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ABSTRACT 

This work addresses developmental regulation of neurotransmitter 

receptors in the vertebrate central nervous system (CNS). Glycine receptors 

(GlyR) playa major role in inhibitory neurotransmission in the spinal cord. 

Changes in the types of GlyRs being expressed by embryonic rat spinal cord 

neurons are examined during development in vitro. Spinal cord neurons are 

cultured at the fourteenth day of gestation, prior to receiving afferent input. 

Previous work demonstrated a delayed expression of the adult-type 

GlyR a subunits. Reverse transcriptase-polymerase chain reaction 

demonstrates the presence of mRNA for GlyR a2 subunits by these neurons 

at early times in culture. The presence of GlyR a2 subunits are confirmed by 

immunofluorescence microscopy with a new a2 subunit specific antibody. 

These subunits appear by the first day in culture and exhibit a diffuse 

subcellular distribution. 

During the course of these experiments, populations of embryonic rats 

were found to differ in the subtypes of GlyR they expressed at early times 

during development. The expression of functional GlyRs is investigated in 

two populations of embryonic rats using whole-cell patch-clamp recordings. 

The GlyR antagonist, strychnine, is used as a tool to distinguish between 

some forms of the GlyR. The two populations are similar in their onset of 

responsiveness to glycine and in the ion-dependence of the glycine-induced 

current. The strychnine-sensitivity of responses to glycine differs between 

the two populations. Neurons from population A exhibit a 

developmentally regulated increase in the sensitivity to strychnine, while 



the strychnine-sensitivity of responses to glycine by neurons from 

population B remains high throughout development in culture. These 

results suggest that two populations differ in the type of functional GlyR 

they express during early development in culture. 

9 

The relatively low sensitivity to strychnine exhibited during the first 

few days in culture by neurons from population A cannot be accounted for 

by changes in sensitivity to glycine or by non-specific cross-activation of 1-

aminobutyric acid receptors (GABARs). Neurons from population A 

undergo a gradual change from the predominant expression of a strychnine

insensitive GlyR to some form(s) of strychnine-sensitive GlyR. 
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CHAPTER ONE: GENERAL INTRODUCTION 

How are the temporal and spatial patterns of ion-channel expression 

regulated? Recent advances in our understanding of the genes encoding 

voltage- and ligand-gated ion channels, coupled with techniques that allow 

the analysis of the openings of single channels have made it possible to 

begin to address in detail this key question in developmental neurobiology. 

Early in development, neurons extend processes which must navigate 

through a complex molecular environment to reach specific targets with 

which they will create structures specialized for rapid chemical 

communication. During the period of synapse formation, both the pre- and 

post-synaptic elements undergo changes in structure and molecular 

composition of the membrane in the vicinity of the synapse. Changes in the 

basic elements of electrical and chemical communication such as voltage

and ligand-gated ion channels can radically alter the functional properties of 

a neuron and playa critical role in the formation of functionally mature 

synapses. 

There is evidence for developmental regulation of both voltage- and 

ligand-gated ion channels. Developmentally regulated changes in the 

densities of sodium and several types of potassium and calcium channels 

have been reported (Baccaglini et al., 1977; Harris et al., 1988; McCobb et al., 

1989, 1990; McFarlane and Cooper, 1992; O'Dowd et al., 1988). Both intrinsic 

and extrinsic factors have been found to affect the expression of some of 

these channels (Chalazonitis et al., 1987; Desarmenien and Spitzer, 1992; 

Joels and de Kloet, 1992; McFarlane and Cooper, 1992, 1993; O'Lague et al., 

1978). The types, densities, or kinetics of voltage-gated ion channels that are 
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expressed can affect membrane excitability (Baccaglini and Spitzer, 1977; 

Harris et al., 1988; McCobb et al., 1990; O'Dowd et al., 1988; Ribera and 

Spitzer, 1989, 1990) and the differentiation of neurons (Cohen et al., 1987; 

Holiday and Spitzer, 1990; Mattson and Kater, 1987; Walicke and Patterson, 

1981). 

A well known example of developmental regulation of a ligand-gated 

ion channel comes from work on acetylcholine receptors (AChRs) at the 

neuromuscular junction (NMJ). During synapse formation at the NMJ, 

AChRs become clustered at the site of the synapse and undergo changes in 

subunit composition and single-channel kinetics. It is well established that 

cell-cell interactions are important in regulating these changes. Prior to 

innervation, AChRs, composed of five subunits (2a, ~, "i, 8), are diffusely 

spread across the surface of the myotube. As the incoming axon approaches 

the myotube, receptors near the growth cone begin to aggregate (Dahm and 

Landmesser, 1991) and form a cluster at the site of the nerve-muscle contact 

(Frank and Fishbach, 1979). The cluster of receptors at the newly-formed 

synapse is composed of both pre-existing AChRs which have diffused in 

from extra synaptic regions (Anderson and Cohen, 1977; Ziskind-Conhaim et 

al., 1984), as well as newly synthesized receptors (Role, 1985; Dubinsky et al., 

1989). Agrin, a protein secreted by the motor neuron, is thought to playa 

role in the clustering of AChRs (McMahan, 1990), while acetylcholine 

receptor-inducing activity (ARIA) (Usdin and Fishbach, 1986) and calcitonin 

gene-related peptide (CGRP) (New and Mudge, 1986) are two possible 

candidates for increasing the local expression of AChRs by nuclei under the 

endplate (Sanes et al., 1991). Following formation of the synaptic cluster of 
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AChRs, the extrasynaptic receptors begin to disappear, by means of an 

activity-dependent process (Lomo and Rosenthal, 1973; Burden, 1977). 

Following birth, AChRs undergo another change, this time in subunit 

composition. Synaptic AChRs are replaced with receptors which have an E

subunit substituted for the 'Y-subunit (Mishina et al., 1986). This change in 

subunit composition gives rise to a change in single-channel kinetics of the 

AChR. During prenatal development, AChRs with the 'Y-subunit display a 

lower single-chaIUlel conductance and longer mean channel open time than 

AChRs expressed postnatally, which contain the E-subunit. These changes 

in chaIUlel properties may play an important role during development. 

Much of what is known about the developmental regulation of ligand

gated ion channels comes from work on acetylcholine receptors (AChRs) at 

the NMJ. By comparison, much less is known about the regulation of 

neurotransmitter receptors on neurons. Recent studies suggest that 

presynaptic inputs onto autonomic neurons can influence the functional 

response properties of their AChRs, as well (Role, 1988). In chick motor 

neurons in culture, O'Brien and Fishbach (1986) found that the presence of 

interneurons affected both the number and distribution of glutamate 

receptors (GluRs), but they detected no effect on the GlyRs or GABARs. On 

the other hand, changes in the distribution of the glycine receptor-associated 

protein (93 kD) are seen upon partial denervation of the teleost Mauthner 

cell (Seitanidou et al., 1992) suggesting that presynaptic input does influence 

GlyR localization at some synapses. Studies of chick sympathetic 

preganglionic neurons in vitro have shown that intercellular interactions can 
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influence the responsiveness of several types of receptors (Clendenning and 

Hume, 1990b). 

Whether the subunit composition of receptors on neurons is also 

regulated during development of the CNS has been much more difficult to 

study until the recent cloning of several members of the ligand-gated ion 

channel class of receptors. This cloning has revealed a striking degree of 

heterogeneity among families of receptor subunits (GluRs: Bettler et al., 

1990; Boulter et al., 1990; Hollman et al., 1989; Keinanen et al., 1990; Sommer 

et al., 1990; GABARs: Khrestchatisky et al., 1989; Pritchett et al., 1989; 

Schofield et al., 1987, 1989; Shivers et al., 1989; Ymer et al., 1989). 

The receptor for glycine, the major inhibitory neurotransmitter in the 

spinal cord (Aprison and Daly, 1978), was among the group of ligand-gated 

ion channels recently cloned (Grenningloh 1987a). Glycine was first 

confirmt:!d as a neurotransmitter in the mammalian CNS by Aprison and 

Daly in 1978. The plant alkaloid, strychnine, was found to bind to GlyRs and 

to antagonize the response to glycine (Young and Snyder, 1973, 1974). The 

high affinity of the GlyR for strychnine made this antagonist a useful tool 

for studying the distribution of GlyRs in the eNS. Pfeiffer et al. (1982) used 

strychnine as part of an affinity chromatography column to purify the GlyR. 

The purified receptor displayed a dissociation constant (KD) for strychnine of 

9.3 +/- 0.6 nM and an order of affinity for the receptor's agonists, glycine, 

beta-alanine, and taurine which were similar to those of the membrane 

bound receptor (Pfeiffer et al., 1982). Once the receptor had been purified, 

the structure of the protein could be analyzed in depth. Gel electrophoretic 

analysis demonstrated that the GlyR was an oligomeric complex, made up of 
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three polypeptides with apparent molecular weights of 48,58,93 kDa and an 

estimated mass of approximately 250 kDa for the receptor protein (Pfeiffer et 

aI, 1982). Cross-linking studies have revealed that the channel-forming core 

of the GlyR is a pentameric structure made up of two types of subunits, the 

48 kDa a subunit and the 58 kDa p subunit (Langosch et al., 1988). The 93 

kDa protein is tightly associated with the cytoplasmic face of the receptor 

(Schmitt et al., 1987). Photo affinity-labeling of the GlyR from rat spinal cord 

with [3H]-strychnine revealed the a subunit as the strychnine-binding 

subunit (Graham et al., 1981, 1985; Pfeiffer et al., 1982). The primary 

structure of the a1 subunit was deduced from cDNA cloning and found to 

be structurally homologous to the GABAR and nicotinic AChR (nAChR) 

(Grenningloh et al., 1987a, b). 

Several isoforms of the GlyR a subunit have been identified 

subsequently in rat (a1 Grerulingloh et al., 1987a; a2 Akagi et al., 1991; a3 

Kuhse et al., 1990a), human (aI, a2 Grenningloh et al., 1990), and most 

recently in mouse (aI, a2 and a4 Matzenbach et al., 1994). Further diversity 

has been found to arise from alternative splicing of both the a1 (a1 and a1ins 

Malosio et al., 1991) and a2 (a2A, a2B Kuhse et al., 1991) isoforms. 

Developmental differences in the expression in the CNS of different 

isoforms of subunits have now been reported for several families of 

receptors (GluRs: Sommer et al., 1990; Williams et al., 1993; GABARs: Araki 

et al., 1992; Fritschy et al., 1994; Frostholm et al., 1992; Laurie et al., 1992; 

McKernan et al., 1992; Poulter et al., 1992; AChRs: Daubas et al., 1990). 

Evidence for developmental and regional heterogeneity of GlyR isoforms 

expressed in the mammalian CNS has emerged recently (Akagi and Miledi, 
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1988; Becker et al., 1988). (A brief summary of the results discussed in this 

section is found in Figure 1.1. This figure should aid in comparing results 

from different developmental ages and results from different laboratories.) 

The typical, adult-type GlyR expressed predominantly in the adult spinal 

cord is composed of al and /3 subunits (Grenningloh et al., 1987a, 1990). 

Homomeric GlyRs composed of al subunits exhibit an apparent Ki value of 

10 nm for strychnine when expressed in cultured human embryonic kidney 

cells (Sontheimer et al., 1989). This value is in good agreement with the Ko 

value of 9.3 nM for strychnine calculated for GlyRs from the adult spinal 

cord (Pfeiffer et al., 1982). Forms of GlyR a2 subunits have been found 

predominantly in the neonatal spinal cord (Akagi et al., 1991; Kuhse et al., 

1990b; Malosio et al., 1991). A novel rat a subunit, termed a2* because of its 

near identity with the human a2, has been identified in neonatal rat spinal 

cord (Kuhse et al., 1990b). Glycine receptors composed of this isoform differ 

from the adult-type GlyR in molecular weight, antigenic determinants and 

affinity for the GlyR antagonist, strychnine. The a2* has an apparent 

molecular weight of 49 kDa, slightly different from the al subunit, which 

has an apparent molecular weight of 48 kDa (Becker et al., 1988). The a2* is 

the only a subunit cloned to date that has a very low affinity for strychnine, 

and it is likely to represent the strychnine-insensitive GlyR previously 

inferred (Becker et al., 1988) on the basis of immunological data. The 

human and rat a2 subunits and splicing variants (strychnine-sensitive) and 

the rat a2* isoform display 99°/c.) nucleic acid identity (Akagi et al., 1991; 

Grenningloh et al., 1990; Kuhse et al., 1990b, 1991). The rat a2 and rat a2A 

have identical amino acid sequences (Akagi et al., 1990; Kuhse et al., 1991) 
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and in this dissertation will be referred to as a2. The a2 and a2* isoforms 

differ by only one amino acid. The substitution of a glycine residue at amino 

acid position 167, as is found in the a2 subunit, for a glutamate residue, as is 

found in the a2*, is sufficient to cause a lowered affinity for strychnine 

(Kuhse et al., 1990b, 1991). The a2 and a2* isoforms are so highly conserved 

that, as of now, they can only be distinguished by their affinity for the 

antagonist strychnine. 

