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Nicotinic acetylcholine receptors serve a variety of signaling
functions in the nervous system depending on cellular location,
but little is known about mechanisms responsible for tethering
them at specific sites. Among the most interesting are recep-
tors containing the a7 gene product, because of their abun-
dance and high relative permeability to calcium. On chick ciliary
ganglion neurons a7-containing receptors are highly concen-
trated on somatic spines folded into discrete patches on the
cell. We show that the spines contain filamentous actin and
drebrin. After cell dissociation, the actin slowly redistributes,
the spines retract, and the a7-containing receptors disperse
and are subsequently lost from the surface. Latrunculin A, a
drug that depolymerizes filamentous actin, accelerates recep-
tor dispersal, whereas jasplikinolide, a drug that stabilizes the
actin cytoskeleton, preserves large receptor clusters and pre-
vents receptor loss from the surface. The receptors are resis-

tant to extraction by nonionic detergent even after latrunculin A
treatment. Other, less abundant, nicotinic receptors on the
neurons are readily solubilized by the detergent even though
these receptors are located in part on the spines. The results
demonstrate that the actin cytoskeleton is important for retain-
ing receptor-rich spines and indicate that additional cytoskel-
etal elements or molecular interactions specific for a7-
containing receptors influence their fate in the membrane. The
cytoskeletal elements involved are not dependent on the archi-
tecture of the postsynaptic density because a7-containing re-
ceptors are excluded from such sites on ciliary ganglion
neurons.
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A critical feature of circuit formation in the nervous system is the
proper positioning of neurotransmitter receptors. This is partic-
ularly important for ionotropic receptors permeable to calcium
because the resulting calcium influx can have pleiotropic effects if
not restricted in location. The best-studied example is that of
NMDA receptors that are often concentrated in postsynaptic
densities on dendritic spines (Harris and Kater, 1994). In the
hippocampus, activation of NMDA receptors can produce
calcium-dependent modulation of synaptic function, including
long-term potentiation and depression (Malenka and Nicoll,
1999). Confining the receptors to the spine spatially limits the
spread of calcium influx and the resulting modulation (Muller and
Connor, 1991; Yuste and Denk, 1995; Engert and Bonhoeffer,
1997; Mainen et al., 1999) and reduces the risk of nonspecific
destructive effects such as excitotoxicity (Choi, 1992).

Complex mechanisms can be devoted to localizing and control-
ling calcium-permeable ionotropic receptors. Again this is best
documented for NMDA receptors where an elaborate molecular
scaffold clusters machinery required for signal transduction and
receptor regulation. Postsynaptic density-95 (PSD-95) protein
provides the backbone for tethering numerous regulatory com-

ponents close to the receptor via PDZ domains and may partic-
ipate in clustering the receptors (Kornau et al., 1995; Brenman et
al., 1996; Hsueh et al., 1997). Actin filaments, necessary for
sustaining spine structure, have a dual effect on NMDA recep-
tors; they prevent relocation of the receptors (Allison et al., 1998)
and influence receptor function via a calcium-sensitive,
calmodulin-blocked a-actinin link (Rosenmund and Westbrook,
1993; Wyszynski et al., 1997; Krupp et al., 1999).

Nicotinic acetylcholine receptors containing the a7 gene prod-
uct (a7-nAChRs) are widely distributed in the nervous system
(Couturier et al., 1990; Schoepfer et al., 1990; Anand et al., 1993;
Conroy and Berg, 1998) and have a high relative permeability to
calcium (Bertrand et al., 1993; Seguela et al., 1993). On chick
ciliary neurons the receptors are concentrated on somatic spines
folded into discrete clumps on the cells (Shoop et al., 1999).
Synaptic stimulation of the receptors elicits large, rapidly decay-
ing responses (Zhang et al., 1996; Ullian et al., 1997) that pro-
mote reliable, synchronous firing through the ganglion during
development (Chang and Berg, 1999). Recent studies have shown
that receptor function is augmented by extracellular calcium
acting at extracellular sites (Liu and Berg, 1999a). More impor-
tant, calcium influx through the receptors permits calmodulin to
regulate opposing actions of calcineurin and CaM kinase II on
activity-dependent rundown of the a7-nAChR response (Liu and
Berg, 1999b). The rate of rundown is influenced by the state of
the actin cytoskeleton and does not extend to a less abundant
class of nicotinic receptors expressed by the neurons, namely,
those composed of a3, b4, a5, and sometimes b2 subunits
(a3*-nAChRs).

The present experiments were undertaken to determine how
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the cytoskeleton influences the distribution of a7-nAChRs on
ciliary ganglion neurons. The results show that collapse of actin
filaments causes retraction of the somatic spines and dispersal of
the receptors into microclusters. The receptors remain resistant,
however, to detergent extraction, suggesting the involvement of
yet other protein–protein interactions tethering a7-nAChRs.

