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Nicotinic acetylcholine receptors containing a7 subunits are
widely distributed in the vertebrate nervous system. In the chick
ciliary ganglion such receptors generate large synaptic currents
but appear to be excluded from postsynaptic densities on the
cells. We show here that a7-containing receptors are concen-
trated on somatic spines in close proximity to putative sites of
presynaptic transmitter release. Intermediate voltage electron
microscopy on thick sections, together with tomographic re-
construction, permitted three-dimensional analysis of finger-
like projections emanating from cell bodies. The projections
were identified as spines based on their morphology, cytoskel-
etal content, and proximity to presynaptic elements. Both in situ
and after ganglionic dissociation, the spines were grouped on
the cell surface and tightly folded into mats. Immunogold la-
beling of receptors containing a7 subunits showed them to be
preferentially concentrated on the somatic spines. Postsynaptic

densities were present in vivo both on the soma near spines
and occasionally on the spines themselves. Synaptic vesicle-
filled projections from the presynaptic calyx were interdigitated
among the spines. Moreover, the synaptic vesicles often abut-
ted the membrane and sometimes included V profiles as if
caught in an exocytotic event, even when no postsynaptic
densities were juxtaposed on the spine. The results suggest
several mechanisms for delivering transmitter to a7-containing
receptors, and they support new ideas about synaptic signaling
via spines. They also indicate that neurons must have specific
mechanisms for targeting a7-containing receptors to desired
locations.
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Nicotinic acetylcholine receptors (AChRs) are widely expressed
in the vertebrate nervous system where they function as cation-
selective ligand-gated ion channels. One of the most abundant is
a species containing a7 subunits (a7-AChRs) that has a high
relative permeability to calcium and binds a-bungarotoxin (a-
Bgt) with high affinity (Couturier et al., 1990; Schoepfer et al.,
1990; Anand et al., 1993; Bertrand et al., 1993; Seguela et al.,
1993; Conroy and Berg, 1998). Increasing evidence indicates that
a7-AChRs can act presynaptically to modulate neurotransmitter
release (McGehee et al., 1995; Gray et al., 1996; Coggan et al.,
1997; Guo et al., 1998; Li et al., 1998).

In the chick ciliary ganglion, a7-AChRs play a prominent role
postsynaptically. The ganglion contains ciliary neurons innervat-
ing striated muscle in the iris and ciliary body and choroid
neurons innervating smooth muscle in the choroid layer (Dryer,
1994). Ciliary neurons become engulfed by large presynaptic
calyces early in development and express high levels of a7-
AChRs. The receptors generate substantial synaptic currents,
representing .90% of a 5 nA whole-cell response in situ (Zhang
et al., 1996; Ullian et al., 1997). Although the magnitude of the
current is not incompatible with the number of a7-AChRs

present [$106/neuron (Chiappinelli and Giacobini, 1978; Smith
et al., 1983)], the synaptic response is a surprise given the location
of the receptors. Electron microscopic analysis suggests that a7-
AChRs are absent from postsynaptic densities (PSDs) on the
neurons (Jacob and Berg, 1983; Loring et al., 1985) that instead
contain a different species of AChR (Jacob et al., 1984; Loring
and Zigmond, 1987). This latter species (a3*-AChRs) is com-
posed of a3, b4, a5, and occasionally b2 subunits and binds
monoclonal antibody mAb 35 (Vernallis et al., 1993; Conroy and
Berg, 1995). Despite their preferred location, a3*-AChRs gener-
ate only a minor portion of the synaptic current in many ciliary
neurons (Zhang et al., 1996; Ullian et al., 1997).

Confocal fluorescence microscopy with derivatized a-Bgt sug-
gested that a7-AChRs are concentrated in perisynaptic clusters
on ciliary ganglion neurons (Wilson Horch and Sargent, 1995).
Electron microscopic analysis using horseradish peroxidase
(HRP)-conjugated a-Bgt indicated preferential labeling of extra-
synaptic membrane among finger-like processes emanating from
the neurons (Jacob and Berg, 1983). The processes have usually
been referred to as pseudodendrites (Szentagothai, 1964; Hess,
1965; Landmesser and Pilar, 1972). A subsequent electron micro-
scopic study using 125I-a-Bgt and autoradiography supported the
conclusion that a7-AChRs are distributed throughout extrasyn-
aptic membrane but left unanswered the question as to whether
the receptors are preferentially concentrated on the processes
(Loring et al., 1985).

We have used immunogold labeling, together with intermedi-
ate voltage electron microscopy (IVEM) and tomographic anal-
ysis, to examine the distribution of a7-AChRs on chick ciliary
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neurons late in embryogenesis. We find the receptors are con-
centrated on somatic spines in close proximity to multiple sites of
presumed transmitter release. The receptor distribution and
spine configuration suggest a model for chemical transmission
through ciliary neurons that makes economical use of transmitter
while supporting high-frequency signaling and possible sequestra-
tion of calcium entering through activated a7-AChRs.

MATERIALS AND METHODS
Sample preparation. Ciliary ganglia were dissected from embryonic day
15 (E15) chicks and either labeled and processed directly for confocal
and electron microscopy or dissociated into a cell suspension and allowed
to settle on coverslips as described previously (Zhang et al., 1994) before
labeling and processing. After labeling, samples were prepared for fluo-
rescence visualization by fixation in 4% paraformaldehyde in phosphate
buffer, pH 7.4; samples prepared for electron microscopy (EM) were
fixed in 2% paraformaldehyde plus 2% glutaraldehyde in cacodylate
buffer, pH 7.4.

