
  

 

 

 

  ABSTRACT 
 
 
Dohi, Akiko, ERK/MAPK Pathway Regulation of GABAA Receptor Function. Doctor of 

Philosophy (Pharmacology and Neuroscience), December, 2009, pp116, 23 illustrations, 6 

supplemental illustrations, bibliography, 158 titles.  

GABAA receptor is a ligand-gated ion channel that conducts negatively charged chloride 

ions.  Influx of this ion leads to hyperpolarization of neurons; thus, suppression of the neuronal 

excitability.  Alterations in GABAergic neurotransmission may contribute to depression and 

anxiety. While neurosteroids can regulate the responsiveness of the GABAA receptor in allosteric 

manner, certain intracellular signaling pathways can also regulate the function of the GABAA 

receptors through phosphorylation of its subunits.   One pathway that is regulated by both 

neurotrophic factors and steroid hormones is the ERK/MAPK pathway. This pathway is involved 

in cell proliferation, maturation, and even, cell death.  The role of this pathway in the regulation 

of the GABAA receptor, however, is not well studied and is the subject of my dissertation.   

Initial studies conducted by the Singh and Dillon laboratories showed that 

pharmacological inhibition of the ERK/MAPK pathway potentiated the α1β2γ2 configuration of 

the GABAA receptor, expressed in HEK-t cells.  This suggested that the ERK/MAPK pathway 

was involved in the negative regulation of the GABAA receptor function. In silico analysis 

revealed that the Thr 375 residue within the α1 subunit was a plausible target of the ERK/MAPK 

pathway. As a result, I hypothesized that the activation of the ERK/MAPK pathway inhibited 



  

GABAA receptor function through the direct phosphorylation of the Thr 375 residue, resulting in 

receptor internalization.   

Supporting this hypothesis was data showing that mutation of the Thr 375 residue to 

Alanine prevented the enhancement of GABA-gated currents elicited by inhibiting the 

ERK/MAPK pathway. However, using the HEK-t cell line transfected with the α1β2γ2 

configuration of the GABAA receptor, I determined that the activation of the ERK/MAPK 

pathway by HGF did not influence the peak amplitude of the GABA-gated currents. Further, the 

potentiation of the GABA-gated currents was apparently not due to internalization of the 

receptor.  Collectively, while we believe that the Thr 375 within the α1 subunit is relevant to the 

effect of ERK/MAPK pathway inhibition, it was not a direct target of the ERK/MAPK pathway.   
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CHAPTER 1 
 
 

INTRODUCTION 
 
 
γ-amino butyric acid (GABA) 

GABA is the principal inhibitory small amino acid neurotransmitter produced by 

GABAergic neurons in the mammalian central nervous system (CNS), and is a ligand for its 

GABA receptors (Bormann, 1988).  GABAergic neuronal activities in CNS regulate the function 

of the excitatory neurocircuitry, and this regulation depends on the diversity and numbers of the 

GABAergic local circuit neurons (Letinic et al., 2002).   

GABA is synthesized from its precursor, glutamate.  Glutamate is the most abundant 

excitatory amino acid neurotransmitter in the brain.  GABAergic neurons take up glutamate 

through glutamate transporter.  Glutamate is converted to GABA by glutamic acid decarboxylase 

(GAD).  Two isoforms of the GAD are recognized, GAD67 and GAD65, both of which are 

expressed in the brain (Erlander et al., 1991).  These two isoforms are derived from the 

transcription of different genes.  GAD 67 is transcribed from the Gad1 gene while GAD 65 is 

transcribed from Gad2. The respective molecular weights of the translated proteins are 67 and 65 

kDa.  GAD65 is closely associated with synaptic vesicles while GAD67 is more evenly 

distributed throughout the cytoplasm of GABAergic neurons in the brain.  Therefore, GAD65 is 

more likely responsible for producing GABA-filled synaptic vesicles that get released upon 

sustained neuronal stimulation (Martin and Rimvall, 1993).  
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High affinity GABA transporters located at the presynaptic membranes of GABAergic 

neurons as well as surrounding astrocytes take up the released GABA from the synaptic cleft and 

inactivate the neurotransmission process.  After GABA is transported back into presynaptic 

neuron, most GABA molecules are taken up by the vesicular GABA transporter into synaptic 

vesicles and recycled as a neurotransmitter (Chaudhry et al., 1998; Sarup et al., 2003; Madsen et 

al., 2008).  GABA that is taken up by astrocytes goes through the astrocytic glutamate-glutamine 

cycle.  Here, GABA is converted to glutamate and then to glutamine. Glutamine is released from 

the astrocytes and taken up by the glutamine transporter on the GABAergic neurons.  Glutamine 

is then converted back to glutamate and to GABA to complete the cycle (Liang et al., 2006).  

Interestingly, GABA can be utilized within the neurons for something else other than being 

recycled as a neurotransmitter.  In the GABA shunt, GABA-transaminase converts GABA into 

succinate semialdehyde (SSA), and SSA dehydrogenase catalyses the oxidation of SSA to 

succinic acid (succinate) (Ramos et al., 1985). Succinate, in turn, fuels the TCA cycle leading to 

the production of adenosine-5’-triphosphate (ATP), the cell’s principle energy source (Bach et 

al., 2009). GABA-transaminase inhibitors, such as vigabatrin, are used as a treatment for 

epilepsy so that GABA is used more towards neurotransmission (Wang et al., 2008).   

GABAergic neurons are located throughout the CNS, including caudate nucleus, 

substantia nigra, dentate gyrus, hippocampus, and cerebellum.  Dysfunction of the GAD is linked 

to a wide range of diseases, such as major depression, anxiety disorders (Hettema et al., 2006), 

schizophrenia (Zink et al., 2004), bipolar disorder (Woo et al., 2004), Stiff Person Syndrome 

(Murinson, 2004), and diabetes mellitus (Bingley et al., 1994; Knip and Siljander, 2008; 

Tsirogianni et al., 2009).  
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The GABAA receptor  

The GABAA receptor is a member of a ligand-gated ion channel super family (Barnard, 

1992) and specifically, is a GABA-gated chloride channel. It belongs to the Cys-loop 

superfamily of the ligand gated ion channels along with nicotinic, acetylcholine, glycine, 5-

hydroxytryptamine type 3, and zinc activated cation receptors (Davies et al., 2003) where a 

cysteine residue within the extracellular domain makes covalent disulfide bond with another 

cysteine to make a small loop.   

The GABAA receptor is composed of five proteins (pentamer) that are embedded in the 

cell membranes of postsynaptic neurons (Schofield et al., 1987). The five subunits of the 

receptor form a channel at the center of the assembly for the conduction of negatively charged 

chloride ion.  When GABA binds to the GABAA receptor, the channel opens and allows influx of 

chloride ions, which subsequently decreases the excitability of the post-synaptic neurons by 

hyperpolarization. GABA inhibits virtually every neuron in the mature brain.  

The GABAA receptors are found throughout the brain, and activation of the receptors are 

involved in sedation, relief of anxiety, and motor incoordination.  Compounds that enhance the 

activity of GABA at the GABAA receptor, such as benzodiazepines, barbiturates, alcohol, and a 

number of general anesthetic reagents, such as propofol, etomidate, and thiopental (Olsen et al., 

1986; Sieghart, 1995; Belelli et al., 1999; Rudolph and Mohler, 2006), results in neuronal 

inhibition leading to antiepileptic, anxiolytic, muscle relaxing, sedative, and hypnotic effect. 

These anesthetic compounds all act as positive allosteric modulators to potentiate inhibition of 

the CNS mediated by GABAA receptors (Burt and Kamatchi, 1991).   
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GABAA receptor subunits 

Characteristics of the GABAA receptors depend on its subunit composition.  Each subunit 

has a large extracellular N-terminal domain located on the outside of the cell membrane, four 

transmembrane (TM1-4) regions with a large intracellular domain between TM3 and TM4.  TM2 

of the five subunits line up at the center of the assembly to make the pore for the negatively 

charged chloride ion conduction.  The extracellular domain is responsible for GABA binding, 

and the intracellular domain is often a target of phosphorylation, resulting in modification of the 

receptor function.   

Seventeen GABAA receptor subunits have been listed to date: α (1-6), β (1-3), γ (1-3), δ, 

ε, θ, π, and ρ (Schofield et al., 1987; Levitan et al., 1988; Khrestchatisky et al., 1989; Lolait et 

al., 1989; Pritchett et al., 1989; Schofield et al., 1989; Shivers et al., 1989; Ymer et al., 1989a; 

Ymer et al., 1989b; Kato, 1990; Luddens et al., 1990; Malherbe et al., 1990a; Malherbe et al., 

1990b; Pritchett and Seeburg, 1990; Sommer et al., 1990; Ymer et al., 1990; Bateson et al., 1991; 

Cutting et al., 1991; Keir et al., 1991; Kofuji et al., 1991; Wilson-Shaw et al., 1991; Olsen and 

Sieghart, 2008).  The ρ subunit makes a homo pentamer and is highly expressed in the retina. 

This GABA receptor used to be called GABAC receptor.  Recently it was re-classified and 

became part of the subclass of the GABAA receptor (Barnard et al., 1998).   

The majority of the GABAA receptors that are expressed in the brain are composed of 

two αs, two βs, and one γ, δ, ε, θ, or π, and α1β2γ2-configuration of the GABAA receptor is the 

most common form in the brain.  The GABAA receptor subunits show unique regional 

distribution. The expression depends on the neuronal type and subcellular localization of the 

receptor (McKernan and Whiting, 1996; Rudolph and Mohler, 2004).  For example, α1 subunit 

is expressed throughout the brain while α6 subunit is expressed extensively in cerebellar granule 
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cells (Kato, 1990). About half of α subunits expressed in cerebellum is α6 (Nusser et al., 1999).  

The mRNAs for α1, β2, and γ2 subunits are co-localized in many brain regions such as olfactory 

bulb mitral cells, hippocampal pyramidal cells, and cerebellar Purkinje cells (Shivers et al., 

1989) while the δ subunit mRNA is found at cerebellar granule cells.  

Binding sites for various ligands that modulate the GABAA receptor are located between 

the subunits.  GABA binding site is located between α and β subunit while the modulator of the 

GABAA receptor, benzodiazepine, binding site is between α and γ subunit. The composition of 

the subunits changes its pharmacological properties (Allan et al., 1988).  Benzodiazepines are 

often used to characterize the different GABAA receptor subunit properties. GABAA receptors 

composed of α1, α2, α3, or α5 subunits together with β and γ subunits are benzodiazepine-

sensitive (Rudolph and Mohler, 2004).  They are located at the synaptic cleft where the 

presynaptic GABAergic neurons release the GABA and mediate most of the phasic inhibition in 

the brain, with exception of α5 (Brunig et al., 2002). Not only is phasic inhibition through 

synaptic GABAA receptors important in the brain but also, the tonic form of inhibition that 

occurs through extrasynaptic GABAA receptors activated by low concentrations of ambient 

GABA (Farrant and Nusser, 2005).  The GABAA receptors containing α4 or α6 subunits 

together with β and δ subunits are located predominantly at the extrasynaptic site, but there are 

some at the presynaptic site (Draguhn et al., 2008).  These forms of the GABAA receptor mediate 

tonic inhibition and are insensitive to benzodiazepine modulation (Brunig et al., 2002). 

Consistent with this role, there is growing evidence that the decrease in δ subunit containing 

GABAA receptors during pregnancy is a compensatory mechanism to overcome high level of 

neurosteroids (Maguire et al., 2009). Therefore, specific subunit composition of the GABAA 

receptor determines the receptor’s characteristics (Olsen et al., 1990; McKernan and Whiting, 
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1996). A single subunit can form a functional Cl- channel (homomer); however, those channels 

are much less functional and assembled inefficiently (Blair et al., 1988).  It is unlikely that any 

functional receptor subtypes in vivo are formed this way (Deng et al., 1991) with the exception of 

the homo pentamer composed of ρ subunits in retina.  

GABAA receptors are assembled from their component subunits in the endoplasmic 

reticulum (ER) and expressed on the neuronal cell surface. The expression  of some subunits, 

quite interestingly, can be influenced by others.  For example, disruption of α6 subunit 

expression leads to disappearance of the δ subunit in the cerebellum.  In addition, γ2, β2, β3 

subunit expressions are all decreased by the lack of α6 subunit expression (Nusser et al., 1999).  

Deleting the expression of the δ subunit increases the expression of the γ2 subunit while 

decreasing the expression of the α4 subunit (Korpi et al., 2002).  This indicates that modification 

of the expression of the δ subunit can dictate whether α4- or α6-containing GABAA receptors 

are formed. The α1 subunit also plays an important role in the surface expression of the GABAA 

receptor (Maljevic et al., 2006).  For example, when the α1 subunit was mutated, the assembled 

GABAA receptor was not expressed at the cell surface.    

The Functional Regulation of The GABAA receptor 

Neurosteroid Regulation of GABAA receptor  

Several steroidal hormones, termed neurosteroids, allosterically modulate the activity of 

GABAA receptor.  Endogenous steroid hormones are synthesized in the periphery as well as in 

the CNS locally (Belelli and Lambert, 2005; Mukai et al., 2006; Herd et al., 2007).  Because of 

the lipophilic nature of the steroidal hormones, those produced in the periphery can cross the 

blood-brain barrier and act on the CNS.  Traditionally the actions of the steroid hormones are 

genomic, which implies that the consequences of these hormones are exerted through the 
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regulation of gene transcription.  Briefly, the dogmatic view of steroid hormone action is as 

follows: The steroid hormones bind to the cytosolic receptors.  This results in a conformational 

change and dissociation from their chaperone proteins. The ligand-bound receptors then 

translocate to the nucleus, dimerize and subsequently bind to a sequence of DNA within the 

promoter region of the target gene, called the steroid response element. This genomic action of 

steroidal hormones requires hours to days (Tsai et al., 1994).   

