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The effects of the inhibitory neurotransmitters gamma-

amino butyric acid (GABA) and glycine were characterized on

spontaneous activity recorded from mouse spinal cord

cultures. The GABA concentration which completely inhibited

burst activity was chosen as a quantifiable measure of

culture drug response and was used to 1) assess interculture

and intraculture variability, 2) determine the influence of

culture age and initial activity on GABA responses, and 3)

compare the GABA responses between networks obtained from

whole spinal cord and ventral half spinal cord.

Results showed that 1) no significant variability existed

either within or among cultures, 2) the initial culture

activity directly affected GABA responses, 3) the culture age

had no effect on GABA responses, and 4) there was no

significant difference in GABA responses between the two

spinal cord tissues.
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CHAPTER I

INTRODUCTION

Of all the organizational levels of the brain, the

network has received the least experimental attention because

of severe methodological limitations. Network properties

have generally been inferred theoretically from single cell

data or from input/output relationships in simple (mostly

invertebrate) networks. The critical domain of internal

network dynamics dealing with pattern formation, recognition,

storage, and network fault tolerance is practically

unexplored.

Recent advances in the technology of multichannel

recording have raised hopes that the important phenomenon of

internal network dynamics may be systematically studied.

This is especially true for monolayer networks grown in

culture on multielectrode plates (for reviews of this

development see Gross and Kowalski, 1991; Gross et al.,

1992a). These preparations remain isolated from outside

chemical and electrophysiological influences, are not damaged

by invading electrodes, and allow simultaneous, multi-site

1
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recording within a network to determine the information

traffic generated by the neuronal ensemble.

Data from this laboratory (Hightower, 1988; Gross and

Kowalski, 1991; Gross et al., 1992b) have shown that

receptors to the inhibitory amino acids GABA and glycine are

present in monolayer mammalian spinal cord cultures and exert

a strong influence on the network dynamics. Qualitative

inhibition studies with GABA and glycine and disinhibition

studies with bicuculline and strychnine have given results

similar to those found in numerous in vitro experiments using

mouse spinal cord tissue (Crain, 1976; MacDonald and Barker,

1981). Although general concentration ranges were

investigated in this laboratory, no dose response studies

have so far been conducted. In addition, the reproducibility

of pharmacological responses in cultures has not been

systematically studied.

Inhibitory circuitry may play a primary role in the

network pattern generation because global exposure to bath-

applied GABA or glycine can completely shut off all bursting

and spiking (Hightower, 1988). Because total activity

inhibition is a reliable effect, the drug concentration able

to invoke complete inhibition is useful for evaluating

interculture and intraculture variability. Such assessments

appear to give insight into the degree of variability of the

inhibitory circuitry within monolayer cultures.
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In the present series of studies, culture variability was

most reliably surveyed with GABA. The drug's effect on

culture activity was predictable and reached its full effect

within a limited range of applications. Although no

immunohistochemical data verifying the existence of GABAergic

synapses in culture were part of this investigation, studies

with bicuculline (a potent GABA inhibitor that blocks the

GABA binding site) have shown that it consistently

disinhibits culture activity (Hightower, 1988; Gross et al.,

1992a; Gross et al., 1992b). This demonstrates that there is

intrinsic inhibitory control over activity through GABAergic

synapses.

GABA Pharmacological Background

Inhibition in the central nervous system (CNS) is

mediated primarily through GABA and, to a lesser degree,

glycine. GABA inhibits presynaptically (Curtis, 1978; Curtis

and Lodge, 1982; Nicoll and Alger, 1979) through axo-axonic

interneurons such as those found in the negative feedback

control of sensory pathways in the spinal cord (McGeer,

1987), and postsynaptically through synapses on dendrites and

somata (Enna, 1983). At present, two pharmacologically

distinct types of GABA receptors have been elucidated. These

are classified as GABAA and GABAB subtypes (Knapp et al.,
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1990; Enna and Gallagher, 1983), each of which mediate

inhibition differently. GABAA receptors are coupled directly

to chloride channels (ionotropic) and are generally located

on postsynaptic membranes (Enna and Gallagher, 1983).

Inhibition is produced by membrane hyperpolarization or local

shunting of excitatory current via an increase in the Cl-

influx. GABAB receptors have been shown to inhibit cells

through G-protein secondary messenger systems (metabotropic)

as shown by Kamatchi and Ticku, 1990 and Andrade et al.,

1986. The receptors mediate inhibition differently depending

on whether they are pre- or postsynaptically located. The

postsynaptic receptors hyperpolarize membranes by increasing

K+ efflux (Newberry and Nicoll, 1985; Rausche et al., 1989),

while presynaptic receptors block neurotransmitter release by

decreasing the Ca++ influx into the axon terminal (Dolphin and

Scott, 1986), possibly through K+-gated Ca++ channels

(Stirling et al., 1989). Because GABA was bath-applied

during the present studies, it was difficult to distinguish

between the two receptor subtypes in culture. Preliminary

experiments with baclofen (a GABAB agonist) yielded

unreliable results.

The GABAA receptor is the more pharmacologically and

structurally characterized of the two major GABA receptor

subtypes. Two GABAA receptor subtypes with different GABA

affinities have been defined, one with a KD around 100-300nM
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and another with a KD around 10-30nM (Olsen, 1980; Olsen et

al., 1981). The GABA binding site is allosterically coupled

to at least two other sites, one which binds benzodiazepines

(BZD) and one which binds barbiturates (BARB) as illustrated

in Figure 1. The BZDs increase the frequency of Cl- channel

opening (Knapp et al., 1990) and the BARBs increase the mean

open time of the channel (MacDonald et al., 1988).

Sensitivity for these modulators has shown to be affected by

the receptor subunit configuration. Five distinct subunits

have been cloned so far, with some found in multiple

variations as shown in Table 1. A fully functional

GABAreceptor most probably contains some combination of a2,

P2, and y2 subunits (Schlichting, 1990).

GABA Binding Site

Chloride

Channel

Barbiturate Benzodiazepine
Binding Site Binding Site

Figure 1: Organization of the GABAA receptor. Diagram
shows arrangement of binding sites around the chloride ion
channel.
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Table 1

Cloned GABA

Weight (kD)

51-53

55-58

Number

6

6

4

1

1

Subunits

Function

Binds BZDs

Binds GABA

Couples BZD and GABA site

The GABA metabolic pathway is diagrammed in Figure 2.

Note that reuptake via active transport occurs in GABA and

glial cells. Antibody staining has shown the presence of

GABA, GAD, and GABA T in cell bodies and axon terminals

(Storm-Mathisen et al., 1983; Oertel et al., 1981; Nagai et

al., 1985).

Glycine Pharmacological Background

Glycine is the other major inhibitory neurotransmitter in

the CNS. It is found primarily in the lower brain stem and

spinal cord (Aprison et al., 1970; Berger et al., 1977).

Glycine is released from the Renshaw cells (Bradley, 1989)

and from the interneurons found in the feed-forward

Subunit

a

$

p
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Glial Cell

Mitochondrion

Glutamate Cre

GLUTAMINE GABAT < -- i>GABAT
SYNTHETASE

Glutamine GABA

Axon Terminal0

0

GLUTAMINASE Cw0
10

Glutamine Glutamate GABA

GABA T < -------------- C> GABA T

aKto Succinic

glutarate semialdehyde
Mitochondrion

Kreb's SDH
Cycle

Succinic Acid

Figure 2: Diagram of the GABA metabolic pathway in an axon
terminal and adjacent glial cell. Enzymes are capitalized.
Arrows with dotted lines indicate the same enzyme.
Abbreviations: GAD - glutamic acid decarboxylase; GABA T -
GABA transaminase; SSADH - succinic semialdehyde
dehydrogenase (from McGeer, 1987).

/
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arrangements of the spinal Group la muscle afferents (Werman

et al., 1968). Glycine also promotes excitation as a

modulator of the NMDA receptor (Larson and Beitz, 1988). As

an excitatory modulator, it is distributed throughout the

brain and spinal cord. These excitatory and inhibitory

actions of glycine have been shown to act through two

separate receptors distinguished by there ability to bind

strychnine. The receptors are either strychnine-sensitive

(Glyl), which mediate inhibition, or strychnine-insensitive

(Gly2), which control excitation via the NMDA receptor

(Larson and Beitz, 1988).

