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Cultured neurons require specific trophic agents in order to
survive. This dependence
is thought to resemble
the neuron-target
interdependence
that develops
in vivo during
synaptogenesis
and neuronal
cell death. The notion that
neurons in general derive trophic support from their synaptic
targets is based primarily on studies of peripheral
neurons
and motor neurons. To assess the general applicability
of
this nerve-target
relationship,
we tested the ability of vascular smooth muscle (VSM) to support dissociated
neurons
from the chick ciliary ganglion. The ciliary ganglion contains
2 distinct
neuronal
populations,
one of which innervates
striated muscle, the other VSM. Striated muscle cocultures
are known to support all of the neurons in the ganglion
for
extended
periods. Dissociated
neurons were therefore
cocultured in microwells
containing
VSM derived from the rat
or chick aorta and from the choroid coat of the chick eye.
Surviving neurons were counted after 1,2,5, and 7 d. Striated
muscle is able to support full neuronal survival in the same
assay. However, in no case was VSM capable of contributing
to neuronal survival in vitro. The neurons in the VSM cocultures were able to form neurites and make contacts
with
their putative targets, as confirmed by scanning electron and
light microscopy.
The presence
of viable and differentiated
smooth muscle cells was demonstrated
in the cultures by
transmission
electron
microscopy
and analysis of smooth
muscle a-actin. The failure of VSM and even the choroid
target tissue to support the survival of their innervating
neurons suggests that novel mechanisms
may operate to provide trophic support for neurons innervating
VSM targets.