Immunolabeling of cultured cells and tissue sections. After allowing 20
min for dissociated cells to attach to the culture substratum, we incubated
the cultures for 1 hr at 4°C in 10 mM HEPES, pH 7.4, containing either
biotinylated a-Bgt (1:500 dilution; Molecular Probes, Eugene OR) to
label a7-AChRs or the rat monoclonal antibody mAb 35 (1:1000 dilution)
to label a3*-AChRs (Wilson Horch and Sargent, 1995; Conroy and Berg,
1998). Cultures were then rinsed five times with 10 mM HEPES, pH 7.4,
followed by 30 min of fixation and rinsing for 20 min in 0.01 M sodium
phosphate, pH 7.5, containing 0.15 M NaCl (PBS). To detect bound
biotinylated a-Bgt with immunofluorescence, we incubated labeled cul-
tures 45 min in either Cy3- or FITC-conjugated streptavidin (1:1000 in
PBS; The Jackson Laboratory, Bar Harbor, ME). To detect bound mAb
35 with immunofluorescence, we incubated cultures 45 min in a 1:200
dilution of Cy3-conjugated donkey anti-rat antibody (The Jackson Lab-
oratory). For immunogold labeling, cultures were first incubated 45 min
in PBS with a 1:200 dilution of mouse anti-biotin (The Jackson Labora-
tory), rinsed five times in PBS, and then incubated 45 min with donkey
anti-mouse antibody conjugated to 10 nm immunogold (1:50 dilution;
Amersham, Arlington Heights, IL) in PBS with 5% (v/v) normal donkey
serum. Alternatively, neurons labeled with HRP reaction product were
incubated with HRP conjugated to streptavidin (or to donkey anti-rat
antibody in the case of mAb 35) for 45 min, rinsed five times in PBS, and

then reacted for 5 min using a peroxidase-labeling kit (Molecular
Probes). Nonspecific (background) labeling with biotinylated a-Bgt was
assessed by incubating the neurons 20 min with 100 nM a-Bgt before the
incubation with biotinylated toxin and then processing as normal. Tissue
sections were labeled for immunofluorescent detection of a7-AChRs as
described above, using slightly longer incubation times and approxi-
mately twice as many rinses between steps. In some experiments, a7-
AChRs were labeled with indirect immunofluorescence by fixing the cells
as described above, permeabilizing with 0.1% (w/v) Triton X-100 in PBS,
and then labeling with anti-a7-AChR antibodies (Santa Cruz Biotech-
nology, Santa Cruz, CA).

Phalloidin labeling was performed on neurons in culture immediately
after they had been labeled for a7-AChRs as described above. Cells were
permeabilized in PBS with 5% (v/v) normal donkey serum and 0.1%
(w/v) Triton X-100 for 20 min and then were incubated for 45 min in a
1:1000 dilution of rhodamine-conjugated phalloidin (Molecular Probes).

Confocal microscopy. Fluorescently labeled material was visualized
with a Noran Instruments Odyssey (Middleton, WI) confocal microscope
using a 633, 1.4 numerical aperture objective lens. Approximately 60
optical sections were taken through each sample, recorded digitally, and
assembled to achieve the final volume. National Institutes of Health
Image was used to analyze the confocal images.

Electron microscopy. Material for EM was rinsed in 0.1 M sodium
cacodylate buffer several times and treated for 30 min with 2% osmium
tetroxide in 0.1 M sodium cacodylate. Samples were then counterstained
with uranyl acetate (except for those containing HRP-reacted material),
dehydrated in an ethanol series, and infiltrated with Durcupan ACM
resin. After polymerization for 24 hr at 60°C, the material was sectioned
into either 80 nm (thin-sectioned material) or 1–2 mm (thick-sectioned
material).

Thin-sectioned material was examined using a JEOL 100CX electron
microscope. Thick-sectioned material was examined with a JEOL
4000EX microscope, operating at 400 keV. Volume content of the thick
sections was revealed by tomographic reconstruction. The 1–2-mm-thick
sections were tilted through 120° of rotation, and electron micrographs
were taken at increments of 2°. These 61 tilt angles were then digitized,
aligned, and back projected to generate the volume information using
procedures described by Perkins et al. (1997). Manual tracing from the
computer-generated slices using Xvoxtrace software (developed by S.
Lamont, National Center for Microscopy and Imaging Research) was
used to delineate the plasma membrane, spine membrane position and

Figure 1. Confocal immunofluorescence comparing the distribution of a7-AChRs on ciliary ganglion neurons in situ (A) and in dissociated cell culture
(B). Labeling of a7-AChRs was obtained with biotinylated a-Bgt followed by Cy3-conjugated streptavidin. Large receptor clusters 1–4 mm in diameter
were apparent in both kinds of preparations. Scale bar, 10 mm.
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Figure 2. IVEM tomographic reconstruction of the ciliary ganglion neuron surface showing spine-like structures matted against the cell soma.
Dissociated cells stained with biotinylated a-Bgt followed by HRP-conjugated streptavidin were thick-sectioned and examined by IVEM at multiple tilt
angles. A, Electron micrograph of 1-mm-thick section showing HRP labeling of a surface region containing a tangle of processes difficult to follow. Black
dots at the top and bottom lef t are 20 nm gold fiducial markers. B, One of many computer-generated slices through the tomographic volume showing the
plasma membrane surface clearly resolved in the labeled region. C, A three-dimensional reconstruction of the surface plasmalemma illustrating the dense
mat of spine-like projections emanating from the cell body. Scale bars, 500 nm.
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label, and calyx structures. This information was used to construct
three-dimensional computer graphic representations using the Synu soft-
ware package (Hessler et al., 1992). Colors were chosen manually. Gold
particles were represented one-to-one by gold spheres in the tomogram.

