107 ± 40 pA; P < 0.01). 

These results suggest that after chronic baclofen treatment neither the activation of 

GABABRs or AlRs is able to completely activate postsynaptic GIRK channels, and that 

activation of both receptors can partially overcome desensitization. These results are 

consistent with.a defect in l3y delivery to GIRK. channels, or the sensitivity of these· 
. . . 

channels to l3y subunits. 

In an attempt to discriminate between ij. change in receptor activation of G-proteins and · 

G-protein activation of GIRK channels, we next measured receptor-independent 

activation of GIRK. currents in control and baclofen-treated cells. If desensitization was 

mediated solely by a change in receptor function, we reasoned that receptor-independent 

activation of GIRK. channels would be unaffected in bacloferi.-treated cells. If, on the 

other hand, desensitization was mediated solely downstream of receptor function, we 

predicted receptor-independent activation of GIRK channels would be impaired. To 
\ 

activate GIRK. channels in a receptor-independent manner the GTP in the intracellular 

solution was replaced with 600 □M(S'~guanylylimidodiphosphate (Gpp(NH)p), anon-
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, hydrolysable analogue ofGTP. Neurons were held in whole-cell voltage clamp mode for 

approximately 15 minutes in an external solution containing 30 mM K+. Receptors were 

activated with agonist infrequently in these experiments, so that the activation of GIRK. 

channels resulted from spontaneous (rather than receptor-activated) nucleotide exchange. 

In neurons perfused internally with a GTP-containing internal solution holding current 

remained constant_ throughout the recording, as did baclofen-evoked current and the 

current blocked by 100 µM barium, a GIRK. channel blocker (Figure 13A). In contrast, 

in neurons perfused internally with a Gpp(NH)p-containing internal solution, holding 

current increased throughout the recording, baclofen-evoked current decreased, and · 

barium-sensitive current increased (Figure 13B). We then compared currents reversibly 
I ) 

evoked by baclofen at the oq_tset of these recordings (presumably before Gpp(NH)p had 

r~placed endogenous GTP) and barium-sensitive current _at the end of these expe~ents 

in control and baclofen-treated neurons. As predicted based on the results shown above, 

baclofen-evoked currents were significantly desensitized in baclofen-treated neurons (316 

± 44 pA; n = 7) compared with controls (999 ± 148 pA;· n = 11; P < 0.01) .. In the same 

cells barium-sensitive GIRK current (following Gpp(NH)p infusion) was also 

significantly reduced in baclofen-treated neuro)ls (1026 ± 201 pA) compared with 

controls (1765 ± 291 pA; P = 0.046; Figure 13C). The latter result suggests that 

baclofen-induced desensitization ofGIRK. currents is not solely due to a defect .in 

receptor function. However, it was notable that receptor-activated GIRK. current was 

desensitized to a far greater extent than was receptor-independent GIRK current. 

Baclofen activated 69 ± 14% of the current activated by Gpp(NH)p in control neurons, 



Figure 13. A non-hydrolyzable GTP analog partially restores activation of GIRK current 

in baclofen-treated neurons. A, continuous recording of membrane current in a neuron 

loaded with intracellular GTP (30 mM external potassium). Application of 50 µM 

baclofen (up arrows) produced an inward GIRK current, whereas application of 100 µM 

bari~ ( down arrows) produced an outward current, presumably by blocking tonic 

inward current. B, continuous recording of membrane current in a neuron loaded with 

intracellular 5'-guanylylimidodiphosphate (Gpp(NH)p; 0.6 mM), a non-hydrolyzable 

GTP analog. Neurons loaded with Gpp(NH)p developed a barium-sensitive inward 

current that occluded baclofen-induced currents over the course of 10-15 minutes. 

Calibration bars are 0.5 nA and 2 minutes. Both neurons in panels A and B were 

untreated controls. C, summary of baclofen- and Gpp(NH)p-induced currents in control 

(n = 7) and baclofen-treated (24 hours; n = 11) cells. Gpp(NH)p-induced current was 

defined as the barium-sensitive current after Gpp(NH)p infusion. Gpp(NH)p evoked a 

proportionally larger current in baclofen-treated neurons, but the absolute magnitude of -

~thfa .. current was significantly smaller than that evoked in control neurons. * P < 0.05. 
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butonly 39 ± 6% of the current activated by Gpp(NH)p in baclofen-treated cells, 

suggesting there may also be a defect in receptor activation of G-proteins .. 
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Desensitization ofpostsynaptic GIRK currents is upstream ofGIRK channels: GABABR 

and AJR irzhibition of calcium channels 

The results of the experiments described above suggest that baclofen treatment ifnpairs 

either delivery of (3y subunits to GIRK. channels, or the sensitivity of these channels to (3y . 

subunits. Since postsyiJ.aptic voltage~gated calcium channels also bind ( and are inhibited 

by) (3y subunits (141), we measured inhibition of whole-cell calcium currents by 

activation of somatodendritic GABABRs and Al Rs in baclofen-t(eated and control 

neurons. If desensitization GIRK currents resulted from a defect in GIRK channel 

sensitivity to (3y subunits, we predicted that inhibition of postsynaptic voltage-gated 

calcium channels would be unaffected by chronic baclof~n treatment. Using a cesium 

based intracellular solution and an external solution designed to isolate calcium currents, 

neurons were held at -80 m V and stepped to 0 m V for 40 ms. The currents evoked by 

. \ 

this protocol were completely abolished by cadmium (100. µM; data not shown). 

Although voltage-clamp was clearly compromised in these neurons, we were able to 

reliably observe reversible receptor-mediated inhibition of calcium currents. In 

agreement with numerous previous studies in cultured hippocampal neurons, baclofen 

and adenosine inhibited peak calcium currents by 25 ± 2% and 21 ± 2%, respectively in 

control neurons (n = 16; figure 14). In neurons treated with baclofen for 4 hours, 

baclofen inhibited calcium currents by 16 ± 3 % and adenosine inhibited calcium currents 
. I 

17 ± 2.1 % (n = 12). Inhibition of calcium currents by GABABRs was significantly· 
I . # , 



Figure 14. GABABR activation desensitizes inhibition of postsynaptic calcium currents 

mediated by GABAJ3Rs and Al Rs. A, calcium currents evoked by depolarizing voltage 

commands (-80 m V to 0 m V) in a control neuron. Traces evoked under control 

conditions and in the presence of adenosine (100 µM) are superimposed (left), and traces 

evdketl after washing and in the presence ofbaclofen (50 µM) are shown superimposed 

(ri~ht). B, identical to panel A, recorded from a neuron that had_ b~en treated with 

Bttclb:fen (50 µM) for 24 hours. ·c~l~bration bars are 50 ms.and 1 nA.- C, plot of peak 

c~citlm current amplitude versus time in the same nehrbn as panel A. D, plot of peak 

calcium current amplitude v~rsus tinie in the same neuron as panel B. For panels C and 

D, the folldwing drugs were applied where indicated by the horizontal bars: l, 5 µM: 

baclofen ; 2,. 5 µM baclofen and 0. 75 µM adenosine; 3, 100 µM adenosine; 4, 50 µM 

baclofen. E, summary of experiments identical to tliose shown in panels A-D with 

baclofen treatment times of 4 hours and 24 hours. The number of experiments (n) is 

shown in parentheses; * P < 0.05, ** P. < 0.01. 
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reduced compared to controls (P < 0.05), but inhibition by AIRs was not significantly 

different (P = 0.18). As was the case with activation of GIRK channels, inhibition of 
. . . 
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calcium currents by baclofen and adenosine were occlusive. The,ratio of inpibition by 

baclbfen to inhibition by 1both baclofen and adenosine was 0.95 ± 0.5 in control cells (n = · 

