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We have described
in the preceding
2 papers
the development
of the pharmacological
and contractile
properties
of
all targets
of the ciliary ganglion:
the iris and ciliary body
(Pilar et al., 1987), and the choroidal
coat (Meriney
and Pilar,
1987). In this paper, we examine
the chronic effects of ACh
receptor
(AChR) blockade
on ciliary ganglion
neuron survival. Nicotinic
or muscarinic
AChR blockers
were administered
daily to developing
chicken
embryos
during the normal neuronal death period in the ciliary ganglion.
The effects of the
blockers on ganglionic
and neuromuscular
transmission
were
assessed,
and neuronal
survival
was assayed
by counting
both the total number of ganglion
neurons and the selectively
HRP-labeled
ciliary neurons after the normal neuronal
death
period. Blockade
of ganglionic
transmission
decreases
survival in both populations
of neurons.
Blockade
of neuromuscular
transmission
increases
survival in the ciliary population,
which innervates
the striated
iris and ciliary body
muscle. In contrast,
blockade
of synaptic
activity has various
influences
on the survival
of the choroid
population,
which
innervates
the smooth
muscle
of the choroid
coat. Smooth
muscle muscarinic
receptor
blockade
with atropine
does not
influence
survival.
At higher doses (which block ganglionic
transmission),
atropine
decreases
choroid survival.
Survival
of the choroid population
is increased
by nicotinic
blockade
with 75 pg alpha bungarotoxin
(aBTX), but decreased
by 12.5
pg (uBTX. Two main conclusions
arise from these studies.
Activation
of postsynaptic
AChRs in both the ganglion
and
the periphery
are important
in the regulation
of neuronal
survival.
These effects usually occur in opposite
directions:
Blockade
of ganglionic
transmission
decreases
neuronal
survival,
while paralysis
of neuromuscular
transmission
increases neuronal
survival.
This embodies
the “balance”
hypothesis
(Cunningham,
1982) for neuronal
survival,
which
states that motoneurons
must balance
afferent
and target
interactions
during a critical period after synapses
are formed
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in both regions.
The present
observations
support
this hypothesis.
However,
although
both ciliary and choroid
neurons have been shown to depend
on the presence
of the
periphery
for survival,
target
muscle
paralysis
via AChR
blockade
rescues the ciliary neurons but does not influence
survival
in the choroid
population.
Target-dependent
regulation of choroid neuron survival during the normal neuronal
death period is clearly different
from the regulation
of ciliary
neuron survival.

