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The goal of this study was to determine the modulation of GABAA receptor 

function by tyrosine kinase phosphorylation, and to detect which subunit is 

phosphorylated to alter the GABA-induced chloride currents. From previous studies, 

we suggested that protein tyrosine phosphorylation may maintain GABAA receptor 

function. Here we tested the hypothesis that tyrosine phosphorylation modulates other 

GABAA receptor subtypes e.g., c.x.1~2Y2 and c.x.6~2y2, and subsequently attempted to 

determine which subunit(s) may be phosphorylated. Our results support the 

hypothesis that PTK phosphorylation may maintain GABAA receptor function. In 

addition, we suggest this tyrosine phosphorylation occurs at the Y2 subunit of the 

receptor. 
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CHAPTER I 

Introduction 

Importance of GAB AA Receptor in Mammalian Brain 
.- W 

' · 

y-aminobutyric acid (GABA) is a major inhibitory neurotransmitter in the 

mammalian brain. It is estimated that 20-50% of all central synapses use GABA as their 

transmitter (1, 2). GABA mediates its effects via GABAA, GABA8 and GABAc receptors. 

Because they open the chloride channels, GABAA receptors are responsible for most of 

the fast inhibitory synaptic transmission in the brain (3, 4). GABAA receptors are of 

importance because of the pivotal role that they play in the regulation of brain 

excitability. With their hypofunctioning, mental disturbances like anxiety, panic, or 

muscular disorder may occur (5). GABAA receptors are also important because their 

function is directly or allosterically regulated by several distinct classes of therapeutic 

compounds. These include anxiolytic benzodiazepines, barbiturates, neurosteroids, 

~lcohol, and some volatile anesthestics (6, 7, 8). 

Review of the structure of GABA, receptors 

The GABA receptors are classified as GABAA and GABA8 receptors, 

respectively, according to their respective transduction mechanisms following activation. 

GABAA receptors are stimulated by GABA, muscimol and inhibited by the convulsants 

bicuculline and picrotoxin (9,10). GABAA receptors are directly associated with act- ion 

channel (4,9). While GABA8 receptors are coupled indirectly to Ca or K channels (9,10). 



Because of the clinical and pharmacological importance of GABAA receptors, we focus 

on studying GABAA receptors. 

Molecular cloning studies have revealed that GABAA receptors belong to the 

superfamily of ligand-gated ion channels that includes nicotinic acetylcholine receptors, 

5H~3 receptors and glycine receptors (11,12, 13). GABAA receptors have pentameric 

structures , formed by distinct subunits ( 13 ). Each subunit has four tramsmembrane 

domains and named M1, M2, M3 and M4, numbered from the amino terminal end. The 

first several hundred amino acids on the amino end and the last dozens amino acids on the 

carboxyl end are extracellular. There is a large intracellular loop between M3-M4, which 

contains numerous potential consensus sites for protein phosphorylation by various 

protein kinases (14, 15). Together the subunits may form a cylindrical chloride ion 

channel that can exist in both an open and a closed configuration (16, 17, 18). 

GABAA receptor subunits have been identified and i:uuned a, p, y, B, E 

subunits. Some of the subunits have multiple subtypes (a1-6, P1..,.., y1_3,B, E) (14, 19), so 

there are more than one hundred GABAA receptor isoforms that can be formed by the 

different subunits, theoretically. However, the accurate subunit composition and 

stoichiometry of native GABAA receptors are unknown now. The axJ32 y2 subtypes 

produce the chloride channel that shares many functional characteristics with the native 

neuronal receptors, therefore the axJ32y2 is thought to be the prototype GABAA receptor in 

mammalian brain. The a 1J32y2 subunit combination is believed to be the most abundant 

population ( 15, 20). 
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Regulation of GABA~ receptor 

There are many potential consensus sites for protein phosphorylation in 

intracellular domain (14, 15). This may suggest that GABAA receptors may be 

phQ~phorylated and regulated by protein kinase. Protein phosphorylation is an important 

post-translational mechanism for regulation of voltage-gated (21) and ligand-gated (22, 

23) ion channels, may be a primary mechanism for the regulation of neurotransmitter 

function (24 ). Phosphorylation is a process by which the highly charged phosphate group 

of A TP is transferred to serine, threonine, or tyrosine residues of a substrate protein, thus 

altering its functional properties. Several studies showed that GABAA receptors have 

been phosphorylated by exogenously protein kinase, e.g., PKA (25, 26, 27, 28), PKC (25, 

27, 29), CaM kinase II (29, 30), cGMP-dependent protein kinase (30), tyrosine kinase 

(31 ), or an unknown receptor-associated kinase (30). This suggests that GAB AA receptor 

function may also be regulated by protein phosphorylation. From several previous studies 

of native GABAA receptors, it has been proposed that A TP limits rundown of the GABAA 

receptor · by acting as a substrate for protein phophorylation (32, 33, 34). Rundown, 

observed from chloride ion channel associating with neuronal GABAA receptor, is a time

dependent decrease in the responsiveness of GABAA receptor to GABA with minimal 

intracellular medium. PKA or PKC may be involved in the phosphorylation of serine or 

threonine residues and regulates the function ofGABAA receptor (29, 35). 
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Although much evidence implicates protein phosphorylation in the regulation of 

GABA... receptor function, the results obtained from functional studies are conflicting 

(36). In addition, no direct evidence has showed that phosphorylation of these residues 

modulates rundown of the GABAA receptor . 