Becker and colleagues (1988) have investigated GlyR heterogeneity in 

the neonatal rat spinal cord. At birth, the level of [3H]-strychnine binding, 

normalized to protein content, is approximately 20-30% of the level in the 

adult spinal cord. During the first three weeks after birth in the rat spinal 

cord, [3H]-strychnine binding increases to adult levels. Monoclonal 

antibodies raised against the adult form of the GlyR (Pfeiffer et al., 1984) 

show differential binding during this period. Monoclonal antibody 4a (mAb 

4a), which recognizes a portion of the GlyR a subunit conserved in all rat 

GlyR a subunits cloned to date (Schroder et al., 1991), is found to bind in 

amounts near adult levels at the time of birth, although the number of 

strychnine binding sites (Bmax) at that age is only approximately one-third 

that of adult levels. Conversely, binding with the monoclonal antibody 2b 

(mAb 2b), which recognizes the a1 subunit of the adult-type glycine receptor 

only, is low at birth and increases to adult levels during the following three 

weeks, much like the levels of [3H]-strychnine binding. Transcripts for these 

two isoforms of the GI y Rare developmentally heterogeneous also. The 

transcript for the a2* is present in high levels immediately after birth but at 

very low levels at later ages, while the transcript for a1 is found at all 



17 

postnatal ages, starting at a relatively low level immediately after birth and 

increasing over the following three weeks (Kuhse et al., 1990b; Malosio et al., 

1991). These changes suggested that neurons of the rat spinal cord might 

undergo a developmental switch in their expression of GlyR a subunits. 

Akagi and Miledi (1988) have presented evidence for GlyR 

heterogeneity in the neonatal rat spinal cord that is slightly different from 

that of Becker and colleagues (1988). GlyR transcripts of different sizes were 

found to be present at different times during development in the neonatal 

rat spinal cord (Akagi and Miledi, 1988). At least three different transcripts 

were identified by using antisense oligonucleotides to block expression by 

Xenopus oocytes of messenger RNA isolated from rat spinal cord at different 

times during development (Akagi et al., 1989). The transcript enriched in 

the neonatal rat spinal cord was used to construct a eDNA library from 

which a GlyR was cloned (Akagi et al., 1991). This receptor, found to be 

highly homologous to the human a2 subunit of the GlyR, was referred to as 

rat a2 or "neonatal" GlyR. Unlike the GlyR receptor identified by Becker 

and colleagues (1988) which had a low affinity for strychnine, this isoform of 

the GlyR was found to be strychnine-sensitive. Comparisons of the single

channel properties of receptors expressed in Xenopus oocytes from a2 and a1 

subunit cDNAs revealed differences in mean channel open time but not in 

single-channel conductances (Takahashi et al., 1992). Receptors composed 

of GlyR a1 subunits displayed a shortened channel open time, while the 

open time of receptors composed of GlyR a2 subunits was significantly 

longer. GlyRs expressed by spinal neurons exhibited a similar increase in 

mean channel open time during development (Takahashi et al., 1992). 



These results are reminiscent of the changes in open time described for 

AChRs during maturation of the NMJ (Mishina et al., 1986). 
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Both Becker et al. (1988) and Akagi and Miledi (1988) have provided 

evidence for changes in GlyR subunit expression during postnatal 

development in the rat spinal cord. However, studies of the expression of 

GlyRs by rat spinal cord neurons at times during prenatal development, 

before neurons receive afferent input, have been lacking. Also, apparent 

discrepancies have arisen in the antagonist pharmacology of the GlyR 

subtype expressed in the neonatal spinal cord. Is it possible that rats differ in 

the form GlyR a.2 subunit they express during early development? 

Previous work (St. John and Stephens, 1993) showed that embryonic rat 

spinal cord neurons do not express detectable [3H]-strychnine binding sites 

before four days in culture, but do so after that time. In addition, Bodipy

strychnine, a fluorescent derivative of this antagonist, labels approximately 

80% of neurons after eight days in culture, but does not detectably label 

neurons before four days in culture. Binding with monoclonal antibody 2b 

(mAb 2b), which recognizes GlyR a.1 subunit (the typical adult-type, 

strychnine-sensitive GlyR), provides independent evidence for the 

expression of this subunit by neurons at eight days but not before five days 

in culture (St. John and Stephens, 1993). These results show that a GlyR 

subtype, composed of a.1 subunits and exhibiting a high affinity for 

strychnine, is expressed by spinal cord neurons after one week in culture. 
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OBJECTIVES 

The main goal of this work is to determine whether neurotransmitter 

receptors are regulated during development in the vertebrate CNS. The 

type of neurotransmitter receptor and its location on the surface of a neuron 

govern the neuron's ability to respond to synaptic input. _ Therefore, 

appropriate location and timing of the expression of receptors is important 

to the normal functioning of the neuron. The present study focuses on 

receptors for the neurotransmitter glycine, members of the superfamily of 

ligand-gated ion channels, which are functionally important and 

abundantly expressed in the vertebrate spinal cord. Cultured spinal cord 

neurons from embryonic rats are used as a model for a developing system. 

The neurons are placed into culture before they have received afferent 

input, which may influence the expression of neurotransmitter receptors. 

This system is readily amenable to investigation by a variety of techniques. 

Using several different techniques, the following work investigates when 

different types of GlyRs are expressed by these neurons during development 

in vitro. 

Previous work demonstrates a delayed expression of an adult-type GlyR 

by embryonic rat spinal cord neurons during development in vitro. Chapter 

Two of this dissertation uses GlyR subunit specific antibodies and molecular 

probes to investigate the expression and location of other types of GlyR by 

these neurons. 

Differences in populations of embryonic rats are revealed during the 

course of these experiments. Chapter Three uses electrophysiological 
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techniques to examine differences in the expression of functional GlyRs by 

neurons from the same population of rats at different times during 

development and by neurons from different populations at similar times 

during development. 

The final chapter addresses the interpretation of these findings and 

their relevance to other work in this field. 
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Figure 1.1 A time-line representation of results from various laboratories 

relating to the development of GlyRs in the eNS. Both the in vivo and in 

vitro time scales are displayed on the x-axis. This is for reasons of 

convenience and is not meant to imply any more than an approximate 

relationship between the two scales. Bars indicate positive results, solid 

lines indicate negative results, and dashed lines indicate not tested. Solid 

bars indicate in vivo studies and open bars indicate in vitro studies. Arrows 

indicate that the known information extends beyond the development ages 

included in this graph. 
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CHAPTER TWO: EXPRESSION AND LOCALIZATION OF GLYCINE 

RECEPTOR a2 SUBUNITS 

IN RAT SPINAL CORD NEURONS IN VITRO 

ABSTRACT 

The expression of GlyR subunits was examined on prenatal rat spinal 

cord neurons in vitro. Previous results assaying binding of [3H]-strychnine 

and an al specific monoclonal antibody showed that adult-type GlyR a 

subunits were expressed only after a delay of 4-6 days. The present 

experiments examined the expression of a2 subunits. RT -PCR 

demonstrated the expression of mRNA for a2 subunits by neurons at these 

early stages. A monoclonal antibody that recognizes all isoforms of GlyR a 

subunits, mAb 4a, labeled the majority of neurons in these cultures within 1 

day in vitro, thus confirming the expression of GlyR a subunit polypeptides 

by the neurons at that early stage. Labeling was concentrated in neuronal 

cell bodies. 

In order to demonstrate the expression of GlyR a2 polypeptides and the 

localization of those subunits in the neurons at early times in culture, 

antibodies were raised against a peptide of amino-acid sequence unique to 

GlyR a2 subunits, and were affinity purified. Western blots using this 

peptide antibody showed that a2 subunits were expressed by 2 days in vitro. 

Immunofluorescence microscopy confirmed this early expression. In 

addition, microscopy revealed the widespread cellular distribution and the 

diffuse subcellular distribution of a2 subunit polypeptides. These results 
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demonstrate the presence of GlyR 0.2 subunit polypeptides very early in 

culture, several days before the previously mapped expression of "adult

type," or aI-containing, GlyRs. Differential expression of different GlyR a 

subunits in culture may facilitate experiments to elucidate the mechanisms 

of regulating their expression. 

INTRODUCTION 

Glycine is a prevalent neurotransmitter in the vertebrate spinal cord 

(Young and MacDonald, 1983), where glycine receptors (GlyRs) mediate 

neurotransmission at many inhibitory synapses (Aprison and Daly, 1978; 

Betz,1991). Normal functioning of these GlyRs is necessary for patterned 

motor output from the spinal cord (Cohen and Harris-Warrick, 1984; 

Roberts et al., 1984; Alford and Williams, 1989; Grillner et al., 1991; Droge 

and Tao, 1993). Deficits in genes coding for subunits of the GlyR underlie 

movement disorders in several mammalian species (mouse: Mulhardt et 

al., 1994; Saul et al., 1994; cow: Gundlach, 1990; horse: Gundlach et al., 1993; 

human: Floeter and Hallett, 1993; Shiang et al., 1993). 

GlyRs are multimeric proteins composed of a and B subunits (Langosch 

et aI, 1988). Molecular biological (Akagi and Miledi, 1988; Malosio et aI, 

1991), biochemical (Becker et al., 1988), and functional (Takahashi et al., 1992) 

experiments have demonstrated developmental heterogeneity among these 

subunits, with several isoforms, or subtypes, of a subunits identified in rat 

(0.1: Grenningloh et aI, 1987; Malosio et al., 1991; 0.2: Akagi et al., 1991; Kuhse 



et al., 1991; a3: Kuhse et al., 1990b), mouse (aI, 2 and 4: Matzenbach et al., 

1994), and human (a1 and 2: Grenningloh et al., 1990). 
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Differential expression of a subunit subtypes during development first 

was inferred from Becker et al. (1988) and Akagi and Miledi (1988). 

Subsequent molecular biological studies have supported the view that, in 

vivo, a2 subunits predominate at birth, while a1 subunits predominate from 

a few weeks postnatal into adulthood (Kuhse et al., 1990b; Malosio et al., 

1991b; Akagi et al., 1991). 

CNS neurons express GlyRs in vitro (Nelson et aI, 1977; Hoch et al., 1989; 

Clendening and Hume 1990; Srinivisan et aI., 1990; Lewis et aI., 1991; St. 

John and Stephens, 1993). The data on differential expression over time in 

culture have been equivocal, however. Differences in the functional 

responses to glycine in different-aged cultures have been described (Lewis et 

al., 1990; Melnick and Baev 1993). Hoch et al. (1989) reported that spinal cord 

cells in culture almost exclusively expressed the neonatal, or a2, isoform of 

GlyR. The paucity of a1 subunits probably was due to glutamate-induced 

neurotoxicity (Hoch et al., 1992). St. John and Stephens (1993) reported that 

rat spinal cord neurons express adult-type GlyRs, or a1 subunits, in culture, 

but only with a delay of 4 days or more. The developmental heterogeneity 

described in vivo (Akagi and Miledi, 1988; Becker et al., 1988; Takahashi et al., 

1992) suggested that spinal cord neurons in vitro might express 

predominantly a2 subunits at early times in culture, before 4 days. Direct 

demonstration of the presence of a2 polypeptides and examination of their 

cellular and subcellular distributions have been hampered, however, by the 

lack of an a2-specific label. 
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I report here use of a monoclonal antibody and a new subtype-specific, 

peptide antibody against the GlyR a2 subunit to examine the expression and 

distribution of a2 polypeptides on rat spinal cord neurons in primary 

culture. 

MATERIALS AND METHODS 

Cell culture 

Primary cultures were prepared from the spinal cords of prenatal rats at 

the fourteenth day of gestation (E14) according to methods described 

previously (St. John and Stephens, 1992, 1993). Because GlyRs are sensitive 

to trypsin (Graham et al., 1985; Withers et al., unpublished), the tissue was 

dissociated without added protease. Dissociated cells were plated in 

coverslip-bottomed 35-mm culture dishes that had been coated with poly-D

I ysine or a monolayer of cortical astrocytes on collagen. 

RT-PCR analysis of mRNAs in cell cultures 

Spinal cord neurons were plated as described above, except that standard, 

100-mm tissue culture dishes were used. At appropriate ages, the culture 

medium was removed and Trizol (Life Technologies; 1 mIlI0 cm2) was 

added to the culture. The cells were detached and lysed by several passages 

through a pipette, followed by a 5 min incubation at room temperature. 