However, steroidal hormones can also induce intracellular signaling.  This “non-

genomic” action is thought to be initiated at the plasma membrane, either through classical 

hormone receptors that can associate with the plasma membrane, or a relatively recently defined 

class of membrane steroid hormone receptors that are integral membrane proteins. For example, 

with respect to progesterone, a membrane progesterone receptor was recently cloned that is 

predicted to have a 7-transmembrane spanning domain (Zhu et al., 2003). Although the 

membrane steroid hormone receptor would predict a faster action, at least when compared to the 

classical actions, non-genomic actions still requires a few minutes at least. Alternatively, certain 

steroidal hormones can produce immediate changes in neuronal excitability.  This time scale is 

much shorter than the genomic actions and/or non-genomic cell signaling involving events. The 

action of the steroidal general anesthetic agent, 5α-pregnane-3α-ol-11,20-dione (alphaxalone), is 

GABAA receptor mediated (Harrison and Simmonds, 1984).  

The endogenous steroid hormones that modulate GABAA receptor function include the 

progesterone metabolite, 5α-pregnan-3α-ol-20-one (allopregnanolone), , 5β-pregnan-3α-ol-20-

one, and the deoxycorticosterone metabolite, 5α-pregnan-3α,21-diol-20-one (Crawley et al., 

1986; Majewska et al., 1986; Belelli et al., 1990; Lundgren et al., 2003). In addition, 

submicromolar to micromolar concentrations of allopregnanolone can activate the GABAA 
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receptor by itself (Majewska et al., 1986; Callachan et al., 1987; Rodriguez Gil et al., 2002). 

Allopregnanolone exhibits its allosteric modulation of GABAA receptor at low nanomolar 

concentrations (Fodor et al., 2005).  It promotes the open state of the GABA-gated chloride 

channel (Callachan et al., 1987).  The sensitivity of the GABAA receptor to the neuroactive 

steroids is determined by the stoichiometry of the subunit composition.  α2-, α4-, and α5-

containing GABAA receptors are less sensitive to allopregnanolone when compared to α1-, α3-, 

or α6-containing receptors with β1γ2 subunits. α6-containing receptor showed the maximal 

effect of the progesterone metabolite. β subunits do not have much of the influence in the 

sensitivity.  γ2-containing receptor shows the most effect while γ1-containing receptor gives the 

least effect of the steroid. The GABAA receptor that contains the α4β3δ subunits shows much 

stronger modulatory effect of the allopregnanolone than the one where the δ subunit is replaced 

by the γ subunit (Belelli et al., 2002). The subcellular distribution of different subunits may be 

another degree of GABAA receptor regulation for the influence of neurosteroids on 

neuroexcitability.  

Neuroactive steroid levels are modulated under various physiological and pathological 

conditions, such as stress, the menstrual cycle, pregnancy, and aging (Purdy et al., 1991; Paul 

and Purdy, 1992; Concas et al., 1998; Schumacher et al., 2003; Maguire et al., 2009). Other 

factors also influence the endogenous level of allopregnanolone. These include, for example, 

ethanol, whose intake increases the levels of allopregnanolone in mice and rats (Finn et al., 2004; 

Sanna et al., 2004).   Some antidepressants, such as fluoxetine, also increase the level of 

allopregnanolone without influencing other steroidal hormone levels (Uzunova et al., 1998).   

Due to the potentiating effect on the GABAA receptor, the level of the progesterone 

metabolites are thought to be involved in the cause of hormonal associated neuropsychiatric 



 9 

disorders, such as postpartum depression, premenstrual dysphoric disorder, and a neurological 

disorder called catamenial epilepsy (Nappi et al., 2001; Klatzkin et al., 2006; Reddy and 

Rogawski, 2009).  Accordingly, restoration of deficits in these disorders has been considered as a 

therapy. For example, treatment of catamenial epilepsy with progesterone during the luteal phase 

appears to be effective (Herzog, 2009). Although the anti epileptic effect may be through the 

metabolite of progesterone, allopregnanolone, since the seizure frequency increases when 

finasteride, 5α-reductase inhibitor, is administered, which inhibits the metabolism of 

progesterone to allopregnanolone (Herzog and Frye, 2003).   

GABAA receptors and their phospho-regulation  

GABAA receptors are heteropentamers and contain a large N-terminal extracellular 

domain followed by four TM domains with a large cytoplasmic loop between TM3 and TM4.  

This intracellular loop is a major interaction site for scaffold proteins and various protein kinases 

(both serine/threonine kinases and tyrosine kinases) (Ortells and Lunt, 1995). As implied by the 

interaction of various signaling proteins with the GABAA receptor, the functions of the GABAA 

receptors are indeed regulated by phosphorylation of the intracellular domain.  The serine (Ser), 

threonine (Thr), and tyrosine (Tyr) residues of intracellular loop domains of the β and γ subunits 

are especially known to be targeted by a number of protein kinases.  Those protein kinases 

include protein kinase C (PKC), protein kinase A (PKA), cGMP-dependent protein kinase 

(PKG), Ca2+/calmodulin-dependent protein kinase II (CaMKII), Akt, and Src (Browning et al., 

1990; McDonald and Moss, 1994; Brandon et al., 2001; Wang et al., 2003).  

β subunits are phosphorylated on conserved serine residues either at Ser409 or Ser410 by 

PKC, PKA, Ca2+/calmodulin-dependent protein kinase (Moss et al., 1992a; Moss et al., 1992b; 

Krishek et al., 1994; McDonald and Moss, 1997).  Ser408 of β3 subunit is also PKA substrate 
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(McDonald and Moss, 1997).  γ subunits are also known to be phosphorylated by PKA, PKC and 

tyrosine kinase SRC (Kirkness et al., 1989; Browning et al., 1990; Krishek et al., 1994).  In 

addition, both the γ2S and γ2L are phosphorylated by PKC at Ser327, and γ2L is also 

phosphorylated at Ser343 by PKC (Moss et al., 1992a).  Src phosphorylates Tyr365 and Tyr367 

of the γ2 subunit (Moss et al., 1995; Valenzuela et al., 1995).  Interestingly while PKA reduces 

the amplitude of miniature inhibitory postsynaptic current (mIPSC) in CA1neurons (Poisbeau et 

al., 1999), chronic activation of the PKA leads to the increase in surface expression of the 

GABAA receptors in cerebellar granule cells (Ives et al., 2002).  In addition, while PKA 

increases the α1 subunit surface expression, α6 subunit is not affected. However, transiently 

transfected cells with the α1β1γ2s configuration of the GABAA receptor shows PKA-induced 

inhibition of GABA-gated current (Moss et al., 1992a; Moss et al., 1992b; Angelotti et al., 1993). 

The results of the PKA-induced phosphorylation appear to be cell system dependent. PKC 

phosphorylates the same β1 serine residue as PKA, and it shows the inhibitory effect on GABA-

gated current.  Both γ2S and γ2L subunits are phosphorylated by PKC at position 307 of their 

intracellular loop. The γ2L subunit contains additional phosphorylation site at 343.   

Among the consequences of GABAA receptor phosphorylation is its influence on the 

sensitivity to ligand. For example, the sensitivity of ethanol is dependent on the phosphorylation 

of γ subunit by PKC (Wafford and Whiting, 1992).  This PKC induced phosphorylation of the 

GABAA receptor leads to the internalization of the receptor.  Subsequently the decreased 

receptor density results in the inhibition of the GABA-gated current (Herring et al., 2005).  This 

PKC-induced inhibition of the GABA-gated current appears to be temperature dependent, which 

gives the additional evidence that the PKC induced inhibition due to the internalization of the 

receptor (Machu et al., 2006). Interestingly, in dentate granule cells, PKC shows seemingly an 
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opposite effect.  In these cells, PKC increased the amplitude of mIPSCs (Poisbeau et al., 1999).  

Therefore, as seen for PKA, the effects of PKC on the regulation of the GABAA receptors might 

also be cell system dependent. 

In contrast to the PKC-induced enhancement of GABAA receptor function, activation of 

the Akt/PI3K pathway has been reported to have the opposite effect. For example, activation of 

the Akt/PI3K pathway by insulin results in the phosphorylation of the β subunit of the GABAA 

receptor, leading to increased GABA-gated currents through rapid translocation of GABAA 

receptors from intracellular compartments to the plasma membrane (Wan et al., 1997; Wang et 

al., 2003; Vetiska et al., 2007).  Interestingly, when the Akt/PI3K and the ERK/MAPK pathways 

are activated simultaneously by brain derived neurotrophic factor (BDNF) (Bhave et al., 1999), 

the inhibitory effect on GABAA receptor function prevails instead of strengthening the inhibitory 

synaptic activity.  This effect of BDNF appears to be mediated by the reduction in surface 

expression of GABAA receptors, mIPSCs, and GABA-gated currents (Brunig et al., 2001; 

Mizoguchi et al., 2003). So far, all known phosphorylation-dependent regulation of GABAA 

receptor function involve β and γ subunits; but little to none is known about the phosphorylation 

of α subunits and its consequent effects on GABAA receptor function. 

ERK/MAPK pathways on GABAA receptors 

Estrogen, progesterone, BDNF, and insulin have something in common; they all induce 

the activation of the ERK/MAPK intracellular signaling pathways (Dudek et al., 1997; Gunn-

Moore et al., 1997; Bhave et al., 1999; Herbert et al., 2000; Singh, 2001; Zhu et al., 2002; 

Kotzka et al., 2004; Mannella and Brinton, 2006).  Our previous studies suggested that the 

ERK/MAPK pathway was involved in inhibitory regulation of GABA-gated currents in HEK-t 

cell system, and identified the Thr 375 residue of the GABAA receptor α1 subunit to be involved 
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in this regulation (Bell-Horner et al., 2006).  Whether the activation of the ERK/MAPK pathway 

translates to decreased GABA-gated currents has not been studied.  Recently it was found that 

the ERK/MAPK pathway directly targets a different class of ion channel, the Kv4.2 potassium 

channel (Schrader et al., 2006).  With this precedent, I suggested that GABAA receptor is 

phospho-regulated by the same way, with the Thr 375 as the relevant target within the α1 

subunit. 

The ERK/MAPK pathway 

MAPK cascades are a family of protein kinases containing at least three protein kinases 

in series: MAPK kinase kinases (MAPKKKs), MAPK kinases (MAPKKs or MEKs), and 

MAPKs, such as extracellular-signal regulated kinase (ERK) 1 and 2.  MAPKs are involved in 

the regulation of numerous cellular processes, including proliferation, differentiation, and cell 

death (Pearson et al., 2001).   This cascade normally starts from a molecule (such as a growth 

factor) binding to its receptor, such as a receptor tyrosine kinase (RTK), at the plasma 

membrane.  Stimulation of these receptors results in autophosphorylation on tyrosine residues 

within intracellular domains of the receptors, enabling the binding of scaffolding proteins such as 

the Grb2:Sos complex via their SH2 domains.  Sos is a guanine nucleotide exchange factor 

(GEF), which facilitates the shift from GDP-bound Ras to GTP-bound Ras. Ras-GTP recruits 

Raf to the plasma membrane, and thereby promotes its activation.  Activated Raf phosphorylates 

and activates MEK, which in turn, phosphorylates ERK, and ERK gets activated.  The activated 

ERK is involved in the regulation of proliferation, survival, and differentiation (Baccarini, 2005).   

ERK1 and 2 are 90% identical and ubiquitously expressed serine/threonine kinases that 

have molecular weight of 44 kDa and 42 kDa respectively (Boulton et al., 1990).  They contain a 

threonine-glutamate-tyrosine (TEY) dual phosphorylation motif in the activation loop and both T 
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and Y have to be phosphorylated by MEK1 and 2 in order to become fully active. ERK1/2 often 

interact with other proteins through specific protein-binding motifs.  One such sequence is 

(R/K)X(R/K)X2-4(L/I)X(L/I), named the docking site for ERK and JNK with LXL motif 

(Docking site for ERK/JNK with dileucine (DEJL) motif or D domain).  Substrates of ERK1/2 

also contain a consensus phosphorylation sequence, P-x-S/T-P or minimal phosphorylation 

sequence, S/T-P (Pearson et al., 2001).  Another member of the MAPK family, ERK5, is a 98 

kDa molecule that shares some sequence homology with ERK 1 and 2 including the TEY motif 

(Lee et al., 1995).  The catalytic domain of ERK5 is reported to be highly homologous to ERK 2 

(Kasler et al., 2000).  ERK5 is involved in embryonic development, but some level of ERK5 is 

also detected in adult brain of (Regan et al., 2002; Yan et al., 2003).  ERK5 is phosphorylated 

and activated by MEK5, and the MEK5-ERK5 interaction is highly specific (Zhou et al., 1995).   

It was found that the specific MEK1/2 inhibitor, U0126, also inhibits ERK5 (Mody et al., 2001) 

presumably due to the homology shared in MEK1 and MEK5 (Zhou et al., 1995; Mody et al., 

2001).  Therefore, the data generated in this dissertation, using U0126, will need to be re-

evaluated for the involvement of ERK5. 

