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Cell Interactions Regulate Dendritic Morphology and Responses to 
Neurotransmitters in Embryonic Chick Sympathetic Preganglionic 
Neurons in vi&o 
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The influence of non-neuronal cells and interneurons on the 
morphological development of chick sympathetic pregan- 
glionic neurons (SPNs) and on the responsiveness of these 
neurons to the neurotransmitters GABA, glycine, and glu- 
tamate was studied. SPNs were retrogradely labeled with 
the fluorescent dyes dil and di0, then separated from spinal- 
cord non-neuronal cells and interneurons by fluorescence- 
activated cell sorting. SPNs were grown in culture, either 
alone or in coculture with non-neuronal cells alone, with in- 
terneurons alone, or with both of these cell types (control 
cultures). The responsiveness of SPNs to neurotransmitters 
was assessed by whole-cell recording, while cell morphol- 
ogy was assessed after intracellular staining with 6-car- 
boxyfluorescein. 

Cell size and morphology were affected by non-neuronal 
cells. In the absence of non-neuronal cells, SPNs had smaller 
cell bodies and fewer major processes, whether or not in- 
terneurons were present. In contrast, responses to the 3 
neurotransmitters were affected by both non-neuronal cells 
and interneurons, but in ways that differed slightly for each 
transmitter. In the absence of both non-neuronal cells and 
interneurons, responses to all 3 transmitters were much 
smaller than in control cultures, with responses to glutamate 
most profoundly affected. The addition of either non-neu- 
ronal cells or interneurons slightly increased the amplitude 
of SPN responses to glutamate, but the level of responsive- 
ness with either cell type alone was much lower than for 
SPNs grown in the presence of both cell types. The addition 
of interneurons also slightly increased the responsiveness 
of SPNs to GABA, but non-neuronal cells alone had no sig- 
nificant effect on the responses of SPNs to GABA. Finally, 
the glycine responsiveness of SPNs was raised to control 
levels when either non-neuronal cells or interneurons were 
added. These experiments demonstrate that, though inter- 
neurons can have a significant inductive effect on the re- 
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sponses of SPNs to neurotransmitters, not all of the changes 
in neurotransmitter responsiveness can be related to the 
formation of functional synapses. 

Both peripheral and central neurons are influenced in many ways 
by interactions with other cells. The most dramatic of these 
interactions is the absolute dependence of some neurons on the 
presence of target and/or afferent cells for survival (Hamburger 
and Levi-Montalcini, 1949; Beaudoin, 1955; Hamburger, 1958; 
Prestige, 1967; Johnson et al., 1977; Davis et al., 1983; Calof 
and Reichardt, 1984; Okado and Oppenheim, 1984; Dohrmann 
et al., 1986; O’Brien and Fischbach, 1986a; Furber et al., 1987; 
Gallently et al., 1989). For example, neither motor neurons 
(CNS neurons) nor sympathetic ganglion cells (peripheral neu- 
rons) survive for more than a few days in vitro in the absence 
of target cells or target-derived trophic factors. In contrast, at 
least some sympathetic preganglionic neurons (SPNs) survive 
and have normal basic physiological properties when grown in 
culture in the absence of their target, sympathetic ganglion cells 
(Honig and Hume, 1986). The influence of afferents and non- 
neuronal cells on the survival of these cells, however, is un- 
known. 

Other less dramatic interactions between cells in the nervous 
system include the effects of target, afferent, and non-neuronal 
cells on neuron size and morphology (Varon et al., 1977; Bergey 
et al., 1981; Mudge, 1981; Adler and Black, 1984; Denis-Donini 
et al., 1984; Banker and Waxman, 1988; Johnson et al., 1989), 
on the type and amount of neurotransmitter and neurotrans- 
mitter synthesizing enzymes (Black et al., 197 1, 1974; Patterson 
and Chun, 1974, 1977; Giller et al., 1977; Patterson, 1978; 
Brookes et al., 1980; Godfrey et al., 1980; Kessler et al., 198 1, 
1983; Kessler, 1984a,b), and on the number and distribution of 
neurotransmitter receptors (Anderson and Cohen, 1977; Bevan 
and Steinbach, 1977; Frank and Fischbach, 1979; Jacob et al., 
1984; O’Brien and Fischbach, 1986~; Role, 1988). 

The influence of cell-cell interactions on neurotransmitter 
receptors has been studied most thoroughly in synapses in the 
periphery. Junctional ACh receptors on muscle are known to 
be regulated in part by the presence of the motor-neuron ter- 
minals (Anderson et al., 1977; Burden, 1977; Jesse11 et al., 1979). 
Nicotinic ACh receptors on chick ciliary ganglion cells are reg- 
ulated by both afferents and target cells (Jacob and Berg, 1987) 
and muscarinic ACh receptors on mammalian sympathetic gan- 
glia are regulated, at least in part, by non-neuronal cells (Smith 
and Kessler, 1988). Because of the difficulty of separating iden- 
tified CNS neurons from the other cells with which they interact, 
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less is known about the role of cell-cell interactions in the reg- 
ulation of neurotransmitter receptors on CNS neurons. 

Recently, some progress has been made in understanding the 
regulation of receptors on identified CNS neurons. O’Brien and 
Fischbach (1986~) demonstrated that embryonic chick motor 
neurons grown together in culture with other spinal-cord cells 
have increased responsiveness to glutamate when compared to 
motor neurons grown alone in culture. The induction appeared 
to be due to the presence of interneurons, and it affected both 
NMDA- and non-NMDA-type glutamate receptors. In contrast 
to the effect on glutamate responses, the responsiveness of motor 
neurons to the inhibitory neurotransmitters GABA and glycine 
was not affected by the absence of interneurons and non-neu- 
ronal cells. It is not known if the receptors that were not affected 
by interneurons or non-neuronal cells are regulated by some 
intrinsic mechanism, or if target muscle cells or some diffusible 
factor are involved. These possibilities could not be tested in 
this system because motor neurons have a strict trophic depen- 
dence on muscle and do not survive for more than 24 hr in 
culture without muscle cells or medium conditioned by muscle. 
The regulatory effect of interneurons on the glutamate sensitivity 
of motor neurons was not mimicked by medium conditioned 
by spinal cord cells. This suggested that cell contact was required 
for regulation. 

In the preceding paper (Clendening and Hume, 1990), we 
showed that, when SPNs from the spinal cord of embryonic- 
day-7 chick embryos are grown in dissociated cell culture with 
spinal-cord interneurons and non-neuronal cells, they become 
sensitive to the 3 amino acid neurotransmitters GABA, glycine, 
and glutamate. We also showed that multiple inhibitory recep- 
tors and multiple receptor subtypes for 1 neurotransmitter are 
regulated independently by these CNS cells. We wondered 
whether the amino acid receptors on these cells from the em- 
bryonic chick spinal cord would be regulated by afferents in a 
manner similar to embryonic chick motor neurons, and whether 
target cells and non-neuronal cells would influence the expres- 
sion of any of these receptors on SPNs. 

In order to study identified SPNs in vitro, we labeled them in 
vivo with either the red fluorescent dye l,l’-dioctodecyl-3,3,3’,3’- 
tetramethylindocarbocyanine perchlorate (di1) or the green flu- 
orescent dye 1,l ‘-dioctodecyl-3,3,3’,3’-tetramethyloxycarbocy- 
anine perchlorate (di0). Because SPNs could be specifically 
labeled with fluorescent dye, we were able to separate them from 
neighboring interneurons and non-neuronal cells by fluores- 
cence-activated cell sorting. We then studied the responsiveness 
of SPNs to the amino acid neurotransmitters when SPNs were 
grown either alone in culture or in coculture with any 1 of the 
cell types with which they normally interact. We also tested 
some of the likely mechanisms underlying regulation. Early in 
this study, we noted that the different culture conditions also 
had dramatic effects on cell morphology. Therefore, we also 
made systematic measurements of some morphological char- 
acteristics of these neurons. 

Materials and Methods 
Control cultures. Control cultures consisted of mixed spinal-cord cells 
with labeled SPNs and unlabeled intemeurons and non-neuronal cells. 
They were obtained by methods described in the preceding paper (Clen- 
dening and Hume, 1990). Cell density has been shown to influence the 
amount and type of neurotransmitter synthesized by some cells (Adler 
and Black, 1985; Zum and Mudry, 1986). We thought it might have 
similar effects on the regulation of neurotransmitter receptors. There- 
fore, we tried to standardize cell density under different culture con- 

ditions as much as possible. Control cultures were plated at an initial 
density of 10s cells per plate or 1000 cells/mm*. Cell density on days 
postplating was greater because non-neuronal cells continue to divide 
in vitro. 