· 9), and a paired t-test showed no significant difference between inhibition produced by 
I 

baclofen and inhibition produced by baclofen and adenosine combined (P = 0.25). In 

contrast, the ratio· of inhibition by baclofen to inhibition by both baclofen and adenosine 

was 0.77 ± 0.5 in cells treated with baclofen for 4 hours (n = 9), and a paired t-test 

showed a significant difference between inhibition produced by baclofen and inhibition 

produced by baclofen and adenosine combined (P < 0.05) .. Baclofen treatment for 24 

hours resulted in no additional desensitization of inhibition of calcium currents by 

GABABRs (16 ± 2% ), but produced significant desensitization of calcium current - . 

inhibition by AIRs (12 ± 2%) (P < 0.01; 11: = 8). These results suggest that delivery of f3y 

subunits to both GIRK channels and voltage-gated calcium channels is impaired after 

prolonged GABABR activation. They also suggest that inhibitio~ of voltage-gated 

calcium channels by GABABRs andAlRs is regulated differently in somatodendritic and 

axonal1 compartments, as a similar degree of desensitization at presynaptic terminals 

would have manifested as an observable desensitization of presynaptic inhibition. 

DISCUSSION 

We have examined the effect of prolonged GABABR activation ofi presynaptic and 

postsynaptic GABABR- and AIR-mediated responses. We find that responses mediated 

by postsynaptic GABABRs desensitize much more rapidly. than those me~iated by 



presynaptic GABABRs. Postsynaptic activation of GIRK. channels and inhibition of 

voltage-gated calcium channels was greatly diminished after a few hows of baclofen 
. \ 
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treatment, whereas presynaptic inhibition was unaffected for up to 48 hours, and only 

modestly decreased thereafter. This finding is analogous to our previous observation that 

postsynaptic AlRs undergo homologous desensitization more quickly than presynaptic ' 
. . 

A1Rs(l45). As was the case in that study, the present results show that the potency of 

baclofen to produce presynaptic inhibition was unchanged, ruling out the possibility that 

desensitization of presynaptic GABABR signaling was masked by a receptor reserve. 

This is an important consideration, as spare presynaptic receptors are present at many 

presynaptic terminals, and can s:upport unchanged maximal responses despite substantial 

desensitization·(19;146). Our results are also in agreement with those of Blanchet and 

Luscher(147), who recently reported differential desensitization of presynaptic and 

postsynaptic responses mediated by µ-opioid receptors, _although this study did not rule 

I 

out the presence of a presynaptic receptor reserve. Presynaptic inhibition resulting from 
. I 

activation of GABABRs or Al Rs is mediated largely by inhibition of voltage-gated 

calcium channels, rather than activation of GIRK. channels(l38). Therefore, a difference· 

in desensitization of presynaptic and postsynaptic responses could be due to a difference 

in effector ion channel, or a difference in the neuronal compartment. However, since 

inhibition ofpostsynaptic voltage-gated calcium channels by GABABRs and AlRs 

desensitized rapidly (Figure 14), it appears that lo~ation is more important than the 

effector ( c.f. Blanchet & Luscher, 2002). Finally, recent studies of presynaptic ~bition 

mediated by CB 1 receptors and µ-opioid receptors in hippocampal neurons indicate that 

desensitization of these responses OCCtJ!S much more slowly that would be predict~ from 
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studies in heterologous expression systenis(l 9;21 ). Taken together these. results suggest 

that GPCRs in general may be regulated differently in presynaptic and postsynaptic 

compartments. 

A second important finding of the present study is that prolonged GAB~R activation 

desensitized postsynaptic AIR-mediated responses. This result is in marked contrast to 

our previous obse~ation that prolonged .activation of AlRs has no effect on postsynaptic 

GABABR responses, even thoug~ the two receptors share common d~wnstream G

proteins and effectors(l45). Heterologous desensitization of GPCR-mediated responses 

has been observed often, including responses mediated by GABABRs and AlRs. For 
I 

r 
exam.pie, Nomura et al. reported that baclofen treatment for 15 minutes desensitized 

inhibition of calcium currents by GABABR.s and µ-opioid receptors in neonatal dorsal 

root ganglion neurons(148). Similarly, inhibition oflow-inagnesium,.-induced spiking in 

. hippocampal neurons by activation of AlRs is desensiti~ed by prolonged (24 hour) 

activation of CBI cannabinoid receptors(19). A nuµiber of possible mechanisms could 

account for heterologous desensitization of GPCR-mediated responses. In the present 

study, desens_itization both of GIRK channel activation and calcium channel inhibition 

· suggests that the site of action is upstream of the effector ion channels, although we 

cannot rule out independent regulation of both ion channels. Thus prolonged activation 

of GABABRs most likely changes either the function of PTX-sensitive G-proteins or the 

receptors. Our results do not clearly distinguish between these two possibilities. After 

baclofen treatment postsynaptic GABABR and AlR responses become additive, and a 

non-hydrolyzable GTP analog activates a proportionally greater amount of GIRK current. 



These results suggest that G-protein capacity does not limit postsynaptic responses, and 

are consistent with a defect in receptor-G-protein couplin~. On the other hand, 

Gpp(NH)p activated less absolute GIRK current in bacfofen-tl'.eated neurons, suggesting a 

defect in G-protein-effector coupling. Additional experiments will be required to , 

unambiguously identify the sites of homologous and heterologous desensitization of 

GABABR and AlR responses. 

Relatively little is known about the mechanisms that regulate GABABR and AlR 
l 

function. However, Couve et al. recently demonstrated that GABABRs in the brain are 

constitutively phosphorylated by protein kinase A (PK.A), that phosphorylation promotes 

coupling to GIRK channels in hippocam.pal neurons, and that activation of GABABRs 
·, 

promotes dephosphorylation(149). It is certainly possible that this mechanism 

contributes to the: homologous desensitization of postsynaptic GABAB~ -mediated 

respo~es observed here. It is worth noting that this desensitization rilechanism depends 
I • 

on the ability of GABABR activa.tion to inhibit adenylate cyclase, and that this ability 

may not be equal in different neuronal _compartments due to unequal distrih1:1tion of PTX

sensitive G-proteins that inhibit (Gai) and have no effect on (Ga0) adenylate 

cyclase(l 50). As for regulation of AlR function, the role of phosphorylation is 

controversial(151), although the present results suggest that GABABR- and AlR

mediated responses may be regulated by common mechanisms. Clearly additional 

experiments will be required to determine the mechanisms of homologous and . . 

heterologous desensitization of pr,esynaptic and postsynaptic GABABRs and Al Rs in 

hippocampal neurons. 
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In summary, we have demonstrated differential agonist-indqced desensitization of 

presynaptic and ,postsynaptic responses mediated by GABABRs. Such desensitization 

may contribute to the physiological tolerance, which occurs during prolonged 

administration of baclofen. In addition, activation of GABABRs produces a heterologous 

desensitization of responses mediated by AlRs at a site upstream of the effector 

molecules. 
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ill. UNPUBLISHED RESEARCH 