Naturally occurring neuronal death is a widespread phenomenon in embryogenesis (see review by Cowan et al., 1984). This
normally dramatic reduction in cell number can, to various
degrees, be prevented by excess target tissue (Hollyday and
Hamburger, 1976; Boydston and Sohal, 1979) trophic factor
(Hamburger and Yip, 1984) or blockade of the neuromuscular
junction (Pittman and Oppenheim, 1978).
It is generally accepted that the survival of motoneurons is
dependent on the targets they innervate (Hamburger, 1934;
Beaudoin, 1955; Pilar et al., 1980). During development, motoneurons may compete for a finite number of synaptic sites or
for a limited supply of trophic factor produced by the target.
Although these possibilities are not necessarily exclusive, many
researchers propose that the amount of trophic factor produced
or released by the target directly regulates neuronal survival.
This hypothesis is supported by studies of NGF, which has been
shown to influence sensory and sympathetic neuron survival
(Levi-Montalcini
and Angeletti, 1963). If motoneurons compete
for trophic support within the target region, and because it is
known that even those motoneurons that will eventually die do
make neuromuscular contacts (Landmesser and Pilar, 1974; Oppenheim and Chu-Wang, 1977), it is of interest to know which
aspects of neuromuscular synapse formation are important for
long-term neuronal survival; is synaptic activity a critical factor,
or is contact with a specific component of the target sufficient
to prevent neuronal death? Pittman and Oppenheim (1978)
addressed this question by pharmacologically blocking neuromuscular transmission during the neuronal death period, dramatically reducing the amount of motoneuron death. This treatment did not prevent anatomical synapse formation, and Pittman
and Oppenheim (1979) conjectured that synaptic transmission
acts in the target region to regulate the availability of a putative
trophic factor.
Blockade of motoneuron afferent activation has also been
shown to influence survival during the normal neuronal death
period. Surgical denervation can decrease neuronal survival in
the ciliary ganglion (Levi-Montalcini,
1949; Furber and Oppenheim, 1984) and in the lateral motor column of the spinal
cord (Okada and Oppenheim, 1984). In addition, Wright (198 1)
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has demonstrated that selective pharmacological blockade of
the ganglionic (afferent) synapses in the ciliary ganglion can also
decrease neuronal survival during the normal neuronal death
period. Therefore, both peripheral and central mechanisms may
be regulating neuronal survival.
We have evaluated these factors in the ciliary ganglion, where
the ontogeny of target receptor pharmacology is known and the
effects of drug application on synaptic transmission at both ganglionic and neuromuscular synapses can be accurately measured. The chick ciliary ganglion consists of only 2 populations
of cholinergic motoneurons (ciliary and choroid), which receive
cholinergic input from the avian homolog of the Edinger Westphal nucleus and project separately to their respective target
tissues. Also present in these neurons are endogenous peptides
(opiates and substance P) (Erichsen et al., 1982). Ciliary cells
project to the striated iris muscle and ciliary body, while choroid
cells project to the smooth muscle of the choroid coat. Both
populati6ns of ciliary ganglion cells normally decrease by about
50% during synapse formation with the target (Landmesser and
Pilar, 1974).
Having completed a characterization of the contractile and
pharmacological properties of the choroid neuromuscular synapses in the previous paper (Meriney and Pilar, 1987), and of
the iris and ciliary body neuromuscular synapses in the first
paper in this series (Pilar et al., 1987), we can now evaluate the
results of neuromuscular transmission blockade on neuronal
survival.’ To facilitate the comprehension and interpretation of
the data presented in this paper we will briefly summarize our
findings on the developmental receptor pharmacology at these
target muscles and ganglionic synapses. Choroid neuromuscular
transmission is mediated by muscarinic AChRs only (Meriney
and Pilar, 1987). Iris and ciliary muscles are also muscarinic at
the beginning of the neuronal death period [stages (St) 34-361,
but nicotinic neuromuscular junctions form halfway through
this period despite the retention ofmuscarinic receptors on these
muscle fibers (Pilar et al., 1987). Since cholinergic transmission
is also present at ganglionic synapses, some of the drugs used
may be acting at these synapses. It is known that adult ganglionic
transmission is nicotinic at both ciliary and choroid synapses
(Marwitt et al., 197 l), and that muscarinic receptors are present
in the ganglion, but are probably extrasynaptic (G. Pilar, unpublished observations). The ganglion is known to contain binding sites for aBTX (a nicotinic ligand) and quinuclidinyl benzylate (QNB; a muscarinic ligand) (Chiappinelli and Giacobini,
1978; I. S. McLennan and G. Pilar, unpublished observations).
Electrical transmission also has been demonstrated at ciliary
ganglionic synapses, but appears only after the period of normal
neuronal death (Landmesser and Pilar, 1972).
The rationale for using the ciliary ganglion to investigate the
role of activity in normal neuronal death is 2-fold: (1) In the
same ganglion, we can compare 2 independent populations of
motoneurons, which have different types of target tissues with
separate receptor-activation
pharmacologies, and (2) we can
control for the effects of afferent activity. Neurons that innervate
smooth muscle are rarely found in discrete populations, thus
making experimental manipulation and analysis difficult. The
ciliary ganglion is one preparation in which these studies are
’ The dilator fibers of the iris are probably not involved in the competition for
survival during the normal neuronal death oeriod (St 34-40). since thev first aDDear
after this perio;d (Pilar et al., 1987). The developing iris musdie can also’be act&ted
by light (Pilar et al., 1987). However, since the embryos were kept in a dark
incubator, this form of muscular activation wasnot a factor
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possible. In this paper, we extend the observations made on the
effects of AChR blockade on neuronal survival in the spinal
cord. Our data confirm some of the observations made on the
role of activity at striated muscle synapses, but raise questions
concerning the general applicability of this hypothesis to different neuronal populations innervating nonskeletal muscle targets. Some of this work has been presented in abstract form
(Meriney et al., 1984).
Materials
Estimation

and Methods
of ganglion

cell numbers. Chicken embryos were killed at

St 40 [embryonic day (E) 141and ciliary ganglia were processed in one
of 2 ways. Neuronal cells were counted in ciliary ganglia that had been
fixed in Bouin’s, sectioned in paraffin at 8 pm, and stained with hematoxylin/eosin orange. Differential cell counts of ciliary neurons were
made after selective labeling

with HRP.

Ciliary and choroid cells can

be identified by their size, position of the nucleus, and position in the
ganglion. However, these criteria are not completely reliable because
there is an overlapping population of ganglion neurons with intermediate characteristics. For this reason, retrograde identification
is necessary for an accurate quantitative
assessment. Ciliary ganglia were
removed intact with iris and ciliary body musculature by cutting away
all choroid target tissue and severing all choroid nerves exiting the
ganglia. The iris and ciliary body were bathed in 5% HRP for 1 hr to
allow selective uptake of the HRP by the ciliary nerve terminals. The

preparation was incubated in oxygenated Tyrode’s solution at 33°C for
5 hr to allow for retrograde transport of the HRP to ciliary cell somas

in the ganglia. This technique has been shown to label all innervating
neurons (Pilar et al., 1980). Ganglia

were fixed in 2% glutaraldehyde

overnight, washed in Tris buffer for 7 d, and reacted with diaminobenzidene before paraffin sectioning at 8 pm. Cells with a distinct granular HRP

reaction

product

were counted as ciliary cells (see Fig. 1).

Sections were counterstained with cresyl violet. However,*&esyl ;iol&
counterstaining of HRP-labeled ganglia, which did not obscure the HRP
reaction product, was too weak for making reliable direct counts of
choroid cells. The number of choroid cells in HRP-stained ganglia was
obtained

indirectly

by subtracting, the number

of HRP-labeled

ciliarv

cells from the totai ceil number counted after hematoxylin/eosin orange
staining of the contralateral

