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ABSTRACT
MODULATION OF L-TYPE CALCIUM CURRENT BY
GABAg RECEPTOR ACTIVATION IN THE
NEONATAL RAT HIPPOCAMPUS

Jennifer G. Bray, B.S.

Marquette University, 2010

During the early postnatal period, the inhibitory neurotransmtéaninobutyric
acid (GABA) facilitates current through voltage-dependent L-typewalchannels by
activating metabotropic GABAreceptors in the rat hippocampus. In the present study,
the effects of the GABAreceptor agonist baclofen on L-type currents were tested using
whole-cell voltage clamp recording on neurons isolated from the superion I&gyi
hippocampi obtained from pups of various ages to determine the exact time course of L-
type current facilitation. The facilitation of L-type current by GXBreceptors is more
prominent during the second week of development.

One developmental process that L-type current may be involved in is changes in
the expression of the'€I" co-transporter (KCC2) and'K*2CI" co-transporter
(NKCC1), which are necessary in the maturation of the GABAergic system. To
investigate whether calcium influx through L-type channels and GABAeptor
activation affects the expression of chloride transporters during theneantyatal period,
hippocampal cultures isolated from day O pups were treated with a @Ag#ist or an
L-type channel antagonist for one week. Steady state KCC2 and NKCC1 levels w
determined by Western blot analysis. Blockade of L-type channelscdipsteduced
KCC2 expression but not NKCC1 expression, suggesting that the upregulation of KCC2
in the first postnatal week is dependent on calcium influx through L-type ckannel

The involvement of protein kinase C (PKC) and A (PKA) in the signaling
pathway of L-type current modulation by GABAeceptors was also investigated using
electrophysiological experiments. The facilitatory response of teacieés blocked in
the presence of PKC inhibitors, but not PKA inhibitors. Direct activation of PK @si
phorbol ester mimicked the facilitation of L-type current seen with baglofieereas
facilitation was not seen with direct activation of PKA with a cAMP ansoglogether,
these experiments have demonstrated that the facilitation of L-typatcoyr&ABAs
receptor activation is maximal during the second postnatal week in developrdest a
mediated by PKC. In addition, calcium influx through L-type channels alsdlnaes
to the maturation of the GABAergic system.
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CHAPTER 1

INTRODUCTION

Understanding the function and regulation of voltage-dependent calcium channels
(VDCC) is important because influx of calcium plays a fundamental role i¢udation
of many cellular processes within the central nervous system (CN&jur@anflux is
crucial for the propagation of some action potentials, changes in synapticitylate
release of neurotransmitters, and for the expression of certain genes/i¢w see West
et al., 2001, Catterall and Few, 2008; Neher and Sakaba, 2008; Gover et al., 2009).
Calcium signaling is not only important in processes of mature neurons, but itaaiso pl
a critical role in the differentiation, growth, and maturation of developing neurons. Due
to the importance of calcium as an intracellular messenger, calcium chareneften
regulated by neurotransmitters. One of the most common neurotransmitters the¢ma
shown to modulate several types of calcium channglsusinobutyric acid (GABA).

Many inhibitory interneuron subtypes within the hippocampus utilize GABA to regulat
the overall excitability of the hippocampal region.

Previous studies in the Mynlieff laboratory have shown modulation of calcium
current by baclofen, a GABAreceptor agonist (Carter and Mynlieff, 2004). In acutely
cultured hippocampal neurons isolated from 1 week old neonatal rat pups, N-type
calcium current decreases in response to activation of GAB&eptors. In a subset of
cells, L-type calcium current increases in response to activation of @A&&ptors.

The facilitation of L-type current by GABAreceptors had not been previously observed
in the mammalian nervous system. Thus, this phenomenon became an area of particular

interest in the laboratory.



The focus of my studies has been to investigate the phenomenon of L-type
calcium current facilitation by GAB#receptor activation in the rat hippocampus, a
phenomenon that has only been demonstrated in hippocampal cultures isolated from
neonates. The first goal of this project was to establish the exact tinse cdlr-type
calcium current facilitation by GAB#Areceptor activation during the first two weeks of
development in the rat hippocampus. In addition, the functional significance of L-type
calcium current modulation on the expression levels of chloride transporters during
development was investigated as well as the second messenger systemd inuclve
type calcium current modulation by GABAeceptors. A better understanding of the
importance of GABA receptors in the development of a mature nervous system can be
achieved by increasing our knowledge of GAB#&ceptor modulation of calcium

channels.

Voltage-Dependent Calcium Channels

Calcium channels have been classified into different subtypes according to
voltage dependence, kinetics, pharmacology, and molecular biology. VDCCs can be
characterized by channel activation into two different subgroups, low volttigatad
(LVA) and high voltage-activated (HVA) channels (Carbone and Lux, 1984; Bean,
1989a). LVA channels are activated at low voltages and produce a transient durrent (
type channels; Nowycky et al., 1985; Bean and McDonough, 1998). HVA channels have
been further divided into 5 different subgroups (L-type, P-type, Q-type, N-type, and R-
type) based on pharmacology, kinetics, and molecular identification af subunit (for

review see Tsien et al., 1988; Ertel et al., 2000; Lipscombe, 2004).



Experiments in the laboratory have primarily focused on L-type calciamnels,
which are found in neurons and different muscle types. Neuronal voltage-dependent L-
type calcium channels are heteromeric complexes that contairpane forming
subunit, and several auxiliary subunits including an extracetylsmbunit, an

intracellularf subunit, and a transmembraisubunit (Figure 1.1; for review see

Figure 1.1: Structure of neuronal L-type calcium
channels. The channel is made up of four subunits.
The o, subunit forms the channel pore. Th&é
subunit associates with thg subunit to modulate
current amplitude. The intracellulg$ subunit
regulates the activation, inactivation, current, and
voltage dependence of tlhe subunit (Singer et al.,
1991).

Catterall, 1998, 2000). Thed andp auxiliary subunits modulate the trafficking and
control the function of the; subunit (Singer et al., 1991). Tagsubunit is made up of 4
domains with each domain containing six transmembrane spanning segments {Rgur

Catterall, 2000). Due to its role as the conduction pore, gating apparatus, and voltage

I 11 111 v
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Figure 1.2: Structure of ther; subunit of VDCCs. The amino acid sequence forghgibunit is
approximately 2000 residues long and is organized in four repeategingoraach of which
contain 6 transmembrane segments (S1 — S6). The S4 transmendg@meatscontains several
positively charged amino acids and is thought to be the voltage sensor. The Ntemii@-are
cytoplasmic. The cytoplasmic regions are key sites for phogiation by kinases. Figure
obtained from Tedford and Zamponi, 2006.



sensor, the; subunit is a major site of regulation by drugs, toxins, and phosphorylation

by protein kinase C (PKC), protein kinase A (PKA), and"@almodulin-dependent

protein kinase Il (CaMKII; for review see Catterall 1998, 2000).

Functional Identification | Molecular Identification | Phar macological Antagonists
HVA L-type Cq11,1.213,14 Dihydropyridines
HVA P/Q-type Caz2.l w-Agatoxin IVA
HVA N-type Cqg 2.2 o-Conotoxin GVIA
HVA R-type Ca 2.3 Nickel, SNX-483
LVA T-type Ca3.1,3.2,3.3 Nickel, amiloride

Table 1: Summary of the identification and nomenclature of VDCCs. To disshdogtween the
various types of calcium channels different channels blodeerde used (Adapted from Ertel et
al., 2000).

Currently, ten pore-forming; subunits have been cloned and are used to further
classify calcium channels into 3 different families Gaa2, and Cg3 (Table 1; Ertel et
al., 2000; Lipscombe et al., 2004). TheLTtamily of a; subunits consists of several
subtypes of L-type calcium channels, which produce long lasting calciunmisurre
These types of channels have relatively slow activation and inactivatiorckjneitih
some subtypes demonstrating calcium-dependent inactivation along with voltage
dependent inactivation (for review see Lipscombe et al., 2004)L.XCehannels are
found in skeletal muscle where they are linked to ryanodine receptors in the asraopl
reticulum. Cal.2 channels are found in cardiac and smooth muscle where they initiate
muscle contraction, in neurons where they are involved in gene regulation, and in
endocrine cells where they aid in secretion (for review see McDonald £99d!;

Catterall, 2000; Lipscombe et al., 2004).,La channels have similar expression ag Ca
1.2 channels and are expressed in neurons, cardiac muscle, and endocrine dedls. Ca
L-type calcium channels are located in retinal tissue and are linked to phatottzos

(Baumann et al., 2004). (1a2 and Cgl.3 L-type calcium channels are both located on



the soma and dendrites of neurons (Westenbroek et al., 1990; Budde et al., 1998; McRory
et al., 2004). These neuronal types of L-type calcium channels are modulateteby pr
phosphorylation and regulate a number of processes such as activity-dependent gene
expression, mRNA stability, neuronal survival, synaptic efficacy, and thétyacf

neighboring ion channels (Murphy et al., 1991; Bading et al., 1993; Christie et al., 1995;
Finkbeiner and Greenberg, 1998; Hardingham et al., 1998; Marrion and Tavalin, 1998;
Charles et al., 1999; Schorge et al., 1999; Dolmetsch et al., 2001; Marshall et al., 2003;
for review see Lipscombe, 2004; Pinato et al, 2009).

The Cg2 family consists of N-type, P/Q-type, and R-type calcium channels.
These channels are most commonly found in neurons and regulate the release of
neurotransmitters within synapses. T-type calcium channels make up,&a@dy of
az subunits. T-type calcium channels, which can be found in the brain, heart, kidney, and
liver play an important role in regulating overall cell excitabidit/d hormone secretion
(for review see Cueni et al., 2009; Iftinca and Zamponi, 2009). The HVA &al Ca2
calcium channels are primarily distinguished from one another in nawems through
pharmacological methods. L-type calcium channels are sensitive toaplyyidines
(DHP), whereas P/Q-type calcium channels are blocked by varying caimerd of a
spider venom toxim-agatoxin IVA. N-type calcium channels are blocked by the cone-
shail toxinm-conotoxin GVIA and can not be blocked by DHP antagonists or activated
by DHP agonists (Table 1; Fox, 1987; Cruz et al., 1987; Tsien et al., 1988; Bean, 1991,
Mintz et al., 1992).

The use of heterologous expression systems to study calcium channel @opertie

has given a wealth of information characterizing the different calcium chsulrigpes.



When Cal.1 L-type calcium channels were expressed in muscle cells from dysgenic
mice, the currents were small and demonstrated slow activation kinetics (Edm@édbe
1988; Adams et al., 1990). In comparison, wheyl@a_-type calcium channels were
expressed, the activation kinetics were faster than seen with thd CBanabe et al.,
1990). Further heterologous expression studies have demonstrated different activation
thresholds between ¢Za2 and Cdl.3 L-type calcium channels, with (a3 channels
exhibiting a lower activation threshold than,C& channels (Safa et al., 2001; Scholze et
al., 2001; Xu and Lipscombe, 2001). ,€&8 channels begin to activate at potentials
around -55 mV, whereas (a2 channels begin to activate closer to -30 mV. This
suggests that GA.3 channels, but not a2 channels, may activate at subthreshold
depolarizations. The differences in activation suggest thAt&and Cgl.2 may

function in different signaling pathways within neurons. Calcium channels belooging t
the Cg2 family can be distinguished from L-type calcium channels, becauseetingyer
stronger depolarizations for activation (positive to -20 mV) and demonstrate neoderat
voltage-dependent inactivation (Tsien et al., 1988; Fujita et al., 1993; Delcour et al.,

1993).

The Hippocampus

The hippocampus is a region of the brain that plays a prominent role in spatial
learning and in the formation and retrieval of memories (for review sdeaBd Burgess,
2008; Neves et al., 2008; Cutsuridis and Wennekers, 2009; Eichenbaum and Fortin,
2009). The hippocampus is also involved in the formation and spread of seizures

(Falconer et al., 1964; Dam, 1980, 1982; Schwartzkroin, 1994). As a result of seizure



activity, several structural and functional changes occur in the neuronal teiyet
the hippocampus (for review see Lado et al., 2002; Naegele, 2009). This hippocampal
damage can lead to recurrent seizures and ultimately may result in thepdesed of
epilepsy (Sutula et al., 1989; Overstreet-Wadiche et al., 2006).

As one of the most studied brain regions, the cell types of the hippocampus and
their network connections have been characterized relatively well. The hippesss a
highly organized structure that is divided into three major regions called théedenta
gyrus, the CA3, and the CAL1. The hippocampus acts as a unidirectional circuit that
allows information to flow into, through, and then out to other neurons throughout the
brain (Andersen et al., 1973). There are three major excitatory synapticttonse
within the hippocampus (Figure 1.3). The main input into the hippocampus is through
the perforant pathway in which axons from the entorhinal cortex project onto granule
cells in the dentate gyrus. The mossy fiber pathway extends from gratarans that
synapse onto pyramidal cells within the CA3 region. The Schaffer collptghavay
consists of axons from the CA3 pyramidal cells that project onto pyramitkirgdin
the CAl region. The principle output from the hippocampus occurs through CA1 axons,
which project to the subiculum and back to the entorhinal cortex (Amaral, 1993; Braak et

al., 1996).

Figure 1.3: The Hippocampal Network.
CAl Input from the entorhinal cortex forms
CA3 connections with the dentate gyrus (DG)
through the perforant path. Granule cell
axons in the dentate gyrus project to the
DG CA3, which in turn projects to the CAl
through the Schaffer collateral pathway.



The overall excitability of the adult hippocampus is regulated by local inhibitor
interneurons, which control the number of active pyramidal cells and their piairbeyn
by releasing the inhibitory neurotransmitter GABA. Pyramidal @gkksmodulated by a
diverse population of GABAergic interneurons. There are over 21 distinguishable
inhibitory interneurons that synapse either on specific regions of CA1 pyraceltabr
onto other interneurons (for review see Somogyi and Klausberger, 2005; Ascoli et al.,
2008; Klausberger and Somogyi, 2008; Cutsuridis and Wennekers, 2009; Klausberger,
2009). These interneurons are classified based on their anatomical, morphaogdica
physiological characteristics along with antibody staining. Althougimtpertance of
interneurons in hippocampal functioning is clear, very little is known about the
mechanisms involved in the maturation of inhibitory interneurons and synapses within
the hippocampus. The experiments described here contribute to our knowledge of
hippocampal development by investigating GAB®&ceptor facilitation of L-type
calcium current during the maturation of the GABAergic circuitry withinrtbenatal rat
hippocampus.

The hippocampus appears to be involved in severe ilinesses such as
schizophrenia, depression, bipolar disorder, and epilepsy. Seizures are mote likely
occur in immature humans and animals, and in humans seizure susceptibility peaks
during the first few months after birth (Sperber, 1999; for review see Ladg 2002;
Holopainen, 2008; Rakhade and Jensen, 2009). This is most likely due to the fact that the
inhibitory GABAergic system within the hippocampus is not yet fully developddlaus
neurons are highly excitable due to the lack of inhibition. In addition, at least in rat

hippocampus, the response to GABA is excitatory during the first few postresis w



Therefore, it is essential to understand the time course and mechanisms invieed in
development of the hippocampus and the GABAergic system to aid in the treatment of

early onset seizures.

GABA Receptors

The importance of calcium influx in neuronal function makes calcium channels a
prime site for neurotransmitter modulation. One neurotransmitter within thenadgam
CNS that can regulate calcium channels is GABA. GABA is the major inhjbit
neurotransmitter in the mammalian CNS. It acts by binding to speagpt@s, which
produces a variety of cellular effects in both presynaptic and postsynapticsieur
GABA receptors have been classified into 3 different subtypes, GABABAg, and
GABAc. The ionotropic GABA and GABA: receptors have an ion channel
incorporated into the receptor and mediate fast inhibitory synaptic trarmm(Sgyure
1.4). When GABA binds to the receptor it causes a conformational change that allows
chloride ions to flow through the channel causing the cell to hyperpolarize, which
prevents it from reaching threshold. GABFeceptors are metabotropic and mediate
their effects through G-proteins (Figure 1.4). Compared to the ligand-gated GaBlA
GABA channels, the effects of GABAeceptor activation are slower and often involve
the regulation of calcium or potassium channels.

GABAE receptors are expressed on neurons both presynaptically, where they
modulate neurotransmitter release and postsynaptically, where theyateaudironal
excitability. Functional GABA receptors are heterodimeric complexes of two
homologous subunits, GABA and GABAs, (Kaupmann et al., 1997, 1998; Jones et al.,

1998; White et al., 1998; Kuner et al., 1999; Ng et al., 1999; White et al., 2002).
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GABAAc Receptor GABAg Receptor

GABA GABA

"

Figure 1.4: GABA Receptors. GABA and GABA: receptors are ionotropic and form a channel
that is permeable to chloride ions. GABAeceptors are pentameric structures that can be
assembled from a number of different subunitsp( vy, 8, andp). The most common GABA
receptor found in the brain is composed ef2p:1y. GABAc receptors, which are constructed
from p subunits, are insensitive to bicuculline and are found onlyemdtina. GABA receptors

are heterodimers, consisting of GABAand GABAs:, subunits. GABA receptors are
metabotropic and are coupled to G-proteins and often regulatedCa' channels.

There are two different isoforms of the GAB/subunit, GABAs1, and GABAs1p.

These two isoforms are differentially localized within the hippocampus wWhsBAG 5

is located presynaptically, while GABAis primarily located postsynaptically (Vigot et

al., 2006). In order for GABAreceptors to be functional, the GABAand the GABA:
subunits must form a dimer and be inserted into the membrane. It is thought that G-
protein coupled receptors (GPCRs) form dimers to increase their surfacodhat it is
possible to interact with trimeric G-protein complexes (Bouvier, 2001; Hamm, 2001). To
ensure that the complexes are assembled properly before being insertbd int

membrane, GABA receptors must first pass a dimerization-dependent trafficking
checkpoint (Margeta-Mitrovic et al., 2000; Pagano et al., 2001). Once functional
heterodimeric GABA receptors are inserted into the plasma membrane, agonists are able
to bind to the ligand binding domain located on the large extracellular N-terminus of the
GABAg; subunit (Galvez et al., 1999; 2000a; 2000b). Ligand binding causes a

conformational change in the GABAsubunit, which results in G-protein coupling and
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activation. Subsequently, activated G-proteins are able to modulate downstream

signaling pathways (Figure 1.5).

GABAB2 2 e I
Expression Ca™ Channels
= —— K+ Chan neIS
GABAB1 Adenylyl Cyclase
I Dimerization
MlgraFnon Manifestation
Insertion

I\ Adivation

GABAg, %,

GABA/Ca®

Figure 1.5: Structure of GABA receptors. GABA, and GAB/As, heterodimers
are trafficked and inserted into the plasma membrane. dictivof GABAg, by
GABA binding to the N-terminus results in a conformational chamg¢hé
GABAGg; subunit, which allows recruitment and activation of G-proteinaurgig
obtained from Enna, 2001.

GABAg receptors are commonly coupled ta; &nd Gy, proteins (Asano and
Ogasawara, 1986; Morishita et al., 1990; Campbell et al., 1993; Menon-Johansson et al.,
1993; Greif et al., 2000; Bettler et al., 2004). Modulation of ion channels and other
downstream effectors can either occur viadfsibunit o3y subunits. Inhibition of N-
type and P/Q-type calcium current by presynaptic GABZceptor activation occurs
through the @y subunits that are associated witty @&d G, proteins (Scholz and
Miller, 1990; Menon-Johansson et al., 1993; Mintz and Bean, 1993; Pfrieger et al., 1994;

Amico et al., 1995; Cardozo and Bean, 1995; Poncer et al., 1997; Kajikawa et al., 2001;
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for review see Bettler et al., 2004). Inhibition of N-type and P/Q-typeuralchannels

in the presynaptic terminal following GABAeceptor activation will ultimately lead to a
decrease in neurotransmitter release (Hirata et al., 1995; Doze et al., 1&g sha et
al., 1998). Postsynaptic GABAeceptor activation of inwardly rectifying’kurrent
occurs through the [& subunits that are associated witty @&1d Gy, proteins and results
in the hyperpolarization of the postsynaptic cell (Gahwiler and Brown, 1985; ertisth
al., 1997; Kaupmann et al., 1998; Yamada et al., 1998; for review see Bettler et al.,
2004).

Using GABAg receptor knockout mice, it has been demonstrated that GABA
receptors are critically involved in neuronal development. GAB&eptor mutations or
loss of functional GABA receptors can lead to a number of abnormalities during
development. In the absence of functional GABsubunits (site of GABA binding)
neuronal excitability is not under control and mice exhibit epilepsy by postnatawee
hyperalgesia, hyperlocomotor activity, and have an impaired memorgéPedsal.,
2001; Schuler et al., 2001). The mean average life expectancy of gABéckout
mice is 21 days (Prosser et al., 2001). Mice that lack GABAbunits have similar
symptoms as mice lacking GABAsubunits, which is consistent with the heterodimeric
structure of GABA receptors (Gassmann et al., 2004; Mombereau et al., 2005). In
comparison to the severe deficits seen in GAB#t GABAg, knockout mice, adult
animals treated with acute or chronic GABceptor antagonists do not develop such
extreme behavioral changes (Bittiger et al., 1993; Mondadori et al., 1993; Vetales
1997). Although it is hard to get complete blockage of GAB#&eptorsn vivo, these

experiments are suggestive that GAB#&ceptors may be critically involved in the
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development of a mature nervous system. Therefore, it is essential to undéestahel t
that GABAg receptors play in the development of neurons particularly within the
hippocampus, where several of the behavioral deficits seen in the g&ABA GABAs,

knockout mice arise.