Cell sorting. To obtain cultures highly enriched in SPNs, we separated 
labeled SPNs from virtually all unlabeled cells by fluorescence-activated 
cell sorting. For each cell sort, sympathetic chain ganglia from 30 em- 
bryonic-day-7 chicks were injected with both di0 (4 mg/ml) and diI(3 
mg/ml) suspended in absolute ethanol with 10% dimethyl sulfoxide 
(DMSO). Both dyes were used simultaneously because the emission 
spectrum of di1 did not make it appropriate for use with the fluorescence 
detectors on the flow cytometer we used, and di0 fluorescence was 
apparently bleached by the laser during the cell sort, making detection 
of diO-labeled cells in culture difficult after cell sortina. The cells were 
therefore sorted based on the emission spectrum for di0 (bandpass 
filtered between 490 and 540 nm) and visualized in culture based on 
their di1 fluorescence. 

After injection, the embryos were incubated for 12-20 hr in oxygen- 
ated Tyrode’s solution. The medial half of each spinal cord was then 
removed as for the preparation of control SPNs in mixed spinal-cord 
cell cultures. The spinal-cord tissue was incubated in 0.1% trypsin in 
Ca2+-, Mg2+-free Puck’s solution for 15 min at 37°C. The enzyme was 
quenched with muscle medium, then the tissue was rinsed several times 
with Puck’s solution to remove all serum-containing medium. The spi- 
nal-cord tissue was triturated in Puck’s solution, and the suspension 
was passed through a 50-pm mesh to remove any undissociated cells 
and large debris. Cells were sorted in a Coulter Cornoration EPICS 
Division 75 1 flow cytometer. The cytometer was equipped with a 5-W 
argon laser and was operated at 488 nm at a power output of 175 mW. 
Sheath pressure was 13 psi, and the flow rate was maintained at 2000 
cells per set through the 76-pm-tip aperture. The unit was equipped 
with the MDADS II (Multiparameter Data Acquisition and Display 
System). Prior to sorting, the lines of the flow cytometer were filled for 
1 hr with 5% bleach and 70% ethanol and then flushed with sterile 
physiological saline. Cells were sorted on the basis of the combination 
of forward-angle light scatter (FALS) and fluorescence intensity. The 
criteria to be met by a cell to be sorted was fluorescence intensity in the 
brightest 4-5% of the population and within 2 standard deviations of 
the mean in a normal distribution of FALS. Sorted cells were collected 
in a sterile tube containing neuron medium. The cells were centrifuged 
for 10 min at 750 rpm, counted, resuspended in neuron medium with 
5% chicken embryo extract, and plated at a density of lo5 cells per plate 
(1000 cells/mm2). Eight hr after plating, 1.5 ml neuron medium was 
added to each plate. 

Experimental cultures. In some dishes, sorted SPNs were plated alone. 
These dishes will be referred to as SPN-alone cultures. 

To test for the effects of non-neuronal cells, sorted cells were plated 
on a confluent layer of spinal-cord non-neuronal cells. Non-neuronal 
cells were prepared by repeated platings of medial spinal-cord cells. 
These cells were fed every 3 d with muscle medium (see below for 
constituents), which lacks many of the added nutrients of neuron me- 
dium. They were allowed to remain in culture for 10 d and were then 
scraped from the bottom of the culture plates, trypsinized, and replated. 
The combination of low-nutrient medium and loss by cell death of non- 
dividing neurons with repeated plating resulted in cultures that had only 
flat polygonal cells that are characteristic of astrocytes (Fischbach and 
Nelson, 1977) by the third plating. To obtain cultures containing only 
SPNs and non-neuronal cells, lO,OOO-20,000 sorted cells were added 
to each plate of non-neuronal cells. These cultures will be referred to 
as SPN-NNC cultures. 

To obtain cultures with only SPNs and intemeurons, non-neuronal 
cells were eliminated from mixed spinal-cord cell cultures containing 
labeled SPNs by the addition of adenosine arabinoside (ARA-A) to the 
nutrient medium. ARA-A is a mitotic inhibitor. When it was kept in 
our culture medium throughout the in vitro period, at a concentration 
of 1 mM, it eliminated most non-neuronal cells by the third day in vitro 
without affecting neurons. These cultures will be referred to as SPN- 
INT cultures. In an attempt to standardize cell density, cells for this 
experiment were initially plated at 3 x lo5 cells per dish to compensate 
for the loss of non-neuronal cells. However, because non-neuronal cells 
continue to proliferate in vitro, by day 7, cell density in control cultures 
was much higher than in cultures treated with ARA-A. Even with the 
high concentrations of ARA-A (1 mM) used in these experiments, it was 
sometimes impossible to eliminate all non-neuronal cells. Some of these 
cultures therefore contained small patches of non-neuronal cells. Even 
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in the worst cases, however, the number of non-neuronal cells in these 
cultures on day 5 in vitro was always less than 1% of the number of 
non-neuronal cells in control cultures, and by day 7 in vitro, SPN-INT 
cultures contained less than 5% of the number of non-neuronal cells 
found in control cultures. We used ARA-A to eliminate non-neuronal 
cells in these experiments rather than cytosine arabinoside (ARA-C), 
which is more commonly employed, because at the concentrations need- 
ed to eliminate non-neuronal cells, ARA-C was also toxic to nearly all 
of the neurons in mixed spinal-cord cell cultures. 

referred to as SPN-CONT cultures. 

It seemed possible that the process of sorting itself could alter SPN 
morphology and/or responsiveness of SPN to amino acid neurotrans- 

- 

mitters. It also seemed possible that differences in viability between 
subpopulations of cells could select for a subpopulation of sorted SPNs 

To test for the effects of target cells on SPNs, mixed spinal-cord cell 

with an atypical morphology or altered responsiveness to 1 or more of 
the neurotransmitters. As a control for these possibilities, we added 
unlabeled medial spinal-cord cells, prepared at the same time as cells 
for sorting, back to sorted cells. A total of 9.0 x lo4 unlabeled cells 
(containing both neurons and non-neuronal cells) were added to 1 .O x 
1 O4 sorted SPNs, and these were plated together. These cultures will be 

Culture medium. Standard neuron-medium constituents are listed in 
Clendening and Hume (1990). Muscle medium used in making non- 
neuronal cell cultures consisted of Eagle’s minimum essential medium, 
10% heat-inactivated horse serum, 40 &ml conalbumin, 50 U/ml pen- 
icillin, and 50 &ml streptomycin. 

Recording methods. Recording methods, solutions, and method of 
drug applications were identical to those described in Clendening and 
Hume (1990). 

Cell counts and morphology. A Zeiss IM 35 microscope equipped 
with epifluorescence optics and a 40 x water-immersion lens plus a 10 x 
eyepiece was used for all cell counts and morphological studies. The 
diameter ofthe microscope field was approximately 450 pm. For studies 
of labeled cells, the field was illuminated with a 50-W mercury bulb 
and viewed with a standard rhodamine filter set. 

Twelve hr after plating, cultures of sorted cells were examined for 
purity of the sort. The total number of living cells, as judged by the 
smooth, phase-bright appearance of the cell body, were counted in 20 

sort was expressed as (the number of labeled cells)/(total number of 

fields distributed throughout each dish of sorted-cells. In the same 20 
fields, the number of living diI-labeled cells were counted. Puritv of the 

living cells) x 100%. 
cultures were plated together with sympathetic ganglion cells. The lum- 
bosacral sympathetic chain was removed from 7-d-old chick embryos 
and incubated in 0.0 1% trypsin in CA2+ -, Mg2+ -free Puck’s solution for 
20-25 min at 37°C. The enzyme reaction was quenched with muscle 
medium, and the ganglia were triturated in neuron medium. Five x 
1 O4 ganglion cells were plated in each dish along with 5 x 1 O4 mixed 
spinal-cord cells (containing 500-1000 labeled SPNs). We plated these 
cells at a ratio of 50-l 00 aanalion cells to 1 SPN because. in vivo, aanalion 
cells far outnumber SPNs. Normal neuron medium was added-to these 
cocultures. These cultures will be referred to as SPN-SGC cultures. 