Chapter 3: Role of Serine/Threonine Phosphorylation on Al. Adeilosine Receptor 

Desensitization in Neurons 

ABSTRACT 

84 

Al adenosine receptors (AlRs) are G-protein coupled receptors (0-PCRs) that couple to 

Gi/o G-proteins and are exp~~ssed widely in the CNS. With persistent activation many 

GPCRs desensitize using a conserved mechanism requiring serine/t~eonine (S/T) 

phosphorylation of the receptor. However, the role of phosphorylation in AlRs 

desensitization is unclear. We have examined the mechanism of desensitization of rat 

AlRs in cerebellar granule neurons transiently transfected with constructs expressing. 

either wild-type (AlRwt) or mutant, SIT-deficient AlRs. Pretreatment with the AlR 

agonist 2-chloroadenosine (CADO) for 6 hours (but not· 1 hour) significantly reduced the 

amount of inwardly~rectifying potassium (GIRK) current activated by AlRwt (control: 

427 ± 72 pA, n=lO; treated: 151 ± 32 pA, n=20; P<0.05). GIRK current activat~d by 

native muscarinic acetylcholine recept_ors was not changed in the sa.m.e cells (.P>0.05). 

Mutant Al Rs w~re constructed that lacked either individual serine. or threonine residues 

! 

or groups of S/T residues in intracellular domains. SIT-deficient Al Rs were functional, 
I ! 

' 
arid CADO-induced desensitization of these receptors was not significantly different from 

that of AlRwt (n>5; P>0.05). A chimeric AIR containing the threonine-rich C-terminal 

tail of the A3 adenosine receptor (A1Rct3) desensitized after 1 hour of CADO treatment 

(i.e. faster than AlRwt), suggesting the conserved GPCR mechanism is functional in 



. these neurons. These results thus fail to implicate S/T phosphorylation inAlR 

desensitization in this model, and suggest that desensitization of neuronal Al Rs may 

occur via a phosphorylation-independent mechanism. 

INTRODUCTION 
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Adenosine exerts powerful effects on the central and peripheral nervous syst~ms, 

which are mediated, in part, through the activation of cell surface receptors. Adenosine 

receptors (ARs) belong to the G-protein-coupled receptor (GPCR) super-family, and 

there are currently four receptor subtypes, the AIR,· A2AR, A2BR, and A3R (reviewed in 

(152)). In the central nervous system, ARs play.a central role in numerous physiological 
~ • • I 

processes, 'including sleep, arousal, epileptic activity, regulation-of cerebral blood flow, 

and adenosine may also serve a neuroprotective role. Many of the effects of adenosi?-e 

receptors are due to the well-established inhibitory effect of adenosine, which is ascribed 

to Al receptor activation and is thought to underlie the neuroprotective effects of 

adenosine that have been demonstrated in vitro and in vivo (88-90). The primary source 

of the AIR inhibitory tone occurs via Al Rs located on presynaptic terminals, wpich 

blocks excitatory neurotransmitter release either directly (29) or through inhibition of 

voltage-sensitive calcium channels (153). In addition, activation of postsynaptic AlRs · 

has been shown to inhibit adenylate cyclase activity, and activate the G protein inwardly 

rectifying K+ (GIRK) channel via a pertussis toxin-sensitive G protein (154). 

I 

Like most GPCRs, prolonged activation of the AIR triggers a decrease in 

sensitivity of the receptor to subsequent agonist challenge, a phenomenon termed 

desensitization. AIR desensitization has been observed in cardiac myocytes (96); the 

DDT1MF-2 clonal cell line (99), hippocampal neurons (145),-and cerebellar granule cells 
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(130;131;155). Although the precise mechanism of Al.R desensitization 1s not lmown, a 

common mechanism that is responsible for t:p.e desensitization of many GPCRs is 

· suspected. In this conserved process, which is best understood for the ~2 adrenoreceptor, . 

two classes of proteins, G protein kinases (GRK.s) and arrestins, ad in concert to induce 

/ 

receptor desensitization. Active GPCRs are phosphorylated by GRK.s (103; 104), which 

uncouples.receptors from G-proteins and promotes-binding of arrestins (105). Arrestin

bound GPCRs are further uncoupled from G-proteins and are tirrgeted for endocytosis 
. . 

(100; 106-108). Internalization of GPCR.s prevents further transinembrane signaling, and 

is sometimes a prelude to receptor downregulation, where the total am?Uht of receptor 

· protein in a _cell decreases (109). With respect to AlR desensitization, .experim~~tal 

evideµce has implicated serine or threonine phosphorylation in the desensitization of 
I 

AI Rs (98), and further evidence suggests that a GRK may be involved in the 

desensitization of the AIR in DDT1NIF-2 cells (99). However, there is a lack of 

sufficient evidence to determine if the GRK ~arrestin desensitization pathway applies to 

AIRs in neurons. 

Due to the importance of AlR signaling, it is therefore important to fully 
} 

understand the mechanisms of AIR desensitization in neurons. The aim of the present 

study was to examine the role of intracellular serine and threonine residues on the 

I 

agoni~t-induced desensitization of AIRs in neurons. To address this question, site- . 

directed mutagenesis was preformed on the rat AlR to mutate the intracellular serine and 
. ) 

. . . 

threonine_ residues to alanines. The agonist-induced desensitization of the p:mtant Al Rs 

was then examined'to determine if the mutation of serine/threonine residues to alanines- •, 

altered the desensitization. 



MATERIALS AND METHODS . 

Granule C~ll Isolation, Cell culture and Transfection 

· Cerebellar granule neurons were grown on poly-L-lysine coated 35 mm dishes and 

transiently trari.sfected as described below. Briefly, the cerebellum was dissected out 
. I . 

87 

from5-day-old rat pups _and 'CUt into 1 mm pieces and digested with papain (-25 U mr1; 

Worthington) for~ 1 hour. Following digestion, the tissue was gently triturated with:~fire 

polished pi pets to dissociate cylls. After dissociation 1 x 106 neurons were plated in 3 5 

~ dishes that had been coated with poly-L-lysine (0.5 mg mr1; from Sigma) and 

cultured in minimal essential medium (MEM) supplemented with B-27 (GIBCO); serum · ' 

extender (Becton Dickinson), 5% defined FBS (Hyclone), 0.6 % glucose~ 1 mM 

pyruvate, 0.5 mM glutamine, penicillin and streptomycin. 

In all experiments, neurons were transiently transfected with rat AlR or mutant 

Al Rs using the PEI transfection method. Briefly, 3.25µg of total plasmid DNA (receptor 

+ EGFP) was added to 125µ1 of 150 mMNaCl and lµl of PEI was added to a separate 
. ~ 

aliquot 125µ1 of 150 mM NaCl. The PEI-NaCl solution was added drop-wise to the 

DNA-NaCl solution, mixed gently, and allowed to equilibrate for 10 minutes. After 10 

minutes, the DNA-PEI mix was added to 5ml of MEM. The culture medium was· 

-removed from cultures 3-7 days in vitro and stored in the incubator. Following a wash 

with 1.5ml MEM per dish, 1ml of NIEM containing DNA-PEI mix was added to each 

dish and returned to the incubator (37°C, 5% CO2) for 1 hour. After one hour, the lVIEM 1 

was removed and replaced with the culture media. All cells were transiently co-

. transfected with plasmid vector for green fluorescent protein (N 1-EGFP) as a marker for 
successfully transfected cells. The final concentrations of each of the plasmid ve·ctors 
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added during transient transfections were unless otherwise stated as follows (in ng/ml): 

AlR, 20 and EGFP, 650. Serine/threonine deficient Al Rs were made by site-~ected 

mutagenesis of the pCMV-5-AlR using the Stratagene Quik Change Mutagenesis Kit per 

! 

manufacture's instructions,. 