Neurons, especially peripheral neurons, embark upon a longterm symbiotic relationship with their targetsat specific points
in embryological development. This interdependenceoften begins during the period of normal neuronal cell death (Oppenheim, 1981; Purves and Lichtman, 1985). In the avian ciliary
ganglion, neuronal death takes place between embryonic days
9 and 13, correspondingto Hamburger and Hamilton’s (195 1)
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stages35-39 (Landmesserand Pilar, 1974b). Approximately
half of the ganglionic neurons degenerate,leaving some 3200
viable cells to function in the mature animal (Landmesserand
Pilar, 1974b). The concept of a symbiotic relationship between
a nerve and its synaptic partner derives, in part, from experimental manipulations affecting this developmental episode.Excisingthe optic vesicle betweenstages16and 20, thus removing
the peripheral innervation targets of the neurons, exacerbates
neuronal death suchthat few neuronssurvive (Landmesserand
Pilar, 1974a). However, neuronal cytological development is
normal prior to the onset of cell death in the target-deprived
ganglia(Pilar and Landmesser,1976). Enlargementof the target
via an implant increasesthe number of surviving neurons(Narayanan and Narayanan, 1978). Neuronal survival is also enhanced following reduction of interneuronal competition. This
can be done by partial ablation of the neuronal population via
selective axotomy-induced cell death (Pilar et al., 1980). The
direct proportionality betweenneuronalsurvival and the amount
of target available to eachneuron suggests
dependenceupon the
target, perhaps for the supply of trophic survival-supporting
material (Oppenheim, 1981; Purves and Lichtman, 1985).The
temporal coincidenceof synaptogenesis
with developmentalcell
death of motor neurons suggestsa role for synapseformation
or someother related interaction in the initiation and regulation
of this nerve-target dependence.Selective accessto trophic material, rather than synapseformation, may regulate survival of
sensoryneurons (Hamburger et al., 1981).
Activity through newly formed or forming synaptic pathways
also affects neuronal cell death. Blockade of neuromuscular
transmissionwith any one of several drugs prevents or delays
the normal lossof neuronsin the ventral motor column (Pittman
and Oppenheim, 1978, 1979; Olek, 1980) and the trochlear
nucleus(Creazzo and Sohal, 1979). Chronic stimulation acceleratesthe processand causesexcessivecell death (Oppenheim
and Nufiez, 1982).Activity may also regulateneuronal survival
in the ciliary ganglion(Meriney et al., 1985, 1987).Preganglionic
neurons of the ciliary ganglion (Wright, 1981; Meriney et al.,
1987)and afferent nerves that synapseon spinalmotor neurons
(Okado and Oppenheim, 1984)alsoaffect the cell death process,
although their role is presumedto be more subtle and complex.
These results implicate synaptogenesisand the signal traffic
through the embryonic synapsesas elementsin motor neuron
nerve-target symbiosis. For both motor and sensoryneurons,
survival is regulated by interaction with extrinsic factors associated with the target tissue.
Cell culture has proven to be a valuable tool in the investigation of nerve-target interdependence. Neurites have been
shown to induce the formation of membranepatchesof muscle
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acetylcholine receptors (Fischbach et al., 1984). Newly inserted
receptors are apparently directed to the sites of nerve-muscle
contact (Role et al., 1985). Contact with the muscle influences
neuronal receptor metabolism (Crean et al., 1982; Tuttle, 1983)
and neuronal transmitter synthesis (Tuttle et al., 1983; Gray
and Tuttle, 1987). These in vitro studiessupport the notion that
neuron-target interactions are developmentally important. Furthermore, they establishcell culture asa meansfor investigating
such issues.Both in vivo and in vitro studies suggestthat the
interaction between peripheral neurons and their target cells
regulatessurvival and subsequentdevelopment via trophic exchange.
The avian ciliary ganglion consistsof 2 neuronal populations
that innervate distinct targets (Marwitt et al., 1971). The ciliary
neuronscontact the ciliary body and the iris, both striated muscle in the chick. The choroid neurons innervate the smooth
muscle of the vesselsin the choroid coat. Meriney and Pilar
(1987) describe the morphology of the choroid and the pharmacology of the innervation of its vessels.The choroid is a
vascularplexus with largelacunae.In the bird, with an avascular
retina, the innermost choroid vesselscomprising the choriocapillaris supply nourishment and oxygen to the retinal layers.
The choroid is also thought to be involved in regulating the
transretinal potential and intraocular pressure.Sincethe choroid
nerves participate in the regulation of the ocular microcirculation, this innervation may contribute to the various functional
roles of the choroid. Relatively little is known concerning the
trophic traffic and interdependenceof neuron-smooth muscle
pairs, and almost nothing is known of how theseaffect the status
of the vesselsand the function of both the muscle and the
innervating neurons.
Dependence of choroidal neurons on their target was first
demonstratedby the target ablation experimentsof Landmesser
and Pilar (1974a). However, Meriney and Pilar (1987) report
that, in contrast to the casewith ciliary neurons, transmission
at the peripheraljunctions of choroidal cellsdoesnot beginuntil
after cell death hasbegun. Furthermore, neuromuscularblockade doesnot influence cell death in the choroid neuronsof the
ganglion, while blockade reducesthe death of ciliary neurons
(Meriney et al., 1987). Different regulatory mechanismsappear
to be involved during cell death in 2 neuronal populations of
the sameganglion. This study examines the matter further by
assessing
the ability of cultured vascular smooth muscle(VSM)
cells and cultured choroidal tissue to promote survival of dissociated ciliary ganglion neurons. The experiments are a direct
test of target dependency in the neuron-smooth muscle relationship. The resultsindicate that the sourceof trophic support
from the choroidal target is obscure, and that the role of the
target muscle in the processof regulated cell death is unclear.
Some of this work has appearedpreviously in abstract form
(Creedon and Tuttle, 1986).
Materials and Methods
Cell cultures. Ciliary ganglia were isolated and cultured as previously
described (Tuttle et al., 1980; Gray and Tuttle, 1987). The ganglia were
removed by microdissection from chick embryos incubated for 9-10 d,
Hamburger and Hamilton (195 1) stage 35-36, and placed in sterile,
modified Tyrode’s saline (in mM: 130 NaCl, 3 KCl, 20 NaHCO,, 4
CaCl,, 1 MgCl,, 12 glucose, 10 HEPES, and 0.5% antibiotic-antimycotic
mix; Gibco Laboratories, Grand Island, NY). After all of the ganglia
had been dissected, they were transferred to a 0.08% solution of trypsin
(Sigma Chemical Co., St. Louis, MO) in Ca*+- and Mg2+-free (CMF)
Tyrode’s and incubated for 10 min at 36°C. The trypsin solution was
then replaced with standard medium, consisting of Eagle’s MEM (Gibco)
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supplemented with 10% (vol/vol) heat-inactivated horse serum (Gibco),
1% MEM amino acid mix (Gibco), concentrated 50 times, 1% MEM
vitamin mix (Gibco), and 0.5% concentrated 100 times, antibioticantimycotic mix (Gibco), concentrated 100 times. The ganglia were
triturated with a fire-polished Pasteur pipette to obtain ~a single-cell
susvension and mated into 24-well _
vlates (Linbro.
McLean. VA). Each
.
microwell had been coated with collagen by adding and then aspirating
a rat tail tendon solution (acid-soluble extract, dialyzed 24 hr). The
collagen was dried under ammonia vapor and sterilized overnight with
UV radiation. For coculture experiments, pectoral muscle, smooth muscle, or tissue from the choroid was plated (see below) onto the collagen
before the neurons were added. Each 16 mm microwell received the
dissociate of 2 ganglia in a final volume of 0.75 ml of standard medium.
The coculture experiments required tissue from several different
sources. VSM cells were derived from thoracic aorta of either the rat
(RVSM) or the chicken (CVSM). The cultures were established according to the procedures of Owens et al. (1986). The RVSM cultures were