The number of immunogold particles per unit membrane length was
estimated from electron micrographs of thin-sectioned dissociated neu-
rons labeled with biotinylated a-Bgt. Neuronal membrane was divided
into two classes: “spiny” and “nonspiny” membrane. Spiny membrane for
purposes of gold particle counts was defined as that representing an
extension of at least one putative spine width (usually 0.1–0.2 mm) from
the cell body and not abutting other structures that would limit access of
the immunogold label. Nonspiny membrane was that clearly representing
soma surface and did not include distortions or bumps that might have
represented the base of a transected spine. The total number of gold
particles along each type of membrane sample was summed and divided
by the total length of membrane observed. Membrane length was mea-
sured using Analyze software (Mayo Clinic Foundation, Rochester,
MN). No attempt was made to calibrate the numerical relationship
between gold particles bound and a7-AChRs present because the mea-
sured values for gold particle density were in all cases used only for
comparative purposes, i.e., comparing the relative densities of a7-AChRs
on spiny versus nonspiny membrane.

Calculations. The proportion of the cell surface devoted to a7-AChR
clusters was measured from confocal micrographs of cells fluorescently
labeled with biotinylated a-Bgt and Cy3–streptavidin. The threshold for
detection in these measurements was adjusted to reveal only the brightest
clusters, thereby ensuring a conservative estimate of the proportion of
the surface occupied by them. The extent of folding or packing of the
plasmalemma in a spine clump was estimated for thin-section electron
micrographs of intact ganglia. The total lineal membrane measured
throughout complete spiny regions was divided by that measured for
equivalent (degrees of arc) regions of nonspiny (smooth soma) mem-
brane. This value for the relative enrichment of plasma membrane in
spiny regions was then multiplied by the total area of such regions
calculated above to obtain a value for the relative proportion of the total
cell surface contributed by spine plasma membrane. This calculation
assumes that the brightest a7-AChR clusters detected by immunofluo-
rescence are coextensive with spiny regions, consistent with the immu-
nogold labeling results reported below.

The space constant l was estimated for spine-like projections accord-
ing to the formula: l 5 [aRm/2 Ri]

1/2, where a is the spine diameter, Rm
is the specific resistance of the spine membrane, and Ri is the resistance
of the spine interior. Rm and Ri were taken to be 10 4 Vcm 2 and 10 2 Vcm,
respectively, the values found for mammalian cardiac neurons (Plonsey
and Barr, 1989).

Materials. White Leghorn chick embryos were obtained locally and
maintained at 37°C in a humidified incubator. a-Bgt was purchased from
Biotoxins (St. Cloud, FL). All other reagents were purchased from Sigma
(St. Louis, MO) unless otherwise indicated.

RESULTS
Clusters of a7-AChRs on dissociated neurons
a-Bgt was used as a probe for a7-AChRs on chick ciliary ganglion
neurons because it binds with high affinity to receptors containing
a7 subunits (Schoepfer et al., 1990) and the receptors account for
the vast majority of a-Bgt binding in the ganglion (Vernallis et al.,
1993). The only other identified neuronal AChR subunit recog-
nized by a-Bgt in chick is a8, but the a8 gene is not expressed in
the ganglion (Corriveau and Berg, 1993). Confocal fluorescence
microscopy of E15 chick ciliary ganglia labeled with biotinylated
a-Bgt followed by Cy3–streptavidin shows that a7-AChRs are
distributed in large clusters on many of the neurons (Fig. 1A).
Such clusters have been described previously as perisynaptic in
location because of their proximity to but nonoverlap with pre-
synaptic sites of transmitter release assessed immunocytochemi-
cally (Wilson Horch and Sargent, 1995).

Freshly dissociated E15 ciliary ganglion neurons display similar
patterns of a7-AChR clusters (Fig. 1B). The clusters were most
prominent and distinct on the larger cells that comprised a little
over one-half of the dissociated population. The smaller cells also
showed nonuniform distributions of a7-AChRs, but the receptor
clusters were less pronounced. Similar patterns of immunofluo-
rescent staining were obtained when the cells were fixed, perme-
abilized, and labeled with an anti-a7 antibody followed by Cy3-
labeled secondary antibody (data not shown). Measuring the size
of the larger cells with prominent clusters yielded a value of
21.2 6 0.4 mm (mean 6 SEM; n 5 29 neurons) for their mean cell
diameter. This value is midway between that reported for E14
and that for 1 d after-hatching ciliary neurons in vivo and three-
fold larger than that reported for E14 choroid neurons in vivo
(Pilar and Tuttle, 1982). Accordingly, the large dissociated cell
population probably contained mostly ciliary neurons and was