To test for the effects of neurotransmitter substances on the regulation 
of their respective receptors, specific antagonists were added to neuron 
medium at a concentration that completely blocked the activity of that 
agonist in normal SPNs grown in vitro(see Clendeningand Hume, 1990). 
Each test antagonist (1 mM strychnine, 1 mM kynurenic acid, or 100 
PM bicuculline) was dissolved in neuron medium and added to mixed 
spinal-cord cell cultures containing labeled SPNs. The antagonist was 
present in nutrient medium starting 4-6 hr after plating and continuing 
until the plate was used for recording. Medium was changed every day 
in these experiments. Before these cultures were used for recording, they 
were washed 5-7 times with external recording solution to ensure that 
all of the antagonist had been removed. 

To test for the effects of cell contact versus the soluble factor in the 
regulation of neurotransmitter responsiveness, medium that had been 
conditioned by mixed spinal-cord cells (CM) was added to the normal 
nutrient medium of cultures containing only sorted SPNs. Medium 
conditioned by spinal-cord cells was collected from cultures ofunlabeled 
medial spinal-cord cells. These cultures contained SPN, spinal inter- 
neurons, and non-neuronal cells. Fresh neuron medium was added to 
these cultures on day 4 in vitro, and the conditioned medium was col- 
lected on day 7 and frozen at -20°C until it was used. Conditioned 
medium was added to cultures of sorted SPN by mixing with normal 
neuron medium in a ratio of 1: 1. Medium was changed every day in 
these experiments. 

As a test for the specificity of any inductive effect of intemeurons on 
the responsiveness of SPNs to neurotransmitters, we cocultured sorted 
SPNs with lumbar dorsal root ganglion (DRG) cells. Some DRG cells 
are known to store and release glutamate from terminals in the dorsal 
horn (Fagg and Foster, 1983). Lumbar DRGs were removed from day- 
8 chick embrvos and incubated with 0.02% collaaenase in Puck’s so- 
lution for 20 t&n at 37°C. They were then rinsed with serum-containing 
medium, resuspended in neuron medium, and triturated. The dissoci- 
ated cell susnension was plated in an uncoated Petri mastic culture dish 
for 1 hr to remove non-neuronal cells. Cells that hid not adhere to 
plastic (DRGs and some non-neuronal cells) were replated onto polyor- 
nithine- and laminin-coated dishes at a density of 8.0 x lo4 cells per 
dish. Twenty-four hr later, 2.0 x lo4 sorted SPNs were added to each 
dish. The cultures were fed every other day with normal neuron medium. 
These cultures will be referred to as SPN-DRG cultures. 

To estimate cell size, we made measurements from the same cells 
that were used for recording. As one measure of the cell surface area, 
the capacitance of each cell was calculated from the averaged capaci- 
tative current response to 25 successive test pulses of 10 mV. Morpho- 
logical measurements were made on a subset of the cells that were 
studied with electrophysiological methods. Data were taken from cells 
on days 5-7 in vitro and included a series of cells from each experimental 
class. To make these measurements, neurons were intracellularly stained 
by adding the fluorescent dye 6-carboxyfluorescein (0.5%) to the stan- 
dard internal recording solution. When the whole-cell configuration of 
the patch-clamp technique is used for recording, the internal recording 
solution dialyses cells. During recording, therefore, the fluorescent dye 
diffused into the cell, spreading throughout the cell body and into the 
major processes. We measured the cell-body diameter of the dye-filled 
cells with an ocular micrometer and also counted the number of primary 
processes projecting directly from the cell body. 

Statistical tests. The statistical test used for comparing mean values 
of measurements under varying culture conditions was the Kruskal- 
Wallis l-way analysis of variance (ANOVA) by ranks (Kruskal and 
Wallis, 1952). This nonparametric statistic was chosen because the dis- 
tributions were often not normal, and therefore, a t test was formally 
not appropriate. However, when a Student’s t test was applied to the 
data, very similar results to those reported were obtained. All statistical 
calculations were made using the program SAS/STAT. A p value of < 
0.05 was considered significant, but as noted in the Results, most ma- 
nipulations that produced a change had p < 0.005. 

Results 

Yield, purity, and viability of sorted cells 
The thoracic sympathetic chain ganglia of stage 30-31 chick 
embryos were injected with the fluorescent dyes di1 and di0. 
After allowing time for transport of the dyes to the cell bodies 
of SPNs, the spinal cord was prepared for fluorescence-activated 
cell sorting. The fluorescence-intensity criterion used for sorting 
was determined empirically by comparing the fluorescence dis- 
tribution of cell suspensions from injected and uninjected em- 
bryos. Figure 1 shows 2 typical curves of the fluorescence dis- 
tribution of spinal-cord cell suspensions. The curve in Figure 
1A was obtained from a suspension that contained diO- and 
diI-labeled SPNs; the curve in Figure 1B was from a control 
suspension containing spinal-cord-cells without labeled SPNs. 
A peak of fluorescence in the lower intensity range was present 
in the cell suspensions from both injected and uninjected em- 
bryos. This peak represented autofluorescent spinal-cord cells. 
The trailing-end and smaller peak in the high-intensity range 
was present only in samples from injected embryos. The criteria 
for sorting were set to include only this trailing end. The entire 
trailing end included the brightest 44% of total cells, varying 
slightly between sorts. The percentage of SPNs obtained in het- 

To test for the effects of spike activity on the regulation of neuro- 
transmitter receptors, 500 nM tetrodotoxin (TTX) was added to normal 
neuron medium. At days 5-7 in vitro, all spike activity in SPNs could 
be blocked by 200 nM TTX. Before these plates were used for recording, 
they were washed 5-7 times in external recording solution to ensure 
that all of the TTX was removed. 
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erogeneous spinal-cord cell cultures is generally 2-6% of the 
total population (Honig and Hume, 1986). The sorting windows 
were set to collect only the brightest 4-5% of the population of 
fluorescent cells, sacrificing some yield in return for higher pu- 
rity. 

For each sort, 30 hemicords were prepared, yielding about 
3.6 x 10’ cells after dissociation and filtration. Yield after sort- 
ing for both fluorescence and size criteria ranged from 4.0 x 
1 O5 to 7.5 x 1 O5 cells. Yields after collecting, centrifuging through 
a BSA gradient to remove debris, and resuspension ranged from 
1.5 x lo5 to 6.0 x lo5 cells. Most of the loss of yield probably 
occurred during collection. In addition, it is likely that some 
cells are damaged by the turbulent flow through the tubing and 
the 76-pm aperture. 

We had decided to standardize the plating density at lo5 cells 
per standard dish (1000 cells/mm2). In the initial experiments 
with sorted cells, 1 .O x 1 O5 cells were plated in each dish. How- 
ever, we found that, 24 hr after plating, only 40-50% of these 
cells had adhered to the bottom of the plate and put out pro- 
cesses. In later experiments with sorted cells, therefore, 2.0 x 
lo5 cells were plated in normal-sized dishes, or 5.0 x lo4 cells 
were plated in a smaller area. In cultures seeded with only sorted 
cells, 93-98% of the viable cells were diI-labeled 24 hr after 
plating. In most cases, the few unlabeled cells were attached to 
labeled cells. Unfortunately, some of the unlabeled cells were 
inevitably non-neuronal cells, which continued to proliferate in 
vitro. By day 7 postplating, some SPN-alone cultures contained 
small patches in which there were many non-neuronal cells. 

Composition of cultures under d@$erent experimental 
conditions 
We studied the viability, morphology, and neurotransmitter re- 
sponsiveness of SPNs under 6 experimental conditions as de- 
scribed below. 

(1) Control cultures contained labeled SPNs, and unlabeled 
interneurons, and non-neuronal cells from medial thoracic spi- 
nal cords. Initial plating density was lo5 cells per dish, including 
1000-2000 labeled SPNs. However, because these cultures con- 
tained many non-neuronal cells that continued to proliferate in 
vitro, cell density was much higher by day 7 in culture. 

(2) SPN-alone cultures, as described above, contained 93- 
98% labeled SPNs and a few unlabeled neurons and non-neu- 
ronal cells. Cell density 24 hr after plating was approximately 
1 OS cells/dish. Density on subsequent days in culture was vari- 
able, depending on the number of non-neuronal cells contam- 
inating the sort. 

(3) SPN-CONT cultures initially contained lo4 sorted SPNs 
plus 9 x lo4 unlabeled medial spinal-cord cells (including un- 
labeled SPNs, interneurons, and non-neuronal cells). As with 
other cultures, density on subsequent days in culture was greater 
than lo5 because non-neuronal cells continued to proliferate in 
vitro. 

(4) SPN-NNC cultures contained lo4 sorted SPNs on a con- 
fluent layer of non-neuronal cells from medial spinal cords. 
Figure 2A is a phase-contrast photomicrograph of a field from 
an SPN-NNC culture at day 5 in vitro. 