initiated and maintained by the Cell Culture Core facility of the program
project, “Fundamental Studies of Vascular Smooth Muscle.” Male
Svraaue-Dawlev rats (Hilltov Lab Animals. Scottdale, PA) were asphyx‘llated with-CO, and their thoracic aortas were excised and placed
in Hanks’ balanced salt solution (HBSS, Gibco). The isolated vessels
were cleared of excess fat and connective tissue via blunt dissection,
cut longitudinally, and incubated in HBSS with 1 mg/ml collagenase
(type II, 158 U/mg; Cooper Biomedical, Freehold, NJ), 0.25 mg/ml
elastase (type I, 3 U/mg; Cooper), 1 mg/ml soybean trypsin inhibitors
(Cooper), penicillin (100 U/ml), and streptomycin (100 &ml) for 1520 min at 36°C. Under a dissecting microscope, the adventitia was
removed and the luminal surface of the aorta was scraped with forceps
to remove endothelial cells. The resulting strips were then minced and
incubated in a fresh enzyme solution for 1.5-2.0 hr, with trituration at
30 min intervals. At the end of the incubation period, the resulting
solution was filtered through an 85 pm stainless steel mesh into 20% fetal
calf serum (FCS; Gibco) to halt the enzyme activity. The cells were
centrifuged (118 gm, 8 min) and resuspended in medium 199 (Gibco)
with 10% FCS and antibiotics. To establish the CVSM cultures. the
same procedure was followed, except that Tyrode’s was used instead of
HBSS and the cells were resuspended in standard medium supplemented
with 5% (vol/vol) chick embryo extract [CEE; prepared according to
Paul (1970) except that Tyrode’s was used instead of HBSS]. Aortas
for the CVSM were taken from 14-17-d-old chickens after they had
been killed by decapitation. Once resuspended in medium, cells for the
RVSM and CVSM cultures were counted with a hemocytometer and
seeded at a density of 1.0-5.0 x lo4 cells/cm.
RVSM cells were maintained in medium-199, supplemented with
10% FBS (Gibco) and antibiotics, in plastic tissue culture dishes (Coming Glass Works, Coming, NY), and harvested for passage when confluent. On the third or fourth passage, 1 week prior to the addition of
neurons, the RVSM was plated into microwells containing standard
medium with 2% CEE. Only primary cultures of the CVSM were used,
and they were established as described above. As the VSM cells from
either source reached confluency, they were maintained in standard
medium lacking CEE. The CEE was removed a minimum of 24 hr
before the neurons were added to the microwells.
Neurons were also cocultured with tissue from the choroid coat of
the eye. The tissue was taken from 16 d chick embryos because the
pigmented epithelium could be readily removed at this age. The embryos
were decapitated and the eyes carefully removed and placed in a dissecting dish with cold Tyrode’s solution. The iris and ciliary body were
excised and, with the lens and vitreous body, discarded. At the choroid
fissure, the 3 layers ofthe eye meld, so this was snipped away to facilitate
removal of the retina. The pigmented epithelium that remained after
lifting the retina was gently scraped off with a pair of forceps. Any
segments
of the choroidwith residual pigmented epithelium were cut
away to avoid contaminating the cultures. The choroid could then easily
be separated from the underlying sclera. After all the desired tissue was
collected, the Tyrode’s was replaced with solution containing 3 mg/ml
collagenase (type IV, Sigma) and the tissue was incubated at 36°C for
l-2 hr. This was followed by a 10 min incubation with 0.08% trypsin
in CMF Tyrode’s. The trypsin was diluted with excess Tyrode’s and,
as described above, the sample was centrifuged, resuspended in standard
medium with 5% CEE, triturated, counted, and plated at a density of
l-2 x lo4 cells/cm.
Survival assay. Neuronal survival was followed for 7 d after the neurons were dissociated and plated. The ability to support neurons was
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neurons with each of these potential target tissues. Pectoral muscle,
which has been shown to support essentially all of the neurons in the
ganglion (Nishi and Berg, 1977) was used as a positive control. The
pectoral muscle was prepared as previously described (Tuttle et al.,
1983). Neurons cultured alone served as the negative control. Six random fields in each microwell were counted using a 20 x objective. These
counts were then used to estimate the total number of cells per well.
Counts were conducted after 1, 2, 5, and 7 d and the microwell totals
were averaged to yield a value for each of the culture conditions. The
results are presented as the mean value + SEM. The results were compared using Student’s t test for differences between means.
Contractileprotein.
Choroid tissue was assayed for actin to verify the
existence of differentiated smooth muscle in these cultures. The resolution of the actin isoforms (a, 0, and -r) was obtained with a modification of the technique of o’Farrell(l975)
for 2-dimensional isoelectric
focusing/sodium dodecvl sulfate (IEFSDS) electronhoresis. as described-by Fatigati and Murphy (1984) and Owens et-al. (1986). After
1 week in culture, a sample of the choroid cells was frozen in an acetonedry ice slurry. Samples were later thawed and resuspended in the IEF
buffer at 103-lo4 cells/PI. After completion of the second dimension,
the gels were stained with Coomassie brilliant blue (Fairbanks et al.,
1971). Fractional isoactin content was determined by scanning the gel
with a pinpoint light source of 525 nm with a Quik Scan Jr. customized
with high-resolution optics (Helana Laboratories, Beaumont, TX), as
described by Fatigati and Murphy (1984). Several passes over the gel
assured that an optimal reading was obtained for each of the isoforms.
The readings were then averaged to determine the relative amount of
each isoform in the sample.
Electron microscopy. Culture samples were prepared for both transmission and scanning electron microscopy. The transmission electron
microscopy was performed with the aid of the Department of Physiology
EM facility. Samples were prepared according to the procedures of Purdy-Ramos and Forbes (1984). Cells were rinsed with HBSS (Gibco) and
fixed using increasing concentrations of glutaraldehyde in HBSS: b.5%
for 10 min at 36°C. 1.0% for 10 min at 36°C. 1.5% for 10 min at 36°C.
and 1.5% for 20 min at 4°C. The dishes were then rinsed twice with
HBSS and postfixed with 1% osmium tetroxide for 60 min at 4°C. For
poststaining, 3% uranyl acetate in 0.09 M Verona1 acetate buffer was
applied for 2 hr at 4°C. The samples were dehydrated in graded ethanol
and embedded with a Poly/Bed 8 12 mixture (Polysciences, Warrington,
PA). Thin sections were viewed with a Zeiss (Thomwood, NY) electron
microscope. Sections for scanning electron microscopy were fixed as
described above, but then dehydrated, critical-point dried, and sputtercoated in the Medical School Central EM facility. Sections were then
viewed on a Jeol (Peabody, MA) scanning electron microscope.
Immunohistochemistry.
Neurons were labeled by indirect immunofluorescence in order to assess the extent of neurite formation in the
mixed cocultures, where direct observation is difficult. Cultures were
established on polystyrene coverslips (collagen-coated) and maintained
in medium supplemented with 5% (vol/vol) CEE. After the appropriate
time in vitro, cultures were fixed at 36°C (20 min) in 3% aldehyde fixative
in PBS (pH 7.4). This was prepared in substantial lots from paraformaldehyde from a lot selected for low-autofluorescent induction and
aliquots stored frozen until use. Following fixation and 2 (5 min) washes
in PBS. the cultures were delinidated bv 5 min in 0.4% Triton X-100
in PBS; and the detergent then removed by repeated washes in PBS.
Nonspecific serum protein interactions were reduced by an incubation
step in 5% BSA (Sigma) in PBS. The primary probe was a monoclonal
antibody directed against a neuron-specific form ofbeta-tubulin (Frankfurter et al., 1986; Lee et al., 1987) that has been found to specifically
and reliably label postmitotic ciliary ganglion neurons. A 30 min incubation in the antitubulin (1:500 in 0.5% BSA in PBS) and washes was
followed by a 60 min incubation in a rhodamine-conjugated
anti-mouse
IgG raised in goat (Hyclone) (1:20 in 0.5% BSA). After a final series of
washes, the coverslips bearing the labeled cultures were inverted and
mounted on slides in 90% glycerol for viewing and photography under
epifluorescence microscopy.