MATERIALS AND METHODS
Cell cultures. Ciliary ganglia were dissected from embryonic day 15 (E15)
chicks, dissociated into a cell suspension, and maintained in culture as
described previously (Nishi and Berg, 1981; Zhang et al., 1994). For
imaging experiments the cells were plated onto glass coverslips coated
with polylysine and fibronectin; for binding experiments the cells were
plated in plastic dishes coated with polylysine. Culture medium con-
tained 10% (v/v) heat-inactivated horse serum and 3% (v/v) chick em-
bryonic eye extract as described previously (Nishi and Berg, 1981). The
cells were allowed to settle at least 20 min at 37°C for proper attachment
before an experiment was initiated and then were maintained 4–24 hr at
37°C in a 95% air/5% CO2 atmosphere. Drug treatments included
latrunculin A (Molecular Probes, Eugene, OR) or jasplikinolide (Molec-
ular Probes) being added to the culture medium from stock solutions (2
mg/ml in DMSO) to a final concentration of 4 mg/ml for 4–24 hr.

Confocal fluorescence microscopy. Cells on glass coverslips were incu-
bated with Alexa488-conjugated a-bungarotoxin (aBgt; 1:500 dilution;
Molecular Probes) for 20 min at 37°C to label a7-nAChRs and then
washed three times in culture medium to remove unbound toxin, fixed in
4% paraformaldehyde in phosphate buffer, pH 7.4, and taken for view-
ing. In some experiments a3*-nAChRs were labeled by incubating for 30
min at 37°C with the monoclonal antibody (mAb) 35 (1:1000 dilution)
that recognizes the chicken a1, a3, and a5 subunits (Conroy and Berg,
1995); bound mAb was detected by following with indocarbocyanine
(Cy3)-conjugated secondary antibodies (Jackson ImmunoResearch,
West Grove, PA) and appropriate rinsing. To label filamentous actin with
phalloidin or to label the actin-associated protein drebrin with an anti-
drebrin mAb (Medical and Biological Laboratories, Nagota, Japan), the
cells were fixed, permeabilized by incubating for 20 min with 0.1% (w/v)
Triton X-100 in PBS (0.15 M NaCl and 0.01 M Na2HPO4, pH 7.4)
containing 5% (v/v) normal donkey serum, and then incubated either 45
min in a 1:1000 dilution of rhodamine-conjugated phalloidin (Molecular
Probes) or 1 hr in a 1:1000 dilution of anti-drebrin mAb followed by
Cy3-conjugated secondary antibody (Jackson ImmunoResearch). After
rinsing, the cells were taken for viewing.

Fluorescence imaging was performed with a Bio-Rad MC1024 confo-
cal microscope (Hercules, CA) with a 633, 1.4 numerical aperture
objective lens. Optical sections were taken at 0.75 mm intervals through
the neuron, and the final volume was assembled digitally using Laser-
sharp software (Bio-Rad). A final projection was reconstructed from this
volume using NIH Image Software (Bethesda, MD).

Electron microscopy. Immunogold labeling of a7-nAChRs was exam-
ined with electron microscopy using procedures described previously
(Shoop et al., 1999). Briefly, dissociated neurons on glass coverslips were
incubated for 1 hr at 4°C in culture medium containing 10 mM HEPES,
pH 7.4, and 0.5 mM biotinylated aBgt. After five rinses with medium
lacking aBgt, the cells were fixed in 2% paraformaldehyde plus 2%
glutaraldehyde in cacodylate buffer, pH 7.4, for 20 min at room temper-
ature. The cells were then incubated 45 min in PBS containing a 1:200
dilution of mouse anti-biotin mAb (Jackson ImmunoResearch), rinsed
five times in PBS, and then incubated 45 min in PBS with donkey
anti-mouse mAb conjugated to 10 nm immunogold (1:50 dilution; Am-
ersham, Arlington Heights, IL) in PBS with 5% (v/v) normal donkey
serum. The samples were then rinsed extensively in 0.1 M sodium caco-
dylate buffer, pH 7.4, and treated for 30 min with 2% osmium tetroxide
in 0.1 M sodium cacodylate. The cells were counterstained with uranyl
acetate, dehydrated in an ethanol series, and infiltrated with Durcupan
ACM resin (Electron Microscopy Sciences, Fort Washington, PA). After
polymerization for 24 hr at 60°C, the material was sectioned into 80-nm-
thick sections that were viewed using a JOEL 100CX electron
microscope.