The Glyl receptor acts ionotropically through a coupled

Cl- channel to hyperpolarize cell membranes (Schmieden et

al., 1989). Thus, its mechanism of action is similar to that

of GABAA receptors. Three subunits have so far been

discovered which together form a functional Glyl receptor.

Their atomic weights are 48kD, 58kD, and 93kD, with the 48kD

subunit thought to bind glycine and strychnine (Schmieden et

al., 1989).

Glycine is synthesized in the CNS from carbohydrates via

serine. The final metabolic step is controlled by the enzyme

hydroxymethyl transferase which converts serine into glycine

(McGeer, 1987). Glycine is removed from the synapse through

high-affinity reuptake transport systems on neurons and glial

cells (McGeer, 1897).
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OBJECTIVES

The primary goal of this research is to characterize and

quantify the effects of the inhibitory neurotransmitter

gamma-amino butyric acid (GABA) on spontaneous activity

recorded from mouse spinal cord cultures. These effects will

be used to determine the degree of interculture and

intraculture variability as well as the effects of culture

age and initial activity on GABA responses.

SPECIFIC AIMS

1) Use GABA to evaluate culture variability both among and

within cultures.

2) Determine relation between GABA inhibitory concentrations

and initial culture activity.

3) Determine relation between GABA inhibitory concentrations

and culture age.

4) Characterize and compare results of GABA studies between

cultures derived from the ventral half of spinal cord and

the whole spinal cord.



5) Characterize the influences of glycine on network burst

activity.

6) Use bicuculline and strychnine to determine the presence

of endogenous GABAergic and glycinergic synapses.

SIGNIFICANCE

SPECIFIC AIM 1: The variability of excitatory and

inhibitory influences from one culture to another makes it

difficult to quantify a network's response to certain drug

additions. A culture dominated by inhibitory circuitry

probably gives a greater inhibitory response to GABA than a

culture dominated by excitatory circuitry. It should be

possible to determine a limited range of network responses to

GABA and therewith determine the degree of inhibitory

circuitry dominance and its variability among cultures.

Cultures may be classified according to this type of

dominance, and this response classification may be used to

predict subsequent network behavior.

SPECIFIC AIM 2: Cultures with initially high frequency

bursting might require increased amounts of GABA for activity

shut-off. It is possible that these cultures carry an

excitation which sustains activity past the point of the GABA
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total inhibition concentration for less initially active

cultures. Initial culture activity may be an important

consideration when interpreting results of pharmacological

effects on networks.

SPECIFIC AIM 3: Receptor numbers may increase or

decrease with culture age. Whether age-related effects

influence the culture's response to GABA is of fundamental

importance when quantifying dose responses.

SPECIFIC AIM 4: By separating the dorsal and ventral

spinal tissue, the cultures gain a more simplified circuitry

with different neurochemical distributions. Concentrations

of glycine and GABA vary in vivo from the dorsal to the

ventral gray with glycine occurring in larger concentrations

overall (BjOrklund et al., 1984). Any demonstration of the

retention of tissue specificity in culture is important to

the characterization of cultured networks.

SPECIFIC AIM 5: A representation of the inhibitory

influences present in spinal cord cultures requires glycine

dose response studies in addition to the GABA studies. It

should be possible to find a particular concentration range

of effective glycine inhibitory doses and to use these to

distinguish different cultures.
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SPECIFIC AIM 6: Bicuculline and strychnine act as

specific blockers to the GABAA and glycine receptors

respectively, though recent data suggests strychnine may also

effect GABAA receptors (Braestrup and Nielsen, 1980) and

voltage-gated potassium channels (Castle et al., 1989).

Cultures exhibiting sensitivity to bicuculline and strychnine

would possess intrinsic inhibitory synapses.



CHAPTER II

MATERIALS AND METHODS

Methods have been developed which allow the growth in

culture of cellular monolayers derived from dissociated

regions of the central nervous system (CNS) to be studied

over periods of weeks to months (Ransom et al., 1977; Gross

and Lucas, 1982; Jackson et al., 1982; Droge et al., 1986).

Recently, cultures have been maintained healthy and electro-

physiologically active in our laboratory for up to 6 months.

Although these cultures may not exhibit all of the

characteristics of the corresponding CNS regions in vivo,

they do serve as greatly simplified cellular models of

neuronal networks.

Neurons grown in culture form a monolayer network

supported by a glial cell carpet. Although the cell density

of these cultures is greatly reduced relative to that of the

intact nervous system, the networks form synapses and

generate spontaneous, coordinated bursting patterns (Nelson

and Peacock, 1973; Gross and Lucas, 1982; Thomson et al.,

1984; Droge et al., 1986). Responses to pharmacological

13
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agents generally parallel those observed in situ (Crain and

Bornstein, 1972; Droge et al., 1986; Hightower, 1988).

Overview of Culture Preparation

Spinal cord cells were harvested from Balb C mouse

embryos at day 14. The cells were dissociated and seeded

onto a glass multi-microelectrode plate (NMEP). The plate

carried a 4 by 16 array of indium-tin oxide (ITO) electrodes

that were photoetched onto the glass (Figure 3). The plate

was insulated by a spin application of polysiloxane resin and

laser-deinsulated at the electrode tips to create recording

craters. The craters were electrolytically gold-plated to

lower impedances at 1 kHz to approximately 1 Mohm (Gross et

al., 1977; Gross, 1979; Gross and Lucas, 1982; Gross et al.,

1985). The MMEP allowed simultaneous, multisite,

extracellular monitoring of neurons cultured upon it.

Spinal cord tissue was chosen as the first CNS region to

be cultured on the MMEP (Gross and Lucas, 1982) because it

represents a large, relatively homogeneous CNS fraction which

is easily dissected from fetal mice. For this study,

cultures were prepared from both the ventral half and the

whole spinal cord. The tissue was cultured onto a 1-3 mm

diameter area of the MMEP (the seeding island) which

contained the 0.8 mm2 ITO electrode matrix. The culture was
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Figure 3: The MMEP and chamber assembly. A) ITO electrode
pattern that is photoetched onto a glass plate to produce a
MMEP (O.9x). B) Magnification (52x) of A showing the 4 x 16
electrode arrangement of the recording matrix. C) Network of
randomly seeded spinal cord neurons grown on the recording
matrix (39x). D) Exploded view of the chamber assembly used
to secure the MMEP for recording. E) Assembled chamber ready
for attachment to the recording station.
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maintained in minimum essential medium containing 10% horse

serum (MEM 10) and incubated in a 10% Co2 environment until

ready for use, generally three weeks to a month after

seeding. Cultures used in this investigation were provided

by the culture staff of this laboratory.

Overview of Experiment Set-Up

The MMEP was placed on a stainless steel base plate and

pressed in place by a silicone 0-ring attached to a stainless

steel chamber (Figure 3). The resulting chamber had a 2 ml

volume capacity but was generally filled with 1 ml of medium

(Figure 4). A plastic cap with a 10% Co2 line (30 ml/min

flow rate) was fitted over the chamber to maintain pH and

prevent culture contamination. Chamber components were UV-

sterilized before each experiment. To indicate pH, phenol

red indicator was used in the medium. A burnt-orange color

signified a pH around 7.4 which was optimal for culture

survival. Osmolarity was controlled by positioning a heater

plate on the chamber cap to deter condensation. However,

because of a small exhaust hole in the cap, some water vapor

gradually leaked out causing the osmolarity to steadily

increase with time (see Figure 14). This did not effect the

dose response experiments because the medium was changed at

least every 30 min and usually at smaller intervals.
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Osmolarity changes will be discussed further in the Results

section. The base plate was heated with 4 30, 10 watt

resistors to maintain a culture temperature of 370 C. Up to

36 channels of spontaneous activity were passed from the MMEP

electrodes through a dual-amplifier system at a constant gain

of 10,000 per channel. The amplifier band-pass was 300 Hz to

6 kHz. Spike activity was monitored on two dual beam

Tektronix oscilloscopes, each capable of displaying four

channels.