Results
The results of the control conditions for the neuronal survival
assay appear in Figure 1. Within 24 hr, an obvious difference
was evident between the neurons remaining in coculture with
striated muscle and those cultured alone in the trophically
deficient medium, although the wells had been plated with equal

L

2

4

6

days in vitro
Figure I. Control conditions of the neuronal survival assay. Dissociated ciliary ganglion neurons were plated into microwells containing
a trophically deficient medium. Either collagen or live myotubes served
as the substrate. The number of viable cells was counted in 6 random
microscopic fields per well and used to estimate the total number of
cells in the well. Counts were performed on days 1, 2, 5, and 7, and
recorded as the mean total + SEM. All of the neurons plated survived
the full 7 d in the myotube cocultures (open circles, n = 30). The basal
medium alone (closed circles, n = 33) provided essentially no trophic
support and no neuronal survival.
numbers of neurons. The neurons in the trophically
deficient
medium (Fig. 1, filled circles) continued to rapidly disappear,
and few remained after the second day. On the other hand, the
pectoral muscle cultures (Fig. 1, open circles) supported the
neurons for the duration of the study; there was no statistical
difference between the counts on day 1 and day 7 0, > 0.1).
Photomicrographs
of these cultures demonstrate
that, in addition to the numerical differences, morphological
differences were
also apparent (Fig. 2). After 1 d, the neurons in the trophically
deficient medium (Fig. 2~) remained rounded and, for the most
part, devoid of net&es. Conversely, many of the neurons cocultured with straited muscle sent out extensive processes during
the first 24 hr (Fig. 2b). Furthermore,
the neurons tended to lose
their spherical shape as they firmly attached to their substrate.
After a week in coculture (Fig. 2c), the neurons maintained
a
normal appearance, similar to that on the first day. Although
not evident in Figure 2~. the neurons continued to ramify the
neuritic network. The pectoral muscle provided for the survival
of 100% of the neurons plated, while the standard medium was
entirely deficient. These culture conditions
were thus used to
assess the ability of other potential sources of trophic support.
If the existence of a symbiotic relationship
between nerves
and their targets is universal, then VSM would also be expected
to provide trophic support for ciliary ganglion neurons. The
ganglion innervates VSM and removal of the eye exacerbates
cell death (Landmesser
and Pilar, 1974a). However, in the experiments reported here, this was not the case. When neurons
were cocultured with VSM derived from the aorta of either the
rat or the chicken, the neurons died within 5 d (Fig. 3). The
decreased level of support is barely evident 24 hr after the neurons were plated. After 2 d, the number of neurons had dwindled
significantly. After 5 d, the number of neurons surviving in the
cocultures with RVSM and CVSM could not be distinguished
from the negative controls. Phase-contrast
photomicrographs
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days in vitro
Figure 3. Neuronalsurvival assayfor vascularsmoothmuscle(VSM)
cocultures. Dissociated neurons were plated onto a confluent layer of
VSM derived from the aortas of the rat (triangles, n = 22) or the chicken
(squares, n = 6). The shadedregions mark the approximatelevelsof