(5) SPN-INT cultures initially contained 3 x lo5 mixed spi- 
nal-cord cells. By day 3 in vitro, most of the non-neuronal cells 
had been eliminated, and approximately lo* cells remained in 
each dish. Some non-neuronal cells always survived the ARA- 
A treatment, but the number of non-neuronal cells was usually 
only about 1% and never more than 5% of total cell number. 
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Figure I. Fluorescence intensity analysis of suspensions of spinal-cord 
cells from injected and uninjected embryos. We used an EPICS 751 
flow cytometer equipped with an argon laser operated at 488 nm and 
a Multiparameter Data Acquisition and Display System (MDADS II) 
to separate labeled SPNs from unlabeled cells. Fluorescence intensity 
in arbitrary units is shown along the abscissa in both histograms. The 
spinal-cord cells in A were dissociated from the medial half of the spinal 
cord of day-l embryonic chicks whose sympathetic ganglion chain be- 
tween Tl and LS2 had been iniected 16-24 hr earlier with the fluorescent 
dyes, di1 and di0. Most of the cells in this suspension fell between 0 
and 200 fluorescence units, but there was a trailing end to 450 units. 
The spinal-cord cells in B were dissociated from embryonic chick spinal 
cords that had undergone all of the same procedures as those in A except 
that the sympathetic ganglia were not injected with dye. The vast ma- 
jority of the cells in this suspension fell in the tirst 200 fluorescence units; 
there was a small trailing end to approximately 275 units. The trailing 
end of brightly fluorescent cells (between 300 and 450) was only seen 
in the suspension of cells from injected embryos. The flow cytometer 
was programmed to select only cells whose fluorescence fell within this 
range. In this particular sort, this included 5.12% of the total population 
of medial spinal-cord cells. 

Figure 2B is a phase-contrast photomicrograph of a field from 
an SPN-INT culture at day 5 in vitro. 

(6) SPN-DRG cultures initially contained 8 x lo4 DRG cells 
and 2 x 10“ sorted SPNs. 

(7) SPN-SGC cultures initially contained 5 x lo4 sympathetic 
ganglion cells and 5 x lo4 mixed spinal-cord cells with 500- 
1000 labeled SPNs. 
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Figure 2. Cultures of preganglionic 
neurons with only non-neuronal cells 
or only interneurons. A, Phase-contrast 
micrograph of a field from a culture 
containing approximately 20,000 sort- 
ed SPNs grown on a confluent layer of 
non-neuronal cells (SPN-NNC cul- 
tures). The sorted cells had been plated 
7 clays earlier. B, Phase-contrast micro- 
graph of a field from a culture of labeled 
SPNs and interneurons (SPN-INT cul- 
tures) on day 7 in vitro.‘There are vir- 
tually no non-neuronal cells in these 
cultures. Scale bar, 100 Wm. 

Viability of SPNs under various culture conditions 
Many different types of neurons have been shown to be abso- 
lutely dependent on the presence of target cells or afferents for 
survival (Hamburger and Levi-Montalcini, 1949; Beaudoin, 
1955; Hamburger, 1958; Prestige, 1967; Johnson et al., 1977; 
Davis et al., 1983; Okado and Oppenheim, 1984). Although the 
number of living SPNs in SPN-alone cultures decreased con- 
tinuously with time in vitro, this attrition was not nearly as rapid 
or complete as expected for cells with a strong trophic depen- 
dence. At day 5 in vitro, the number of viable SPNs in SPN- 
alone cultures was about 59% of number of viable SPNs counted 
at day 1. This stands in contrast to the viability of cells such as 
motor neurons and sympathetic ganglion neurons, which are 
known to have a strong trophic dependence. When plated alone 
in culture, none of these cells survive past day 1 in vitro unless 

targets or target-derived factors are present. The fact that SPNs 
in vitro did not have a strong trophic dependence on their target 
was somewhat surprising because Johnson et al. (1977) had 
found rat SPNs to be dependent on the presence of targets for 
survival during development in vivo. The addition of sympa- 
thetic ganglion cells to mixed spinal-cord cell cultures improved 
the survival of SPNs slightly but not nearly as much as would 
have been expected if SPNs were strongly dependent on their 
target cells. Seventy-eight percent of viable SPNs at day 1 in 
coculture with sympathetic ganglion cells were still alive at day 
5, whereas only 63% of SPNs in mixed spinal-cord cell cultures 
were still alive at day 5. 

The presence of non-neuronal cells also seemed to slightly 
enhance the survival of SPNs. At day 5, viability of sorted SPNs 
plated on a bed of non-neuronal cells was 83%. In contrast, 
when non-neuronal cells were eliminated from cultures and SPNs 
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Table 1. Morphological characteristics of SPNs under varying culture conditions 

Cell-body diameter Number of 
Culture (t.4 major processes Capacitance (pF) 
condition Mean + SEM N Mean + SEM N Mean + SEM N 

Control SPN 20.0 + 0.85t 25 5.1 k 0.24t 21 28.8 + 1.4t 201 
SPN alone 9.9 + 0.75* 18 2.4 zk 0.16* 23 16.5 + 1.2* 73 
Sort-CONT 22.2 + 0.97t 25 4.3 -I- 0.28*? 24 30.6 k 3.4t 77 
SPN-NNC 18.9 ? l.lt 39 4.7 + 0.31*t 36 25.6 k 1.6t 80 
SPN-INT 12.0 & 0.84* 23 2.6 f  0.19* 11 21.8 + 0.93*t 93 

Capacitance measurements were taken from all cells used for recording at day 7 in vitro for each experimental condition. 
Cell capacitance was calculated from the averaged capacitative current response to 25 successive test pulses of 10 mV 
each. Other measurements were made on cells that had been in culture for 5-7 d. These cells were filled with 
6-carboxyfluorescein (0.5%) by adding this dye to the internal recording solution; this facilitated the counting of major 
processes. Cells were viewed using a Zeiss IM 35 microscope equipped with a 40 x water-immersion lens plus a 10 x 
eyepiece. Cell-body size was measured using an eyepiece micrometer. All values were from 3 or more separate platings 
of cells. 
*, Significantly different from control @ < 0.005). 

t, Significantly different from SPN alone @ x 0.005). All other comparisons were insignificant (p > 0.05). 

were maintained with only interneurons, SPN viability was 
comparable to SPN-alone cultures, with only about 56% of vi- 
able cells at day 1 surviving to day 5 in vitro. 

Morphology of SPNs under various culture conditions 
Interactions between different cell types influenced not only SPN 
survival but also SPN size and dendritic morphology. The cell- 
body size, cell-surface area, and number of primary processes 
of SPNs were greater in the presence of non-neuronal cells than 
in their absence. Table 1 shows the mean cell-body size, mean 
capacitance, and mean number of major processes of SPN under 
the various experimental conditions. The mean value for each 
of these measurements was significantly lower for SPNs in SPN- 
alone cultures than they were for SPNs in cultures of mixed 
spinal-cord cells or for SPNs grown only with interneurons (p 
< 0.0005). In contrast, the diameter and capacitance for SPNs 
grown on preplated non-neuronal cells were not significantly 
different from values for SPNs in mixed spinal-cord cell cultures 
(p > 0.05). The mean number of processes on SPNs grown on 
preplated non-neuronal cells did pass the test of significance for 
differing from control mixed spinal-cord cell cultures; however, 
because the number of processes did not differ significantly from 
the sort-control cells, we consider this to be a spurious result. 
Figure 3 shows representative carboxyfluorescein-filled SPNs in 
mixed spinal-cord cell cultures (Fig. 3A), in cultures of SPNs 
and non-neuronal cells only (Fig. 3B), and in cultures of SPNs 
with interneurons only (Fig. 3C). 

In summary, non-neuronal cells were important in the main- 
tenance of cell morphology. When non-neuronal cells were ab- 
sent from cultures, SPNs had smaller cell bodies and fewer major 
processes than when SPNs were grown in mixed spinal-cord cell 
cultures or when sorted SPNs were added to a confluent layer 
of non-neuronal cells. 