Pharmacological Studies

Networks on MMEPs were well-suited for pharmacological

analysis because they could be sustained in a constant

chemical environment for long periods of time in the open

chamber configuration, and probably several weeks in a newer

closed chamber configuration not used in these experiments.

The pharmacological composition of the culture medium could

be quantitatively manipulated through drug additions and

washes, allowing a battery of drug dose responses to be

performed. GABA and glycine inhibitory circuitry were

explored with the drugs listed in Table 2. They were dis-

solved in ultra-pure H20, a carrier shown to have no effect

on culture activity at the low concentrations used. The

drugs were added to the lml medium bath using either a 2-10li
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Table 2

Compounds Used to Study Culture Inhibitory Responses

Drua Effect on Receptor

GABA Endogenous ligand

Isoguvacine Non-metabolized GABAA agonist

Bicuculline GABAA antagonist

Glycine Endogenous ligand

Strychnine Non-metabolized Glyl antagonist

or a 10O-100l Eppendorf pipet. To apply drug doses, the

pipet tip was positioned against the edge of the chamber and

dipped slightly into the medium so that the dose could be

injected rather than dropped on top. This arrangement is

pictured in Figure 4. To remove the drug, a 5ml syringe with

an 18 gage needle was used to slowly withdraw the medium.

Immediately thereafter, 1ml of fresh medium was applied using

a different syringe. The medium was introduced gradually to

minimize stress on the cell culture. To ensure syringe

stability during the medium removal and replacement procedure

(wash), the syringe needles were rested against the chamber

edge. The entire wash process took less than 10 sec and left

the cells exposed with only a surface layer of medium for

less than 1 sec. The wash medium consisted of spinal-cord

conditioned minimum essential medium with 10% horse serum

(MEM 10c). The medium was incubated in flasks containing
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Pipet Tip

Stainless Steel Chamber

Medium Bath Cell Culture W4EP

Figure 4: Drug application technique shown using cross-
section diagram of the chamber and MMEP assembly. The pipet
tip is rested against the side of the chamber and inserted
into the medium. The drug injection is applied off-center
with respect to the cell culture to minimize cell stress.

cultured neurons and glia. Two of these flasks were pooled

prior to each experiment to ensure consistency of the wash

medium composition.

Data Storage and Analysis

Two types of storage devices were used to record the MMEP

output: 1) a Racall Store 14 analog tape recorder (14 chan-

nels) for spike activity, and 2) a Soltec 8K40 chart recorder

(8 channels) for integrated activity.

Burst size and shape were determined from each recording

electrode by integrating the action potential frequency and

action potential amplitude of all nerve cells in recording

proximity of the associated microelectrode. Activity was

integrated using full wave rectification and integration with
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a time constant of 500 ms. Stripchart recordings of

integrated burst data were used to create GABA and glycine

dose response profiles by plotting drug concentrations

against the average burst number per minute (ABPM), which

yielded an almost linear relationship as shown in the inset

in Figure 5. The drug concentration where the ABPM dropped

to zero and remained there for five minutes indicated the

total inhibitory concentration (TIC). To derive ABPMs, 5

60- 5 -- 0 1
50-

50-41
3 30

20

CO)t;30C30- 10 15 20 25 30-

- DR1
D 20 ---o--DR2

.c....-DR 3 -

10- DR4

-- DR5

0 
T------------ 

-

0 5 10 15 20 25 30
GABA (jM)

Figure 5: Five GABA dose response (DR) trials show that
increasing GABA concentrations result in decreased culture
activity. Results were taken from a whole spinal cord
culture. Insert shows the mean and standard deviation of the
five trials.
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minute subdivisions of bursting were hand counted and

averaged over 5 minutes.

The ABPM was a representative indicator of the culture

activity level when the bursting was consistent in duration

throughout the experiment. The short, single bursts often

seen in ventral half cultures displayed satisfactory consis-

tency. However, when bursting varied in duration, as was

often the case in whole cord cultures, an accurate assessment

of the network activity level was not necessarily reflected

in the burst count.

For a burst to be counted, the baseline of the integrated

activity had to rise past a threshold level and return back

to, or below, that level. Because variations in burst

duration were not considered, these burst counts represent

only spontaneous burst initiation phenomena. For example, 3

sec and 0.1 sec duration bursts had equal weight under this

definition of burst count, but more spike activity was

required to produce the longer burst as shown in Figure 6.

Since the ABPM was instrumental in determining the slope of

the dose response profile, any large variations in burst

duration could have influenced the accuracy of the slope.

This problem was minimized by counting five separate dose

response trials per culture and averaging the results as

shown in Figure 5. Nevertheless, because of the potential
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Figure 6: Example of the difference in spike number
required to produce a short and long duration integrated
burst. A) Stripchart recording of integrated activity (bar =
15 sec). B) Oscilloscope trace of the corresponding spike
activity (sweep settings=2 sec/div, 100 pV/div). Despite the
differences in duration, both bursts were weighted equally
according to the burst counting methods described in the
text.

for misplaced emphasis, the dose response slopes were not

given considerable attention in this research project.

Burst Counting Methods

Bursts were hand-counted from stripchart recordings to

determine burst rates for the whole and ventral spinal cord

22
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Figure 7: Examples of uncountable and countable integrated
burst activity recorded on stripchart paper (bar = 30 sec) .
A-B) Activity prevents accurate counting because the baseline
is indist inguishable from the burst ac tivity . C-D) Burst
activity is reliably counted due to the identifiable
baseline.

TIC studies and for single GABA and glycine small-dose

experiments. Most cultures produced bursting that was

readily countable, however some generated burst patterns too

complicated for hand-counting. Examples of countable and

uncountable burst activity are presented in Figure 7.

Although cultures with uncountable activity were omitted from

dose response studies, the TIC values were used to assess

culture and tissue variability and to evaluate age ef fects on

GABA total inhibition.
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Category Burst Type Appearance

I short single burst

2 burst packet

3 long single burst

4 burst complex

Figure 8: Proposed grouping of frequently occurring burst
types. The burst appearance is the result of integrated
spike activity.

Burst types can be grouped into four very general

categories as shown in Figure 8. Categories 1 through 3 are

generally reliably counted, however category 4 introduces

problems because this burst type can be counted differently

depending on how high the threshold line is drawn. The

threshold was set using a best-guess method of distinguishing

between noise and actual burst activity. Generally,

stripchart channels with the highest signal-to-noise ratio

were used for counting. Once the threshold was set, it was

usually not changed unless a baseline shift occurred. In

such a case the line was re-drawn using the same baseline to

threshold distance that was originally established. Only

activity that crossed the threshold line twice was counted as
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a burst. Figure 9 shows how bursts are counted using this

method.
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Figure 9: Examples showing the application of the burst
counting method described in the text. The threshold used to
identify bursts is indicated by the arrow. The numbers shown
above the activity indicate the burst count in each
respective stripchart division (1 division = 30 sec). A)
Activity composed of multiple category 1 and 3 burst types.
B) Activity composed of multiple category 1 and a single
category 4 burst type. Note that the category 4 burst type
could be counted as multiple bursts if the threshold line was
elevated.
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Culture Variability Studies

To determine intraculture and interculture variability,

five dose response trials were performed on each culture.

Each trial was administered in the following manner: 1) A

5pM GABA dose, which was small enough to have little effect,

was added to the 1 ml of conditioned medium bathing the

culture. 2) An additional 5WM dose was added every 5 minutes

until the TIC was reached. 3) The resulting drug concen-

tration was removed by a complete medium exchange (wash).

To quantify the effects, the mean and standard deviation

of the five GABA TICs per culture were computed. The TIC

standard deviation was used to determine the intraculture

variability of the five trials, and the TIC mean was used to

determine variability among the cultures.

The burst activity during a typical GABA dose response is

shown in Figure 10. Note that as the drug concentration.

accumulates, the activity gradually decreases. A wash with

MEM 10c completely removes the inhibition and, in fact,

occasionally increases the culture activity relative to the

initial activity.