Figure 3. Conventional electron micrographs of thin sections showing immunogold labeling of a7-AChRs on dissociated ciliary ganglion neurons. A,
B, Examples of spine-like structures with immunogold labeling achieved by incubating cells with biotinylated a-Bgt followed by anti-biotin antibodies and
gold-conjugated secondary antibodies. C, Control section showing minimal nonspecific immunogold labeling on a neuron surface after the cells were
incubated with excess a-Bgt before biotinylated a-Bgt in the labeling procedure. Scale bars: A, C, 500 nm; B, 500 nm.
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Figure 4. Three-dimensional pattern of a7-AChR immunogold labeling ( yellow spheres) on ciliary ganglion neurons viewed with IVEM and
tomographic reconstruction. A, A three-dimensional reconstructed view of a patch of membrane-containing matted spines. The spines are heavily labeled
with gold particles associated with a7-AChRs after immunogold labeling as described in Figure 3. B, Background levels of immunogold particles on a
neuron surface prepared for nonspecific labeling as described in Figure 3. C, A stereo pair offering a three-dimensional view of another reconstruction
of folded spines containing immunogold-labeled a7-AChRs. Scale bars, 500 nm.
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selected for subsequent analysis. The smaller cells seemed likely
to include many choroid neurons; they were not characterized
further here.

E15 ganglia were chosen for these experiments because it is a
time at which many of the major developmental events have
occurred on ciliary neurons; all have become innervated, pregan-
glionic calyces have formed, naturally occurring cell death is
complete, and the postganglionic target has been contacted (Dry-
er, 1994). Also, preliminary experiments showed that by E15 the
receptor clusters were well formed and comparable with those
reported in vivo for older ganglia (Wilson Horch and Sargent,
1995).

Localization of a7-AChRs on spine-like structures
To examine the fine structure of a7-AChR clusters, we labeled
freshly dissociated E15 neurons with biotinylated a-Bgt followed
by HRP-conjugated streptavidin and prepared these neurons for
EM. Dissociated neurons were chosen in this case because they
offered a relatively simple cellular environment and more reliable
access for receptor labeling. Thick sections were examined by
IVEM and were used to generate tomographic reconstructions of
the HRP-labeled membrane areas. Tomographic analysis was
used because it enables quantitative three-dimensional examina-
tion of fine structure within the relevant domains and thereby
facilitates accurate representation of complex structures.

HRP reaction product in the thick sections was primarily as-
sociated with cell surface regions having complex membrane folds
(Fig. 2A). Tomographic analysis of the thick sections was
achieved by taking multiple images by IVEM at different tilt
angles through the section and assembling the images into a
composite three-dimensional structure (Soto et al., 1994; Perkins
et al., 1997). A single reconstructed cross section generated by

back projection illustrated the complexity of such labeled regions
(Fig. 2B). Complete three-dimensional images indicated that the
regions were composed of dense clusters or clumps of small
finger-like projections emanating from the cell body and were
heavily labeled with HRP reaction product. Individual projec-
tions within the clumps had the approximate dimensions of so-
matic spines (see below) and were usually folded back along the
cell surface to form compact mats (Fig. 2C). The labeled mats
ranged in size from 1 to 4 mm in diameter and closely approxi-
mated both in size and number the clusters of a7-AChRs iden-
tified previously on ciliary ganglion neurons with confocal micros-
copy. No HRP reaction product was detectable on smooth soma
membrane.

To determine whether a7-AChRs are concentrated on the
spine-like structures, we subjected freshly dissociated neurons to
immunogold labeling. Analysis of thin sections with conventional
EM indicated prominent gold labeling of presumptive spines (Fig.
3A,B). The extent of labeling varied along and among the spine-
like structures, but it was very rare to find a putative spine
completely lacking label. Relatively little specific labeling was
found on nonspiny regions of the soma. In both cases the labeling
was specific as judged by the basal levels found on cells coincu-
bated with excess a-Bgt to block binding of the biotinylated toxin
(Fig. 3C).

Tomographic reconstruction of images collected by IVEM
from immunogold-labeled thick sections confirmed the preferen-
tial association of gold particles with membrane domains rich in
the folded spine-like structures (Fig. 4A). Adjacent nonspiny
membrane on the same cell had lower levels of labeling. Again,
the labeling was judged specific because it could be blocked by
competition with unlabeled a-Bgt during the initial binding reac-
tion (Fig. 4B). Stereoscopic images of labeled regions containing
the spine-like structures provided clear three-dimensional views
of the configuration (Fig. 4C).

Immunogold-labeled thin-section images were used to quantify
the number of gold particles per unit length of membrane. For
purposes of quantification, nonspiny soma membrane was consid-
ered to be those regions having a consistently smooth contour
defining the circumference of the cell with no deformations or
irregularities. Spine-like membrane was taken to be that extend-
ing from the cell body by at least one width equivalent of the
projection itself and having no abutting structures that might have
impeded access of the immunogold label. The specific labeling
associated with putative spines calculated in this way was an order
of magnitude greater in density than that associated with smooth
soma (nonspiny) membrane and was 35–40 times greater than the
level of background labeling found on either type of membrane
(Fig. 5). The results indicate a clear targeting of a7-AChRs
specifically to the presumptive spines.