ganglia. All counting

was done x 400 and

corrected for double counting (Abercrombie, 1946).
Counts of neurons were made in ciliary ganglia isolated from control
and drug-treated White Leghorn chicken embryos after development to
the desired stage (Hamburger and Hamilton,
195 1). The drugs, dissolved
in sterile isotonic saline, were administered daily in 50-100 ~1 volumes
to the chorioallantoic
membrane ofthe egg on E7-E 14 through a window
cut in the shell of the egg. In the absence of information
on drug absorption, diffusion, or subsequent compartmentalization
within the egg,
effective concentrations were estimated by assuming a simple dilution
into an egg volume of about 40 ml. The effectiveness of the nicotinic
neuromuscular blockers was measured by monitoring the spontaneous
frequency of discrete hindlimb
kicks. Curare (2 mg/d) and cvBTX (75
pg/d) reduced hindlimb kicks from a control value of 1 S/min to 0.37/
min. Atropine (0.15 mg/d) was used at a concentration that has been
shown to block iris contractions (St 36) (see Pilar et al., 1987).
Measurements of ganglionic transmission. To study the ganglionic
effects of these drugs during the normal neuronal death period, we
monitored transmission through the ganglion in the presence and absence of AChR blockers by recording postganglionic responses to preganglionic nerve electrical stimulation.
The ciliary ganglion was removed intact, with an adequate length of preganglionic oculomotor
nerve and postganglionic
ciliary and choroid nerves to be used for
extracellular stimulation and recording (see Landmesser and Pilar, 1972,
for details). During bath-application
of (uBTX, d-tubocurarine chloride
(dTC), and atropine, the preganglionic nerve was stimulated with su-

prathreshold single electrical pulses.*Electricalactivity in postganglionic
ciliary and choroid nerves was monitored separately with extracellular
suction electrodes.
Pupillomorphic
measurements of iris contractions. In many of the
embryos used for estimations of the total number of neurons, the effects
of chronic application of the drugs on iris neuromuscular transmission
were assessed. A circular piece of sclera, to which the iris and ciliary
body are attached, was removed intact with the ciliary nerves. A suction
electrode was used to stimulate the ciliary nerves at 50 Hz for 3 set,
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Figure 2. Total neuronal number in the ciliary ganglion after AChR
blockade by atropine, dTC and (YBTX. ***Significantly
different from
St 40 control value (p < 0.01) after a l-way analysis of variance using
Tukey’s test for pairwise comparisons.

Figure I. Stage 40 HRP-labeled
ciliary ganglion ( x 400). Ciliary cells
contain a granular HRP reaction product; choroid cells are counterstained with cresyl violet. Note the large pocket of choroid cells in the
lower right corner. Inset (x630), Labeled ciliary cell adjacent to an
unlabeled and counterstained choroid cell. Calibration,
10 pm.
and the tetanic contraction of the iris was photographed
during its
maximum response. The area of the pupil in drug-treated and in control
irises was compared with the area of the pupil in the relaxed iris (see
Pilar et al., 1987, for details).
Culture of ciliary ganglion neurons.To further evaluate the chronic
effects of atropine on neuronal survival, E8 (St 34) ciliary ganglion
neurons were cultured as previously described (Tuttle et al., 1980) after
trypsinization (0.08% in CaMg-free Tyrode’s) and trituration. The neurons were grown in standard media consisting of 80 ml modified Eagle’s
medium (MEM), 10 ml heat-inactivated
horse serum, 10 ml 50% chick
embryo extract, 1 ml 100 x MEM vitamin mix (Gibco, Chagrin Falls,
OH), and 2 ml 50 x amino acid mix (Gibco). Atropine sulfate (Sigma
Chemical Co., St. Louis, MO) was added to the culture media at varying
concentrations, and the neurons in both control and drug-treated cultures were counted every day under phase optics ( x 40).

Results

Ciliary ganglion neuron apportionment
The ciliary ganglion has 2 main populations of neurons, ciliary
and choroid. It is possible to divide the ciliary neurons into 2
subpopulations that innervate 2 different target organs: the iris
and the ciliary body. From our own estimation of the number
of ciliary axons and the distribution of these axons in the 2
targets (see Zenker and Krammer, 1967), it is possible to appraise the number of neurons innervating the ciliary body and
iris. We estimate that before the cell death period (St 34), 3875
choroid, 792 iris muscle ciliary cells, and 1583 ciliary body

ciliary cells are present. After St 40, only 2247 choroid, 450 iris
muscle ciliary, and 920 ciliary body ciliary cells remain. These
figures are compared with the results obtained from pharmacological blockade experiments.

ModiJication of total ganglion cell number by AChR blockade
The influence of pharmacological synaptic blockade on neuronal
survival was assessed following the chronic application of nicotinic and muscarinic antagonists to chick embryos. These treatments have been shown not to prevent the formation of anatomically identified neuromuscular contacts (Freeman et al.,
1976; Sohal et al., 1979), but simply to prevent their function.
After 7 d of AChR blockade, the neurons in the ciliary ganglion
were counted. Control ganglia had a total of 3703 neurons after
the cell death period (St 40). Chronic AChR blockade with
atropine (0.15 mg/d), curare (2 mg/d), or (YBTX (12.5 ccg/d) did
not significantly change the total cell number after the normal
cell death period (Fig. 2). Atropine-treated
embryos had 4057
ganglion cells, curare-treated embryos had 3559 ganglion cells,
and cuBTX-treated embryos had 3736 ganglion cells. In contrast,
daily AChR blockade with a higher dose of aBTX (75 Kg/d)
dramatically increased cell survival (95%), leaving 6866 ganglion cells (Fig. 2).
Because of the apparent lack of effect on neuronal survival of
most of the drug treatments (atropine, dTC, and low-dose aBTX)
(Fig. 2), we considered the possibility that the total cell number
was influenced by a limited supply of trophic factor within the
ganglion itself, rather than by the amount of trophic factor supplied by the target. But this interpretation appears unlikely on
the basis of earlier studies (Pilar et al., 1980). If the ganglion
itself has a limited amount of trophic factor and can support
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only about 3700 neurons, and if one group of neurons is removed, we would expect increased survival in the other population. Yet, when the ciliary nerves are axotomized before the
normal cell death period, about 80% of the ciliary cells die,
while the remaining choroidal population exhibits a normal 50%
reduction in cell number (Pilar et al., 1980). The increased ciliary
cell death does not result in more choroidal cell survival. This
observation implies that competition for trophic support is not
in the ganglion, but in the target regions. Therefore, since the
ciliary and choroid neuronal populations innervate different targets, both populations would be expected to compete independently for survival.
D@erential