To compare responses between ventral half and whole

spinal cord cultures, the five TICs obtained per culture were

pooled with those from all cultures tested for a given tissue

type. TIC values were also used to compare the two tissue
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cont") to the initial activity (bar = 1 min).

27



28

types based on age-related effects and initial activity-

related effects.

Statistical Analysis

A two-tailed t-Test with a 0.05 alpha error was used to

test whether the difference between the means of two data

groups was significant. To test the dependency of one

variable upon another, linear regression analysis was

performed with probabilities determined from t-Tests (two-

tailed with a=0.05). The statistical analyses were computed

using DataDesk and Statview 512+ software packages for the

Apple Macintosh computer.

Culture Morphology

Cultures were fixed in Gregory's solution and stained

with a Loots-modified Bodian technique (Loots et al., 1979)

to highlight neuron cell bodies and processes. These stained

MMEPs are part of a large CNNS library that provides

morphological data for detailed analysis.

Unfortunately, breakdowns in the staining procedure

resulted in the loss of 50% of the cultures used in this

study. The cell counts of the remaining cultures were

performed using a Zeiss Axiophot light microscope and are
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listed in the appendix. Because of the low number of

cultures counted, a correlation of activity and morphology

was not practical and remains to be investigated in future

projects.



CHAPTER III

RESULTS

Experiments performed during this study have demonstrated

that cultured networks respond histiotypically to the

inhibitory neurotransmitters GABA and glycine and to the

disinhibitors bicuculline and strychnine. Results are

presented in the following order: 1) GABA experiments (whole

cord and ventral cord studies), 2) glycine experiments, and

3) bicuculline and strychnine disinhibition experiments.

GABA EXPERIMENTS

It was clear from this study that GABA completely

inhibited bursting activity in spinal cord networks at

concentrations as low as 5pM. However, the time course of

burst inhibition was variable, ranging from 20 min to over an

hour in the four cultures tested. From the data collected,

two general categories of response variability emerged as

shown in Figure 11. These categories were based on culture

sensitivity to a single dose of 5gM GABA. Category A

30
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Figure 11: Spinal cord network responses to low GABA
concentration. A) GABA-sensitive culture showing sharp
decrease of activity 15 min after a 5jM GABA dose. Hollow
markers indicate zero values. B) GABA-insensitive culture
shows stable activity for 30 min after 5gM GABA addition. An
additional 5gM dose is required to decrease activity.

represents networks in which bursting is inhibited within 1

hr after GABA exposure. Category B represents networks in

which bursting was sustained for at least 1 hr before

inhibition occurred. The categories show that substantial

0

31

3

2

2

1

10 20 30
Time

.1. . .1....I

I 50 60 70

50-
-4

4 C

30.

2 0

10-

M A IA IIOIIIMIGABAIB

.9-

I I I I I I I I I I I i I I I I

I I a a

10 M GABA5 iM GABA



32

differences occur in the time required for a small GABA dose

to inhibit bursting, and allow an initial categorization of

networks as GABA sensitive and GABA insensitive.

In contrast to time-dependent responses at a constant

GABA concentration, concentration-dependent responses showed

a much greater response reproducibility. By increasing the

GABA concentration in 5gM steps every 5 min interval, burst

activity would eventually stop. This total inhibition

concentration (TIC) of GABA was found to be highly

reproducible within cultures, as shown in Figure 12. This

20
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:- DR3
--- DR4

--- DR5
a-

10

0
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0

0 5 10 15 20
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Figure 12: Effect of increasing GABA concentration on burst
activity. The 5 dose response (DR) profiles represent single
channel data recorded from a 71 day old whole spinal cord
culture. GABA was increased in 5pM steps every 5 min, and
washed out 5 min after cessation of bursting.
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graph also shows that a single medium change returns the

spontaneous network burst rate to approximately the original

value. Because of its reproducibility, the TIC approach was

used in quantifying culture response variability to GABA.

The emphasis of this study was therefore placed on the

reliability of concentration-related effects of GABA rather

than the variability of time-related effects.

Whole Spinal Cord Intraculture Variability

The random nature of connections formed between neurons

in cultured networks could presumably effect the repro-

ducibility of network responses to drugs. one of the primary

goals of this study was to quantify culture drug responses in

order to judge the degree of variability within cultures, and

to further determine to what extent any variability could be

minimized.

Experiments were performed on 12 whole spinal cord

cultures, with the GABA TIC used to measure culture

variability. The mean and standard deviation of 5 TIC values

from 5 consecutive dose responses were evaluated per culture,

with the standard deviation (SD) used to indicate the

intraculture variability. These results are summarized in

Table 3 (for a list of the individual TIC values, see p. 79

in the appendix). For a given culture, the standard
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Table 3

Mean SD of 5 GABA TICs Per Culture

(whole spinal cord tissue)

Culture

1

2

3

4

5

6

7

8

9

10

11

12

Range

Pooled TICs

Mean TIC (gM)

14

17

15

25

18

21

23

18

14

11

26

22

11-26

18

deviation of the 5 TIC values never exceeded 4pM GABA, and

among the 12 cultures averaged only 5pM. The results show

that there is minimal TIC variability within cultures under

this experimental paradigm.

The effectiveness of the wash was important in that

residual GABA from ineffective washes could influence the TIC

values in subsequent dose responses. The wash effectiveness

ED

2

4

4

4

3

4

3

3

2

2

4

3

2-4

5
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was determined for each experiment by comparing the

normalized initial burst activity before the first dose

response trial (the initial activity) to the normalized

initial burst activity of trials 2 through 5. -The com-

parisons were limited to cultures in which bursting was

distinct enough to be accurately counted, in this case 9 of

the 12. The results are summarized in Figure 13 which shows

that GABA was effectively removed by a single wash following

each dose response trial.

For all GABA TIC studies, medium exchanges were performed

only during washes. The cultures were thus exposed to the

same medium bath for the duration of each dose response
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Figure 13: Effect of repeated GABA applications and washes
on burst rate. Comparing the means of the initial activity
of dose response trials 2 through 5 with that of trial 1
showed no activity decrease after washes. Data was obtained
from 9 whole spinal cord cultures and normalized with
reference to the first trial. Bars represent standard error
of the mean.
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trial. The total exposure time ranged from 10 to 30 min

depending the number of GABA additions needed to establish

the TIC. When experimental times approached 30 minutes, it

was necessary to consider what effects, if any, water

evaporation from the medium had on network bursting activity.

An osmolarity study was carried out in a medium-filled

chamber without cells. Experimental conditions were

maintained with a 30 ml/min flow of 10% Co2 and a chamber

temperature of 370 C. Results from n=3 experiments indicated

that only small osmolarity increases occurred over a 30 min

A i An I I I I I I III I I I I I
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Figure 14: Effect of time on medium osmolarity in a covered
chamber exposed to a 30 ml/min moist air flow (10% C02)-
Note that during a 30 min time frame, which is the maximum
length of a GABA dose response trial, osmolarity increases by
only 10 mOsm. The rate of osmolarity increase is about 19
mOsm/hr. Data represents the mean and standard deviation of
n=3 experiments.
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interval. These results are summarized in Figure 14. Dr.

Barry Rhoades, using the same recording station, chamber, and

preparation, showed that no activity changes occurred due to

sudden osmolarity increases of 10 mOsm (personal

communication). Therefore, cultures maintained for 30 min or

less without a medium change would show negligible adverse

effects due to osmolarity increases.

Whole Spinal Cord Interculture Variability

The reproducibility of drug effects among cultures may be

questioned due to variations in age, neuronal cell density,

cell type, cell size, synaptic density, neurite density, and

glial cell proliferation. These factors could lead to

variations in the formation of the excitatory and inhibitory

synapses that govern network activity levels and burst

patterns. These experiments addressed whether differences in

these culture parameters had a strong influence on the

response to GABA.

To characterize the interculture variability, emphasis

must be placed on a comparison of the mean TICs from the

various cultures listed in Table 3. Assuming normal

distribution, an average value can be obtained from the means

which will yield another standard deviation that is more
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representative of the interculture variability. These values

are 19 5sM GABA for n=12 cultures.