Features of somatic spines
By several criteria the finger-like projections appeared to repre-
sent somatic spines. Sometimes individual projections stretched
out from the cell body, extending through the full thickness of the
1–2 mm section. Inspection of numerous examples of both folded
and extended projections indicated they were approximately cy-
lindrical in shape with diameters that varied from 0.1 to 0.5 mm
and with lengths ranging up to 4 mm. Inspection of thin sections
by conventional EM failed to reveal microtubules and instead
sometimes showed internal membrane structures with the shape
and size expected for endoplasmic reticulum. Double labeling
with biotinylated a-Bgt and phalloidin followed by confocal flu-

Figure 5. Relative levels of a7-AChRs on spine-like projections and
nonspiny soma surfaces. The density of gold particles on spine-like versus
nonspiny membrane segments was determined from conventional EM of
thin sections after immunogold labeling for a7-AChRs as shown in Figure
3. Nonspiny membrane was defined as those segments having a smooth
contour continuous with the cell surface and free of bumps and irregu-
larities; spine-like membrane was defined as that involving an extension of
at least one putative spine width (usually 0.1–0.2 mm) from the cell body
with no abutting structures that would limit access of the immunogold
label. Specific labeling of a7-AChRs (a-Bgt-labeled neurons) and nonspe-
cific labeling (control neurons) were generated as described in Figure 3.
The values shown represent the mean 6 SEM of counts on a total of 31.4
lineal mm of nonspiny membrane from 17 neurons and 26.3 lineal mm of
spine-like membrane from 17 neurons (23 spines).
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Figure 6. Confocal double-label micrographs showing codistribution of actin filament bundles and a7-AChRs on neurons. A, Phalloidin staining ( green)
of a dissociated E15 ciliary ganglion neuron to detect bundled actin in spines. B, Same neuron stained with biotinylated a-Bgt followed by
Cy3-streptavidin (red) to visualize a7-AChR clusters. C, Overlay of phalloidin and a-Bgt labeling showing extensive overlap ( yellow). Membrane ruffles
that extended from the bottom and right sides of the cell, presumably serving to anchor the cell to the substratum, contained actin bundles without
codistributed a7-AChRs. Scale bar, 10 mm.

Figure 7. Confocal double-label micrographs showing extensive overlap of a7- and a3*-AChR clusters on dissociated ciliary ganglion neurons. A,
Neuron labeled for a7-AChRs with biotinylated a-Bgt followed by FITC-conjugated streptavidin ( green). B, Same neuron (Figure legend continues)
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orescence microscopy showed that the membrane structures as-
sociated with a7-AChR clusters were highly enriched in bundles
of actin filaments, as expected if the structures represented spine
clumps (Fig. 6). These structural features, together with the
occasional presence of a PSD (see below), strongly suggest they
are in fact somatic spines.

Estimates of the total cell surface membrane devoted to so-
matic spines were generated to calculate the proportion of a7-
AChRs located on them. Confocal microscopy indicated that
12.5 6 1.6% (mean 6 SEM; n 5 16 neurons) of the surface area
on freshly dissociated E15 neurons was occupied by spine clumps
(assuming a7-AChR clusters and spine clumps to be coincident).
IVEM and tomographic analysis of dissociated neurons indicated
that the total surface membrane in spine clumps was 8.4-fold (6
0.8; mean 6 SEM; n 5 8 regions) more dense per degree of arc
than that along nonspiny portions of the soma. Together these
numbers produced the unexpected result that spines approxi-
mately double the surface area of the neuron.

The mean cell diameter reported above for freshly dissociated
E15 neurons would predict a mean total surface area of ;1400
mm2 per cell if the cells were spheres. Capacitance measurements
on dissociated E15 neurons produced a mean value of 27.3 6 0.6
pF (Zhang et al., 1994) for cells prepared and generally size-
selected as described here. The capacitance measurements, there-
fore, indicate an electrically accessible mean total surface area of
;2700 mm2 for the cells. This is nearly twice that calculated from
the mean cell diameter and very close to that predicted for the
cells if the spines double the surface area. A limitation of the
analysis is that some of the cells extend membrane ruffles along
the culture substratum, presumably to enhance attachment (Fig.
6A). It is not clear whether the membrane ruffles contribute to the
capacitance measurement; they are not visible with phase-
contrast optics. Even allowing for them in the capacitance mea-
surement, however, suggests that a substantial portion of the
spine membrane is likely to be electrically accessible to a record-
ing electrode positioned on the soma.

Codistribution of AChR subtypes
In addition to a7-AChRs, ciliary ganglion neurons contain het-
eromeric a3*-AChRs composed of a3, b4, a5, and occasionally
b2 subunits that can be distinguished by binding mAb 35 (Ver-
nallis et al., 1993; Conroy and Berg, 1995; Wilson Horch and
Sargent, 1995). mAb 35 recognizes the neuronal AChR a3 and a5
gene products but not the a4, a7, a8, b2, or b4 gene products
(Conroy and Berg, 1998). Such receptors were reported previ-
ously to be concentrated both at PSDs on the neurons and on the
pseudodendrites (Jacob et al., 1984) identified here as somatic
spines. Confocal analysis suggested previously that the a3*-
AChRs were primarily concentrated in perisynaptic clusters as
reported for a7-AChRs (Wilson Horch and Sargent, 1995).