-

3000

-

of developing ganglionic
synapses
To determine the effects of cuBTX, dTC, and atropine on ciliary
and choroid ganglionic synapses, extracellular recordings ofganglionic transmission were made after acute administration
of
these drugs to isolated ganglia (Fig. 4). For all ages examined
(St 38-hatch), only dTC (10 PM) was able to completely block
transmission across both ciliary (Fig. 4B, upper trace) and choroid (Fig. 4B, lower trace) synapses. Surprisingly, atropine (10
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When the ciliary and choroid populations were identified histologically by labeling with HRP, it became clear that, although
the dTC, atropine, and low-dose (uBTX (12.5 pg/d) treatments
did not significantly affect total neuron survival in the ganglion,
the 2 populations of ganglion cells were affected differently by
these drug treatments. These experiments are illustrated in Figure 3. Control ganglia contained 1379 ciliary cells and 2247
choroid cells after the normal cell death period. Daily dTC
treatment, which blocks nicotinic receptors in the ganglion, iris,
and ciliary body, resulted in the survival of 1885 ciliary cells (a
36% increase in survival), while choroid cell survival decreased
by 1674 cells (25%). Chronic muscarinic blockade by atropine,
which blocks functional activity at the choroid neuromuscular
junction and the early iris and ciliary body neuromuscular junction, increased ciliary cell survival by 7 l%, leaving 2359 ciliary
cells, while, surprisingly, choroid cell survival decreased by 25%,
leaving 1698 choroid cells.
aBTX blocks functional transmission only at the iris and
ciliary body neuromuscular junction. After chronic low doses
(12.5 pg/d) ofaBTX, ciliary cell survival increased by 50% (2074
ciliary cells), while choroid cell survival decreased by 26% (1662
choroid cells). AChR blockade with the higher dose (75 &d)
of olBTX demonstrated a dose-dependent effect by preventing
almost all ciliary cell death: 2600 ciliary cells survived the normal death period (an 89% increase in survival). Surprisingly,
choroid cell survival increased similarly (1 OO%), leaving 4266
choroid cells.
Because several of these results were unexpected and could
not have been predicted solely on the basis of target interactions,
we decided to investigate the acute and chronic effects of the
AChR blockers at developing ganglionic synapses. Although we
knew that preganglionic blockade could decrease neuronal survival, we felt initially that this was not a complicating factor,
since neither olBTX nor atropine was able to acutely block the
adult ganglionic synapse (Marwitt et al., 197 1). However, since
the pharmacology of the developing synapses in the ciliary ganglion is largely unknown, we investigated the effects of AChR
blockers on these embryonic ganglionic synapses.
Pharmacology
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Figure 3. Differential neuronal number in the ciliary ganglion after
AChR blockade by atropine, dTC, and olBTX. Open bars, ci%ary cells;
hatched bars, choroid cells. ***Sianificantlv
different from control value
(p < 0.01) after a l-way analysis of vahance using Tukey’s test for
pairwise comparisons. The upper graph shows the percentage changes
of each population with respect to control.

partially blocked ciliary transmission and completely
blocked choroid ganglionic transmission at early (St 36-38) embryonic ages (Fig. 4F). This is contrary to observations made
of mature synapses, where atropine does not block ganglionic
synaptic transmission in either population (Marwitt et al., 197 1).
Transmission through the adult ciliary ganglion was influenced
only by curare, a nicotinic AChR blocker. Atropine either may
be acting on novel muscarinic ganglionic receptors or, as has
been demonstrated with micromolar concentrations of this drug
in adult frog ganglia (Connor et al., 1983), it may be directly
blocking synaptic current. Since choroid ganglionic synapses are
made with small boutons (as opposed to the large, calycal synapses onto ciliary cells), it is likely that these choroid synapses
are more susceptible to transmission blockade. Furthermore,
ganglionic transmission in older embryos (St 39-hatch) was less
susceptible to blockade by atropine. It is possible that ganglionic
receptors involved in transmission change their distribution or
their affinity characteristics during development. However, regardless of the mechanism of action, the atropine treatment
(0.15 mg/d) completely blocked choroid synapses and partially
blocked ciliary synapses.
To overcome this unexpected blockade with 0.15 mg/d atropine, some experiments were performed with a lower dose of
atropine, which does not block ganglionic transmission. We
performed experiments that showed that 1 PM (0.015 mg/d)
atropine did not block ganglionic transmission (not shown),
KM)*

* Given simple diffusion of atropine into an egg volume of 40 ml, one daily
injection is estimated to reach an effective concentration of 5 &M.
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Figure 4. Effect of dTC, (uBTX, and atropine on St 38 ganglionic transmission across ciliary (upper truces) and choroid (lower truces) synapses.
A, Control. B, dTC, 10 FM, completely blocks both synapses. C, Control. D, orBTX, 3 wg/ml, does not influence transmission across either synapse.
E, Control. F, Atropine, 10 /LM, partially blocks ciliary transmission and completely blocks choroid transmission. Differences in response latency
between treatment groups A, C, and E are due to variations in recording distance from the ganglion between preparations. All vertical calibrations,
0.1 mV.