full survival and minimal survival, asindicatedby the control assay
(Fig. 1).Apparentlymoreneuronssurvivethefirst24hr, but thenumber
of neuronsremainingon day 2 is markedlydifferentfrom that in the

striated cocultures (p < 0.00 1). The number of surviving neurons continued to decline as the experiment progressed.

photomicrographs
of dissociated
ciliary ganFigure 2. Phase-contrast
glionneuronsculturedaloneor coculturedwith striatedmuscle.a, Neuronsculturedaloneafter 24 hr appearroundedand rarelyextendneurites.b, Neuronscoculturedwith striatedmuscle myotubes after 24 hr
take on a more oval shape as they attach to the underlying myotubes.
An extensiveneuriticnetworkhasbegunto form. c, Coculturedneurons

after 7 d in cultureappearno differentfrom thoseat day 1.The extent
of the neuronalprocesses
is not visiblein this photomicrograph.
Bar,
50 pm.

reveal that after 2 d in culture, those neurons cocultured with
either RVSM or CVSM remainedsitting atop the smoothmuscle
layer, with few neurites apparent (Fig. 4, a, b). Neurons seemed
capable of extending neurites, but their extent was typically
obscuredby the underlying musclelayer. Neurons in thesecultures also showedsignsof secureattachment, asmany assumed

a nonspherical morphology. Despite theseearly adaptations to
the coculture, the neuronswere unableto obtain trophic support.
When neuronswere cultured with a monolayer of tissuefrom
the choroid coat of the embryonic chick, the resultswere similar
to those with the other sourcesof VSM. In this case,however,
there was an obvious difference in survival from the skeletal
musclecontrol as early asat 24 hr (Fig. 5). In fact, the number
of neurons wasas low as the number cultured alone (p > 0.1).
The counts on days 2 and 5 were slightly higher than those of
the neurons alone (p < 0.5) but it was clear that if there was
any support, it was minimal. At 24 hr, the neurons appeared
healthy, but were more like those plated directly on collagen
(Fig. 4~). Like the neurons cocultured with the VSM, only an
occasionalneurite wasseen,and its coursewasdifficult to follow
in the phase-contrastimages.
The few neuronsthat remained on day 2 in standardmedium
alone were typically rounded, with few, if any, processes(Fig.
2a). Phase-contrastimagessuggested
that the samewasprobably
true for neurons plated on the smooth muscletargets. Upon a
closer look, however, scanningelectron micrographsindicated
that this wasnot the casefor ciliary ganglionneuronscocultured
with tissuefrom the choroid (Fig. 6). After 1 d, it wasclear that
the neurons were capable of extending neurites and did not
appear grossly different from counterparts on skeletal muscle
(Fig. 6a). This finding was further strengthenedby the photomicrographs of the neurons labeled with the neuron-specific
tubulin antibody (Fig. 7). Again, there was little apparent difference between the neurons plated on choroid (Fig. 7~) and
those plated on pectoral muscle (Fig. 7b). Both displayed a
neuronal network, including potential terminal endingsand contact siteswith the target. In the choroid coculture, this network
is short-lived. Although the choroid tissue does not provide
trophic survival support, it doesprovide a suitable substratefor
the elaboration of neuronal connections. The observation that
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days in vitro
Figure 5. Neuronal survival in choroid tissue cocultures (n = 22). The
survival profile on the choroid cultures parallels that of the negative
control. Counts from the choroid cocultures did not differ from those
on the collagen (p > 0.1). The choroid tissue seems incapable of providing even a minimal amount of trophic support, despite the fact that
the culture is derived from a ganglionic target. Even the short-term
support that may be available in the CVSM and RVSM coculturesis
lacking in the choroid monolayer.