GABA Function During Development

It is well documented that GABA exerts an excitatory rather than inhybitor
response early in neuronal development due to the high concentration of intracellular
chloride ions (Mueller et al., 1984; Ben-Ari et al., 1989; Cherubini et al., 1991; Luhmann
and Prince, 1991; Gaiarsa et al., 1995; Owens et al., 1999). During neuronal maturation
GABA receptor activation depolarizes the membrane. This GABA-induced
depolarization shifts to a hyperpolarizing effect in the first few positmasteks due to a
change in the reversal potential of chloride (Cherubini et al., 1990; Luhmann and Prince
1991; Chen et al., 1996; Owens et al., 1999). The developmental switch of the
GABAergic system has been demonstrated in both cultured hippocampal neurons as well
as in hippocampal slices (Rivera et al., 1999; Ganguly et al., 2001). It is believédgkthat
upregulation of the KCI" co-transporter, KCC2, and the downregulation of thé& RCI
co-transporter, NKCC1, may be responsible for shifting the chloride edy@tential in
immature neurons (Plotkin et al., 1997; Lu et al., 1999; Rivera et al., 1999; Vu et al.,
2000; Hubner et al., 2001a). NKCC1 expression predominates in immature neurons and
mediates chloride influx, while KCC2 expression predominates in mature neurons and

mediates chloride efflux (Figure 1.6; for review see Delpire, 2000; Payhe 20G8).
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Figure1.6: Maturation of the GABAergic system. In immature neuronsritriagellular chloride
concentration is kept relatively high due to the expression of BIK@&hich pumps chloride into

the cell. GABA. receptor activation results in an efflux of chloride anditegcthe cell. In
comparison, KCC2 expression predominates in mature neurons and mebiatede efflux.
GABA, receptor activation results in an influx of chloride and inhibdsilt neurons. Figure
adapted with permission from Fukuda et al., 1998. Abbreviations: KKCE| co-transporter;
NKCC1, Nd K" 2CI co-transporter; CIC2, voltage-dependent chloride channel; L-channel,
voltage-dependent L-type calcium channel.

There are nine types of cation chloride transporters (CCCs) found in mammals.
There are two NKCCs (NKCC1 and NKCC?2), four KCCs (KCC1-4), oné&CNgNCC),
and two additional CCCs (CIP1 and CCCJ9; for review see Delpire, 2000; Blaekse et a
2009). NCC and NKCC2 are renal specific (for review see Knepper and Brooks, 2001;
Castrop and Schnermann, 2008), whereas KCC2 is neuron specific (Payne et al., 1996;
Lu et al. 1999). NKCC1 is expressed in neurons and also glial cells within the CNS
(Kanaka et al., 2001; Hubner et al., 2001b). The three other types of KCCs (KCC1,
KCC3, and KCC4) are expressed in various tissues including neurons, muscle, and the

kidney (for review see Payne et al., 2003; Blaesse et al., 2009). CCC activity can be
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regulated through phosphorylation by kinases. For example, NKCC1 activation occurs
through phosphorylation of a regulatory domain in its N-terminus (Darman and Forbush,
2002; Flemmer et al., 2002). The two predominant CCCs within hippocampal neurons
are KCC2 and NKCC1, however their expression levels are developmentallyedgulat
during the first few postnatal weeks.

Due to the high intracellular chloride concentration in immature neurons, the
activation of GABA, receptors causes an efflux of chloride, which depolarizes the cell.
If sufficiently depolarized VDCCs will be activated leading to an incredsetype
calcium current. Using calcium imaging, Gangluy and others (2001) invtestitiee
developmental timecourse of GABA-induced increases in intracellulaugalevels in
hippocampal cultures isolated from E18 rats. In hippocampal neurons allowed to remai
in culture for 4 to 9 days, increases in {gavere observed with GABA application.

The increase in [G&); was blocked with GABA antagonists and L-type calcium channel
blockers. These data demonstrate that GABeptor activation can lead to influx of
calcium through L-type calcium channels during the early neonatal périal.

facilitation of L-type calcium current could further increase calciumxnih response to
GABA in a subset of cells.

The change in chloride transporter expression decreases the internal chloride
concentration by increasing the extrusion of chloride, which results in a chathge of
reversal potential of GABAmediated current (Ben-Ari et al., 1989; Leinekugel et al.,
1995, 1997, 1998; Khazipov et al., 1997). It has been well documented that the
upregulation of KCC2 transporter levels play a role in changing the chlovidiesaé

potential (Payne, 1997; Lu et al., 1999; Rivera et al., 1999; Ganguly et al., 2001). Rivera
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and others (1999) demonstrated that inhibition of KCC2 expression with antisense
oligodeoxynucleotides delayed the shift in the reversal potential of GABgponses
from depolarizing-to-hyperpolarizing in cultured neonatal rat hippocampasts| They
demonstrated that in cultured hippocampal slices isolated from postnatal O to 4 day old
rats, GABA, receptor activation evoked depolarizing responses, whereas in hippocampal
slices isolated from postnatal rats 13 to 30 days old GAR&eptor activation evoked
hyperpolarizing responses. When KCC2 expression levels were inhibited witdnaatis
oligonucleotides in slices from postnatal 11 to 13 day old rats, the driving force of
GABA, demonstrated a significant positive shift when compared to control slices
(Rivera et al., 1999). These data demonstrate that KCC2 expression is involved in the
fast hyperpolarizing GABA receptor responses in mature hippocampal neurons.

In addition to the upregulation of KCC2, the downregualtion of NKCC1
expression may also play a role in changing the chloride reversal potetat&lr( et al.,
1997; Wang et al., 2002). However, there are several conflicting results when labking
NKCC1 mRNA levels within the developing rat hippocampus. Usirsitu
hybridization, Plotkin et al. (1997) reported that NKCC1 mRNA expression levals pe
in the hippocampus of rats at postnatal day 7. In comparison, Wang et al. (2002) who
also performedn situ hybridization reported higher NKCC1 mRNA levels in the
hippocampus of postnatal day 15 rats through postnatal day 40 rats. Most of the studies
on KCC2 and NKCC1 expression have measured mRNA levels. In theory, changes in
MRNA levels should lead to changes in protein. However, mature protein levels are not
only dependent on translation of mRNA, but also on the degradation of the protein. In

the current study, protein levels of KCC2 and NKCC1 were measured rather than mRNA
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levels since ultimately it is the protein that is the end product. Therefore, the
developmental changes of NKCC1 and KCC2 protein levels within the developing rat
hippocampus were further characterized.

It has been demonstrated that GABA may be responsible for the depolamizing-t
hyperpolarizing switch and that calcium influx is necessary for this GARAdiated
switch (Ganguly et al., 2001). Ganguly et al. (2001) showed that application of GABA
antagonists delayed the excitatory to inhibitory switch and also delayetttbase in
KCC2 mRNA expression levels in cultured hippocampal neurons. In addition, chronic
blockade of L-type calcium channels with the L-type channel antagonist mpimedi
significantly delayed the developmental change in the GABAersal potential. These
two observations taken together suggest that GA&&eptors directly depolarize the
membrane to open L-type calcium channels and that influx of calcium is involved in the
developmental maturation. Ganguly et al. (2001) did not directly look at thesedfdct
type calcium current on KCC2 transporter protein levels. Calcium influxsatrogoe
calcium channels may regulate the changes in chloride transporter extprelserefore,
the enhancement of L-type calcium current by GAB&ceptor activation demonstrated
by Carter and Mynlieff (2004) may play a role in increasing intracellaaiom levels
that mediate the switch of GABAesponses from excitatory to inhibitory effects. The
goal of the present study was to increase our knowledge of GAdaptors and their
downstream modulation to gain a better understanding of their functional rb&e in t

development of a mature CNS.
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G-proteins

GABAG; receptors are coupled to guanine nucleotide-binding proteins, also known
as G-proteins. G-proteins linked to GPCRs are heterotrimeric proteinstcansi anc,
B, andy subunit. GPCRs belong to a family of seven transmembrane spanning receptors
and are activated by a variety of extracellular neurotransmittdre@mones. When
activated by ligands or agonists, GPCRs interact with G-proteins, whiaklatnthe
exchange of GDP on theaGubunit for cytoplasmic GTP. Following nucleotide
exchange, the é&subunit dissociates from theisubunits which remain anchored to
the plasma membrane. Both the freeGTP bound subunit as well as th@yGubunit
complex are biologically active and can modulate downstream effectensysiThe
intrinsic GTPase activity of the subunit converts GTP to GDP + Pi, which promotes the
reassociation of the inactiveoSGDP to the Gy complex (for review see McCudden et
al., 2005; Wettschureck and Offermanns, 2005).

Ga subunits are classified into four groups based on their sequence similarity and
activation of various cell signaling systems (Table 2). Each family stsnsi several
different types ofi-subunits, some of which show very specific expression patterns (for
review see McCudden et al., 2005; Wettschureck and Offermanns, 20@5pro&ins
activate adenylyl cyclase and are activated by cholera toxiatee ADP ribosylation,
whereas the &, proteins inhibit adenylyl cyclase activity and are inhibited by pegussi
toxin (PTX) mediated ADP ribosylation (Fields and Casey, 199%), a&o known as
transducin, is found in cells of the retina and is coupled to the GPCR, rhodopsin. The G-
protein that is primarily found in taste cells is calleg}, s or gustducin. Gg11 proteins

activate phospholipase C (PLC) and are not affected by either cholera toxiK.or PT
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Gaaoisresults in the activation of a small GTPase RhoA, which is overexpressed in

various tumor cell types (Fritz et al., 1999; Abraham et al., 2001; Kamai et al., 2001;

Fritz et al., 2002).

G-Protein G L ocation Phar macolo Potential Effector
Subfamily ¢ vy Proteins
Ols Ubiquitous .
Gos Oloif Olfactory Cholera Toxin Actlvzé[e(s;laASdeenylyl
Epithelium y
oy, 0z, o | Ubiquitous Inhibits Adenylyl Cyclase
o Neuronal . R
Neuronal ' activates +channels,
Oz : Pertussis inhibits C4™ Channels,
Gaio Ger Retinal Rods Toxin increases
O-c Retinal Cones .
Taste Buds p_hpsphodlesterase 6
Ggust activity (rods and cones
Oy G112 K%?:g;'tﬁgﬁg Activates
Ol14 ’ _ i -
Goyg taene Hematopoietic Ym-254890 Phosphlipase £1-4
cells
012, 013 Ubiquitous Activates Small G-
G213

proteins, RhoA, and He
Shock Protein

Table 2: Pharmacology and signaling properties of the major G-protein subunit ti/fese
adapted from Wettschureck and Offermanns, 2005; Tedford and Zamponi, 2006).

Following dissociation of @-GTP, the By subunit can activate a large number

of effectors, including G-protein-regulated inward-rectifiérddannels (GIRK

channels), PLE@, and adenylyl cyclase (Camps et al., 1992; Smrcka and Sternweis, 1993;

Park et al., 1993; Pian and Dobbs, 1995; Yamada et al., 1998). Due to the several

different types of G-proteins, GPCRs, effectors, and regulatory proteinsjsreegreat

deal of versatility among the signal transduction mechanisms throughoutfénerditell

types of the body (for review see McCudden et al., 2005; Wettschureck anth@ihs,

2005).
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Neuronal calcium channels are directly regulated by betlai By subunits as
well as indirectly regulated by G-proteins through second messengamsy$or review
see Schultz et al., 1990; Dolphin, 1998ettschureck and Offermanns, 2005). N-type
and P/Q-type calcium channels are directly inhibited py i a membrane delimited
manner (for review see Tedford and Zamponi, 200§y sebunits remain anchored to
the plasma membrane, whereas tlwesGbunit can diffuse throughout the cytoplasm.
(Herlitze et al., 1996; Ikeda et al., 1996). Binding of tlflg &ibunits to the intracellular
loop between domains | and Il of thgsubunit of VDCCs makes it more difficult for the
channel to open (Bean, 1989b; Boland and Bean, 1993; Herlitze et al., 1997; Zamponi et
al., 1997; for review see Tedford and Zamponi, 2006). In addition to direct binding, G-
proteins can activate second messenger systems that activate protein kimasesanv
in turn regulate calcium channel activity. Phosphorylation of the channel progdimits
a regulatory component can either stimulate or inhibit channel activity.

The signal transduction mechanism of L-type calcium current faicilitaty
GABAE receptor activation in the mammalian nervous system has not been identified and
was a main focus of my research project. GAB&ceptor activation of PKC has been
shown to facilitate L-type current in salamander retinal neurons (Shen amghtsla
1999). PKC activation within the hippocampus has also been shown to enhance L-type
calcium current (Doerner et al., 1990; Doerner and Alger, 1992). However, this
facilitation was not linked to GABAreceptor activation. Shen and Slaughter (1999) also
demonstrated inhibition of the facilitation of L-type calcium current by GAB#eptor
activation in the salamander retina in the presence of a PKA inhibitor, but poases

was smaller than the blockade of facilitation seen with PKC inhibitors. Thenpres
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project directly investigated the role of PKC and PKA in GAB&ceptor mediated
facilitation of L-type calcium current within the neonatal rat hippocampus uasitigple

PKC and PKA inhibitors as well as activators for both PKC and PKA.

Protein Kinase C

PKC represents a family of serine/threonine protein kinases thainanaseéd by
diacylglycerol (DAG), calcium, and phospholipids. The structure of PKC includes a
highly conserved catalytic domain along with a regulatory domain that keeps the kina
in an inactive conformation (Figure 1.7; for review see Steinberg, 2008). Activaita
Goag family protein and certain & subunits results in the activation of PLC, which in
turn cleaves the membrane lipid phosphatidylinositol bisphosphatg {ir°DAG and
inositol trisphosphate (§p. DAG stays within the membrane and activates PKC (Figure
1.8). Activated PKC can then phosphorylate target proteins, such as sodium, potassium,

and calcium channels.
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Figure 1.7 PKC is a monomeric protein. Certain isoforms requiré’,Ca
DAG, and phosphatidylserine (PS) for activation and relief of autoingmbit

There are at least 12 different isoforms of PKC, which are cledsifto three
classes based on their activation requirements (Tanaka and Nishizuka, 1994ikidjshiz

1995; Webb et al., 2000; Zarate and Manji, 2009). The conventional PKC isoforms are
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Figure 1.8: PKC pathway. PLC can be activated by the Gq family af G
subunits as well as certainB{ subunits. The activated phospholipase cleaves
PIP; into IP; (inositol trisphoshpate) and DAG. slitiates intracellular calcium
release from the endoplasmic reticulum, which induces the diatgin of PKC

to the plasma membrane. PKC is activated by the combination of DAG, calcium,
and phospholipids. Once activated, PKC is able to phosphorylate targ@igrote

a, Bl, Bll, andy. These isoforms require calcium and DAG for activation. There are five
novel PKC isoformsy, €, 1, 06, andu. The novel PKC isoforms do not require calcium

for activation, but do require DAG for activation. Lastly, the atypical Pk@ims,(, A,
andy, require neither calcium nor DAG for activation (Tanaka and Nishizuka, 1994;
Webb et al., 2000; Zarate and Manji, 2009). In addition to differences in their mode of
activation, the different isoforms of PKC also vary in their structure, suibeell
localization, and tissue specificity. Multiple PKC isoforms can exigtiwe single cell,

but the subcellular localization may differ for each isoform. Thus, each isofoyrbena
involved in regulating different cell functions throughout various regions of the cell

(Roisin and Barbin, 1997).

Subfamilies of | soforms Activation
PKC Requirements
: Ca”, DAG, Table 3: PKC isoforms are divided
Conventional o B Bu, v Phospholipid | into three subfamilies based on their
N | 5 0 DAG and mode of activation.
ove &M 9 R phogpholipid

Atypical Gy Phospholipid
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All known PKC isoforms have been shown to be expressed in the mammalian
CNS (Tanaka and Nishizuka, 1994). However, all of the PKC isoforms have a very
specific tissue distribution at different developmental time points in the CHIZ1@N et
al., 1998). PKC is present in high concentrations in hippocampal neurons and plays a
large role in many developmental processes, such as neuronal differerfiétioin et
al., 2000). Various PKC isoforms are present in hippocampal neurons at different
developmental stages. A study by Roisin and Barbin (1997) looked at the presence of
several different PKC isoforms,(j, €, y, and{) in hippocampal cultures isolated from
embryonic rats as well as in hippocampal protein extracts isolated from pbsabh@iups
of varying ages using Western blot analysis (Figure 1.9). When analyzing protein
content at specific ages, PKC(A) is expressed at low levels until postnatal day 4 where
it begins to rise (Figure 1.9A). In comparison, PKQ) is barely detectable until
postnatal day 14. PKE(e) is detectable in the hippocampal preparations isolated from
embryonic rats with protein levels peaking during the first postnatal week.RKC
levels are low in embryonic tissue, but begin to rise starting postnatal dagre. Wwere
two immunoreactive bands for PK75 kDa and 83 kDa), which demonstrate different
expression patterns throughout development (Figure 1.9B). The 75 kDaahandhpre
highly expressed in the embryonic hippocampus and is not highly expressed past the
second postnatal week, whereas the 83 kDa h@norgtein levels peak after the first
postnatal week (Roisin and Barbin, 1997). This is one of the few studies to explore the
presence of the different PKC isoforms within hippocampal neurons during development.

Since this study is well over ten years old, not all of the PKC isoforms wer¢igaied.
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Figure 1.9: PKC isoforms vary throughout hippocampal development. Quarditatialysis by
Western blot of PKC isoform expression in hippocampal proteira&ztifrom rats of varying
ages. (A) For PKGy, B, v, ande isoforms, data are expressed as the percentage of the value
measured in the adult hippocampus. (B) For RKWwo bands were immunodetected. Each
value is the mean of three determinations. Adapted from Neurigtng International. Vol. 30,

No. 3, Roisin MP, Barbin G, Differential expression of PKC iswof® in hippocampal neuronal
cultures: Modifications after basic FGF treatment, 261-270, 1997, withiggon from Elsevier.
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Very few investigators have studied L-type calcium channel modulation By PK
and the studies that have been published demonstrate several conflicting resuéis. The
are many factors involved in determining whether phosphorylation of L-typeicalci
channels by PKC can either result in an increase or a decrease of caloiemt. These
include the type of cell, the type of calcium channel present, the type of@gcess
proteins associated with the calcium channels, as well as the specdronsdfPKC that
is activated. PKC activation enhances L-type calcium current in cardacyteyg, but
CaMKIl has also been shown to be involved in the signaling pathway (O-Uchi et al.,
2008). When CA..3 channels were heterologously expressed in HEK cells, PKC
activation with phorbol esters decreased whole-cell Gacurrent (Baroudi et al., 2006).
Using single-channel recording, it was demonstrated that PKC activatiorede@gt.3
current open probability, by decreasing open time and increased closed timm¢Gta
al., 2007). Studies comparing the peak and sustained component of whole-cell currents
in dorsal root ganglion cells from fetal mice in response to PKC activation, deatedstr
a decrease in N-type calcium current with no effect on L-type calciurantyfeross and
MacDonald, 1989). Each of these studies demonstrate a different response to PKC
activation, either an increase, no change, or a decrease in L-type calaient.clihese
demonstrate the complexity of the signaling pathways involved in the regulation of
calcium channels and the various factors that can affect the response totRKiibac

PKC has also been shown to modulate the other HVA calcium channel types, N-
type, P/Q-type and R-type calcium channels. When heterologously expiresteK
cells, phosphorylation of both N-type and P/Q-type calcium channels by PK@sedre

the activity of the channels and also decreased the amount of inhibition of the shannel
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by By (Swartz, 1993; Zamponi et al., 1997; Herlitze et al., 2001). In Xenopus laevis
oocytes, PKC activation enhanced both heterologously expressed N-type and R-type
calcium currents, but did not affect either P/Q-type or L-typd Qacalcium current

(Stea et al., 1995). Stea et al., (1999) also determined that the enhancememmeof N-ty
and R-type calcium current was dependent on the coexpressi@msabanit. In
comparison, other studies have shown that PKC activation can decrease N-type calci
current in the dorsal root ganglia of chick embryos through activatiesadrenergic
receptors by norepinephrine (Diversé-Pierlussi et al., 1993, 1995). In thedd-tghle
calcium current inhibition by activation of GABAeceptors with GABA is not

dependent on PKC (Diversé-Pierlussi et al., 1993, 1995). PKC inhibitors had no effect
on the GABA induced inhibition of N-type current in dorsal root ganglion cells. Using
guinea pig hippocampus, Doerner et al. (1990) demonstrated N-type calcium current
inhibition in response to direct activation of PKC in pyramidal cells, but they didolot

for any effects in interneurons. Although expression of calcium channels in hgter®lo
systems has provided a wealth of information about the characteristicsiofical

channels and signaling mechanisms involved in their regulation, these mechanysms ma

be different to what is seen in native tissues.