Differences between cultures were also shown by plotting

the averaged GABA dose response profiles from networks with

activity that could be accurately counted, in this case 9 out

of the 12. The plots show differences in slope which appear

to be related to the level of initial activity (Figure

15(a)). This relation was more clearly shown by plotting the

average TIC values as a function of initial activity (Figure

15 (b)).
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Figure 15(a): GABA dose responses of nine whole spinal
cord cultures based on the average of 5 dose response curves
per culture. Variability of TIC values was minimal, with
most occurring between 15pM and 25gM GABA. Note the trend of
cultures with higher initial average bursts per minute to
have higher TIC values.
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Figure 15(b): Effect of initial burst activity on the GABA
TIC. Average TIC values increased with average initial burst
activity in the 9 whole spinal cord cultures tested (linear
regression r2 =0.62, P=0.01). The average GABA TIC and
initial activity were computed from 5 values per culture.

Effect of Whole Spinal Cord Culture Age on GABA TIC

As culture age increases, the number of neurites and

synapses proliferate until a particular level of spontaneous

activity is reached. The activity deactivates growth cones

and may stabilize the network (Fields et al., 1990; Kater et

al., 1988). Assuming a percentage of the initially

proliferating connections are GABAergic, a concomitant

production of GABA receptors at the GABAergic synapses would

also be expected. The receptor increase could effect the
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Figure 16: Relation between culture age and GABA TIC. Data

collected from 12 whole spinal cord cultures shows no strong
relation between the variables. Culture age represents the
days in vitro.

network's response to GABA and therefore influence GABA TIC

values. In order to determine whether culture age had an

effect on TIC values, 12 cultures, including the 9 used for

Figure 14, were studied. The network ages ranged from 21 to

71 days in vitro. Results are presented in Figure 16, where

GABA TIC values are plotted as a function of culture age. It

can be seen that responses to GABA were not specifically

influenced by the network age. Regression r2 and P values

indicated no significant relation.
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Ventral Spinal Cord Intraculture Variability

Preliminary data from this lab indicates that spinal

cord, olfactory bulb, and cortex tissues all display subtle

differences in burst activity. Such tissue specificity could

also be present in different regions of the spinal cord. It

is therefore important to show that dissociation and

subsequent culturing does not eliminate regional special-

izations. This study is the first systematic attempt to

describe tissue specificity in culture.

Variability was assessed in ventral half cultures using

TIC values obtained from 5 sequential GABA dose responses as

30
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25 - DR2
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20- DR4
CD................- DR5

410
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0o

0 5 10 15 20
GABA (jM)

Figure 17: Effect of increasing GABA concentration on burst
activity in a ventral half spinal cord culture. The 5 dose
response (DR) curves depict single channel data recorded from
a 23 day old network.
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shown in Figure 17. The standard deviation of the 5 TICs was

used to determine intraculture reproducibility. The TIC mean

and standard deviation for 12 ventral half cultures are

summarized in Table 4 (for a list of the individual TIC

values, see p. 80 in the appendix). The table shows

Table 4

Mean SD of 5 GABA TICs per Culture

(ventral half tissue)

Culture

1

2

3

4

5t

6

7

8

9

10

11

12

Range

Pooled TICs

Mean TIC (M)

16

16

30

27

33

26

12

15

20

15

19

12

12-33

19

tOnly four TIC values instead of five.

SD

2

2

4

4

6

2

2

0

0

0

2

3

0-6

7
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relatively small standard deviations associated with each

network and thus indicates a high degree of TIC repro-

ducibility. The TIC standard deviation remained less than

5pM GABA in all but one case. Three cultures had equal TIC

values for all five trials and thus showed no deviation.

As with the whole cord studies, it was imperative in the

ventral cord cultures that washes effectively and reliably

removed total inhibition concentrations of GABA with no

detrimental effects on the network activity. A graph of wash

effectiveness is presented in Figure 18. The results show

that, as with whole cord cultures, single washes between dose

response trials reliably removed GABA from ventral cord
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Figure 18: Effect of repeated GABA applications and washes
on the spontaneous burst rate of ten ventral half cultures.
Data shows no activity decrease in relation to the first
trial as a result of medium changes. This indicates the
effective removal of GABA by a single wash following each
dose response trial. Data was normalized with reference to
the first trial.

-
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cultures. If excess GABA remained after a wash, a decrease

in the initial activity of each subsequent dose response

would be expected. This would be reflected in the graph as a

steady decrease in the mean activity values. However, the

graph shows that activity increased with reference to the

first trial. The nature of the activity increase is unknown

but may reflect minor osmotic, pH, and mechanical stresses

associated with medium removal and replacement.

Ventral Spinal Cord Interculture Variability

Variability among 12 ventral half cultures was determined

using comparisons of the mean TIC values listed in Table 4.

The mean TIC values were averaged, with the standard

deviation of the average used to indicate the interculture

variability. Results gave the value of 20 7gM GABA.

Culture responses were also compared based on GABA dose

response curves obtained from the portion of cultures with

countable activity (n=10). Five curves were obtained and

averaged per culture, with the average curves plotted

together as shown in Figure 19. Variability among the

cultures was shown as differences in the slopes. Figure 19

shows that initial activity appeared to influence TIC values.

For a more direct comparison, the average TIC values were

plotted against the initial activity levels as shown in
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Figure 19: Effect of GABA on burst activity in ten ventral
cord cultures. Variability in burst shut-off concentrations
is minimal for the majority of cultures, with all but two
shutting off at 15 or 20gM GABA. The variability appears
related to initial burst activity. This relation is detailed
in Figure 20. Each dose response curve represents the
average of five curves obtained per culture.

Figure 20. The data show that the average GABA TIC increases

as initial activity increases.

Effect of Ventral Spinal Cord Culture Age on GABA TIC

To determine whether culture age had any effect on

culture variability, the average GABA TIC was plotted as a

function of network age for n=12 VC cultures as shown in

Figure 21. No trend between TIC and culture age was
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Figure 20: Effect of initial burst activity on the average
TIC in ventral cord tissue. Average TIC values increased as
a function of average initial burst activity in the 10
networks tested (linear regression r2 = 0.34, P = 0.10) . The
average GABA TIC and initial activity were computed from 5
values per culture. Asterisk represents outlier.

observed, thus reflecting the results found in the whole cord

tissue.

Tissue Specificity: Comparison of Whole Cord and
Ventral Cord Results

As discussed previously, GABA dose response experiments

were performed on two different regions of spinal cord

tissue: whole cord tissue containing both dorsal and ventral

halves and tissue containing only the ventral half. The

cultures appeared morphologically similar with respect to
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Figure 21: Effect of network age on GABA TIC values. The
data from 12 VC cultures shows no relation between variables.

cell size and cell clustering, but exhibited different burst

patterns. Whole spinal cord tissue produced long duration

bursts and burst complexes of great variability while ventral

half tissue displayed predominantly single, short duration

bursts. Characteristic burst patterns are compared in Figure

22. Both tissues respond to GABA, glycine, and their

antagonists.

Experiments performed on cultures derived from these two

tissue types gave very similar results despite the dif-

ferences in host tissue region and native burst pattens in

culture. This section compares the cultures based on GABA

sensitivity, intraculture and interculture reproducibility,
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Figure 22: Comparison of stripchart recordings showing
native integrated activity from untreated cultures. A)
Burst activity generated in a whole cord (WC) culture showing
the long duration bursts and burst complexes typical of WC
networks. B) Single, short duration burst activity
generated by a ventral cord (VC) culture showing activity
characteristic of VC cultures (bar = 30 sec).

activity recovery after washes, and the effects of culture

age and initial burst activity on GABA TIC values.

Comparisons Based on Intraculture Variability

To determine intraculture differences between 12 WC and

VC cultures, the standard deviation of 5 GABA TIC values from

each culture was used. WC and VC SD values ranged from 2-

4pM GABA and from 0-6pM GABA, respectively, indicating

generally low intraculture variability in each tissue.

Analysis with a t-Test (n=24, It 1=1.589, 0.10<P<0.20) showed
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no significant difference in intraculture variability between

the two tissues.