Responses of sorted SPNs to GABA, glycine, and glutamate 
Interactions between different cell types were important for the 
expression of normal responsiveness to all 3 amino acid neu- 
rotransmitters by SPNs. SPNs grown alone in culture were less 
sensitive to standard applications of GABA, glycine, and glu- 
tamate than were control SPNs in mixed spinal-cord cell cul- 
tures. Glutamate responsiveness was most profoundly affected. 
Table 2 shows the mean peak currents elicited by GABA, gly- 

tine, and glutamate at day 7 in vitro for SPNs in SPN-alone and 
control cultures. For each neurotransmitter, the mean peak cur- 
rent evoked in cultures of SPNs grown alone was significantly 
smaller than the mean peak current in SPNs in control cultures 
(p < 0.0001). In the preceding paper (Clendening and Hume, 
1990), we showed that, when SPNs are grown in control, mixed 
spinal-cord cell cultures, there is a striking developmental in- 
crease in the responsiveness to GABA, glycine, and glutamate. 
The low responsiveness of sorted cells represents a failure to 
increase neurotransmitter responsiveness, as if the cells became 
frozen at an early stage of development in the absence of other 
cells. The responsiveness of sorted cells grown alone at day 7 
in vitro is very similar to that of control cells at day 2 in vitro. 
Mean peak responses of control SPNs to GABA, glycine, and 
glutamate at day 2 in vitro were 425 f 3 1, 157 f 15, and 9 f 
4 pA, respectively. Mean peak responses of SPNs grown alone 
at day 7 in vitro were 464 f 45, 165 f 21, and 6 f 2 pA for 
GABA, glycine, and glutamate, respectively. 

As noted above, SPNs grown alone generally had smaller cell 
bodies, smaller cell capacitance, and fewer major processes than 
SPNs in mixed spinal-cord cell cultures. Might the lower re- 
sponsiveness of sorted SPNs grown alone in culture be attrib- 
utable solely to their smaller size? By this hypothesis, neuro- 
transmitter responsiveness would be regulated by cell-cell 
interactions (because we showed above that such interactions 
regulate cell size), but the effects on neurotransmitter respon- 
siveness would be secondary. When mean peak currents were 
normalized by capacitance (as a measure of cell-surface area), 
the normalized GABA and glycine currents in sorted cells were 
not significantly different from those of control SPNs in mixed 
spinal-cord cell cultures (p > 0.05), but normalized glutamate 
currents in sorted cells remained 30-fold smaller than normal- 
ized currents in control SPNs (p < 0.0001). These data raise 
the possibility that GABA and glycine responsiveness is regu- 
lated by cell size, but rule out this possibility for glutamate 
responsiveness. However, neurotransmitter responsiveness bore 
little correlation with cell size (Fig. 4). Both large cells with small 
currents and small cells with large currents were present under 
all conditions. Below, we present additional information that 
indicates that the responsiveness of SPNs to GABA and glycine 
were regulated independently of cell size. 

The data presented in Tables 1 and 2 also illustrate an inter- 
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Figure 3. Morphology of preganglionic neurons under different culture 
conditions. Preganglionic neurons were identified in cultures based on 
their di1 fluorescence. The patch pipettes used for recording from these 
cells were filled with standard internal recording solution to which 6- 
carboxyfluorescein (0.5%) was added. During recording, the internal 
solution with the fluorescent dye perfused the cells, diffusing into the 
cell body and proximal processes. Carboxyfluorescein-filled cells were 
used for counts of major processes. A, SPN in a culture of mixed spinal- 
cord cells. B, SPN in a culture containing sorted SPNs and non-neuronal 
cells. C, SPN in a culture containing SPNs and interneurons 
(ARA-A treated). Scale bar, 50 pm. 

esting anomaly. Table 1 presents mean cell capacitance for con- 
trol and sorted cells, while Table 2 presents the mean currents 
and normalized mean currents for transmitter-evoked currents. 
Because normalized current for each cell was calculated by di- 
viding its current by its capacitance, it was quite surprising that 
dividing the mean currents in the top of Table 2 by the mean 
capacitances given in Table 1 does not produce numbers equal 
to the mean normalized currents shown in the bottom of Table 
2. One possible explanation of this anomaly was that the ca- 
pacitance of cells responsive to glutamate was different from 
that of cells responsive to GABA and glycine. Indeed, the result 

20 40 60 80 100 120 

Capacitance (pF) 

E 2 -1000 - 

2 -750 - 

i !  
'B -500 - 
_x 
m 
Y -250 - 

$ 
a 0-L 

aD 

I 

-750 

-500 

-250 

0 

0 20 40 60 80 100 120 

Capacitance (pF) 

0 20 40 60 80 100 120 

Capacitance (pF) 

Figure 4. Responses of SPNs to GABA, glycine, and glutamate were 
not highly correlated with cell capacitance. Each point in these scatter 
plots is data for an individual cell. There was no obvious relationship 
between the capacitance and the response of the cells to any of the 
transmitters. Regression analysis confirmed the lack of a linear rela- 
tionship. The coefficients of determination (r*) for correlation between 
capacitance and peak response to each of the transmitters were all less 
than 0.2. These data were taken from SPNs at day 7 in vitro, but a 
similar lack of correlation was found at all ages studied and for all 
experimental treatments. 

obtained by dividing the mean current by the normalized cur- 
rent for the data from each transmitter is very suggestive of this 
possibility. However, this was not the case. The mean and SE 
of the capacitances for the cells tested with GABA, glycine, and 
glutamate were 28.8 + 1.4, 31.0 + 1.6, and 32.9 + 1.8 pF, 
respectively, for control cells and 16.5 + 1.3, 16.9 + 1.3, 17.0 
-I 1.3 pF for sorted cells, respectively, not at all the results 
suggested by the division. Why, then, does the seemingly simple 
exercise in division give misleading information? The expla- 
nation is that the distributions of transmitter responsiveness are 
skewed, rather than normal. The consequence of this skewing 
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Table 2. GABA, glycine, and glutamate currents in cultures of SPNs 
alone and in control cultures 

SPNs alone Control SPNs 

Mean & SEM N Mean + SEM N 

Mean peak current (PA) 
GABA 464 f  45* 13 756 k 36 201 
Glycine 165 + 21* 69 335 k 25 168 
Glutamate 6.1 + 1.8* 70 277 k 19 173 

Normalized peak current (pA/pF) 
GABA 35.4 + 5.1 73 34.6 + 2.2 201 
Glycine 12.2 + 1.7 69 14.9 + 1.3 168 
Glutamate 0.29 k 0.08* IO 10.0 +- 0.74 173 

Mean GABA, glycine, and glutamate currents were recorded in control SPNs and 
sorted SPNs grown alone in culture. All measurements were. taken at day 7 in 
vitro. SPN-alone data were taken from 6 separate platings; control data were from 
more than 10 platings. Normalized currents were obtained by dividing the peak 
current response for each cell by the measured capacitance of that cell, then taking 
the mean of the data for all cells. Because capacitance is proportional to surface 
area, the normalized currents indicate current density. 
*, Significantly different from control SPNs 0, < 0.00 1). All other values were not 
significantly different from control (I, > 0.05). 

is that the small cells with large currents have a different weight 
in the calculation of the mean normalized current than they do 
in the calculation of the (mean current)/(mean capacitance). 
Because the data on normalized currents are potentially mis- 
leading, and because cell size was not a good predictor of the 
amplitude of responses, we present the rest of our data as peak 
currents, rather than normalized currents. 

The sorting process itself was not responsible for the failure 
of neurotransmitter responsiveness to increase in SPNs grown 
alone (Fig. 5). By day 7 in vitro, sorted cells in SPN-CONT 
cultures had mean peak current responses to each neurotrans- 
mitter that were equal to or larger than those of SPNs from 
mixed spinal-cord cell cultures. In fact, the peak glycine currents 
recorded from SPNs in SPN-CONT cultures were actually larger 
than those of SPNs in control cultures @ < 0.001). We do not 
understand the significance, if any, of the increase in the re- 
sponsiveness of SPNs in these cultures to glycine. Regardless of 
this unexpected result, the results indicate that the sorting pro- 
cess itself was not responsible for the decreased neurotransmitter 
responsiveness of sorted SPN grown alone in culture. 