 Goal of this study  

The study here was built on, and is a continuation of, previous findings resulting from the 

collaboration of the Singh and Dillon labs. These prior studies suggested that the ERK/MAPK 

pathway was involved in the negative regulation of the GABAA receptor function through either 

trafficking or gating of the receptor, and that the Thr 375 amino acid residue of α1 subunit might 

be the direct target of the ERK/MAPK pathway. By focusing on the α1β2γ2 subunit 

configuration of the GABAA receptor, being the predominant form expressed in the mature 

vertebrate brain, this body of work was expected to further our understanding of the 
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mechanism(s) by which this configuration of the GABAA receptor function is regulated by the 

ERK/MAPK pathway. This in turn, was expected to increase our knowledge of how the primary 

mode of inhibitory neurotransmission in our brain is regulated.  The information learned from 

this study may then be applied to the disorders involving GABAA receptor, including depression, 

anxiety, drug abuse, epilepsy, and more. 

Clinical significance 

As stated previously, regulation (or dysregulation) of the GABAA receptor, may underlie, at 

least in part, certain mood disorders. Among these is the Premenstrual Syndrome (PMS). PMS is 

experienced by 80% of women. Among these women, 5-7% exhibit more severe symptoms, and 

based on DMS-IV criteria, are diagnosed with premenstrual dysphoric disorder (PMDD) 

(Campbell et al., 1997; Hylan et al., 1999).   Behavioral hallmarks of these syndromes include 

anxiety and depression (Halbreich, 2003). Since the symptoms of PMS and PMDD are generally 

noted during only specific periods of the menstrual cycle (the luteal phase), fluctuations in 

gonadal hormones, particularly estrogen and progesterone, have been implicated in the etiology 

of these affective disorders. However, the mechanism by which these hormones influence 

anxiety and depression is less clear. Among the possible mechanistic targets that may be 

involved is the GABAA receptor (Nutt and Malizia, 2001). Given that the GABAA receptor is 

linked to the development of anxiety and depression, it is possible that the fluctuations in 

estrogen and progesterone may influence the behavioral symptoms of PMS and PMDD through 

its actions on the GABAA receptor (Kalueff, 2007).   

Another potentially relevant connection between estrogen, progesterone and the GABAA 

receptor is based on the following observations. Both estrogen and progesterone are known to 

increase the level of brain-derived neurotrophic factor (BDNF) and insulin (Costrini and 
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Kalkhoff, 1971; Gibbs, 1999; Karege et al., 2002; Shirayama et al., 2002; Karege et al., 2005; 

Lommatzsch et al., 2006; Gonzalez Deniselle et al., 2007).  Both BDNF and insulin are known to 

be involved in affective disorders, and recently, it has been reported that BDNF is a negative 

modulator of GABAA receptor function, while insulin is a positive modulator (Wan et al., 1997; 

Cheng and Yeh, 2003; Wang et al., 2003; Vetiska et al., 2007). Thus, the effects of estrogen or 

progesterone on the GABAA receptor (and thus, on anxiety and/or depression) may be mediated 

by these factors. Alternatively, as discussed below, the cellular mechanisms triggered by BDNF 

and insulin may be the key mediators of the effects of estrogen and progesterone on mood, and 

will be explored through the research proposed. 

Understanding how the GABAA receptor functions and is regulated by each signaling 

pathway will substantially increase our understanding of the complexities by which GABAA 

receptors function.  Importantly, it may reveal new insight into how hormones, such as estrogen 

and progesterone, regulate GABAA receptors, since estrogen and progesterone can elicit the 

ERK/MAPK pathways. Thus, we expect to provide a link between hormone-induced signaling 

and signaling-induced regulation of GABAA receptor function, so as to reveal possible 

mechanisms to explain such affective disorders as PMS and PMDD, and hopefully provide the 

opportunity for improving the quality of life for those women who suffer from these disorders.   
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CHAPTER 2 
 
 

MATERIALS AND METHODS 
 
 
Cell culture 

Stably and transiently transfected cell lines were used in this study.  Human embryonic 

kidney cells (HEK-t) and 4D4 cells (HEK-t cells stably expressing recombinant rat α1, β2, γ2s 

subunit configuration of GABAA receptors) were studied in this investigation.  Both HEK-t cells 

and 4D4 cells were generously provided by Dr. Dillon at UNTHSC.  They were both propagated 

in minimum essential medium (MEM) (Invitrogen) supplemented with 10% fetal bovine serum 

(SAFC biosciences), L-glutamine (Mediatech, Inc.) and penicillin-streptomycin solution 

(Mediatech, Inc.), and maintained at 37°C in a humidified environment containing 5% CO2. In 

addition to the media above, 4D4 cell media also contained G-418 sulfate (EMD Chemicals 

Inc.). After various treatments, the cells were harvested, homogenized, and centrifuged, and the 

supernatant was subsequently collected and analyzed for total protein concentration using the 

Bio-Rad DC protein assay kit (Bio-Rad Laboratories, Inc.). Alternatively, they were processed 

for flow cytometry. 

Transient transfection 

Rat wild type GABAA receptor subunit β2, γ2, and FLAG-tagged rat α1 subunit were 

generously provided by Cynthia Czajkowski (University of Wisconcin, Madison), and were 

subcloned into pcDNA3.1. The FLAG-tag located at the N-terminal of the α1 subunit. The HEK-

t cells were plated on day 1, transfected on day 3, and experiments were conducted on those cells 

on day 4.  For immunoprecipitation and Western blot, 1 million HEK-t cells were plated in 100 
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mm plate, and 2 µg of FLAG-α1, 2 µg of β2, and 10 µg of γ2 subunits are used.  For flow 

cytometry, 50,000 HEK-t cells were placed in 60 mm plate, and half of the amount of subunits 

DNA was used for transient transfection.  Transient expression of GABAA receptors was 

accomplished using TransIT (Mirus Bio LLC) following the manufacture’s instruction. 

Chemicals  

U0126 (Cell Signaling Technology, Inc.), U0124 (Cell Signaling Technology, Inc.), phorbol-12-

myristate-13-acetate (PMA; Calbiochem), okadaic acid  (Alexis Biochemicals), calyculin A (Cell 

Signaling Technology, Inc.), gramicidin (Sigma-Aldrich), diazepam (Sigma-Aldorich) were 

dissolved in sterile dimethyl sulfoxide (DMSO; Sigma-Aldrich).  Hepatocyte growth factor 

(HGF; Chemicon) and GABA (Sigma-Aldrich) were prepared in sterilized water.  

Treatment of cultures 

HEK-t cells and 4D4 cells were treated with various pharmacological reagents and a 

growth factor: 10 µM U0126 – inhibition of the ERK/MAPK pathway, 25 and 100 nM PMA – 

PKC pathway activation, 100 nM okadaic acid – phosphatase inhibitor, 10 nM calyculin A – 

phosphatase inhibitor, 10 pg/mL – 50 ng/mL HGF – ERK/MAPK pathway activator, 5 µM 

GABA – GABAA receptor ligand.  Final concentration of 0.1% DMSO was used. 

Harvesting cells 

Cells were washed with ice-cold PBS and immersed into a lysis buffer containing a final 

concentration of 50 mM pH 7.4 Tris base, 150 mM sodium chloride, 1 mM pH 8.0 ethylene 

glycol tetraacetic acid (EGTA), 1 mM pH 10.0 sodium orthovanadate, 100 mM sodium fluoride, 

5 µM zinc chloride, 10% glycerol, 1% Triton X-100, 1 mM phenylmethanesulfonylfluoride 

(PMSF) and protease inhibitor cocktail containing ABESF, aprotinin, leupeptin, bestatin, 

pepstatin A, and E-64.  For immunoprecipitation, Triton X-100 was replaced by NP-40.  For 100 
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mm petri dishes, the cells were washed with ice cold phosphate buffered saline (PBS) and lysed 

with 500 µL lysis buffer above.  The force of volume expulsion through the pipette was used to 

lift the cells off of the plates.  The cell – lysis buffer mixture was transferred to a microcentrifuge 

tube.  The mixture was homogenized through triturating them using a sterile 22 gauge needle and 

the force from the syringe.  The mixture was centrifuged at 100,000 × g for 15 min at 4°C, and 

the resulting supernatants (lysates) were normalized for protein content using Lowry Protein 

Assay (Bio-Rad Laboratories, Inc.) according the manufacture’s protocol. 

SDS-PAGE and Western blot analysis 

After the protein concentration was determined by the protein assay, 80 µg of protein was 

transferred to a new microcentrifuge tube.  After the 4× Laemill buffer containing Tris HCl, 

glycerol, sodium dodecyl sulfate, ethylene diamine tetraacetic acid (EDTA), EGTA, and 

bromophenol blue was added to the cell lysate and denatured by boiling them at 100°C, the 

lysate was loaded onto a sodium dodecyl sulfate 10% polyacrylamide gel (SDS-PAGE), 

subjected to electrophoresis, and subsequently transferred onto a 0.22 µm pore size 

polyvinylidene difluoride (PVDF) membrane (Bio-Rad Laboratories, Inc.) overnight. The 

membrane was blocked with Tris-buffered saline solution containing 0.2% Tween (TBS-t) and 

3% bovine serum albumin (BSA) before application of the primary antibody. The blots were 

probed with various antibodies (Rb = rabbit, Gt = goat, Ms = mouse, HRP = horse radish 

peroxidase conjugated).   
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Primary Ab Brand Secondary Ab Brand 
p-ERK 1/2 Cell Signaling Gt anti-Rb-HRP Pierce 
ERK1(C-16)-G Santa Cruz Rb anti-Gt-HRP Pierce 
ERK2(C-14)-G Santa Cruz Rb anti-Gt-HRP Pierce 
p-Akt  Cell Signaling Gt anti-Rb-HRP Pierce 
Akt Cell Signaling Gt anti-Rb-HRP Pierce 
p-ERK5 Cell Signaling Gt anti-Rb-HRP Pierce 
actin (I-19) Cell Signaling Rb anti-Gt-HRP Pierce 
pan actin Ab-5 Neomarkers Gt anti-Ms-HRP Pierce 
alpha1-6 Santa Cruz donkey anti-Rb Pierce 
FLAG-tag Sigma Rb True Blot anti-Rb IgG eBioscience 
p-Thr-Pro Cell Signaling Gt anti-Ms IgM Jackson Immunoresearch 
p-Thr Cell Signaling Rb True Blot anti-Rb IgG eBioscience 

  

Antibody binding to its target on the membrane was detected using a secondary antibody 

conjugated to horseradish peroxidase (HRP; Pierce Chemical Co.) and visualized using Westpico 

chemiluminescence (Pierce Chemical Co.) with the UVP imaging system (UVP, LLC) and Alpha 

Innotech imaging system (Alpha Innotech Corporation). The membrane was then stripped with 

Re-blot mild or strong solution (Chemicon) at room temperature for 30 min and washed with 

TBS-t extensively.  After stripping, the blot was blocked with either 3% BSA or 5% skim milk, 

the blot was re-probed with appropriate controls to confirm equal loading of protein across lanes. 

p-Akt, p-ERK,  p-Thr-Pro, and p-Thr blots were re-probed with anti-ERK1/2, anti-actin, or anti-

FLAG antibodies to ensure equal loading the samples across lanes.  

Immunoprecipitation 

The HEK-t cells that were transfected and treated with various reagents were harvested 

with lysis buffer that contained Nonidet P-40 instead of triton X-100 in order to reduce the 

stringent nature of triton X-100.  After centrifugation and protein assay, resulting lysates (at a 

concentration between 1-5 mg/mL) were incubated with the anti-FLAG antibody that was 

conjugated to agarose gel (EZview Red Anti-FLAG M affinity gel; Sigma-Aldrich).  The 

mixture was kept at 4°C overnight on a nutator for the maximal binding. After the mixture was 
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centrifuged, they were analyzed through SDS-PAGE and Western blot to detect p-Thr-Pro, p-

Thr, ERK1/2, or p-ERK1/2 immunoreactivity.  An Anti-FLAG antibody was used to detect the 

FLAG-tagged α1 subunit at the molecular weight of 51 kDa to confirm the expression of the 

GABAA receptor in HEK-t cells and to ensure the equal loading the samples.   

Flow cytometric analysis 

Everything after the treatment of cells was conducted either on ice or at 4°C, and all 

buffers were kept on ice. 4D4 or HEK-t cells were treated with HGF, DMSO, U0126, or 

Phorbol-12-myristate-13-acetate (PMA; EMD Chemicals Inc.) for the appropriate period of time.  

To collect cells for flow cytometry analysis, monolayer cultures of HEK-t cells were dissociated 

using 0.05 % trypsin EDTA (Cellgro) for 30 seconds at room temperature.  The cells were 

collected, centrifuged, and re-suspended in 1 mL staining buffer (BD Biosciences), which 

contains 0.2% bovine serum albumin.  The use of trypsin as a suitable cell detaching agent that 

preserves the FLAG-tag that is located at the extracellular N-terminal domain was confirmed in 

other studies (Lo et al., 2008).  Following washes with the staining buffer, cells were counted 

with automatic cell counter, Cellometer Auto T4 Plus (Nexelom Bioscience LLC) 300,000 cells 

were then blocked with blocking buffer (staining buffer containing 2 % goat serum) at 4°C on a 

nutator for an hour to reduce the non-specific binding sites for the antibodies.  After a wash, the 

cells were incubated with antibody.  The cells were incubated with anti-FLAG IgG directly 

conjugated to FITC (Sigma-Aldrich) in incubation buffer (staining buffer containing 0.8% goat 

serum) for 1hr at 4°C on a nutator.  From each sample, 50,000 labeled cells were counted with 

Accuri C6 flow cytometer (Accuri cytometers Inc.) and analyzed.  Nonviable cells were 

excluded from analysis based on forward and side scatter profiles. Data were analyzed off line 

using FlowJo 7.1 (TreeStar, Inc.), and the mean fluorescent intensity was calculated.  The 
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fluorescence index of each experimental condition was then normalized to each control condition 

for comparison.  One-way analysis of variance with Dunnett’s post-test was used to determine 

whether there were any significant differences in surface expression, as indexed by the mean 

fluorescent intensity, as a function of pharmacological treatments. Statistical analysis was 

conducted using Prism 4.0 (Graphpad Software Inc.).  The data were expressed as mean ± S.E.   