When dissociated ciliary ganglion neurons were double labeled
for a7-AChRs with biotinylated a-Bgt and for a3*-AChRs with
mAb 35, confocal fluorescence microscopy showed considerable
overlap in the distribution for the two classes of receptors (Fig.
7A–C). This was most apparent for the larger clusters of a7- and

a3*-AChRs. Small clusters containing only a3*-AChRs or only
a7-AChRs, however, were also present. The microclusters of
a3*-AChRs that lack a7-AChRs and ring the larger coclusters
have the size and position expected for PSDs on the cells (Jacob
and Berg, 1983; Jacob et al., 1984; Wilson Horch and Sargent,
1995). HRP staining of dissociated neurons labeled with mAb 35
confirmed that a3*-AChRs were associated with spines emanat-
ing from the cells, as seen above with gold labeling for a7-AChRs
(Fig. 7D). The HRP reaction product was more patchy, however,
and less widely distributed than that associated with a7-AChRs.

Proximity of spines and synapses in vivo
Previous studies have shown a7-AChRs to be undetectable at
PSDs on ciliary ganglion neurons (Jacob and Berg, 1983), and yet
the receptors contribute importantly to synaptic currents in the
neurons (Zhang et al., 1996; Ullian et al., 1997). These results,
coupled with the finding reported here that a7-AChRs are con-
centrated on somatic spines, motivated a re-examination of the
relationship between spines and presynaptic sites of transmitter
release in the ganglion. Tomographic analysis provided an oppor-
tunity to obtain a detailed three-dimensional view of the spines in
vivo. This served two purposes, one being an assessment of spine
proximity to presynaptic specializations such as vesicle-docking
sites and the other being an indication of whether the spine
configuration observed on dissociated cells was a fair represen-
tation of that found in situ when the preganglionic elements
remained in place.

E15 ciliary ganglia were thick-sectioned and examined by
IVEM. Tomographic reconstruction of the images indicated a
complex mat of intertwined and folded somatic spines, best seen
by stereoscopic projection (Fig. 8A). The dimensions and config-
uration of the spines were similar to those present on dissociated
cells. PSDs could be distinguished on somatic membrane in the
immediate vicinity of the spine clumps. Individual reconstructed
sections generated by the tomographic back projection illustrated
the proximity of spines, calyx, and synaptic vesicles (Fig. 8B).
When the locations of individual synaptic vesicles were scored
and added to the tomographic reconstruction, it became clear that
the vesicles were concentrated not only over the PSDs but also
over the folded spines even though no PSDs were apparent on the
spines in the field of view (Fig. 8B,C). Adding the calyx profile to
the image illustrated how it engulfed the folded spines and
extended small projections among the spines (Fig. 8C).

Conventional EM on thin sections provided additional detail.
Spines were often closely packed to form a clump overlaid on the
cell soma but were interdigitated with calyx projections filled with
synaptic vesicles (Fig. 9A). PSDs could be found both on the soma
membrane close to the base of the spines and on the spines
themselves in some cases (Fig. 9A,B). Synaptic vesicles were
packed close to the calyx membrane ensheathing the spines, often
being in such proximity as to suggest that some of the vesicles may
have been docked at release sites (Fig. 9B,C). Occasionally the
spines projected deep into the calyx where they were surrounded
with synaptic vesicles. In some instances a spine was caught in
cross section emerging from the soma near a PSD in the same

4

labeled for a3*-AChRs with mAb 35 followed by Cy3-conjugated secondary antibody (red). C, Overlay of Cy3 and FITC staining showing extensive
overlap ( yellow). Codistribution was most pronounced for the larger clusters of a7- and a3*-AChRs. Smaller clusters containing only one of the receptor
types were also apparent. D, Conventional EM of a thin section through a dissociated neuron stained with mAb 35 and HRP-conjugated secondary
antibodies to label a3*-AChRs. Patches of HRP staining can be distinguished on the spines and soma membrane (arrows). A portion of the calyx
containing synaptic vesicles remains attached to the cell in this case. Scale bars: A–C, 5 mm; D, 500 nm.
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Figure 8. Tomographic reconstruction of ciliary ganglion neuron surface in situ showing complexes of matted spines, overlaid synaptic vesicles, and
nearby PSDs. A, Stereo pair of images showing a three-dimensional view of a membrane patch containing matted spines on a neuron in situ. Note the
locations of nearby PSDs ( green). B, One of many computer-generated slices through the reconstructed volume. A vesicle-filled calyx extension underlies
the mat of spines (arrowhead). A synapse adjacent to the spines is indicated by the arrow. C, Same image as in A (75% scale) with overlaid synaptic
vesicles (red) on the right and the accompanying calyx structure ( gray) on the lef t containing the same vesicles and rotated 70° out from the plane of the
neuron surface. For clarity, only a representative 20% of the vesicles are indicated. The calyx image shows thin projections that extend into the mat of
spines; synaptic vesicles are densely packed over the spines even though PSDs are located only at the perimeter. C, Calyx; Gl, glial cell; N, neuronal soma;
Sp, spine. Scale bars, 500 nm.
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Figure 9. The relationship of calyx membrane, spines, synaptic vesicles, and PSDs as shown by conventional electron micrographs of the intact ganglion
in thin sections (A–C) and by high-magnification tomographic-reconstructed views from thick sections (D, E). A, A mat of folded spines invested with
a calyx projection (arrow) filled with synaptic vesicles. A PSD can be distinguished both on the soma membrane near the spines (double arrowhead) and
on a spine itself (arrowhead). B, A mat of folded spines overlaid with calyx densely packed with synaptic vesicles. Two PSDs can be distinguished on
the spines (arrowheads), and synaptic vesicles are tightly packed near the spine membrane in other regions as well that lack (Figure legend continues)
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field of view; synaptic vesicles could be seen tightly packed along
its length (Fig. 9C). In the example shown, an V profile can also
be distinguished in the calyx membrane, possibly representing a
synaptic vesicle caught in midexocytosis onto the spine surface
(Fig. 9C). Higher magnification tomographic sections of other
regions provided additional examples of V profiles opposed to
spines even though no PSD was present in the entire volume
sampled (Fig. 9D,E). The absence of clathrin coats suggested that
the V structures represented exocytotic events rather than endo-
cytotic ones. Clathrin-coated pits were occasionally observed
both on calyx and spine membrane, confirming that the structures
could be distinguished when present.