Regulation of GABA, glycine, and glutamate responsiveness by 
non-neuronal cells and interneurons 

The observations on sorted SPNs grown alone indicated that 
both cell size and the responsiveness of SPNs to neurotrans- 
mitters were regulated by cell-cell interactions. To determine 
which of the 2 cell types, interneurons or non-neuronal cells, 
was responsible for these regulatory effects, we measured the 
cell size (Table 1) and the GABA, glycine, and glutamate re- 
sponsiveness (Fig. 5) of SPNs grown with either interneurons 
only or with non-neuronal cells only. When SPNs were grown 
in culture with only non-neuronal cells, GABA currents re- 

Figure 5. Mean peak currents in preganglionic neurons under various 
culture conditions: peak current responses of SPNs to 500-msec puffer 
applications of 100 PM GABA, 250 PM glycine, and 50 PM glutamate 
under various cultures conditions at 7 days in vitro. CONTROL, mixed 
spinal-cord cell cultures; SORT-CNT, sorted SPNs plated with unla- 
beled spinal cord cells; SPN ALONE, sorted SPNs grown alone; SPN- 
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SPN-ZNT, SPNs and intemeurons only (non-neuronal cells eliminated 
with ARA-A). The ordinate represents the mean peak current measured 
in 75 or more cell from at least 3 platings for each condition. Error bars 
represent SEM. Values with an asterisk were significantly different from 
control (p < O.OOS), while values with a # were significantly different 
from SPNs alone (p < 0.005). All other comparisons were insignificant 

NNC, sorted SPNs plated on a confluent layer of non-neuronal cells; @ > 0.05). 
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mained significantly lower than those of SPNs in mixed spinal- 
cord cell cultures (p < 0.000 1). Mean peak GABA current under 
this experimental condition, in fact, was not significantly dif- 
ferent from those of sorted cells (p > 0.25). The GABA re- 
sponsiveness of SPNs grown in culture with only inter-neurons 
was also lower than that of SPNs grown in control cultures (p 
< O.OOl), but the responsiveness of these cells was slightly el- 
evated above SPNs grown alone (p < 0.02). Glutamate currents 
in SPNs grown with either non-neuronal cells or interneurons 
alone were much smaller than glutamate currents in control 
cultures (p < 0.0001). In addition, the mean peak glutamate 
currents in SPNs in culture with either non-neuronal cells or 
interneurons were significantly larger than in SPNs in cultures 
of sorted SPNs alone (p < 0.0001). In contrast to both GABA 
and glutamate, the peak current responses to glycine of SPNs 
grown either with only non-neuronal cells or with only inter- 
neurons were not significantly different from those of SPNs in 
mixed spinal cord cell cultures (p > 0.3). Thus, the cellular 
interactions that regulate responsiveness to these 3 transmitters 
appear to differ. 

These data also provide additional evidence against the earlier 
suggestion that the changes in responsiveness to GABA and 
glycine seen in sorted SPNs might be attributable exclusively 
to changes in cell morphology. The peak GABA currents of 
SPNs in SPN-NNC cultures were equivalent to those of SPNs 
in cultures with only sorted cells (both were equally low). These 
SPNs, however, had morphological characteristics that did not 
differ from controls. Thus, the presence of non-neuronal cells 
could induce normal morphological characteristics but could 
not induce GABA responsiveness. We conclude that the re- 
sponsiveness of SPNs to GABA is not determined primarily by 
cell size, but rather, by interactions with other cells. Similar 
considerations indicate that glycine responsiveness is also not 
regulated primarily by cell size. SPNs in SPN-INT cultures were 
smaller than normal, and yet, they had glycine responsiveness 
that was indistinguishable from that of control SPNs in mixed 
spinal-cord cell cultures. In conclusion, while the morphological 
characteristics of SPNs were regulated by non-neuronal cells, 
the responsiveness of SPNs to all 3 amino acid neurotransmit- 
ters was regulated by interactions with both non-neuronal cells 
and interneurons. 

Responses of SPNs to GABA, glycine, and glutamate are not 
regulated by sympathetic ganglion cells 
Neurotransmitter receptors on some peripheral ganglion cells 
are known to be regulated by target cells as well as by afferent 
input (Jacob and Berg, 1987). We wondered, therefore, whether 
the presence of target sympathetic ganglion cells might affect 
the responsiveness of SPNs in culture to the 3 amino acid trans- 
mitters. We studied the responsiveness of labeled SPNs from 
mixed spinal-cord cell cultures that were cocultured with sym- 
pathetic ganglion cells at a ratio of 1 SPN per lo-100 ganglion 
cells. The presence of target cells had no significant effect on the 
overall responsiveness (PA) to GABA, glycine, or glutamate 
(GABA-SPN alone: 756 + 36, SPN-SGC: 83 1 + 8 1, p > 0.40; 
glycine-SPN alone: 335 + 25, SPN-SGC: 352 ? 78, p > 0.15; 
glutamate-SPN alone: 277 + 19, SPN-SGC: 264 f 23, p > 
0.20). 

Possible mechanisms of neurotransmitter regulation 
The results of this study so far demonstrate that both intemeu- 
rons and non-neuronal cells regulate the responsiveness of chick 

SPNs to the 3 amino acid neurotransmitters, and that non- 
neuronal cells influence SPN morphology. They do not, how- 
ever, address the question of the mechanisms underlying these 
regulatory interactions. Non-neuronal cells and interneurons 
might affect the neurotransmitter responsiveness of SPNs in a 
number of different ways. It is possible that their effects are 
exerted through the release of soluble factors. Alternatively, it 
is also possible that physical contact between the different cell 
types is required. We performed a series of experiments to test 
whether the cell interactions were mediated by soluble factors, 
or whether direct interaction through cell contact at synaptic or 
nonsynaptic junctions was necessary. 

Tests of the role of soluble factors. One class of soluble factors 
that interneurons are known to release are their neurotrans- 
mitters. We hypothesized that neurotransmitters might regulate 
responsiveness by some process that involves interacting with 
receptors that are already present on the cell surface. To test 
this idea, we added specific receptor antagonists at a concen- 
tration sufficient to completely block the response to a half- 
maximal concentration of each transmitter (100 MM GABA, 250 
PM glycine, 50 I.LM glutamate). The antagonists used were 100 
PM bicuculline (GABA), 1 mM strychnine (glycine), or 1 mM 
kynurenic acid (glutamate). Because interneurons raised the re- 
sponsiveness of SPNs to all 3 transmitters, the prediction was 
that responsiveness should have been lower in the presence of 
antagonists. However, the presence of antagonists did not have 
an effect on the responsiveness of SPNs to any of the neuro- 
transmitters (GABA-control: 756 + 36, bicuculine: 760 f 8 1, 
p > 0.70; glycine-control: 23 1 f 21, strychnine: 308 & 57, p 
> 0.4; glutamate-control: 139 * 11, kynurenic acid: 167 & 
28, p > 0.90). It is not likely, therefore, that the regulatory effect 
of interneurons is due to the release of the neurotransmitters, 
which then act at their receptors. This does not rule out the 
possibility, however, that neurotransmitters may regulate re- 
sponsiveness levels by acting through other binding sites that 
are not blocked by the specific antagonists used. 

To test for unknown soluble factors, we studied the respon- 
siveness of sorted SPNs grown alone in CM (medium condi- 
tioned by mixed spinal-cord cells) for 7 days. The cultures from 
which the CM was collected contained SPNs, interneurons, and 
non-neuronal cells. The mean peak GABA and glycine currents 
(PA) recorded in sorted SPNs grown in CM were not significantly 
different from SPNs grown alone without CM (GABA-SPN 
alone: 464 f 45, SPN alone + CM: 579 -t 97, p > 0.2; glycine- 
SPN alone: 165 f 21, SPN alone + CM: 182 f 42, p > 0.4). 
In contrast, the glutamate responsiveness of sorted cells grown 
in CM showed a modest elevation (SPN alone, 6 f 2; SPN 
alone + CM, 29 f 12; p < 0.02), though the responsiveness 
was still much lower than in control cultures (277 f 19, p -C 
0.000 1). The effect of CM on glutamate responsiveness was quite 
similar to the effect of interneurons alone or non-neuronal cells 
alone on SPNs. These experiments are therefore consistent with 
the possibility that 1 of these cell types might act by a diffusible 
factor. On the other hand, the CM was derived from cultures 
containing both interneurons and non-neuronal cells, yet the 
glutamate responsiveness was much lower than when both cell 
types were present. It thus seems unlikely that soluble factors 
play a dominant role in regulating glutamate responsiveness. In 
summary, neither the appropriate neurotransmitter, acting at 
its normal binding site on a receptor-channel complex, nor CM 
(spinal-cord-conditioned medium) can mimic the stimulation 
that the combination of interneurons and spinal-cord non-neu- 
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ronal cells provide in mixed cultures. An appealing explanation 
for these results is that cell-cell contact is needed for some of 
the regulatory effect of inter-neurons and non-neuronal cells. 
However, it remains possible that soluble factors are responsible 
for the regulation of neurotransmitter responsiveness, but that 
the factors are supplied locally in a concentrated form or are 
rapidly degraded, so that CM does not supply a high enough 
concentration of the factor to be effective. Both of these alter- 
natives would require the cells producing the regulatory factor 
to be in close apposition to the responsive cell in order to avoid 
dilution or degradation of the active substance. 