For labeling GABAA receptor β subunit, an additional step had to be taken for the incubation of 

secondary antibody.  After the primary antibody incubation with 1 µg of mouse anti-GABAA 

receptor β2/β3 subunit monoclonal antibody (Millipore Corporate) for 1 hour on a nutator, the 

cells were washed and the re-suspended in 100 µL incubation buffer.  The secondary antibody, 

rabbit anti-mouse IgG-FITC (Sigma-Aldrich), was added to the cells, and the cells were 

incubated another 1 hour.   

Electrophysiology 

Prior to plating the 4D4 cells, coverslips were treated and coated with poly-L-lysine 

(Sigma-Aldrich) dissolved in serum free media and placed in 35 mm culture dishes.  20,000 4D4 

cells (α1β2γ2-stably transfected HEK293 cells) were split and plated on the culture dishes with 

coated coverslips.  Cells were analyzed electrophysiologically 2 days after the plating.  Whole 

cell and perforated patch recordings were conducted at room temperature (22-25°C) to assess the 

GABA-gated Cl- currents with the membrane potential clamped at -60 mV.  Patch pipettes of 

borosilicate glass (1B150F; Word Precision Instruments, Inc.) were pulled to a desired diameter 

using pipette puller (Flaming/Brown, P-87/PC; Sutter Instrument Co.) to a diameter of 1-2 µm 

and a tip resistance of 1-1.25 MΩ.  The pipette solution for conventional whole-cell recording 

contained 140 mM CsCl, 10 mM EGTA-Na+, 10 mM HEPES-Na+, 4 mM Mg2+-ATP, pH 7.2.  

For perforated-patch recording, a stock solution of 4 mg/mL gramicidin (Sigma-Aldrich) in 
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DMSO was prepared and diluted into the pipette solution above to a final concentration of 2.5, 5, 

or 10 µg/mL.  The pipette solution was kept on ice.  Coverslips containing cultured cells were 

placed in the small recording chamber on the stage of an inverted light microscope (Olympus 

IMT-2; Olympus) and superfused continuously with external solution containing 125 mM NaCl, 

5.5. mM KCl, 0.8 mM MgCl2, 3.0 mM CaCl2, 20 mM HEPES, 10 mM D-glucose, pH 7.3 at a 

rate of approximately 30 mL/min. GABA-induced Cl- currents were obtained using Axo-clamp 

200A amplifier (Axon Instruments) equipped with a CV-4 headstage.  Currents were low-pass 

filtered at 5 kHz, monitored simultaneously on an oscilloscope and a chart recorder (Gould 

TA240; Gould Instrument Systems Inc.), and stored on a computer using an on-line data 

acquisition system  (pClamp 6.0; Axon Instruments) for subsequent off-line analysis.    

Perforated whole cell patch recording  

Perforated patch was established using Gramicidin (Sigma-Aldrich). It was added to the 

pipette solution in order to make small pores within the patched area. Gramicidin was dissolved 

into sterile DMSO to make 2mg/mL stock solution, and this stock solution was added into 

pipette solution.   The final concentration of the gramicidin in the pipette was 2.5, 5.0, or 10.0 

µg/mL depending on the experiments. Two consecutive stable control currents within 5% 

difference to ensure the patch is stable.  HGF was bath-applied for the duration of 10-20 min 

during which a 5 sec pulse of 5µM GABA (at the EC30) was applied at 2 min intervals. The EC30 

of GABA was used in order to minimize desensitization of the receptors.  The cells were then 

washed out with N-saline and the currents were recorded every 5 min after discontinuing the 

treatments.  
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Statistical analysis 

For electrophysiological analysis for perforated patch clamp and conventional whole cell 

patch clamp), concentration-response profiles for GABA were analyzed using the following 

logistic equation from Origin 5.0 (Origin Lab).    

I/Imax = 1/(1+EC50/[ligand])n
H 

Where Imax = maximum current amplitude, EC50 = the half-maximal effective concentration, 

[ligand] = concentration of GABA in µM, and H = the Hill coefficient.  Means ± s.e.m. were 

calculated for all recorded variables.  Analysis of group differences was conducted using an 

ANOVA.  Differences were accepted as significant if the p value was less than 0.05. Statistical 

analysis was performed using GraphPad Prism 4. 
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CHAPTER 3 
 
 

RESULTS 
 

 
The GABAA receptors are a heteropentameric ligand gated ion channel.  Most of these 

receptors in mammalian brain are composed of two αs, two βs, and one γ subunit.  Each subunit 

has a large extracellular N-terminal where the GABA binding site is located, four transmembrane 

domains, and a large intracellular domain between TM3 and TM4.  This intracellular domain is 

often a target for numerous protein kinases.  The resulting phosphorylation of the GABAA 

receptor results, in turn, in the regulation of the receptor function.  For example, sIPSC and the 

receptor density at cell surface are affected by the phospho-regulations.  While most studies that 

have addressed the role of phosphorylation on GABAA receptor function has focused on β and γ 

subunits, consideration of the α subunit as a relevant target in the regulation has not been well 

studied.   

Sequence analysis of the α subunits shows that all but one (the α5 subunit) of the rat α 

subunits contain either full (P-x-[S/T]-P) or minimal ([S/T]-P) consensus phosphorylation site 

for ERK1/2 and ERK5.  In addition, all of the human α subunits contain the sites. These 

consensus sequences were not observed in the β and γ subunits.   

The ERK/MAPK pathway is one of many cell signal transduction pathways.  This 

pathway is involved in regulations of gene transcription, cell survival, and even cell death 

depending on the duration of the pathway activation. Recently a report showed that the ERK 
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modulated potassium channels by direct phosphorylation (Schrader et al., 2006), supporting the 

potential importance of the ERK/MAPK pathway in regulating ion channel function. As it relates 

to my studies, it is worth noting that the effect of the ERK/MAPK pathway activity on GABAA 

receptor function has not been studied thoroughly. 

Steroidal hormones and growth factors such as estrogen, progesterone, testosterone, 

insulin, and BDNF are known to activate the ERK/MAPK pathway.  In this pathway, 

extracellular signal received at receptors on a cell surface is transduced to activate Ras, a small 

guanine nucleotide exchange protein.  A cascade of the kinase activations follows the activation 

of Ras, which then leads to the activation of Raf, a serine/threonine kinase, followed by the 

activation of MEK, a mitogen-activated ERK-activating kinase. MEK activation leads to the 

activation and phosphorylation of the major effector of this pathway, extracellular-signal 

regulated kinase (ERK).   

Brief Summary of the Previous Study 

My dissertation is greatly based on work conducted as a collaboration between the 

laboratories of Dr. Dillon and Dr. Singh, in which I participated.  This section is devoted to 

summarize the findings of the previous work (Bell-Horner et al., 2006).  The relationship 

between the ERK/MAPK pathway and GABAA receptor function was studied.  α1β2γ2 

configuration of the GABAA receptor was studied since this composition was the most 

abundantly (~60%) and ubiquitously expressed form of GABAA receptor in mature mammalian 

brain. Electrophysiological studies were conducted to evaluate the effect of ERK/MAPK 

pathway inhibition, using pharmacological MEK1/2 and MEK5 inhibitor, U0126, and another 

inhibitor, PD98059, on the peak amplitude of the GABA-gated current.  The perforated patch 

clamp technique, rather than whole cell patch clamp, was used since the perforated patch clamp 
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methodology preserves the intracellular signaling molecules whereas conventional whole cell 

patch dialyses out the intracellular milieu.  Ten minutes of 10 µM U0126 or 50 µM PD98059 

incubation increased the peak amplitude of the GABA-gated current when perforated patch 

technique was used (Figure 1 A & B).  Co-application of U0126 with GABA did not show any 

effect, which illustrated that the effect was not due to the direct binding of the U0126 to the 

GABAA receptor.  In order to see if this potentiation effect of ERK/MAPK pathway inhibitor on 

GABA-gated current was specific to inhibition of the kinase activity of MEK and ERK, an 

inactive analog of U0124 was used.  U0124 binds to the MEK but does not inhibit its kinase 

activity.  U0124 showed no effect on the GABA-gated current, which strongly supported the 

involvement of the ERK/MAPK pathway in the regulation of the GABAA receptor function 

(Figure 2).  In addition, the potentiation effect of U0126 disappeared when the conventional 

whole cell patch technique was applied (Figure 3 A & B). This indicated that the U0126 effect 

required the intact intracellular environment, presumably since the signaling molecules were 

dialyzed into the patched pipette.  The MEK inhibitory effect of U0126 was confirmed through 

Western blot analysis (Figure 4).   

In order to test the importance of the putative ERK phosphorylation site within α1 

subunit, Thr 375 was mutated to alanine. Consistent with the implied importance of this residue 

as a target of the ERK/MAPK pathway, application of U0126 onto cells expressing the GABAA 

receptor containing the mutated receptor did not show the potentiation effect on GABA-gated 

currents (Figure 5).  Interestingly, not only did U0126 fail to potentiate GABA-gated currents, 

but now, resulted in an inhibition. This illustrated the Thr 375 of the α1 subunit is part of the 

mechanism to the regulation of the GABAA receptor function by the ERK/MAPK pathway. My 
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experiments explored the role of the ERK/MAPK pathway in the regulation of the GABAA 

receptor function further. 

Based on the data cited above, my hypothesis was activation of the ERK/MAPK pathway 

would directly target the Thr 375 within the α1 subunit.  The phosphorylation of the Thr 375 

would lead to the internalization of the GABAA receptor.  Subsequently it would decrease the 

GABAA receptor density at cell surface and inhibit the GABA-gated current.  

The experimental model 

To be consistent, the α1β2γ2-configuration of GABAA receptors was used. HEK-t cells 

stably transfected with rat α1β2γ2-configuration of GABAA receptor (4D4 cells) were used in the 

investigation as it was used previously.  These stably-transfected HEK-t cells represent a useful 

model to study the inter-relationship between the ERK/MAPK pathway and the GABAA 

receptor. HEK-t cells transiently transfected with the eight amino acid FLAG-tagged 

(DYKDDDDK) rat α1 along with β2 and γ2-configuration of GABAA receptor were also used 

for immunoprecipitation and flow cytometry experiments, with the latter used specifically to 

investigate the receptor density on the cell surface.  Even though HEK-t cells are not neuronal in 

origin, they provide a valuable model for which to study the regulation of the GABAA receptor.  

The importance of the putative ERK phosphorylation site (Thr 375) in α1 subunits on 

ERK/MAPK pathway-regulated GABAA receptor function   

The α subunits of GABAA receptor contain a consensus ERK phosphorylation sequence 

within its large intracellular domain.  The α1 subunit, the most ubiquitously expressed α subunit 

in the brain, contains a minimal consensus ERK phosphorylation sequence, Thr 375, followed by 

proline (Pro).  The electrophysiological data in the previous study showed that the α1(T375A) 

mutant resulted in the opposite effect of U0126 in GABA-gated currents, suggesting the 
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involvement of the Thr 375 in the regulation of the GABAA receptor function through the 

ERK/MAPK pathway (Bell-Horner et al., 2006).  The importance of the putative ERK1/2 and/or 

ERK5 phosphorylation site Thr 375 in the intracellular loop of the α1 subunit was evaluated to 

see if this site was a direct target of the ERK/MAPK pathway. Using an immunoprecipitation-

based strategy and using an anti phospho-threonine-proline (p-Thr-Pro) antibody (one that 

recognizes only phospho-threonine residues that are next to a proline), the involvement of the 

Thr 375 residue of α1 subunit in the ERK/MAPK pathway regulation of the GABAA receptor 

function.  To assess the possibility of Thr 375 being the direct target of the ERK1/2 and/or 

ERK5, the phosphorylation level of the α1 subunit was evaluated while activating the 

ERK/MAPK pathway with HGF.  Within the intracellular loop of the α1 subunit, there was only 

1 site found where Thr was followed by proline (the putative “minimal consensus 

phosphorylation site” for ERK1/2). Therefore, if there is any change in phosphorylation status 

based on p-Thr-Pro immunoreactivity, it should be due to the Thr 375 amino acid residue.  It is 

worth pointing out that HEK-t cells transiently transfected with GABAA receptor rat FLAG-α1, 

β2, and γ2 subunits were used for this investigation since commercially available anti-α subunit 

antibody did not show a strong binding to be able to detect the α1 subunit in 4D4 cells (Figure 

6).   

Determining optimal duration and concentration of MAPK pathway activator 

Pharmacological inhibition of the ERK/MAPK pathway by U0126 resulted in the 

enhancement of GABA-gated currents in α1β2γ2-expressing HEK-t cells (Bell-Horner et al., 

2006).  This suggested that activity of the ERK/MAPK pathway at basal level was involved in its 

inhibition of the GABAA receptor function. Also BDNF, a growth factor that activates the 

ERK/MAPK pathway (Obara et al., 2007), attenuates GABA-gated currents in granule cells 
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(Cheng and Yeh, 2003).  However, in view of data that suggests that the Akt/PI3K pathway 

works in opposition to the ERK/MAPK pathway, we sought to identify an factor that would 

activate the ERK/MAPK pathway without eliciting an increase in the activity of the Akt/PI3K 

pathway. To this end, we identified HGF as a suitable candidate. HGF elicited the 

phosphorylation of ERK1/2 but not of Akt (see details below). This ligand would be used 

extensively throughout my experiments to evaluate the role of the ERK/MAPK pathway on 

GABA-gated currents.   