10 MM (0.15 mg/d) atropine did (see Fig. 4). To determine
whether the decrease in choroid survival was due to ganglionic
blockade, total cell number was evaluated with a 1O-fold lower
dose of atropine (a dose that blocks peripheral muscarinic receptors). Following this low-dose atropine treatment, 4568 f
67 neurons were alive in the ciliary ganglion at St 40 (compared
to 4057 -t 332 following the higher dose of atropine). This
increase in neuronal survival of approximately 20% was likely
due to the removal of ganglionic transmission blockade, which
resulted in increased choroid cell death (again, approximately
20%). Nevertheless, despite the removal of the atropine-induced
ganglionic blockade, there appeared to be no increase (compared
to controls) in choroid survival following peripheral paralysis;
in other words, the proportion of choroid neurons that died was
similar to the proportion that would normally have died.
(rBTX (3 mgml) had no effect on either ciliary or choroid
ganglionic transmission (Fig. 40). High doses (10.5 Kg/ml) of
(uBTX only slightly increased the latency of transmission across
ciliary and choroid synapses (not shown). The slight effect of
high doses of cvBTX may have been due to the presence of toxin
impurities in the aBTX (obtained from Sigma), which have been
shown to block transmission through the ciliary ganglion
(Chiappinelli and Zigmond, 1978; Loring et al., 1984).
while

Chronic (uBTX and atropine treatment
Ganglionic synapses were not blocked even by chronic treatment with the highest dose of olBTX. Treatment of the chick
embryo with 75 pg/d of olBTX (the dose used to prevent neuronal death in the spinal cord; Pittman and Oppenheim, 1978)
for 7-10 d did not block ganglionic transmission across either
ciliary or choroid synapses (Fig. 5).
It was found, after acute application, that treatment with 0.15
mg/d of atropine for 6 d (the dose used to increase ciliary cell
survival and decrease that of choroid cells) partially blocked
ciliary ganglionic transmission, and completely blocked choroid
transmission at St 40 (Fig. 6A). Figure 6B demonstrates that
the effects of chronic atropine treatment on ganglionic trans-

mission can be washed out. Figure 6B, upper record is from a
chronically treated ganglion removed from the embryo and placed
in Tyrode’s solution containing 10 PM atropine. After St 40,
however, choroid ganglionic transmission was only partially
blocked by atropine. Atropine became less effective in blocking
transmission as the synapses matured. These unusual variations
in receptor pharmacology during development, which certainly
deserve further study, forced us to modify the predicted sites of
action of some of the AChR blockers used in this study, and,
subsequently, our hypotheses on how these agents might affect
neuronal survival.
We made pupillomorphic
measurements of iris contractions
after 7 d of atropine treatment, to determine the effect of this
muscarinic AChR antagonist on ciliary nerve transmission in
the iris at St 40. A contracture, elicited following 50 Hz stimulation, was completely blocked by aBTX. Therefore, the chronic dose of atropine used to influence neuronal survival does not
influence nicotinic activation of the iris at St 40. On the other
hand, at St 37, following the same chronic atropine application,
ciliary nerve stimulation evoked no contracture.
Eflects of atropine on cultured ciliary ganglion neurons
As described above, atropine caused a decrease in neuronal
survival in the choroid population. It is possible that the high
dose used (about 5 PM/d) may have had a direct toxic effect on
the developing neurons. As a control for this possibility, atropine
(10 WM) was applied every second day to dissociated ciliary
ganglion cells in culture. Figure 7 illustrates that at 10 PM (filled
circles), neuronal survival was similar to that of untreated controls (open circles). At concentrations higher than 100 PM, the
drug decreased neuronal survival. Figure 7 also shows (triangles)
that a single application of 500 PM atropine to a 2-d-old culture
for 2 hr caused permanent damage to the neurons, such that by
day 10 in culture, all neurons had died. These lethal effects of
atropine may be similar to those of local anesthetics and TTX,
which at high doses cause the death of cultured neurons (Bergey
et al., 198 1). From these observations, we conclude that at the
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5. Effect of 9 d of chronic (75 pg/d) aBTX treatment on ciliary
trace) and choroid (lower truce) ganglionic transmission (St 42).
was never able to significantly block ganglionic transmission at
synapse.