Chloroform was added (0.2 ml/ml Trizol) and the mixture was centrifuged 

(12,000 g, 15 min, 40 C). The aqueous phase was removed, mixed with 

isopropyl alcohol, incubated 10 min at room temperature, and centrifuged 
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(12,000 g, 10 min, 4°C). The supernatant was discarded, and the pellet was 

washed with 75(X) ethanol, mixed by vortexing, and centrifuged (7,500 g, 5 

min, 4° C). The pellet was recovered, dried, dissolved in DEPC-treated H20, 

and incubated at 55° C for 10 min. Spectrophotometric readings at 260 and 

290 nm were taken to estimate the purity and content of RNA. Samples 

were stored at -70° C. 

For reverse transcription, total RNA (5 Ilg) was heated at 65° C for 3 min 

and chilled on ice. 31lg of random hexamers (GIBCO/BRL, Grand Island, 

NY), 13 units of RNase inhibitor (Promega, Madison, WI), 375 units of 

MMLV (Moloney murine leukemia virus) reverse transcriptase (USB), RT 

buffer (providing for a final concentration of 10 mM TrisHCl (pH B.3), 50 

mM KCl, 4.5 mM MgCI2, and 1 mM each of dATP, dGTP, dTTP and dCTP 

were added to the total RNA and the reaction mixtures were incubated at 

37° C for 60 min. The reaction was terminated by heating at 95° C for 5 min. 

A 2-lll aliquot of the RT mixture containing cDNA was diluted to 50 III in a 

mixture containing 0.4 mM each of the appropriate primers (see below), and 

was heated at BO° C for 3 min. DNA polymerase (Perkin-Elmer; 2.5 units) 

was added, and the PCR reaction was performed on a Perkin-Elmer DNA 

Thermal Cycler. The annealing temperature was 59° C for 90 sec. In most 

experiments, 30 cycles were performed. The extension temperature was 72° 

C for 2 min. The products of this reaction were electrophoresed on a 2% 

agarose gel containing ethidium bromide, with size markers run in an 

adjacent lane. 

The following primers were used for amplification of cDNAs for a2 

subunits: 5'CCCTCAAACACTCCAATACACAGAG3', 
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5'TGATTCCAGAAAGAAGACCAGGAC3'. The expected product length was 

441 bp. These sequences were chosen from the non-coding region upstream 

of the coding region for reasons of uniqueness of the sequence. When 

compared to sequences in GenBank, this sequence was found in genes for 

GlyR a,2 subunits but not in any other gene. 

Membrane preparations 

Membrane protein samples were prepared by homogenization of cell 

cultures scraped from dishes at 4° C in homogenization buffer (10 mM 

Trizma base/5 mM EDTA/5 mM EGTA) containing a cocktail of protease 

inhibitors (Pfeiffer et al., 1982) as well as bacitracin (60 Jlg/ml) and soybean 

and ovomucoid trypsin inhibitors (10 Jlg/ml each; Becker et al., 1988). The 

samples were centrifuged (1000 x g for 10 min), and the supernatant was 

removed and spun at 100,000 x g for 60 min at 4° C. The pellets were then 

resuspended in homogenization buffer, assayed for protein concentration 

using the Bradford method, adjusted to 1 Jlg/ml with homogenization 

buffer, and frozen in aliquots at -70° C. 

Western blots 

Samples were loaded onto gels at a protein concentration of 25 Jlg/lane. 

Rainbow-colored protein molecular weight markers (Amersham) and 

unstained molecular weight standards (GIBCO) were loaded and run in 

adjacent lanes. Electrophoresis was performed on a BioRad Mini Protean IT 

dual slab cell using pre-cast gels (12% acrylamide; Biorad), with the Laemmli 

buffer system (1970). Gels were run at 250 volts for 1.5 hr. Samples were 
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transferred for 1 hr at 12 volts onto pure nitrocellulose membranes (0.45 J..Lm; 

Biorad) with a Genie Electrophoretic Blotter (Idea Scientific Co.), using the 

electrophoretic elution technique (Towbin et al., 1979; Bittner et al., 1980; 

Reiser and Wardale 1981; Kyhse-Anderson, 1984). Following transfer, the 

membrane was stained for total protein with Ponceau S (Sigma) for 5 min, 

the positions of molecular weight standards were marked, and then the 

membrane was rinsed with 18-megaohm H20 until background staining 

was removed. The membrane was blocked with 5% (wt/vol) non-fat dried 

milk in 50 mM Tris/150 mM NaCl/O.l % Tween for 1 hr. Primary antibody 

at the appropriate dilution was added, and the membrane was incubated for 

1 hr with gentle agitation. The blot was rinsed three times for 5 min each 

with the blocking buffer, and then secondary antibody (alkaline 

phosphatase-conjugated goat-anti-rabbit IgG F(ab'h diluted 1:500; Zymed) 

was added and incubated for 1 hr with gentle agitation. The blot was rinsed 

three times for 5 min each with blocking buffer, three times for 5 min each 

with blocking buffer without milk, and once with 50 mM tris/l00 mM 

NaCl/pH 7.4 for 5 min. The blot was developed with premixed 

bromochloroindoly phosphate/nitro blue tetrazolium (BCIP /NBT) substrate 

(Kirkegaard and Perry Laboratories); the reaction was stopped with three 

rinses of distilled H20 for 5 min each. 

For antibody preadsorption experiments, concentrated pAb 1811 was 

mixed with 50 J..Lg/ ml of synthetic peptide of the sequence KDHDSRSGKH, 

incubated overnight at 4° C, and then diluted and used for Western blotting 

as described above. Two nitrocellulose membranes containing the same 
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samples were blotted in parallel using the preadsorbed and the unadsorbed 

antibody. 

Fluorescent labeling of GlyR a subunits 

Two different antibodies were used for fluorescent labeling of GlyR a 

subunits on cultured neurons. One was monoclonal antibody 4a (mAb 4a; 

Pfeiffer et al., 1984). This antibody has been mapped to an epitope (Schroder 

et al., 1991) common to all rat GlyR a subunits cloned to date, and recognizes 

multiple a subunit subtypes (Becker et al., 1988). The other was a new 

preparation of affinity-purified antibodies raised against a synthetic peptide 

of the amino-acid sequence KDHDSRSGKH. This sequence represents the 

first ten amino acids in the predicted amino-acid sequences of several a2 

subunits (Grenningloh et al., 1990; Kuhse et al., 1990b; Akagi et al., 1991; 

Kuhse et al., 1991; Matzenbach et al., 1994), but not in those of other known 

proteins, including other rat GlyR a subunits (Grenningloh et al., 1987; 

Kuhse et al., 1990a). 

For labeling with antibodies, cells in culture were fixed (4% 

paraformaldehyde/120 mM Na-phosphate/pH 7.25) for 30 min, rinsed three 

times with Hanks Balanced Salt Solution (HBSS) containing 0.1% BSA 

(HBSS-BSA), permeabilized with saponin (0.1% in HBSS) for 5 min, and 

then rinsed again with HBSS-BSA. Cultures then were incubated for 60 min 

in primary antibody diluted to 1-10 ~g/ml in HBSS-BSA, and rinsed three 

times in HBSS-BSA. Cultures then were incubated for 60 min in FITC

conjugated goat-anti-rabbit or goat-anti-mouse secondary antibody (Zymed) 

diluted to 10-20 ~g/ml in HBSS-BSA, and rinsed three times in HBSS-BSA. 
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Microscopy and image analysis 

Following labeling, cultured neurons were viewed by conventional 

microscopy on an inverted microscope (Nikon Diaphot) or by laser-scanning 

confocal microscopy (Leica TCS with Kr / Ar laser). Images from the 

conventional microscope were photographed on high-speed black-and

white (Kodak TMAX 1600) or color (Kodak Ektachrome P1600) film. 

Quantitative analysis of digital images from the confocal microscope was 

performed using the NIH Image program (W. Rasband; public domain). 

RESULTS 

RT-PCR analysis shows the presence of a2 mRNA in cultures 

As a first step in examining the expression of GlyR a2 subunits, primary 

cultures of prenatal spinal cord neurons and glial cells were assayed by RT

PCR for the presence of a2 mRNA. Amplification of the cDNA produced 

from 3-day-old cultures, using primers for the a2 sequence, gave rise to a 

single band (Fig. 2.1). The apparent size of this band was 460 bp, close to the 

predicted size of 441 bp. Amplification of cDNA produced from cultured 

muscle or kidney cell mRNA failed to produce a detectable band (Fig. 2.1), 

although bands were obtained from those cDNAs using primers for 

glyceraldehyde 3-phosphate dehydrogenase (not shown). 

The identity of the amplified band was confirmed by treatment with Ban 

II restriction nuclease. Treatment of the RT-PCR product obtained from the 

spinal cord cultures with this nuclease yielded cleavage products of 
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approximately 180 and 280 bp, which were in good agreement with the 

predicted sizes of 170 and 271 bp, respectively. Thus, these 3-day-old spinal 

cord cultures were judged to contain cells that expressed <x2 mRNA. 

Monoclonal antibody 

In order to begin to examine the expression and distribution of <X2 

polypeptides, cultures were labeled using anti-GlyR monoclonal antibody 4a 

(Pfeiffer et al., 1984). The epitope for this antibody has been mapped to a 

portion of the amino-acid sequence of the <xl subunit that is conserved 

among rat GlyR <x subunits (Schroder et al., 1991). Immunological evidence 

indicates that the antibody does, in fact, label multiple <x subunit subtypes, 

apparently including <xl and <x2 (Becker et al., 1988). 

In primary spinal cord cultures, labeling by mAb 4a was clear and 

widespread. Labeling was seen on both neurons and glial cells. On 

individual neurons, the label was largely confined to the cell body, with 

little labeling of neurites. The label was distributed quite diffusely from the 

periphery of the cell into the interior (Fig. 2.2b), and there was no evidence 

of non-uniform clustering. Most, but not all, neurons were intensely 

labeled, as shown in Figure 2.2b. Counts of the labeling of neurons in 

randomly chosen fields showed that approximately 80 percent of neurons in 

the cultures were visibly labeled (Fig. 2.3). This prevalence of labeling of 

neurons by mAb 4a was seen as early as 1 day in culture, the earliest stage 

examined, and a t each of the other stages examined. In addition to labeling 

neurons, mAb 4a labeled glial cells in the cultures (not shown). Although 

many glial cells were labeled, the exact prevalence of labeling among glial 
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cells was not determined. These results, then, indicated that both neurons 

and glial cells expressed at least some type of GlyR ex. subunits, that these ex. 

subunits were expressed by the large majority of neurons, and that the 

expression of the polypeptides began early in culture. 

SUbtype-specific peptide antibody 

In order to detect the presence of ex.2 polypeptides selectively and to map 

their distributions on cultured neurons, ex.2-specific peptide antibodies were 

raised in rabbits. Rabbits were immunized with a synthetic peptide that had 

an amino-acid sequence identical to a unique portion of the deduced 

sequence of rat ex.2 subunit (Akagi et al., 1991). Antibody titer in the serum 

was assayed by ELISA, and following immunization, specific antibodies were 

isolated by affinity column purification. 

In blots of samples from cultures of spinal cord neurons, pAb 1811 bound 

to a single major band, of apparent size 52 kDa, and two much fainter bands, 

of approximately 55 kDa and 65 kDa (e.g., IIVI0" lane in Fig. 2.4a). 

Densitometric analysis of scanned images from western blots in Fig. 2.4 

showed that the labeling of the 52-kDa band accounted for approximately 

70% of all labeling. Preincubation of the antibody with purified synthetic 

peptide eliminated virtually all of the binding to both the 52-kDa major 

band and the 65-kDa minor band (Fig. 2.4b), but caused only a limited 

reduction in the staining of the 55-kDa minor band. Thus, the 52-kDa, 

major band and the 65-kDa minor band were judged to reflect specific 

labeling by pAb 1811, while the faint 55-kDa band, which accounted for only 

a small portion of all staining, was regarded as nonspecific. 
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Both the 52-kDa band and the 65-kDa band were stained in the youngest 

cultures examined, 2 days in vitro (div) (Fig 2.4a), providing direct evidence 

for the presence of a,2 polypeptides at that stage. The same bands were 

labeled in samples from cultures after 10 div (Fig. 2.4a), indicating that at 

least some cells in the culture expressed a,2 subunits at that later stage, as 

well. Western blots performed on membrane proteins from cultures that 

contained glial cells but no neurons showed only low levels of the 52 kDa 

band. This indicated that glial cells did not account for the pAb 1811 staining 

seen in blots from "mixed" cultures, which in turn suggested that neurons 

at both early and late times in culture expressed a,2 polypeptides. 

Immunofluorescence labeling of cultures using pAb 1811 showed more 

directly that neurons expressed a,2 polypeptides (Fig. 2.5). In young cultures, 

the labeling of neurons was intense and widespread. Labeling of neurons 

also was seen in older cultures. 

Counts of the labeling of neurons at different stages in vitro (Fig. 2.6) 

showed that the large majority of neurons were labeled by pAb 1811 at 1 div, 

the earliest stage examined, and that the proportion of neurons labeled by 

the antibody remained high until at least 8 div, the latest age at which 

labeling was counted. 