4D4 cells were treated with HGF, and the ERK/MAPK pathway was activated through 

the endogenous HGF receptor, Met. Met is a receptor tyrosine kinase (Higuchi et al., 2004) and 

elicits phosphorylation of ERK1/2 through activation of the ERK/MAPK pathway cascade.  

Depending on the cell model, HGF has also been reported to activate other pathways.  They 

include the Akt/PI3K pathway (Kakazu et al., 2004), p38 MAPK (Ogihara et al., 2003), and 

phospholipase C (Okano et al., 1993).  In order to determine if the phosphorylation status of the 

two main MAPK pathway effector kinases, ERK1/2, was regulated by HGF, we treated 4D4 

cells with HGF and assessed ERK phosphorylation using Western blot analysis.  We also used 

this method to decide the duration and concentration of the treatment for the subsequent 

electrophysiology experiments.  Initial concentration of HGF tested was based on the literature 

(Duan et al., 2004).  Time course analysis confirmed that 50 ng/mL HGF elicited the 

phosphorylation of ERK1/2 where maximal phosphorylation of ERK1/2 was noted following 5 

minutes of treatment (Figure 7).  The phosphorylation level finally declined to nearly basal levels 

after 2 hours.   

The phosphorylation status of Akt was also evaluated since the Akt/PI3K pathway was 

involved in potentiation of the GABA-gated current by increasing the receptor density of the 
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GABAA receptor (Wang et al., 2003). The results showed that the treatment on 4D4 cells with 

HGF appeared to have no effect on the PI3K pathway effector, Akt (Figure 7).  Therefore, HGF 

was deemed an appropriate ligand for our experiments since HGF treatment led to the activation 

of the ERK/MAPK pathway without seeing the effect of the Akt/MAPK pathway activation in 

our experimental model.   

In order to determine the optimal concentration of HGF for the activation of the 

ERK/MAPK pathway, the 4D4 cells were treated with different concentration of HGF, ranging 

from 10 pg/mL to 10 ng/mL (Figure 8).  The duration of the treatment was 5 min.  The results 

showed that 10 ng/mL of HGF induced robust phosphorylation of ERK1/2.   

p-Thr-Pro site of the α1 subunit 

Transient expression of the rat GABAA receptor FLAG-α1β2γ2 subunit in HEK-t cells 

was confirmed through immunoprecipitation (Figure 9).  The transiently transfected HEK-t cells 

were treated with 10 ng/mL HGF for the activation of the ERK/MAPK pathway for 5, 15, or 30 

minutes, and the phosphorylation status of the α1 subunit Thr 375 residue was evaluated after 

immunoprecipitation with FLAG-tag that was put on the α1 subunit. The Western blot analysis 

showed that there was no phosphorylated Thr-Pro residue within α1 subunit in untreated control 

(Figure 10 A).  The HGF-induced activation of the ERK/MAPK pathway also did not affect the 

p-Thr-Pro level of the α1 subunit. The increased use of the primary antibody from 1:2,000 to 

1:500 showed the same results (Figure 10 B).  The same experiment was repeated using 

increased amount of total protein (from 1 mg to 5 mg) for the immunoprecipitation (Figure 10 

C).  Although the result showed a band close to the 50 kDa area, it was higher than the predicted 

size, which suggested that it was not the α1 subunit.    
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After GABA binds to the GABAA receptor, the receptor changes its confirmation so that 

chloride ion influx occurs. The potentiation effect that resulted from the U0126 on GABA-gated 

current occurred while GABA was applied to the receptor.  Therefore, we tested the hypothesis 

that the direct phosphorylation of the GABAA receptor by ERK1/2 required a prior 

conformational change resulting from the binding of GABA to its receptor.  GABA was 

therefore co-applied with HGF for 15 minutes and the Thr 375 residue within α1 subunit was 

evaluated with the same method.  The results showed that any conformational change resulting 

from the application of GABA did not affect the phosphorylation status of the GABAA receptor 

(Figure 10 D).  More commonly used anti p-Thr antibody was used to probe any p-Thr within the 

α1 subunit (Figure 10 E); however, it too did not reveal any signs of phosphorylation of the 

FLAG-immunoprecipitated α1 subunit.   

Phosphorylation status is a balance between kinase and phosphatase activities.  As such, 

we also addressed the possibility that the phosphorylation state of the alpha subunit was very 

labile, and tested the hypothesis that inhibition of phosphatase activity would allow us to 

visualize phosphorylation of the alpha subunit more readily. Two different kinds of phosphatase 

inhibitors were used in attempt to slow down the overall dephosphorylation process by the 

phosphatases and shift the balance more towards the kinase activity so that the phosphorylated 

sites would be preserved.  First the HEK-t cells transiently expressing GABAA receptor FLAG-

α1β2γ2 subunits were pre-treated with commonly used phosphatase inhibitor, okadaic acid for 

20 minutes and the ERK/MAPK pathway was activated with the HGF for 15 minutes. The 

concentration of the okadaic acid (100 nM) was determined based on the previous reports using 

HEK-t cells (Zhang et al., 2009).  The p-Thr-Pro level was analyzed with Western blot after 

immunoprecipitation with anti FLAG antibody (Figure 11 A).  The blot did not show any p-Thr-



 32 

Pro band around 50 kDa. Increasing the starting total protein for the immunoprecipitaion from 2 

mg to 5 mg did not show any sign of p-The-Pro band around 50 kDa area, either (Figure 11 B).   

Control experiments to assess the inhibitory effects of okadaic acid on phosphatase were 

assessed through Western blot to ensure it was inhibiting the phosphatase (Figure 11 C).  100 nM 

okadaic acid effectively increased the HGF-induced phosphorylation of the ERK1/2.  Okadaic 

acid is known to inhibit phosphatase PP2A over PP1.  In order to inhibit both PP1 and PP2A, 

calyculin A was used. The same experiment was repeated replacing okadaic acid with calyculin 

A.  The inhibitory activity of calyculin A on phosphatase was evaluated by Western blot (Figure 

12 A).  The p-Thr bands in calculi treated cells intensified, which proved the phosphatase-kinase 

balance shifted towards kinase. Calyculin A was used to inhibit the phosphatases in transiently 

transfected HEK-t cells, and the procedure was repeated to see if pretreatment with the dual 

PP2A/PP1 phosphatase inhibitor would allow the visualization of the phosphorylation status of 

the GABAA receptor α1 subunit at Thr-Pro residue (Figure 12 B).  The results showed that there 

was no increase in p-Thr-Pro within α1 subunit.  In attempt to capture any p-Thr site within the 

α1 subunit, anti p-Thr-Pro antibody was replaced with the less residue-specific anti p-Thr 

antibody (Figure 12 C). This too revealed no consequence of HGF on the phosphorylation status 

of the alpha1 subunit of the GABAA receptor. Therefore, it is now concluded that the activation 

of the ERK/MAPK pathway by HGF does not result in the phosphorylation of the α1 subunit at 

Thr 375.   

Association of the GABAA receptor with the ERK1/2   

Although the Thr 375 may not be the direct target for the ERK/MAPK pathway, it might 

still be an important site for the GABAA receptor and ERK1/2 protein-protein association. Using 

immunoprecipitation technique and Western blot analysis, the physical association of the 
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GABAA receptor and the ERK1/2 was evaluated.  After immunoprecipitation with FLAG-tag, 

the blot was probed for p-ERK1/2 (Figure 13 A) and ERK1/2 (Figure 13 B).  p-ERK1/2 blot 

showed no bands; therefore, GABAA receptor did not have any protein-protein association with 

phosphorylated ERK1/2.  On the other hand, ERK1/2 blot showed that the FLAG-tag 

immunoprecipitated proteins including α1 subunit appeared to show the physical association 

with non-phosphorylated form of ERK1/2.  Therefore, it suggested that there was some 

association between GABAA receptor and ERK2.  However, the mock transfected HEK-t cell 

sample also showed the ERK2 band (Figure 13 C).  We preliminarily ruled out the possibility 

that the anti-Flag antibody was recognizing a sequence within ERK1/2 since neither ERK1 nor 

ERK2 contained an amino acid sequence resembling the FLAG-tag; therefore, it is possible that 

some other FLAG-domain containing protein happened to be associated with ERK2.  To 

summarize, there was no physical association between GABAA receptor and phosphorylated or 

non-phosphorylated form of ERK1/2.   

The effects of the MAPK pathway activation on GABA-gated currents   

Effect of the HGF-induced MAPK pathway activation on GABA-gated currents 

Using the perforated cell patch technique, 10 ng/mL of HGF was bath-applied to the 4D4 

cells for at least 10 minutes and EC30 of GABA (5 µM) was applied for 5 seconds.  EC30 was 

chosen in order to avoid desensitization of the receptor.  The current amplitudes were recorded, 

and the relative mean peak current amplitude of the GABA-gated current during the HGF 

treatment was compared to the control to assess the effect of the MAPK pathway activation on 

the GABA-gated current.  Final concentration of 5 µg/mL gramicidin was used for the 

perforation.  After 2 stable control currents were established in physiological normal saline (N-

saline) bath, and 10 ng/mL HGF was bath-applied for 10 minutes.  It was switched back to N-
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saline for the washout after the treatment.  GABA-gated currents were recorded with 5 minutes 

intervals during the establishment of the stable control currents, 2 minutes intervals during the 

HGF treatment, then 5 minutes intervals during washout. The results showed that although the 10 

ng/mL HGF treatment showed inhibitory effects on relative mean GABA-gated current in some 

4D4 cells, it was not consistent and was not statistically significant (Figure 14).  The same 

experiment was repeated using conventional whole patch technique (Figure 15).  The data 

showed that the HGF activation of the ERK/MAPK pathway did not show any effect on the 

GABA-gated current in this configuration.                  

Physiological saline does not influence the phosphorylation status of kinases 

Electrophysiology is often conducted in normal (N)-saline solution instead of the media 

that the cells are gown in.  To make sure that N-saline did not affect the outcome of the 

electrophysiology and HGF effectively induced phosphorylation of ERK1/2 in N-saline, Western 

blot analysis was conducted in cells incubated with N-saline instead of media (Figure 16).  The 

media was replaced with filter-sterilized N-saline 30 minutes before the beginning of 10 ng/mL 

HGF treatment at various durations.  The Western blot analysis confirmed that the N-saline did 

not affect the ability of the HGF to induce the activation of the ERK/MAPK pathway in 4D4 

cells.  It also had no effect on the basal phosphorylation level of the ERK1/2.  N-saline did not 

affect the Akt/PI3K pathway, either.   

Since U0126, at the concentration used in the previous study (10 µM), is known to not 

only inhibit the ERK1/2 phosphorylation, but also ERK5 phosphorylation (Mody et al., 2001), 

we decided to measure the phosphorylation status of ERK5 as well (Figure 16). The molecular 

weight of ERK5 is about 100 kDa.  Although the intensity of the ERK5 molecular weight area 

showed small increase in its intensity in response to HGF, it was substantially less than the 
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robust phosphorylation of the ERK1/2 at time points studied (5, 15, and 30 min).  N-saline did 

not affect the basal level of p-ERK5.  Therefore, the focus was put of ERK1/2 in this 

investigation using HGF as the ERK/MAPK pathway activator.   

The influence of temperature on the phosphorylation status of ERK1/2 

Temperature often affects the trafficking process of the receptors in various cell types, 

and lower temperatures often slow down or halt the process (Herring et al., 2005; Veyrat-

Durebex et al., 2005; Machu et al., 2006).  Both perforated and conventional whole cell patch 

electrophysiological recordings of GABA-gated current for the assessment of the ERK/MAPK 

pathway using HGF were conducted at room temperature.  Therefore, HGF-induced activation of 

the ERK/MAPK pathway at room temperature was evaluated using Western blot analysis to 

ensure that the HGF effectively activated the ERK/MAPK pathway at room temperature during 

the electrophysiological recordings (Figure 17).  The media of the 4D4 cells were replaced with 

room temperature N-saline 1 hour before the HGF treatment to mimic the time required to 

establish the perforation process.  The cells were kept at room temperature.  The final 

concentration of 10 ng/mL HGF was added to the N-saline and incubated at room temperature.  

The time course results showed that the HGF-induced activation of the MAPK pathway was 

slower compared to when the 4D4 cells were treated at 37°C.  At 5 minutes of HGF treatment at 

room temperature, the phosphorylation of the ERK1/2 was higher than the basal level.  However, 

the robust phosphorylation was observed at 15 minutes of the treatment.  Based on these data, we 

inferred that the duration of the HGF application that was used in the electrophysiological 

recordings (10 minutes) was most likely sufficient for the HGF to activate the ERK/MAPK 

pathway.  
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The effects of the ERK/MAPK pathways on the trafficking of GABAA receptors  

Insulin-induced activation of PI-3K/Akt pathway results in increased GABA-gated 

currents through rapid translocation of GABAA receptors from intracellular compartments to the 

plasma membrane (Wan et al., 1997; Wang et al., 2003; Vetiska et al., 2007).  Meanwhile 

BDNF, a growth factor that activates both the Akt/PI3K and the ERK/MAPK pathways (Zhu et 

al., 2002; Obara et al., 2007), leads to the internalization of the GABAA receptor thus results in 

inhibition of the GABA-gated currents in granule cells (Cheng and Yeh, 2003). However, 

nothing is known about how the ERK/MAPK pathway influences GABAA receptor trafficking.  