Figure 4. Phase-contrast photomicrographs
of neuron-VSM
cocultures after 24 hr. a, RVSM cocultures. b, CVSM cocultures. c, Choroid
cocultures. The neurons do not appear substantially vastly different from
those plated on collagen in the deficient medium (Fig. 2~). Some of the
neurons do, however, appear to be extending net&es. Bar, 50 pm.

the neurons readily form neurites suggeststhat the coculture
environment is not sufficiently hostile to prevent neurite initiation and outgrowth.
The cultured VSM used in these experiments may not be
representative of the ganglionic target. The neuron-target hypothesis presumesthat it is the target cell, that is involved in
the trophic interaction. The cocultures must therefore be shown
to contain smooth musclecells in order for the experiments to
test the hypothesis. The RVSM and CVSM cultures were both

derived from the media of the aorta, which contains predominantly smooth musclecells. In addition, the RVSM has been
extensively characterized in previous studies (see ChamleyCampbell et al., 1979; Purves, 1981). The CVSM cells, while
taken from the same,relatively pure sourceof smooth muscle,
have not been studied as extensively. Transmission electron
micrographs were therefore used to demonstrate the existence
of VSM cellsin thesecultures. After only 4 d, the cellscontained
substantial amounts of actin fibrils with densebodies(Fig. 8c),
characteristic of VSM in vivo and in vitro (Charnley-Campbell
et al., 1979). Fibroblasts and other cell types will also demonstrate such actin bundlesat sitesof attachment with the culture
vessel.In fibroblasts, however, the actin is not aligned parallel
with the long axis of the cell, nor do these cells have thick
filamentsassociatedwith the densebodies(Fig. Se).The cultures
of CVSM cells thus contained functional potential target cells
for the neurons.
The choroid cultures also contained cells matching the VSM
profile (Fig. 8, a, b), suggestingthat these cultures contained
potential target cells.As further verification of the presenceand
state of differentiation of the smooth muscle cells, the choroid
cultures were analvzed for the presenceof ar-actin.This isoform
of actin is smooth muscle-specificand expressionof a-actin is
related to the growth state of the cells (Owens et al., 1986).
Fifteen percent of the actin in the cultures was smooth musclespecific a-actin (Fig. 9). This result suggeststhat a substantial
proportion of the culture derived from the choroid was comprised of differentiated VSM cells. Therefore, the target cells of
the choroidal neurons were present, yet unable to provide for
neuronal survival.

Discussion
Negative results, especially those obtained in cell culture, demand particular
care in interpretation.
This may be especially
true with respect to cell survival. Ciliary ganglion neurons can
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Figure 6. Scanningelectronmicrographs
of neuronscoculturedfor 24 hr with striatedmuscle(a) and choroidtissue(b, c). Although neurons
from the culturedchoroidcells,thosethat survivearecapableof extendingneuritesandinteractingwith the substrate.
derive no trophic support
Bar, 10pm.

die in culture for a variety of reasons,perhapsthe least likely
ofwhich is a lack of trophic survival protein. On the other hand,
neuronalsurvival necessarilyimpliesthe presenceof sometrophic
substance.Helfand et al. (1976) first cultured dissociatedciliary
ganglion neurons in MEM conditioned by heart cells and supplemented with fetal calf serum. Striated muscle-conditioned
medium and coculture with striated musclemyotubes were also
shownto support survival (Bennett and Nurcombe, 1979; Nishi
and Berg, 1979). A component of chick embryo extract in conjunction with serum-supplementedmedium can maintain cultured neurons for at least 3 weeks (Tuttle et al., 1980). No
substitute hasbeen found for the ciliary neuronotrophic factor
(CNTF) found in CEE, but the serumrequirement can be largely
fulfilled by insulin (Skaperet al., 1984).The striated muscleand
CEE apparently provide distinct trophic agentsbecausethe neuronal responsesto serum and substratediffer for the 2 sources
(Varon et al., 1979). Human serum alone will support ciliary
ganglion neurons to a limited degree, but full support is only
obtained in the presenceof elevated potassium (Touzeau and
Kato, 1983). The role for potassiumwas first tested to assess
the role of activity on survival. Potassiumdepolarization delayed, but did not prevent, the demiseof the cultured neurons
(Bennett and White, 1979). Additional sourcesoftrophic factors
have been identified (Barde et al., 1983; Berg, 1984; Manthorpe
and Varon, 1985), but a developmental role for any of these
factors remainsto be established.It is clear, however, that there