125I-aBgt binding and detergent extraction. To quantify a7-nAChRs on
the cell surface, cells were incubated for 20 min at 37°C with 10 nM
125I-aBgt; 1 mM unlabeled aBgt was included in some samples to deter-
mine nonspecific labeling. For comparison, a3*-nAChRs were labeled in
separate cultures with [ 3H]epibatidine; in this case 2 mM nicotine was
included to determine nonspecific binding. In some cases a3*-nAChRs

were labeled with 125I-mAb 35; an excess of unlabeled mAb 35 was used
to determine nonspecific binding. After rinsing three times with PBS, the
cells were scraped in 1N NaOH and either taken for gamma counting in
the case of 125I samples or diluted in 5 ml of Ecoscint H (National
Diagnostics, Atlanta, GA) for 3H samples and taken for scintillation
counting. Binding was normalized for the number of cells present before
scraping; this imposed a correction of #20% for latrunculin A-treated
cultures.

The resistance of a7-nAChRs to detergent extraction was assessed by
incubating labeled cells in a solution containing 0.3 M sucrose, 0.1 M KCl,
2.5 mM MgCl2, 1 mM CaCl2, and 10 mM PIPES, pH 6.8, on ice. Triton
X-100 was diluted into the solution at a final concentration of 1% (w/v)
and incubated on the cells for 10 min on ice before removing (extract)
and rinsing with solution lacking detergent (rinse) (Phillips et al., 1993).
The extract and rinse fractions were then pooled and labeled the “solu-
ble” fraction and counted for radioactivity as above. The material re-
maining attached to the culture substratum was scraped in 1N NaOH and
labeled the “insoluble” fraction and counted similarly. Unless otherwise
indicated, results are expressed as the mean 6 SEM and were evaluated
for significance using either the paired or unpaired t test as appropriate.

Materials. White Leghorn chick embryos were obtained locally and
maintained at 37°C in a humidified incubator. mAb 35 was kindly
provided by Dr. Jon Lindstrom (University of Pennsylvania, Philadel-
phia, PA). Both mAb 35 and aBgt (Molecular Probes) were radioiodi-
nated using chloramine T and had final specific activities of 113 and 2500
cpm/fmol, respectively. [ 3H]Epibatidine was a gift from DuPont NEN
(Boston, MA). All other reagents were purchased from Sigma (St. Louis,
MO) unless otherwise indicated.

RESULTS
Spontaneous codispersal of actin filaments
and a7-nAChRs
When chick ciliary ganglion neurons are first dissociated, they
retain the mats of folded somatic spines seen in vivo, and the
spines initially retain their complement of a7-nAChRs (Shoop et
al., 1999). The spines are rich in filamentous action (F-actin) and
the actin-associated protein drebrin (Shirao, 1995). This can be
seen by confocal fluorescence microscopy on freshly dissociated
E15 neurons after permeabilizing them and costaining with
rhodamine-conjugated phalloidin for F-actin and with an anti-
drebrin mAb followed by labeled secondary antibodies for dre-
brin. The two coincide (Fig. 1A–D), and they codistribute with
the large a7-nAChR clusters visualized by labeling with fluores-
cently conjugated aBgt (Fig. 1E–H). The clusters have been
shown previously to represent a7-nAChRs concentrated on so-
matic spines (Shoop et al., 1999).

The receptor-rich spines remain for at least 4 hr after dissoci-
ated cells are prepared (Fig. 1E–L). By 8 hr, however, the pattern
has markedly changed. Both the F-actin labeling and the associ-
ated large a7-nAChR clusters are much reduced in number and
intensity; numerous microclusters of a7-nAChRs are distributed
over the cell surface (Fig. 1M–P). By 12 hr almost no a7-nAChR
labeling can be detected, although some F-actin structures can
still be distinguished (Fig. 1Q–T). These images were constructed
from vertical stacks of optical sections covering the upper two-
thirds of the cells; the bottom third was omitted to exclude any
contribution from cytoskeletal staining associated with the sub-
stratum. In addition, the images were produced under the same
conditions to allow direct comparison of signal intensities among
panels. It is clear that the residual receptor staining at 12 hr is
significantly less even at the remaining sites of F-actin labeling
than is seen earlier (e.g., Fig. 1K,L vs S,T). Either the F-actin
structures visible at 12 hr are newly formed and primarily lack
a7-nAChRs, or receptor loss from preexisting F-actin structures
does not require complete dispersal of the actin cytoskeleton first.
Electron microscopy confirmed that the spontaneous dispersal of
a7-nAChR clusters and the diminution of associated F-actin in
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dissociated neurons correspond to a retraction or loss of the
somatic spines (see below).