Recording solutions and electrophysiology 

Whole-cell patch-clamp recordings were. made from cerebellar granule cells 3-7 days in 

vitro. To select successfully transfected neurons, 470-490 nm light was used to excite the 

green fluorescent protein in transfected cells. For all ,recordings, patch electrodes were 

filled with a solution containing (in mM): 140 K-gluconate, 5 KCl, 0.2 EGTA, 10 

)lffiPES, 3 MgATP, 0.3 Na2GTP (pH 7.2, .-v295 mQsm kg-1 H20). The external solution 

for recordings contained (in mM): 122.5 NaCl, 30 KCl, 10 HEPES, 10 glucose, 1.5 

CaCh, 2.5 MgCh (pH 7 .2, ,_, 310 mOsm kg-1 H20). All recordings wer~ made at room 

temperature. For experiments measuring agonist-induced desensitization, neurons were 

treated chronically with drugs ( or vehicle) by adding ·sterile-filtered stock solutions 

directly to culture dishes, which were then :s;eturned to the incubator (3 7°C, 5% CO2) for 

the appropriate time. Recordings were made less than one hour after-dishes_were 

removed from the incubator and washed with drug-free external solution. Series 

resistai;i.ce was minimizec;l by briefly applying positive pressure after J?atch rupture,-and ) 

was compensated using the amplifier. Neurons were held at -60 m V and stepped down 

to -100 mV wi~ 50 ms square commands every 1 s. Currents were digitized·and 

recorded with a multifunction I/0 board and Win WCP software (provided by Dr. J. 

Deinpster, Strathclyde University, Glasgow). Drugs were applied during recordings via a 



silica tube (i.d. 200 µm) connected to multiple solution reservoirs. Numerical values, 
. ' . 

plots and bar graphs are expressed as mean±- S.E.M., and statistical comparisons were 

made. using student's unpaired t-test or ANOV A. 

RESULTS 
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Al Adenosine Receptor Expression and Desensitization in Cerebellar Granule Neurons-
, 

Following 2-5 days in vitro, cerebellar granule neurons ""ere co-transfected with rat AlR 

I 

inpCMVS and EGFP orEGFP alone. Granule cells expressing EGFP were recorded in 

the whole cell patch configuration 18-24 hours po_st-transfection in an external solution 
( 

containing 30 mM K+. Figure 15, A.and B, shows examples of recordings made from _ 
. ' ' 

granule cell~ transfected with EGFP alone or 30 ng of AlR DNA and EGFP respectively. 

In both cases, a robust GIRK current was ~ctivated by the application of 30 µM 

carbachol. Howe;ver, neurons transfected with EGFP alone demonstrated no substantial 

GIRK channel activation by 50 µM adenosine (Figure l SA) while ·neurons transfected 
\ 

with both AIR and EGFP possess a rath~r large adenosine sensitive current (Figure 15B). 

Endogenous AlR expression appears to be low since very small adenosine currents were 

obtained in EGFP transfected cells. However, previous studies have shown that 

cerebellar granule cells express A 1 Rs that are able to inhibit adenylate cyclase through 

Gilo proteins (130; 131). Yet, we were unable to detect a significant activation of GIRK 

channels via endogenous AlRs, which agrees with previous findings from our lab that 

suggests endogenous AlRs are expressed at a level that is too low to reliably activate 

GIRK channels in these cells (Brogan RS et 2003). It is possible that modulation of . 



Figure 15. Expression of Al R in cerebellar granule cells transfected with either EGFP or 

Al R and EGFP. Examples of current traces from cells transfected with EGFP (A) or 

AlR and EGFP (B) evoked by hyperpolarizing voltage commands (from -60 m V to -100 

m V). C. Summary of data from experiments in which varying amounts of AlR was 

trtlhsfected into granule cells. GIRK curre~t evoked by baclofen was significantly 

diffeterit (.P < b.05) from control at all concentrations of AlR, and the transfection of 

high levels of AlR (100 ng) reduced carbachoLcurrents compared to _control (P < 0.05). 
! .. - '• . - • ~ . ' • ': • • ;· - ' ' - ' 

Bars represent the mean± 's.E.~ arid. the ntniib~~ of experi~e~ts (n) is greater than five for 

all experimental groups. 
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~denylyl cyclase ~s more. sensitive to activated py subunits than the activation of GIRK 

cha.tin.els, which would explain the difference in AIR responsiveness observed. 
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Sin~e the expression level ofAlRs can affect both the size of the response ~d the 

agonist-induced desensitization, it is important to transfect the ~ppropriate amount of 
\ 

DNA. Therefore, we sought to determine the ideal amount of AIR DNA to transfect for 

desensitization studies. Granule cells in 35 mm dishes were transfected with 15, 30, and 

100 ng of AlR DNA, and as expected, adenosine and carbachol reversibly activated 

GIRK currents in all AlR-transfected cells (Figure 15C). ·Increasing the amount of DNA 

transfected resulted in a dramatic increase in the magnitude of adenosine mediated GIRK 

current between 15 rig (224 ± 83, n=J0) and 30 ng (450 ± 47, n=9, P<0.05), but there 

was no change in the magnitude of adenosine mediated current between 30 ng and 100 ng 

(440 ± 52, n=6, P>0.05). However, as the amount of AlR transfected increased from 15 

ng to 100 ng, the carbachol induced current significantly decreased from 443 ± 36 pA 

. (n=J0) to 277 ± 48 (n=6) respectively (P=0.01). In addition, Figure 15C shows that 

activation of GIRK. current by baclofen, a GABAB receptor agoriist, was significantly 

reduced by the expression of AIR when compared to EGFP alone regardless of the 

amount of DNA tiansfected (P<0.05). Taken together these results support previous 

findings that the level of AlR ~xpression affects the signaling of other GPCRs through 

GIRK channels in these cells (Brogan RS et al 2003). Thus, to .avoid any potential 

complications-with AlR overexpression, 20 ng of AIR DNA was transfected per 35 mm 
\ 

dish_ for all subsequent experiments to achieve a maximal Al R-mediated current that_ was 
. . 

unlikely to impair carbachol induced GIRK. activation. 
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Desensitiz,ation of wild-rype AIR - In the next set of experiments, neurons transfected 

with AIR were treated with either 20 µM 2-chloroadenosine (CADO), a poorly 

hydrolysable analog of adenosine, or vehicle at 37°G for 6 hr~ Following agonist_ or . 

. yehicle exposure, GIRK. currents were evoked through either the activation of AlRs 

(50 µM adenosine) or muscarinic acetylcholine receptors (30 µM carbachol). In vehicle 

. treated cells, adenosine-induced currents were 427 ± 72 pA (ri = I 0), whereas activation 
\ 

. . 

of GIRK. channels by Al Rs was significantly reduced after 6 hours of CADO treatment 

152 ± 32 pA (n = 20;p < 0.01; Fig 16). However, carbachol-induced currents in the same 

neurons were no different between control ( 462 ± 50 pA; n=l 0) and CADO treated 

neurons (405 ± 3~ pA; n=20;p > 0.05). Therefore, the desensitization could be described. 

as homologous since the carbacliol responses were unaffected. Additionally, the 

homologous nature of the desensitization suggests that the desensitization occurred at the 
\ I 

receptor level. 