Protein Kinase A

Many cellular functions involve the second messenger cyclic adenosine 3',5'-
monophosphate (cCAMP), whose concentration is modulated by adenylyl cyclase and
phosphodiesterase (PDE) activity. Increased cAMP levels within neurorstest

cAMP-dependent kinase or PKA, which phosphorylates target proteins. When in its
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inactive form, PKA is a tetrameric structure consisting of two regulaaoynits along
with two catalytic domains (Figure 1.10). There are four different regulatdiynits

(Rla, RIB, Rlla, RIIB) and three catalytic subunitsqCCB, Cy; for review see

McKnight et al., 1988; Doskeland et al., 1993; Brandon et al., 1997). Each regulatory
subunit contains two cAMP binding sites (Taylor et al., 1990). Following binding of
CAMP to the regulatory subunit, a conformational change occurs that results in the
dissociation of the catalytic subunits. Once released from the regulatory suthese
monomeric catalytic subunits are now active and able to phosphorylate serine and

threonine residues on downstream target proteins.

Inactive PKA Active PKA

©e
'R|R !
CAMP ”

Figure 1.10: The structure of PKA consists of two regulatory subunitsafir®) two
catalytic subunits (C). In the absence of cAMP, the catadytiminits associate with
the regulatory subunits. As a result of cCAMP binding, a conformationafehia the
regulatory subunit releases the catalytic subunits. The acditadytic subunits are
free to phosphorylate proteins.

Adenylyl cyclase is an enzyme that synthesizes cAMP from aden@sine-
triphosphate (ATP). Adenylyl cyclase activity can be either stimailayeGos resulting
in an increase in CAMP levels or inhibited by;Gesulting in decreased cAMP levels.
CAMP levels are also controlled by PDE, an enzyme that breaks down cAMP. PKA

regulates several functions within different cell types, including cella&tabolism,
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changes in gene expression, cell and tissue development, neuronal excitaibility
channel conductivity, and changes in synaptic plasticity (for review ise@l@n et al.,
1997; Nguyen and Woo, 2003). Phosphorylation of L-type calcium channels by
PKA often leads to the enhancement of intracelluldf €ancentration. For example in
skeletal muscle, G&.1 L-type calcium current is enhanced through PKA
phosphorylation of a single serine residue (Ser 1982) in the C-terminuscgstiminit
(De Jongh et al., 1996). This enhancement in intracellufdri@zels ultimately
increases the force of the contraction (Schmid et al., 1985; Arreola et al., 1987,
Sculptoreanu et al., 1993a). Within the hefasddrenergic receptor activation leads to
the enhancement of L-type calcium current through phosphorylation by PKA (fewrevi
see Kamp and Hell, 2000). Direct PKA activation by 8-Br-cAMP increlaststhe
mean channel open time and probability ofXC2 L-type calcium channels in cultured
rat cardiac myocytes (Reuter et al., 1982; Cachelin et al., 1983). Therefopmgsiisle
that PKA is involved in the signaling pathway of L-type calcium current bB&A

receptors in the neonatal rat hippocampus.

The overall goal of this research project was to continue exploring the novel
phenomenon of L-type calcium current facilitation by GAB&ceptor activation within
the neonatal rat hippocampus. The first set of experiments investigated the
developmental time course of L-type current facilitation by GAB&ceptor activation in
the first two developmental weeks to determine at which age facilitatiomasts
prominent. Since many other investigators use either embryonic or adult hippocampal

tissue for their studies rather than neonatal tissue, the facilitatiotypelealcium
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current by GABAs receptor activation had not been previously demonstrated. The
GABAergic system is not yet fully developed in embryonic hippocampal tisglie a
hippocampal cultures isolated from embryonic rats contain mostly excifatcagnidal

cells (Banker and Cowan, 1979; Scholz and Miller, 1991). Only 5-10% of neurons
demonstrate GABA immunoreactivity in hippocampal cultures isolated from E47 rat
which is consistent with the excitatory synaptic potentials predominategnedal in E17
embryonic cultures (Scholz and Miller, 1991). A greater percentage (12-36%) ohseur
express GABA in cultures isolated from E18 rats (Scholz and Miller, 1991). Sinee ther
are very few GABAergic neurons in cultures isolated from early embryonic lapyoc

it could explain why facilitation of L-type calcium current has not beenrebde

Although the GABAergic system is fully developed in brain slices, it is prolllema
looking at receptor mediated effects on current in slices because the celladray
processes making it difficult to control the voltage. In acutely dissociated adul
hippocampal damage occurs to surfaaseins by either physical damage or trypsin
mediated digestion and thus acute isolations are not an ideal preparationdadyplessof
experiments. Hippocampal neurons isolated from adult tissue will not survive overnight
in culture, whereas hippocampal neurons isolated from neonatal tissue will survive
overnight in culture. Waiting overnight allows enough time for the neurons to recover
from dissociation and for the reinsertion of channels or receptors. In addition, fuhctiona
effects are likely to differ greatly ineonate versus adult due to major changes in the
GABAergic system during the early neonatal period. Since facilitatisrohly been
observed in neonatal cultures, it is possible that L-type calcium currdinafen could

be involved in a developmentally regulated process.
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Secondly, the role that L-type calcium current facilitation played inethelation
of chloride transporters during the maturation process of the GABAergensy&s
investigated. Due to the different subcellular distribution of N-type angbé.-¢alcium
channels on neuroms vivo, L-type channels are not generally linked to the regulation of
neurotransmitter release. Rather activation of L-type calcium chamwteth are
localized on the cell body and dendritic region of neurons, can lead to a number of
cellular effects ranging from gene activation to changes in postsyaaftity
(Westenbroek et al., 1990; Bading et al., 1993; Budde et al., 1998). It is possible that
GABAg receptor mediated facilitation of L-type calcium current during thefévg
weeks of development may play a role in the regulation of chloride transporteasestha
necessary for the maturation of the GABAergic response in neurons.

Lastly, the signal transduction pathway of GAB#ceptor modulation of L-type
calcium channels in hippocampal neurons was explored using several kinase intsbitors a
well as kinase activators. Since L-type calcium channels have sevesahsaos sites for
phosphorylation by kinases, the involvement of both PKC and PKA in the signaling
pathway was investigated. Both PKC and PKA have been implicated in the signal
transduction pathway of GABAreceptor facilitation of L-type calcium current in
salamander retinal cells (Shen and Slaughter, 1999). Therefore, it is likeRKiBGaand
PKA may be involved in the facilitation of L-type calcium current by GABé&ceptor

activation within the neonatal rat hippocampus.
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CHAPTER 2

MATERIALSAND METHODS

| solation of Hippocampal Neurons

All animal protocols were approved by the Marquette University Institutional
Animal Care and Use Committee and followed the guidelines set forth by theublts. P
Health Service. Neurons were isolated by a technique developed for the hippocampus of
postnatal rats as published previously (Mynlieff, 1997). Sprague-Dawley rabpups
varying ages were anesthetized with, &0d sacrificed by decapitation. The head was
immersed in 70% ethanol for 3 minutes for decontamination and rinsed in sterile rodent
Ringer’s solution with glucose (146 mM NaCl, 5 mM KCI, 2 mM GaClmM MgCb,
10 mM HEPES, 11 mM D-glucose, pH 7.4 with NaOH). The hippocampi were dissected
from the brain in oxygenated, cold (~5°C), sterile rodent Ringer’s solution with glucos
using sterile technique. For electrophysiology experiments, dissectavagastricted to
the superior region of the hippocampus (excluding the dentate gyrus). For protein
analysis of transporters, the entire hippocampus was used for cultures. Thedissue
placed in PIPES-buffered saline (120 mM NaCl, 5 mM KCI, 1 mM gdQinM MgCl,
25 mM D-glucose, 20 mM piperazine-N,N’-bis[2-ethanesulfonic acid], pH 7.0 with
NaOH) and sliced into ~1 mihsections. The tissue was transferred into a small vial and
incubated at room temperature in 1 ml of 0.5% Trypsin Xl and 0.01% DNase laSigm
Aldrich, St. Louis, MO) in PIPES buffered saline at room temperature for 20-30a®inut
with 100% oxygen blown over the tissue. This incubation was followed by another
incubation for 40-60 minutes depending on the age of the pup at 35°C under continuous

oxygen. The tissue was rinsed with 1 ml trypsin inhibitor solution (1 mg/mlitryps
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inhibitor, Type II-O: chicken egg white (Sigma-Aldrich, St. Louis, MO) and Inmhg/
bovine serum albumin) in rodent Ringer’s solution and rinsed again with 1 ml
Neurobasal-A growth medium fortified with B27 supplement (Invitrogen, Carlsbay, CA
0.5 mM glutamine, and 0.02 mg/ml gentamicin. The tissue was triturated with a fire
polished Pasteur pipette in fresh growth medium and plated onto the center of poly-L
lysine coated dishes for both electrophysiology and protein analysis. Tine clithes
were coated with Img/ml of poly-L-lysine (MW 38,500 to 60,000, Sigma-Aldrich, St.
Louis, MO) dissolved in 0.15 M boric acid (pH of 8.4 with NaOH). A detailed protocol
for making poly-L-lysine dishes can be found in Mynlieff (1997). Cells wédogval to
settle to the bottom of the dish for 5 minutes prior to the addition of growth medium to
bring the volume up to 2 ml per dish. Neurons were incubated at 37°C in a 5% CO
water-jacketed incubator.

There are many advantages to using cultured cells for electrophysablogi
studies. Cultured cells have very few processes which allows for proper cwetrol
voltage and prevents space clamp issues when performing patch clamp recdrdings
addition, it is possible to apply compounds directly to an individual cell without
contaminating other cells within the culture by using a U-tube system @ffyri997).
Cultured cells provide much more stable recordings compared to acutely isolated
hippocampal cells. Waiting 20 - 24 hours after dissociation allows time for the
reinsertion of channels and receptors after the processes have beendfiie&ad
example, N-type and P/Q-type calcium channels, which are primarilg fmuprocesses,
are reinserted into the cell body of the neuron (Figure 2.1; courtesy of Katieddiala

former undergraduate). Therefore, it is possible to study the modulation of channels
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normally found in the synapse on the soma. Hippocampal cultured neurons isolated in

the Mynlieff laboratory retain their electrophysiological properties amyfproperties

after dissociation (Mynlieff, 1997, 1999).
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Figure 2.1: Reinsertion of HVA calcium channels. To determine the poese
of different HVA calcium channel types, hippocampal culturedated from
postnatal rats 6 to 9 days old were labeled with primary antibad&gast the;
calcium channel subunits 24 hours following dissociation. All cudtareated
with antibodies 24 hours after dissociation displayed staininglfoof the o,
subunits tested, suggesting that 24 hours is sufficient timdareinsertion and
stabilization of calcium channels in the membrane. Approximately 20%o of
the cells stained darkly for the (a2 (L-type) calcium channel, while almost
100% of the cells stained uniformly and intensely with thg1CGa (L-type)
calcium channel. Data was obtained by Katie Halstead.
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Hippocampal cultures isolated from embryonic rat pups are predominantly
comprised of excitatory pyramidal cells, and thus are not ideal for theaftudy
hippocampal interneurons (Banker and Cowan, 1979; Scholz and Miller, 1991). One of
the benefits of using postnatal rat hippocampal cultures is that they angdngiched in
interneurons, making them an ideal system for studying the effects of &rAd8Aptor
modulation of calcium channels during development. When cultures isolated from a 7
day old postnatal rat were labeled with anti-GABA antibodies, 41.8 £ 5.0% of the
neurons contained GABA suggesting that almost 50% of the cells in the culture were
GABAergic inhibitory interneurons (Mynlieff, 1997). One of the disadvantages to using
cultured neurons is that the superior region of the hippocampus (CA1 and CA3) contains
pyramidal cells along with several different types of inhibitory interoes. After such a
short time in culture it is not possible to identify the cells based on morphology

(Mynlieff, 1997).

Electrophysiology

Whole cell patch clamp recording was used to measure calcium currents in
voltage clamp mode. Data were collected using a Dagan 3900A patch cigoinfea
(Dagan Corporation, Minneapolis, MN) combined with a Digidata 1322 data acquisition
system and a computer with pCLAMP 9.0 software (Molecular Devices, Sunnyvgle, CA
All electrophysiological experiments were performed at room temperda0-24 hours
following dissociation. Although voltage control is best immediately following
dissociation, it was necessary to wait overnight to allow the cells timedeaefrom

enzymatic dissociation and adhere to the bottom of the dish (Mynlieff, 1997). Recording
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electrodes (3-7 ) were made from borosilicate glass capillaries on a Flaming/Brown
Micropipette Puller model P-87 (Sutter Instrument Co., Novato, CA). The internal
solution used to fill the patch electrodes contained 140 mM Cs-aspartate, 5 mly] MgC
10 mM CseEGTA, 10 mM HEPES, 2 mM ATP-Naand 0.1 mM GTP (pH of 7.4 with
CsOH and osmolarity between 310-320 mOsm). The external solution used for calcium
current measurements contained 10 mM galZd5 mM TEACI, 10 mM HEPES and 1

uM tetrodotoxin (Sigma-Aldrich, St. Louis, MO) to block Neurrents (pH of 7.4 with

CsOH and osmolarity between 300-310 mOsm). Whole cell currents were eledlyonic
filtered at 1 kHz and digitized at 2 kHz. Linear components of leak current were
subtracted post-hoc by the passive resistance protocol in pClamp 9.0.

For the majority of the electrophysiology experiments, the sustained component
of the calcium current was used versus the peak component of the calcium current
(Figure 2.2). The peak current is a combination of several different typakioie
current, which can hamper the interpretation of these data. Since L-tyjpencalc
channels exhibit slow inactivation kinetics, the sustained current component at the end of
the 300 msec depolarization pulse to +10 mV was measured to minimize the contribution
of T-type, N-type, P/Q-type, and R-type calcium current while maximitiag t
contribution of L-type calcium current to the total measurement. The in@atvate for
L-type calcium current is very slow $ 500 msec), whereas the inactivation rates for N-
type, P/Q-type, and R-type calcium current is fast $0-80 msec; Tsien et al., 1988).
There may still be contributions of the other current types at the end of the 300 msec
pulse, but the majority of the sustained current should be primarily comprised joé L-ty

current due to its slower inactivation kinetics when compared to the other HVAncalc
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current types. Previous studies in which nimodipine, an L-type calcium channel
antagonist, blocked the ability of baclofen to facilitate sustained current biafrered
that the facilitatory effect of GABAreceptor activation on calcium currents was entirely

mediated through L-type channels (Carter and Mynlieff, 2004).

Figure 2.2: Peak versus sustained current.
Calcium currents were elicited by a 300
msec depolarization to +10 mV from a

holding potential of -80 mV. The peak

current is measured at the beginning of the
300 msec pulse, while the sustained current
is measured at the end of the 300 msec
pulse.

PEAK CURRENT

SUSTAIEND CURRENT

+10 mV

- 80 mV

Drugs and Enzymes Used in Electrophysiology Experiments

Multiple kinase inhibitors with different chemical structures as wefigecific
kinase activators were used for verification of results on whether PKC atd¥care
involved in the signal transduction pathway of L-type calcium currenttitain by
GABAg receptor activation. At certain concentrations kinase inhibitors can lose their
specificity for a particular kinase, therefore the concentrations useddiercempound
were carefully chosen. Experimental concentrations were determinedynéng the
literature as well as comparisons with theolCEGso (Table 4). If a compound interacted
with a single kinase a higher concentration could be used, whereas lower concentrations
were necessary for compounds that were less specific for a parkin#ae and may

interact with other kinases at higher concentrations.
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Compound Action ConcUeSnet(rjanon IC50 / ECsg

PKC fragment 19-36 inhibits PKC 2 UM 147 nM
GF-109203 X inhibits PKC 500 nM 10 nM

Chelerythrine Chlroide inhibits PKC 5 uM 0.66 uM
Phorbol Ester (PMA) activates PKC 1uM 1nM
H-89 dihydrochloride hydrate inhibits PKA 1uM 48 nM
Rp-cAMPS inhibits PKA 30 uM 11 yM

8-BR- cAMP activates PKA 500 uM 166 uM

Table 4: Kinase activators and inhibitors for PKC and PKA. The almmmpounds were used to
investigate t_he _signal transduction mechanism of L-type calcument facilitation by GABA
receptor activation.

(RS)-baclofen (Tocris, Ellisville, MO) and 8-Bromoadenosine 3", 5"~ cyclic
monophosphate (8-Br-cAMP, Sigma-Aldrich, St. Louis, MO) were direliflgolved in
the external calcium solution. GF-109203X (AG Scientific, INC., San Diego, Gd\) a
phorbol-12-myristate-13-acetate (PMA, Calbiochem, La Jolla, CA) were dssmi
dimethyl sulfoxide (DMSO) at 1000 - 5000 fold the final concentration. Rp-cAMPS
triethylammonium salt hydrate, H-89 dihydrochloride hydrate, and mtilefane chloride
(Sigma-Aldrich, St. Louis, MO) were dissolved in water at 333 — 10,000 fold the final
concentration. All concentrated stock solutions of the drugs were stored at -20°C unti
use up to two months. These compounds were diluted to their final concentration in the
external calcium solution on the day of uSéhe drugs dissolved in the external calcium
solution were applied to cells using a U-tube delivery system, constwitcteBE-10
polyethylene tubing housed in a piece of glass tubing, which allowed for quick
application and washout of compounds that were gravity fed onto the cell and removed
by vacuum suction. A blue dye, Fast Green FCF (Sigma-Aldrich, St. Louis, MO), was
added to the drug solution to visualize application of the drug onto the cell and to ensure
complete washout of the drug off the cell. Protein kinase C fragment 19-36 {Sigma

Aldrich, St. Louis, MO) was dissolved in 1% acetic acid and included in the internal



38

solution with less than a 0.1 change on the pH of the internal solution. Pertussis toxin
(PTX, Sigma-Aldrich, St. Louis, MO) was dissolved in distilled water at 5@0the

final concentration with bovine serum albumin (4 mg/ml) added for stabilization.
Cultures were exposed to 200 ng/ml PTX for a minimum of 16 hours starting two hours
after dissociation. A longer exposure time is necessary with PTX treatto@nsure
complete inhibition of ¢ proteins. This concentration and time of pre-treatment is
similar to the concentration (250 ng/ml) and time of PTX exposure (26 hrs) that Scholz
and Miller (1991) used to demonstrate the effect of baclofen on calcium currents in
hippocampal cell cultures. Higher concentrations as well as a longer PTXuexpose
would be necessary for complete inhibition gf @roteins if hippocampal slices were

being used for electrophysiological experiments.

Electrophysiology Data Analysis and Statistics

To analyze electrophysiological data, the magnitudes of the currensponse
to a +10 mV depolarizing pulse were plotted as a scatter graph vs. time. The linea
regression and 95% confidence intervals were determined for the control dataent
points and were used to determine the effect qfMODaclofen application on calcium
current amplitude as described in Carter and Mynlieff (2004). Multiple contrartar
were measured before and after drug application. This allowed for cortipertkee to
run-up or run-down of calcium currents (Figure 2.3). The percent change with baclofe
application was determined by comparison to the regression line. The cellgrougoed
according to whether baclofen application caused a deviation in the magnitude of the

calcium current when compared to the linear regression line determineddontiad
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data. The change in current magnitude was considered significant ifotifgllie of the
95% confidence interval for the regression line. If the current with baclofen atpplic
fell above the 95% confidence interval the cells were grouped as demonstnating a
increase in current and if it fell below the cells were grouped as demons#&aletgease
in current. In cells where the current with baclofen application fell within the 95%

confidence interval, the cells were grouped together as demonstratingige.cha
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Figure 2.3: Analysis of calcium currents. Calcium currents were eliciby a 300 msec
depolarization to +10 mV from a holding potential of -80 mV. Thesa dgtresent sustained
calcium currents recorded from cultured hippocampal neurons gdtare 7 day old rats. The
linear regression (solid line) and 95% confidence intervalh@théine) were determined for the
control currents«). The percent change with 181 baclofen application4) was determined by

comparison to the regression line. In all cells where the cusiimnbaclofen fell within the 95%

confidence interval the effect was counted as “no change”.