Disrupting the actin cytoskeleton breaks up the large
a7-nAChR clusters
The drug latrunculin A, which destabilizes actin filaments, was
used to probe the relationship between F-actin, somatic spines,
and a7-nAChR clusters. E15 neurons were dissociated, allowed
to attached to the substratum, and then treated with latrunculin A
(4 mg/ml). After 4 hr, fluorescence imaging showed that much of
the F-actin had been lost and that a dramatic redistribution of
a7-nAChRs had occurred on the cell surface (Fig. 2A,B). The
large receptor clusters were gone; instead, numerous faintly la-
beled microclusters were distributed widely over the surface of
the cell. Control cells incubated an equivalent amount of time
without latrunculin A displayed the usual large receptor clusters
and associated F-actin staining (Fig. 2C,D). Examining the dis-
tribution of rhodamine–aBgt staining on the same cells before
and after latrunculin A treatment clearly showed the disappear-
ance of the original large a7-nAChR clusters and the concomitant
appearance of numerous microclusters (Fig. 2E,F). Treating cells
with 5 mM colchicine for 4 hr, on the other hand, to disrupt

microtubules showed no change in the distribution of a7-nAChRs
(data not shown).

Electron microscopic analysis was used to examine the effects
of latrunculin A on the somatic spines. Surface a7-nAChRs were
first labeled with immunogold. On control cells the receptors can
be seen heavily concentrated on somatic spines, ;0.2 mm in
diameter, folded in clumps on the cell surface (Fig. 3A). Latrun-
culin A-treated cells, in contrast, had few spine-like structures;
those that remained were shrunken in appearance, often being
,60 nm in diameter (Fig. 3B,C). Immunogold labeling was rarely
associated with the spine remnants. Instead, the immunogold-
labeled a7-nAChRs could be found in small patches of variable
size distributed nearby on the soma membrane, presumably cor-
responding to the microclusters of receptors detected with
immunofluorescence.

Stabilizing F-actin retains large clusters of a7-nAChRs
on the cell surface
Actin filaments can be stabilized by exposure to drugs like jasp-
likinolide that prevents actin depolymerization (Shurety et al.,
1998). When dissociated ciliary ganglion neurons are maintained
in culture, the large clusters of a7-nAChRs readily apparent on

Figure 1. Remodeling of F-actin in culture coin-
cides with the dispersal of surface a7-nAChRs. E15
ciliary ganglion neurons were dissociated, allowed to
settle on the substratum, and examined either im-
mediately (A–H) or after 4 hr ( I–L), 8 hr (M–P), or
12 hr (Q–T) for the presence of F-actin using rho-
damine–phalloidin ( first and third columns) and ei-
ther drebrin using an anti-drebrin mAb and Cy3-
labeled secondary antibody (B, D) or a7-nAChRs
using Alexa488–aBgt (F, H, J, L, N, P, R, T ). Con-
focal fluorescence images were assembled digitally
using optical sections for the upper two-thirds of the
cells (thereby omitting signal from the cellular–sub-
stratum interface). Each horizontal pair of panels
(e.g., A, B; C, D) represents a single cell doubly
stained with the indicated labels. Two examples of
each condition (e.g., A–D) are shown to indicate the
variation. The receptors initially codistribute with the
F-actin and drebrin comprising somatic spines;
the actin filaments slowly redistribute in culture,
and the large a7-nAChR clusters are lost. Scale bar,
10 mm.
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the cell surface at 4 hr (Fig. 4A,B) are almost completely gone by
12 hr (Fig. 4E,F) and cannot be distinguished at 24 hr (Fig. 4 I,J).
In the continued presence of jasplikinolide (4 mg/ml), however,
the cells retain readily detectable clusters of a7-nAChRs on the
surface throughout the 24 hr period, although the clusters are
somewhat more fragmented and less crisp than those originally
present (Fig. 4C,D,G,H,K,L). Drebrin staining was still associated
with the receptor clusters in jasplikinolide-treated cells at 24 hr,
whereas it was much reduced in control cells by this time and no
longer associated with receptor clusters (Fig. 4M–P). Thus the
jasplikinolide enables the cells to retain spine constituents along
with associated a7-nAChRs. The jasplikinolide also prevents
neurite formation, presumably because the blockade of actin
depolymerization prevents a required reconfiguration of the actin
cytoskeleton.

Electron microscopy revealed complex surface structures
present on jasplikinolide-treated cells after 24 hr in culture. The
structures looked like disorganized and swollen somatic spines.
Interestingly, the structures retained a7-nAChRs as evidenced by
specific immunogold labeling (Fig. 5). The labeling was too vari-
able to permit meaningful quantification of gold particles per unit
length of membrane but was consistent with the patterns inferred
from fluorescence microscopy. The results suggest that stabiliza-
tion of actin filaments under these conditions prevents outright
collapse or retraction of the somatic spines; considerable distor-
tion may occur, but the resulting structures still retain
a7-nAChRs.