The previous electrophysiological study using the ERK/MAPK pathway inhibitor, U0126, 

suggested that the ERK/MAPK pathway was involved in the inhibitory regulation of GABA-

gated currents (Bell-Horner et al., 2006). Therefore, we hypothesized that the potentiation of the 

GABA-gated currents that was observed through the use of U0126 may be due to the greater 

insertion of the GABAA receptor into the plasma membrane or inhibition of GABAA receptor 

internalization.  Flow cytometric analysis was used to determine if the potentiation effect of 

U0126 was due to the increase of the GABAA receptor density at the cell surface.   

First, the 4D4 cells that were stably expressing GABAA receptor α1β2γ2 subunits were 

probed with anti GABAA receptor β subunit antibody under non-permeabilized conditions, and 

relative mean fluorescent intensity was compared to non-transfected HEK-t cells (Figure 18).  

The results showed that the non-transfected HEK-t cells showed no significant difference from 

4D4 cells.  In addition, the secondary antibody itself showed the similar intensity to the 4D4 cells 

that was probed with primary and secondary antibodies. Therefore, non-specific binding was too 

high so that the detection of the GABAA receptor was not possible.   Therefore, HEK-t cells were 

transfected with FLAG-tagged α1 along with β2 and γ2 subunits to avoid the use of the 
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secondary antibody.  The FLAG-tag is an eight amino acid residue located the N-terminal of the 

extracellular domain. Using this HEK-t cells transiently expressing GABAA receptor FLAG-

α1β2γ2 subunits, the ERK/MAPK pathway was inhibited with 10 µM U0126 for 15 or 30 

minutes at 37°C and the surface expression of GABAA receptor level was detected using anti 

FLAG-FITC antibody using flow cytometer. The results were compared to vehicle treated 

control (Figure 19 and 20).  Either 15 or 30 minutes of U0126 treatment did not show any 

statistically significant change in relative mean fluorescent intensity, which indicated that the 

receptor density at the surface of the HEK-t cells did not change after U0126 treatment.  The 

vehicle treatment itself did not show any statistically significant difference compared to no 

treatment control either.   

The HGF activation of the ERK/MAPK pathway did not show any significant effect on 

GABA-gated current in electrophysiological recordings (Figure 14 & 15).  To confirm the 

activation of the ERK/MAPK pathway does not affect the trafficking of the receptor in this cell 

type, the flow cytometric experiment was repeated with the activation of the pathway with HGF.  

The HEK-t cells transiently expressing GABAA receptor FLAG-α1β2γ2 subunits were treated 

with 10 ng/mL HGF at 37°C, and the change in GABAA receptor density was monitored using 

anti-FLAG antibody though the flow cytometer (Figure 21).  The HGF treatment groups were 

compared to no treatment control.  The data showed that HGF induced activation of ERK/MAPK 

pathway had no significant effect on the GABAA receptor cell surface density.   

Activation of PKC is known to inhibit the GABA-gated current (Machu et al., 2006) by 

internalizing the GABAA receptor (Herring et al., 2005).  In order to confirm the reliability of the 

flow cytometry method in this study and validate the findings so far, the activator of PKC, PMA 

was used to confirm the decrease in GABAA receptor density by internalization.  Transiently 
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transfected HEK-t cells were treated with final concentration of 25 and 100 nM PMA. Those 

concentrations were based on the previous studies on the neuronal cells and HEK-t cells (Herring 

et al., 2005; Machu et al., 2006). The results showed that 15 minutes treatment with either 25 or 

100 nM PMA did not affect the cell surface expression while 30 minutes incubation with100 nM 

PMA showed statistically significant decrease in surface expression of the receptor (Figure 22 

and 23).  Therefore, the flow cytometric evaluation of the GABAA receptor density on the cell 

surface was valid, and this confirmed the activation of the ERK/MAPK pathway by HGF did not 

have any effect on the trafficking of the GABAA receptor in HEK-t cells.  

Summary 

To summarize the findings of this study, the activation of the ERK/MAPK pathway using 

HGF in HEK-t cells did not influence the GABA-gated current.  The potentiation effect that was 

seen through the application of the ERK/MAPK pathway inhibitor, U0126, was not due to the 

increase in receptor density at the cell surface.  Rather it might be the change in the regulation of 

GABAA receptor gating.  Also the activation of the ERK/MAPK pathway using HGF did not 

change the density of the GABAA receptor.  The Thr 375 that is located within α1 subunit was 

not the direct target of the ERK1/2 or ERK5.  And finally there was no association between 

GABAA receptor α1 subunit and ERK1/2. 
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Figure 1. MEK inhibition enhances GABA-gated currents in α1β2γ2 GABAA receptors 

when the intracellular environment is maintained (Adopted from Bell-Horner et al. 2006) 

(A) MEK1/2 inhibition by 10 µM U0126 led to an enhancement of the GABA-gated current.  

(B) Relative mean current ampltudes were compared between the groups (p = 0.01, n = 6). 
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Figure 1. MEK inhibition enhances GABA-gated currents in α1β2γ2 GABAA receptors 

when the intracellular environment is maintained (Adopted from Bell-Horner et al. 2006) 

(A) 

 

(B)  
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Figure 2. U0124 showed no effect on GABA-gated currents (Adopted from Bell-Horner et 

al. 2006) 

Inactive analog of U0126, U0124, failed to alter GABA-gated currents. 
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Figure 3. U0126 effect disappears when conventional whole cell patch is used (Adopted 

from Bell-Horner et al. 2006) 

 (A) U0126 failed to show the potentiation effect on GABA-gated current when conventional 

whole cell patch was used. 

 

(B) The ability of U0126 to enhance GABAA receptor function is dependent on an intact 

intracellular environment (n = 4). 
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Figure 4. U0126 inhibits basal ERK phosphorylation in α1β2γ2-transfected HEK-t cells 

(Adopted from Bell-Horner et al. 2006) 

The MEK inhibitory effect of U0126 (10 µM, 10 minutes) was confirmed through Western blot 

analysis.  

 

 



 45 

Figure 5. Mutation of the putative ERK phosphorylation site within the α1 subunit 

abolishes the U0126-induced enhancement of GABA-gated currents (Adopted from Bell-

Horner et al. 2006) 

 

(A) Thr 375 was mutated to alanine.  The mutation abolished the ability of U0126 to 

potentiate GABA-gated currents.  In addition, it showed completely opposite effect 

(inhibition). 

 

(B) Relative mean current amplitudes were compared between the groups.  It showed that the 

relative mean current amplitude was significantly less when compared to the control (p = 

0.05, n = 4). 
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Figure 5. Mutation of the putative ERK phosphorylation site within the α1 subunit 

abolishes the U0126-induced enhancement of GABA-gated currents (Adopted from Bell-

Horner et al. 2006) 

(A) 

 

(B)  
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Figure 6.  Commercially available anti-α1 subunit antibody is not effective 

Indicated amount of total 4D4 cell lysate was analyzed with Western blot and probed with 

commercially available anti α subunit antibody.  Despite the high amount of protein used for the 

analysis, the antibody showed weak binding, and the binding was non-specific. 
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Figure 7. HGF activates the ERK/MAPK pathway in time dependent manner while it does 

not affect the Akt/PI3K pathway in 4D4 cells 

HEK-t cells stably expressing rat GABAA receptor α1β2γ2 subunits (4D4 cells) were treated 50 

ng/mL of hepatocyte growth factor (HGF) at 37°C and phosphorylation level of Akt and ERK1 

and ERK2 were evaluated through Western blot analysis.  The maximal phosphorylation of 

ERK1 (44 kDa) and ERK 2 (42 kDa) was observed at 5 min and decreased thereafter.  The 

phosphorylation level of these kinases finally went down close to its basal level after 2 hours of 

its treatment.  Due to the phosphorylation, there was upward phosphorylation super shift in the 

molecular weight especially in ERK2.  Therefore, actin was used as a control for the equal 

loading of the each well.  Neuro growth factor (NGF) treated PC12 cell lysate was used for the 

positive control of p-ERK1/2.  Phosphorylation status of Akt was also assessed to see if HGF 

would also activate the Akt/PI3K pathway.  The phosphorylation of the Akt in 4D4 cells did not 

get any influence from HGF treatment.  
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Figure 7. HGF activates the ERK/MAPK pathway in time dependent manner while it does 

not affect the Akt/PI3K pathway in 4D4 cells 
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Figure 8. HGF induced activation of the ERK/MAPK pathway is concentration dependent 

in 4D4 cells  

4D4 cells were treated with various concentrations of HGF for 5 minutes at 37°C.  Western blot 

analysis showed that the HGF induced the activation of the ERK1/2 in concentration dependent 

manner while it did not affect the phosphorylation level of Akt. 
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Figure 9.  FLAG-tagged α1 with β2 and γ2 subunit of the GABAA receptor was transiently 

expressed in HEK-t cells 

GABAA receptor FLAG-α1β2γ2 subunit was transiently expressed in HEK-t cells.  To confirm 

the expression of receptors, α1 subunit was immunoprecipitated with anti-FLAG antibody and 

probed with anti FLAG antibody in Western blot analysis.  The FLAG-tagged α1 subunit was 

expressed in this cell line, and its molecular weight was right around at 50 kDa (α1 subunit: 51 

kDa).  In addition the anti FLAG antibody was found to be highly specific. 
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Figure 9.  FLAG-tagged α1 with β2 and γ2 subunit of the GABAA receptor was transiently 

expressed in HEK-t cells 
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Figure 10.  Activation of the ERK/MAPK pathway does not result in phosphorylation of 

Thr 375 residue of GABAA receptor α1 subunit 

HEK-t cells were transfected with GABAA receptor FLAG-α1β2γ2 subunit, and the 

ERK/MAPK pathway was activated with 10 ng/mL HGF for various period of time at 37°C.  

FLAG-tagged α1 subunit was immunoprecipitated and Western blot analysis was conducted 

with anti-p-Thr-Pro antibody.   

(A) 1 mg total protein was used to for the immunoprecipitation.  p-Thr-Pro was not detected 

at 51 kDa where  α1 subunit would migrate.   

(B) The use of anti p-The-Pro antibody was increased from 1:2,000 to 1:500.  There was no 

possible FLAG-α1 subunit band detected. 

(C) The starting total protein for the immunoprecipitation was increased from 1 mg to 5 mg.  

Although there was a detectable band around 50 kDa, it was slightly higher than where 

FLAG-α1 subunit should be seen. 

(D) 50 µM GABA was co-applied with HGF for the conformational change of the GABAA 

receptor can take place.  2 mg total protein was used for the immunoprecipitation. 

However, there was no p-The-Pro band around 50 kDa was detected. 

(E) Anti p-Thr antibody was used to see if any phosphorylated Thr residue is detected. 

However, no bands were detected. 
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Figure 10.  Activation of the ERK/MAPK pathway does not result in phosphorylation of 

Thr 375 residue of GABAA receptor α1 subunit.   

(A)  

    
(B) 

 
(C) 
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Figure 10.  Activation of the ERK/MAPK pathway does not result in phosphorylation of 

Thr 375 residue of GABAA receptor α1 subunit.   

 (D) 

 
(E) 
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Figure 11. Okadaic acid pre-treatment did not affect the phosphorylation status of Thr375 

residue within FLAG-tagged α1 subunit 

Transfected HEK-t cells were pre-treated with 100 nM okadaic acid for 20 minutes in attempt to 

slow down the phosphatase activity and preserve the phosphorylated sites. However, it did not 

have any effect on the phosphorylation status of the Thr 375 in FLAG-tagged α1 subunit. 

(A) 2 mg total protein was used for the immunoprecipitation. No bands were observed 

around 50 kDa area  

(B) The amount of protein used for the immunoprecipitation was increased to 5 mg. The 

Western blot analysis showed the same results. 

(C) To ensure the inhibitory effect of okadaic acid on phosphatase activity at the 

concentration of 100 nM, phosphorylation status of the ERK1 and ERK2 were   

evaluated through Western blot.  It showed that the intensified p-ERK1/2 band due 

to the okadaic acid pre-treatment. 
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Figure 11. Okadaic acid pre-treatment did not affect the phosphorylation status of Thr 375 

residue within FLAG-tagged α1 subunit 

 (A) 

 
(B) 

 
(C) 
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Figure 12. Inhibition of phosphatases by Calyculin A does not affect the phosphorylation 

status of the Thr 375 of FLAG-α1 subunit 

HEK- cells transiently expressing GABAA receptor FLAG-α1β2γ2 subunits were treated with a 

phosphatase inhibitor, calyculin A.  GABA was also co-applied to see if the conformational 

change is required for the direct phosphorylation of Thr 375 by ERK1/2.   FLAG-tagged α1 

subunit was immunoprecipitated and analyzed with Western blot. The results showed that the 

Thr 375 did not get any phosphorylation effect at the p-Thr-Pro site.  Calyculin A was validated 

through Western blot analysis of the transfected HEK-t cells. 

(A) In order to validate the use of calyculin A, transiently transfected HEK-t cells were treated 

with calyculin A without any other treatment.  Western blot analysis showed that calyculin A 

increased the phosphorylated Thr level throughout the blot.  

 (B) Calyculin A did not affect the phosphorylation status of the Thr 375.  Anti p-Thr-Pro 

antibody was used to detect the Thr 375 got phosphorylated.   