To verify that the CADO-induced desensitization was mediated by AIR 
,, 

activation, we next performed the following control experiments. Neuron c11:ltures were 

treated with CADO or CADO plus the selective AIR antagonist 8-

sulfophenyltheophylline (8-SPT) for 6 hours. As shown in Figure 16, CADO~induced 

desensitization was significantly blocked by the presence of 8-SPT (374 ± _56 pA; n =;= 12; 

p < 0.05), and 8-SPT alone caused no desensitizatio;n. This result suggests that 

desensitization of AlRs is mediated by chronic activation ofthe receptors, rather than a 

nonspecific effect of CADO. Interestingly, cells treated with 8-SPT alone exhibited a 
I I 

noticeably larger adenosine atid carbachol currents than vehjcle treated cells (Figure 16; p 



Figure 16. Chronic activation of Al Rs results in the desensitization of adenosine-

. induced activation of GIRK channels. Grouped data from neurons treated for 6 hours 

with vehicle (control), the selective AIR agonist 2-chloroadenosine (CADO; 20 µM), the 

AIR-preferring antagonist 8-sulfo-phenyltheophylline (SPT; 100 µM), or CADO (20 

µJj ·fjitis SPT. GIRK currents were induced with adenosine (50 µM) or baclofen (30 

µM) in the same cells. Homologous desensitization of postsynaptic AIR responses is 

caused by exposure to the selective agonist, CAbO, and CADO-induced desensitization 

was blocked by SPT. Bars represent the mean± S.E., the number of experiments (n) is in 

parentheses. 
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< 0. 05), but there was no change in the· adenosine/carbachol ratio (p > 0. 05; data not 

shown). 
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Desensitization of AIRCT3 and serine/threonine deficient Al Rs-The precise mechanism 

of AlR desensitization in neurons is not yet known, but it is suspected that 

serine/threonine phosphorylation on intracellular residues is a :key event in the proces~. 

·To study the possible role of serine/threonine phosphorylation in the· desensitization of 

AlRs in neurons, the desensitization of AlRs that ·contained either more serines or 
. . 

threonines or less residues was· examined. First,. the desensitization time course ,of a 
. I 

chimeric AIR consisting of the C-terminal tail from the A3 adenosine receptor (A3R) 

attached to the wild-type AlR was examined· in the granule cells. The' A3R contains 

multiple serine and threonine residues on C-terminal tail, and most of these residues are 

flanked by acidic amino acids, which phosphorylation studies have shown to be ideal 

GRK2 phosphorylation sites (156). The chimeric Al-A3 receptor (AlRCT3) is known to 

exhibit pharmacological properties like the wild-type AlR, but it desensitizes much faster 

than the normal AIR. • Previous studies have shown that it is directly phosphorylated on 

serine/threonine residues following chronic agonist ·exposure (157). Thus, the A1RCT3 

is an ideal receptor to determine if these cells are capable of rapid desensitization of 

transfected Al Rs and to ~dy the effect of additional potential phosphorylation sites on 

the AlR desensitization in neurons . 
. ,,. 

To determine if the A1RCT3 would desensitize differently than the wild type 

AlR in these cells, neurons transf~cted with either AIR or A1RCT3 chimera were 

exposed to vehicle or CADO (20 µM) for various time intervals, and the ability of 

.J 



Figure 17. Desensitization of wild type AIR and the chimeric AJR-A3R, AJRCT3. Traces 

from typical cells transfected with 20 ng of AlR (.~) or 20 ng of A1RCT3 (B). C. 

summary of experiments showing the adenosine/carbachol current ratio with either 

vehicle or CADO treatment times of 1, 3, and 6 hours. Significant desensitization of 
,1, 

AIR tequired greater than 3 hours of CADO treatment (P > 0.05), but A1RCT3 showed 

significarit desensitization in· as little as 1 hour (P < 0.05). The number of experiments 

( n) is ~ 5 for all points. 
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adenosine and carbachol to activate GIRK channels was assessed. Figure 17 shows 

representative traces from vehicle treated cells 'transfected with either AlR (17 A) or 

A1RCT3 (17B). Both the wild-type AlR and A1RCT3 were equally efficient in 
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· activating GlRK. channels, but the chimeric receptor exhibited a much mor~ rapid 

desensitizationtime course. As shown in Figure 17C, neurons transfected with A1RCT3 

and then exposed to CADO .for as little as one hour showed a significant decrease in the 

adenosine/carQachol current ratio (0.24 ± 0.12; n=S) when compared to vehicle treated 

·cells-(0.89 ± 0.15; n=ll;p < 0.05). The neurons transfected with the wild type receptor 

showed no desensitization of AlR mediated GIRK current at one hour of agonist 

treatment (Figure 17C; p > 0. 05). In addition, neurons transfected with wild type AIR 
I . 

• I 

demonstrated a small but insignificant change in the adenosine/ carbachol current ratio at 

three hours of CADO treatment (0.64 ± 0.13; n=lO) versus vehicle (0.94 ± 0.13; n=IO;p 

> 0. 05). Significant desensitization of AlR mediated responses was not evident until 6 

hours of CADO exposure (Figure 17C; p < 0.01). This data clearly shows that the rate of 
/ \. 

A1RCT3 desensitization happens much faster than that of the AIR in these neurons. 

Furthermore, these results support existing evidence that A1RCT3 desensitize much 

faster than wild type AlR due to phosphQrylation on the A3RC-terminal tail; and it 

provides a line of evidence that protein kinases required for rapid desensitjzation ( < ..1 

hour) are functional in cerebellar granule neurons. 

· To determine if phosphorylation of intracellular serine/threonine residues on the 

AIR was. required for agonist-induced desensitization of Al Rs, we next preformed site

directed mutagenesis using the Stratagene Quik Change Mutagenesis kit on the eight 

intracellular serine/threonine residues on the rat AlR. We were then able to develop four 
j 



100 

mutant A 1 Rs in which the following serines or tbreonines were mutated to ~anines: 1. 