In experiments where kinase inhibitors or kinase activators were used, a
contingency table was set up as a 2X3 table where row 1 and row 2 contained control
cells and cells treated with a particular compound. The three columns contained the
number of cells in each row demonstrating an increase, no change, or a decrease in
sustained calcium current in the presence of baclofen. A chi-square was used to
determine whether the columns in the contingency table vary from row to row. A Fishe

exact test was used for pairwise comparisons. To determine whether the ntiogder
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that demonstrated an increase in calcium current with baclofen application ingheeabs
and presence of a drug was significantly different, the number of cells thahg&ated

no change or a decrease in calcium current with baclofen application were grouped
together making the pair-wise comparison between the cells demonstratingeasenc
and “other” (cells demonstrating a decrease plus cells demonstrating no chiEimge)
opposite was done to determine whether the number of cells that demonstrated a decrease
in calcium current with baclofen application in the absence and presence of aadrug w
significantly different. For this case the number of cells that demagstnat change or
an increase in calcium current with baclofen application were grouped togetkiagm
the pair-wise comparison between the cells demonstrating a deanddstheer” (cells
demonstrating an increase plus cells demonstrating no change). Aveat@eade

always given as mean = standard error of the mean (S.E.M.).

Western Blot Analysis

For Western blot analysis, whole hippocampal tissue was obtained from rats
ranging from 1 to 42 days old (D1 to D42) and from hippocampal cultures that were
obtained from postnatal day O rats and kept in culture for 1 to 15 days (CO-1 to C0-15).
A total volume of 2 ml of medium was maintained for cultures that were used for protein
analysis of transporters. Twenty four hours after plating the cells, 1gnbwth
medium was removed and fresh medium was added to the dish. A volume control dish
containing 2 ml of growth medium was placed in the incubator and the appropriate
amount of fresh medium was added every other day to maintain the correct volume. For

cultures treated with drugs 2 of stock solutions of either 5 mM nimodipine (Sigma-
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Aldrich, St. Louis, MO) dissolved in 5 M HCl or 10 mM (RS)-baclofen (Tocris,

Ellisville, MO) dissolved in methanol, were added daily for a total of sevgntda

maintain concentrations offBvl or 10uM, respectively. In addition, a few cultures were
also treated with 2-hydroxysaclofen (Tocris, Ellisville, MO), a GABtagonist. The
2-OH-saclofen was dissolved in 1 M NaOH to give a 10 mM stock solution. To maintain
a 10uM concentration, 2u of the 2-OH-saclofen stock solution was added daily for a
total of seven days. Chloride transporter levels were also tested in cukated with

drug vehicles alone (methanol, HCI, and NaOH). No significant differencesfoward

in transporter expression levels in comparison to the control cultures (Courtedgief
Brotkowski).

Proteins were extracted by homogenization in an ice-cold sucrose (@5@0emM
sucrose, 10 mM Tris, 10 mM HEPES, 1 mM EDTA, pH 7.2) with fresh protease
inhibitors (1pg/ml pepstatin, ug/ml leupeptin, 0.5 mg/ml pefabloc; Sigma-Aldrich, St.
Louis, MO) followed by centrifugation at 3622 x g for 10 minutes at 4°C. The
supernatant was centrifuged at 39,104 x g for 30 minutes at 4°C. The final psllet wa
resuspended in homogenizing buffer and stored at -80°C for less than 6 months. Protein
concentration was measured with an enhanced BCA protein assay (PierceydRdckf

NuPAGE lithium dodecyl sulfate (LDS) sample buffer and sample redageqt
(Invitrogen, Carlsbad, CA) were added to the membrane extracts and heated at 37°C for
30 minutes. The membrane extracts were run on a 3-8% Tris-acetate Novex Ehaigel
transferred to a polyvinylidene difluoride (PVDF) membrane (pore sizeu®y5or
KCC2 experiments and a nitrocellulose membrane (pore sizeu}tor NKCC1

experiments in NUPAGE transfer buffer (Invitrogen, Carlsbad, CA). The naawexdor
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were washed with phosphate buffered saline (PBS, 134.4 mM NacCl, 4.36 mM KClI, 10.56
mM NgHPQ,, 1.66 mM NaHPO, and pH to 7.4 with HCI) and blocked for 1 hour in

PBS containing 0.05% Tween, 5% nonfat dry milk, and 0.1% bovine serum albumin at
room temperature. The membranes were decorated with primary antibotie$BS
blocking solution against KCC2 (1:1000; Upstate Technologies, New York, NY) or
NKCC1 (1:2000; Developmental Studies Hybridoma Bank, University of lowa, lowa
City, I1A) overnight at 4°C. Following a 1 hour wash in PBS, the membranes were
incubated with either a goat anti-rabbit or goat anti-mouse HRP-conjugatedlaey
antibody (1:1000; Pierce, Rockford, IL) in the PBS blocking solution for 2 hours at room
temperature. The SuperSignal West Dura Extended Duration chemiluminescent
enhancement kit (Pierce, Rockford, IL) was used to visualize the protein bands with

classic blue autoradiography film (Molecular Technologies, St. Louis, MO).

Quantification of Western Blots

To quantify protein on Western blots, the background intensity was first
subtracted using ImageJ software (developed at U.S. National Institideslth and
available at http://rsb.info.nih.gov/ij/). The integrated optical density (I©Dg#ch
band was determined using Labworks 4.6 imaging and analysis software (Q\VP, In
Upland, CA). To control for gel loading, the IOD for each protein was divided by the
IOD of a band in the same lane labeled with either &atitin antibodies (1:1000; Cell
Signaling Technologies, Danvers, MA) or apriubulin antibodies (1:5000; Sigma-

Aldrich, St. Louis, MO). Multiple protein samples were analyzed per development
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time point studied for both whole hippocampal protein extracts and cultured hippocampal

protein extracts. Averaged data are always given as mean + S.E.M.



CHAPTER 3

The developmental time course of L-type calcium current
facilitation by GABAGg receptor activation within
therat hippocampus

44
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INTRODUCTION

The maturation and role of GABAeceptors early in neonatal development has
been extensively studied. In comparison, there is considerably less known about the
developmental changes of GABAeceptors. The current study was designed to enhance
our knowledge of GABA receptor function during development. Previous
electrophysiological experiments in the lab performed on hippocampal neurons
dissociated from the superior region of 5 to 7 day old rat pups have demonstrated both an
inhibition and facilitation of calcium current in response to GAB&ceptor activation
(Carter and Mynlieff, 2004). Using specific calcium channel blockers ICarte
Mynlieff (2004) confirmed that attenuation of calcium current was through N-type
calcium channels while facilitation was through L-type calcium chan@ABAg
receptor facilitation of HVA calcium current has been shown in a number ayge8,
including salamander retinal neurons (Shen and Slaughter, 1999), adrenal chorhaffin ce
cultures (Parragn et al., 1995), and rat dorsal root ganglion (Fujikawa et al., 1997). In
both salamander retinal neurons and adrenal chromaffin cell cultures, tiati@ciof
calcium current was blocked by DHPs, demonstrating that the effect wasyethtiough
L-type calcium channels. The type of HVA calcium current involved in thet&twmin
by baclofen in dorsal root ganglion was not investigated (Fujikawa et al., 1997).

Calcium is one of the most important intracellular messengers within neurons.
Calcium influx through VDCCs is not only important in processes of mature neurons, but
it also plays a crucial role in many developmental processes. Calciumiginvolved
in neuronal differentiation, growth, and maturation of developing neurons. lirighgst

during the early developmental period neuronal GABAergic synaptiaiasisn is
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excitatory and switches to inhibitory within the first few postnatal weékievelopment
(Ben-Ari et al., 1989; Owens et al., 1999). The excitatory GABAergic poteatmal
activate VDCCs, specifically L-type calcium channels, which resalan elevation of
intracellular calcium concentrations (Yuste and Katz, 1991; Leinekugke] £985;
Khazipov et al., 1997). In turn the elevated intracellular calcium concentration can
induce an increase in brain-derived neurotrophic factor (BDNF) levels, promotenak
survival and differentiation, and may be necessary to form and strengthencsynapti
connections (Berninger et al., 1995; Ikeda et al., 1997; Kirsch and Betz, 1998; Kneussel
and Betz, 2000). Thus, it is possible that enhancement of L-type calcium current by
GABAg receptor activation plays an important role during the first two postnatéswee
in hippocampal development.

There have only been a few studies to demonstrate facilitation of L-typenal
current by GABAs receptor activation (Parram et al., 1995; Shen and Slaughter, 1999;
Carter and Mynlieff, 2004). Since this phenomenon has only been demonstrated in
hippocampal tissue isolated from neonatal rats 5 to 7 days old, it may only be prasent a
specific time point in development. The developmental time course of L-type calcium
current facilitation by GABA receptor activation was determined using whole-cell patch
clamp experiments on hippocampal cultures dissociated from neonatal ratsrg vary
ages. Neurons from the superior region of the hippocampus were isolated by a technique
that has been well established in our laboratory (Mynlieff, 1997). Hippocampal sulture
prepared in our laboratory contain excitatory pyramidal cells along withadeliterent
types of inhibitory interneurons. To decrease the heterogeneity of tloalloales, only

the superior region of the hippocampus containing the CA3 and CA1 regions was used.
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These types of experiments are very difficult to perform using brain slieet space

clamp issues. Since cultured cells are spherical for the first 24 hours in enidude not
contain many processes, one has better control over the currents and the enviobnme
the cell. The patch clamp technique allows for detailed analysis of ion currents and
individual cell modulation. For the present study, electrophysiological iexgets with

the GABAg agonist baclofen were performed on cultured hippocampal neurons obtained
from different aged rats to identify the timecourse of L-type cal@ument facilitation

by GABAg receptor activation. To determine if the varying baclofen responses observed
at different developmental time points were due to changes in the number and type of
calcium channels present, the density of HVA and LVA calcium current wasured in

cultures obtained from different aged pups.
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RESULTS

Calcium Currentsin Cultured Hippocampal Neurons

Families of calcium currents were initially recorded in experimentharacterize
the baclofen responses in hippocampal cultures isolated from neonatal raiigeskdm
calcium currents were elicited from a holding potential of -80 mV by 300 msec
depolarizing test steps between -50 mV and +50 mV in 10 mV increments (Figure 3.1).
Due to the heterogeneity of our cell cultures, each cell contains a differapteznent of
calcium channels. Therefore, there can be a wide range of activation sclésyein
different cells. These values are also affected by the concentration atity iolethe
charge carrier used (Baand C&"). Using 10 mM C& as the charge carrier gave
currents that generally activated between -30 mV and -10 mV depending oasbeqar
of T-type calcium channels (Figure 3.1). The current-voltage relationship shown i
figure 3.1B shows that from a holding potential of -80 mV, the current turns on positively
to the -10 mV test step and peaks at +20 mV. T-type calcium currents aréedaiva
low voltages and inactivate very rapidly as can be seen in the family ehtsurr
represented in figure 3.1C. The current-voltage relationship shown in figure 3.1D shows
that from a holding potential of -80 mV, this cell appears to have two activationasltag
The LVA current turns on around -40 mV with the HVA component appearing around -
10 mV. The early activation voltage is due to the presence of T-type calcilantaarr
this cell. In contrast to the cell represented in figure 3.1 C and D, the celire 8dL. A
and B, does not exhibit T-type current as demonstrated by the lack of a shoulder in the

current-voltage relationship.
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Calcium current demonstrates rapid run-up or run-down of currents. Thus, it was
important to obtain control and baclofen data in the shortest time period possible. To

investigate GABA mediated effects on HVA currents, the cells were held at -80 mV and
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Figure 3.1: Calcium currents isolated in hippocampal neurons from 7 day wd (A) and (C)
represent families of whole cell calcium currents elicftedh a holding potential of -80 with 300
msec long depolarizing test steps from -50 mV to +50 mV in 10imokéments. (B) and (D)
represent the current-voltage relationship of the totalwalcurrent from the same cells shown
in (A) and (C).

depolarized with a 300 msec pulse to +10 mV. This allowed for rapid measurements in
varying conditions (control, drug, and washout) minimizing run-up or run-down.
Calcium currents in cultured hippocampal neurons isolated from postnatal ratgiog var

ages are modulated by activation of GABr#ceptors with baclofen. Three different
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responses are seen with baclofen application. Calcium currents either dateanst
decrease, an increase, or no change in response to g&Bdéptor activation (Figure
3.2).

A. Decrease B. No Change C. Increase

—— Control
—— Baclofen
—— Washout

50 pA

™ |

100 msec 100 msec 100 msec

200 pA
50 pA

Figure 3.2: Total calcium currents were measured using whole-cell gol@damp. The cells
were held at -80 mV and stepped to +10 mV for 300 msec. The blaeké&@resents the control
current, the red trace represents wheml#0baclofen was applied to the cell, and the blue trace
represents the currents after baclofen was washed offeoteh. (A) This cell illustrates
inhibition of total calcium current in the presence ofubMd baclofen. (B) This cell did not show

a response to 10M baclofen application. (C) This cell shows facilitation tofal calcium
current in response to 1M baclofen.

Time Course of Calcium Current Modulation by GABAg Receptors

To determine whether facilitation of L-type calcium current by GABéceptor
activation is developmentally regulated, calcium currents were recordedions
isolated from hippocampi of 0, 3, 7, and 14 day old rat pups using whole-cell voltage
clamp recording in the absence and presence of the @Agdnist baclofen (10M).
Currents were elicited by a 300 msec depolarizing pulse from a holding potential of -80
mV as described in Chapter 2. A total of 22-32 cells from each developmental time point
studied were analyzed to determine both the percent of total cells that ekbdiste
response to baclofen application and the average magnitude of the responseiom addit
both the peak and sustained components of the currents were analyzed. Measuring the

sustained component of the current at the end of a 300 msec pulse should minimize the
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contributions from P/Q-type and N-type calcium currents, thereby incgete
contribution of L-type calcium current.

The percentage of cells demonstrating an increase, decrease, or no chanfye in tota
calcium current depended on the age from which the neurons were isolated. Atythe earl
time points more neurons demonstrated a decrease in peak calcium current in response t
application of 1QM baclofen, while more neurons demonstrated an increase in peak
calcium current at the later time points studied (decrease, P = 0.039; incre@0R; <
using a Chi-square, Figure 3.3A). In cultures isolated from 0 day old animals, 59.1% of
the cells demonstrated an inhibition of peak calcium current in response to baclofen
application. The percentage of cells demonstrating a decrease in peak calcmn
was not significantly different in cultures isolated from 3 day old animals (30.5%)
However, the percentage of cells demonstrating a decrease in peak calcenhwasr
significantly lower in 7 day old animals (25%, P = 0.022, pairwise comparisons were
determined with a Fisher’s Exact test) and 14 day old animals (25%, P = 0.035,eairwis
comparisons were determined with a Fisher’'s Exact test). In thehzglideamonstrated a
decrease in peak calcium current from hippocampal cultures isolated from O datgold
the average decrease in total current was 20.30 £ 2.95 % (Figure 3.3B). The average
percent decrease was not significantly different from the otherpoimes studied (P =
0.543 using an ANOVA). In comparison to the cells demonstrating a decrease in peak
current, more cells demonstrated an increase in peak current in response to baclofe
application during the second postnatal week. The percent of cells that deradnstrat
facilitation of peak calcium current is different at the various ages studied (001

using a Chi-square). Only 9.1% of cells isolated from O day old animals and no cells
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isolated from 3 day old rat pups demonstrated an increase in peak calcium cureent. Th
percent of cells demonstrating an increase in peak calcium current wasiBt@%ares

isolated from 7 day old rat pups and 16.7% in cultures isolated from 14 day old rat pups.
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Figure 3.3: Modulation of peak calcium currents by GABAeceptor activation at different
developmental time points. (A) Each bar represents the magee of cells demonstrating a
decrease, no change, or an increase in peak calcium ctollemting application of 10uM
baclofen in hippocampal cultures isolated from postnatal aaging from 0 days to 14 days old.
(B) Average percent decrease in peak current in cells dérating a decrease in response to
baclofen (P = 0.543 using an ANOVA).
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Peak current is a combination of L-type, N-type, P/Q-type, R-type, apgeT-t
calcium current hampering interpretation of these data. Thus, the sustained current
component at the end of a 300 msec depolarization pulse to +10 mV was measured
minimizing the contribution of N-type, P/Q-type, and R-type calcium currernéwhi
maximizing the contribution of L-type calcium current to the total measureme
Previous studies in the laboratory have already confirmed that the facjliedtect of
GABAg receptor activation on calcium currents was entirely mediated througheL-ty
channels (Carter and Mynlieff, 2004). There was not a significant differenoe in t
percent of cells demonstrating facilitation of sustained calcium curreasponse to
baclofen application in hippocampal cultures isolated from 0, 3, 7, or 14 day old rat pups
when time points were analyzed separately (Figure 3.4A; P = 0.054 using a Cla}Squa
Since the number of cells isolated from 0 and 3 day old rats responding witlatiacilit
were very low and similar and the numbers of cells isolated from 7 and 14 day old rats
responding with facilitation were much higher, the data were re-anadyakedgrouped
into early postnatal (day 0-3) and late postnatal (day 7-14) time points. Wheatighe c
were grouped into early and late postnatal period, they were significandsedifi(P =
0.023 using a Chi-Square). The average percent increase in sustained calcinihincurre
the cells that demonstrated an increase in calcium current with baclofemetneatere
not significantly different at the developmental time points studied (Figure 3.4B; P
0.136 using an ANOVA). The cells from 3 day old animals were not included in the
statistical analysis, because there were only 2 cells that demedstraincrease in
response to baclofen. These experiments demonstrated that the percent of cells

demonstrating facilitation of L-type calcium current by GABAceptor activation does
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vary throughout the first two weeks of development and is most prominent during the

second postnatal week.
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Figure 3.4: GABAg receptor facilitation of sustained calcium currents aeckffit developmental
time points. Currents were measured at the end of a 300 msec dépplawize to +10 mV from

a holding potential of — 80 mV. (A) Each bar represents the meofecells demonstrating an
increase in sustained calcium current following application ofiMilObaclofen in hippocampal
cultures isolated from rats that were 0, 3, 7, and 14 dayspotd(.054 using a Chi-Square when
each age was analyzed separately; P = 0.023 using a Chi-S¢hemeday 0 and day 3 were
grouped into early postnatal period and day 7 and day 14 were grouped into late postndjal perio
(B) Average percent increase of sustained current Ia demonstrating facilitation in response

to baclofen (P = 0.136 using an ANOVA).
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HVA and LVA Current Densities During the First Two Postnatal Weeks

developmental ages studied could be due to changes in the number and type of channels

One possible explanation for the varying baclofen responses seen at thatdiffere

present on the cell membrane. For example, if a particular HVA current tygbeas L-

type current is only modulated at earlier time points, it is possible tisg tdhannels are

only expressed at that developmental time point. To determine whether theharages

in current density, both the mean LVA and HVA current densities were measuhed

different ages studied. The LVA or T-type calcium current was alifiten a 300 msec

pulse to -30 mV from a holding potential of -80 mV (Figure 3.5). LVA current density

was determined by dividing the peak control current in these cells by the membra

capacitance. Since T-type calcium current varies throughout developmetitohthe

cells exhibited this type of current at the different time points studied (0 &4),(3/day