Comparisons Based on Wash Effectiveness

In addition to the previous analyses of wash effects, it

was desirable to determine possible tissue-specific

differences in wash sensitivity. This was done by

contrasting the results of cultures derived from the two

different types of tissue. The results from WC and VC

cultures (Figures 13 and 18) showed not only that single

washes reliably removed GABA between dose response trials,

but also that changes in the initial activity between trials

were similar. A comparison of normalized dose response

trials showed that both culture types displayed increases in

burst activity that peaked in trial 3 (Figure 23).

Comparisons Based on Interculture Variability and
Pooled TIC Values

Interculture variability was compared between the WC and

VC tissues using 1) the averaged GABA dose response profiles

from both tissues, and 2) the deviations of mean TIC values

among cultures. The general GABA sensitivity of the tissues
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Figure 23: Effects of medium exchanges on initial activity
of sequential dose response trials. Data from WC (hollow)
and VC (filled) cultures show no detrimental wash effects
when activity in trials 2 through 5 is normalized with
respect to trial 1. Bars indicate standard error (WC up, VC
down).

was compared using the pooled TIC values from each tissue

type.

An average dose response curve was determined from 10

ventral half as well as from 9 whole cord curves (Figures 15a

and 19) and plotted in Figure 24. There was little

difference in the shape and cutoff (TIC) of the two functions

except at 25gM. This particular ventral cord value is most

likely an artifact due to the small number of experiments

(n=2) represented by the data point. Most networks stop

their activity at GABA concentrations below 25gM, and it is

difficult to obtain a large data pool at or above this
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Figure 24: Dose response curves showing GABA effect on
burst activity in ventral (n=10) and whole (n=9) spinal cord
networks. Curves are closely matched, thus suggesting little
difference between ventral and whole tissue response. Error
bars indicate SER (WC up, VC down). Insert shows
extrapolations from linear regressions of the first 5 data
points, which results in TIC values of 20pM and 20.5gM for WC
and VC tissues respectively.

cutoff. To increase the accuracy of the TIC values derived

from the plot, linear extrapolations were performed on data

points with n values greater than 3, a criterion met by the

first 5 data points from each culture type. Results of

20.5gM (WC) and 20.OpM (VC) indicate that there is no

difference in the response of the two culture types to GABA

(Figure 24).
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Interculture tissue comparisons based on dose response

curves were limited to experiments that produced countable

burst activity. Experiments with activity too complex to

count were utilized for tissue comparisons based on the TIC

values alone. This was accomplished using t-Test analysis to

determine 1) whether the tissues were significantly different

in terms of their average mean TIC deviations among cultures,

and 2) whether the means of the whole cord pooled TICs (n=60)

and the ventral half pooled TICs (n=59) were significantly

different.

Results showed there was no significant TIC difference

between the tissues based on mean deviations (Itl value =

0.571, 0.20<P<0.50) or on pooled TIC values (Iti value =

1.102, 0.20<P<0.50). These outcomes suggest that the tissues

were equally sensitive to GABA.

Comparisons Based on Effects of Initial Activity

The t-Tests performed in the previous sections have shown

that WC and VC tissues show no significant differences in

their response to GABA. Similarities between the tissues can

also be found by comparing the tissues based on the effect of

initial burst activity on TIC values. Linear regression

analysis of individual WC and VC data showed a relatively
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Figure 25: Influence of initial activity on GABA TIC. Data
combined from n=18 WC (0) and VC (X) cultures shows a
possible relation between average initial activity and
average GABA TIC values. Data was fitted using a linear
regression (r2=0 .48, P=0.002). A single VC outlier is
represented by the asterisk.

strong TIC dependance on initial burst activity (Figures 15b

and 20).

Because of the preponderance of similarities between the

tissues, they were combined for an overall assessment of

initial activity effects on TICs as shown in Figure 25.

Results showed that initial activity influenced GABA TIC

values.
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Comparisons Based on Effects of Culture Age

Data obtained from WC and VC cultures showed no

significant relation between network age and average GABA

TICs (Figures 16 and 21). Because the results were similar,

the two tissues were combined to provide a direct comparison

of the age vs TIC relation. The data is presented in Figure

26 and shows that network age has no influence on TIC values.
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Figure 26: Effect of culture age on GABA TIC. Results show
no relation between network age and average GABA TIC values
over n=24 WC (0) and VC (X) experiments.
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GLYCINE EXPERIMENTS

Glycine was shown to effectively inhibit burst activity

in whole cord cultures. However, initial studies suggested

that network responses to glycine were more variable than

GABA responses in both the time and concentration required to

achieve burst inhibition. Subsequent studies revealed that

glycine might produce GABA-like dose response profiles, but

further experimentation is required to determine a protocol

for testing culture reproducibility with glycine. This

section provides an overview of network glycine response

characteristics.

Time-Dependent Responses

The effects of glycine on burst activity over time were

studied by applying 20gM doses every 30 min until bursting

ceased. The burst shut-off concentration was defined as the

glycine total inhibition concentration (TIC). As shown in

Figure 27, the time required to shut off bursting with

increasing glycine doses varied markedly between the three

cultures shown, thus suggesting that cultures may generally

have different sensitivities to glycine. While it may be

possible to categorize cultures based on glycine sensitivity,

more experiments are necessary to delineate the categories.
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Concentration-Dependent Responses

Aliquots of 50, 60, and 70pM glycine were added to a

single whole cord culture. The doses showed little

difference in the time required to inhibit burst activity, as

shown in Figure 28. This suggests the culture has a low

responsiveness to rather large changes in glycine

concentration. The data in Figure 27 showed that at least 45

minutes were required to completely inhibit bursting,

so it was somewhat unexpected that a concentration of 50gM

could shut down bursting in under 9 minutes. It is possible

that drug application methods influenced the results. The

data in Figure 28 were obtained from acute, relatively high

25-- JI I I

-5OpM glycine
- 20...-- 60gM glycine

7---g- 70M glycine

C. 15--

E 10-

0-
0 2 4 6 8 10

Time (min)
Figure 28: Effects of glycine concentration on burstactivity in WC culture. Data represents 3 trials obtainedusing single-dose drug applications.
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concentration glycine additions, whereas the data in Figure

27 resulted from chronic, gradually increasing drug

additions. The degree of influence that these addition

methods have on culture responses remains to be determined,

but the contrasting data demonstrate the complexity involved

in interpreting glycine effects.
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NETWORK DISINHIBITION

Evidence that spinal cord cultures possess inhibitory

receptors was established in this study when GABA and glycine

were shown to inhibit burst activity. However, this proof

does not address whether GABA and glycine are intrinsically

present in cultures, a logical question considering that

receptors can form in the absence of their complimentary

transmitter (Brown, 1981; Allan et al., 1980; Alger and

Nicoll, 1982). The presence of GABAergic and glycinergic

synapses could help determine why some cultures have

different sensitivities to GABA and glycine. Also,

inhibitory synapses are fundamentally important in

determining the burst pattern formations produced from the

interplay of inhibitory and excitatory circuitry.

To determine the presence of inhibitory synapses in

culture, the GABA and glycine antagonists bicuculline and

strychnine were used to disinhibit the networks. Bicuculline

blocks the GABA binding site on GABAA receptors and

strychnine blocks the glycine binding site on glycine

receptors. A change in burst activity patterns upon

antagonist addition would support the hypothesis that

inhibitory synapses, normally functioning to maintain certain

activity patterns, were now blocked, and therefore existed in

culture.
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Bicuculline Experiments

Bicuculline was shown to disinhibit culture activity in

15-40JM concentrations. The drug typically organizes

bursting into periodic patterns of similar burst amplitude

and -duration as presented in Figure 29. The burst pattern

becomes more pronounced with increases in bicuculline dosage

until a maximum concentration is reached, at which the burst

rate is maintained as shown in Figure 30. The burst rate

maintenance may represent a bicuculline saturation effect

that occurs when the drug has reached its highest effective

concentration. Any dose above this concentration is

excessive in that it has no additional effect on the burst

rate, as evidenced in Figure 30 which shows concentrations

from 50-*140pM had little additional influence. Occasionally,

Figure 29: Stripchart recordings from two spinal cord
cultures show characteristic bicuculline-induced burst
patterns. Note that burst activity increases (A) or
decreases (B) depending on the activity prior to the drug
application. Arrows indicate 40pM bicuculline addition, bar
represents 30 sec.
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Figure 30: Effect of increasing bicuculline concentration
on burst activity over time. Single channel WC data shows
that bicuculline reaches its maximum effect around 40-50gM.
Note that the culture remains active despite the 140gM final
bicuculline concentration. This suggests that the drug is
nontoxic to culture activity at high doses. In this case,
bicuculline causes activity suppression due to the initially
high burst activity level.

bicuculline applications to cultures with high frequency

bursting caused the frequency to decrease, and bicuculline

added to cultures with low burst frequency usually caused the

frequency to increase. Both effects are shown in Figure 29.