are multiple sourcesof trophic, survival-supporting molecules
for ciliary ganglion neurons. One would expect such molecules
to be readily available from the tissuethe neuronsinnervate.
Specific involvement of the target in neuronal survival was
first proposedby Hamburger and Levi-Montalcini (I 949). The
discovery of nerve growth factor (NGF) and much subsequent
work on this molecule indicate the validity of this notion (see
Greene and Shooter, 1980; Thoenen and Barde, 1980; LeviMontalcini, 1982). For thoseneuronal populations not responsive to NGF, the resultsof target additions and ablations suggest
a similar developmental interaction involving different trophic
molecule(s)(Berg, 1982; Thoenen and Edgar, 1985). CNTF is
thought to be this molecule for the ciliary ganglionand perhaps
other neuronal populations (Manthorpe et al., 1985). CNTF is
concentrated in a portion of the eye that contains the ganglionic
target structures (Adler et al., 1979) and its production is increasedand sustainedas cell death in the ciliary ganglion is
completed (Landa et al., 1980). The ability of CNTF to prevent
all of the neurons dissociated from the ciliary ganglion from
dying indicates that, in vitro, both neuronal populations in the
ganglionareresponsiveto this trophic agent.Both targetsshould
thus be able to produce this or someother trophic substance.
Yet, the ciliary ganglion neuronsobtained no support from the
smooth muscletissuescultured during the experimentsreported
here.
Coculture conditions could be adversely affecting the neurons,
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Figure 7. Light photomicrographs
of neuronalcoculturesstainedwith a neuron-specific
tubulinantibodyto revealthe extentof neuronalgrowth,
and the corresponding
phase-contrast
image.The neuronscoculturedwith choroid tissue(a, b) displayan extensiveneuritic network under
fluorescence
microscopy(a) that is not evidentin thephase-contrast
photograph(b).The net&es, however,donot havethe varicositiesor extensive
branchingcharacteristicof neuronsmaintainedin supplemented
medium.Instead,largeswellings
canbe seen(a, arrow) at terminalsitesof contact
with the underlyingtissue.Neuronsnlatedonto striatedmvotubes(c.
. d), run their axonsalongthe lengthof the myotubesandmakesimilarswollen
contacts.Bar, $0 irn.

thus negatingany positive trophic effectsof the smooth muscle.
Alternatively, the tissuesused for the cocultures might not be
appropriate targets for the neurons. Barring these possibilities,
a further explanation for the results could be that the target
hypothesis for trophic support does not strictly apply to all
neuronal populations.
Basic medium with serum has proven to be adequate for
dissociated neurons only when supplementedwith a trophic
molecule. The basic medium is not thought to be antagonistic,
but rather insufficient. In coculture, the smooth muscle cells
might actively metabolize the available nutrients or produce a
toxic substance.The ability to coculture ganglionicneuronswith
other active cell types arguesagainstthe first possibility. Nor is
a toxic effect indicated, as the neurons can be successfullycocultured when CEE is presentin the medium (resultsnot shown).
Either possibility is rendered more unlikely if we consider that
those neurons that persist appear quite normal. The ability to
extend neurites has clearly not been hampered (Figs. 4, 6, 7).
Thus, smooth muscledoesnot seemto actively kill the neurons,
but rather prevents survival by failing to provide the required
trophic substance.
The failure of the VSM to produce demonstrabletrophic support could, alternatively, result from transferring the choroid to
a culture dish. The smooth muscletissuethat the choroid neu-

rons encounter in vivo might produce a trophic substancethat
they fail to produce in vitro. Freshly cultured VSM cells enter
a phenotypically modified state marked by a decreasein contractile protein synthesis(Charnley-Campbell et al., 1979). It is
possiblethat the production of trophic moleculesis down-regulated in a similar fashion. However, VSM cells “redifferentiate” when confluent, and they resumemaking contractile proteins (Gabbianni et al., 1984; Owens et al., 1986), as well as
expressinghigh-affinity receptors(Gunther et al., 1982; Colucci
et al., 1984)and respondingelectrically to agonists(Martin and
Gordon, 1983; Colucci et al., 1984). The electron micrographs
(Fig. 8) and the actin gels (Fig. 9) establish the presenceof
differentiated smooth musclecellsin the cultures. The choroid
cultures may have alsocontained smooth musclecellsstill modified or along the continuum leading to full differentiation, but
the intact choroid and the cultures contained similar amounts
of ar-actin relative to the total actin present. If the neurons
require the presenceof smooth muscle cells, the data indicate
that thesecells were available. Rather than the smooth muscle
cells, someother aspectof the target tissuethat is essentialfor
neuronal survival might be missing.
Although the target cell is often presumedto be the sourceof
the trophic factors, this has not always been demonstratedexperimentally. Even NGF, by far the most well characterized of
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Figure 8. Transmission electron micrographs of cells used in the VSM cocultures. a, Typical smooth muscle cell from the choroid after 1 week
in culture. Act&r bundles (stars) running parallel to the nucleus (n) and the long axis of the cell contain characteristic dense bodies (arrowheads).
b, Another presumptive smooth muscle cell from a choroid culture, adjacent to a nonsmooth muscle cell. c, A representative sample of actin
filaments from a smooth muscle cell in the chick VSM cultures. d, e, Fibroblastic cells from the choroid cultures. As opposed to the smooth muscle
cells, their cytoplasm is filled with mitochondria, free ribosomes, and endoplasmic reticulum. Actin bundles can also be found in these cells (star,
e), but only at the cut edges of cells. Magnifications: x 28,000 (a); x 16,000 (b, c); x 6000 (d, e).