. , The role of tyrosine phosphorylation on the functional properties of GABA ... 

receptors has aroused intense interest in recent years. Some studies demonstrated that 

tyrosine phosphorylation, which is mediated by tyrosine kinase (PTK), enhances activity 

of neuronal and recombinant GABAA receptors (30, 31 ). Evidence suggested that 

endogenously active PTK may be an important modulator of GABA... receptors (31 ). 

However, it is still not known if the activity ofPTK is integral to maintaining function of 

the GABA ... receptor. 

Because of the important role of GABA... receptors in brain function and 

dysfunction and the ubiquitous signaling pathways using PTKs and PTPs in the brain, we 

wished to study the modulation of the GABA ... receptor. There are dozens of different 

GABAA receptor subtypes mixed together in the brain and it is impossible to view how 

exactly each kind of receptor subtype responds to transmitter and is regulated. In order to 

simplify and make sure of the exact response from individual GABA ... receptor subtypes, 

we use recombinant GABA,. receptor expressed in HEK 293 cells. The human embryonic 

kidney cell line HEK 293 is used widely for the expression of cloned channels, partly 

because this cell line expresses few endogenous channels (36). The characteristics of 

recombinant GABA ... receptors expressed in this system are similar to those seen in native 
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receptors (38). Recombinant receptor preparations have several advantages over the 

native neuronal preparations to study long-term receptor function. Most importantly, their 

use eliminates possible interaction among unknown receptors and channels, and in 

addition, allow determination whether rundown is influenced by receptor subunit 

conwosition. This in turn gives us information about regulatory sites that exist on the 

receptor subunits. 

Proposed model for modulation of GABAt. receptor function 

Previous investigations, provide little information about maintenance of the 

function of GABAA receptor by protein kinase. In this paper, we studied the role of the 

tyrosine phosphorylation on maintaining recombinant GABAA receptor function. 

We set out to study what effects phosphorylation of GABAA receptor has on 

rundown of the receptors. Rundown, observed from chloride ion channel associating with 

neuronal GAB AA receptor, is a time-dependent decrease in the responsiveness of GAB AA 

receptor to GABA. Several labs have reported that A TP (32, 33, 34) may regulate 

rundown of the channel. We increased the concentration of ATP from 1 to 4 mM, and the 

current did not run down. But no one explained what the mechanism that ATP influences 

rundown. 

In previous studies of recombinant a3(32y2 receptors, researchers have 

characterized rundown and the role of A TP in this process. Based on the results, they 

proposed that A TP maintains the long-term receptor function by promoting activation of 
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an endogenous protein tyrosine kinase, stimulation of which enhances GABAA receptor

related channel function. 

A limitation in previous studies, however, is that the examination of the role of 

PTK to maintain GABAA receptor function was done using genistein. Genistein has 

proy.ed to be a useful molecular tool for probing the biochemical pathways and biological 

processes in which PTKs may be implicated (38). However, genistein is not a very 

selective inhibitor of PTK, it also inhibits other kinases (39). In opposite, Lavendustin A 

is a high selective inhibitor of PTK ( 40), it only inhibits the activity of PTK and does not 

inhibit PKC and PKA activity (protein ,inhibitor), thus it is an ideal reagent for us to get 

evidence to support our hypothesis. 

We proposed our hypothesis that tyrosine phosphorylation by endogenous PTK 

maintains the function of GABAA receptor based on recombinant a3f32y2s GABAA 

receptors. In the present study, we tried to examine this hypothesis on recombinant 

alf32y2s, a.6f32y2s GABAA receptors; Furthermore, we sought to determine which 

subunit is phosphorylated by PTK, 132 or y2. 

Significance of this research: 

GABAA receptors are critical in mediating fast synaptic inhibition; such a 

regulation by tyrosine kinases may therefore have profound effects on the control of 

neuronal excitation. Results of these experiments will provide insight into modulation of · 

GABA-mediated inhibition in the CNS. 

6 



CHAPTERH 

METIIODS 

Preparation of Cloned GABA~ receptors. 

cON As encoding rat a l, a6, p2, and y2 GABAA receptors subunits have been 

stably transfected in human embryonic kidney cell lines (HEK293) as descibed 

previously ( 41 ), and form different recombinant GABAA receptor subtypes as a6p2y2, 

alp2y2, alp2 and aly2 GABAA receptors. Briefly, the cells were transfected with 

plasmids containing eDNA and a plasmid encoding G418 resistance. After 2 weeks of 

selection in l mg/ml G418, resistant cells were assayed by Northern blotting for the 

ability to synthesize GABAA receptor mRNAs. Cells that have been shown to express all 

subunits were used for electrophysiology. All studies were conducted on cells expressing 

the above receptor configurations. 

Electrophysiological recordings. 

Electrophysiological experiments with recombinant GABAA receptors stably 

expressed in HEK were conducted 3-5 days when these cells grew on a coverslip in a 

dish filled with media. We used the conventional whole-cell configuration of the patch 

clamp technique to study GABA-induced cr currents. Patch pipettes were pulled from 

thin-walled borosilicate glass using a horizontal micropipette puller (Sutter Instrument, P-

87} and a resistance of 1-3 MO when filled with the following modified pipette solution 
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(in mM): CsCI, 140; EGTA, 10; Mg2•-ATP, 4; N-[2-hydroxyethyl] piperazine-N'-{2-

ethanesulfonic acid] (i.e. HEPES), 10; pH 7.2. 