DISCUSSION
The principal findings reported here are that a7-AChRs are
concentrated on ciliary ganglion somatic spines. The spines are
arranged in clumps on the ciliary neuron surface and are folded
into tightly matted arrays. The matted spines effectively double
the total surface area of the cell and position much of it close to
presynaptic calyx membrane. Although a7-AChRs may be ex-
cluded from PSDs on the neurons, the receptors are in close
proximity to numerous potential sites of transmitter release by
virtue of their distribution along spines. The elaborate spine
configuration implies a specialized synaptic function, and the
accompanying distribution of a7-AChRs indicates that neurons
have specific mechanisms for targeting a7-AChRs to desired
locations.

Spine-like projections emanating from neuron cell bodies have
been described in several kinds of autonomic ganglia (Piezzi and
Rodriquez-Echandia, 1968; Watanabe, 1971; Smolen, 1988; Rob-
ertson and Jackson, 1996). Identification of the projections as
somatic spines in the present experiments depended on several
criteria. Chief among these were their dimensions, their cytoskel-
etal composition (presence of actin filaments and absence of
microtubules), and their proximity to presynaptic elements. Usu-
ally another defining feature of both dendritic and somatic spines
is the presence of a PSD (Harris and Kater, 1994). Analysis of
ciliary ganglion sections revealed PSDs on some somatic spines
but not on others. It is unclear whether this represents a structural
heterogeneity among the spines or whether PSDs were often
missed because the spines rarely were captured in their entirety
within the section being examined. A previous report described
rare somatic spines with opposing PSDs on both sides of the spine
neck on ciliary ganglion neurons; the structures did not appear
until 2 weeks after hatching and were found in only a few of many
ganglia examined (Takahashi, 1967). Serial-section EM analysis
of ciliary neurons in situ may be necessary to define the full extent
of spines and to quantify PSDs on them.

The immunogold labeling with biotinylated a-Bgt permitted a
quantitative demonstration for the first time that a7-AChRs are
preferentially concentrated on somatic spines rather than being
randomly distributed throughout the surface membrane. Because
spines contribute approximately one-half of the total surface area

of E15 ciliary neurons and contain an order of magnitude greater
density of a-Bgt-binding sites than does the soma membrane, they
account for ;90% of the total a7-AChRs on the neurons. The
few a-Bgt-binding sites in ciliary ganglia not associated with a7
protein (#5%) are unlikely to have contributed significantly be-
cause of their scarcity (Pugh et al., 1995) and because anti-a7
antibodies and a-Bgt produced the same labeling patterns. If
one-half of the ;20 fmol of a-Bgt-binding sites in E15 ciliary
ganglia (Chiappinelli and Giacobini, 1978; Corriveau and Berg,
1994) are on the estimated 1600 ciliary neurons present (Land-
messer and Pilar, 1974), the 1400 mm2 calculated here for the
aggregate spine surface per E15 neuron should have a mean
binding-site density of ;2 3 103 per mm2. This value is interme-
diate between the ;0.6 3 10 3 and 5 3 103 neuronal
bungarotoxin-binding sites per mm2 estimated by EM autoradiog-
raphy for AChRs (non-a7) at PSDs on chick ciliary ganglion
neurons in situ and on rat sympathetic neurons in culture, respec-
tively (Loring and Zigmond et al., 1987; Loring et al., 1988). If
a7-AChRs have one to two a-Bgt-binding sites (Schoepfer et al.,
1990; Chen and Patrick, 1997; but see Palma et al., 1996), the
inferred receptor density would be approximately an order of
magnitude below the 2 3 104 AChRs per mm2 at the mammalian
neuromuscular junction (Fertuck and Salpeter, 1976). Because
a7-AChRs are widely expressed in the nervous system, it will be
important to determine whether they are commonly associated
with spines.

The HRP-labeling studies with mAb 35 indicate that a3*-
AChRs are distributed along the spines as well. The receptors are
less abundant than are a7-AChRs (Chiappinelli and Giacobini,
1978; Smith et al., 1985; Corriveau and Berg, 1994) but may be
intermingled with them. Alternatively, they may be segregated to
different regions on the spines or to different spines within a
clump. The results corroborate and extend those obtained with
conventional EM and HRP labeling of neurons in situ (Jacob and
Berg, 1983; Jacob et al., 1984). Those results also showed, how-
ever, as did EM autoradiographic analysis (Loring and Zigmond,
1987), that a portion of the a3*-AChRs is uniquely concentrated
at PSDs. Such receptors may comprise a small fraction of the total
a3*-AChRs and appear in confocal microscopy as the microclus-
ters of mAb 35-binding sites seen near but not overlapping with
the larger a7- and a3*-AChR coclusters both here on dissociated
cells and previously in situ (Wilson Horch and Sargent, 1995).