Tests of the role of activity. An alternative to a freely soluble 
factor is that properties inherent to the contact between SPNs 
and other cells regulate neurotransmitter responsiveness. Cell 
density under all culture conditions was high, so each SPN was 
most likely to contact several other cells. In the case of SPN- 
INT interactions, it is possible that cell contact had an inductive 
effect because of the formation of functional synapses with at- 
tendant alterations in spike activity. Because we have already 
shown that non-neuronal cells can also regulate SPN respon- 
siveness to GABA, glycine, and glutamate, we already know 
that regulation cannot be exclusively dependent on synaptic 
actions. We tested the effects of spike activity on the respon- 
siveness of SPNs to GABA, glycine, and glutamate by growing 
SPNs in mixed spinal-cord cell cultures in the presence of 500 
nM TTX (Fig. 6). This concentration of TTX was sufficient to 
block all spike activity in SPNs and in any interneurons pre- 
synaptic to them. The amplitude of the GABA and glycine 
responses of SPNs in mixed cultures to which TTX was added 
were significantly larger than those of SPNs in control cultures 
(p < 0.001). In contrast to the effect of TTX treatment on 
responses to GABA and glycine, the glutamate responsiveness 
of TTX-treated SPNs was not significantly different from the 
responsiveness of SPNs in control cultures (p > 0.60). Spike 
activity, therefore, may regulate the responsiveness of SPNs to 
GABA and glycine. It does not, however, appear to affect the 
responsiveness of SPNs to glutamate. 

Tests of the cellular speciJicity of induction of transmitter re- 
sponsiveness. If contact between cells is necessary for the reg- 
ulation of neurotransmitter receptors, as the results of the ex- 
periments with neurotransmitter antagonists and CM suggest, 
then it raises the question of how specific the cell interaction 
must be. For instance, is each type of receptor regulated by all 
afferents that use the matching transmitter? The spinal cord 
contains interneurons that store and apparently release gluta- 
mate; some of these are thought to synapse on SPNs. Some 
DRG cells also store and release glutamate (Fagg and Foster, 
1983) and it is probable that some of these also project to SPNs. 
We wondered, therefore, whether DRG cells would be able to 
regulate glutamate responsiveness in a manner similar to spinal- 
cord interneurons. 

By day 5 in vitro, the glutamate responsiveness of the SPNs 
in SPN-DRG cocultures was significantly higher than the glu- 
tamate responsiveness of SPNs in cultures of SPNs alone (p < 
0.0001; Fig. 7). However, responsiveness to glutamate in SPN- 
DRG cultures remained much lower than that in control SPNs 
(p < 0.0001). This result is qualitatively similar to what is seen 
when SPNs are grown in culture with only interneurons. One 
interpretation of these results is that glutamate responsiveness 
can be regulated by the presence of glutamate-containing cells 
other than interneurons. As shown above, glutamate itself is not 
likely to regulate glutamate responsiveness; therefore, some oth- 
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Figure 6. GABA, glycine, and glutamate currents of SPNs in TTX- 
treated spinal- cord cell cultures. Responses to 500-msec puffer appli- 
cations of 100 PM GABA, 250 PM glycine, and 50 PM glutamate were 
measured in SPNs in mixed spinal-cord cell cultures grown in normal 
neuron medium (control) or grown in neuron medium to which 500 nr.4 
TTX had been added. Peak current was measured in 70 or more TTX- 
treated cells from 4 separate platings and from more than 150 control 
cells from more than 10 platings. Error bars represent SEM. Mean peak 
glutamate currents in TTX-treated cells were not significantly different 
from controls (p > 0.60). Mean peak GABA and glycine currents in 
TTX-treated cultures were significantly (asterisk) larger than mean peak 
currents in control cultures (p < 0.005). 

er factor common to glutamate-containing cells would be re- 
sponsible for the regulatory effect. The glutamate responsiveness 
of SPNs in SPN-DRG cultures was actually higher than the 
responsiveness of SPNs in cocultures of SPN and intemeurons 
(p < 0.0001). There are several reasons why this may have 
occurred. DRG cells were plated at very high density in these 
cultures (8.0 x lo4 DRGs). Although we did not determine how 
many glutamatergic neurons were present, it is probable that 
the number of glutamatergic intemeurons in spinal-cord cul- 
tures is much lower than the number of glutamatergic DRG 
cells in these cultures. The higher glutamate responsiveness of 
SPNs in SPN-DRG cultures, then, might be due to more con- 
tacts between SPNs and glutamate-containing terminals. 

A second observation, however, calls this idea into question. 
The glycine responsiveness of sorted SPNs grown with DRG 
cells was increased above that found on sorted cells grown alone 
(p < 0.0005). In fact, the glycine responsiveness of these cells 
was not significantly different from that of SPNs grown in con- 
trol cultures 0, > 0.05). Glycine is not thought to be one of the 
neurotransmitters used by DRG cells. Because something in the 
DRG cell cultures other than glycinergic neurons seems to in- 
duce glycine responsiveness, it also seems possible that some- 
thing other than glutamatergic neurons may be responsible for 
the induction of glutamate responsiveness. A likely alternative 
is that non-neuronal cells of the DRG are responsible for both 
inductive effects. 

Discussion 

We have used a population of identified CNS neurons to address 
several fundamental questions concerning the regulation of neu- 
rotransmitter receptors in the CNS. We found that (1) the levels 
of responsiveness of cultured SPNs to the amino acid neuro- 
transmitters GABA, glycine, and glutamate are regulated by 
interactions with other cell types rather than by intrinsic mech- 
anisms, (2) cell size does not determine the level of responsive- 
ness of SPNs to GABA, glycine, or glutamate, (3) the presence 
of both intemeurons and non-neuronal cells is required for the 
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Figure 7. Effect of DRG neurons: peak current responses to 100 PM 

GABA, 250 PM glycine, and 50 PM glutamate of SPNs in cultures of 
sorted SPNs cocultured with DRG cells (SPN-DRG), in cultures of 
sorted SPNs alone (SPNALONE), in cultures of SPNs with interneurons 

expression of normal levels of GABA and glutamate respon- 
siveness, (4) the presence of either interneurons or non-neuronal 
cells is sufficient to maintain normal glycine responsiveness, and 
(5) the addition of target cells to mixed spinal-cord cell cultures 
does not affect the responsiveness of SPNs to any of the amino 
acid neurotransmitters. 

Each neurotransmitter receptor was regulated in a different 
manner by these cell interactions. Both cell types were needed 
for the expression of control levels of glutamate and GABA 
responsiveness by SPNs, whereas the presence of either alone 
was sufficient for the normal expression of glycine responsive- 
ness. The regulation of GABA and glutamate responsiveness by 
non-neuronal cells and inter-neurons also differed. The biggest 
difference was the magnitude of the change in responses when 
both interneurons and non-neuronal cells were absent. GABA 
responses were about 60% of control values in SPN-alone cul- 
tures, while glutamate responses were only 2% of control values 
in SPN-alone cultures. Furthermore, the addition of either non- 
neuronal cells or interneurons resulted in glutamate currents 
that were significantly larger than those of SPNs in SPN-alone 
cultures. GABA currents, on the other hand, were elevated slightly 
by the presence of intemeurons alone, but not at all by the 
presence of non-neuronal cells alone. 