Coverslips containing the cultured cell were transferred to a small chamber (lml) 

on the stage of an inverted light microscope (Olympus, IMT-2) and superfused 

co~uously (5-8 mllmin) with the following external solution (in mM): NaCl, 125; KCl, 

5.5; CaCb, 3.0; MgCh, 0.8; HEPES-Na, 20; glucose, 25; pH, 7.3. 

Whole-cell currents were recorded with an Axopatch 200A amplifier (Axon 

Instruments, Foster City, CA) equipped with a CV-4 headstage. GABA-induced cr 

currents were monitored simultaneously on a storage oscilloscope and a thermal-head pen 

recorder, and stored on a computer using an on-line data acquisition system (pClamp; 

Axon Instruments). To minimize the possibility that changes in access resistance could 

affect current recordings over time, we measured and stored on our digital oscilloscope, 

at the initiation of each recording, the current response to a 5 m V. voltage pulse. This 

stored trace was continually referenced throughout the recording. If a change in access 

resistance was observed throughout the recording period, the patch was aborted and the 

data was not included in the analysis. All recordings were made at room temperature, 

and, with the exception of collection of current-voltage recordings, all cells were voltage

clamped at -60 m V. 

Data analysis 

All data were reported as mean ± standard error of the mean (S.E.M.). 

Sjgnificance was assessed by Student's t-test (unpaired). Peak current amplitudes were 

measured directly from the computer screen using pClamp software. 
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Current amplitude was expressed as 1/lo, where It was the current amplitude 

recorded at t min after initial recording, and lo was the initial recording. ln experiments 

examining the potential rundown of currents with time, the initial current amplitude in 

response to GABA was assigned a value of 100%. All subsequent currents were 

exp~sed as a percentage of this current. 

To construct concentration-response cwves, the data were nonnalized relative to 

the value obtained at 2 mM GABA (Imax) and fitted · with the equation 

lllmax=cn/( cn+ECson). In this equation lllmax is normalized current, c is GABA 

concentration, ECso is the half-maximal effective GABA concentration, and n is the Hill 

coefficient. 

Phannacological agents 

Drugs used in the experiments were: y-Aminobutyric acid (GABA) (from Sigma) 

was freshly prepared as stock solution in saline. lavendustin A and genistein (aU from 

Calbiochem-Novabiochem Co., La Jolla, CA). A concentrated stock solution of 

lavendustin A was prepared in dimethylsulphoxide (DMSO), and for each experiment, 

lavendustin A was freshly diluted in pipette solution. 

·Experimental Protocol 

GABA was dissolved in the external solution and applied S seconds to the target 

cell through a Y -tube positioned within l 00 f!M of the cell. In experiments where the . 
. I 

drug effect is concerned, the drug genistein or lavindustein A were dissolved in internal 

pipette solution. We studied GABA-induced Cl- currents in response to low and high 
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concentrations of GABA with or without the presence of lavendustein A, a highly 

selective inhibitor of PTK, to examine the effect of drug to the currents over 30 minutes. 

Low concentration ofGABA for recombinant a1Jl2Y2 GABAA receptor is approximately 5 

uM, similar to EC2o for this receptor subtype. 500 f.LM GABA as high concentration and it 

may.,.induce a maximal GABA response; Low concentration of GABA for recombinant 

a 1J}2 GABAA receptor is approximately 1 J..LM, similar to ECzo for this receptor subtype, 

and 100 f.LM GABA as high concentration and it may induce a maximal GABA response. 
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CHAPTER Ill 

RESULTS 

Different GABAA receptor subtypes like recombinant a1(lzyz. ~Bzyz and a1llz have 
... 

different concentration of GABA that evokes a half-maximal response CECso} 

Four different GABAA receptor subtypes were expressed by transfection ofHEK 

293 cells: Cit(hyz, C16(hYz, a1Jh and CitYz GABAA receptor subtypes. After expression in 

the HEK 293 cells, Clt(hyz, C16lhY2 and CltP2 GABAA receptor subtypes tested in this study 

produced inward chloride currents in response to the application of GABA as described 

in Methods. 

Fig. l A shows the typical chloride current amplitudes evoked by low to high 

concentration of GABA in recombinant- CitPzYz. Cl6PzYz and CitPz receptor subtypes, it 

shows the current amplitude enhanced with the increase of the concentration of GABA. 

The maximal amplitude at each concentration for each subtype is plotted below (fig. l B). 