3108

Creedon

and Tuttle

l

Trophic Deficiency

of Cultured

VSM

a
b
Figure 9. Two-dimensional
gelsof the

\

Y
the trophic factors, has not been localized to the target cells of
sympathetic or dorsal root ganglion nerves. There is a relationship between the amount of NGF in the target field and the
density of innervation (Shelton and Reichardt, 1984; Davies et
al., 1987), but there is, as yet, no indication that the target cell
itself is responsiblefor the production and releaseof NGF. In
fact, there is evidence to the contrary. The increasein NGF
production in the iris upon denervation (Ebendal et al., 1980)
hasbeenattributed to the Schwanncells(Rush, 1984).Similarly,
the fibroblastsarethought to be responsiblefor NGF production
by cultured heart tissue (Furukawa et al., 1984). With these
findings in mind, the relatively pure VSM populations derived
from the aortas of rats or chickens might not be expected to
provide support. The choroid cultures, however, contained at
leastsomeof the additional cell types found in the intact tissue.
If one of thesecells or an interaction of several cell types was
required, the choroid cultures would be more apt to provide the
appropriate interaction(s). The preciserelationship betweenthe
cultures and the intact choroid was not established.The possibility that the cultures lacked someelementtherefore remains.
Activity in the choroid doesnot seemto play the samerole in
cell death asdoesactivity in the ciliary body and iris (Meriney
et al., 1987). The inability to derive support from the cultured
choroid is even more puzzling given that other, nontarget, tissues,such asbovine heart (Bonyhady et al., 1980) and rat hippocampus (Heacock et al., 1986), produce CNTFs. This does
not preclude the possibility that the cultured choroid is modified
sufficiently to prevent it from performing its trophic role. It
does, however, question whether or not the target-trophic hypothesisis applicable to all neuronal populations.

fractionalisoactincontentof the choroidtissueat differentstages
in itspreparation.a, Dissociatedchoroidafter 1
weekin culture,immediatelyprior to
neuronalplating.b, Freshlydissociated
choroid.c, Whole choroid.Tracesof
the scansappearon the right. The relative amountof a-actindid not change
from the wholechoroidto 1 weekyn
culture(15 vs 13%,respectively).The
freshlvdissociated
cellscontained8%
cu-a&. The increaseseenafter 1 week
in culturesuggests
that the cultureconditions promotedifferentiationof the
VSM cells.

For the ciliary neurons,the coincidenceof synaptogenesis
and
neuronal cell death, and the role of activity in cell death imply
the involvement of specific nerve-target interactions in this developmental episode(Landmesserand Pilar, 1978; Meriney et
al., 1987). The same appears true for other motor neurons,
including those of the lateral motor column of the spinal cord
(Pittman and Oppenheim, 1978, 1979; Olek, 1980) and of the
trochlear nucleus (Creazzo and Sohal, 1979). In addition to
activity, the in vitro support obtained from striated muscleinvolves contact with the muscle membrane (D. J. Creedon and
J. B. Tuttle, unpublished observations). The innervation of
smooth muscleis markedly different from that of striated muscle, and this may account for the apparent differenceshigblighted in these studies. Neurites extend into the choroidal target
field by the onset of cell death (stage34), but transmissionis
not detectableuntil stage36 and cannot be repeatedly recorded
until stage40 (Meriney and Pilar, 1987). Blockade of neuromuscular activity has no effect on choroidal neuron survival,
while blockade of ciliary synapses,functional at stage38, profoundly alters neuronal survival. The lack of definitive junctional structuresat VSM synapsesmay result in an altered neuron-target relationship.
Although the 2 neuronal populations apparently responddifferently to manipulations of target interaction, they sharea common responseto interruptions in preganglionic transmission.
Ganglionic blockadetypically enhancescell death (Wright, 1981;
Okado and Oppenheim, 1984), and this holds for both populations of neuronsin the ciliary ganglion (Meriney et al., 1987).
Ablation of the preganglionicinputs to the ciliary gangliongreatly exacerbatescell death, implying a role for the afferent inputs
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as well as the target (Furber et al., 1987). The role of the preganglionics may be more significant for the choroid neurons.
The ciliary ganglion is a convenient model for testing the
generality of the role of target interactions in cell death. The 2
relatively homogeneous cell populations innervate 2 distinct
targets. Each neuronal population appears to be governed by a
unique set of rules. This certainly seems to be the case in vivo
(seeMeriney et al., 1987), and is likely the casein vitro aswell.
Much of the data supporting the presentunderstandingof neuronal cell death comesfrom neuronsinnervating striated muscle
targets. The data in this study suggestthat any assumptionthat
the samerelationship is generalfor all neurons is premature.
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