(9/29), 7 day (24/43) and 14 day (23/43)). T-type current density did not significantly

differ when cultures were isolated from rats of varying ages (P = 0.107 using an

ANOVA).
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Figure 3.5 T-current density in
hippocampal neurons isolated from rat
pups of different ages. The low
voltage activated T-type calcium
current was elicited by a 300 msec
pulse to -30 mV from a holding
potential of -80 mV. Only a subset of
cells exhibited T-current in cultures
obtained from 0 day (9/27), 3 day
(9/29), 7 day (24/43) and 14 day
(23/43) old rats. The current density
was determined by dividing the peak
control current in these cells by the
membrane capacitance. (P = 0.107
using an ANOVA).
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In addition to the LVA current density, HVA current densities were also
determined for all of the cells studied at the different time points. HV#icts were
elicited with a 300 msec pulse to +10 mV from a holding potential of -80 mV (Figure
3.6). The peak and sustained components were separated and compared at each time
point studied. The peak current was measured at the beginning of the 300 msec pulse and
the sustained current was measured at the end of the 300 msec pulse. HVA current
density was determined by dividing the current by the cell capacitaroth.thi& peak
and sustained current densities did not significantly change duringghi&viir postnatal
weeks of development in the rat hippocampus (peak, P = 0.644; sustained, P = 0.508;

using an ANOVA).
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Figure 3.6 HVA current density in hippocampal neurons isolated frompugas of different
ages. HVA currents were elicited with a 300 msec pulse tar\l@rom a holding potential of -
80 mV. The peak current was measured at the beginning of the 36(uise and the sustained
current was measured at the end of the 300 msec pulse. Curreity dexssdetermined by
dividing the current by the cell capacitance. Both the pealid(stles) and sustained (open
circles) current densities did not significantly change dutimg first two postnatal weeks of
development in the rat hippocampus (peak, P = 0.644; sustaired,308; using an ANOVA).
The N’'s ranged from 23-38 for each time point.
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Due to the heterogeneity of our hippocampal cultures, it is possible that a cell type
with a particular cell size or current density may demonstrate &gt of L-type
current by GABAs receptor activation. To determine whether cells demonstrating an
increase in sustained calcium current in response to baclofen application Wezestih
cell size or the number and type of calcium channels present when comparesl to cell
demonstrating no change or a decrease in sustained calcium current in response to
baclofen application, cell size and HVA current densities were compared fiiffdrent
groups of cells. There were no significant differences in cell size (P = 0.®tjlauswo
Way ANOVA) as measured by cell capacitance or peak current densit§.@®0 using
a Two Way ANOVA) in the cells that exhibited an increase in sustainedicatzirrent
in response to 1M baclofen application when compared to cells that exhibited no
effect or a decrease in sustained calcium current in responseuid éclofen (Figure
3.7). Peak current density was determined by dividing the peak control curreat by th
cell capacitance to normalize for cell siZéhere was no significant difference when
determining the current density using the sustained component (P = 0.633 using a Two
Way ANOVA) and the transient component (P = 0.921 using a Two Way ANOVA) of
the current (Figure 3.8). The sustained control current was measured at thehen806f t
msec pulse and the transient component was calculated by subtracting tinedustai
current from the peak current for each cell and averaged for each group.offtelée
experiments demonstrated that facilitation of L-type calcium curre@A®Ag receptor
activation is most prominent in neurons isolated from 7 and 14 day old rats. However,
the changes in response to baclofen can not be attributed to changes in HVA current

density.
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Figure 3.7. Membrane capacitance and HVA current density. (A) Membrapacitance was
measured as an indication of cell size. There was not dicignidifference in capacitance
between cells that demonstrated an increase in responseutd béclofen (black bars; O day
(3/22), 3 day (2/23), 7 day (10/32) and 14 day (6/24)) when comparelistthe¢ demonstrated
no change or a decrease in response tpM Maclofen (gray bars) at the different time points
studied (P = 0.911 using a Two Way ANOVA). (B) Total currdensity was determined by
dividing the peak control current by the cell capacitanceotmalize for cell size. The average
current densities were determined at each developmentaptime for cells that exhibited an
increase in sustained calcium current withubDbaclofen (black bars; 0 day (3/22), 3 day (2/23),
7 day (10/32) and 14 day (6/24)) and cells that exhibited no changeemrease in sustained
calcium current with 1@M baclofen (gray bars). There was no difference in the ageragent
densities based on the cell’'s response to baclofen at tleeedifftime points studied (P = 0.690
using a Two Way ANOVA).
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Figure 3.8: HVA current density. (A) Average current densities of thetained component of
current prior to the application of baclofen were determineddits that exhibited an increase in
sustained calcium current with 1M baclofen (black bars; 0 day (3/22), 3 day (2/23), 7 day
(10/32) and 14 day (6/24)) and cells that exhibited no change oreadean sustained calcium
current with 10uM baclofen (gray bars). There were no differences in theagegesustained
current densities based on the cell’s response to baclofendiffénent time points studied (P =
0.690 using a Two Way ANOVA). (B) There were no significant chamgt® transient current
densities between cells that exhibited an increase in sustealedm current with 1QuM
baclofen (black bars; 0 day (3/22), 3 day (2/23), 7 day (10/32) and 1&/4y) and cells that
exhibited no change or a decrease in sustained calcium curtieritOuM baclofen (gray bars; P
=0.921 using a Two Way ANOVA).
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DISCUSSION

GABAg receptors have been shown to attenuate N-type calcium current in a
number of different cell types, including hippocampal neurons (Scholz and Miller, 1991,
Dolphin and Scott, 1987; Mintz and Bean, 1993; Pfrieger et al., 1994; Amico et al., 1995;
Cardozo and Bean, 1995; Lambert and Wilson, 1996; Shen and Slaughter, 1999). N-type
calcium channels along with P/Q-type calcium channels are concentratgthptic
terminals of CNS neurons and are involved in neurotransmitter release. bklgioen
channels contribute to neurotransmitter release earlier in developmentasvRéQetype
calcium channels along with N-type calcium channels contribute to nengwotitéer
release later in development (for review see Dolphin, 2003). This correlates to the
present results, which demonstrated that the inhibition of peak calcium current by
GABAg receptors predominates in hippocampal cultures isolated from 0 day old rat pups.
Carter and Mynlieff (2004) have demonstrated that the decrease in peak current by
GABAg receptor activation is through N-type calcium channkisivo, GABAg
receptors involved in the inhibition of calcium current are likely to be localized on the
presynaptic terminal providing a type of feedback inhibition of neurotransmatéarse.

Much less is known about the facilitatory actions of GABAceptor activation
on calcium currents. To date, facilitation of L-type calcium current b&Areceptor
activation has only been observed in salamander retinal neurons (Shen and Slaughter,
1999) in adrenal chromaffin cell cultures (Paréanet al., 1995), and in hippocampal
neurons (Carter and Mynlieff, 2004). Carter and Mynlieff (2004) were thedirst t
demonstrate facilitation of L-type calcium current in the mammalia8.CN their study,

30% of the cells demonstrated an enhancement of calcium current in response ém baclof

application in hippocampal cultures isolated from 5 to 7 day old rat pups. This
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enhancement of calcium current by GABreceptors was blocked in the presence of the
L-type channel blocker, nimodipine (Carter and Mynlieff, 2004). Since this phenomenon
has only been observed in neonates and has not been previously observed in either
embryonic or adult hippocampal tissue, it seemed likely that the facilitationygpie
calcium current by GABAreceptors is only present at a specific time in development.
The current study demonstrated that facilitation of L-type calciunecuby
GABAg receptor activation is a developmental phenomenon and is greatest in
hippocampal cultured isolated from 7 and 14 day old rats. When analyzing the peak
component of the current 31% of the cells demonstrated an increase in total calcium
current and when analyzing the sustained current component 37.5% of the cells
demonstrated an increase in calcium current in response to baclofen application in
hippocampal cultures isolated from 7 day old rat pups. These percentages are consistent
with the 30% of cells that Carter and Mynlieff (2004) found to be facilitated by GABA
receptor activation in hippocampal cultures isolated from 5 to 7 day old rats.
Hippocampal cultures are heterogeneous and contain pyramidal cells alongweitl s
types of inhibitory interneurons. There are over 21 distinguishable inhibitory intemneur
subtypes that have been classified in the hippocampus based on their morphological,
neurochemical, and electrophysiological characteristics (for reveaeviKkusberger and
Somogyi, 2008; Cutsuridis and Wennekers, 2009; Klausberger, 2009). The variability in
the responses to baclofen application is likely due to the heterogeneity aftthes
Several factors such as the complement of calcium channels, the presencefghiSAB
versus GABAy;, receptors subtypes, the coupling with different G-proteins, the size, and

the physical location of the cells can all vary in the different cell typesept within the
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hippocampus. Therefore, the cells demonstrating facilitation in responsedtebacl
application could represent a specific subset of cells present in the hippocampus.

Despite the heterogeneity of the cell cultures, experiments on HVA and LVA
current density at various time points in this early postnatal period suggesgibasl
change in channel density or distribution of channel types in the cells capfeoheke
differing effects of GABA receptor activation at different time points. The sizes of the
cells that demonstrated facilitation were not different when compared tahalls
demonstrated no change or a decrease in calcium current in response to baclofen
application. In addition, the HVA current density for cells that demonstrateithtamm
was not different when compared to cells that demonstrated no change or a decrease |
calcium current in response to baclofen application when the HVA currentydeasit
determined for the total, sustained, and transient component of the current. These studie
suggest that cells demonstrating facilitation of calcium current by GABéeptors do
not differ significantly in the size or number of channels present fromdst®nstrating
no change or a decrease in calcium current by GAR&eptors.

Even though there are not changes in the total amount of sustained current
throughout development, there may be variations in the contribution of the different
forms of L-type calcium channels. The two types of L-type calcium cleatired are
ubiquitously expressed in the brain and are present in hippocampal neurongléte Ca
and Cal.3 (Hell, 1993). It has been demonstrated that L-typ&.Z@rotein levels peak
in hippocampal neurons isolated from 7 day old rats (Nufiez and McCarthy, 2007),
whereas CA..3 protein levels begin low and increase throughout development (Ingraham

and Mynlieff, unpublished data). Electrophysiological experiments in native neurons do
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not distinguish between a2 and Cgl.3 current. A peak facilitation of L-type calcium
current by baclofen at approximately one week may be a reflection ofdkepgression

of Ca,1.2 protein levels in these neurons. This idea is also supported by the fact that
immunocytochemical techniques have shown that less than 30% of hippocampal neurons
taken from 7 day old pups demonstrate significant amounts of {ie2G@dannels, which

may reflect the subset of cells that demonstrate the facilitatiortygfd_ealcium current

by GABAg receptors.

Our lab has demonstrated that GAB#ceptor activation within the neonatal rat
hippocampus can modulate different types of VDCCs. Here we have demonstrated that
the inhibitory effect predominates during the first postnatal week, whil@adtigatory
effect of calcium current by GABAreceptor activation predominates during the second
postnatal week. Carter and Mynlieff (2004) have demonstrated that both effebts can
present within the same cell, which suggests different mechanisms are involvéidewit
modulation of the different channel types by GAB®ceptors. L-type calcium channels
contain several consensus phosphorylation sites for several kinases, includiagdPKC
PKA, while N-type calcium channels are primarily modulated through diressturtion
by G-proteins associated with the GABreceptor(for review see Catterall, 2000). The
signal transduction mechanism involved in the facilitation of L-type curse@®ABAg

receptors is an area of interest in the laboratory and will be discussed inrGhapte



CHAPTER 4

Theinflux of calcium through L -type calcium channelsis
necessary for the upregulation of KCC2, but not NKCC1
during development in therat hippocampus

64
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INTRODUCTION

Early in neuronal development the neurotransmitter GABA exerts an exgitat
rather than inhibitory effect due to a high concentration of intracellular chlomnde i
(Cherubini et al., 1991). During the first two postnatal weeks in the hippocampus of rats
the internal concentration of chloride ions decreases. This causes a changevertdz
potential of chloride and thus, a shift from an excitatory effect of GAR&eptor
activation to an inhibitory effect (Ben-Ari et al., 1989; Leinekugel et al., 1995, 1997,
1998; Khazipov et al., 1997; Rivera et al., 1999; Ganguly et al., 2001). Evidence
suggests that the upregulation of the€CK co-transporter (KCC2) and the
downregulation of the N&*2CI co-transporter (NKCC1) are responsible for shifting the
chloride reversal potential (Plotkin et al., 1997; Lu et al., 1999; Rivera et al., 1999;
Hubner et al., 2001a). NKCCL1 expression predominates in immature neurons and
mediates chloride influx, while KCC2 expression predominates in mature neurons and
mediates chloride efflux (for review see Delpire, 2000; Payne et al., 2003). e to t
high intracellular chloride concentration in immature neurons the activatioABRAG
receptors depolarizes the cell, which subsequently activates voltage-eiepesidium
channels, particularly L-type calcium channels (Yuste and Katz, 1991 kugielect al.,
1995; Khazipov et al., 1997; Ganguly et al., 2001). This GABAergic excitation is
important for proper neuronal development (for review see Ben-Ari, 2002; Owens and
Kriegstein, 2002; Fiumelli and Woodin, 2007; Galanopoulou, 2008; Kahle et al., 2008;
Blaesse et al., 2009). As the brain matures, the number of neurons that atergxacita
response to GABA decreases and thus, the magnitude of calcium influx with GABA

receptor activation decreases. Once neurons have fully developed, GABA respenses
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hyperpolarizing and inhibit the cell from reaching threshold. Additionally, the subuni
composition of the GABA receptor changes during development (Kanaumi et al., 2006;
Liu and Wong-Riley, 2006; Rissman et al., 2006; Yu et al., 2006). This change in
subunit composition should not affect the reversal potential directly since that is
dependent on the internal and external chloride concentrations, but it does affect the
response to various modulators such as zinc and benzodiazepines.

Treatment of embryonic rat hippocampal cultures with L-type calcitanra
antagonists prohibits the shift in the chloride reversal potential, suggestirgltiam
influx through L-type calcium channels is involved in the changes of chloride trégrspor
expression (Ganguly et al., 2001). However, Ganguly and co-workers did not directly
look at the effect of calcium influx through L-type channels on chloride transporter
expression. Previous experiments in our laboratory have demonstrateditacidfd -
type calcium current by activation of the metabotropic GAB&ceptor in acutely
cultured hippocampal neurons isolated from 5-7 day old rat pups (Carter and Mynlieff
2004). The data presented in Chapter 3 suggest that the facilitation of L-typencalci
current is maximal in the second postnatal week, a time period in which many genes
including chloride transporters and neuronal L-type calcium channels arenghtregr
expression as the neurons mature (Nufiez and McCarthy, 2007).

The present study explores the potential connection between chloride transporter
expression and calcium influx through L-type calcium channels in the earlytakona
period. Although changes in reversal potential have been shown to be dependent on
calcium influx through L-type calcium channels, this is the first study ezt

investigate the effect of calcium influx on the chloride transporter preteatd in



67

hippocampal neurons. Since calcium influx is enhanced in a subset of neonatal
hippocampal neurons by activation of GABFreceptors, activation of these receptors
may also alter KCC2 and NKCC1 transporter expression. The KCC2 and NKCC1
expression levels throughout early postnatal development were determinesbtayivvy

blot analysis in the presence and absence of an L-type channel antagonist antiza GAB

receptor agonist.
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RESULTS

Developmental Requlation of NKCC1 Protein during the Early Postnatal Period

The expression levels of both KCC2 and NKCC1 were determined by Western
blot analysis in hippocampal neurons cultured for various time periods and were
compared to that from fresh tissue of equivalent ages. KCC2 is neuron specifigsvhere
NKCC1 is expressed in neurons and also glial cells (Payne et al., 1996; Lu et al. 1999;
Kanaka et al., 2001; Hubner et al., 2001b). Whole hippocampal tissue protein was
isolated from rats ranging in ages 1 day to 42 days old and cultured hippocampal neurons
that were isolated from O day old rat pups and kept in culture for 1 to 15 days. Other
investigators have demonstrated that embryonic hippocampal neurons in cultbie exhi
spontaneous activity and form synaptic connections within a few days following
dissociation (Siebler et al., 1993; Bi and Poo, 1998; Vicario-Abejon et al., 1998). In
addition, postnatal cultured hippocampal neurons in the Mynlieff laboratory demenstrat
excitatory postsynaptic currents if allowed to remain in culture for more2édours
(unpublished observations). Anti-NKCC1 antibodies labeled a single band of 143 kDa
on Western blots of proteins isolated from either cultured neurons or whole hippocampus
(Figure 4.1). Steady state NKCC1 protein levels were determinedhatiee point
studied by dividing the 10D for the 143 kDa band by the 10D for a band labele@-with

tubulin antibodies to control for variations in loading. The internal control was ngcessar

NKCC1 Figure 4.1: Using Western blot
238 —> analysis, anti-NKCC1 antibodies label
a single band with a molecular weight
of 143 kDa in protein preparations
171 —> extracted from whole hippocampus or

8 < NKCC1 cultured hippocampal neurons (right
117 = : lane). The left lane was loaded with
MagicMark Western standard markers.
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since the amount of protein extracted from cultured neurons was so low that the protein
assay results were not accurate. In contrast to KCC2 protein levels (&% betre

was little change in the steady state protein levels of NKCC1 duringshénfo

postnatal weeks of development both in fresh tissue and in cultured hippocampal neurons
(Figure 4.2; P = 0.278 using Two Way ANOVA). Fresh tissue that was analyzed from
rats of one month or more in age demonstrated up to a ten-fold increase in the steady

state expression level of NKCC1 compared to D1 protein levels (D42, 13.17 + 4.32).
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Figure 4.2: Developmentally regulated expression of NKCC1 protein imigtocampus and
cultured hippocampal neurons. (A) Representative Western blotsenafyproteins extracted
from whole hippocampus (left panel; postnatal day 1 to day 15) and edilhippocampal
neurons (right panel). Cultured neurons were obtained from day Gnataere kept in culture
for 1 to 15 days before protein isolation (CO-1 to C0-15). @)mmary data comparing the
steady state NKCC1 protein levels isolated from whole hippodapnotein extracts (solid
circles; N = 3) and cultured hippocampal neurons (open circles3N 4, except C0-6 where N
=2). The IOD of the band labeled with NKCC1 antibodies (143 kDa)ivaded by the 10D of
the band labeled witR-tubulin antibodies (55 kDa) for normalization. In the firsbtweeks
there was no difference in NKCCL1 protein levels in theediffit ages across both tissue types
(P =0.278 using a Two Way ANOVA).
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Developmental Requlation of KCC2 Protein during the Early Postnatal Period

Functional KCC2 proteins form oligomers that have a molecular mass higher than
the monomeric protein (~125 kDa). Several studies have demonstrated KCC2 dimers
along with monomers when performing Western blot analysis (Lu et al., 1999s8lee
al., 2006; Zhang et al., 2006). KCC2 dimers are detected on Western blots, because they
are resistant to both non-ionic detergents such as Triton X-100 and also the anionic
detergent SDS (Blaesse et al., 2006). In our study, antibodies to KCC2 labeled three
bands of 248 kDa, 125 kDa, and 46 kDa representing a dimer, a monomer, and a splice
variant (Figure 4.3). As the neurons matured there were increasing amounts wfahe di
in relation to the monomer in both whole hippocampal protein extracts as well ascculture
protein extracts. Steady state KCC2 protein levels were determiaadratime point
studied by adding the 10D for the band corresponding to the monomer plus the IOD for
the band corresponding to the dimer and this value was further divided by the IOD for a
band labeled witlf-actin antibodies as a control for variations in loading. Since the
intensity of the band corresponding to the KCC2 splice variant was a minor component in
most preparations and the fact that the splice variant is not considered aseafoauti
of the KCC2 protein, it was not included in the data analysis. Previous studies showed

that KCC2 mRNA levels within the rat hippocampus are low following birth and rapidly

KCC2 Figure 4.3: This sample Western blot
demonstrates thé¢hree bands labeled

220 = ‘d‘ <— Dimer with  anti-KCC2 antibodies  with
: molecular weights of 248 kDa, 125
120 —> | &5 | < Monomer kDa, and 46kDa in protein preparations
-— extracted from whole hippocampus or
40 > ‘—..<—-SpliceVariant cultured hippocampal neurons (right
20 > lane). The left lane was loaded with

MagicMark Western standard markers.
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rise in the first few postnatal weeks (Rivera et al., 1999; Balakrishredn 2003). Our
protein data is consistent with the mRNA data in that both fresh tissue and cultured
neurons demonstrated low KCC2 protein levels during the first postnatal week, bait level
rapidly rise during the second postnatal week ((Figure 4.4; P < (s0f@la Two Way
ANOVA). In fresh tissue the protein level tripled between day 15 and day 24 (D24, 11.86
+ 4.2), at which point it plateaued through adulthood (D33, 9.31 + 0.66; D42 9.60 +
2.76). The increase in KCC2 protein levels during the second postnatal week in
development occurred boithvivo and in cultured hippocampal cells, supporting the use
of cultured hippocampal neurons to study the developmental expression of KCC2. In
addition, the results presented in Chapter 3 demonstrate that in hippocampal ceb cultur
obtained from rats of various ages L-type current facilitation peaks at apately the

same developmental time point as KCC2 expression levels begin to rise. Thissupport
the hypothesis that facilitation of L-type calcium current by GAB&ceptor activation

within the hippocampus may play a role in the regulation of KCC2 during the first two
postnatal weeks of development.