The relationship between F-actin and a7-nAChRs on the cell
surface was examined quantitatively using 125I-aBgt to measure
the number of receptors on the cells in culture. Collapse of the
actin filaments by latrunculin A did not induce a rapid loss of
receptors from the cell surface; the number of a7-nAChRs on
control and latrunculin A-treated cells was indistinguishable at 4
hr (Fig. 6). (These results are not incompatible with the marked
differences seen in Fig. 2 for whole-cell fluorescence levels of
rhodamine–aBgt on control and latrunculin-treated cells at 4 hr;

diffusely distributed receptors would probably not be visualized if
their number per unit of membrane were below some threshold
density for detection.) By 24 hr most of the receptors detected by
125I-aBgt had been lost in both control and latrunculin-treated
cells (Fig. 6). Jasplikinolide had a very different effect. At 24 hr,
the number of 125I-aBgt-binding sites remaining on the cells was
much larger than that on control cells at 24 hr and, in fact, was
equivalent to that present on control cells at 4 hr (Fig. 6). The
results indicate that the state of the actin cytoskeleton directly or
indirectly determines the complement of a7-nAChRs maintained
on the neurons both with respect to number and distribution.

Resistance of a7-nAChRs to detergent extraction
The finding that the actin cytoskeleton influenced the fate of
a7-nAChRs on the cell surface indicated a clear linkage of the
receptors to cytoskeletal elements. Gentle solubilization of mem-
brane lipid with nonionic detergents can leave such structures
intact. This criterion applied to cells in culture has been used
previously to demonstrate a cytoskeletal link of glutamate recep-
tors on CNS neurons to actin filaments (Allison et al., 1998).

Evidence consistent with a cytoskeletal linkage for a7-
nAChRs was obtained by labeling dissociated ciliary ganglion
neurons with rhodamine–aBgt in culture and then extracting
the cells with 1% (v/v) Triton X-100 for 10 min on ice.
Immunofluorescence confocal microscopy of the same cells
before and after the extraction showed that most of the a7-
nAChRs remained in place (Fig. 7A–D). A small decrease in
signal intensity was apparent, and no dramatic change in dis-
tribution occurred. The results suggest that the concentration
of a7-nAChRs on somatic spines remains primarily intact after
detergent extraction.

As a positive control for the extraction procedure, the fate of
a3*-nAChRs on the neurons was monitored. Such receptors are
less abundant than a7-nAChRs and can be found in small clusters
both on the somatic spines and on the smooth soma membrane
(Jacob et al., 1984; Shoop et al., 1999). The receptors can be
visualized with immunofluorescence by binding mAb 35 and
following with Cy3-labeled secondary antibody. When this is
done for neurons treated with the extraction procedure, confocal
microscopy shows that virtually all of the surface a3*-nAChRs
have been removed (Fig. 7E,F).

Radiolabeled binding studies were used to quantify the extrac-
tion results. Dissociated cells in culture were labeled with 125I-
aBgt for a7-nAChRs and with either [3H]epibatidine or 125I-
mAb 35 for a3*-nAChRs and then extracted with 1% (v/v) Triton
X-100 for 10 min on ice. The procedure removed only ;27% of
the a7-nAChRs from the cell surface, whereas it removed almost
all of the a3*-nAChRs (Fig. 8). Most interesting was the effect of
latrunculin A in this case. Although incubation with latrunculin A
for 4 hr removes most of the phalloidin-detectable F-actin (Fig.
2), the procedure had almost no effect on the resistance of
a7-nAChRs to detergent extraction (Fig. 8). The differential
extraction of a7- versus a3*-nAChRs cannot be ascribed to
selective loss of the a3*-nAChR probes in detergent; solid-phase
immunoprecipitation assays in which mAb 35 is used to immu-
notether a3*-nAChRs while [3H]epibatidine is used to quantify
them are routinely conducted in 0.5–2% Triton X-100 at room
temperature with no difficulty (Conroy and Berg, 1995, 1998) (L.
Ogden and D. K. Berg, unpublished results). The results indicate
robust molecular interactions tethering a7-nAChRs in the cell in
a manner that is resistant to detergent extraction and actin
depolymerization.

Figure 2. Disrupting the actin cytoskeleton disperses the large a7-
nAChR clusters. E15 ciliary neurons were treated with (A, B, F ) or
without (C, D; control) latrunculin A for 4 hr and then labeled for F-actin
with rhodamine–phalloidin (A, C) and for a7-nAChRs with Alexa488–
aBgt (B, D–F ). Vertical pairs of panels represent the same cell imaged
with confocal fluorescence microscopy either immediately (A, B; C, D) or
before and after a 4 hr exposure to latrunculin A (E, F). C, D, The
corresponding time control (i.e., the same 4 hr in the absence of latrun-
culin A) is shown. The latrunculin A treatment caused the loss of F-actin
and dispersed the large a7-nAChR clusters into numerous microclusters
of receptors distributed over the cell body. Scale bar, 10 mm.
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DISCUSSION
The principal findings reported here are that both the retention of
a7-nAChRs on somatic spines and the total number of receptors
maintained on the neurons depend on the integrity of the actin
cytoskeleton. In addition, molecular interactions resistant to actin
depolymerization influence the distribution and membrane sta-
bility of a7-nAChRs independent of their location on spines.
Such interactions are presumably responsible for the a7-nAChR
microclusters seen after spine retraction and are specific for the

receptors in that they protect a7-nAChRs but not a3*-nAChRs
from detergent extraction.