These three smooth curves in fig. l B are fitted to the data points according to the logistic 

equation. The ECso for recombinant CitPzYz receptor subtype is 20.7 J.1M, and the Hill 

number (n) is 1.4. The ECso for recombinant Cl6PzYz receptor subtype is 1.6 J..LM and the 

Hill number (n) is 1.5. And the ECso for recombinant CitPz receptor subtype is 2.0 J.1M 

and the Hill number (n) is 1.4. According to our experiment results, we did not · 
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successfully observe recombinant a1Y2 receptor subtype respond to GABA, so there is no 

ECso for recombinant Clt'Y2 receptor subtype_ 

Genistein inhibits the recombinant a§~l'YZ GABAA receptor 

Genistei~ has proved to be a useful molecular tool for probing the biochemical .... 
pathways and biological processes in which PTKs may be imJ?licated. ( 40). Here we use 

genistein as an inhibitor of protein tyrosine kinase to confirm the hypothesis that PTK 

phosphorylates tyrosine residue and modulates the function of the C16Jl2Y2 GABAA 

receptor. For this and all subsequent experiments, cells are voltage-clamped to -60 mV in 

external solution at room temperature during whole-cell recordings, and follow the 

protocol in Methods. Genistein or later lavendustin A is all applied intracellularly via 

recording pipettes during the whole-cell patch recording in individual cells. 

Other researchers from this lab characterized the rundown of the a3(hy2 GABAA 

receptors expressed in HEK 293 cells. They modified the pipette solution and increased 

the concentration of ATP to 4 mM, and they found the current amplitude kept constant or 

even a little run-up. Thus they suggested this is because tyrosine residue is 

phosphorylated and the phosphorylation maintains the function of the GABAA receptor. 

In this and the present experiments on CXti32'Y2. Cl6Jl2Y2 and CXtl32 GABAA receptors, we 

used the modified pipette solution. If the hypothesis is true, when we apply genistein or 

later Lavendustin A, the tyrosine phosphorylation would be inhibited and the chloride . 
' 

current amplitude would run down over time. We applied GABA at l 0 minutes interval, 

and each application of GABA was 5 seconds in duration. The typical current curve with 
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l JJM GABA in Fig. 2A shows the recorded current amplitude of <161l2y2 GABA,.. receptor 

runs up over time. In comparison, the recorded current amplitude in response to GABA 

plus genestein runs down over time. Figure 28 demonstrates the average peak whole-cell 

currents obtained during the control recording and genistein recording. Genistein 

treat.Jnent significantly decreased the current amplitude of recombinant <X61l2y2 receptor 

subtype. The unpaired Student's test gives the significant differences between the control 

and genistein treatment data (p<0.05). This result further confirms our hypothesis that 

tyrosine residue is phosphorylated by endogenously active tyrosine kinase, and the 

tyrosine phosphorylation maintains the function of <X.61l2Y2 GABA,.. receptor. 

Lavendustin A inhibits the recombinant a.1fun GABAA receptor subtype 

As we know, genistein is not a very selective inhibitor of protein tyrosine kinase, it 

also inhibits other protein kinase (38). [n our experiment, we want to detect_the role of 

tyrosine kinase, thus we choose a very selective inhibitor of PTK, lavendustin A, which 

would not inhibit PKC or PKA activity (39). a.1P2Y2 GABA,.. receptor is the major 

subtype in the brain, therefore it is very important to determine if tyrosine 

phosphorylation modulates the a.1P2Y2 GABA,.. receptor subtype. We examined the effect 

of Lavendustin A on the response to low and high concentration of GABA as described 

in Methods. In the cell in Fig~ 3A, The typical current curve of a.1P2Y2 GABA,.. receptor 

with 5 or 500 J.1M GABA as control shows a little run-up over time, We explain this is 

because tyrosine residue is phosphorylated and the phosphorylation maintains the 

function of the GABA,.. receptor. To confirm. we intracellularly applied Lavendustin A. 
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lf the explanation is true, the current amplitude should run down over time. The recorded 

current amplitude responded to GABA plus Lavendustin A in fig. 38 do run down over 

time. 

We repeat several times, accumulate the data and average the results. Fig. 4A 

dem0hstrates the average peak whole-cell currents to SJ!M GABA obtained during the 

GABA and Lavendustin A treatment recording. Lavendustin A treatment significantly 

decreases the current amplitude of recombinant <ltlhY2 receptor subtype in low 

concentration of GABA. The unpaired Student's test gives the significant differences 

between the control and Lavendustin A treatment data (p<0.05) after 20 minutes. Fig. 48 

shows the average peak whole-cell currents to SOOJ!M GABA obtained during the control 

recording and Lavendustin A treatment recording. The results are similar to low 

concentration of GABA. The unpaired Student's test gives the significant differences 

between the control and LavendustinA treatment data (p<0.05) after 20 minutes, either. 

These results confirm our hypothesis that tyrosine residue is phosphorylated by 

endogenously active tyrosine kinase, and the tyrosine phosphorylation maintains the 

function of <ltlhYz GABAA receptor. 

Lavendustin A does not affect the recombinant a!f3z GABAA receptor subtype 

As we mention before, axlhy2 GABAA receptor subtypes are thought to be the 

prototype GABAA receptors in mammalian brain (15). We have tested our hypothesis that 

tyrosine residue is phosphorylated by endogenously PTK, and the tyrosine 1 

phosphorylation maintains the function of GABAA receptor on <ltP2Y2. <l6PtYz and 

previously on a 3f32y2 GABAA receptor (A paper from our lab which is in press). Now 
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arise the question in which subunit the tyrosine residue is phosphorylated. Previous 

results from our lab suggested it was not a subunit. Some reported it may be 

phosphorylated on 'h subunit (31) and other reported on yz subunit (29). To test the 

hypothesis that fh subunit may be phosphorylated, we study the effect of lavendustin A 

on r&eptor compo~ed of atyz; While in order to test the hypothesis that Y2 subunit may 

be phosphorylated, we study the effect of lavendustin A on receptor composed of a 1 fh. 