T44A; 2. Tll 7A & T120A; 3. Sl 16A, S118A, & S219A; and 4. S235A & T298A. All 

mutants were able to activate a current upon adenosine application (Figure 18A). It is 

worth noting that the T 44 A mutant A lR did not appear to express as well as the wild type 

AlR or other mutants because adenosine ~ctivated currents in cells transfected with 20 ng 

ofT44A AlR were insignificant (data not shown). Therefore the amount of DNA used in 

transfections was increased to 30 ng, and currents similar in size to the other receptors 

expressed were obtained from these cells (Fig I 8A). To d~termine if agonist-induced 

desensitization of the mutant Al Rs would proceed in the same manner as the wild type , 

AlR, the mutant were then transfected into cerebellar granule cells, exposed to CADO 

for various periods, and the ability of these mutants to activate GIRK channels in 

response to adenosine and carbachol was measured. Figure I 8B ·shows the normalized. 

adenosine/carbachol G~ currents after 6 hours vehicle or CADO exposure. All 

mutants showed a significant decrease in the adenosine-activated current and a 

subsequent decrease in the normalized adenosine/carbachol GIRK. current when exposed 

to CADO for 6 hours (p < 0.01) like the wild type AIR. These results suggest that there 

· is no single serine/threonine region of the AIR that is required for agonist-induced 

d.e&ensitization. This result together with the AIRCT3 experimental data provide 

evidence that serine/threonine phosphorylation is not required for AIR desensitization in 

granule cells. , 



Figure 18. The signaling and desensitization of serine/threonine deficient AIR in 

cerebellar granule cells. A, Summary of currents activated by adenosine (50 µM) and 

carbachol (30 µM) in mutant Al Rs. All mutant AIR DNA was transfected at 20 ng/dish 

except for the T44A for which 30 ng/dish was transfected to obtain adequate adenosine 

mediated currents. The number of experiments (n) is in parentheses. B, Normalized 

response illustrate the effect of 6 hours CADO (20 µM) treatment on the 

adenosine/carbachol ratio. The responses were normalized to adjust for the variability in 

adenosine and carbachol responses seen in mutant AlRs (panel A). Chronic CADO 

exp<?sure caused a large decrease in all adenosine/carbachol ratios (n 2 5). 
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DISCUSSION 

Many GPCRs desensitize via a conserved pathway whereby agonist active 

receptors are phosphorylated by a GRK, phosphorylated receptors bind an arrestin, and 
.-

arrestin-bound receptors are internalized. The molecular mechanisms that regulate the 

desensitization of many GPCRs including the AIR in neurons are not yetknown. In the 

present study, we have examined the desensitization of AIR in cerebellar granule cells in 

an effort to determine what role 1f any serine/threonine phosphorylation might play in ~he 

process of Al R desensitization in these 1neurons. We have found that transiently 

transfected rat AlRs activate GIRK channels and desepsitize within 6 hours in cerebellar 

( 

granule cells. The loss of adenosine responses was not accompanied by a decrease in the 

carbachol response. This homologous nature of the desensitization suggests that neither 

the channel nor the G protein involved was affected by extended exposure to CADO, but 
I 

most likely was due to changes at the receptor level. However, this conclusion is limited 

by the assumption that AlRs and muscarinic acetylcholine-receptors (mAChRs) COUJ;Jle to 

a common population of PTX-sensitive G-proteins. We do not know of any evidence 

that either supports or refutes this assumption, so it is possible that prolonged AlR 

activation impairs a population of G-proteins that couples to these receptors but not 

mAChRs. 

In cerebellar granule cells, the rate of desensitization was increased by the 

substitution of the A3R C-terminal tail onto the AlR. This fits. with previous studies that 
, . , 

have shown that the chimeric A1RCT3, a good substrate for ORK phosphorylation, 

undergoes desensitization much faster than the AlR (97;158). Additionally, this 

experiment indicates the presence of intracellular serine/threonine kinases because it 
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thought that the rapid AlRCT3 desensitization requires such protein kinases. However, it 
} . 

is possible that the increased rate of desensitization is not due to the phosphorylation of 

the C-terminal tail but due to another type of protein-protein interaction. Further 

experiments focused on the mechanism of AIR and A1RCT3 desensitization in these 

cells are required to completely resolve the mechanism. Still, the granule cell system 

provides an ideal model for desensitization in neuronal tissue in1 which proteins can 

expressed relatively easily. 

The removal of serines and threonines located on intracellular regions of the AlR 

by site-directed mutagenesis caused no change in the extent of desensitization. 

Therefore, we have provided direct evidence that' there is no single site or region of 

serine/thr~onine residues located on the AlR where phosphorylation is required for 

desensitization. These findings contrast earlier work that implicated GRK 

phosphorylation in the desensitization pathway of A 1 Rs. However, the evidence that · 

implicates AlRphosphorylation in desensitiz~tion is inconclusive atbest. For example, 

studi~s in DDT1l\1F-2 cells claim to have demonstrated thatAl~s desensitize quite 

rapidly and undergo agonist-induced phosphorylation via GRK2 (95;98;128). However, 

the time course and type of phosphorylation of AlRs following persistent agonist 

exposure are not consistent with the hypothesis that serine/threonine phospho1;Ylation is a 

crucial step in AlR desensitization_. In the DDT1MF-2 cells, AlRs were desensitized 

· following a 5-rninute treatment with R-PIA. However, tl).e R-PIA-stimulated 

· phosphorylation of the AIR was not evident until 5 hours of R-PIA exposure, and the 

phosphorylation that did occur was located predominantly on tyrosine residues (98). 

Additionally, experiments show that ORK-mediated desensitization of AlRs d-0es not. 
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occur because AlRs lack sufficient serine/threonine phosphorylation sites on intracellular 

domains required for GRKphosphorylation (97;158). These vast differences in the . 

process AIR desensitization in different cell types are not yet understood. 

One possible explan~tion for the variability in A~R desensitization may be due to 

variability in the expression le':els of certain molecules, namely GRKs and arrestins, in 

different cells. It has been documented that the relative expression levels of certain 

proteins play an integral role m GPCR desensitization. In HEK 293 cells etorphine, but 
. . 

not morphine, stimulates µ-opioid receptor phosphorylation and internalization, but the 

overexpresstoii of GRK2.results in morphine stimulated pho~phorylation and 

internalization of the µ-opioid receptor (14). Additionally, the maximal internalization of 

\ 

~ 2-adrenergic receptors in cell lines correlates with the expression levels of GRK and ~-

arrestin (15). Therefore, it is possible that in DDT 1MF-2 the expre·ssion of GRKs or other 

intracellular kinases is high enough to result in the phosphorylation of Al Rs that does not 

occur in cereb~llar granule cells or other cells types. Since the AlR appears to be a poor 

substrate for phosphorylation, it may require high levels of protein kinases to be 

phosphorylated, and in the absence of excess kinases, desensitization might occur ( albeit 

more slowly) without re_ceptor phosphorylation. 

Still, it is possible that phosphorylation on ~andom intracellular sites is required 
r . 

for AIR desensitization, so the removal of 1-3 individual residues may not impair the 

overall desensitization. To address this possibility, we attempted to mutate all 

intracellular serine/threonine residues to alanines and transfected this AIR into cells, but 

we were unable to detect any functional AlR response in these cells ( data not shown). 

• I . . 

The lack of a functional signal in the 
1
AIR lacking all its intracellular serines and 
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threonines may be due to1 deficient G protein coupling, insufficient surface expression, or · 
/ 

improper 'ligand recognition. Future s~dies will have to be done to determine why this 

serine/threonine free AlR does not activate GIRK channels. 

In summary, we have exam.in~d the agonist-induced desensitization of several 

unique AlRs. We found that in cerebellar granule cells receptor that are known to be 

phosphorylated can undergo rapid desensitization, but this does not appear to be the case 

for the AlR. Additionally, our findings support the concept that phosphorylation of 

specific serine/threonine residues is not required for agonist-induced desensitization of 

Al Rs in neurons, and together with other studies suggests serine/threonine may not occur 

at all in numerous cell types. 
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-IV. DISCUSSION 

Agonist-induced desensitization is an important mechanism that regulates GPCR 

signaling. However, very little is known about the mechanisms of desensitization in 

neuronal tissue and even less is known about GPCR desensitization at particular 

subcellular domains within neurons. Due to the significance of GPCR signaling in the 

CNS, the focus of this work was to determine if the desensitization of endogenous 

GPCRs (Al Rs and GABABRs) would proceed differently at unique cellular regions, and 
) 

since little is known about how AlR desensitization occurs in neurons, I sought to 

determine if serine/threonine phosphorylation was essential for A 1 R desensitization-in 

neuronal_tissue. To determine if subcellular localization of GPCRs, the hippocampal 

micro island culture ( a,.utapses) system was used to measure both presynaptic and 

postsynaptic GPCR function simultaneously following persistent presence of agonist. 