The actions of bicuculline strongly imply that there are

intrinsic sources of GABA working to moderate network

activity.
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Strychnine Experiments

Strychnine was shown to have a bicuculline-like effect on

network bursting in that it promoted the organization of

burst activity into periodic patterns. In most experiments

an additional burst lengthening, or "shoulder", was observed

which aided in differentiating between strychnine and

bicuculline-induced burst patterns (Figure 31). Strychnine

produced patterned bursting in concentrations as low as 2.5pM

and caused increases in burst rate in the nanomolar range.

Concentrations equal to and exceeding lOM were considered

toxic because bursting would gradually stop and remain

unrecoverable after multiple medium washes. As with

bicuculline, strychnine occasionally caused increases or

decreases in burst frequency that were inversely related to

Figure 31: Stripcharts from two spinal cord cultures show
characteristic strychnine-induced burst patterns. Data show
increases (A) and decreases (B) in the burst rate per minute.
Arrows indicate 2.5gM strychnine application, bar represents
30 sec.
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the culture's initial burst rate (Hightower, 1988) as shown

in Figure 31. The effect of strychnine on cultures demon-

strates that innate glycinergic synapses exist and that they

influence burst activity patterns.



CHAPTER IV

DISCUSSION

Using TIC values to quantify dose response studies proved

useful in characterizing culture inhibitory responses to GABA

and glycine as well as in determining interculture and

intraculture variability to GABA. In addition, the TICs were

used to determine possible tissue specificity between whole

and ventral spinal cord cultures and to assess the effects of

network age and initial activity on total burst inhibition.

The following list summarizes the results of this thesis

project:

1) GABA TIC values showed no significant variability when

compared within and among whole cord cultures despite

variations in cell density (300-5000 neurons) and assumed

variations in network connectivity (Table 3).

2) Initial activity levels had a significant influence on

GABA TICs in whole cord cultures (Figure 14b).

3) Culture age (21-71 div) had no significant influence on

GABA TIC values in whole cord networks (Figure 16).

64
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4) Single medium changes were sufficient to return inhibited

whole cord cultures to their original activity.

5) Repeated medium changes between dose responses had no

detrimental effects on activity in whole cord cultures

(Figure 13).

6) Findings 1-5 were also true of cultures derived from

ventral half tissue, despite characteristic differences

in whole and ventral cord native activity patterns

(Figures 18, 20, and 21).

7) Small, single GABA and glycine applications caused

variable responses in the time required for activity

shut-off (data on WC cultures only). The responses were

grouped into the categories presented in Figures 11 and

27.

8) The GABA and glycine antagonists bicuculline and

strychnine effectively disinhibited network activity,

thus verifying the existence of endogenous GABAergic and

glycinergic synapses.

Results 1-8 must be interpreted in light of several

experimental unknowns and variables. While efforts were

taken to minimize culture and experimental variables, certain

factors remain elusive and require analysis beyond the scope

of this thesis project. A summary of controllable variables,
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reasonable assumptions, and unknowns as they pertain to

individual experiments follows:

KNOWNS and CONTROLLABLE VARIABLES

- relatively constant pH, osmolarity, and temperature

- consistency of conditioned medium composition due to

pooling of wash medium prior to experiment

- network initial activity patterns

- network age

- no drug carrier effects on network activity (ultra-pure

H20 was always used)

- cell density and general culture condition could be

selected before experiment

REASONABLE ASSUMPTIONS

- no receptor regulation during the time of the

experiment (3-5 hr)

- drugs were not metabolized quickly enough during the

time of the experiment to affect the results

- no major changes in network connectivity

UNKNOWNS

- receptor density

- receptor availability

- circuitry formed within networks
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- synaptic distributions and efficacies

- firing properties of individual neurons

- origin of general network dynamics

- conditioned medium composition

The GABA TIC as an Indicator of Culture Variability

To measure culture response variability, a test was

required that could noticeably affect burst activity without

damaging or irreversibly modifying the network. Also, the

interrogation should be reasonable in length so that it may

be repeated several times in the same culture during a day-

long experiment. GABA met these criterion; it could

completely inhibit bursting (via the TIC), and was easily

removed without incident to the culture. Also, since a

typical GABA dose response lasted from 20 to 30 minutes, it

was short enough to be repeated multiple times during a

single experiment.

Among 24 spinal cord cultures (12 WC and 12 VC), the TIC

values showed no statistically significant differences either

within cultures or among them. Considering that cultures are

seeded with dissociated cells forming seemingly random

connections in the absence of organized feedback, the TIC

similarity appears surprising. It is possible that large

differences in neurite connections and synaptic weights are
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required to markedly affect TIC values, and that only small

differences exist in these cultures. This highly invariable

response may reflect a greater than anticipated consistency

in the network circuitry. It is possible that basic spinal

circuits depend for their formation on cell-cell recognition

factors and that random seeding effects have minor influences

if the cells are confined in a sufficiently small area.

Influence of Network Age and Initial Activity on TICs

Mouse spinal cord cultures develop and maintain GABA

sensitivity as early as 9 div (Jackson et al., 1982). This

study complements the results of Jackson by demonstrating

that there is no change in GABA sensitivity of networks

ranging in age from 20 to over 70 div.

Results show that initial activity directly influences

GABA TICs. To explain this, one must first consider that

almost all spinal cord neurons respond to GABA (Macdonald and

Barker, 1981; Jackson et al., 1982; Enna, 1985). Therefore,

a bath application of GABA, which effects all exposed

synaptic and extrasynaptic receptors, will influence

essentially every cell in the network. To inhibit highly

active networks in which neurons are in a greater state of

depolarization than those in less active cultures, a greater

Cl- shunt current is required. This Cl- current can be
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increased by raising the GABA concentration. This effect

seems to follow the kinetics of the occupation theory of

drug-receptor interaction (Yamamura et al., 1985; Bradley,

1989). This theory, in its rudimentary form, suggests that

the pharmacological effect of a drug is directly proportional

to the number of receptors occupied by the drug (Yamamura et

al., 1985). Thus, higher drug concentrations will occupy

more receptors for longer durations and impart a greater

effect on the culture responses.

Differences Between WC and VC Tissues

Whole and ventral spinal cord cultures generally

displayed differences in native burst patterns (Figure 22).

WC patterns consisted of a mix of long duration (2-5 sec) and

short duration (<2 sec) bursts, and VC patterns were composed

primarily of short duration bursts. Because these

distinctive patterns may indicate different circuitry

arrangements, it was of interest to test whether the

differences would influence TIC values in the two tissues.

Dorsal cord (DC) cultures were neglected because no

differences between DC and WC activity patterns could be

readily distinguished. Other tissue-related differences were

found in mouse spinal cord cultures by Guthrie et al. (1987).

Guthrie's results showed that GABAergic neurons prevailed in
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the DC as opposed to the VC, but that VC cells were larger,

contained more processes, and tended to resist clustering.

Based on these data, one may assume that WC cultures should

be more GABA-sensitive than VC cultures.

The tissues were compared in terms of interculture and

intraculture TIC variability, TIC dependence on age and

initial burst activity, and on the effects of washes on GABA

removal and burst activity. In each case, statistical

analysis showed no significant difference in the tissue

responses. It is possible that the regional distribution of

GABA receptors is more uniform than claimed by Guthrie.