Neurons deploy nAChRs to a variety of locations on the cell
surface, depending on the receptor subtypes involved and the
functions to be served. Targeting nAChRs to presynaptic termi-
nals enables the receptors to modulate transmitter release (Mac-
Dermott et al., 1999), whereas positioning them in postsynaptic
membrane increases their contribution to synaptic current
(Zhang et al., 1993; Zhang et al., 1996; Roerig et al., 1997; Ullian

Figure 4. Stabilization of F-actin by jasplikinolide
causes a7-nAChRs to be retained in large clusters on
the surface of ciliary neurons. Freshly dissociated E15
ciliary ganglion neurons were cultured in the absence
( first and second columns) or presence (third and
fourth columns) of jasplikinolide for 4 hr (A–D), 12 hr
(E–H), or 24 hr ( I–P) and then labeled with rhoda-
mine–aBgt and viewed with differential interference
contrast optics (DIC columns) or confocal fluores-
cence microscopy (aBgt columns). Horizontal pairs of
panels (e.g., A, B; C, D) represent the same neuron.
The bottom row (M–P) shows control (M, N ) or
jasplikinolide-treated (O, P) neurons labeled for dre-
brin (M, O) and aBgt (N, P) after 24 hr. Little, if any,
specific a7-nAChR labeling was detectable on the
surface of control cells after 24 hr in culture, but
clusters of labeled a7-nAChRs remained on the
jasplikinolide-treated cells, and the clusters were still
associated with drebrin. Scale bar, 10 mm.

Figure 3. Electron microscopic analysis of
immunogold-labeled a7-nAChRs on latrunculin
A-treated cells. E15 neurons were incubated 4 hr
in culture medium (A; control) or in medium
containing latrunculin A (B, C) and then labeled
with 10 nm immunogold for a7-nAChRs and pro-
cessed for viewing with conventional electron mi-
croscopy on thin sections. A, On control cells the
immunogold-labeled a7-nAChRs can be seen
concentrated on somatic spines clumped on the
cell surface. B, C, After the latrunculin treatment,
most of the spines have been lost. The few remain-
ing structures are much reduced in size (arrow-
heads) and have small clusters of a7-nAChRs (ar-
row) nearby on the soma. The example in C was
chosen to illustrate the largest spine remnant after
latrunculin A treatment. Scale bar, 500 nm.
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et al., 1997; Frazier et al., 1998; Chang and Berg, 1999; Hefft et
al., 1999). Little is known about the molecular mechanisms re-
taining nAChRs at specific sites on neurons, although recently the
intracellular loop between putative transmembrane domains 3
and 4 of the a3 subunit was shown to be instrumental in directing
a3*-nAChRs to postsynaptic densities on chick ciliary ganglion
neurons in vivo (Williams et al., 1998).

The vertebrate neuromuscular junction represents the best-
studied nicotinic synapse. In muscle, nAChRs are held in position
by complex machinery involving motoneuron-derived agrin act-
ing, in part, via the receptor tyrosine kinase MuSK to induce
rapsyn, a peripheral membrane protein, to cluster nicotinic re-
ceptors in the postsynaptic membrane (Sanes and Lichtman,
1999). Neuronal nAChRs are likely to use different elements, if
not different mechanisms, to cluster in the plasma membrane and
anchor to the cytoskeleton. Although the rapsyn gene is ex-
pressed in neurons (Burns et al., 1997; Yang et al., 1997) and can
cluster neuronal nAChRs when coexpressed in transfected cells

(Kassner et al., 1998), rapsyn is not required for clustering of at
least some kinds of neuronal nAChRs in vivo (Feng et al., 1998)
and is not expressed at sufficient levels to make possible the
stoichiometric relationship it has to nAChRs at the neuromuscu-
lar junction (Conroy and Berg, 1999).

Figure 5. Electron microscopic analysis showing
retention of somatic spine-like structures by neu-
rons treated with jasplikinolide. Control (A) and
jasplikinolide-treated (B) neurons prepared as de-
scribed in Figure 4 were immunogold labeled for
a7-nAChRs and analyzed by conventional electron
microscopy on thin sections. The jasplikinolide-
treated cells had swollen spine-like structures dec-
orated with immunogold labeling indicating the
presence of a7-nAChRs, whereas control cells
were devoid of spines and had little immunogold
labeling. Scale bar, 500 nm.