Other investigators have demonstrated that the internal chloride conoentrati
decreases during the early postnatal period in rat hippocampal neurons. This could be
due to a concurrent increase in KCC2 with a decrease in NKCC1, since these tieasispor
move chloride in the opposite direction. However, our data suggest that only the KCC2
transporter levels are changing in the first two postnatal weeks of hippocampal
development and that it is the ratio of the two transporters that is important in

determining the intracellular concentration of chloride and thus, the reversalgdtent
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the GABA4 response. Our data demonstrate a large increase in the KCC2 to NKCC1

ratio between postnatal day 8 and 12 (Figure 4.5; P = 0.005 using an ANOVA).
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Figure 4.4: Developmentally regulated expression of KCC2 protein in rat higppas and
cultured hippocampal neurons. (A) Representative Western blotsanafyproteins extracted
from whole hippocampus (left panel; postnatal day 1 to day 15) and exilhippocampal
neurons (right panel). Cultured neurons were obtained from day Gnataere kept in culture
for 1 to 15 days before protein isolation (CO-1 to C0-15). @)mmary data comparing the
steady state KCC2 protein levels isolated from whole hippocapnptdin extracts (solid circles;
N = 3) and cultured hippocampal neurons (open circles; N = 3 — 4,te30ep where N = 2).
The 10D of the band corresponding to the monomer (125 kDa) andOtbeof the band
corresponding to the dimer (248 kDa) were added together anddiiwydine 10D for the band
labeled withB-actin antibodies (45 kDa). There is a significant differend€G2 protein levels
at the different ages across both tissue types (P < 0.001 using a TwoN@asA A
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16 Figure 45: KCC2 to NKCC1
14 1 ratio. The ratio of KCC2 to
NKCC1 was determined using the
normalized values for the cultured
10 hippocampal neurons for each date
that a preparation was isolated.
An average of three to four
6 - preparations was determined for
each time point. The ratio of
KCC2 to NKCC1 is higher at 12
and 15 days in culture (P = 0.005

O‘_'!—'_ | . | using an ANOVA).
o 2 4 6 8 10

12 14 16

12 A

Ratio of KCC2 / NKCC1
(o]

Days in Culture

Role of L -type Calcium Channels and GABAg Receptorsin Modulating Chloride

Transporter Expression

To determine whether calcium influx through L-type calcium channels and
GABA; receptor activation affect the protein level of KCC2 and NKCC1 during the early
neonatal period, hippocampal cultures isolated from O day rats were treatedittaitye
GABA; receptor agonist baclofen () or the L-type calcium channel antagonist
nimodipine (5uM) for one week. Previous studies treating cultures with the vehicles for
these drugs demonstrated only a small shift in pH (<0.1) and no effect on ceityabil
protein levels (data not shown). Steady state NKCC1 protein levels wereidetely
Western blot analysis and the values were determined by dividing the 10D fmarttie
corresponding to NKCC1 by the 10D for a band correspondifigtabulin. This value
was further normalized by dividing it by the value obtained for the control cultoweng
in the absence of any drugs along side each set of cultures treated wsthmbiiexposed
to the same film and multiplied by 100%. NKCC1 protein levels during the first
postnatal week were not modified by treatment with the GABgonist baclofen

(101.50 + 8.90%; N = 4 individual cultures, P = 0.8772 using a one sample t-test; Figure
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4.6A). In addition, the L-type calcium channel antagonist nimodipine did not affect the
steady state protein levels of NKCC1 during the first postnatal week dbgevent
(93.50 + 6.90%; N = 4 individual cultures, P = 0.4177 using a one sample t-test; Figure
4.6A). Therefore, NKCC1 protein levels in hippocampal cultures are not affected by one
week treatment of the GABLfagonist, baclofen or the L-type antagonist, nimodipine.
Steady state KCC2 levels were analyzed by Western blot and the valees wer
determined by adding the 10D for the band corresponding to the monomer plus the 10D
of the band corresponding to the dimer and dividing it by the IOD for a band labeled by
B-actin antibodies. This value was further normalized by dividing it by the naedali
IOD obtained from the control culture that was run on the same gel and exposed to the
same film and multiplied by 100%. A total of 8 cultures were treated with each drug
The steady state protein levels of KCC2 after a week in culture were noicsigihyf
altered by treatment with the GABAgonist baclofen (108.38 £ 12.03%; N =8, P =
0.5357 using a one sample t-test; Figure 4.6B). The steady state protein |&@{320f
were greatly reduced by treatment with the L-type calcium channgjcannsa
nimodipine (46.38 = 5.37%; N = 8, P = 0.0001 using a one sample t-test; Figure 4.6B).
Thus, the upregulation of steady state KCC2 expression that normally occurs llering t
first postnatal week in culture appears to be dependent, at least in part, on c#laxim
through L-type channels.
In addition to baclofen and nimodipine, a small number of cultures were also
treated with 1QuM 2-OH-saclofen, a GABAantagonist. 2-OH-saclofen (1:®1) did
not affect the protein levels of KCC2 during the first postnatal week in cultueer{da

shown). These results were similar to the data collected from culteaésdwith the
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GABAg agonist baclofen, which also did not affect KCC2 protein levels during the first
postnatal week in culture. Therefore, additional experiments were not performgd us

the GABAg antagonist 2-OH-saclofen.
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Figure4.6: Effects of baclofen and nimodipine on chloride transporter expressing Western
blot analysis. Hippocampal cultures were obtained from daysCarat either 1QM baclofen, a
GABAg; agonist, or ;uM nimodipine, an L-type calcium channel antagonist were addgdtda
the cultures for one week. Each bar represents one proteingti@pdhat was isolated from a
set of cultures treated with either drug and an average (hatchemddsadetermined for both drug
treatments. (A) NKCC1 steady state protein levelsfiohg treatment with a GABAagonist or
an L-type calcium channel antagonist. The IOD of the band labétled\WCC1 antibodies was
divided by the IOD of the band labeled wifdtubulin antibodies. This value was further
normalized by dividing it by the value obtained for the contrdiucelfor each set of cultures and
multiplied by 100%. (B) KCC2 steady state protein levelbfahg treatment with a GABA
agonist or an L-type calcium channel antagonist. The IOD of thd barresponding to the
monomer and the 10D of the band corresponding to the dimer of Ké@2added together and
divided by the IOD of the band labeled wifhactin antibodies. This value was further
normalized by dividing it by the value obtained for the contrdlucelfor each set of cultures and
multiplied by 100%. (*P = 0.0001 using a one sample t-test).
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DISCUSSION

GABA is the main inhibitory neurotransmitter within the adult brain. However,
activation of GABA, receptors has an excitatory effect in immature neurons due to the
high intracellular chloride levels (Cherubini et al., 1991). Later in developtiment
activation of GABA, receptors has an inhibitory effect that persists into adulthood.
Changes in chloride transporter expression levels during the first few fabsteaks of
development are thought to underlie this developmental switch (Plotkin et al., 1997; Lu et
al., 1999; Rivera et al., 1999; Hubner et al., 2001a). The mechanisms involved in
signaling the shift in transporter expression are not known. It has been datecinstat
blockade of GABA\ receptors or L-type calcium channels delays the change in the
reversal potential of chloride in developing hippocampal neurons (Ganguly et al., 2001)
Prior to the switch in reversal potential for the GAB&ceptor, activation of these
receptors causes calcium influx through VDCCs due to the depolarizing natoee of t
response. These data from Ganguly and co-workers (2001) suggest that aktypa c
current may play a role in the changes in chloride transporter expressionctivatioc
the rat hippocampus during the first two postnatal weeks of development. Our laboratory
has demonstrated that activation of the GAB#etabotropic receptor can enhance
calcium influx through L-type calcium channels and attenuate calcium imitamdgh N-
type calcium channels during the early neonatal period (Carter and Wy2(0i@4). The
attenuation of N-type calcium current by GABFeceptors is known to persist into
adulthood in the hippocampus and is likely to modulate neurotransmitter release from the
presynaptic terminal (Dutar and Nicoll, 1988; Harrison, 1990; Lambert et al., 1991,

Thompson and Gahwiler, 1992; Davies and Collingridge, 1993; Pfrieger et al., 1994; Wu
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and Saggau, 1995). The functional role of L-type calcium channel enhancemest is les
clear. The present study demonstrated that influx of calcium through lcaéygam

channels is necessary for the upregulation of KCC2 protein levels in the firsatabst

week within the hippocampus. Thus, these findings support the hypothesis that calcium
influx through L-type channels is involved in the developmental switch of the GABA
response by affecting chloride transporter expression.

Several investigators have described conflicting expression patterngGE NK
throughout hippocampal development. Therefore, it was necessary to perform a
timecourse of NKCCL1 protein level changes in cultured hippocampal neurons. Our
developmental timecourse of NKCC1 protein levels is consistent with previous studies
looking at NKCC1 mRNA and protein within rat hippocampal neurons (Yan et al., 2001;
Wang et al., 2002). These studies observed an upregulation of both NKCC1 mRNA and
protein in the developing rat hippocampus with a peak level of expression within the
adult. The Western blot analysis of NKCC1 by Yan et al. (2001) demonstrated a tre
for an increase in the first three postnatal weeks but only in the adult was tlaseéncre
statistically significant, which is very similar to the data presengee. hThe preparations
from fresh hippocampal protein also contain glial cells, which are one of theceihi
types that express NKCC1 protein in adult hippocampus (Kanaka et al., 2001; Yan et al.,
2001; Wang et al., 2002). The fact that whole hippocampal preparations contain glial
cells could explain why NKCC1 protein expression levels are higher in the gtiepar
isolated from adult tissue versus tissue isolated from neonates. Howeverfstie®e s
have seen peak expression of NKCC1 mRNA and protein within the rat hippocampus at

postnatal day 7 with very little expression in the adult (Plotkin et al., 1997). Ouresultur



79

are strictly neuronal and do not support glial cells (Mynlieff, 1997). Fresletiss
consistently demonstrated higher NKCCL1 levels than age matched cultures,swhich i
likely due to the lack of glial cells in the cultures. Therefore, all NKCCleprievels
measured in culture reflect expression within the first two postnatal weelksigely in
neurons.

In whole hippocampal protein extracts from 1, 4, and 6 day old rats and in
cultures isolated on day 0 and kept in culture for 1, 4, and 6 days, KCC2 protein levels
remain relatively low. However, in fresh hippocampal extracts as well afisrkept in
culture, the slope of the KCC2 protein levels drastically increases betlagéhand day
8, correlating well with the peak in the enhancement of L-type calcium current by
GABAg receptor activation during the second postnatal week (Figure 4.7). KCC2 protein
levels continue to rise throughout the first few weeks of development and plateau by
three weeks of age. This trend in KCC2 expresgiavo was similar to what was seen
in our cultured hippocampal neurons as well as by others studying expression of KCC2
by Western blot analysis or mRNA levels (Rivera et al., 1999; Lu et al., 1989 &t
al., 2002; Stein et al., 2004; Nuiiez and McCarthy, 2007). The fact that there are not
dramatic changes in NKCCL1 transporter protein levels during the first tvioapals
weeks suggest that the ratio of KCC2 to NKCC1, versus the downregulation of NKCC1
protein levels may be responsible for the change in the reversal potential of chidride a

thus, the developmental switch of the GABResponse from excitatory to inhibitory.
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Figure 4.7 Comparison of cell percentage demonstrating L-type current
facilitation and KCC2 steady state levels in whole hippocammakipr extracts.
The bar graph represents the percent of cells that exhibitggel ealcium
current facilitation in response to GABAreceptor activation at different
developmental ages. The line graph represents the steaglK&@PR levels in
whole hippocampal protein extracts determined by Western blot analysis

NKCC1 expression in hippocampal cultures was not affected by either baclofen
or nimodipine treatment. While these data suggest that neither @ ARAptor
activation nor L-type calcium current is directly involved in developmental esanig
NKCC1 protein levels, the involvement of L-type calcium current in KCC2 expressi
would still cause a change in the KCC2/NKCC1 ratio. Ultimately, it is the oathese
two transporters that determines the internal chloride concentration sinaathey
chloride in opposite directions. Thus, a change in just one transporter will altatithe r
and affect the chloride reversal potential. Relatively little chandeeiNKCC1 protein
levels during the first two weeks in culture is offset by the large incred§€C2 protein

levels.
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Treatment of hippocampal cultures with the L-type calcium channel blocker
nimodipine significantly blocked the upregulation of KCC2 protein levels compared to
the cultures not treated with the blocker. Calcium influx through L-type calcium
channels appears necessary to signal a pathway involved in the upregulaticddzof KC
These findings support the model that the elevation of intracellular caleugis |
through VDCCs promotes the developmental switch of the GA&ponse from
excitatory to inhibitory. This role of L-type calcium channels in requigiCC2 protein
levels also suggests that L-type calcium current facilitation by GA®Aeptor
activation could enhance the upregulation of KCC2 during the early neonatal period
within the rat hippocampus. However, when cultures were treated with the §ABA
agonist baclofen there was no significant change in KCC2 protein levels conpéred t
untreated cultures. There are a number of reasons that enhancement of leciype ca
current by activation of GABAreceptors may be important in this developmental switch
without demonstrating an effect in the current study. Typically, only about 30% of the
neurons demonstrate an enhancement of the L-type calcium current withsGABA
receptor activation. The effect of baclofen may have been quite significant KC @2
expression in these individual cells, but when the tissue was pooled for a Western blot
analysis it would not be sufficient to see a significant change in the preteis.|
Ideally, one would need to perform experiments such as single cell RT-PCR toideter
if the chloride transporters are affected by GABAceptor activation differently in
distinct cells. In addition, there is still a large amount of L-typewalcurrent in the
absence of GABAreceptor activation. The activation of the GAR&ceptors merely

“enhances” the whole cell current that is already present. To see ardiffan protein
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levels by Western blot analysis one needs a very robust change such anthatise
nimodipine. Perhaps the “enhancement” seen with baclofen was not sufficiegglydar
analyzed by this method.

In conclusion, the activation of VDCCs following depolarizing GAB#&sponses
aids in signaling the developmental switch of the GABAsponse from excitatory to
inhibitory. Here we have demonstrated that L-type calcium current @lepts in the
upregulation of KCC2 protein levels during the first few weeks of hippocampal

development without causing a significant change in the NKCC1 protein levels.
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CHAPTER 5

The signal transduction mechanism of L-type calcium current
facilitation by GABAg receptor activation in the
neonatal rat hippocampus
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INTRODUCTION

The regulation of N-type as well as P/Q-type calcium channels has been well
studied in neurons. Less is known about the regulation of L-type calcium channels in
neurons. L-type calcium channels play a large role in the function of both cardiac a
skeletal muscle. Thus, many investigators have concentrated on studyraguhation
of L-type calcium channels in muscle tissue, particularly cardiac smudtturonal
activity is commonly regulated by GABA, which can activate metabotropiBAzA
receptors. Upon GAB#receptor activation, neuronal calcium channels can be directly
regulated by either &or G3y subunits or they can be indirectly regulated by G proteins
through second messenger systems (for review see Catterall, 2000; Dolphin, 2003;
Tedford and Zamponi, 2006).

It has been demonstrated that GAB#&ceptors predominantly couple tg,G
proteins (Morishita et al., 1990; Campbell et al., 1993; Menon-Johansson et al., 1993;
Greif et al., 2000). One of the most common mechanisms of channel modulation by
GABAE receptor activation occurs through direct modulation py saibunits associated
with Goio proteins (for review see Bettler et al., 2004). In the hippocampus, inhibition of
N-type and P/Q-type calcium channels by presynaptic GAR&eptor activation occurs
through direct modulation by subunits (Kajikawa et al., 2001). Binding oG
subunits to the channel inhibits its activity by making it more difficult for thambélao
open (Bean, 1989b; Boland and Bean, 1993; Herlitze et al., 1996; lkeda, 1996; Zamponi
and Snutch, 1998; Colecraft et al., 2000). GIRK channels are directly activatgg by G
subunits associated withofz proteins coupled to GABAreceptors. GIRK channels can

also be modulated through kinase activity. PKA increases the activation of GIRK
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channels, whereas PKC decreases the activation of GIRK channels @ sed Lujan
et al., 2009).

Previous experiments have demonstrated that GABeéeptor activation can lead
to an attenuation of N-type calcium current and the enhancement of Latgperc
current in hippocampal cultures obtained from neonatal rat pups of various ages (Carter
and Mynlieff, 2004; Bray and Mynlieff, 2009). It is well known that the inhibition of N-
type calcium current by GABAreceptor activation is mediated by a G-protein from the
Gi protein family, which are sensitive to PTX. However, the signal transduction
pathway involved in the facilitation of L-type current by GABReceptors in mammalian
neurons is unknown.

In addition to direct modulation by, activation of G-proteins can also lead to
activation of kinases, which can modulate calcium channel activity as walpel-
calcium channels have several consensus sites for phosphorylation by PKC and PKA.
PKC is typically activated through thengs 1 pathway and PLC. PKA activation is
dependent on the presence of cCAMP. The levels of CAMP are determined by bdenyly
cyclase activity, which can either be stimulated loy & inhibited by ;. GABAg
receptor activation of PKC and PKA has been shown to facilitate L-typeicaturrent
in a subset of salamander retinal neurons (Shen and Slaughter, 1999). It has been
demonstrated specifically within the rat hippocampus, that activation of BKC ¢
facilitate L-type calcium current (Doerner and Alger, 1992). Howeverrdéljgonse was
not directly linked to GABA receptors.

This study was designed to elucidate the signal transduction mechanism of

GABAg receptor modulation of L-type calcium channels within the neonatal rat
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hippocampus. Although activation of PKC has been shown to enhance L-type calcium
current within the hippocampus, this is the first study to directly investigateotential

role of PKC in GABA; receptor mediated facilitation of L-type calcium current.
Electrophysiological experiments were performed on cultured hippocampal naurons i
the presence and absence of several PKC and PKA antagonists, as well &s fagonis
both types of kinases to determine their involvement in the signaling pathway of $SABA
receptor activation and the subsequent enhancement of L-type calcium cualenimC
current facilitation in response to baclofen application has been shown to be most
prominent in hippocampal cultures isolated from 7 and 14 day rat pups. Therefore, all
hippocampal cultures used in these experiments were isolated from rat pups et wer
to 8 days old in order to maximize the number of cells exhibiting the facilitatory

response.
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RESULTS

Since one of the most common mechanisms of channel modulation by $SABA
receptor activation occurs through direct modulation bygtein, the first
experiment performed was overnight treatment of hippocampal cultures diftaime7
day old rat pups with PTX (200 ng/ml). PTX was added to the cultures two hours after
dissociation. Addition of PTX inactivates{Jroteins by ADP-ribosylation. As
described in Chapter 2, calcium currents were elicited by a 300 msec depolarigeng pul
to +10 mV from a holding potential of -80 mV (Figure 5.1). The distribution of the
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Figure 5.1 Calcium currents in the presence of PTX. Calciumerusr were elicited by a 300
msec depolarization to +10 mV from a holding potential of -80 mkthe peak current is
measured at the beginning of the 300 msec pulse. The blackdmesents the control current,
the red trace represents when 1M baclofen was applied to the cell, and the blue trace
represents the currents after baclofen was washed off oeth&he cell represented in A and B
did not show an effect to baclofen application in the presenceT®f Rhereas the cell
represented in C and D demonstrated facilitation of peak calmiurant in response to baclofen
application in the presence of PTX.
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responses differed in cultures that were treated with PTX in comparison tceatedtr
cultures (P= 0.009 using a Chi-square). In cultures that were not treated with PTX,
33.33% of cells demonstrated a decrease, 38.46% of cells demonstrated no change, and
28.21% of cells demonstrated an increase in peak calcium current in respong&ito 10
baclofen. In cultures that were treated with PTX, no cells demonstrateckasks /0%

of cells demonstrated no change, and 30% of cells demonstrated an increase in peak
calcium current in response to M baclofen. Facilitation of calcium current in
response to 10 uM baclofen was still seen in cells treated with PTX, whichssutige
facilitation of L-type calcium current is not mediated by a PTX sems-protein

(Figure 5.2). However, it was demonstrated that the inhibition of N-type catcitnent

by GABAg receptors in the neonatal rat hippocampus is mediated througlpeoin,
because following PTX treatment no cells demonstrated inhibition of their c(irent

0.002 using a Fisher's Exact test for pairwise comparisons).
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Figure 5.2: Effect of PTX on the baclofen responses in hippocampal neurdie peak
component of calcium current was measured at the beginning of a 80@emlarizing pulse to
+10 mV from a holding potential of -80 mV. Cells were clasdifas demonstrating a decrease
(black bar), no change (light gray bar), or an increasek (daay bar) in response to 1M
baclofen. Data were collected from 39 control cells and 28 gelthe presence of PTX (200
ng/ml, P = 0.009 using a Chi-square). Pairwise comparisons werewithna Fisher's Exact
Test. * indicates a statistically significant difference.
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PK C Inhibitors Block the Ability of Baclofen to Facilitate Sustained Current

The goal of these experiments was to determine whether or not PKC wasdnvolve
in the signal transduction pathway of L-type calcium current facilitatyoGABAg
receptors. Although over 12 different isoforms of PKC have been classified; broad
spectrum PKC inhibitors were used as a first step in determining the involvehitaeC
in the signal transduction pathway of the facilitatory response by GABéeptor
activation. Several PKC inhibitors with different chemical structures weed for
verification of the results. Each of the inhibitors used has been shown to be a potent and

selective inhibitor of PKC (Table 5).