However it is most likely that the lack of experimental

comparison between VC and DC cultures may be responsible for

these results. In retrospect, a separate experimental series

with dorsal half cultures would have been more appropriate.

It should be mentioned here that the culture staff had

difficulties maintaining viable dorsal half cultures at the

beginning of this project. This fact influenced the choice

of comparing whole cord cultures with ventral cultures.

Variability of Small Drug Doses

The effects of single small glycine and GABA doses were

often variable among cultures. In a given network, a low

drug concentration could shut down activity in under 20 min,
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yet another culture could remain unaffected for over an hour.

These effects were used to classify cultures based on their

inhibitory sensitivity (see Figures 11 and 27). At least

three explanations might account for the variability: 1) the

drug induces receptor down-regulation that decreases the

network's inhibitory response, 2) the drug is metabolized at

a rate fast enough to affect its influence on the culture, or

3) the networks contain variations in their cell densities,

cell-cell connectivity, and numbers of inhibitory synapses

and receptors, that are significant enough to cause

differences in the drug's effectiveness under this

experimental paradigm.

The first explanation was weakened by an experiment where

equal doses of GABA were applied to a single culture. The

results indicated that for each GABA dose, the time required

for burst inhibition remained relatively constant as depicted

in Figure 32. Receptor down-regulation would have probably

caused subsequent GABA doses to require more time before

activity inhibition. Further evidence for the lack of

regulation effects was given by Roca et al., (1989), who

reported that the EC50 for GABA-induced down regulation was

94gM and the half-time was 25 hours. These values are well-

above the GABA concentrations and exposure times used in the

TIC experiments.
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Figure 32: Effect of five separate GABA applications on
burst activity in a whole cord culture. Single channel data
shows the time required for burst inhibition was similar for
each addition. GABA was applied in a 5pM dose, with each
application removed by a medium wash.

The second explanation, referring to drug metabolizing

effects, is also questionable. The 1ml medium bath is very

large in volume compared to that of the small neural network

seeded on the MMEP. Therefore, it would be a formidable task

for a network to reduce the drug concentration in the medium

during a 20-30 min exposure time. Further evidence to

support the argument against drug metabolizing effects was

provided with isoguvacine, a non-metabolized GABAA agonist.

Alternating GABA and isoguvacine dose responses on the same

cultures. If excess GABA remained after a wash, a decrease
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Figure 33: Effects of isoguvacine and GABA on burst
activity. Alternating does responses show no major
differences in burst inhibition concentration between the
drugs. Order of drug addition is indicated with numbers
above each response curve. To obtain dose responses, 5M
doses were applied every 5 min until burst shut-off.

culture showed little difference in the total inhibition

concentration (Figure 33). If GABA were metabolized, its

inhibitory concentration would presumably be somewhat larger

than that of isoguvacine.

Thus, the third explanation seems the most reasonable.

The inconsistencies among cultures in their neurite

arrangements, synapse number, and receptor and cell

densities, most probably lead to the variable effects of

small drug doses. Receptor differences may be key because

subtypes are present for both GABA and glycine. GABA has two

major receptors, the GABAA and GABAB subtypes, along with high
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and low affinity GABAA receptors. Glycine also has two

receptors, the Glyl (low affinity inhibitory) and Gly2 (high

affinity excitatory) subtypes.

Whether initial activity caused the small dose

variability remains to be investigated. Preliminary data

from 5 GABA and 3 glycine single dose experiments suggest no

relation, but not enough experiments have been performed for

a possible trend to emerge.

Putative neuronal circuitry arrangements have been

considered to explain the single dose variability, but

without more comprehensive data concerning synaptic weights,

an array of facts are ignored which are essential in

determining accurate circuit emulations (Getting, 1989).

Glycine Variability

Glycine produced the most widely-varied effects on

culture activity of any drug characterized in this study.

Not only were its effective concentrations very different

from GABA, but glycine's time course to burst inhibition

displayed considerable variability as well. A possible

explanation lies in the fact that, in addition to inhibitory

actions, glycine also has excitatory effects that act through

the N-methyl D-aspartate (NMDA) receptor complex (Larson and

Beitz, 1988). Because nanomolar concentrations of glycine
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activate the complex (Larson and Beitz, 1988), a typical

millimolar glycine dose response would likely affect the NMDA

receptor. Exactly what effect the counteracting inhibitory

and excitatory actions of glycine have on network burst

activity remains to be studied, but it is reasonable to

assume the effects would influence dose response studies in a

culture environment. A study of glycine effects in the

presence of NMDA inhibitors is not practical as NMDA

antagonists also cause depression and loss of spontaneous

activity.

Activity Increases from Medium Washes

Studies showed that medium washes performed between GABA

dose response trials resulted in increases in the initial

burst frequency per trial. The activity increases peaked in

trial 3 for both whole cord and ventral half cultures. This

result is unexplained, however, experiments can be conducted

in which the same medium is removed and added 5-7 times to

determine if this is a mechanical effect.

Summary

This research project represents one of the first known

attempts to quantify the pharmacological response variability
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among different randomly seeded spinal cord cultures.

Culture research has been criticized based on two

assumptions: 1) that dissociated, randomly seeded cells fail

to make the connections that represent the in vivo circuitry,

and 2) that differences between cultures cause questionable

results when attempting to quantify responses among networks.

The highly reproducible GABA TIC studies show that

pharmacological responses can be consistently replicated

among cultures, and that there may be some degree of

repeatability in the inhibitory connections. This finding

infers that some type of cell recognition phenomenon is at

work that preserves many of the specific cell-cell

interconnections found in vivo.

Related Projects for Future Consideration

1) Further investigate the apparent variability of small,

single GABA doses. Determine to what degree the

initial activity level and culture age influence these

responses.

2) Repeat the TIC studies using preparations of other

tissues, such as olfactory bulb and cortex, to

determine possible differences in inhibitory response.

3) Perform extensive morphological and immunohisto-

chemical analysis to identify GABAergic cells and
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localize GABA receptors. Comparsions of this

information with GABA TIC values may identify a

relation.

4) Employ the TIC methodology with other inhibitory

compounds.
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DATA FROM WHOLE SPINAL CORD EXPERIMENTS

Avg. Initial
TICs Age Activity

Culture Exp.# (uM GABA) (days) (ABPM) Cell Count

1 RJ 46 15,15,15,15,10 71 14.6 322

2 RJ 48 15,10,20,15,20 63 -- 776

3 RJ 49 20,15,15,15,10 37 8.1 314

4 RJ 54 15,15,20,20,20 54 40.8 2500

5 RJ 55 25,25,20,15,20 61 35.2 788

6 RJ 75 20,20,25,25,25 46 -- 651

7 RJ 76 20,15,20,20,15 28 7.0 697

8 RJ 93 15, 15,15,10,15 21 8.4 --

9 RJ 95 15,10,10,10,10 28 10.6 --

10 RJ 97 25,25,30,30,30 63 43.6 --

11 RJ 105 20,15,20,20,15 43 -- --

12 RJ 109 20,20,25,25,20 40 39.9 --
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DATA FROM VENTRAL HALF SPINAL CORD EXPERIMENTS

TICs
(uM GABA)

20,20,15,15,15

15,15,15,20,15

30,30,35,25,30

15, 25, 25, 20,25

40,30,35,25

25,25,25,30,25

10,10,12.5,12.5,15

15,15,15,15,15

20,20,20,20,20

15,15,15,15,15

15,20,20,20,20

10,15,10,15,10

Age
(days)

24

30

70

29

22

29

29

23

29

24

21

30

Avg. Initial
Activity
(ABPM)

42.8

4.6

Cell Count

711

658

5088

Culture

1

2

3

4

5

6

7

8

9

10

11

12

571

Exp.#

RJ 50

RJ 51

RJ 56

RJ 80

RJ 82

RJ 83

RJ 86

RJ 89

RJ 90

RJ 91

RJ 92

RJ 94

42.6

30.6

18.0

21.6

7.2

16.0

10.4

858
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