doses that we estimate to be effective in the embryo (see footnote
2), there is no toxic effect on ganglion cells. Moreover, atropine
enhanced survival of neurons in one population and decreased
it in another-a
further indication that cytotoxicity was not a
factor in these experiments.
Discussion
Since each population of ciliary ganglion neurons has a different
peripheral cholinergic pharmacology, and since each competes
independently for survival, these populations will be discussed
separately.
Ciliary

cell survival

Blockade of synaptic activity during the cell death period can
predictably influence survival in the ciliary population. Pharmacological blockade of ganglionic transmission decreases neuronal survival, while blockade of neuromuscular transmission
increases neuronal survival. Chlorasondamine,
a ganglionic
blocker, decreases ciliary cell survival by 25% (Wright, 1981).
otBTX and atropine, both of which block neuromuscular transmission, increase ciliary cell survival by as much as 89% and
7 l%, respectively.
cvBTX blocks the nicotinic AChRs that predominate in the
striated muscle at the ciliary neuromuscular junction during the
last portion of the cell death period. Since muscarinic AChRs
predominate at the ciliary neuromuscular junction during the
early portion of the neuronal death period, it is not surprising
that atropine also increase (by 7 1%) ciliary neuron survival.3
The low dose of LvBTX (12.5 &d) may have only a moderate
effect on ciliary cell survival; several days of injection are required to produce a complete neuromuscular block (aBTX produces a relatively irreversible AChR blockade). Given dilution
into a 40 ml egg volume, this daily injection is roughly equal
to 0.3 @g/ml otBTX/d. Isolated iris preparations require 1 rg/
ml for complete neuromuscular blockade (Pilar et al., 1987). If
several days of low-dose aBTX treatment are required for complete muscular paralysis, a moderate effect on neuronal survival
may be expected. The higher daily dose (75 &d) dilutes to
] We do not know if prolonged atropine treatment can maintain this ciliary
neuron survival after St 40. However, since it has been shown that muscarinic
receptors do not significantly contribute to nerve-evoked muscular activity in the
iris after St 39 (Pilar et al., 1987), it seems unlikely that prolonged atropine
treatment could continue to maintain the increased ciliary neuron survival after
St 40. These long-term analyses are in progress.

Figure 6. Effect of 6 d of chronic (0.15 mg/d) atropine treatment on
ciliary (upper truces) and choroid (lower truces) ganglionic transmission
(St 40). A, In the chronically treated ganglia, rapidly (in less than 10
min) dissected in 3 PM atropine, the ciliary transmission persists, while
the choroid transmission is completely blocked. B, After the preparation
is washed for 1 hr, the ciliary transmission increases in amplitude, and
the choroid transmission returns.

about 2 &ml in the egg, and would be expected to cause muscle
paralysis after only one injection.
Interestingly, dTC, which blocks both ganglionic and neuromuscular synapses, increases neuronal survival by 36%. This
increase in survival is smaller than that seen after atropine or
cvBTX treatments, which may be due to the opposing consequences of both ganglionic and neuromuscular blockade in the
ciliary cell-striated muscle system. Neuromuscular
activity
blockade in the iris and ciliary body may increase “support” to
developing ciliary ganglion cells sufficiently to prevent the ganglionic blockade from decreasing neuronal survival.
The ciliary cell-striated muscle system reponse to neuromuscular blockade during the cell death period is similar to that
seen in the lateral motor column of the spinal cord (Pittman
and Oppenheim, 1978, 1979). Blocking the striated neuromuscular synapse appears to increase support to developing motoneurons, decreasing the normal neuronal death. On the other
hand, blocking transmission through the ciliary ganglion causes
an increase in cell death during the normal neuronal death period. This effect can be overridden to some degree by simultaneous neuromuscular blockade in the striated target musculature (decreasing cell death after dTC treatment, which
completely blocks both synapses). Okado and Oppenheim (1984)
have also observed that dTC treatment can override the effects
of surgical afferent denervation, increasing motoneuron survival.
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Figure 7. Toxic effects of atropine on cultured ciliary ganglion neurons. Neuronal survival is plotted after 10 PM atropine tilled circles)
administration. The drug was applied every other day to the culture
media, and neuronal survival was not different from control (open circles).A 2 hr exposure to 500 PM atropine (triangles) on the second day
of culture decreased neuronal survival such that after 10 d, no neurons
were alive.

Choroid cell survival
Blockade of synaptic activity during the cell death period has
various influences on the survival of the choroid population,
depending on the drug used. Consistent with the hypothesis that
blockade ofganglionic transmission decreases neuronal survival, chlorasondamine (Wright, 1981) and dTC, both of which
block only ganglionic transmission in the choroid, decrease neuronal survival by about 25%.
However, blocking choroid ganglionic synapses does not always decrease choroid neuron survival. For example, morphine
has been shown to increase choroid cell survival despite its
ability to block choroid ganglionic transmission during the normal neuronal death period (Meriney and Pilar, 1985; Meriney
et al., 1985). Ganglionic blockade may decrease neuronal survival unless overridden by other factors acting to increase neuronal survival.
Unlike blockade in the ciliary cell system, that of choroid
neuromuscular transmission does not result in increased survival of the innervating motoneurons. Daily muscarinic AChR
blockade with 0.15 mg/d atropine was estimated to require an
approximately 1O-fold greater (10 PM) dose than was required
to paralyze muscarinic transmission. The 10 PM dose was used
initally to ensure complete paralysis in the egg. However, when
choroid survival was examined at the end of the normal neuronal death period, a decrease of 25%, compared to controls,
was observed. This is in contrast to the effects of atropine,
otBTX, or dTC on ciliary cell survival (see above), and may be
due to the unexpected blockade of choroid ganglionic transmission. This hypothesis is supported by the observations of
neuronal survival following a lower dose of atropine, which does
not block ganglionic transmission and does not appear to decrease choroid neuron survival. The smooth muscle environment of the choroid coat may not respond to paralysis in a
manner that compensates for the effects of ganglionic blockade,