Immunofluorescence labeling also revealed the apparent subcellular 

distribution of the a,2 polypeptides in spinal cord neurons. Most of the 

labeling was confined to the cell bodies of labeled neurons, although 

labeling of neurites was observed, especially in older cultures (Figs. 2.5 and 

2.7). Label was concentrated at or near the cell surface in all neurons in both 

young and older cultures (Figs. 2.5 and 2.7). Interestingly, the labeling 



appeared to be diffuse and rather uniform, with no clear evidence of 

clustering or aggregation. 
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Examination of different-aged cultures by conventional fluorescence 

microscopy suggested that the intensity of labeling was lower on neurons in 

older cultures. In order to make a quantitative comparison of intensities at 

different ages, labeled cultures were examined by confocal microscopy (Fig. 

2.7). This approach allowed clear images of neuronal labeling to be obtained 

even in older cultures in which glial cells had reached a high density. As in 

the conventional microscope views, the label was seen at or near the surface 

of the neurons. Again, there was no clear evidence of aggregation or 

clustering of labeled a2 subunits. Quantitative analysis of digital images 

from the confocal microscope (Table 2.1) supported the impression from 

conventional microscopy that the intensity of the labeling of neurons in 

older cultures was significantly lower than that of neurons in young 

cultures. 

DISCUSSION 

These experiments provide clear, direct evidence of the expression of a2 

polypeptide subunits of the GlyR by spinal cord neurons at early ages in 

culture. The expression of such polypeptide subunits in cultured neurons 

had been inferred in previous experiments (Hoch et al., 1989), but those 

studies were limited by the lack of a selective label for a2 subunits and 

apparently by the death of neurons in the cultures (Hoch et al., 1992). In the 

present experiments, the expression of mRNA for a2 subunits has been 
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confirmed by RT-PCR analysis, and expression of the polypeptides has been 

demonstrated both by Western blot analysis and by immunofluorescence 

microscopy. The expression of a.2 mRNA by these neurons at early ages 

correlates well with work by Akagi and colleagues (1991) which provided in 

vivo evidence for the expression of a.2 subunit mRNA in the prenatal rat 

spinal cord. 

Because they employ a specific and selective label for a.2 polypeptides, 

these results reveal the cellular distribution of these subunits. Most, if not 

all, neurons are labeled by pAb 1811 and, thus, appear to express a.2 subunits. 

GlyR a.2 subunits also appear to be expressed by glial cells of the spinal cord 

in vitro. Recent electrophysiological experiments (M. D. Withers, R. B. 

Levine, and P. A. St. John, unpublished observations) have shown that glial 

cells in culture have functional GlyRs, but the subtype expressed has not 

been determined. The functional and/or developmental significance of the 

expression of GlyRs by glial cells is not known. 

These results also reveal the subcellular distribution of GlyR a.2 subunits 

in the spinal cord neurons that express them. Like the labeling for mAb 4a, 

the majority of the a.2 polypeptides are confined to the neuronal cell body, 

with much less label in the neurites. In addition, the labeled polypeptides 

show little or no clustering on young neurons. This is reminiscent of the 

immature or uninnervated skeletal muscle, where the embryonic nicotinic 

acetylcholine receptors (nAChRs) are much more uniformly distributed 

across the surface of the muscle than are adult nAChRs on innervated 

muscle. 
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Results from both light and confocal microscopy demonstrate that most 

of the a2 polypeptides in young neurons are located at or near the cell 

surface. This close association with the cell membrane, along with 

functional responses to glycine observed in the majority of neurons by the 

first day in culture (Withers et al., 1992), suggest that at least some of the a2 

polypeptide may be part of functional glycine receptors on the surface of 

these neurons. 

This work provides the first direct evidence for the expression of GlyR 

a2 polypeptide by embryonic rat spinal cord neurons in culture. A 

comparison of the subcellular distribution of GlyR a1 subunits described by 

St. John and Stephens (1993) with that of GlyR a2 subunits described by 

Withers and St. John (1994) and this study suggests that these different GlyR 

a subunits also have different subcellular distributions. GlyR al subunits 

demonstrated clustering, while a2 subunits have not. It is important to 

note, however, that the clearest examples of clusters of GlyR a1 subunits 

were seen on neurons in older cultures (most of the observations were 

made at older stages) while most of the observations of GlyR a2 subunits to 

date have been made on younger neurons. Whether the apparent 

difference in distribution is due to a difference in age or a difference in 

subtype will require additional experiments. 

These results show that a large majority of neurons express GlyR a2 

subunits in vitro, and that expression begins within 1 day after the plating of 

cells dissociated from the spinal cords of E14 animals. Nicola et al. (1992) 

also reported the labeling of spinal cord neurons in culture using mAb 4a. 

They reported observing no labeling before approximately 4 days in culture. 
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I can not explain the apparent discrepancy with my results, which show 

clear evidence of extensive labeling of neurons within 1 day in culture. 

Previous experiments (St. John and Stephens, 1993) showed that such 

neurons expressed GlyR a1 subunits only after a delay of 4 days or more in 

culture. Together, these results suggest that the expression of a2 subunits 

may significantly precede that of al subunits during in vitro development of 

spinal cord neurons. While the majority of neurons still expresses a2 

polypeptides by 8 div, the intensity of label as quantified by confocal 

microscopy is significantly reduced at that later stage. This is at a time when 

the neurons have begun to express the al subunit of the glycine receptor. It 

is possible that if these neurons survived for sufficiently long times in 

culture, they might undergo a complete switch from the expression of one 

receptor subtype to another, as is thought to happen during development in 

vivo in the rat spinal cord (Becker et al., 1988, Akagi et al., 1991, Takahashi et 

al., 1992). 

Results from this and previous work from this laboratory show striking 

parallels between AChRs on skeletal muscle and GlyRs on CNS neurons: 

An "embryonic" isoform (that confers on the receptor functional properties 

that are different from the adult) is expressed early and is not localized to 

synapses. This isoform is replaced during development with the "adult" 

form of the receptor, which is confined to synapses. While this view is 

strongly supported by direct evidence in the case of AChRs, it is still more 

hypothetical in the case of GlyRs. By combining the use of a new set of 

specific probes for GlyR subunits with electrophysiological techniques, the 

types of GlyR a subunits being expressed by embryonic rat spinal cord 



neurons at different times during development in vitro can be further 

distinguished and their biological relevance can be assessed. 
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Table 2.1. Intensity of labeling by pAb 1811 on spinal cord neurons at 

different ages ill vitro. 

Age of culture 

2 days 

10 days 

Intensity (mean +/- s.e.m.) 

156.8 + / - 16.2 (n = 42) 

138.3 +/-11.1 (n = 41) 

Analysis was performed on the confocal microscope images in Figure 7. 

Pixels with intensities (arbitrary units) above a chosen threshold were 

grouped by contiguity, and the mean intensity of each group was 

determined. Values represent the mean and s.e.m. of the values for all 

of the groups in each image; II denotes the number of groups in each 

image. Comparison by two-tailed t-test showed the samples to be 

significantly different (p < 0.001). Results are representative of those 

from four sets of images. 
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Figure 2.1. RT-PCR analysis of rat spinal cord neurons at 2 div. RT-PCR was 

performed on RNA extracted from two day old cultures using GlyR (X,2-

specific primers as described in methods. Lane 1, DNA size standards. Lane 

2, PCR product from two day cultures. Note the presence of a single band 

near 460 bp. Lane 3, Fragments generated by treatment of products in Lane 2 

with Ban II restriction enzyme. Note the presence of two bands, near 280 

and 180 bp. Lane 4, RT-PCR performed as for Lane 2, except that the RNA 

was treated first with DNase-free RNase. Lane 5, RT-PCR was performed on 

RNA extracted from C2 myoblasts. No bands were observed. 
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Figure 2.2. Fluorescence microscopy of embryonic rat spinal cord cells 

labeled with mAb 4a. a and c, phase contrast view of cells after two days in 

culture. b, fluorescence views of the cells in field a, labeled with mAb 4a and 

secondary antibody, showing that the majority of neurons are labeled at 2 

div. d, control, fluorescence view of cells in field c, labeled with secondary 

antibody only. Arrows point to cell bodies seen in a, which are not 

detectably labeled by mAb 4a in b. 
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Figure 2.3. Percentage of cells labeled with mAb 4a during the first week of 

in vitro development. The average percentage of neurons labeled was 

calculated from an n of two to three platings with no less than 100 cells 

counted from randomly chosen fields. Error bars indicate S.D. 
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Figure 2.4. Western blot analysis of GlyR a2 polypeptide expression at 

various in vitro ages. Western blot analysis performed on membranes 

prepared from spinal cord cells using A, pAb 1811 as described in methods 

and B, using pAb 1811 that had been preadsorbed with the synthetic peptide 

against which it was raised. Membranes were prepared from spinal cord 

cells that had been in culture for 2 days (IV2) or 10 days (IVI0). 
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Figure 2.5. Fluorescence microscopy of embryonic rat spinal cord cells 

labeled with pAb 1811. a and c, phase contrast view of cells after two days in 

culture. b, fluorescence view of the cells in field a, labeled with pAb 1811 

and secondary antibody. d, control, fluorescence view of cells in field c, 

labeled with secondary antibody only. 
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Figure 2.6. Percentage of cells labeled with pAb 1811 during the first week in 

vitro. Average percentage of neurons labeled with pAb 1811 was calculated as 

described in Fig. 3. 
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Figure 2.7. Confocal microscopy of embryonic rat spinal cord cells labeled 
with pAb 1811. Cells labeled with pAb 1811 (as described in methods) that 

had been in culture for a, 2 div and c, 8 div. Control samples were labeled 

with secondary antibody only and are shown at b, 2 div and d, 8 div. 
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CHAPTER THREE: EMBRYONIC RAT SPINAL CORD NEURONS 
EXPRESS DIFFERENT SUBTYPES OF GLYCINE RECEPTORS DURING 

DEVELOPMENT IN VITRO 

ABSTRACT 

The expression of functional GlyRs by embryonic rat spinal cord 

neurons during development in vitro was investigated in two populations of 

rats. Previous work assaying binding of [3H]-strychnine and an al specific 

monoclonal antibody on population A showed that GlyR al subunits were 

not detected before 4-6 days in culture. Recent experiments on population B 

showed that neurons expressed some form of GlyR a2 subunits throughout 

the first week in culture. The present experiments used whole-cell patch 

clamp recording to show that functional GlyRs are expressed by both 

populations of rats by the first day in vitro. Responses to glycine by neurons 

from population A exhibit a low sensitivity to strychnine during the first 

few days in culture. However, responses by neurons from population B 

were sensitive to complete blockade by strychnine throughout the first 

week. These results suggest that neurons from population A are expressing 

a different GlyR subtype than those of neurons from population B during 

the first few days in culture. Neither an increased sensitivity to glycine nor 

activation of GABARs by glycine can account for the low strychnine

sensitivity exhibited by neurons from population A. These results suggest 

that neurons from population A are expressing a strychnine-insensitive 

isoform of the GlyR, possibly a2*, which is the only known GlyR isoform 

with a low affinity for strychnine. The predominant expression of GlyR 



isoforms changes from that of a strychnine-insensitive isoform to some 

formes) of strychnine-sensitive GlyR during development in vitro. 

INTRODUCTION 
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Glycine receptors (GlyRs) mediate neurotransmission at many 

inhibitory synapses in the vertebrate spinal cord (Aprison and Daly, 1978; 

Betz, 1991). Several isoforms of GlyR a subunits have been identified 

recently (Grenningloh et al., 1987; Grenningloh et al., 1990; Kuhse et al., 

1990a, b; Akagi et al., 1991; Kuhse et al., 1991; Malosio et al., 1991a; 

Matzenbach et al., 1994). Among these a novel subunit, termed a2*, has 

been identified in neonatal rat spinal cord (Kuhse et al., 1990b). Glycine 

receptors composed of this isoform differ from the adult-type GlyR 

(composed of the a1 subunit) in antigenic determinants and affinity for the 

GlyR antagonist, strychnine (Becker, 1988). The amino acid sequences for 

the a2 (strychnine-sensitive) and a2* isoforms are so highly conserved that 

to date the polypeptides can only be distinguished by their affinity for the 

antagonist strychnine. 

Evidence for developmental and regional heterogeneity of GlyR 

isoforms expressed in the mammalian CNS has emerged recently (Becker et 

al., 1988; Akagi and Miledi, 1988). Experiments by Becker and colleagues 

(1988) suggest that the predominant expression of GlyRs in the neonatal rat 

spinal cord may be of a relatively strychnine-insensitive subtype. However, 

Takahashi and colleagues (1992) have provided evidence for the expression 

in the neonatal spinal cord of a GlyR subtype, different from the typical 
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adult-type GlyR, that gives rise to responses to glycine that are strychnine

sensitive. 