Using mforoisland cultures, the preceding experiments showed that responses mediated 

· by presynaptic and postsynaptic AlRs desensitize at significantly different rates. In 

addition, postsynaptic GABABRresponses were observed to desensitize much quicker 

than those mediated by presynaptic GABABRs, so endogenous GABABRs demonstrate_d 

. differential desensitization as well. Taken together these studies conducted on 

endogenously expressed GPCRs in hippocampal neurons support the hypothesis that 

GPCR desensitization proceeds alongr unique time courses at specific cellular domains. 

Since GPCR desensitization is thought to underlie nonassociative drug tolerance (110), it 

is possible ~at these findings may have implications for the processes of drug tolerance. 
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Differential desensitization of presynaptic and postsynaptic receptors might explain why 

· tolerance to a certain effect of a drug develops at a different rate than tolerance to other 

effects. 

Al Adenosine receptor desensitization at unique locations in hippocampal neurons 

Postsynaptic responses mediated. by Al Rs desensitized within four hours· of 

agonist challenge, b~t the desensitization ofpresynaptic AlRs required at least 12 hours 

\ 
of agonist activation. The agonist-induced desensitization 9f Al Rs was limited to the 

receptor level, since the loss of postsynaptic GIRK currents activated by adenosine was 

not accompanied by a change in the GABABR activation o~ GIRK current following 

AlR agonist treatment. Though this argument requires the assumption that AlRs and 

GABABRs couple to a common population of PTX-sensitive G-proteins, there is nothing 

in the literature to suggest otherwise. If both receptors coupled to unique G-proteins 

and/or ion channels, the agonist treatment could impair the population of G-proteins · 

. and/or ion channels that couples to Al Rs alone. A desensitization of this type would be 

limited to the responses me4iated by AlR activation as was seen in experiments_. If this 
was the case, the GIRK current resulting from ·activation of AlRs and GABABRs would 

be additive, since both receptors would couple to unique downstream effectors, which 

could be activated iri conc_ert. However, experiments demonstrated that AlR and 

GABABR mediated currents wer_e not additive, so it is unlikely that they couple to 

separate downstream signaling components. Therefore, the desensitization could be said 

to occur at the level of the receptor. 
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There are_ two ob~ious possibiliti~s to explain the differential desensitization 

· observed in the experiments. The first is that the differential desensitization could be due 

to the unique effectors at each subcellular location. Presynaptic AlRs couple to calcium 
\ \ ., 

· channels while postsynaptic AlRs signal through GIRK channels. However, 

pretreatment with an AIR agonist ~qually affected the AlRregulation ofb()th 

postsynaptic calcium channels and postsyriaptic GIRK. channels, which suggests that 

differential desensitization was not due to different effectors. Another possible 

explanation for the la~k of presynaptic AIR desensitization after 4 hour CADO treatment 

was the potential for spare receptors at presynaptic terminals. Previous studies indicate 

that an AIR reserve does exist at hippocampal presynaptic terminals (118), and our data 

agreed with these previous findings (145). However, several p1eces of evidence s~ggest 

that a receptor reserve cannot explain the differences between presynaptic and 

postsynaptic AIR-mediated responses following chronic agonist expo·sure. The 

concentration-response curves for presynaptic rup.d postsynaptic AIR responses overlap in 

such a way that the ~90% decrease in AIR mediated GIRK. activation seen at 4 hours of 

treatment wo11:l~ result in a significant decrease in maximal presynaptic inhibition. Also, 

n~ change in the AIR concentration-response relationship was observed for presynaptic 

inhibition until 12 hours of CADO exp·osure (Figure 9), which is a far longer delay than 

should be expected from spare receptors ~one. Taken together these results indicate that · 

the relative number of Al Rs was not responsible for the differential desensitization 
' . 

observed at presynaptic and postsynaptic sites in these neUJ;ons. 

The specific molecular mechanisms that regulate the desensitization of 

presynaptic and pos-tsynaptic AIR responses are not known. Therefore, it is ~ossible
1

that 
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a unique mechanism ofdesensitization exists at each location or that the same mechanism . 

operates with increased efficiency at one site over another. It is believed ~hat AlRs like 

many GPCRs are desensitized via a canonical mechanism whereby activated receptors 

are phosphorylated by GRK.s, arrestin binds the phosphorylated receptors, and the 

arrest~-bound receptors __ are internalized. Studies of AIR desensitization in vitro and in 

other types of cells have shown that AIRs can be weakly phosphorylated, uncoupled 

from G-proteins, and are internalized in an agonist-depep.dent manner (98;125-128). It is 

possible that the molecules responsible for AIR desensitization at postsynaptic domains 

· in neurons are expressed at low levels at pres)'!1aptic terminals. Therefore, the delayed 

desensitization at presynaptic sites is the result of an alternative mechanism, or a 

consequence of proteins having to be trafficked from elsewhere to the terminals before 

desensitization can begin. There is no direct evidence to support such a possibility, but 

there is a growing body of evidence that several GPCRs undergo agonist-induced 

desensitization slower at presynaptic sites than expected, which fits with the possibility 

that the mechanism of desensitization might be different at the individual sites. For 

example, a study recently reported differential desensitization of presynaptic and 

postsynaptic responses mediated by µ-opioid receptors (147), though the authors 

co~cluded that the differential desensitization was due to coupling t_o different effectors 

( 

· not location. Also, recent studies of presynaptic inhibition mediated by either GB 1 

receptors or µ-opioid receptors in hippocampal neurons demonstrates that the 

desensitization of these presynaptic receptors occurs much more slowly that would be 

predicted from ~tu.dies in hete~ologous expression systems (19;21). These experiments 

along with those discussed here support the hypothesis that GPCRs in general and 



particularly AlRs may be regulated by different mechanisms in presynaptic and 

postsynaptic compartments. Future experiments should focus on the mechanism.of 

GPCR desensitizati~n in neuronal tissue to test this hypothesis. 

Differential desensitization of GABAB receptor responsiveness 
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Analogous to AIR desensitization, the postsynaptic activation ofGIRK channels 

and inhibition of voltage-gated calcium channels by GABABRs was significantly 

reduced after a few hours of agonist exposure, whereas presynaptic inhibition was 

unaffected. However unlike presynaptic AlRs, presynaptic GABABRs required at least 

48 hours of persistent agonist exposure to desensitize, and the resulting desensitization 

was extremely modest for periods of agonist exposure up to 96 hours. As was the case 

with AIR desensitization, the differential desensitization of GABABRs supports the 

hypothesis that desensitization of neuronal GPCRs is dependant upon subcellular 

location. Yet, little is known with regards to the mechanism of GABABRs. An 
. ' 

interesting finding was that prolonged GABABR activation desensitized postsynaptic 

AIR-mediated responses, which contrasts the observation that prolonged activation of 

AlRs has no effect on postsynaptic GABAB_R responses (145). Although, previous 

studies have also- shown that chronic GABABR activation results in he_ter~logous 

desensitization in neurons (148). 