Figure 6. Quantification of a7-nAChRs on neurons after manipulation
of the actin cytoskeleton. Freshly dissociated E15 ciliary ganglion neurons
were maintained in culture for either 4 or 24 hr in normal medium
(Control ) or in medium containing either latrunculin A (Lat) or jasp-
likinolide (Jas). The neurons were then incubated with 125I-aBgt to label
a7-nAChRs on the cell surface, rinsed, and gamma counted. Values
represent the mean 6 SEM of triplicate cultures from each of three
experiments. Latrunculin A had no effect on the number of a7-nAChRs
present ( p , 0.05); jasplikinolide completely prevented the loss seen at 24
hr ( p , 0.05).

Figure 7. Retention of a7-nAChR clusters after detergent extraction.
Dissociated E15 neurons were incubated in culture for 1 hr, labeled with
either Alexa488–aBgt for a7-nAChRs (A–D) or mAb 35 followed by
Cy3-secondary antibody for a3*-nAChRs (E, F ), and then viewed with
confocal fluorescence microscopy before (A, C, E) and after (B, D, F ) a 10
min extraction with 1% Triton X-100 on ice. Each horizontal pair of panels
shows the same field of view. The extraction with nonionic detergent did
not disrupt the large clusters of a7-nAChRs although it removed essen-
tially all of the specific a3*-nAChR labeling. Similar results were obtained
when the detergent extraction was performed at room temperature (data
not shown). Scale bar, 10 mm.
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More instructive models may come from glutamate receptors
on hippocampal neurons. Actin filaments are important for re-
taining NMDA receptors at synaptic sites on the dendritic spines
of pyramidal neurons and AMPA receptors at synaptic sites on
the dendritic shafts of GABAergic neurons (Allison et al., 1998).
Collapse of the filaments by latrunculin A causes dispersal of the
receptors from synaptic sites but does not markedly alter their
resistance to solubilization by nonionic detergents. PDZ-
containing proteins such as PSD-95, Chapsyn-110, and SAP102
that interact with NMDA receptors (Kornau et al., 1995; Kim et
al., 1996; Muller et al., 1996) and tether regulatory components
such as SynGAP, nitric oxide synthetase, and citron in the vicinity
of the receptors (Brenman et al., 1996; Chen et al., 1998; Kim et
al., 1998; Zhang et al., 1999) are thought to induce receptor
clustering (Kim et al., 1996; Muller et al., 1996; Hsueh et al.,
1997).

The PDZ-containing proteins GRIP1 and 2 and PICK1 may
play similar roles for AMPA receptors, whereas Homer may serve
this function for some classes of metabotropic glutamate recep-
tors (Brakeman et al., 1997; Dong et al., 1997; Xia et al., 1999).
CRIPT binds to PSD-95 and tubulin, suggesting a candidate for
tethering receptors to microtubules (Niethammer et al., 1998),
and neuroligins bind to PSD-95, suggesting a mechanism for
concentrating the complexes at synapses (Irie et al., 1997). Direct
evidence of PDZ-containing proteins such as PSD-95 being nec-
essary, however, for receptor clustering in vivo remains elusive
(Migaud et al., 1998). Some evidence suggests a direct interaction
of NMDA receptors with neurofilaments (Ehlers et al., 1998).
NMDA receptors are also linked to actin filaments via a-actinin,
but this may affect receptor function (Rosenmund and West-
brook, 1993; Wyszynski et al., 1997) more than distribution (Al-
lison et al., 1998). The recent discovery of neuronal acivity-
regulated pentraxin (Narp) as an extracellular component
capable of clustering AMPA receptors adds a new dimension to
potential mechanisms controlling receptor distribution on neu-
rons (O’Brien et al., 1999).

Like NMDA receptors, a7-nAChRs on somatic spines are
dispersed when F-actin collapses and the spines retract. The large
a7-nAChR clusters are never seen in the absence of F-actin
costaining, suggesting that spine collapse and receptor dispersal
are tightly linked. The reverse, however, sometimes occurs,
namely, that some residual F-actin structures, present after 8–12
hr in culture, have little, if any, receptor staining. (Numerous
cases of F-actin without receptor could be seen at the cell–
substratum interface at these times, but a possible non-neuronal
origin of the F-actin, although unlikely, could not be rigorously
excluded, and so these examples were not included here.) The
F-actin soma labeling that lacks a7-nAChRs may represent newly
formed structures unable to recruit receptor. Alternatively, the
collapse of preexisting F-actin and the retraction of somatic
spines may not have gone to completion in these cases and yet
were still sufficient to allow dispersal of the receptors. Some
rearrangement of the spine structure is permissible, however,
without losing the associated receptors. Thus jasplikinolide treat-
ment preserves enough of the actin cytoskeleton and associated
components to retain the receptors, even though the spines be-
come grossly distorted. The large receptor clusters remain under
these conditions but become somewhat more diffuse, presumably
reflecting the increased surface area occupied by the swollen
spines. Spine constituents rather than architecture appear to
determine receptor clustering.