Spinal cord neurons from one population of rats do not express 

detectable [3H]-strychnine binding sites until after four days in culture (St. 

John and Stephens, 1993). Binding with monoclonal antibody 2b (mAb 2b), 

which recognizes GlyR al subunits (the typical adult-type GlyR, Schroder et 

al., 1991), provided independent evidence for the expression of this subunit 

by neurons at eight days but not before five days in culture (St. John and 

Stephens, 1993). Recent experiments on a separate population of rats using 

GlyR antibodies show that neurons express GlyR a subunits by the first day 

in culture and that these subunits are primarily of the a2 subtype (M. D. 

Withers, M. V. Langston, B. G. Christoph, D. V. Kumar, and P. A. St. John, 

unpublished observations). These results suggest that before GlyR al 

subunits are expressed, some form of the a2 subunit is expressed. 

In order to investigate the functional expression of GlyR a subunits 

during embryonic development, I have used electrophysiological methods 

to examine the strychnine-sensitivity of responses to glycine by rat spinal 

cord neurons during development in vitro. During the first week in culture, 

neurons from one population of embryonic rats can undergo a change in 

the strychnine-sensitivity of their responses to glycine, while the strychnine

sensitivity of a second population remained unchanged over this period. 

My results suggest that these neurons can undergo a developmentally 

regulated change in the subtype of functional GlyRs they express during the 

first week of development in vitro and that separate populations of rats can 



differ in their expression of isoforms of GlyR ex. subunits during 

development in vitro. 

MATERIALS AND METHODS 

Cell culture 
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Timed-pregnant Sprague-Dawley rats (Harlan) were sacrificed on the 

fourteenth day of gestation (E14), and the embryos were removed and placed 

in Hank's Balanced Salt Solution (HBSS) with 0.1% bovine serum albumin 

(BSA) Culture methods were adapted from St. John and Stephens (1993). 

Embryonic rat spinal cords were dissected and placed in chilled HBSS 

without Ca++ and Mg++. Following a 30 min incubation at 370 C, spinal 

cords were transferred to HBSS with 0.1% BSA and 1% deoxyribonuclease 

(DNase); no exogenous protease was used. Spinal cords then were 

dissociated by trituration, and centrifuged at 300 x g for 6 min. The pellet 

was resuspended in Eagle's Minimum Essential Medium (MEM) with 1% 

penicillin-streptomycin, 10% fetal bovine serum (FBS), 1% L-glutamine, and 

2.2 gm/liter sodium bicarbonate. Dissociated cells were counted using a 

hemocytometer in the presence of trypan blue to distinguish live from dead 

cells; typical preparations had greater than 90% viability. Cells were plated at 

a density of 1 x 106 cells per dish on standard 35 mm plastic tissue culture 

dishes that had been previously coated with collagen and seeded with a 

monolayer of cortical astrocytes from E20 embryos. Cultures were 

maintained in a controlled-atmosphere incubator (370 C, 5% C02), and were 

supplied with fresh medium at 3-4 day intervals. During the course of the 
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experiments, I discovered differences in populations of rats. Before 

September, 1994, Sprague-Dawley rats were obtained from Harlan plant 

#205. In March, 1994, independent experiments revealed a difference in the 

developmental expression of strychnine-sensitive GlyRs by spinal cord 

neurons cultured from the rats being received from Harlan at that time as 

compared to rats received over the previous years (Das and St. John, 

unpublished). Further experimentation confirmed that the rats received 

after March, 1994, differed from rats received prior to this date from the 

same plant. Following the testing of Sprague-Dawley rats from several 

different suppliers, Harlan plant #202 was chosen as the new supplier of 

rats. Thus, experiments were performed on populations of Sprague-Dawley 

rats from two separate Harlan plants. Rats received from Harlan plant #205, 

before March, 1994, will be referred to as population A. Rats received from 

Harlan plant #202, following March, 1994, will be referred to as population 

B. 

ElectrophysiologlJ 

Whole-cell patch-clamp recordings were made from cultured 

embryonic rat spinal cord neurons at various ages in vitro, following 

established procedures (Hamill, 1981). Currents observed in response to 

glycine or GABA were recorded at room temperature using an Axopatch-1D 

amplifier (Axon Instruments) and filtered at 10 kHz with a 4-pole, 12-

position, low-pass Bessel filter. Whole-cell patch-clamp electrodes, with 

resistances between 4 and 6 Mohms, were filled with an intracellular 

solution containing 120 mM KCI, 1 mM CaCh, 1 mM MgCI2, 10 mM EGTA, 
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10 mM glucose, 20 mM HEPES, and 5 mM ATP, pH 7.30. During a recording 

session, the culture dish was constantly superfused, at room temperature, 

with an extracellular saline composed of 140 mM NaCI, 2 mM KCI, 2 mM 

CaCI2, 1 mM MgCI2, 2 mM KH2P04, 10 mM glucose, and 10 mM HEPES, pH 

7.30. The chloride concentration in the external solution was shifted by 

substituting 42 mM NaCI and 92 mM methsulfonate for 140 mM NaCI to 

test the dependence of the reversal potential on CI-. This resulted in a final 

concentration of 140 mM Na+ (equivalent to the normal external solution) 

and 50 mM CI-. 

Neurons were voltage-clamped at -70 mV while glycine or GABA 

dissolved in extracellular solution was pressure ejected from pipettes placed 

within 100 IlM of the neuron. The pressure and duration of pulses were 

controlled by a picospritzer (Picospritzer II, General Valve Corp.). The 

typical duration of pulses of agonist was 800 ms. Agonist-induced 

membrane currents were monitored on a Hitachi VC-6025 digital storage 

oscilloscope and recorded on an adapted video cassette recorder (Vetter 

Instruments). Small hyperpolarizing test pulses were applied to measure 

membrane conductance before, during, and after application of 

neurotransmitter. Antagonists were applied to neurons by bath perfusion 

or by a modified version of the U-tube system (Krishtal and Podoplichko, 

1980). The extent to which the antagonist blocked responses to the agonist 

was determined by subtracting the total response to agonist in the presence 

of antagonist (iagonist+antagonist) from the total response to agonist (iagonist). 

This was then divided by total response to agonist and multiplied by 100 to 

give the percentage of blockade by antagonist. The total response to agonist 
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was determined by averaging the response to agonist before the application 

and after the washout of antagonist. Responses that did not recover by 50% 

or greater following washout of antagonist were not used for analysis. 

Effects of desensitization on test pulses of agonist was avoided by using 

experimentally determined interpulse intervals of 2 min for glycine and 3-4 

min for GABA. Current densities were calculated by dividing the peak 

current by the whole-cell capacitance. Whole-cell capacitance was estimated 

from the time constant of a charging transient elicited by a hyperpolarizing 

voltage step from -70 m V to -90 m V. 

[3Hl-stryclmine binding assays 

Assays for GlyRs on live neurons in vitro were performed according to 

methods described in St. John and Stephens (1993) except that cultured 

neurons were incubated with pH]-strychnine (New England Nuclear; 

specific activity, 23.5 Ci/mmol) at a concentration of 10 nM. Control dishes 

also contained 10 JlM strychnine (Sigma). 

Assays for GlyRs on neurons in vivo were performed by binding PH]

strychnine (New England Nuclear; specific activity, 23.5 Ci/mmol) to 

membrane fragments prepared from rat spinal cords at selected ages. 

Membranes (1 Jlg/JlI of protein) were incubated for 60 min with 5-125 nM 

pH]-strychnine. Control incubations also contained 1 mM strychnine 

(Sigma). Following incubation the reactions were terminated by rapid 

vacuum filtration through Whatman glass fiber filters (GF-B) (Young and 

Snyder, 1973, 1974; Pfeiffer and Betz, 1981). Radioactive filters were counted 

in a scintillation counter. All assays were performed in triplicate. Specific 
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binding was determined by subtracting non-specific binding (binding in the 

presence of 1 mM strychnine) from total binding. 

Membrane preparations 

Samples of membrane fragments were prepared by homogenization of 

cell cultures scraped from dishes at 4° C in homogenization buffer (10 mM 

Trizma base/S mM EDTA/S mM EGTA) containing a cocktail of protease 

inhibitors (Pfeiffer et al., 1982) as well as bacitracin (60 mg/ml) and soybean 

and ovomucoid trypsin inhibitors (10 mg/ml each; Becker et al., 1988). The 

samples were centrifuged (1000 x g for 10 min), and the supernatant was 

removed and spun at 100,000 x g for 60 min at 40 C. The pellets were then 

resuspended in homogenization buffer, assayed for protein concentration 

using the Bradford method, adjusted to 1 Ilg/1l1 with homogenization buffer, 

and frozen in aliquots at -70 0 C. 

RESULTS 

Many neurons display functional responses to glycine within 24 hours in culture. 

Whole-cell patch-damp recordings were used to assay the responses to 

glycine by embryonic spinal cord neurons from two separate populations of 

rats at various ages in culture in order to monitor the expression of 

functional GlyRs. At eight days in culture, these neurons, when clamped at 

-70 m V, exhibited an increase in conductance and an inward current in 

response to the application of glycine (Fig. 3.1). Neurons also responded to 

glycine at early times in culture. As in the older neurons, these responses 
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involved an inward current at a holding potential of -70 mV (Fig. 3.1). In 

order to investigate the ionic basis of these responses, reversal potentials 

were measured (Fig. 3.2). When neurons were bathed in the normal 

recording solution, the current reversed around 0 mV, close to the 

calculated value of ECI, -4 m V (Fig. 3.2A, C). When ECI was shifted by 

decreasing the concentration of CI- ions outside the neuron, the reversal 

potential shifted to a more positive value of approximately 20 mV, which 

was near the new ECI of 23 m V (Fig. 3.2B, C). At all holding potentials, 

neurons exhibited an increase in conductance in response to glycine (Fig 2A, 

B). Taken together, these results indicated that glycine induced an increase 

in CI- conductance in these neurons, consistent with activation of 

functional GlyRs throughout the first week in culture. 

As a first step in characterizing possible developmental changes in the 

functional response to glycine, the percentage of neurons that responded to 

glycine and the sizes of the responses were monitored. At one day in 

culture, approximately 65% of embryonic rat spinal cord neurons responded 

to glycine (Fig. 3.3A). Over the next three days, the percentage of neurons 

responding to glycine increased to 100% and remained at that level until 38 

days in culture, the latest age examined. Along with an increase in the 

number of neurons expressing GlyRs, there was an increase in the size of 

the peak currents elicited by glycine at different ages in vitro (Fig. 3.4). 

Neurons from both populations of rats showed a significant (p<.OOl) 

increase in the sizes of responses to glycine between 2 and 8 days in culture. 

Since the responses were measured as peak currents, rather than current 

densities, some of the increase in sizes of responses could have been due to 
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increases in the sizes of individual neurons. Similar increases were 

observed, however, after using whole-cell capacitance measurements to 

estimate current densities (see Fig. 3.8). Thus, spinal cord neurons from the 

two populations of rats showed similarities in the time of onset of responses 

to glycine, the ion selectivity of the channel, and the increase in peak 

amplitude of responses to glycine during the first week in vitro. 

Embryonic spinal cord neurons from two populations of rats differ in the strychnine

sensitivity of their responses to glycine 

The sensitivity to blockade by strychnine of responses to glycine was 

examined in both populations. Recordings of responses to glycine made in 

the presence and absence of strychnine were compared to determine the 

strychnine-sensitivity of each neuron's functional GlyRs. Strychnine at 10 

JlM largely or entirely blocked the responses of older neurons in both 

populations (Fig. 3.5), as expected for this antagonist. 

The effect of 10 JlM strychnine on the glycine responses of neurons at 

earlier stages in culture, however, differed between neurons from the two 

populations of rats (Fig. 3.6). Neurons from population A showed relatively 

little sensitivity to strychnine (Fig. 3.6A) at early times in vitro. This relative 

lack of sensitivity to strychnine differed from that of the responses of the 

same group of neurons at later stages in vitro (see below). It was consistent, 

however, with previous pH]-strychnine binding assays performed on 

neurons from this population, which showed no detectable strychnine 

binding on cultures before 4 to 6 days in culture (St. John and Stephens, 

1993). In contrast to neurons from population A, responses to glycine in 2 
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day old neurons from population B were blocked by strychnine to the same 

extent as the responses in the older neurons of the same population (Fig. 

3.6B). 

The difference between neurons of these two populations of rats in the 

strychnine sensitivity of their responses to glycine at early stages in vitro led 

me to reexamine in more detail the effects of strychnine at later stages. 