Fig. SA demonstrates the typical peak whole-cell currents of adh receptor 

subtype to l J.1M and I OOJ.1M GABA as control. Fig. SB shows the typical peak whole-cell 

currents of a1P2 receptor subtype to lJ.1M and IOOJ.1M GABA obtained during the control 

recording and Lavendustin A treatment recording. Lavendustin A treatment does not 

change the current amplitude of this receptor subtype. 

Fig. 6A demonstrates the average peak whole-cell currents of a1P2 receptor to 

lJ.1M GABA obtained during the control recording and Lavendustin A treatment 

recording. Both the average peak whole-cell currents of control and Lavendustin A 

treatment keep constant over the time. The unpaired Student's test gives no differences 

between the control and Lavidustein A treatment data (p>0.05). Fig. 68 shows the 

normalized peak whole-cell currents to 100 J.1M GABA obtained during the control 

recording and Lavendustin A treatment recording. Both the average peak whole-cell 

currents of control and Lavendustin A treatment keep constant over the time. The 

unpaired Student's test gives no differences between the control and Lavendustin A 

15 
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treatment data (p>0.05), either. This result suggests the function of a,Jh GABAA receptor 

does not change with or without the inhibitor of PTK. 

The results of these experiments are consistent with the hypothesis that the 

tyrosine residue which is phosphorylated by endogenously PTK is from Y2 subunit. 

:~ We did not successfully observe the GABA-induced cr currents on ai'Y2 receptor 

subtype. Thus we can not see the effect of lavendustin A on a1Y2 receptor subtype. 
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CHAPTER IV 

DISCUSSION 

The function of recombinant GABA6 receptor 1s maintained partly by endogenous 
. ~ 

Protein Tyrosine Kinase 

In previous study we have characterized the rundown in the recombinant a 3Jhy2 

GABAA receptors stably expressed in HEK 293 cells, and we use rundown as a mark to 

determine the function of GABAA receptors. According to previous study in our lab, 

rundown is prevented by enhanced concentration of A TP in pipette solution. Previous 

study in our lab also suggested that GABAA receptor-mediated currents were inhibited by 

pipette application of genistein. In addition, another drug, daidzein, (an inactive analogue 

to genistein) ~hich is stru~turally similar to genistein but has no eff~t on PTK activity, 

did not affect the GABA current. From all of these results, the researchers in our lab 

concluded that the endogenous PTKs may play an important role in maintaining the 

function of recombinant GABAA receptors. 

There were some reports that GABAA receptors are phosphorylated by cAMP-

dependent protein A, Protein kinase C, or the type II calcium/calmodulin-dependent 

protein kinase (25, 26, 27, 28, 29, 30). In previous study from this lab, the researchers 

detected no significant effect from PKA, which is consistent with stelzer et at (32). In 

addition, they found that PKC did not contribute to maintaining the normal function of 

recombinant a3(hy2 GABAA either. 
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To confirm hypothesis that protein tyrosine phosphorylation maintains the 

function of GABAA receptor, we selected another drug, Lavendustin A. Compared to 

genistein, this drug is a more specific inhibitor of protein tyrosine kinase ( 40). The results 

from present study were consistent to those of genistein .. Thus we strongly suggested that 

the f-nction of GABAA receptor is maintained by endogenous protein tyrosine kinase. 

Significance of differential phosphorylation ofGABA ... receptor subtypes 

Pharmacological analysis of different subunit combinations expressed in 

recombinant systems have demonstrated that different subunits give distinct properties to 

the GABAA receptors ( 42). The a subunits and fh, Y2 subunits are important determinants 

of the pharmacology of y-aminobutyric acidA (GABAA) receptors with respect to 

agonists, antagonists, and modulatory compounds. ( 42). Thus several different functional 

GABAA receptors were formed when expressed at. a3, or <l6 with ll2Y2· In present study, 

we tested on recombinant a 1(l2y2 and a6jliy2 GABAA receptors, we observed the same 

results with a3PzY2 GABAA receptor. We suggested that tyrosine phosphorylation by 

PTK maintained the function of aafl2Y2 and <X61l2Y2 GABAA receptors. 

yz subunit is phosphorylated to maintain the function of GABA,. receptor 

Tyrosine residues exist in most of the GABAA receptor subunits. ( 14, 15). 

According to previous results in this lab and some other reports, a subunit variant is not 

involved in tyrosine phosphorylation. However, there were some controversal reports 

regarding which subunit is phosphorylated. In 1995 Moss et al (29) have reported that the · 

Yz subunit is phosphorylated; While in 1997 Wan et al (31) have reported that P subunit is 

phosphorylated. Our present results may argue for a contribution of Yz subunit 
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phosphorylation to the functional maintaining of the receptor. This conclusion is 

consistent to Moss et al (1995} (29}. Moss et al have reported that the y2, but not p, 

subunit that is fully accountable for the functional modulation of the receptor function by 

protein tyrosine phosphorylation. In contrast, Wan et al ( 1997) (31) have reported that p 

subt.lhits are phosphorylated by protein typosine kinase and the phosphorylation 

maintains the function of GABAA receptor. They found genistein was capable of 

decreasing GABA current in HEK 293 cell stably expressing functional GABAA 

receptors containing the P2 subunit. The GABA currents in cells expressing a 1p2 or 

a.1P2Y2 all decreased with the application of genistein. We suggest Wan et al's paper in 

1997 (31 ), which concluded p2 subunit is tyrosine phosphorylated , is not convincing. 