The smaller GABA, glycine, and glutamate currents in SPNs 
in cultures of sorted cells alone could be explained in a number 
of different ways. One appealing explanation is that there are 
simply fewer neurotransmitter receptors on the surface of sorted 
SPNs. However, the changes in mean peak currents might also 
be due to (1) a change in the affinity of the agonists for their 
receptors, (2) a change in the reversal potential of receptor- 
associated channels, or (3) a change in the mean open time or 
unitary conductance of individual channels. Of these 3 alter- 
native explanations to a change in receptor number, the change 
that has been seen quite often for other receptors is a change in 
single-channel properties. No single-channel recording was per- 
formed in these experiments because the whole-cell currents in 
sorted cells were so small that it was clear that most patches 
would not contain any receptors. Therefore, it would be ex- 
tremely difficult to gather sufficient data to test this possibility. 
However, in a number of different preparations, glutamate chan- 
nels exhibit conductance substates that vary between 6 and 50 
pS (O’Brien and Fischbach, 1986b; Cull-Candy and Usowicz, 
1987, 1989; Jahr and Stevens, 1987; Vlachova et al., 1987). 
GABA-channel conductances exhibit substates that vary be- 
tween 8 and 44 pS (Choi and Fischbach, 1981; Bormann et al., 
1987; Levitan et al., 1988; Weiss et al., 1988; Cull-Candy and 
Usowicz, 1989; Smith et al., 1989) and glycine channels exhibit 
conductance substates between 17 and 32 pS (Bormann et al., 

t 

alone (SPN-ZNT), and in mixed spinal-cord cell cultures (CONTROL). 
All data were collected from cells that had been in culture for 5 d. SPN- 
DRG data were collected from 56 cells for GABA, 55 cells for glycine, 
and 55 cells for glutamate and were from 3 separate platings. SPN-alone 
data were taken from 71 cells for GABA, 65 cells for glycine, and 60 
cells for glutamate and were from 6 separate platings. SPN-ZNT data 
were collected from 100 cells for GABA, 100 cells for glycine, and 93 
cells for glutamate and were from 4 separate platings. Controldata were 
collected from 330 cells for GABA control, 257 cells for glycine control, 
and 279 cells for glutamate control. Error bars represent SEM. Mean 
peak current values that were significantly different from their values 
in coculture with DRG cells (p < 0.005) are marked with an asterisk. 
The values without asterisks did not differ significantly (p > 0.05). 
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1987; Smith et al., 1989). The mean open times of the different 
conductance states also vary. Therefore, it is quite possible that 
some portion of the changes in mean peak current that were 
seen in SPNs alone could be accounted for by changes in single- 
channel properties. 

Although we were able to culture SPNs from relatively young 
embryos, we were not able to obtain SPNs before they had any 
interaction with target cells, intrasegmental afferents, and non- 
neuronal cells. Therefore, we were not able to determine whether 
the initial expression of neurotransmitter receptors on SPNs is 
intrinsically or extrinsically regulated. We could, however, de- 
termine whether the level of responsiveness to various neuro- 
transmitters observed in culture was intrinsically regulated or 
if it depended on interactions with other cells. To ask whether 
receptors are regulated intrinsically or extrinsically in culture, 
one would ideally want to study SPNs either singly in culture 
or at densities low enough to make them nominally alone in 
culture. We were not able to do this with SPNs because SPNs 
do not survive for longer than 24 hr in culture at low density. 
We could, however, separate SPNs from other cell types and 
study them in homotypic cultures at a standard density. The 
observation that homotypic cultures of SPNs without other cell 
types had low responsiveness to GABA, glycine, and glutamate 
shows not only that the receptors for these neurotransmitters 
are not intrinsically regulated, but also that they are not regu- 
lated by interactions with other SPNs because the sorted SPNs 
grown alone were plated at a density that was sufficient to allow 
adjacent SPNs to contact each other. 

The responsiveness of SPNs to the 3 amino acid neurotrans- 
mitters was regulated by both non-neuronal cells and interneu- 
rons, but not by target cells. The regulation of receptors on these 
CNS cells, therefore, differs strikingly in this regard from the 
regulation of ACh receptors on some peripheral ganglion cells 
whose target cells have a large effect (Jacob and Berg, 1987). 
Because both non-neuronal cells and interneurons are required 
to obtain control levels of responsiveness to GABA and gluta- 
mate, it appears that some interaction of all 3 cell types (SPNs, 
interneurons, and non-neuronal cells) is needed for normal lev- 
els of responsiveness to GABA and glutamate. In the case of 
glutamate, the effect appeared to be synergistic in that the pres- 
ence of both non-neuronal cells and interneurons produced re- 
sponses that were much larger than the sum of the increases 
seen when either non-neuronal cells alone or intemeurons alone 
were added to SPNs. There are precedents for synergism in 
trophic effects and in the regulation of neurotransmitters and 
their synthesizing enzymes. For example, afferent and target 
cells act synergistically to support the survival of cultured em- 
bryonic spinal motor neurons (Dohrmann et al., 1987), and both 
target and non-neuronal cells are important in the survival of 
retinal ganglion cells (Armson et al., 1987). The interaction 
between intemeurons and non-neuronal cells in the regulation 
of responsiveness to GABA and glutamate by SPNs might be 
due to selective survival of interneurons. It is possible that 
GABA- and glutamate-releasing intemeurons are necessary for 
normal levels of responsiveness to these neurotransmitters, and 
that non-neuronal cells are needed for the survival of the in- 
temeurons that release these 2 neurotransmitters. These cells 
would be selectively eliminated in cultures containing only SPNs 
and interneurons. A second possible explanation for the inter- 
action between intemeurons and non-neuronal cells in their 
effects on the responsiveness of SPNs to GABA and glutamate 
is suggested by the morphological changes that occur when non- 

neuronal cells are present. SPNs grown with non-neuronal cells 
have much more extensive dendritic trees than SPNs grown 
only with interneurons. Presumably, intemeurons growing in 
cocultures that have non-neuronal cells present have a much 
greater probability of contacting SPNs. Thus, the neuronal com- 
ponent of induction of transmitter responsiveness would be ex- 
pected to be enhanced in these cultures. 

Our results are similar in many ways to those obtained by 
O’Brien and Fischbach (1986~) for sorted versus unsorted motor 
neurons from embryonic chick spinal cords. They found that 
glutamate responsiveness in sorted cells was about 50% of that 
found in cultures containing motor neurons, intemeurons, and 
non-neuronal cells. The GABA and glycine sensitivities of sort- 
ed cells in this case, however, were normal. One possible dif- 
ference between the culture conditions used by these investi- 
gators and those used here that may account for some of the 
differences between the results is that all of their cultures, in- 
cluding those of sorted cells, were necessarily grown in coculture 
with myotubes because motor-neuron survival is dependent on 
the presence of target cells. 

In addition to changes in responsiveness to the amino acid 
neurotransmitters, we also noted a change in morphology in 
SPNs grown alone. Cell-body size, cell-surface area, and the 
number of major processes were all significantly different from 
SPNs in mixed spinal-cord cell cultures. These changes are at- 
tributable to the absence of non-neuronal cells. There are many 
examples of the dependence of neurons on non-neuronal cells 
for normal morphology. Although intrinsic factors appear to 
play an important role in the determination of neuronal mor- 
phology (Banker and Cowan, 1979), the presence of glial cells 
has been found to be important for the final determination of 
neuronal form. Sympathetic ganglion cells in culture require the 
presence of Schwann cells for the development of a dendritic 
tree comparable to that seen in vivo (Johnson et al., 1989). The 
requirement for non-neuronal cells may even be region specific, 
because it has been suggested that striatal and mesencephalic 
neurons in culture have a more elaborate dendritic morphology 
when they are plated on non-neuronal cells from their own part 
of the brain (Denis Domini et al., 1984; Chamak et al., 1987). 
The presence of target cells and afferents has also been dem- 
onstrated to influence dendritic morphology (Caviness and Ra- 
kit, 1978; Stanfield and Cowan, 1979; Berry, 1982). 

We undertook these experiments with the idea that the reg- 
ulation of transmitter receptors would most likely be very closely 
related to the formation of functional synapses. Our results sug- 
gest that the situation is not nearly this simple. This was first 
suggested by the observation reported in the preceding paper 
(Clendening and Hume, 1990) that the level of responsiveness 
of SPNs to neurotransmitters is not closely correlated with the 
presence or absence ofdemonstrable synaptic inputs. The results 
in this paper further emphasize the complexity of receptor reg- 
ulation. First SPNs in SPN-alone cultures maintained their re- 
sponsiveness to GABA and glycine at about the level they had 
when they were placed into culture. Thus, presynaptic partners 
are not necessary for continued low-level expression of respon- 
siveness to these 2 neurotransmitters. Second, and more dra- 
matic, glycine responsiveness could rise to control levels in the 
absence of any presynaptic neurons, as long as the appropriate 
non-neuronal cells were present. Nonetheless, our experiments 
demonstrate that, under appropriate conditions, spinal inter- 
neurons can have a powerful inductive effect on neurotrans- 
mitter responsiveness. Although all changes in neurotransmitter 
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responsiveness cannot be related exclusively to synapse for- 
mation, it still seems likely that the formation of synapses play 
a major role. 

by excitatory and inhibitory amino acids in large cerebellar neurons 
of the rat. J Physiol (Lond) 415533-553. 

Davis MR, Constantine-Paton M, Schorr D (1983) Dorsal root gan- 
glion removal in Rana pipiens produces fewer motoneurons. Brain 
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