Interestingly, while strychnine completely abolished responses to glycine at 

both early and late times in culture by neurons from population B, neurons 

from population A displayed a residual response to glycine in the presence 

of strychnine at all ages tested, even at later ages in culture. (Fig. 3.5). In the 

large majority (980ft) of the neurons examined from population A, the 

residual response to glycine in the presence of strychnine exhibited a slower 

rise time to the peak of the response. In 86% of the neurons, the time to 

peak response in the presence of strychnine (> 500 ms) was noticeably slower 

than that in the same neuron in the absence of strychnine (approximately 

100 ms or less), while in 12% of the cases, the neurons exhibited a slow rise 

time to peak both before and after application of strychnine. Only 2% of the 

neurons exhibited a rapid rise time to the peak response in the presence of 

strychnine. 

In light of the difference in the strychnine-sensitivity of neurons from 

these two populations at early stages in vitro, I sought evidence concerning 

the binding of strychnine. [3H]-strychnine was used to assay binding by the 

neurons of population B at different ages in culture (Table 3.1). The level of 

strychnine-binding was well above zero on neurons that had been in culture 

for 3 days and seemed to increase by 10 days. Thus, neurons from 
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population B exhibited detectable [3R]-strychnine binding sites at ages when 

strychnine-binding sites could not be detected on cultures from population 

A (St. John and Stephens, 1993). In order to confirm the presence of [3H]

strychnine binding sites, I also assayed the binding of [3R]-strychnine to 

membrane fragments from spinal cords of E-14 and adult rats. Membranes 

from both E-14 and adult rat spinal cords exhibited detectable binding sites 

for [3H]-strychnine (Table 3.1). 

These results suggested that different populations of embryonic rats 

could express GlyRs with different affinities for and sensitivities to 

strychnine at equivalent ages during development in vitro. The possibility 

that the expression of a strychnine-insensitive form of GlyR occurred at an 

earlier time during embryonic development in population B was addressed 

by assaying the presence of [3R]-strychnine binding sites on spinal cord 

neurons cultured from rats at E12, which is two days after neurons are 

beginning to become post-mitotic in the rat spinal cord. After one day in 

culture, neurons from E12 rat spinal cords exhibited levels of strychnine

binding equivalent to that of neurons from E14 spinal cords from 

population B that were processed in parallel (E12 + 1 div = 318.9 +/- 16.2 

fmol/dish; E14 + 1 div = 249.2 +/- 28.9 fmol/dish). These data further 

supported the hypothesis that spinal cord neurons from these two 

populations of rats expressed different isoforms of GlyRs ex subunits during 

embryonic development in culture. 



Strychnine-sensitivity of responses to glycine can increase during development in 

vitro 
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Measurements of strychnine sensitivity were made in a series of 

neurons from population A at two ages, 2 div (div) and 8 div. Strychnine, at 

a concentration of 10 IlM, blocked the responses to glycine by an average of 

20% in younger neurons and by an average of 80% in older neurons (Fig. 

3.7). There was no overlap in the ranges of strychnine sensitivities between 

the groups of neurons at these two ages; that is, all younger neurons were 

less sensitive to strychnine than older neurons. There was a significant 

(p<.OOl) increase in the ability of strychnine to block responses to glycine in 

these neurons during the first week of development in vitro. 

Strychnine is thought to act as a competitive antagonist (Young and 

Snyder, 1974), so it was possible that a decrease in the sensitivity to glycine in 

older neurons might exhibit itself as an increased sensitivity to strychnine. 

To test this possibility, the dose-dependence of responses to glycine was 

measured in younger and older neurons, where the strychnine-sensitivity 

was known to be different. Neurons at 2 div and 8 div were exposed to 

several concentrations of glycine using pressure ejection, and the peak 

responses were recorded. The peak responses were corrected for possible 

differences in cell size by using whole-cell capacitance measurements to 

estimate current densities. The sizes of peak responses to glycine were quite 

variable (Fig. 3.8). Nevertheless, there was no evidence for a decrease in the 

sensitivity to glycine during the first week in culture. If anything, the 

sensitivity to glycine seems to increase which could not account for the 

observed increase in sensitivity to the antagonist strychnine. 
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In light of the relative insensitivity to strychnine in younger neurons, I 

considered the possibility that responses to glycine in younger neurons were 

the product of cross-activation of another class of receptors, such as 

GABARs. Since both GlyRs and GABARs are ligand-gated chloride-ion 

channels, cross-activation of GABARs by glycine, if it occurred, would be 

expected to resemble activation of strychnine-insensitive GlyRs. In order to 

test this possibility, I attempted to block responses to GABA and monitor the 

effect on responses to glycine. Spinal cord neurons clamped at -70 mV 

responded to GABA by the first day in culture with a rapid inward current 

(data not shown). Unexpectedly, bicuculline at 10 JlM did not completely 

abolish the peak responses to GABA (data not shown). During the course of 

the initial experiments with GABA, however, I found that responses 

desensitized rapidly and completely, and that total recovery from this 

desensitization required several minutes. Therefore, desensitization of the 

responses to GABA was used as a functional test to distinguish between 

activation of GlyRs and GABARs by glycine (Fig. 3.9). Whole-cell patch

clamp recordings from a 2 day old neuron showed a rapid, inward current in 

response to pressure-applied GABA (Fig. 3.9A). Five minutes after the first 

pulse of GABA, a steady, prolonged stream of GABA at 1 mM was washed 

onto the neuron from a U-tube located near the cell. GABA from the U

tube induced an inward current that returned to baseline even in the 

continued presence of GABA. Tests of the neuron's membrane conductance 

throughout the recording showed that the decay in GABA-induced current 

was due to a decline in conductance, back to the baseline level, and not a 

shift in ECl. Once the response to GABA was completely desensitized, a 
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second pulse of GABA was applied from the picospritzer pipette. As 

expected, this second pulse failed to elicit a change in conductance or to 

induce a net current. The same protocol was followed using glycine in place 

of GABA in the picospritzer pipette (Fig. 3.9B). The initial response to 

glycine was a rapid inward current, as seen previously. During the 

prolonged application of GABA from the V-tube and observed 

desensitization of responses to GABA, a second pulse of glycine was applied 

by pressure ejection. This pulse elicited an increase in conductance and 

inward current virtually indistinguishable from the first response before the 

application of GABA in both size and kinetics. It is unlikely, therefore, that 

the responses to glycine exhibited by neurons from population A during the 

first three days in culture were produced by cross-activation of GABARs. 

These data suggested that embryonic spinal cord neurons from 

population A undergo a change in the subtype or functional characteristics 

of the GlyRs that they express during the first week in culture. The time 

course of this change was determined by monitoring the ability of 

strychnine to block responses to glycine at each day during the first week in 

culture. The percentage by which strychnine blocked responses to glycine 

increased gradually during the first week in culture (Fig. 3.10A), rather than 

rapidly in a single step. Individual neurons displayed intermediate values 

of strychnine blockade during the period of 4-6 div (Fig. 3.10A). 

The amplitude of the strychnine-insensitive component of the 

response to glycine was compared with the strychnine-sensitive component 

at each day during the first week in culture (Fig. 3.10B). The average 

amplitude of the strychnine-insensitive current did not increase 



70 

significantly between 2 and 8 days in culture. In contrast, the average 

amplitude of the strychnine-sensitive current displayed a gradual, 

significant (p<.OOl) increase during the first week in vitro. These results are 

consistent with a gradual increase in the expression of one or more 

strychnine-sensitive subtypes of the glycine receptor by embryonic rat spinal 

cord neurons during the first week of development in vitro. 

DISCUSSION 

Becker et al. (1988) and Akagi and Miledi (1988) provided evidence for 

the expression of GlyR isoforms in neonatal rat spinal cord that differ from 

the typical strychnine-sensitive GlyR expressed in the adult spinal cord. 

Results from those two laboratories have differed in the observed antagonist 

pharmacology of this isoform. Becker and colleagues (1988) provided 

evidence for the expression of a subtype of the GlyR which exhibited 

relatively low strychnine-affinity and differed from the adult-type receptor 

in molecular weight and antigenicity. Subsequent cloning of several of the 

GlyR a, subunits revealed a strychnine-insensitive isoform, referred to as 

a,2*, which is presumed to represent this neonatal isoform (Kuhse et al., 

1990b). In contrast, the neonatal isoform of the GlyR discovered by Akagi 

and Miledi was strychnine-sensitive. That subunit was later cloned and 

referred to as a,2 (Akagi et al., 1991). Experiments employing polymerase 

chain reaction (PCR) have found that a2/2* (these two subunit isoforms are 

structurally too similar to be distinguished by PCR) predominate in the 

neonatal spinal cord, but have been found as early as E15 (Akagi et al., 1991) 
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and as late as E40 (Kuhse et al., 1990b). a1 transcripts, which comprise the 

adult-type GlyR, have been found primarily in the adult rat spinal cord, but 

have been detected at low levels before birth as well (Malosio et al., 1991b). 

This suggested the possibility that neurons expressed several isoforms of the 

GlyR simultaneously. Alternatively, different neurons could have 

expressed different isoforms at the same time during development. 

My results demonstrate that separate populations of rats can differ in 

the subtype of GlyR they express during embryonic development and that 

the expression of subtypes of the GlyR can change during development in 

vitro. The majority of neurons from both populations of embryonic rats 

respond to glycine by the first day in culture. These responses display typical 

characteristics of GlyRs, such as an increased conductance for CI- ions in 

response to glycine. Sensitivity to the classical GlyR antagonist strychnine is 

the point at which these two populations diverge. Previous work assaying 

both the binding of [3H]-strychnine and labeling by mAb 2b, which 

recognizes the adult-type GlyR, on neurons from population A provided 

evidence that these neurons expressed adult-type GlyRs only after 5-7 days 

in culture (St. John and Stephens, 1993). This suggested the possibility that 

neurons from this population were not expressing GlyRs during the first 

three to four days in culture. The present results show this is not the case, 

however, and provide evidence instead for the predominant expression of a 

strychnine-insensitive GlyR subtype, presumably a2*, by neurons from 

population A during the first few days of development in culture. 

Spinal cord neurons from population B, in contrast, exhibit responses 

to glycine that are strychnine-sensitive throughout the first week of 
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development in culture. Results from [3H]-strychnine binding assays 

confirm the presence of strychnine-binding sites on these neurons at both 3 

and 10 days in culture. Thus, like population A, the strychnine-sensitivity 

of responses to glycine in these neurons are consistent with the binding of 

[3H]-strychnine. Recent work using subtype-specific GlyR antibodies has 

shown that neurons from population B express a2 subunits during the first 

week of development in culture (M. D. Withers, M. V. Langston, B. G. 

Christoph, D. V. Kumar, and P. A. St. John, unpublished observations). 

Those results, along with the present results, demonstrate that embryonic 

spinal cord neurons from population B predominantly express a strychnine

sensitive form of the a2 subunit, presumably a2A or a2B (Kuhse et al., 1991) 

during development in vitro. The expression of a strychnine-sensitive 

isoform of the GlyR a2 subunit during early times in development is 

consistent with results from Akagi and Miledi (1988). Further analysis of a 

change in strychnine-sensitive subtypes of the GlyR will require the use of 

isoform-specific antibodies, single-channel recording, or molecular biology. 

To characterize in more detail the change in strychnine-sensitivity 

exhibited by population A, I compared the ability of strychnine to block 

responses to glycine at early and late times in culture. Before 3 div, when 

the majority of neurons respond to glycine but do not exhibit detectable 

strychnine binding sites (St. John and Stephens, 1993), the sensitivity of 

glycine-induced currents to blockade by strychnine is low. In contrast, 

responses to glycine in older neurons of this same population of rats, 8 div 

or older, display the expected, higher sensitivity to strychnine. The ability of 

strychnine to block responses to glycine increases dramatically during the 
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first week in culture. This agrees well with previous results (St. John and 

Stephens, 1993) which demonstrate significant levels of binding for [3H]

strychnine as well as binding of an adult-type-specific GlyR antibody, mAb 

2b (Schroder et al., 1991), after one week, but not before four days in culture. 

To investigate the possibility that these strychnine-insensitive 

responses to glycine might be the product of non-specific cross-activation of 

GABARs, I performed desensitization experiments. Since it has been shown 

for several receptors that desensitization is due to phosphorylation of an 

intracellular region of the receptor that affects the ion channel (Hopfield et 

al., 1988; Shearman et al., 1989; Sigel et al., 1988, 1991; Walaas and Greengard, 

1991), desensitization of GABARs would be expected to render them unable 

to respond to GABA, as well as any other agonist which might interact with 

a hypothetical binding site other than that used by GABA itself. When 

responses to GABA were completely eliminated by prolonged application of 

this ligand, responses to glycine were unaffected: the peak amplitude of 

responses to glycine was virtually the same before and after desensitization 

of GABARs. These experiments eliminate the possiblity that the glycine

induced currents exhibited by younger neurons in population A, which are 

insensitive to strychnine, are carried by a GABA-sensitive ion channel. 