decreasing neuronal survival after chronic atropine treatment
in the same way that chlorasondamine and dTC decrease choroid cell survival. This inability of atropine to increase peripheral support for cloroid motoneurons may be due to an activityindependent competition for survival among these neurons.
Furthermore, Meriney and Pilar (1987) found that the onset of
effective cholinergic transmission in the choroid (St 36-39) is
later than the onset of normal neuronal death (St 34). This
reinforces observations that the smooth muscle target’s functional innervation is not involved in choroid cell survival.
Unexpectedly, daily nicotinic receptor blockade with olBTX
has variable effects on choroid cell survival, depending on the
dose used, and these effects are independent of influences on
either ganglionic or neuromuscular transmission. Low doses of
L~BTX (12.5 j&d) decrease choroid survival by 2 l%, while higher
doses of aBTX (75 Kg/d) increase choroid cell survival by about
100%. We are not aware of any interactions between (uBTX and
muscarinic AChRs, and therefore we have no explanation for
the opposite effects of low and high doses of olBTX. The higher
dose of aBTX may work by influencing cell survival in the
choroid cell population by an as-yet unknown activity-independent mechanism, or indirectly by increasing trophic factor
production in the nearby ciliary body target region, where complete striated muscle blockade exists throughout the injection
period in the “high-dose”-treated
embryos. This could cause an
overall increase in trophic factor within the eye, resulting in a
higher concentration in the vicinity of the choroid nerve terminals as well. Accordingly, H. Fryer, S. D. Meriney, and G.
Pilar (unpublished observations) have found a dramatic, but
transient, 3-fold increase in soluble ciliary neuronotrophic factor
in the aBTX-treated
whole eye at St 37. Alternatively, there
may be (uBTX binding sites in the choroid environment that
influence neuronal survival independent of synaptic activity.
In summary, the effects on cell survival in the ciliary ganglion
after chronic AChR blockade cannot always be predicted by the
target muscle activity hypothesis developed for the spinal cord.
Blockade of transmission through the ciliary ganglion increases
cell death in both populations of neurons. Neuromuscular blockade at striated muscle synapses delays neuronal death in the
spinal cord and ciliary cell population, but not in the choroid
cell population, where neuromuscular synapses are made with
smooth muscle. It is possible that smooth muscle does not respond to synaptic blockade in a manner that supports more
neuronal survival. Furthermore, choroid cell survival can be
influenced by cuBTX, which does not block transmission at the
choroid neuromuscular junction.
Mechanisms involved in the competition for survival
Since the effects of AChR blockade on neuronal survival in the
ciliary ganglion cannot always be predicted by the target muscle
activity hypothesis developed for the spinal cord, the site of
action of these effects on neuronal survival must be reevaluated.
We have shown that blockade of ganglionic transmission can
influence ciliary ganglion cell survival, indicating that neuromuscular interactions are not the only site for the regulation of
neuron number during development. Cunningham (1982) proposed that motoneurons must “balance” afferent input with
target connections during a critical period after both afferent
and neuromuscular synapses are made. Our results support this
hypothesis. Since the AChR blockers used in this study influence
activity at both ganglionic and target synapses, it is important
to define and evaluate the effects of activity blockade in both