The disruption of the actin cytoskeleton does not reduce the
a7-nAChR whole-cell response over the short term (Liu and
Berg, 1999b). Over the long term, however, the disruption re-
duces the number of a7-nAChRs maintained on the neurons;
both spontaneous and latrunculin A-induced collapse of F-actin
and retraction of spines are accompanied by loss of a7-nAChRs
from the cells, whereas jasplikinolide-induced stabilization of
F-actin allows the receptors to be retained. Whole-cell patch-
clamp recording from control neurons confirms that no detectable
a7-nAChR response remains at 24 hr [,50 pA (Q.-s. Liu and
D. K. Berg, unpublished results)]. It is not clear whether the
dependence on the integrity of F-actin represents a direct effect
of the cytoskeleton on receptor stability or an indirect one in
which a reshaping of the cytoskeleton causes global metabolic
changes in the cell. In any case, the delay between F-actin collapse
and a7-nAChR loss from the surface suggests that intervening
steps are rate-limiting for receptor removal.

Another similarity between NMDA receptors and a7-nAChRs
with respect to membrane localization is that both are resistant to
extraction with nonionic detergents and remain so after latrun-
culin A-induced depolymerization of F-actin in the cells. The
most likely explanation is that cytoskeletal elements in addition to
F-actin play a role in determining the distribution of a7-nAChRs,
although other kinds of molecular interactions could also account
for the resistance of the receptors to detergent extraction. These
same cytoskeletal elements or molecular interactions may be
responsible for the a7-nAChR microclusters seen on the cell body
after latrunculin A-induced spine collapse. Interestingly, deter-
gent insolubility does not extend to a3*-nAChRs under these
conditions. Some a3*-nAChRs are concentrated in postsynaptic
densities (Jacob et al., 1984; Loring and Zigmond, 1987; Williams
et al., 1998) and are, therefore, likely to be resistant to detergent
extraction (Kennedy, 1997), but these must be relatively minor in
number. Most appear to be located on somatic spines, as are
a7-nAChRs (Jacob and Berg, 1983; Loring et al., 1985; Wilson
Horch and Sargent, 1995; Shoop et al., 1999). Apparently the
cytoskeletal elements or molecular events responsible for the

Figure 8. Quantification of nAChRs remaining after detergent extrac-
tion. Dissociated E15 neurons maintained in culture for 4 hr were labeled
with either 125I-aBgt for a7-nAChRs or [ 3H]epibatidine (Epi) for a3*-
nAChRs, extracted for 10 min with 1% (v/v) Triton X-100, and then
counted for retained radioactivity. Values represent the mean 6 SEM of
triplicate cultures from each of three experiments and are expressed as a
percent of the binding seen in unextracted control cultures. Approxi-
mately three-quarters of the a7-nAChRs proved detergent resistant,
whereas less than one-tenth of the a3*-nAChRs did so under standard
conditions in the absence of drugs (Std). Dispersal of F-actin by a 4 hr
incubation in latrunculin A (Lat) did not significantly alter the proportion
of a7-nAChRs resistant to detergent extraction.
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detergent insolubility of a7-nAChRs are not themselves a pre-
requisite for the clustering of receptors on spines.

One difference between the receptor-laden somatic spines ex-
amined here on ciliary ganglion neurons and the previously de-
scribed dendritic spines in hippocampal cultures is that the latter
appear to be much more stable (Allison et al., 1998). The systems
differ with respect to cell type, species, and type of spine, but
perhaps the most salient difference is that the hippocampal den-
dritic spines develop well after the neurons have adapted to cell
culture and extended neurites. The ciliary ganglion neurons ex-
amined here had been freshly dissociated, transferred to cell
culture, and examined over the next few hours. Cellular adapta-
tions to the in vitro environment, e.g., attachment to the substra-
tum and regeneration of processes, may induce major rearrange-
ment of the actin cytoskeleton during this time. The
rearrangement could destabilize preexisting actin-dependent
structures such as the somatic spines.

The results presented here indicating cytoskeletal links to
a7-nAChRs suggest the existence of scaffold-like proteins re-
sponsible both for coalescing the receptors into microclusters and
for tethering the receptors or the microclusters on the spines.
Such proteins may also be responsible for anchoring regulatory
components in the immediate vicinity of the receptors. Examples
of regulatory components known to exert an actin-dependent
influence on a7-nAChR function in the neurons include CaM
kinase II and calcineurin (Liu and Berg, 1999b). A future chal-
lenge will be the identification of putative scaffold proteins and
elucidation of what they contribute to nicotinic synaptic structure
and signaling.
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