In the present work we have demonstrated that the GABA current in cells expressing 

a.1P2 receptor does not change with the pipette application of Lavendustin A. As we 

mentioned before, genistein is not a very selective inhibitor of PTK, it also inhibits other 

kinases (39). In conpasion, Lavendustin A is a high selective inhibitor of PTK, it only 

specifically inhibits PTK (40). This is the major different from Wan's paper in 1997 (31). 

We explain there is phosphorylation on P2 subunit. The phosphorylation on P2 subunit 

can be inhibited by genistein but not by lavidustein A. Thus we suggest it is not tyrosine 

residue which is phosphorylated on P2 subunit. From our data, we strongly suggest that Yz 

subunit is phosphorylated. 

From our data, moreover, we also try on cells expressing O.tY2 receptor subtype. · 

which is lack of Jh, and we observe no GABA current is produced. This is in agreement 
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with that of Moss et al (1995) (29) have reported that both p and y2 subunits are tyrosine 

phosphorylated in cells cotransfected with the v-scr eDNA, however, phosphorylation of 

the. Y2 subunits alone affects receptor function. (29). In our present study, we strongly 

support the importance of Y2 subunits in the maintaining of the function of recombinant 

GAB'AA receptor. P2 is phosphorylated but not tyrosine phosphorylated to modulate the 

function of the GABAA receptor simply because that GABA current from cells 

expressing a1P2 was unchanged with or without Lavendustin. 

In conclusion, our results indicate that tyrosine phosphorylation is an important 

modulater of GABAA receptor function. In additon, we demonstrate the effect is due to 

phosphorylation at the Y2 subunits. Our results support the hypothesis that the subunit 

itself is phosphorylated. However, we can not rule out the possibilities of an associate 

protein that requites the presence of Y2 to elicit its effect. Also, we do not know how 

. -

exactly the tyrosine phosphorylation regulates GABAA receptor function. Tyrosine 

phosphorylation makes the GABAA receptor more functional. It may increase the channel 

opening time, or make the channel easier to open, in other words, the number of the 

channel open per time increases, or the channel conductance may be enhanced by 

phosphorylation. To reveal how exactly the tyrosine phosphorylation acts, it needs 

additional investigation. 

20 



CHAPTER V 

REFERENCES 

l. Bloom, F., and Iversen, L.L.: Localizing eHJ GABA in nerve terminals of rat 
cerebral cortex by electronmicroscopic autoradiography. Nature (Lond). 229: 628-
~lO, 1971 

2. Young, A.B., and Cho, D.: Distribution of GABAA and GABAo receptors in 
mammalian brain: Potential targets for drug development. Drug Dev. Res. 21 : 161-
167, 1990 

3. Borden, L.A., and Farb, D. H.: Mechanism of GABA/benzodiazepine receptor 
turnover in neuronal cells: Evidence for nonlysosomal degradation. Mol. Pharmacol. 
34: 354-362, 1988 

4. Silvilotti, L., and Nistri, A.: GABA receptor mechanisms in the central nervous 
system Prog. Neurobiol. 36: 35-92, 1991 

5. Harvey R.A., Champe P. C, Mycek M.J., Gertner S.B., Perper M.M. Anxiolytic and 
· Hypnotic drugs Lippincott's illustrated Reviews: Pharmacology 91-l 00, 1998 

6. Deitrich, R.A., T.V~Dunwiddie, R.A.Harris,and V.G. Erwin. Mechanism of action of 
ethanol: initial central nervous system actions. Pharmacol.Rev. 41:491-537, 1989 

7. Celentano, 1.1., M.Gyenes, T.T.Gibbs, and D.H.Farb. Negative modulation of the y
aminobutyric acid responses by extracellular zinc. Mol.Pharmacol. 40:766-773, 1991 

8. Dascal, N., Snutch T.P., Lubbert H., Davidson, N. and Lester H. A. Expression and 
modulation of voltage-gated calcium channels after RNA injection in Xenopus 
oocytes. Science (Washing D.C.) 321:1147-1150, 1986 

9. Nermann, J., and Kettenmann, H.: Patch-clamp study ofy-aminobutyric acid receptor 
Cl- channels in cultured astrocytes. Proc. Nat/. Acad Sci. USA 85: 9336-9340, 1988 

10. Bowery, N.G.: GABAo receptor pharmacololgy. Annu.Rev. Pharmacol. Toxicol. 33: 
109-147, 1993 

II. Barnard, E.A., Darlison, M.G., and Seeburg, P.H. Molecular biology of the GABAA' 
receptor: The receptor channel superfamily. Trends neurosci, 10, 502-509, 1987 

12. Schofield. P.R., Darlison, M.G., Fujita, N., Burt, D.R., Stephenson. F.A., Rodriguez. 
H.. Rhee. L.M.,Ramachandran.J.. Reale.V .. Glencorse, T.A.,Secburg, P.H.,and 

21 



Barnard. E.A. Sequence and functional expression of the GABAA receptor shows a 
ligand-gated receptor super-family Nature 328,221-227, 1987 