Neurons from population A, but not population B, exhibit a residual, 

strychnine-insensitive component of the response to glycine at all ages 

tested. This strychnine-insensitive responses to glycine, probably due to the 

presence of a.2*, display slower times to peak response than responses in the 

absence of strychnine. Takahashi and colleagues (1992) found that receptors 

composed of GlyR a.2 subunits differed in single-channel open time, but not 
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in conductance, from receptors composed of GlyR al subunits. It is possible 

that receptors composed of GlyR a2* subunits differ in kinetics from 

receptors composed of other GlyR a subunits. Single-channel analysis will 

be required to investigate this possibility. 

These results are consistent with the hypothesis that responses to 

glycine observed during the first three days in culture are generated largely 

by GlyRs composed of a2 isoforms which can be of the strychnine-sensitive 

or insensitive type, a2A/B or a2*, respectively. The gradual fashion in 

which the strychnine-sensitivity of neurons from population A increases 

during development suggests that the change could be due to either 1) a 

gradual increase in the density of strychnine-sensitive functional GlyRs, 2) a 

gradual decrease in the density of strychnine-insensitive functional GlyRs, 

or 3) both. Dramatic increases in the size of the strychnine-sensitive 

component of the response with little or no change in the strychnine

insensitive component favors the first possibility and suggests that the 

strychnine-insensitive GlyRs expressed early are joined by strychnine

sensitive isoform(s) of the GlyR during the first week in vitro. 

This model of a developmental change in GlyR expression in rat spinal 

cord neurons agrees with the previous conclusions of Becker et al. (1988), 

based on biochemical and immunological criteria, concerning changes in 

GlyR expression in the rat spinal cord during postnatal development. In 

addition, my results extend this model to in vitro development and the 

equivalent of prenatal developmental stages. Further analysis of neurons 

from population B which display strychnine-sensitive responses to glycine 

throughout the first week in culture may show a change in the expression of 
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GlyR isoforms during development in culture but occurs earlier, or is not 

revealed by a change in strychnine-sensitivity. 

My results present three new pieces of evidence for developmental 

regulation of GlyRs in the central nervous system. First, I have provided 

the first evidence for the expression of functional GlyRs of the 0.2* isoform 

by embryonic rat spinal cord neurons. Second, I have demonstrated that the 

GlyRs expressed by these neurons undergo a change during the first week of 

development in vitro, from a strychnine-insensitive isoform to a strychnine

sensitive one, consistent with a change in the GlyR a. subunits. And finally, 

I have demonstrated that separate populations of the same strain of 

embryonic rats have different sensitivities to strychnine, suggesting that 

they express different isoforms of the GlyR 0.2 subunit at equivalent times 

during development in vitro. 

Recent interest in the developmental regulation of neurotransmitter 

receptors in the CNS has led to the discovery of developmental 

heterogeneity in the expression of several neurotransmitter receptors. Do 

these receptors in the CNS follow the same developmental rules as AChRs 

at the NMJ? Cell culture offers an excellent opportunity to manipulate such 

developmental events so that questions about the mechanisms by which 

these receptors are developmentally regulated can be answered. 



Table 3.1. [3H]-strycImine binding on embryonic rat spinal cord and 

cultured spinal cord neurons. 

Stage 

3DIV 

10 DIV 

E14 spinal cord 

Adult spinal cord 

[3H]-strycImine bound 

(mean + / - s.e.m) 

186.7 +/- 32.7 fmol/dish 

331.1 +/- 58.6 fmol/dish 

4.29 +/- 0.53 fmol/JIg protein 

5.94 +/- 0.31 fmol/JIg protein 

Specific binding of [3H]-strycImine was measured on neurons cultured 

from embryonic rat spinal cords from population B at the indicated in 

vitro ages and on membrane fragments from spinal cords of rats, also 

from population B at the indicated ages. Values represent the mean 

and s.e.m. of triplicate samples. 
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Figure 3.1. Responses to glycine by embryonic rat spinal cord neurons in 

vitro. Current traces from whole-cell patch-damp recordings at 2 and 8 div 

in response to pressure ejected glycine at 1 mM. Small hyperpolarizing 

pulses were applied throughout the recording to measure changes in 

conductance. 
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Figure 3.2. Reversal potentials for responses to glycine. Current traces from 

whole-cell patch-clamp recordings of responses to glycine in A, normal [148 

mM] and B, low [50 mM] external chloride. C, current-voltage relationships 

in normal (boxes) and low (triangles) external chloride. Each point 

represents the peak current response to an 800 ms puff of 1 mM glycine. 

Data were taken from two different cells. At least 6 other cells for each 

chloride concentration exhibited results similar to those shown here. 
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Figure 3.3. Percentage of neurons responding to glycine during 

development in culture. Each point represents the percentage of neurons 

responding to glycine at the indicated age in vitro. The numbers in 

parentheses represent the number of neurons which responded with a 

change in holding current to glycine and the total number of neurons tested. 
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Figure 3.4. Size of responses to glycine by embryonic spinal cord neurons 

from two different populations of rats. The amplitude of peak responses to 

glycine were measured at various ages in vitro. Each point represents the 

mean and s.e.m. The average size of responses from both populations is 

significantly larger at 8 divas compared to 2 div (two-tailed t-test, p<.OOl). 

Filled squares represent population Ai open squares represent population B. 
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Figure 3.5. Strychnine sensitivity of responses to glycine by neurons at 8 div 

from two separate populations of rats. Whole-cell current traces from an 8 

day old neuron from population A (A) and population B (B) before 

strychnine, during exposure to 10 /lM strychnine and following washout. 

Similar levels of strychnine blockade were observed in 8 or more neurons 

from each population. 
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Figure 3.6. Strychnine sensitivity of responses to glycine by neurons at 2 div 

from two separate populations of rats. Whole-cell current traces from a 2 

day old neuron from population A (A) and population B (B) before 

strychnine, during exposure to 10 JlM strychnine and following washout. 

Similar levels of strychnine blockade were observed in 8 or more neurons 

from each population. 
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Figure 3.7. Average percentage by which strychnine blocks responses to 

glycine by neurons from population A. The percentage by which strychnine 

blocked responses to glycine was measured on 8 neurons at 2 div and 11 

neurons at 8 div. The percentage of blockade by strychnine was calculated as 

described in the Methods section. Each column represents the mean 

percentage of blockade at the ages indicated; error bars are given as a 

representation of the variability in the data and should not be used for 

comparisons. Rather results from the non-P?rametric statistical test should 

be used for comparisons. The percentage of blockade by strychnine at 8 div 

is significantly larger than at 2 div (p<.OOl; Mann-Whitney V-test). 



90 

100 

90 

Q) 80 
"0 cu 70 ..liI:: 

T 
1 

-
0 
0 60 :is -

~ 0 50 -
Q) 
Cl 40 
~ 

-
Q) 30 .?( 

20 

- T 
- 1 

10 

0 
2 8 

Days in culture 



91 

Figure 3.8. Dose-dependence of responses to glycine by rat spinal cord 

neurons from population A at different ages in culture. Peak responses to 

several concentrations of glycine at 2 (triangles) and 8 (squares) div were 

measured. Each point represents the mean + / - s.e.m. of peak responses 

from 3-6 neurons at the indicated concentration. Whole-cell capacitance 

values were used to estimate current densities to compensate for differences 

in cell size. 
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Figure 3.9. Effects of GABA receptor desensitization on responses to glycine 

by neurons from population A. Whole-cell patch-clamp recordings were 

made from neurons at 2 div to determine the effects of GABA receptor 

desensitization on responses to A, GABA and B, glycine. Short horizontal 

bars represent an 800 ms pressure-ejected pulse of the indicated agonist; long 

horizontal bars represent prolonged application of GABA from aU-tube 

positioned near the neuron. 
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Figure 3.10. Time course of the change in sensitivity to strychnine and in 

the sizes of the strychnine-insensitive and strychnine-sensitive glycine 

responses by neurons from population A during development in vitro. 

A, The percentage of blockade by strychnine was calculated for several 

neurons at the ages indicated. Each circle represents the percentage by which 

strychnine blocked a response to glycine by an individual neuron. B, The 

peak amplitudes of responses to glycine in the presence of strychnine were 

measured and referred to as strychnine-insensitive current. Strychnine

sensitive current was calculated by subtracting the strychnine-insensitive 

current from the total current in response to glycine. Each bar represents the 

mean + / - s.e.m. The strychnine-sensitive response to glycine is significantly 

larger at 8 div than at 2 div (p<.OOl; two-tailed t-test), while the strychnine

insensitive is not significantly different at these two ages. 
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CHAPTER FOUR: GENERAL DISCUSSION 

Chapters Two and Three of this dissertation present data and the 

interpretations of that data in the form of manuscripts. In this, the final 

chapter, I will discuss these findings and expand upon the interpretations in 

a more global context. 

The main findings presented in this dissertation are 1) that embryonic 

rat spinal cord neurons undergo changes in the subtypes of glycine receptors 

they express during development in vitro, and 2) that populations of rats can 

differ in the GlyR a2 subunits they express during early development. 

Regulation of neurotransmitter receptors during development is not a 

new concept. The best studied example is of AChRs at the NMJ. During 

synapse formation at the NMJ, AChRs become clustered at the site of the 

synapse and undergo changes in subunit composition and single-channel 

kinetics. It is well established that cell-cell interactions are important in 

regulating these changes. Questions concerning developmental changes in 

neurotransmitter receptors were addressed first at this synapse for reasons of 

simplicity and accessibility. Over the last decade interest has focused also on 

regulatory mechanisms for receptors at neuron-to-neuron synapses. Unlike 

the majority of single muscle fibers in the mammalian NMJ, individual 

neurons in the CNS can receive numerous synapses from multiple 

neuronal cell types, using a variety of neurotransmitters. Are the rules that 

govern this seemingly more complex situation similar to those observed at 

the NMJ? Some studies suggest that the rules governing receptor regulation 

at the NMJ make up at least a subset of those governing receptor regulation 
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at neuron-neuron synapses. Synaptic input has been found to affect the 

number, localization and functional response properties of several receptors 

on different neuronal types (Clendenning and Hume, 1990a, b; O'Brien and 

Fishbach, 1986; Role, 1988; Seitanidou et al., 1992). In addition, recent 

cloning of the genes for several neurotransmitter receptors has led to the 

discovery of developmental differences in subunit composition for several 

neurotransmitter receptors (GluRs: Sommer et al., 1990; Williams et al., 

1993; GABARs: Araki et al., 1992; Fritschy et al., 1994; Frostholm et al., 1992; 

Laurie et al., 1992; McKernan et al., 1992; Poulter et al., 1992; AChRs: Daubas 

et al., 1990). In many cases, the number of subtypes of these receptors 

revealed by cloning is much higher than the number of subtypes inferred 

previously on the basis of pharmacological criteria. Further work in this 

area is required to determine whether this diversity in receptor subtypes 

necessitates a greater complexity in the rules that regulate their expression 

than has been revealed at the NMJ. 

The work presented in this dissertation focuses on the expression of 

different subtypes of neurotransmitter receptors during development of 

CNS neurons. GlyRs are among the receptors recently cloned and found to 

exhibit a high degree of heterogeneity in their subtypes. In the case of the 

GlyR, this heterogeneity arises from multiple isoforms of the ex. subunit. 

The typical, strychnine-sensitive adult-type receptor, expressed 

predominantly in the adult rat spinal cord, is composed in part of GlyR ex.1 

subunits (Becker et al., 1988). Non-uniform binding of [3H]-strychnine and 

an anti-GlyR antibody on embryonic rat spinal cord neurons during the first 

week of development in vitro suggested the possibility of differential 
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expression of GlyR subtypes by these neurons (St. John et a1., 1993; Chapter 

Two). Embryonic rat spinal cord neurons placed in culture at E14 express 

GlyR 0.1 subunits and detectable binding sites for [3H]-strychnine only after 4 

to 6 days in culture (St. John and Stephens, 1993). These receptors also 

displayed binding with an anti-GlyR 0.1 antibody, identifying at least part of 

the strychnine-binding as belonging to "adult"-type GlyRs. Binding with the 

GlyR antagonist strychnine is a typical test for the presence of GlyRs. So, the 

lack of any detectable [3H]-strychnine-binding sites on these neurons before 5 

days in culture suggested that these neurons not only lacked GlyR 0.1 

subunits, but also might not express any subtype of GlyR at that time. 

In Chapter Two of this dissertation, binding with another GlyR 

antibody, mAb 4a, which recognizes all GlyR a subunits cloned to date, 

confirmed the presence of GlyRs before four days in culture, adding support 

to the hypothesis that these neurons were expressing different GlyR 

subtypes at different times in vitro. Further, more direct support for this 

hypothesis was provided by experiments with a new a2-specific peptide 

antibody. Use of this antibody confirmed the expression of some form of the 

0.2 subunit by embryonic rat spinal cord neurons by the first day in culture. 