PKC Inhibitors PK C Isoforms References
PKC Fragment 19-36 All isoforms House and Kemp, 1987
GFE-109203X o, BL,Bll, 8, ¢, C, v Toullec et al., 1991;

Martiny-Baron et al., 1993

Group A and Group B

Chelerythrine Chloride (o, BI, BII, ¥) (5, &, & M)

Herbert et al., 1990

Table 5. The PKC inhibitors used were selective for several PKC is&form

The first PKC inhibitor tested was the PKC fragment 19-36, which corresponds to
a conserved region of the regulatory domain of PKC. This synthetic peptideefragm
has been shown to inhibit both autophosphorylation and substrate phosphorylation of
PKC by acting as a potent substrate antagonist (House and Kemp, 1987). This peptide
was shown to block the facilitation of L-type calcium current by GAB&ceptors in
salamander retinal cells (Shen and Slaughter, 1999). Since the PKC fragr3éns 19-
not membrane permeable, it was included in the internal pipette solution. For all PKC
and PKA antagonists and agonists, the sustained component of the current was analyze

to maximize the contribution of L-type calcium current. It is well docuetktiiat
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voltage-dependent calcium currents run down or run up in recordings made from cultured
cells, which makes the ability to hold a cell through numerous drug applications and
washes limited. Therefore, all experiments with kinase inhibitors and acsivetoe

carried out as population studies, comparing the distribution of responses in thegoresenc
and absence of each compound tested. In addition to the comparison of the percent of
cells demonstrating each response to baclofen application, the average @deangatin

the magnitude of sustained current was also compared back to the averagechangnt
seen in hippocampal cultures isolated from 6 to 8 day old rats that were treated with

baclofen in the absence of any kinase inhibitors or activators (Figure 5.3).
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Figure 5.3: Summary of the average percent change in sustained catciuemt in
response to 1QM baclofen in control cells isolated from postnatal rate 8 days old.
Each bar represents the mean percent change of sustained calaiant. Cells were
classified as demonstrating a decrease (black bar), no cltiégigegray bar), or an
increase (dark gray bar) in response t¥0Obaclofen.

The distribution of the responses differed in the presence of the PKC fragment 19-
36 in comparison to the control cells (Figure 5.4 003 using a Chi-square). In

control cultures 34.1% of cells demonstrated a decrease in sustained calcimh c



91

29.5% of cells demonstrated no change in sustained calcium current, and 36.4%
demonstrated an increase in sustained calcium current in respongeMda0lofen.
When the PKC fragment 19-36 (1) was included in the recording pipette, 28.6% of
cells demonstrated a decrease in sustained calcium current, 60.7% of cellstidgetbns
no change in sustained calcium current, and 10.7% of cells demonstrated am® imcreas
sustained calcium current in response ta¥0Obaclofen (P = 0.027 using a Fisher’s
exact test for pairwise comparisonf)ata using the PKC pseudosubstrate peptide
inhibitor, PKC fragment 19-36, suggest that PKC may be involved in the signaling

pathway of L-type calcium current facilitation by GABAReceptors.
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Figure 5.4: Effect of the PKC inhibitors, PKC fragment 19-36, GF-109203X, anteghbrine
chloride on the baclofen responses in hippocampal neurons. The sustained cowfpoaleim
current was measured at the end of a 300 msec depolarizingtputd® mV from a holding
potential of -80 mV. Cells were classified as demonstratimigcrease (black bar), no change
(light gray bar), or an increase (dark gray bar) in susthcalcium current in response to i\
baclofen. Data were collected from 44 control cells, 28 cells in the preskineePKC fragment
19-36 (2uM), 28 cells in the presence of GF-109203X (500 nM), and 25 cells in ¢serme of
chelerythrine chloride (3M). P = 0.003 using a Chi-square when comparing all of the groups
together. Pairwise comparisons were done with a Fisher's Eratt * indicates a statistically
significant difference.
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The PKC inhibitor, GF 109203X (also known as bisindolylmaleimide | and GO
6850) was also used to determine the involvement of PKC in the signal transduction
pathway of GABAs receptor facilitation of L-type calcium current. This inhibitor was
used by Shen and Slaughter (1999) to demonstrate the involvement of PKC in the signal
transduction pathway of GABAreceptor facilitation of L-type calcium current in
salamander retinal neurons. GF-109203X is a competitive inhibitor for ATP binuting a
is highly selective for PKC when compared to several different protein ki(iEsekec
et al., 1991; Martiny-Baron et al., 1993). GF-109203X has been shown to inhibit several
PKC isoforms in tissue from rat brain includiaggl, €, 8, and{ (Martiny-Baron et al.,

1993) andh, BI, Bll, andy in bovine brain tissue (Table 5; Toullec et al., 1991). In the
study by Toullec and others (1991) GF-109203 inhibited all of the four PKC isoforms
tested ¢, pl, Bll, andy) with similar potency, whereas Matiny-Baron and others (1993)
saw inhibition with a ranked order of potenay>pl > ¢ > > ().

Since GF-109203X is membrane permeable, the compound was included in both
the external bath calcium solution and in the baclofen solution. The distribution of the
responses differed in the presence of GF-109203X (500 nM) in comparison to the control
cells (P = 0.003 using a Chi-square). When GF-109203X (500 nM) was present 46.4%
of the cells demonstrated a decrease in sustained calcium current, 50.0% of cells
demonstrated no change in sustained calcium current, and 3.6% of cells demonstrated a
increase in sustained calcium current in response pd/liBaclofen (Figure 5.4).

Focusing on the facilitatory response, 36.4% of the control cells demonstralitatitaci
of sustained calcium current when treated witlul¥Dbaclofen, while only 3.6% of cells

demonstrated facilitation of sustained calcium current treated witfvlifaclofen when
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GF-109203X was included in the external recording solution (P = 0.001 using a Fisher’s
exact test for pairwise comaprison). Only a single cell out of the 28 eetieded from
demonstrated a 7.51% increase in sustained calcium current with baclofentiapplica
when GF-109203X (500 nM) was included in the recording solutions, which is lower
than the average percent increase for the 16 control cells demonstratitagiéec(18.07

+ 2.78%, Figure 5.3).

The last PKC inhibitor used to confirm the involvement of PKC in the signal
transduction pathway of GABAreceptor facilitation of L-type calcium current was
chelerythrine chloride. Chelerythrine chloride is a benzophenanthridine dlkiadobi
inhibits PKC by interacting with the catalytic domain (Herbert et al., 1990js
compound has also been shown to affect PKC translocation from the cytosol to the
plasma membrane (Chao et al., 1998). Chelerythrine chloride is a selectiveirdfibit
the conventional PKC isoforma,(Bl, Bll, andy) as well as several of the novel PKC
isoforms and atypical PKC isoforms (Herbert et al., 1990; Liu et al., 1994; Chmiua et a
2000; Siomboing et al., 2001). Chelerythrine chloride is membrane permeable and
therefore was included in both the external calcium solution and in the baclofearsoluti
The distribution of the responses differed in the presence of chelerythrinelel{lM)
in comparison to the control cells €70.003 using a Chi-square). When chelerythrine
chloride was present in the recording solutions, 12.0% of the cells demonstrated a
decrease in sustained calcium current, 80.0% of cells demonstrated no change in
sustained calcium current, and 8.0% of cells demonstrated an increase in sustained
calcium current in response to 10 baclofen (Figure 5.4; P = 0.011 using a Fisher’s

exact test for pairwise comparisons). The 2 cells demonstratingdaiiiof sustained
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calcium current when treated with M baclofen in the presence of chelerythrine
chloride exhibited an average percent increase of 9.46%, which is lower than tlye avera
percent increase of the 16 control cells that demonstrated facilitatiorponsesto 10
uM baclofen (18.07 £ 2.78%, Figure 5.3).

All three of the PKC inhibitors used, PKC fragment 19-36, GF-109203X, and
chelerythrine chloride blocked the ability of baclofen to facilitate sustamledim
current in response to baclofen application. These data all support the hypothesis that
PKC is involved in the pathway of facilitation of L-type calcium currenGA&ABAg
receptor activation. However, PKC inhibition did not block the ability of baclofen to
decrease sustained calcium current, supporting the hypothesis that theedetitdype
calcium current by GABA receptor activation occurs though a different signal
transduction mechanism and is not mediated by PKC.

Activation of PKC by PMA Mimics the Effect of Baclofen to Facilitate Sustained
Current

If a novel or conventional PKC isoform is involved in the signal transduction
pathway of L-type calcium current facilitation by GABAReceptors, activation of PKC
with a phorbol ester should mimic the facilitatory response seen with baclofen
application. Like diacylglycerols, phorbol esters activate PKC by bindinget@1
domain of the PKC regulatory region (Burns and Bell, 1991). PMA is a non-selective,
general PKC activator and has been shown to activate both the conventional and novel
PKC isoforms, but not the atypical PKC isoforms (Riedel et al., 1993a, 1993b; Goode et
al., 1994; Shieh et al., 1995, 1996). PMA was applied to the cells the same way baclofen

was applied as described in Chapter 2 using a U-tube delivery system made Bitf
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polyethylene tubing housed in a plexiglass arm. The distribution of the responses
differed when PMA was applied to the cellsuf#l) in comparison to the control cells
where 10uM baclofen was applied (P0.003 using a Chi-square). As seen with
baclofen application, a third of the cells (30.80%) demonstrated facilitatgustdined
calcium current when M PMA was applied to hippocampal cultures isolated from rat

pups that were 6 to 8 days old (Figure 5.5). The average percent increase of the 8 cell
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Figure 5.5: Effect of the PKC activator PMA on the baclofen respoimségppocampal neurons.
The sustained component of calcium current was measured aidtioé & 300 msec depolarizing
pulse to +10 mV from a holding potential of -80 mV. Cells wéassified as demonstrating a
decrease (black bar), no change (light gray bar), or aadgse (dark gray bar) in response to 10
uM baclofen or 1uM PMA. Data were collected from 44 cells with baclofen anad&g& with
PMA application (P = 0.003 using a Chi-square). Pairwise comparisens done with a
Fisher's Exact Test. * indicates a statistically signifiadifference.

that demonstrated facilitation of sustained calcium current in response to PMA
application was 20.11 + 2.7%, which is consistent with the 16 control cells that
demonstrated an 18.07 £ 2.78 % increase withM®aclofen application (Figure 5.2).
Only a single cell demonstrated a decrease (8.74%) in response to PMAatappli

which further suggests that the decrease of calcium current in response tg GABA
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receptor activation is not through a PKC mediated pathway. This experimanthesi
PKC activator PMA supports the hypothesis that PKC is involved in the signal

transduction mechanism of L-type calcium current facilitation by GAB#&eptors.

PK A inhibitors had varying effects on the facilitation of L-type current by GABAg
receptors

In addition to PKC, Shen and Slaughter (1999) showed that the PKA inhibitor,
Rp-cAMP (50uM), was able to suppress L-type current facilitation by GAB&ceptors
in the salamander retina. Therefore, two different PKA inhibitors, Rp-cAkiiRl H-89,
as well as a PKA activator, 8-Br-cAMP, were used to address the involvemd®A ah P
the signal transduction pathway of L-type calcium current facilitatioG ABAg
receptor activation in rat hippocampus.

PKA is a tetrameric structure composed of two regulatory subunits and two

catalytic subunits. Inhibition of PKA can be achieved by either inactive cAMPgues
that competitively bind to the cAMP sites on the regulatory subunits or by compounds
that block the ATP binding sites on the catalytic subunits. The two PKA inhibitors used
to investigate the involvement of PKA, were Rp-cAPMS and H-89. Rp-cAMPS, is a
cAMP analogue that has been shown to bind to both type | and type Il regulatory subunits
of PKA (Rothermel et al., 1984; Van Haastert et al., 1984; Rothermel and Botelho, 1988;
Dostmann et al., 1990). Binding of Rp-cAMPS to the cCAMP sites prevents the
dissociation of the catalytic subunits from the regulatory subunits. Rp-cAMP$&bas a
been shown to be resistant to cyclic nucleotide phosphodiesterases (Erneux et al., 1988).
In comparison to Rp-cAMPS, H-89 does not prevent dissociation of the catalytic subunits
from the regulatory subunits. Rather, H-89 inhibits the action of PKA by binding to the

ATP pocket on the catalytic subunits (Engh et al., 1996). Since both Rp-cAMPS and H-
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89 are membrane permeable, these compounds were included in the external calcium
solution and in the baclofen solution.

In analyzing both of the PKA inhibitors together and comparing the distribution
with the control cells, there is a significant difference in the distribution ok8ponses
to baclofen in the absence and presence of PKA inhibitors (Figure 5.6; P = 0.011 using a
Chi-square). However, there were no significant differences in the pemyeeoftcells
demonstrating either inhibition or facilitation of sustained calcium cuwght10 pM
baclofen application when Rp-cAMPS was present (Figure 5.6). In contrast to Rp-
CcAMP, the percent cells demonstrating an inhibition or facilitation of sustasieium
current in responses to application of baclofen differed significantly in themqmesf H-
89 (1uM) in comparison to the control cells (Figure 5.6; decrease, P=0.032; increase, P =

0.001 using a Fisher’s exact test for pairwise comparisons ). H-89 blocked ittye abil
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Figure 5.6: Effect of the PKA inhibitors, Rp-cAMPS and H-89, on the baclofsponses in
hippocampal neurons. The sustained component of calcium currenteaasred at the end of a
300 msec depolarizing pulse to +10 mV from a holding potential of -80 roélls were
classified as demonstrating a decrease (black bar), no chayideg(iy bar), or an increase (dark
gray bar) in response to 1/ baclofen. Data were collected from 44 control cells, 2B @e

the presence of Rp-cAMP (30M, P = 0.239 using a Chi-square), and 28 cells in the presence of
H-89 (1uM, P = 0.005). Pairwise comparisons were done with a FisBgdst Test. * indicates

a statistically significant difference.
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of baclofen to facilitate L-type calcium current, but baclofen wasadtiél to facilitate
sustained current in the presence of Rp-cAMPS. Data using H-89 suggest thiat PKA
involved in the signal transduction pathway of L-type calcium current &t by
GABAg receptors in the rat hippocampus, whereas data using Rp-cAMPS suggest that
PKA is not involved in the signal transduction pathway of L-type calcium current

facilitation by GABAg receptors in the rat hippocampus.

8-Br-cAM P does not Modulate Calcium Currentsin the Neonatal Rat Hippocampus

To determine whether PKA activation mimics the modulatory effects tdfieac
the cell-permeable cAMP analogue 8-Br-cAMP (500) was used. 8-Br-cAMP was
applied to the cells the same way baclofen was applied as described in Chapter 2. The
distribution of the responses differed when 8-Br-cAMP was applied to the cellg¥§00
in comparison to the control cells in which @ baclofen was applied (Figure 5.7<P
0.001 using a Chi-square). Most of the cells (91.7%) demonstrated no effect in response
to 500uM 8-Br-cAMP application, suggesting that PKA is not involved in the signal
transduction mechanism of either the facilitation of L-type calcium cuarean

attenuation of N-type current by GABAeceptor activation.
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Figure 5.7: Effect of the PKA activator 8-Br-cAMP on the baclofen respsns hippocampal
neurons. The sustained component of calcium current was meastinedead of a 300 msec
depolarizing pulse to +10 mV from a holding potential of -80 mV. Cslse classified as
demonstrating a decrease (black bar), no change (light grayoban increase (dark gray bar) in
response to 1@M baclofen or 50QuM 8-Br-cAMP. Data were collected from 44 cells with
baclofen and 24 cells with 8-Br-cAMP application (P < 0.001 usirighiasquare). Pairwise
comparisons were done with a Fisher's Exact Test. * indicatestatistically significant
difference.
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DISCUSSION

The importance of calcium influx in neuronal function makes it a prime site for
modulation by neurotransmitters and second messengers. Many inhibitory irderneur
subtypes within the hippocampus utilize GABA to regulate the overall exdyaifithe
hippocampal region. Our laboratory has demonstrated that activation of &SABA
receptors can enhance calcium influx through L-type calcium channktaenuate
calcium influx through N-type calcium channels during development of the rat
hippocampus (Carter and Mynlieff, 2004). GABreceptors are metabotropic and often
regulate calcium or potassium channels through activation of G-proteins. Tdere a
several mechanisms of calcium channel modification through both direct and indirect
signaling pathways. One of the most common signaling pathways associated with
GABAg receptor activation is through,§proteins (Morishita et al., 1990; Campbell et
al., 1993; Menon-Johansson et al., 1993; Greif et al., 2000). Both N-type and P/Q-type
calcium current inhibition generally occurs through direct modulationflyys@bunits,
which are sensitive to PTX suggesting the involvementgp@teins (Kleuss et al.,
1991; Herlitze et al., 1996; Ikeda et al., 1996; Furukawa et al., 1998; Zamponi and
Snutch, 1998; Kajikawa et al., 2001; Mirshahi et al., 2002). In the current study,
treatment with PTX in hippocampal cultures isolated from 7 day old rats blocks the
ability of baclofen to decrease calcium current, which has been shown to be through N
type calcium channels (Carter and Mynlieff, 2004). This is consistent withgitltees
that have demonstrated the involvement gf @Boteins in the attenuation of N-type
calcium current by GABA receptor activation in other regions of the rat brain, such as

cerebellar granule neurons, cerebrocortical synaptosomes, supraoptitshend
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hippocampal pyramidal neurons (Amico et al., 1995; Santos et al., 1995; Harayama et al
1998; Bertrand et al., 2003). The signal transduction mechanism of L-type calcium
current facilitation by GABA receptors in the rat hippocampus is not known.

Facilitation of L-type calcium current by GABAeceptors was still seen in the presence

of PTX, which suggests thaf,§3roteins are not involved in the signaling pathway of L-
type calcium current facilitation by GABAreceptors and that another mechanism must

be involved.

L-type calcium channels have several consensus sites for regulation by protei
kinases. Therefore, the involvement of both PKC and PKA in the pathway was
investigated using several inhibitors and activators for each kinase. Shenugidesla
(1999) demonstrated that GABReceptor activation can lead to the facilitation of L-type
calcium current in a subset of salamander retinal neurons. Approximately 43% of the
cells they tested showed a facilitatory response to application of 500 nM badlofen.
their study, the facilitation of L-type calcium current was blocked in theepcesof the
PKC inhibitors GF-109203X and PKC fragment 19-36. In comparison to the PKC
inhibitors, the PKA inhibitor Rp-cAMP only partially suppressed the faauitadf L-
type calcium current. Their study suggested that PKC appears to be moraimniiam
PKA in the signaling pathway of GABAreceptor modulation of L-type current in the
salamander retina (Shen and Slaughter, 1999).

Our lab was the first to demonstrate the facilitation of L-type calciumeit
through GABAs receptor modulation in the mammalian CNS (Carter and Mynlieff,
2004). In the present study, we have demonstrated that PKC is involved in the pathway

of L-type calcium current facilitation by GAB&receptors. Several broad-spectrum PKC
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inhibitors were used to verify the involvement of PKC in the pathway. All three PKC
inhibitors used, PKC fragment 19-36, GF-109203X, and chelerythrine chloride blocked
the ability of baclofen to facilitate L-type calcium current in hippocdropkiures
isolated from 6 to 8 day old rats. These PKC inhibitors were chosen based on their
specificity to several if not all of the PKC isoforms, their cell permégpénd their
varying chemical structures. To further confirm the involvement of PKC, a phateo] e
PMA, was used to activate PKC and the responses to sustained calcium current were
measured. Facilitation was observed with PMA application in 30.80% of the cellf, whic
is consistent with the 36.36% of cells that demonstrated facilitation with baclofen
application. All of these data suggest that PKC is involved in the signal transduction
pathway of L-type calcium current facilitation by GABAeceptors in the neonatal rat
hippocampus.

Future experiments in the laboratory will explore the involvement of specific
PKC isoforms in the pathway. The fact that the facilitatory response is present
hippocampal cultures isolated from postnatal day 7, suggests that some of the PKC
isoforms that are expressed later in development may not be involved. The study by
Roisin and Barbin (1997), which explored the presence of several PKC isoforms during
hippocampal development, suggests that Pls@robably not involved in the signaling
pathway. PK@ levels remain relatively low for the first postnatal week and only begin
to rise following postnatal day 7 (Roisin and Barbin, 1997). All of the other PKC
isoforms testedy, B, €, and{ were highly expressed by postnatal day 7. Therefore, each
of these isoforms could be involved in the pathway of GAB#ceptor mediated

facilitation of L-type calcium current. Activation of PKC with PMA mirkéd the
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facilitation normally seen with baclofen application, which suggests that either
conventional or novel PKC isoforms are involved in the pathway rather than the atypical
isoforms.