13. Unwin, N. NeurotranSmitter action: Opening of ligand gated ion channel. Neuron 10, 
31-41, 1993 

14. Macdonald, R.L., and R. W.Olsen. GABAA receptor channels. Annu.Rev. Neurosci. 
17:569-602, 1994 .. 

15. Mckernan R.M, Whiting P.J. Which GABAA Receptor subtypes really occur in the 
brain? Trends Neurosci 19: 139-143, 1996 

16. Nayeem, n., Green, T.P., Martin, I.L., and Barnard, E.A.: Quarte1;11ary structure of the 
native GABAA receptor determined by electron microscope image analysis. J 
Neurochem. 62, 815-818, 1994 

17. Olsen, R.W., and Tobin, A.J.: Molecular biology of GABAA receptors. FASEB J. 4: 
1469-1480, 1990 

18. Burt, D.R., and Kamatchi, G. L.: GABAA receptor subtypes: from pharmacology to 
molecular biology FASEB J. 5: 2916-2923, 1991 

19. Harvey, R.j., Kim H.C., and Darlison M.G. Molecular cloning reveals the existence 
of a fourth gamma subunit in the vertebrate brain GABAA receptor. FEBS Lett. 
331:211-216, 1993 

20. Benke D, Mertens S, Trzeciak A, Gillessen D, Mohler H GABAA receptors display 
association of rrsubunit with a.1 and fh/~J subunits. J Bioi Chem 266:4478-4483, 
1991 

21. Swope, S.L., Moss S.J., Blackstone C.D., and Huganir R.L. Phosphorylation of 
ligand-gated ion channels: a possible mode of synaptic plasticity. FASEB J. 6:2514-
2523, 1992 

22. Moss, S.J., Doherty C.A., and Huganir R.L. Identification of the cAMP dependent 
protein kinase and protein kinase C phosphorylation sites within the major 
intracellular domains of the (}1, y2S, and y2L subunits of the y-aminobutyric acid type 
A receptor. J. Bioi. Chem. 267: 144 70-144 76, 1992 

23. Kirkness, E.F., Bovenkerk C.F., Ueda T., and Turner AJ. Phosphorylation of y- ' 
aminobutyric (GABA)Ibenzodiazepine receptors by cyclic AMP-dependent protein 
kinase. Biochem. 1.259:613-616, 1989 

22 



24. Levitan IB Modulation of ion channels by protein phosphorylation and 
dephosphorylation. Annu Rev. Physiol 56: 193-212, 1994 

25. Browning, M.D., M. Bureau, E.M. Dudek, and R. W. Olsen. Protein kinase C and 
cAMP-dependent protein kinase phosphorylate the I} subunit of the purified y
aminobutyric acid A receptor. Proc. Nati.AcadSci.USA 87:1315-1318, 1990 

26. Moss,S.J., Smart T.G, Blackstone C.D., and Huganir R.L. Functional modulation of 
~ABAA receptors by cAMP-dependent protein phosphorylation. Science 
(Washington D.C.) 257:661-665, 1992 

27. Machu, T.K., Firestone J.A., and Browming M.D. Ca 2+/calmodulin-dependent 
protein kinase II and protein kinase C phosphorylate a synthetic peptide 
corresponding to a sequence that is specific for the y2L subunit of the GABAA 
receptor. J. Neurochem. 61:375-377, 1993 

28. McDonld, B. J.,and S. J. Moss. Differential phosphorylation of intracellular domains 
of the y-aminobutyric acid type A receptor subunits by Ca2+/calmodulin type 2-
dependent protein kinase and cGmp-dependent protein kinase. J. Bioi. Chern. 269: 
18111-18117,1994 

29. Moss, S.J., G.H.Gorrie, A. Amato, and T.G.Smart. Modulation of GABAA receptors 
by tyrosine phosphorylation. Nature (Land). 377: 344-348, 1995 

30. Sweetnam, P.M., ·J. Lloyd, R.- -Gallombardo, R.T. Madison, D.W. Gallagar, J.F. 
Tallman, and E. J. Nestler. Phosphorylation of the GABAA!benzodiazepine receptor a 
subunit by a receptor-associated protein kinase. J. Neurochem. 51:1274-1284, 1988 

31. Wan.Q and Wand.T.; Modulation of GABAA Receptor Function by tyrosine 
phosphorylation of I} subunits. The journal of Neuroscience, 11 (13): 5062-5069, 
1997 ' 

32. Stelzer A, KayAR and Wong RKS GABAA·receptor function in hippocampal cells 
is maintained by phosphorylation factors. Science 24: 339-341, 1988. 

33. Chen QX, Stelzer A, Kar A. R and Wong R. K. S. GABAA receptor function is 
regulated by phosphorylation in acutely dissociated guinea-pig hippocampal neurons. 
J Physio/420: 207-221, 1990 

34. Gyenes M, Wang Q, Gibbs T.T. and Farb D. H. Phosphorylation factors control ; 
neurotrasmitter and neuromodulator actions at the y-aminobutyric acid type A 
receptor. Mol Pharmaco/46: 542-549, 1994 

2 3 



35. Lin Y.F., Angelotti T.P., Dudek E.M., Browning MD and Macdonald RL 
Enhancement of recombinant a,p,y2 y-aminobutyric acidA receptor whole-cell 
currents by protein kinase Cis mediated through phosphorylation of both p1 and y2L 
subunits. Mol Pharmacal 50: 185-195, 1996. 