The subtype expressed during the first few days in culture appeared to have 

a lower affinity for strychnine, since it did not detectably bind [3H]

strychnine. GlyRs composed of a2* subunits are the only known GlyR with 

a low affinity for strychnine. Thus, the GlyRs expressed by these neurons at 

. early times in culture may be composed primarily of 0.2* subunits. 

In Chapter Three of this dissertation, the identity of the subtypes being 

expressed during the first week in culture was investigated using whole-cell 
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patch-clamp recordings. Experiments testing the strychnine-sensitivity of 

responses to glycine by these neurons during development in vitro revealed 

an interesting finding. The ability of strychnine to block responses to glycine 

increased dramatically during the first week, in parallel with the increase in 

detectable [3H]-strychnine-binding sites. The neurons not only displayed 

responses to glycine by the first day in culture, further evidence for the 

expression of GlyRs by these neurons at early ages in vitro, but these 

responses showed only relatively little sensitivity to strychnine during the 

first three days in culture. 

These responses to glycine were tested in several ways to confirm their 

identity as GlyRs. First, the charge-carrying ion for the responses was found 

to be CI-, which is characteristic for GlyRs. Second, since strychnine is a 

competitive antagonist and a decrease in the sensitivity to glycine could 

mimic a decrease in sensitivity to strychnine, the sensitivity to glycine was 

tested at two ages when the strychnine-sensitivity was distinctly different. 

Glycine sensitivity showed a possible increase, rather than a decrease at the 

later age. This could not account for the lowered sensitivity to strychnine 

exhibited by these neurons at the early age. And finally, the possibility of 

non-specific cross-activation of a closely related neurotransmitter receptor 

was investigated. GABARs were targeted due to their similarities to GlyRs 

in structure and ion-selectivity. Abolition of responses to GABA had no 

effect on responses to GlyRs, indicating that glycine does not activate 

GABARs in these neurons. Thus, activation of GABARs by glycine could 

not account for the strychnine-insensitive responses to glycine observed 

during the first few days in culture. These results provide strong evidence 
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for the predominant expression of a functional GlyR subtype with a lowered 

sensitivity to strychnine, possibly a,2*, by embryonic rat spinal cord neurons 

during the first few day in culture. In addition, these neurons exhibit 

glycine responses that are sensitive to strychnine and binding by an a,1-

specific antibody only after one week in culture. Thus, I conclude that these 

neurons express at least two different subtypes of GlyR during the first week 

of development in culture. 

Further evidence for the expression of two different subtypes of GlyRs 

arises from the differences in kinetics of responses to glycine in the presence 

and absence of strychnine. Results from Takahashi and colleagues (1992) 

demonstrated that GlyRs composed of a,2 subunits differed from GlyRs 

composed of a,1 subunits in single channel open time. Thus GlyRs 

composed of a,2* subunits might also differ from other GlyR subtypes in 

their single-channel kinetics. The slower time to peak responses observed 

in the presence of strychnine could possibly result from a decrease in the 

probability of opening for individual channels composed of a,2* subunits, 

which would translate into a longer time from the onset to the peak of the 

response to glycine. The majority of neurons display a relatively short time 

from the onset to the peak of their responses to glycine in the absence of 

strychnine, suggesting that most neurons contain at least some GlyRs with 

higher probabilities of opening. In the presence of strychnine, when all of 

the strychnine-sensitive receptors are blocked, the strychnine-insensitive 

receptors are unmasked to reveal a slowed time to peak response. In a few 

neurons, the time to peak response is slow before and after strychnine. This 

phenomenon is only observed in younger neurons which suggests that a 
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small percentage of the younger neurons express a pure population of 

receptors with a slower time to peak response, presumably strychnine

insensitive receptors, while the majority of neurons express a mix of GlyR 

subtypes. The previous results further strengthen the hypothesis that 

embryonic rat spinal cord neurons undergo a change in the predominant 

expression of GlyR subtypes during the first week of development in vitro. 

Investigations into the nature of this change revealed that the ability 

of strychnine to antagonize responses to glycine by individual neurons 

increases gradually throughout the first week in culture. Furthermore, the 

size of the strychnine-insensitive component of the response to glycine stays 

fairly constant while the strychnine-sensitive component increases 

dramatically over the first week in culture, suggesting that individual 

neurons gradually increase the expression of the strychnine-sensitive GlyRs 

over this period. These results demonstrate that embryonic spinal cord 

neurons undergo a gradual shift from the predominant expression of a 

strychnine-insensitive GlyR isoform, probably a2*, to the predominant 

expression of a strychnine-sensitive form, at least in part al, within the first 

week in culture. If embryonic rat spinal cord neurons were kept alive for 

greater lengths of time in culture, these neurons might undergo a complete 

shift from a neonatal-type GlyR to an adult-type GlyR, as is thought to occur 

in vivo. 

During the course of these experiments, populations of embryonic rats 

were found to differ in the types GlyR they expressed. Specifically neurons 

from population A differed from those of population B in the sensitivity of 

their responses to strychnine at early times in culture. Neurons from both 
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populations of rats responded to glycine by the first day in culture and used 

CI- ions as their charge-carrier. However, neurons from population B at no 

time during development in vitro expressed GlyRs with a low sensitivity to 

strychnine. Responses to glycine by neurons at both early and late ages in 

culture were completely blocked by 10 ~M strychnine. This same 

concentration blocked responses by neurons from population A by only 

about 20% at 2 -div and 80% at 8 div. No strychnine-insensitive component 

of responses to glycine was observed in neurons from population B. 

Likewise, all responses to glycine from neurons in population B showed the 

same times to peak responses in the presence and absence of strychnine, 

unlike responses to glycine by neurons from population A. 

The presence of strychnine-binding sites on neurons from population 

B was confirmed using [3H]-strychnine-binding assays. Unlike younger 

neurons from population A, the level of [3H]-strychnine binding was well 

above zero at all ages tested, both for neurons in culture and for membrane 

fragments from E14 rat spinal cords. Even neurons cultured from E12 rat 

spinal cords showed a level of [3H]-strychnine-binding comparable to 

neurons from E14 spinal cord neurons, ruling out a shift in the expression 

of the strychnine-insensitive GlyR isoform to an earlier time during 

development. This suggests that neurons from population B 

predominantly express one or more subtypes of GlyR that are strychnine

sensitive throughout the first week of development in culture. 

The identity of the strychnine-sensitive GlyR being expressed by the 

neurons from population B during the first week in culture was 

investigated. Use of a new GlyR a2-specific peptide antibody confirmed the 
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presence of GlyR 0:2 subunits throughout the first week in culture. 

Alternative splicing of the GlyR 0:2 subunit mRNA can yield two variants of 

this subunit, 0:2A and 0:2B, both of which exhibit a normal affinity for 

strychnine. Therefore, either or both of these two GlyR 0:2 variants might be 

expressed by the neurons from population B throughout the first week in 

culture. These results suggest that spinal cord neurons from these two 

populations of embryonic rats differ in the subtypes of GlyR they express 

during development in vitro. During the first few days in culture, neurons 

from population A express GlyRs apparently composed of 0:2* subunits, 

while neurons from population B express GlyRs composed of either 0:2A or 

0:2B. 

Results from experiments on these two populations of embryonic rats 

are, in fact, consistent with recent results from two laboratories. Becker et al. 

(1988) and Akagi and Miledi (1988) provided evidence for the expression of 

GlyR isoforms in neonatal rat spinal cord that differ from the typical 

strychnine-sensitive GlyR expressed in the adult spinal cord. Results from 

those two laboratories have differed in the observed antagonist 

pharmacology of this isoform. Becker and colleagues (1988) provided 

evidence for the predominant expression in the neonatal rat spinal cord of a 

subtype of the GlyR which exhibited relatively low strychnine-affinity and 

differed from the adult-type receptor in molecular weight and antigenicity. 

Subsequent cloning of several of the GlyR 0: subunits revealed a strychnine

insensitive isoform, referred to as 0:2*, which is presumed to represent this 

neonatal isoform (Kuhse et al., 1990b). In contrast, the neonatal isoform of 

the GlyR discovered by Akagi and Miledi was strychnine-sensitive. They 
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found that the GlyR transcript most abundant in the neonatal rat spinal cord 

produced GlyRs upon expression in Xenopus oocytes which displayed a 

typical, high sensitivity to strychnine (Akagi and Miledi, 1988). This 

transcript was used to construct a cDNA library from which a GlyR was 

cloned (Akagi et al., 1991). This receptor, found to be highly homologous to 

the human a2 subunit of the GlyR, was referred to as rat a2 or "neonatal" 

GlyR. Experiments employing polymerase chain reaction (PCR) have found 

that a2/2* (these two subunit isoforms are structurally too similar to be 

distinguished by PCR) predominate in the neonatal spinal cord, but have 

been found as early as E15 (Akagi et al., 1991) and as late as E40 (Kuhse et al., 

1990b). My findings that different populations of rats can differ in the types 

of GlyR a2 subunit being expressed by embryonic rat spinal cord neurons in 

culture could explain why results from Becker et al. (1988) and Akagi and 

Miledi (1988) differ in antagonist-affinity and thus, in the isoform of GlyR 

a2 subunit being expressed in the rat spinal cord. 

We have shown that during development in vitro, embryonic rat spinal 

cord neurons 1) express multiple subtypes of GlyRs, 2) undergo changes in 

the expression of these subtypes of GlyRs, and 3) differ in the expression of 

subtypes of GlyRs between populations. Cell culture offers an excellent 

opportunity to study changes in receptors during development in the CNS. 

The ease with which cultures can be manipulated as compared to work in 

vivo makes this a very attractive model with which to study the mechanisms 

which govern regulation of neurotransmitter receptors in the vertebrate 

CNS. 
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Voltage-gated ion channels are one of the basic elements of electrical 

communication in the nervous system. The complement of ion channels 

helps to define a neuron's ability to conduct electrical impulses and thus 

transfer information. When neurons become excitable and how they 

change during development is an important question in neurobiology. 

Developmentally regulated changes in the densities of sodium and several 

types of potassium and calcium channels have been reported (Baccaglini et 

al., 1977; Harris et al., 1988; McCobb et al., 1989, 1990; McFarlane and Cooper, 

1992; O'Dowd et al., 1988). The types, densities, or kinetics of voltage-gated 

ion channels being expressed can affect membrane excitability (Baccaglini 

and Spitzer, 1977; Harris et al., 1988; McCobb et al., 1990; O'Dowd et al., 1988; 

Ribera and Spitzer, 1989, 1990) and/or the differentiation of neurons (Cohen 

et al., 1987; Holiday and Spitzer, 1990; Mattson and Kater, 1987; Walicke and 

Patterson, 1981). 

Whole-cell patch-damp recordings were made from embryonic rat 

spinal cord neurons at various ages in vitro, to observe changes in whole-cell 

voltage-activated currents in response to a range of voltage steps. Neurons 

were cultured and whole-cell patch-damp recordings were made according 

to methods described in Chapter. 3. Whole-cell membrane currents in 

response to a series of computer-controlled, sequential 20 m V steps were 

recorded using p-Clamp software (Axon Instruments, version 5.1). 
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Differences in voltage-gated currents were examined during 

development in culture. At one day in culture, neurons typically displayed 

little or no fast-transient inward current and little outward current (Fig. 

A.l). The outward current is typically non-inactivating and displays little or 

no obvious fast-activating, fast-inactivating component. 

However, after one week in culture, both inward and outward currents 

are typically much larger (Fig. A.2). The fast, transient inward current 

increases in amplitude, as well as the non-inactivating outward current. 

Concurrent with these increases is the appearance of what seems to be a fast, 

transient outward current. The amplitude of the inward and outward fast

transient currents at 8 div, may be typically larger than shown here, since 

these two currents have similar timing and opposite directions, they would 

tend to partially mask one another. 

These findings are similar to those showing developmental increases 

in the fast, transient inward, non-inactivating outward, and fast, transient 

outward currents that have been described for other types of neurons (Harris 

et al., 1988; McCobb et al., 1990; McFarlane and Cooper, 1991, 1992; O'Dowd et 

al., 1988). These results demonstrate that some voltage-gated whole-cell 

membrane currents increase in amplitude during development in vitro. 

Along with changes in ligand-gated ion channels that have been described 

in the previous chapters, embryonic rat spinal cord neurons apparently 

undergo changes in voltage-ion channels, as well. This provides further 

evidence for the differentiation of these neurons in culture, which offers a 

unique opportunity to investigate the mechanisms of developmental 

regulation of ion channels. 



108 

Figure A.1. Whole-cell voltage-gated currents from embryonic rat spinal 

cord neurons at 1 div. Recordings of membrane currents from two 

individual neurons in response to a series of voltage steps from -90 mV to 

+150 mY. Neurons are held at -70 mY. 
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Figure A.2. Whole-cell voltage-gated currents from embryonic rat spinal 

cord neurons at 8 div. Recordings of membrane currents from two 

individual neurons in response to a series of voltage steps from -90 mV to 

+150 mY. Neurons are held at -70 mY. 
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