(C) Same blot was probed with more generic anti p-Thr antibody.  Despite the inhibition of the 

phosphatases, the phosphorylation status of the α1 subunit did not change around 50 kDa. 
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Figure 12. Inhibition of phosphatases by Calyculin A does not affect the phosphorylation 

status of the Thr 375 of FLAG-α1 subunit 

 (A) 
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Figure 12. Inhibition of phosphatases by Calyculin A does not affect the phosphorylation 

status of the Thr 375 of FLAG-α1 subunit 

 
 
 
 
(B) 

  
 
(C) 
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Figure 13. GABAA receptor does not associate with ERK1/2 

The immunoprecipitated GABAA receptor α1 subunit was analyzed with Western blot to 

determine if there is any protein-protein association. The blot showed that immunoprecipitation 

using FLAG-tag on the α1 subunit also precipitated ERK2 while phosphorylated ERK1 nor 

ERK2 were detected; however, when the HEK-t cells were mock transfected, it also showed the 

precipitation of ERK2 using anti FLAG-tag antibody.  Therefore, although ERK2 does not have 

the FLAG-tag sequence (DYKDDDDK), there must be a site the native conformation of the 

ERK2 show some similarity to the FLAG-tag.   

(A) After immunoprecipitation with anti FLAG antibody, the Western blot was probed with anti 

p-ERK1/2 antibody.  The results showed there was no association between GABAA receptor α1 

subunit. 

(B) The same blot was probed with total ERK1 and total ERK2 antibodies.  It showed some 

association between the non-phosphorylated ERK2 and the GABAA receptor FLAG-α1 subunit. 

(C) Mock transfected HEK-t cells showed that immunoprecipitation with FLAG-tag precipitated 

the ERK2.   
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Figure 13. GABAA receptor does not associate with ERK1/2. 

(A) Immunoprecipitated with FLAG-tag and probed with anti p-ERK1/2 

 
(B) Immunoprecipitated with FLAG-tag and probed with anti total ERK1 and ERK2 

 
(C) ERK2 was detected in mock transfected HEK-t cell; therefore, the results in Figure 13 B 

appeared to be false positive  
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Figure 14. The ERK/MAPK activation by HGF does not affect the GABA-gated current in 

perforated patch recording  

Electrophysiological recording was conducted on 4D4 cells at room temperature.  10 ng/mL of 

HGF was bath applied on 4D4 cells for 10 minutes.  5 µM (EC30) was applied for 5 seconds, and 

the mean peak amplitude was normalized and compared to the control current that was 

established before the application of HGF.  Perforation was established with final concentration 

of 5 µg/mL gramicidin that was added to the pipette solution. This summary graph showed that 

the ERK/MAPK pathway activation by 10 ng/mL HGF application did not affect the GABA-

gated current at room temperature (P > 0.05).  Washout did not recover to the control level, and 

the amplitude was inconsistent.  The graph was created and statistically analyzed using Prism 4.0 

(n = 6). 
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Figure 14. The ERK/MAPK activation by HGF does not affect the GABA-gated current in 

perforated patch recording  
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Figure 15. The ERK/MAPK activation by HGF does not affect the GABA-gated current in 

conventional whole cell patch recording  

The electrophysiological recording was repeated with more conventional whole cell patch on 

4D4 cells.  Activation of the ERK/MAPK pathway by 10 ng/mL HGF did not affect the GABA-

gated current (P > 0.05, n = 3).   
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Figure 16. N-saline does not affect the HGF-induced activation of the ERK/MAPK 

pathway 

The 4D4 media was replaced with 37°C N-saline 30 minutes before the activation of the 

ERK/MAPK pathway with 10 ng/mL HGF in 4D4 cells.  Western blot analysis showed that the 

N-saline did not affect the phosphorylation level of ERK1/2, ERK5, or Akt.  It did not affect the 

basal level of their phosphorylation, either.  Actin was used as a control for the equal loading of 

the each well. 
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Figure 16. N-saline does not affect the HGF-induced activation of the ERK/MAPK 

pathway 
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Figure 17. The activation of the ERK/MAPK pathway by HGF in 4D4 cells slows down at 

room temperature 

The ERK/MAPK pathway was activated by 10 ng/mL HGF in HEK-t cells at room temperature.  

Western blot analysis showed that the 5 minutes incubation of the HEK-t cells with 10 ng/mL 

HGF was not enough to see robust phosphorylation of the ERK1 and ERK2 while it was when 

incubated at 37°C.  Although those kinases showed higher intensity of the HGF-induced 

phosphorylation compared to the control at room temperature, their intensity level appeared less 

than when compared to the 37°C incubation (Figure 16).  
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Figure 18. Commercially available monoclonal anti GABAA receptor β  subunit antibody 

showed high non-specific binding 

Monoclonal anti GABAA receptor β subunit antibody was used as a primary antibody to detect 

the cell surface density of the GABAA receptor.  Using flow cytometric technique 4D4 cells were 

probed with this antibody, and the mean fluorescent intensity of non-transfected HEK-t cells 

were normalized and compared to the 4D4 cells.  Although the HEK-t cells were not transfected, 

the surface receptor density of those cell lines showed no significant difference.  In addition, the 

secondary antibody that is conjugated to FITC showed high non-specific binding.  Therefore, it 

was necessary to avoid the use of the secondary antibody.    

 4D4+12: 4D4 cells + anti FLAG primary antibody + secondary antibody 

 4D4+2: 4D4 cells + secondary antibody only 

 HEKt+12: HEK-t cells with anti FLAG primary antibody + secondary antibody 

 HEKt+2: HEK-t cells + secondary antibody only 
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Figure 18. Commercially available monoclonal anti GABAA receptor β  subunit antibody 

showed high non-specific binding 
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Figure 19.  The inhibition of the ERK/MAPK pathway with U0126 for 15 minutes did not 

change the surface expression of the GABAA receptor  

U0126-induced inhibition of the ERK/MAPK pathway showed potentiation of the GABA-gated 

current in 4D4 cells in the previous study (Bell-Horner et al., 2006).  The flow cytometric 

analysis at non-permeabilized condition using HEK-t cells transiently expressing GABAA 

receptor FLAG-α1β2γ2 subunit showed that 15 minutes 10 µM U0126 treatment at 37°C did not 

affect the trafficking of the receptor (P > 0.05, n = 3).  Although 10 µM U0126 appeared to 

increase the surface expression of the GABAA receptor, it was statistically insignificant.  Vehicle 

itself (DMSO) did not have any statistically significant effect.   

 Mock: mock transfected HEK-t cells + anti FLAG-FITC antibody 

 No Tx: transfected HEK-t cells + anti FLAG-FITC antibody 

 V15: transfected HEK-t cells treated with DMSO for 15 minutes + anti FLAG- 

         FITC antibody 

 U15: transfected HEK-t cells treated with 10 µM U0126 for 15 minutes + anti  

         FLAG-FITC antibody 
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Figure 19.  The inhibition of the ERK/MAPK pathway with U0126 for 15 minutes did not 

change the surface expression of the GABAA receptor  

 

 

 

 



 73 

Figure 20.  The 30 minutes inhibition of the ERK/MAPK pathway with U0126 did not 

change the surface expression of the GABAA receptor 

U0126-induced inhibition of the ERK/MAPK pathway was extended to 30 minutes.  The surface 

expression of the GABAA receptor did not have any statistically significant difference compared 

to 30 minutes vehicle control (P > 0.05, n = 3). 
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Figure 21.  Activation of the ERK/MAPK pathway by HGF does not affect the trafficking 

of the GABAA receptor 

The ERK/MAPK pathway was activated with 10 ng/mL HGF for 5, 15, or 30 minutes in 

transiently expressing GABAA receptor FLAG-α1β2γ2 subunit.  Flow cytometric analysis 

showed that the activation of the ERK/MAPK pathway did not affect the cell surface expression 

of the receptor (P > 0.5, n = 4).  Also it showed that the anti FLAG-FITC antibody used was 

highly specific (P < 0.01).  

(-): untransfected HEK-t cells only 

Ab: untransfected HEK-t cells with anti FLAG-FITC antibody 

mock: HEK-t cells were mock transfected and anti FLAG-FITC was added 

no Tx: transfected HEK-t cells with anti FLAG-FITC, used as a control 

HGF5, 15, 30: transfected HEK-t cells treated with 10 ng/mL HGF for indicated  

                        duration (minutes) 
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Figure 21.  Activation of the ERK/MAPK pathway by HGF does not affect the trafficking 

of the GABAA receptor 
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Figure 22.  Activation of the PKC showed no effect on the cell surface expression of the 

GABAA receptor at 15 minutes 

 PKC was activated with 25 and 100 nM PMA in HEK-t cells transiently expressing GABAA 

receptor FLAG-α1β2γ2 subunits and incubated for 15 minutes at 37°C.  The flow cytometric 

analysis using anti-FLAG-FITC antibody showed that there was no statistically significant effect 

on the cell surface expression of the GABAA receptor (P > 0.05, n = 4). 

 Mock: mock transfected HEK-t cells + anti-FLAG-FITC antibody 

 No Tx: transfected HEK-t cells + anti-FLAG-FITC antibody 

V15: transfected HEK-t cells treated with DMSO for 15 minutes + anti-FLAG- 

         FITC antibody 

25PMA15: transfected HEK-t cells treated with 25 µM PMA for 15 minutes +  

         anti-FLAG-FITC antibody 

100PMA15: transfected HEK-t cells treated with 100 µM PMA for 15 minutes +  

         anti-FLAG-FITC antibody 
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Figure 22.  Activation of the PKC showed no effect on the cell surface expression of the 

GABAA receptor at 15 minutes 
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Figure 23.  Activation of the PKC showed internalization of the GABAA receptor at 30 

minutes 

 PKC was activated with 25 and 100 nM PMA for 30 minutes at 37°C.  It showed that 100 nM 

PMA effectively internalized the GABAA receptor as reported using a confocal microscope 

(Herring et al., 2005).  These results served as a positive control to other flow cytometric 

analysis used in this study.  This technique was reliable, and the data were valid. (P < 0.05, n = 

4). 
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CHAPTER 5 
 
 

DISCUSSION AND FUTURE DIRECTIONS 
 
 

Summary 

The relationship between the ERK/MAPK pathway and GABAA receptor function, 

trafficking, and biochemical modulation in HEK-t cells was investigated in this dissertation 

(Supplemental figure 1). The results showed that while the ERK/MAPK pathway inhibition by 

U0126 potentiated the GABA-gated peak amplitude of the current (Bell-Horner et al., 2006), 

activation of this pathway by HGF, which activated the ERK/MAPK pathway but not the 

Akt/PI3K pathway, did not have any effect on the amplitude. In addition, neither inhibition of the 

ERK/MAPK pathway with U0126 nor the activation of this pathway with HGF changed the 

GABAA receptor cell surface density in this cell model.  Therefore, it appeared that the 

ERK/MAPK pathway inhibition-induced potentiation of the GABA-gated current observed was 

due to the regulation of gating of the receptor instead of influencing receptor trafficking.  

Interestingly, mutating the presumptive target of the ERK/MAPK pathway, the Thr 375 residue 

of the GABAA receptor α1 subunit to alanine, abolished the U0126-induced potentiation of 

GABA-gated current (Bell-Horner et al., 2006).  However, this amino acid residue was found not 

to be a direct target of the ERK/MAPK pathway based on a series of biochemical analyses.  

Further, the GABAA receptor α1 subunit did not have protein-protein association with ERK1/2 

under control or ERK/MAPK pathway-activated conditions in this cell model.  
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Issues with the perforated patch technique 

The perforated patch technique was used in the electrophysiological recordings of the 

GABA-gated current in order to preserve the intracellular milieu that contains the various 

signaling components of interest. This method prevents the signaling molecules from dialyzing 

into the recording pipette tip, which would happen when conventional whole cell patch is used.  

The recording protocol used in this study was adapted from prior studies conducted in the Dillon 

laboratory.  After the pipette tip containing gramicidin for the perforation is attached to the 

recording cell, 5 µM of GABA (EC30) is applied to see the progress of the perforation.  When 

two consecutive recordings show a peak current amplitude within 10%, the perforated patch is 

deemed to have reached its maximum opening and is stable. This value is set as the control 

currents.  After these steps, the HGF bath application starts.  Based on this procedure, it is worth 

noting that the starting time for the application of the HGF was not set at any pre-defined time 

point, but rather based on achieving a stable baseline recording.  This brought up an issue of the 

stability of the perforation.  Since the voltage is clamped, the amplitude can fluctuate depending 

on the resistance.  In other words, the perforation could produce two consecutive peak current 

amplitudes that were stable, but potentially, the perforation could continue later. If so, perceived 

increases in current amplitude following drug treatment at later time points could, potentially, 

occur by chance.  To investigate this issue, gramicidin-perforation control experiments were 

conducted, in which three different concentrations of gramicidin were used to assess the duration 

and stability of the perforation.  GABA was applied using the same 5 minutes interval paradigm 

as used previously and the peak current amplitude was monitored. The results showed that the 

final concentration of 2.5 µg/mL gramicidin caused the patch to continue to perforate after two 
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hours of recording (Supplemental figure 2).  The standard error in this setting was relatively 

small.  When 5.0 µg/mL gramicidin was used, it began to produce stable peak current amplitude 

around one hour into the perforation and reached a plateau (Supplemental figure 3). When the 

data sets that did not follow a pattern to form a stable perforation were eliminated, it produced a 

reasonable stable pattern of perforation, reaching a plateau.  We hoped that increasing the 

concentration of the gramicidin would enable reaching its plateau faster than that observed with 

5.0 µg/mL; however, when 10.0 µg/mL gramicidin was used, the perforation still continued and 

did not show any sign of stabilizing to a plateau (Supplemental figure 4).  Since the use of 2.5 

µg/mL gramicidin showed the smallest standard error (least fluctuation), it was used 

experimentally to see the effect of the ERK/MAPK pathway activation (by HGF) on GABA-

gated currents.  HGF application was initiated 55 minutes following the establishment of 

perforation.  HGF application was prolonged to 20 minutes instead of 10 minutes (Supplemental 

figure 5).  However, as seen in the summary graph, the perforation continued while the HGF was 

applied.  Therefore, 5.0 µg/mL gramicidin may have been the optimal concentration. Therefore, 

perforated patch recording of the GABA-gated current using 5.0 µg/mL gramicidin within this 

recording protocol would be helpful to confirm if the ERK/MAPK pathway has any effect on 

GABA-gated currents.   