The Journal

target neuromuscular and preganglionic environments in order
to further our understanding of normal neuronal death.
First, electrical activation of ganglion neurons by presynaptic
ACh release may regulate the amount of trophic factor taken
up in the target region. Blocking motoneuron activation may
decrease “support” to the ganglion cells by precluding an activity-dependent uptake mechanism for target-derived trophic factors.
Second, blockade of activity at neuromuscular synapses prevents action potentials from being initiated in muscle cells. Neuromuscular transmission may act through the activation of muscle fibers to regulate the availability of a putative trophic factor
in the target region. Denervation has been shown to increase
NGF production by the rat iris (Ebendal et al., 1980) independent of an equivalent increase in NGF mRNA (Shelton and
Reichardt, 1985). NGF is known to have a trophic effect on
sensory and sympathetic neuronal survival (Levi-Montalcini
and Angeletti, 1963; Hamburger and Yip, 1984). It is possible
that the chick iris, ciliary body, and choroid produce a soluble
or membrane-bound
trophic factor that regulates parasympathetic neuronal survival in a manner similar to that of NGF.
Barbin et al. (1984) have purified a factor from chick eye tissues
that supports ciliary ganglion survival in vitro. We predict from
our results that striated muscular activity will decrease the availability of trophic support, while paralysis will increase it. Interestingly, limb muscle homogenates of denervated muscle
maintain more motoneuron survival in vitro than do control
limb muscle homogenates, and this effect can be reversed by
direct limb muscle stimulation (Hill and Bennett, 1986). Accordingly, the ability of aBTX, dTC, and atropine to increase
ciliary neuron survival may be due to the effects of target muscle
paralysis on trophic support for these neurons.
Although atropine paralyzes choroid smooth muscle, the decrease in choroid neuron survival observed with higher doses
of atropine may be due to both the unexpected ganglionic blockade and the apparent inability of this target muscle to increase
support to these neurons (possibly because of peripheral activity-independent
neuronal death). Creedon and Tuttle (1986)
report that, unlike striated muscle (Nishi and Berg, 1977) vascular smooth muscle is unable to provide the support necessary
for long-term survival of ciliary ganglion neurons in vitro. Finally, in another recent report (Abrahamson et al., 1986), it has
been shown that survival of motoneurons innervating the smooth
muscle of the expansor secundariorum is independent of the
presence of that target. Trophic support from an apparently
NGF-like substance is derived from the non-neuronal cells in
the nerve sheath (Abrahamson et al., 1986).
Non-neuronal elements may also be involved in the process
of neuronal elimination at the level of the neuromuscular junction. Neuronal terminals are surrounded by non-neuronal cells,
some of which remove dying cells by phagocytosis. In addition,
there are a variety of blood-borne phagocytic cells that normally
respond to immunologic signals. The drug treatments that influence neuronal survival may modify the function of these nonneuronal cells such that their phagocytotic activity is increased
or decreased. Macrophages, for example, are known to possess
several receptor types (including AChRs) that can influence their
function (Coffey and Hadden, 1985). At present, however, we
have no evidence that this interaction occurs at either choroid
or iris neuromuscular junctions.
As has been described for target cells, preganglionic terminals
themselves may directly provide activity-dependent
trophic
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support. Presynaptic input has been implicated in the metabolic
regulation of postsynaptic neurons. Transsynaptic enzyme regulation is known to occur after surgical denervation or changes
in afferent activity, and may also influence long-term motoneuron survival. Pilar et al. (1973) demonstrated that in the ciliary
ganglion, the integrity of the presynaptic terminal is required to
maintain normal ACh metabolism; this was later shown to be
due to the transsynaptic regulation of CAT activity in the postsynaptic cells (Giacobini et al., 1979). Similarly, preganglionic
denervation of sympathetic ganglia (which receive cholinergic
input, but synthesize norepinephrine) decreases AChE activity
(Giacobini et al., 1967), tyrosine hydroxylase (TH), and dopamine+hydroxylase
(DBH) activity (Hendry et al., 1973; Black,
1974), while an increase in nervous activity of the sympathetic
ganglia increases TH and DBH activity in postganglionic cells.
41~0, neuropeptides have been shown to influence enzyme activity in the superior cervical ganglion (Zigmond, 1985). The
possibility exists that transsynaptic trophic signals in the avian
ciliary ganglion are the neuropeptides (substance P and opiates)
present in the presynaptic terminals (Erichsen et al., 1982). Recently, morphine (an opiate agonist) has been shown to increase
the survival of both populations of ciliary ganglion neurons
(Meriney et al., 1985), independent of any effects on target muscle activity (Meriney and Pilar, 1985). However, an endogenous
peptide regulation of neuronal survival has not yet been demonstrated.
In summary, the level of activity at both preganglionic and
neuromuscular synapses appears to contribute to the trophic
support for developing ciliary ganglion neurons. Blockade of
striated muscle activity may increase trophic support to innervating motoneurons, while blockade of ganglion cell activity
may either decrease the ability of these neurons to take up
trophic support in the target, or prevent a preganglionically
released transsynaptic trophic substance from reaching the motoneurons. The choroid peripheral environment may not respond to blockade by increasing support to innervating motoneurons for several reasons. It is possible that few close
neuromuscular contacts exist during the normal cell death period (see Meriney and Pilar, 1987). In addition, the level of
endogenous activity in choroid neurons may be very low, while
ciliary nerve activity may be present at a constant rate during
the cell death period. In both cases, blockade of a postsynaptic
AChR in the choroid coat would not be expected to affect the
neuromuscular interactions regulating choroid neuron death.
Although we have limited our discussion of the consequences
of activity blockade to effects on neuromuscular or ganglionic
interactions, it is also possible that these treatments directly
influence the central activation of motoneurons, as has recently
been shown in the spinal cord by Landmesser and Szente (1986).
We do not know, however, if any of the AChR blockers influence
central activation patterns in the midbrain.
Other aspects of neuromuscular and ganglionic synapse formation may also regulate long-term neuronal survival. We feel
that the relative importance of nerve terminal sprouting, synaptic contact, and synapse formation has not been given equal
emphasis in the context of neuronal survival. Pharmacological
muscle paralysis has been shown to increase nerve terminal
sprouting. Conversely, the activation of muscle cells causes the
retraction of sprouting (Brown et al., 198 1). Whether these interactions are based on release of trophic substances or on direct
membrane-membrane
recognition (Tuttle, 1983), the amount
of neuronal contact with the target is probably important. More
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terminals provide more surface area for uptake of a trophic
factor, and/or more apposition of nerve and muscle membranes
for contact-mediated
interactions. Immature neuromuscular
junctions in the developing iris have been shown to be characterized by occasional close apposition of nerve and muscle
membranes (Pilar et al., 198 1). Similarly, smooth muscle neuromuscular junctions in the posthatch choroid coat also occasionally display such appositions. We have not yet investigated
the nerve-muscle ultrastructural relationships in the choroidal
tissue during the normal neuronal death period. An absence of
close synaptic contacts in the embryonic choroid coat may account for the difference between ciliary and choroid neuronal
survival following AChR blockade. The important neuromuscular interaction following peripheral paralysis may depend on
a contact-mediated regulation of neuronal death. We are actively
pursuing this line of investigation, but these experiments are
beyond the scope of this paper. Although we have presented
several hypotheses, the mechanisms regulating the differential
cell survival in the ciliary ganglion in response to blockade of
smooth versus striated muscle activity are not known at this
time.
Our results confirm the role of activity in regulating neuronal
survival at striated synapses, but question the general applicability of this hypothesis to neuronal populations that innervate
nonstriated muscle targets.
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