Facilitation was still seen in the presence of the PKA inhibitor, Rp-CAMP, but
not when the PKA inhibitor H-89 was used. The varying responses seen with the PKA
inhibitors could be due to several reasons. Rp-cAMPS and H-89 were chosen, because
they are both membrane permeable inhibitors of PKA. However, they inhibit PKA
through two very different mechanisms. Rp-cAMPS prevents the dissociation of the
catalytic subunit from the regulatory subunit by competitively binding to the cAtd® s
on the regulatory subunit. This inhibitor blocks the activation of the catalytic subunit a
together and thus dissociation from the regulatory site. In comparison, He8tatess
with the ATP binding site on the catalytic subunit and blocks the phosphorylation
processes of PKA. Even though H-89 is a potent inhibitor for PKA (Chijiwa et al.,
1990), it has been shown to inhibit several other kinases including p70 ribosomal protein
S6 kinase 1 (S6K1; Kg= 80 nM), mitogen- and stress-activated protein kinase (MSK1,
ICs0 = 120 nM), PKG (IGo = 340 nM), CaMKII (IGo = 11uM), and PKC (IGo = 14
uM; Davies et al., 2000, for review see Lochner and Moolman, 2006). Thus, itis
possible that H-89 is inhibiting other kinases, which is causing variation in tiencalc
current responses seen to baclofen application when compared to the other PKér inhibi
used. Direct activation of PKA with 8-Br-cAMP did not result in the fat¢ibtaof L-
type calcium current, which suggests that PKA is not involved in the signal transduction

pathway of L-type calcium current by GABAeceptor activation.
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In conclusion, during the early neonatal period in the rat hippocampus &ABA
receptor activation can lead to the attenuation of N-type calcium curitthen
facilitation of L-type calcium current. The current study has demonstiaethe
attenuation of N-type calcium current by GAB£eceptor activation is mediated through
a PTX sensitive G-protein pathway. Attenuation of N-type calcium currenstilas
observed in the presence of PKC and PKA inhibitors and attenuation of N-type calcium
current was not seen with direct activation of PKC and PKA. These experimggéss
that neither PKC nor PKA are involved in the pathway of N-type calcium current
modulation by GABA receptors. Facilitation of L-type calcium current was still
observed in the presence of PTX, which demonstrated {hgtr@eins were not
involved in the pathway. Facilitation of L-type calcium current was not seen in the
presence of PKC inhibitors and facilitation was observed with direct activatidQ®f P
with a phorbol ester. These experiments suggest that PKC is involved in the pathway of
L-type calcium current facilitation by GABAreceptor activation in the rat hippocampus.
Facilitation was still observed in the presence of Rp-cAMP, but not in the presence of
another PKA inhibitor H-89. Direct activation of PKA with a cAMP analoguer-8-B
CAMP, did not result in the facilitation of L-type calcium current. Therefteeresults
using Rp-cAMP and 8-Br-cAMP suggest that PKA is not involved in the signal

transduction pathway of L-type calcium current facilitation by GAB&ceptors.
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CHAPTER 6

GENERAL DISCUSSION

The primary findings presented in these studies demonstrate that thatiawitif
L-type calcium current by GAB#receptor activation is more prominent in the second
postnatal week when compared to the first postnatal week of hippocampal development
in the rat. In comparison, the inhibition of N-type calcium current was found to be more
prominent during the first postnatal week when compared to the second postnatal week of
hippocampal development. The facilitation of L-type calcium current wakdalan the
presence of PKC inhibitors and the response was mimicked with direct activatii@ of P
with a phorbol ester. Time course studies using Western blot analysis detedrtbiaa
KCC2 protein levels increase during the first two postnatal weeks, while NK@fein
levels remain relatively level in both hippocampal cultures and whole hippocampal
protein extracts of rat pups. Calcium influx through L-type calcium chawaslshown
to be necessary at least in part for the upregulation of KCC2 protein levels.

The hippocampus contains excitatory pyramidal neurons and over 21 different
types of inhibitory interneurons. Approximately 30% of the cells in hippocampal
cultures isolated from pups 7 to 14 days old demonstrate facilitation of Ldajgem
current. Due to the heterogeneity of hippocampal cell cultures, it is possble t
facilitatory response of calcium current by GABfeceptors is only observed in a
particular subset of cells. A study by Nufiez and McCarthy (2007), demodiestie
protein levels of the L-type calcium channel subtypgl@ain hippocampal protein
extracts isolated from 7 day old rat pups. Previous immunocytochemical expeliiments

the Mynlieff laboratory have demonstrated that only about 30% of the neurons in our
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cultures express Gh2, whereas almost all of the neurons expres$.8aPreliminary
data using Western blot analysis of membrane proteins isolated from the sigzpoior r
of hippocampi from rats of varying ages demonstrate thdt.E&evels are high in the
first postnatal week, whereas & protein levels begin low and increase throughout
neonatal development (Ingraham, unpublished data). The early expressiqh.afaDd
its restriction to a subset of cells suggest thall Qarather than G&.3 is involved in the
facilitatory response of calcium current by GABFeceptors.

The data presented indicate that PKC is involved in the signaling pathway of L-
type calcium current facilitation by GABAreceptors. Furthermore, this effect is likely
to be mediated by a conventional or novel isoform of PKC rather than an atypical form
since the effect of baclofen on L-type current was mimicked by the PK&taetiPMA.
However, PKC may not directly phosphorylate L-type calcium channels to prtddsice
response. Rather than direct phosphorylation of the calcium channel, PKC may
phosphorylate another intermediate effector protein. For example, the enhanakelment
type calcium current has been observed in isolated rat ventricular mybgyaetivation
of aya adrenoceptors. This enhancement of L-type calcium current was mediateghthr
a PKC and CaMKIl pathway (O-Uchi et al., 2005, 2008). Several other studies in cardiac
and smooth muscle myocytes have suggested that CaMKIl is involved in a calcium-
dependent facilitation of L-type calcium current (McCarron et al., 1992; Andetrsbn e
1994; Yuan and Bers, 1994). Thus, it is possible that PKC may phosphorylate and
activate CaMKII to facilitate L-type calcium current in the rat hippogas (Figure 6.1).

Additional studies in the laboratory will utilize CaMKII inhibitors, to investigtne
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involvement of the kinase in the pathway of L-type calcium current faclitdny

GABAg receptors.
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Figure 6.1: Possible signal transduction pathway of L-type calcium curren

facilitation by GABA; receptors. Abbreviations: PIP2, phosphoinositol

bisphosphate; PLC, phospholipase C; DAG, diacylglycerol; PKCeipr&tnase

C; IP3, inositol trisphosphate; CaMKII, calcium/calmodulin dependent &ihas

The facilitation of L-type calcium current has been observed in sevdeakdif
cell types, including skeletal muscle, cardiac muscle, smooth muscle, neurons, and
adrenal chromaffin cells. The enhancement of L-type calcium cunenetises the force
of contraction during tetanic stimulation in skeletal muscle (Schmid et al., 19&%0#rr
et al., 1987; Sculptoreanu et al., 1993a) and also increases the force of contraction in
cardiac muscle during physiological increases in heart rate (Lee, 1@fviuAt and
Maylie, 1990; Sculptoreanu et al., 1993b; Kamp et al., 2000). In neurons, L-type calcium
current facilitation can contribute to changes in neuronal excitability arapsy
plasticity (Kavalali and Plummer, 1996; Parri and Lansman, 1996; Kammermdier a

Jones, 1998). Facilitation of L-type calcium current also plays an importaii role

adrenal chromaffin cells by inducing catecholamine release (Hodhi 984 ; Artalejo



108

et al., 1992). These are just a few examples of the importance L-type calcrent c
facilitation plays in many native cell types.

Calcium influx through VDCCs and NMDA receptors is crucial in developing
neurons. Calcium signaling is involved in the proliferation, migration, and diffeientia
of neurons (Marty et al., 1996). Calcium influx also plays an important role in
synaptogenesis and the integration of new synapses into neuronal networks (Eins et al
1983; Kneussel and Betz, 2000). An increase in gene expression and DNA synthesis is
also observed as a result of the increase in calcium levels (West et al., 2091). |
possible that the enhancement of L-type calcium current in response togGa@ptor
activation could be playing a very specific and important role in one of these responses,
such as signaling changes in gene expression. The occurrence of Lityja carrent
facilitation in the early neonatal period suggests that calcium influx playsctional
role in the maturation process of hippocampal neurons.

GABA is the main inhibitory neurotransmitter in mature neurons, but its gffect
are excitatory in immature neurons. The excitatory actions of GABA during
development have been demonstrated in several brain regions, including the
hippocampus (Mueller et al., 1984; Ben-Ari et al., 1989; Cherubini et al., 1990;
Leinekugel et al., 1995; Khazipov et al., 1997; Ganguly et al., 2001), cerebellum ( Eilers
et al., 2001), neocortex (Luhmann and Prince, 1991, Yuste and Katz, 1991; Fukuda et al.,
1998; Owens et al., 1999), and the hypothalamus (Chen et al., 1996; Obrietan and Van
Den Pol, 1999; Gao and Van Den Pol, 2001). Interestingly, GABA and glycine exert
excitatory actions in the developing spinal cord as well (Serafini et al., 1991y &Yal.,

1994; Vinay and Clarac, 1999). The excitatory response of GABA during development
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plays a critical role in the proliferation, migration, and differentiation ofereiand also
in the formation of synapses (for review see Ben-Ari, 2002; Owens, 2002).

The excitatory actions of GABA depend on the location, type, and developmental
stage of the neuron. The switch from excitatory-to-inhibitory may ocdiffatent
developmental stages in the various brain regions and even occur at diffeyestcta
the various cell types found within a single region. For example, in the hippocampus it is
suggested that the excitatory-to-inhibitory switch occurs in inhibitorynategons before
pyramidal cells. Studies by Hennou and colleagues (2002) have demonstrated the
sequential development of GABAergic and then glutamatergic synapseitrnmaCAl
hippocampal interneurons in rats. It is possible that the GABAergic sewtain within
different groups of interneurons can occur at different developmental stageso(Het
al., 2002). Similarly, GABA synapses precede the formation of glutamatgrgipses
in rat hippocampal CA1 pyramidal neurons (Tyzio et al., 1999). In patch clamp
recordings from hippocampal slices isolated from postnatal day O rats, tlieeendif
populations of CA1 pyramidal cells were observed (Tyzio et al., 1999). There are
pyramidal cells that have functional GARANd glutamate receptors, but are silent and
do not exhibit excitatory postsynaptic currents (PSCs). There arehegljagt exhibit
GABA mediated excitatory PSCs, while the last group of cells exhibits boBAG#kd
glutamate mediated excitatory PSCs. The group of cells that exhibit botA @AdB
glutamate PSCs are more developed than the other two groups and contain both an apical
and basal dendrite (Tyzio et al., 1999; for review see Ben-Ari, 2002). The fact that
GABAergic synapses are formed on interneurons prior to pyramidal cgjgests that

the excitatory actions of GABA and subsequent influx of calcium may play antanpor
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role in the maturation of interneurons, which subsequently aids in the maturation of
pyramidal neurons.

In immature neurons, GABAreceptor activation can depolarize the membrane
and increase intracellular calcium levels through activation of L-tyiceioachannels
(Yuste and Katz, 1991; Leinekugel et al., 1995; Ganguly et al., 2001). Long lasting
depolarizing potentials called giant depolarizing potentials (GDPs)so®bserved
during the first two postnatal weeks in rat hippocampal interneurons and CA3 and CAl
pyramidal neurons and are only present when GABA is excitatory (Bert-Alrj €989;
Leinekugel et al., 1995, 1997, 1998; Khazipov et al., 1997). Glutamatergic synapses also
contribute to GDPs with the activation of NMDA receptors, which further iserea
calcium levels in immature neurons. These large oscillations of ilitdacealcium
levels aid in neuronal growth and synapse formation (for review see Ben-Ari, 2002;
Owens and Kriegstein, 2002). Inhibition by GABFfeceptors plays an important role in
controlling the duration of the GDPs (Mclean et al., 1996; Caillard et al., 1998).

Whether or not GABA exerts an excitatory response early in development is
largely dependent on the reversal potential for chloride. In mature neurons|lilaace
chloride levels are relatively low. Therefore, GABAeceptor activation results in
chloride influx and hyperpolarizes the neuron. In immature neurons, intracellular
chloride levels are higher than in mature neurons. GAB#&eptor activation in an
immature neuron results in chloride efflux and depolarizes the neuron. It is thought that
the changes in the intracellular chloride levels are mediated by devel@betaarges in
the expression of the specific chloride cotransporters, NKCC1 and KCC2. NKCC1

predominates in the early neonatal period and mediates chloride influx, while KCC2
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expression predominates in mature neurons and mediates chloride efflux. KCC2 protein
levels increase during the first two postnatal weeks, while NKCC1 proteis ierehin
relatively level in both hippocampal cultures and whole hippocampal protein extfacts
rat pups. NKCCL1 expression is critical during the early neonatal period, however
because protein levels remain level throughout the first two weeks of developiment t
cotransporter does not appear to be solely responsible for the GABAergic switch. O
study was the first to compare the protein levels of both NKCC1 and KCC2 throughout
hippocampal development to determine a ratio of the two transporters. Rather than the
upregualtion of KCC2 and the downregualtion of NKCC1 protein, the data presented
here suggest that it is the ratio of KCC2 to NKCCL1 that is important for the
developmental switch of the GABAesponse.

One of the biggest questions in the developmental regulation of the reversal
potential for chloride is what signals are involved in the increase in KCC2sskpure
during the early neonatal period. Do the excitatory actions of GABA itggler the
cascade through the increase of intracellular calcium levels? Gamngiily(2001)
demonstrated that calcium influx is necessary for the excitatanhtoiory switch of
GABA receptors during the early postnatal period. In addition, they observed a
decrease in KCC2 mRNA with the blockade of GAB#eceptors (Ganguly et al., 2001).
The current study has demonstrated that calcium influx through L-type calbamnels
is necessary for the upregulation of KCC2 protein levels. Inhibition of L-typrica
channels with nimodipine blocked the upregulation of KCC2 protein levels in

hippocampal cultures by 50%. Together, these studies demonstrate that GABA
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excitation and calcium influx through L-type calcium channels is necessatef
upregulation of KCC2 and the subsequent switch in the GABAergic response.
Increases in the phosphorylated form of the transcription factor, CAMP respons
element-binding protein (p)CREB), are observed with GAB&ceptor activation during
the first postnatal week and this effect is blocked by L-type calcium ehantagonists
(Perrot-Sinal et al., 2003; Mantelas et al., 2007; Nufiez and McCarthy, 2007). GABA
induced increases in intracellular calcium levels, which activate pCREBEBnhdace
BDNF expression (Berninger et al., 1995; Obrietan et al., 2001; West et al., 2001).
BDNF levels are higher in the first two postnatal weeks of development and BRNF m
play an important role in the maturation of the GABAergic system. It has bee
demonstrated that overexpression of BDNF can increase the amount of GABAergic
synapses early in development and also increase KCC2 mRNA levels in transgeni
embryos (Aguado et al., 2003). Interneurons do not express BDNF. Therefore, it is
possible that the release of BDNF from pyramidal cells aids in the upieguéKCC2
in interneurons. Therefore, BDNF could either increase KCC2 levels in the neuron
expressing it or bind to BDNF receptors (trkB) on neighboring interneurons that would
lead to an increase of KCC2 expression in these cells. In addition to activation of
transcription factors and neurotrophins, L-type calcium current has also been shown t
activate kinases such as CaMKII, which could be involved in the phosphorylation of
CREB and the increase in BDNF expression (West et al., 2001). Thus, it is possible that
activation of neurotrophins, transcription factors, and kinases by calcium infaugthr

L-type calcium channels could all be involved in gene activation and trigger the
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upregualtion of KCC2 during the early neonatal period in either pyramidal neurons or
interneurons in the hippocampus (Figure 6.2).

The increase in calcium current is also involved in membrane trafficking and
posttranslational changes in addition to changes in gene transcription and protein
synthesis. In a study by Fiumelli et al., (2005), the shift in the chloride atyertential
was not observed in the presence of'@ependent PKC inhibitors. Direct
phosphorylation of KCC2 by PKC decreases endocytosis of KCC2 proteins, thus
enhancing KCC2 protein levels in the membrane (~200% increase, Lee et al., 2007).
Therefore, it is possible that activation of PKC by L-type calcium cuomud be

regulating membrane trafficking of the KCC2 transporter (Figure 6.2).
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Figure 6.2: Possible signaling events involved in the upregualtion of KCGABA mediated
increases in L-type calcium current could activate a sigmalascade involving several steps
resulting in the upregualtion of KCC2. In addition, activation WCRy L-type calcium current
can decrease endocytosis thereby decreasing the degradation of K&@GRiprihiese neurons.
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There are still many questions to be answered regarding the signal ttemmsduc
mechanism of L-type calcium current facilitation by GABr#eceptors during the early
neonatal period in the rat hippocampus. Since PKC is involved in the mechanism of L-
type current facilitation it is possible that GABAeceptors are coupled taxn: and
PLC in a subset of neurons in the neonatal rat hippocampus. Inhibitors of PLC and the
selective Gg11 inhibitor (YM-254890) could be used to investigate the coupling of
GABAGg receptors to @&y11 and PLC in neonatal rat hippocampal cultures using
electrophysiological recording or calcium imaging. The association &AgAeceptors
with Gog/11 Would be a novel finding, because GABreceptors predominantly couple to
Guaijo proteins (Morishita et al., 1990; Campbell et al., 1993; Menon-Johansson et al.,
1993; Greif et al., 2000).

Future experimentation could also investigate the involvement of CaMKIl in the
pathway of L-type calcium current facilitation in the rat hippocampus, since the
enhancement of calcium influx through L& channels in cardiac myocytes has been
shown to be mediated through a PKC / CaMKII pathway. To determine whether
CaMKIl is involved in the signal transduction pathway of L-type calcium current
facilitation by GABAg receptors, whole-cell patch clamp recording and calcium imaging
in hippocampal neurons could be performed in the presence of CaMKII inhibitors. If
facilitation by GABAg receptors was no longer observed in the presence of CaMKII
inhibitors, it would suggest that CaMKII is involved in the facilitatory pathwagag
with PKC.

In addition, the specific PKC isoforms involved in the signaling mechanism have

not been identified. Since the atypical PKC isoforms do not have a DAG binding site and
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are not activated by phorbol esters, it is highly unlikely that they are involved in the
facilitation of L-type calcium channels by GABAeceptors in this subset of cells. The
involvement of conventional and novel PKC isoforms in the pathway could be
investigated using similar electrophysiological experiments tbe¢ werformed with the
general PKC inhibitors presented here, but rather with specific inhibitdne different
PKC isoforms. Calcium imaging, which provides much faster data acquitign
electrophysiological recording, could also be used to test the effects ¢ kntabition
on the baclofen responses seen in hippocampal cultures. In addition, Western blot
analysis using antibodies against the phosphorylated states of specific Pi¢@ ssaith
baclofen treatment could also be used to investigate the PKC isoform involved. Further
studies using Western blot analysis could also be used to determine the trimmstidcat
the conventional and novel PKC isoforms to the membrane with baclofen treatment.
Several studies have suggested that thé.Zaather than the Gh3 L-type
calcium channel is facilitated by GABAeceptor activation in neonatal rat hippocampus.
Through immunohistochemical experiments and confocal micrscopy in hippocampal
slices, it could be determined if a2 L-type calcium channels colocalize with GABA
receptors, and specifically which subtype of the GABéceptor is involved: GABA
which is located presynaptically or GABAwhich is primarily located postsynaptically
(Vigot et al., 2006). The developmental changes of L-type channels and §5ABA
receptor expression could also be observed through immunohistochemical analysis
Using a Zeiss Pascal confocal microscope equipped with two laser lshes an
fluorescence, the specific subcellular localization of antibody staioiuigl be

thoroughly analyzed. Since L-type current facilitation by GABAceptor activation is a
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developmental phenomenon that predominates during the second postnatal week, it is
likely that L-type calcium channels may only be colocalized with GAB¥ceptors early

in neonatal development and not in adult rats. Further confirmation of the involvement
of Cq1.2 could involve electrophysiological recording in hippocampal cultures in the
absence of Ga.2 channels. Short hairpin RNA knockdown of thelCaa; subunit in

dorsal horn neurons has been shown to effectively decrease expression of the channel i
the membrane (Fossat et al., 2010). If thgl@agene is effectively silenced, GABA
receptors would no longer be able to facilitate L-type calcium current in tapyuzd

neurons.

Using hippocampal slices, it could be possible to identify the subset of cells in
which L-type calcium channels and GABAeceptors are colocalized. Inhibitory
interneurons within the hippocampus are highly diverse, but different types of
interneurons can be identified based on morphology. Somatic location within a layer as
well as dendritic shape can aid in the identification of an interneuron classcwéol
cell markers such as calcium binding protein, parvalbumin, cholecystokinin, and
vesicular glutamate transporter 3 can also be used to identify interneusmsclas
(Somogyi and Klausberger, 2005; Klausberger and Somogyi, 2008). However, a single
molecular marker, such as parvalbumin, could not be used to identify an interneuron class
on its own, because many of the interneuron classes can express the samamolecul
markers. Therefore, both morphological characteristics and antibodynbeuld
have to be utilized to determine if and which specific class of interneurons gABA
receptors colocalize with L-type calcium channels. A single hippocahgetsuld be

labeled with antibodies against GABAeceptors, GA4.2 L-type calcium channels, and
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an interneuron marker to distinguish which subset of cells GAfBAeptors and L-type
calcium channels are colocalized. It would be interesting to determispdh#ic subset
of cells where GABA receptors and L-type calcium channels are colocalized, because it
could provide further indications as to the functional significance of L-tyjoeuoa
current facilitation by GABA receptors during development. It is possible that the class
of cells in which GABAs receptors and L-type calcium channels are colocalized may be
specifically important in the time course of the maturation of interneuronsyaawhigal
cells.

Together, the experiments presented here along with the proposed experiments
would further our knowledge of the molecular mechanisms that control excitatory and

inhibitory synapse maturation in the developing rat hippocampus.
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