Another issue within the electrophysiological experiments was that these experiments 

were conducted at room temperature, instead of at physiological (35 – 37°C) temperature.  

Western blot analysis showed that experiments conducted at room temperature resulted in a 

delayed maximal induction of the ERK/MAPK pathway activation following HGF treatment 

(Figure 17). Therefore, the downstream effect of the ERK/MAPK pathway would require 

potentially more time than the 10 minutes of HGF application used in the electrophysiological 
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recordings at room temperature.  Temperature controlled experiments would be needed in future 

studies to better define the effect of activation of the ERK/MAPK pathway on GABA-gated 

current. 

Temperature issue and endogenous β  subunit expression 

In the investigation of GABAA receptor trafficking using flow cytometric analysis, the 

inhibition of the ERK/MAPK pathway by U0126 showed no effect. This experiment was 

conducted using the same concentration of U0126 as that used in the electrophysiology 

experiments, but at physiological temperature (37°C).  The electrophysiological data in the 

previous study, showing the potentiation of the GABA-gated current, was seen in 10 minutes of 

U0126 application at room temperature.  It is possible that any effect of the ERK/MAPK 

pathway inhibition might have occurred before 15 minutes of its application due to the 

physiological temperature.  

Originally, an anti-β subunit antibody was used to detect the change in cell surface 

receptor density.  It was chosen due to the weak specificity of the commercially available anti α 

subunit antibody. However, the use of this anti β subunit antibody showed high non-specific 

binding when 4D4 and untransfected HEK-t cells were compared.  HEK-t cells expressing 

endogenous β3 subunit may have been the cause of the apparent high non-specific binding 

(Davies et al., 2000) since the antibody does not discriminate β2 from β3 subunit.  Choosing 

other secondary antibody-FITC conjugates could also help resolve the high non-specific binding 

issue of the secondary antibody.   
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Cross-talk between Akt/PI3K, the ERK/MAPK, and PKC pathway in trafficking of the 

GABAA receptor 

The Akt/PI3K pathway has been implicated in the trafficking of the GABAA receptor and 

increases the receptor density at cell surface (Wan et al., 1997; Wang et al., 2003). HGF has been 

shown by others to induce the activation of Akt, albeit in different cell types (Coltella et al., 

2003; Kakazu et al., 2004). However, in our hands, the application of HGF did not change the 

phosphorylation status of the Akt in 4D4 cells (Figure 7).  One possibility is that in the HEK 

cells, the activation of Akt may already be high, and therefore the lack of inducibility of Akt in 

response to HGF might have been attributable to a “ceiling effect”.  This means that the 

expression of the GABAA receptor on cell surface through the Akt/PI3K pathway may be at the 

maximum.  Thus, if we interpret that the “ceiling effect” is due to maximal, or at the very least 

abundant, levels of GABAA receptors at the plasma membrane, then it may be reasonable to not 

see too much additional potentiation of current or surface expression of GABAA receptors. This 

is consistent with the fact that U0126 resulted in a relatively small (10-15%) increase in GABA-

gated currents. Arguably, a strong activator of the ERK/MAPK pathway may yield a more 

readily recordable decrease in GABA-gated currents or surface expression of the GABA 

receptors. The problem in our attempts to use HGF as the activator of the ERK/MAPK pathway 

is that HGF may not be the “cleanest” activator of the ERK/MAPK pathway since other 

pathways, that we did not monitor and that may have influences on GABA-gated currents, may 

have also been activated. 

The MEK1/2 inhibitor, U0126, has some inhibitory effect on PKC, and its EC50 is around 

10 µM, which was the concentration used in this study to inhibit the ERK/MAPK pathway 

(Favata et al., 1998).  Since PKC is reported to be a negative regulatory factor for GABAA 
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receptor function, the anticipated U0126-induced potentiation of GABA-gated currents might 

have missed due to the loss of negative regulatory input from the PKC pathway.   

The ERK/MAPK pathway and the Akt/PI3K pathway have shown to crosstalk in several 

cell lines.  In HEK cells, expression of Akt inhibited the epidermal growth factor-induced B-Raf 

activity, and conversely, inhibition of Akt by LY294002 up-regulated B-Raf activity (Guan et 

al., 2000).  In the human breast cancer cell line, MCF-7, concomitant application of insulin-like 

growth factor (IGF) and Akt inhibitor, LY294002, resulted in increase in p-ERK level (Moelling 

et al., 2002). Constitutively active Akt resulted in inhibition of the ERK phosphorylation (Dai et 

al., 2009). Further, our own data showed that the inhibitor of PI3K pathway, LY294002, 

inhibited GABA-gated currents (Supplemental figure 6). Since the Akt/PI3K pathway may work 

in opposition to the ERK/MAPK pathway, coupled with the likelihood of high basal Akt/PI3K 

activity in the HEK cells, the use of the Akt/PI3K pathway inhibitor (LY294002) combined with 

the activation of the ERK/MAPK pathway may be needed to better focus on the effect of the 

ERK/MAPK pathway alone on the GABAA receptor. We assert that by inhibiting the Akt/PI3K 

pathway input on the trafficking of the GABAA receptor, the role of the ERK/MAPK pathway 

may be more specifically investigated on the regulation of the GABAA receptor.  

The PKC activator, PMA, is known to also activate the ERK/MAPK pathway in addition 

to the activation of PKC (Moelling et al., 2002), showing the cross talk between PKC and 

ERK/MAPK pathways.  Therefore, the PMA-induced internalization of GABAA receptors 

observed in the flow cytometric analysis might be partially due to the activation of the 

ERK/MAPK pathway. Since PMA has also been shown to inhibit Akt activity, albeit in a 

different cell line (Liu et al., 2006), it is possible that the more pronounced reduction in surface 
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expression of the GABAA receptor was due to simultaneously activating ERK while inhibiting 

Akt activity.  

Thr 375 of the α1 subunit 

Our studies also showed that Thr 375 within α1 subunit was not phosphorylated by the 

activation of the ERK/MAPK pathway. The models used in this study were HEK-t cells 

transfected with the rat GABAA receptor.  The amino acid sequences between human and rat α1, 

β2, and γ2 subunits are nearly identical.  It is therefore quite unlikely that interspecies differences 

contributed to the inability to detect phosphorylation of the α1 subunit. Therefore, based on our 

experiments, the data suggest that Thr 375 within α1 subunit was not a direct target of ERK1/2.    

Interestingly, the mutation of Thr 375 of the α1 subunit to Ala showed unexpected 

inhibition of the GABA-gated current when the inhibitor of the ERK/MAPK pathway was used.  

As such, it would be worth determining the consequences of ERK inhibition on the trafficking of 

this mutant receptor. If the Thr 375 within α1 subunit was also a target of Akt, this may solve the 

mystery of the unexpected results from this mutant.  Use of U0126 will completely inhibit 

ERK1/2. It may have some inhibitory effect on PKC but not complete inhibition; thus, PKC is 

still basally active to produce negative regulation of GABAA receptor.  Due to the inhibition of 

ERK1/2, Akt is reciprocally active to produce more positive regulatory effect on GABA-gated 

currents, which was seen in wildtype (Figure 1).  However, due to the elimination of Thr 375 (by 

mutating it to Ala), Akt cannot show the positive regulatory effect on GABAA receptor at all. 

WE know that Akt targets the β2 subunit in regulating the expression of the receptors on cell 

surface. However, here, we suggest that the Thr 375 of α1 subunit may also be a functionally 

relevant target of Akt. 
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Future directions 

The focus of this study was on the α1 subunit of the GABAA receptor since this is the 

most ubiquitously expressed subunit of the GABAA receptor in the mature mammalian brain.  

The α1 subunit has a minimal consensus phosphorylation site for ERK1/2 (S/T-P) within the 

intracellular loop between TM3 and TM4.  Meanwhile the α6 subunit contains a full consensus 

phosphorylation amino acid sequence (P-x-S/T-P). α6 subunits are highly expressed in 

cerebellum although not all α subunits in cerebellum are α6.  BDNF induces the internalization 

of the GABAA receptor through activation of the Trk B receptor in cerebellum.  However, the 

specific cell signaling pathways involved in this internalization have not been discovered. It 

might be interesting to see if HGF-induced activation of the ERK/MAPK pathway in HEK-t cells 

expressing α6β2γ2-configuration of GABAA receptor would mimic the internalization effect of 

BDNF on GABAA receptors.  

MEK1/2 inhibitor, U0126, also inhibits MEK5, and subsequently inhibits ERK5.  As 

such, an additional and worthwhile future direction may be to define the role of ERK5 in the 

regulation of GABA-gated currents. One potential experiment that can be conducted is to use the 

ERK1/2 selective inhibitor, PD184352, to tease out the role of ERK1/2 specifically on GABAA 

receptor function. 

 

The mechanism of the ERK/MAPK pathway regulation of the GABAA receptor function 

was explored in this study since steroidal hormones and neurotrophic factors often induce the 

activation of this pathway.  Previous studies from the Singh and Dillon labs suggested that the 

ERK/MAPK pathway was involved in the negative regulation of the α1β2γ2 configuration of 

GABAA receptor function in HEK-t cells.  In this dissertation, however, I showed that while 
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inhibition of the ERK/MAPK pathway led to the potentiation of GABA-gated currents, the 

activation of the ERK/MAPK pathway did not influence the GABA-gated current peak 

amplitude.  Activation or inhibition of the ERK/MAPK pathway also did not influence the 

receptor density at cell surface.  And further, the consensus ERK phosphorylation site identified 

within the α1 subunit, which was involved in the ERK/MAPK pathway inhibition-induced 

potentiation of the GABA-gated current, was not a direct target for the ERK/MAPK pathway 

activation.  

The Need for Future Studies 

GABAergic neurotransmission system is involved in anxiety-depression related mood 

disorders in addition to other neurotransmission systems such as serotonin.  Steroid hormones are 

often considered as having a major influence on those mood disorders as illustrated in PMS, 

PMDD, postpartum depression and psychosis, and menopausal mood swings in women where 

the hormonal levels show large fluctuations and are unstable.  Women also show three times 

higher rate of having major depression than men.  GABAA receptor is regulated in many ways, 

such as different expression of the subunits, trafficking of the receptor, phasic and tonic 

hyperpolarization of neurons, gating of the receptor, and phospho-regulation of the receptor.  It is 

possible that steroidal hormones influence GABAA receptor directly or indirectly through the 

regulation of cell signaling pathways, or regulating the expression of various factors, including 

BDNF, in brain.  Only through a better and more thorough understanding of the how the GABAA 

receptor is regulated will we be able to define better means of treating such disorders as 

depression and/or anxiety, leading ultimately to providing a higher quality of life.   
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CHAPTER 6 
 
 

SUPPLEMENTAL ILLUSTRATIONS 
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Supplemental figure 1. Results summary 

The results of the experiments using 4D4 cells were summarized below. 

 

  p-ERK1/2  p-Akt GABA-gated current surface GABA-A R 

U0126 ↓ N.D. ↑ →* 

HGF ↑ → → →* 

LY294002 N.D. N.D. ↓ N.D. 

PMA N.D. N.D. N.D. ↓* 

 

N.D. = Not determined, * = HEK-t cells  
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Supplemental figure 2.  2.5 µg/mL gramicidin control 

Final concentration of 2.5 µg/mL gramicidin was added to the pipette solution for the perforation 

(n = 4).  Two hours recording with 5 minutes interval of 5 µM GABA (EC30) did not reach its 

plateau. 
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Supplemental figure 3.  5.0 µg/mL gramicidin control  

Final concentration of 5.0 µg/mL gramicidin was added to the pipette solution for the perforation 

(n = 9) (A).  Although this concentration reached its plateau, the S.E. was large due to the data 

sets that did not follow stable perforation establishment (B).   

(A) Summary of all of the data collected (n = 9) 

 
(B) Individually plotted  
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Supplemental figure 3.  5.0 µg/mL gramicidin control 

When the data set showing unstable perforation was eliminated, it showed more stable 

perforation establishing pattern (n = 5). 

(C) Summary of n = 5 without unstable perforation patterns 

 
(D) Individual data sets that were included in the graph above 
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Supplemental figure 4.  10.0 µg/mL gramicidin control  

 10.0 µg/mL gramicidin did not reach its plateau.  The S.E. was relatively large, and this 

concentration could not be used ( n = 3). 

 

 

 

 

(A) 
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Supplemental figure 5. It is critical to reach its plateau before HGF application 

Experimentally HGF was applied for 20 minutes at room temperature (n = 3) while 2.5 µg/mL 

gramicidin was used for the perforation.  As it showed below, the perforation continued, and 

HGF treatment didn’t appear to affect the peak current amplitude.  

(A) Summary of the HGF treated 4D4 cells with 2.5 µg/mL gramicidin perforation 
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Supplemental figure 5. It is critical to reach its plateau before HGF application 

(B) The summary graph comparing the HGF effect to its control.  The control was set from two 

control currents right before the HGF application. 
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Supplemental figure 6. Inhibition of Akt/PI3K pathway by LY294002 inhibits GABA-gated 

current (Adapted from Dillon lab) 

4D4 cells were treated with 15 µM LY294004 and GABA-gated currents were recorded every 2 

minutes with whole cell patch technique.  Compared to control, the LY294002 treated cells 

produced progressively smaller currents. 
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