How do a7-AChRs become synaptically activated if they are
excluded from PSDs? The present results suggest two kinds of
mechanisms. One arises from the proximity of spines to PSDs.
Transmitter released onto PSDs could spread rapidly by diffusion
to adjacent spine surfaces (Clements, 1996) and produce the ;1
msec rise times for synaptic currents caused by a7-AChRs
(Zhang et al., 1996; Ullian et al., 1997). A different possibility is
that vesicular release of transmitter may occur directly onto spine
membrane even without PSDs. Such might be the purpose of
having both large amounts of spine surface and vast numbers of

4

PSDs. C, A spine in longitudinal section showing the base (asterisk) with a PSD on the adjacent soma membrane (arrow) and synaptic vesicles tightly
lining the calyx membrane along the spine as if some may have been docked for release. An V profile (arrowhead) can be distinguished in the calyx
membrane as if a vesicle had been trapped in midexocytosis onto the spine surface. D, E, Two high-magnification tomographically reconstructed images
;40 nm apart from the same thick section. Multiple spines are seen in cross section (one of which is labeled) stacked up along the vesicle-containing calyx.
Several V profiles are indicated (arrowheads). The absence of clathrin coats in these cases supports the interpretation that they represent exocytotic rather
than endocytotic events. Examination of serial reconstructed images confirmed the absence of PSDs from the entire 1-mm-thick volume sampled. c,
Calyx; n, neuron; sp, spine. Scale bars: A, B, 500 nm; C, 500 nm; D, E, 200 nm.
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synaptic vesicles packed tightly along the calyx membrane juxta-
posed to spines. The occasional V membrane profiles seen at such
locations could represent examples of vesicular release; they lack
the clathrin coats expected for endocytotic events. The multiple
spines and the abundance of synaptic vesicles along them could
ensure reliable high-frequency transmission even if release oc-
curred as a low-probability event per unit area of membrane. This
mode of synaptic transmission may be more widespread in the
nervous system than previously imagined.

Previous confocal microscopic analysis using immunofluores-
cence suggested that synaptic vesicle protein did not overlap in
distribution with a7-AChR clusters on ciliary ganglion neurons
(Wilson Horch and Sargent, 1995). This led to the suggestion that
the receptor clusters were perisynaptic. Confocal imaging of
dissociated neurons displayed the same kinds of a7-AChR clus-
ters in the present experiments, but double labeling with phalloi-
din for bundled actin and with biotinylated a-Bgt for a7-AChRs
indicated the clusters were coextensive with somatic spine
clumps. (The spines presumably survived the dissociation proce-
dure because they were folded and packed on the cell surface; the
folding appeared only slightly less compact than on cells in vivo.)
Immunogold labeling of dissociated cells showed that most, if not
all, of the spines were heavily endowed with a7-AChRs, as
indicated above. The EM analysis performed here on sectioned
ganglia indicated a close alignment between synaptic vesicles in
the calyx and juxtaposed spines on the cell body. As a result,
a7-AChRs must be in close apposition to synaptic vesicles. It is
not clear why an association of vesicles and a7-AChRs was not
detected previously; possibly the high density of vesicles through-
out the calyx core necessitated an attenuation of the fluorescence
monitoring such that vesicles positioned peripherally near spines
were obscured.

Nearly all of the current generated by a7-AChRs on the spines
should reach the soma. This follows from the observation that the
spines are only a few micrometers in length and have a diameter
of ;0.2 mm that predicts a space constant in excess of 200 mm
(Plonsey and Barr, 1989). The EM images revealed no physical
restrictions at the base of the spines that might impede current
flow. Many of the a7-AChRs are probably exposed to transmitter
during each synaptic trial because of the anatomical features
described above and because of studies with an esterase inhibitor
suggesting that the a7-AChR synaptic response is limited by
receptor desensitization rather than by transmitter availability
during a stimulus (Zhang et al., 1996). Given these consider-
ations, it is surprising that estimates of a7-AChR single-channel
properties suggested that only a few percent of the a7-AChRs
might be sufficient to account for the synaptic currents observed
(Ullian et al., 1997). If the assumptions about a7-AChR proper-
ties were correct, the results imply that many of the receptors
either may not be functionally available during a given trial
because of some regulatory constraint or may quickly desensitize
during initial exposure to agonist.

What is the function of somatic spines, and why are a7-AChRs
concentrated on them? One reason may be that the enlarged
surface area contributed by spines increases the safety factor for
reliable transmission in an economical manner. A second reason
is that spines may compartmentalize some consequence of syn-
aptic signaling (Koch and Zador, 1993). A prime candidate is
calcium influx. The relative calcium permeability of a7-AChRs is
as high as that of NMDA receptors (Bertrand et al., 1993; Seguela
et al., 1993). Given the high-frequency firing possible in the ciliary
ganglion (Dryer, 1994), substantial calcium influx may occur

through a7-AChRs. Localizing the receptors on spines could
sequester the calcium and protect the cell body from activity-
driven cytotoxicity (Harris and Kater, 1994). Sequestering cal-
cium in spines may also enable higher levels to be sustained for
long-term regulatory effects.
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