A number of mechanisms could account for heterologous desensitization of AIR

mediated responses by persistent GABABR activation. The observed desensitization 

could have been the result of changes at the effector level, though the desensitization of 

both G~ channel activation and cal-cium channel inhibition implies this is unlikely. It 
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is possible that prolonged GABABR activation alters the ability of PYX-sensitive G-

proteins to signal or receptor G-protein coupling. The experimental results are unclear 

with regards to these possibilities. The non-additive nature of GABABR and AlR 

-responses, and the ability to activate a large amount of 0-IRK current independent of 

receptors following agonist treatment suggests that the dJficit lies with receptor-G protein 

. ~oupling. However, the amount of GIRK activated with a non-hydrolyzable,.GTP analog 

in treated cells is significantly less than control neurons, which indicates a defect in G

protein-effector coupling. This effect may be to a large number of downstream 
. \ 

molecules that are unable to couple to any GABABRs and the coordinated regulation of 

both receptor and G protein possibly through internalization. Therefore, when receptor G 

protein complexes are uncoupled from the downstream effe9tor~ the "orphan" G protein 

are able to be activated by the non-hydrolysable GTP analog. Though this would explain 

our findings, there is no data to substantiate such a possibility. It is possible that there are · 

agonist-induced changes at multiple levels in the signaling process. Recent studies have 

demonstrated that GABABRs in the brain are constitutively phosphorylated by protein 

kinase A (PKA), the PKA phosphorylation promotes coupling to GIRK channels in 

hippocampal neurons, and the activation of GABABRs results in the dephosphorylation 

of the receptor (149). It is possible that the dephosphorylation of the GABABR is a 

component of the desensitization we observed that occurs at the receptor level while 
\ 

other effects happen downstream. Understanding the process of GABABR 

desensitization in neurons is complicated by the lack of understanding of GABABR 

signaling in general .. As a result much work remains to be done with regards to 

GABABR desensitization. 
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Role of intracellular serines/threonines in agonist-induced desensitization of Al Rs 

The final phase of the project was to address whether the desensitization of AlR 

in neurons requires serine/threonine phosphorylation of specifi_c intracellular residues. 

Since the molecular mechanisms that regulate Al R desensitization in neurons are 

unknown, the desensitization of wild-type and mutant AlRs was examined in cerebellar 
/ ' 

granule cells in an effort to determine what role if any serine/threonine phosphorylation 

might play in the process of AIR desensitization in_ these neurons. TJ+e cerebellar gran'1le 

neurons do not have endogenous AlRs that couple to GIRK channels, so this provides an 
' I 

ideal neuronal model for the transient expression of different Al Rs. Transfected wild 

type rat coupled to GIR._K. channels in a similar manner as ·endogenous muscarinic 

receptors in these ~ells, and the AIR resp~nses desensitized within 6 hours in cerebellar 

· granule cells. This desensitization time course and pharmacology was very similar to:' 

earlier experiments done in hippocam.pal neurons. 

To test the hypothesis that phosphorylation on intracell:uJ.ar serines or threonines 

is important for AlR desensitization, two different strategies were employed. First, a 

receptor kno'\iVD. to undergo rapid desensitization along the conical desensitization 

pathway was-transfected into neurons to determine if the cells were capable of rapid· 

desensitization. For our purposes, the chimeric AlR, A1RCT3 that contains eight 

serine/threonine residues on th~ C-terminal tail, was used. · It has been previously sho'\iVD. 

that the chimeric A 1 RCT3 receptor undergoes rapid agonist induced desensitization 

involving C-terminal Pihosphorylation (97;158;159). In cerebellar granule neurons, the 

AlRCT3 c~upled to GIRK channels normally, and', it desensitized much more rapidly 
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than the wild type AIR. Therefore, we were able to show rapid GPCR desensitization 

while using an adenosine receptor system. It is unknown if phosphorylation of the C-

. terminal tail was responsible for the _desensitization seen on our system. It is possible that 

the C-terminal tail has at?- effect on desensitization without phosphorylation occurring. To \ 

test that hypothesis, it would be interesting to inhibit the suspected kinase and observe the 

subsequent desensitization. Whether phosphorylation is ultimately involved or not, it is . 

clear that neurons are capable of relatively rapid desensitization. of GPCR responsiveness, 

and the wild type AIR is not subject to such rapid.regulation. 

The other experimental strategy was to reduce the number of possible serines "or 

threonines that might be phosphorylated and test the effect on desensitization. To 

accomplish this, specific serines and threonines located on intracellular regions of the 
\ , 

AIR were mutated by site-directed mutag_enesis to alanines. Four unique mutant Al Rs 

were generated. These four .individual mutants caused no change in the time course of 

desensitization. Therefore, they provided evidence that there are no single sites or 

regions of serine/threonine residues located on the AIR in which phosphorylatjon is 
r 

required for desensitization.· It is poss.ible that phosphorylation on any one of the eight 

residues will cause desensitization, but we were unable to eliminate that possibility. An 

AIR totally deficient of intracellular serines and threonines was created, but it did not 

stimulate GIRK. channels in the neurons. It is not yet known w~y the S/T null AlR did 

not signal, so further studies need to be done to determine why it did not signal~ 

Additionally, further studies need to be done in which proteins such as the GRK.s and . 

arrestins are over expressed in this model before the process of phosphorylation can be 

eliminated in AIR desensitization. Still, the present data suggests that during AIR 1 
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desensitizatfon serine/threonine phosphorylation of the receptor does not occur in intact , 

neurons, and the delayed desensitization is most likely due to another mechanism. 
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V.SUMMARY 

1. In cultured hippocampal neurons, CADO treatment caused a homologous 

desensitization of postsynaptic AlR responses within four ~ours, but ~e desensitization 

of presynaptic AlR function required greater than 12 hours of agonist exposure. 

2. Although a presynaptic AlR reserve exists; the differential d~sensitization was not due 

to either a receptor reserve or unique effectors at each location. 

3. Endogenous GABAB receptors also show differential desensitization in hippoc~pal 

neurons. Treatment with a GABABR selective agonist causes a heterologous 

desensitization of both GABABR and AlR postsynaptic responses within 4 hours that is 

suspected to occur at the receptor level. 

4. Presynaptic GABABRs appear to very resistant to agonist-induced desensitization. 

Presynaptic GABABRs require greater than 48_ hours or persistent ·activation to 

demonstrate significant desensitization. 

5. Following.postsynaptic heterologous desensitization, GIRK channel function could be 

restores by infusion of non-hydrolysable GTP analog, which demonstrated that the 

downstream signaling process was intact. However, the maximum amount of GIRK 

activated via infusion was greater than drug activated and was significantly reduced by 

agonist treatment. 

6. Cerebellar granule neurons d_? not express sufficient endogeµ.ous AlRs to couple to · 

GIRK chanhels. 
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1 7. Transfected Al Rs desensitize within 6 hours of agonist challenge in cerebellar granule 

cells. 

8. The chimeric A1RCT3 receptor desensitizes more rapidly than the wild type receptor. 

9. Site-directed mutagenes'is of an individual serine or threonine residue has no affect on 

the desensitization of AlR activated GIRK. currents. 
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