36. Marshall J, Molloy R, Moss GWJ, Howe JR and Hughes TE (1995) The jellyfish 
green fluorescent protein: a new tool for studying ion channel expression and 
function. Neuron 14: 211-215, 1995 
.... 

37. Hamilton B.J., Lennon D.L., Im H.K., Seeburg P.H. and Carter D.B. Stable 
expression of cloned rat GABAA receptor subunits in a human kidney cell line. 
Neurosci Lett153: 206-209, 1993 

38. Groundwater P.W., Solomons K. R.H, Drewe J. A., Munawar M.A., Department of 
Chemistry, University of Wales, P.O. Box 912, Cardiff CFI 3TB, UK, Progress in 
Medicinal Chemistry-- Vol.33, edited by G.P. Ellis and D.K. Luscombe. 1996 
Elsevier Science B.V. 

39. Hsu C-Y, Persons P.E., Spada A.P., Bednar R.A., Levitzki A and Zilberstein A A. 
Kinetic analysis of the inhibition of the epidermal growth factor tyrosine kinase by 
lavendustein A and its analogue. J Bioi Chem 266: 21105-21112, 1991 

40. Enan E and Matsumura F Specific inhibition of calcineurin by type II synthetic 
pyrethroid insecticides. Biochem Pharmaco/43: 1777-1784, 1992 

41. Hamilton B.J., Lennon D~L., Im H.K., Seeburg P.H. and Carter D.B. Stable 
expression of cloned rat GABAA receptor subunits in a human kidney cell line. 
Neurosci Lett 153: 206-209, 1993 

42. Wafford K.A., Thompson S.A., Thomas D., Sikela J., Wilcox A.S., and Whiting P.J. 
Functional Characterization of Human -aminobutyric acidA receptors Containing 
the a4 Subunit. Molecular Pharmacology 50: 670-678, 1996 

24 



Figure Legends 

Figure l. GABA concentration-response curve during whole-cell recording with 
4mM ATP and 10 mM EGTA in the pipette solution for recombinant <X6P1y2, a.1p2y2 
and a.1P1 receptors. A, raw GABA dose-response curves for a.6P212. a.,p2y2 and a.1p2 
receptors. B, Normalized GABA dose-response curve for a.6P212. a.1P2Y2 and a.1p2 
receptors. EC so for <16P2Y2 receptor is 1.6 J.LM (n=l.5); EC so for a.1P2Y2 receptor is 20.7 
J.LM (n=l.4) ~ and EC so for a.1Jh is 20 J.LM(n=l.4). 

Figure 2. Prevention of PTK-induced phosphorylation on <X6P2Y2 causes rundown of 
GABA response during whole-cell patch recording. A, Typical current traces of 
a.6P2Y2 GABAA receptor subtype to I J.LM GABA recorded at 5 min interval after 
formation of a stable whole-cell patch with modified pipette solution or pipette solution 
plus genistein (5J.LM), an inhibitor of PTK. B, Mean responses to IJ.LM GABA over 30 
min using whole-cell patch recording technique (n=5). Compare the difference with t
test, all have significance at 20, 25, and 30 minutes (all p<0.05). 

Figure 3. Prevention of PTK-induced phosphorylation on recombinant a.1Pz'Yl causes 
rundown of GABA response during whole-cell patch recording. A, Typical current 
traces of a.1P2Y2 GABAA receptor subtype responded to 5 and 500 J.LM GABA recorded at 
l 0 min interval after formation of a stable whole-cell patch with modified pipette 
solution; B. Typical current traces of a.1P2Y2 GABAA receptor subtype to 5 and 500 J.LM 
GABA recorded at 10 min interval after formation of a stable whole-cell patch with 
modified pipette plus Lavendustin A (5J.LM), a specific inhibitor of PTK. 

Figure 4. Mean results for experiment illustrated in fig. 3 A Mean responses to 5J.1M 
and 500 JlM GABA over 30 min using whole-cell patch recording technique (n=S) with 
modified pipette solution. B, Mean responses to 5JlM and 500 J.LM GABA over 30 min 
using whole-cell patch recording technique (n=6) with modified pipette solution plus 
Lavendustin A. * means significance (p<0.05). 

Figure S. Effect of Lavendustin A on recombinant a.1P1 to GABA response . during 
whole-cell patch recording A, Typical current traces of a.tPz GABAA receptor subtype 
to l and l 00 J.1M GABA recorded at l 0 min interval after formation of a stable whole-cell 
patch with modified pipette solution; B, Typical current traces of a.tPz GABAA receptor 
subtype to 1 and l 00 J.LM GABA recorded at 10 min interval after formation of a stable ' 
wbole-cell patch with modified pipette plus Lavendustin A, a specific inhibitor of PTK. 

25 



Figure 6. Mean results for experiment illustrated in fig. 5, Mean responses to 1 J.1M 
and 100 J.1M GABA over 30 min using whole-cell patch recording technique (n=S) with 
modified pipette solution. B, Mean responses to lJ.1M and 100 J.1M GABA over 30 min 
using whole-cell patch recording technique (n=S} with modified pipette solution plus 
Lavendustin A. 
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