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The Postsynaptic Localization of the Glycine Receptor—-Associated
Protein Gephyrin Is Regulated by the Cytoskeleton
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The mechanisms underlying the postsynaptic localization
of neurotransmitter receptors are poorly understood. Re-
cently, the peripheral membrane protein gephyrin has been
shown to be essential for the formation of inhibitory gly-
cine receptor clusters in cultured rat spinal cord neurons.
In vitro gephyrin binds with high affinity to polymerized tu-
bulin. Here, the interaction of gephyrin with different com-
ponents of the cytoskeleton was investigated in primary
cultures of rat spinal neurons. After treatment with alka-
loids affecting the cytoskeleton, the morphology of post-
synaptic gephyrin clusters was analyzed by confocal im-
munofluorescence microscopy. Depolymerization of mi-
crotubules by demecolcine reduced both the percentage of
cells with postsynaptic gephyrin clusters and the number
of clusters/cell. The size of the remaining gephyrin clusters
was increased whereas their gephyrin density was signifi-
cantly lower than under control conditions. Depolymeriza-
tion of microfilaments by cytochalasin D in contrast gen-
erated smaller clusters of increased gephyrin density. De-
mecolcine also dispersed postsynaptic glycine receptor
clusters as revealed by immunostaining with a specific
monoclonal antibody. These findings support the view that
in vivo gephyrin anchors receptor polypeptides to the cy-
toskeleton by a complex interaction with microtubules and
microfilaments.

[Key words: gephyrin, receptor clustering, glycine recep-
tor, microtubules, microfilaments, cytoskeleton, tubulin-
binding protein]

Signal transmission at chemical synapses depends critically on
the precise apposition of presynaptic nerve terminals to post-
synaptic membrane specializations carrying high densities of the
appropriate neurotransmitter receptors. Little is known about the
mechanisms, which underlie the formation and maintenance of
these highly specialized postsynaptic membrane areas in the
CNS. Extracellular as well as intracellular components appear
to be required for the postsynaptic accumulation of the nicotinic
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acetylcholine receptor at the developing motor end plate
(McMahan and Wallace, 1989; Froehner, 1991; Rupp et al,,
1991). The attachment of receptor polypeptides to cytoskeletal
elements is thought to constitute an important mechanism for
the regulation of receptor localization (reviewed in Hirokawa,
1991). However, the molecular basis of receptors—cytoskeleton
interactions is still poorly understood.

Different lines of evidence implicate the peripheral membrane
protein gephyrin (Schmitt et al., 1987; Prior et al., 1992) in the
formation of postsynaptic glycine receptor (GlyR) clusters. Ge-
phyrin copurifies with the transmembrane subunits of the inhib-
itory GlyR upon affinity chromatography (Pfeiffer et al., 1982)
and can be extracted from spinal cord membranes by alkaline
treatment (Schmitt et al., 1987). Electron microscopical studies
have demonstrated the presence of gephyrin at the cytoplasmic
face of glycinergic synapses (Triller et al., 1985, 1987; Altschu-
ler et al., 1986), and denervation has been shown to affect this
postsynaptic localization (Seitanidou et al., 1992). In vitro ge-
phyrin binds with high affinity to polymerized tubulin (Kirsch
et al., 1991), and therefore this peripheral membrane protein
qualifies as putative linker between receptors and the cytoskel-
eton.

cDNA cloning revealed that the gephyrin mRNA exists in
several splice variants, which differ by four short nucleotide se-
quences at the 5" end of the coding region (Prior et al., 1992).
Recent in situ hybridization (Kirsch et al., 1993a) and immu-
nohistochemical (Kirsch and Betz, 1993) data indicate a wide-
spread expression of gephyrin throughout the CNS. Interesting-
ly, its distribution is not restricted to brain regions expressing
the known GlyR isoforms (Malosio et al., 1991); therefore, ge-
phyrin may also be associated with other neurotransmitter re-
ceptors. Indeed, gephyrin immunoreactivity has been demon-
strated at GABAergic synapses in the inner plexiform layer of
the rat retina (Sassoe-Pognetto et al., 1995). In cultivated spinal
neurons, the accumulation of géphyrin at differentiating post-
synaptic membrane specializations precedes clustering of the
GlyR (Kirsch et al., 1993b). Moreover, inhibition of gephyrin
expression by antisense oligonucleotides prevents the formation
of GlyR clusters in these cultures, indicating that gephyrin is
indeed essential for the postsynaptic localization of this receptor
(Kirsch et al., 1993b).

To investigate whether gephyrin is linked to cytoskeletal el-
ements in vivo, cultured spinal neurons were treated with drugs
affecting the organization of neuronal microtubules and micro-
filaments. Quantitative immunocytochemical evaluation of the
treated cells revealed drastic changes in the number and size of
gephyrin clusters after disruption of microfilaments or microtu-
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Figure 1.

Localization of gephyrin and synaptic vesicle antigens in spinal neurons. Spinal cord cultures were immunostained with mAb 7a (red)

and a polyclonal anti-synaptic vesicle antiserum (green) at days 6 (A) and 10 (B) in vitro. Confocal images represent single optical sections. A, At
day 5 in vitro the immunoreactivities of gephyrin (red) and synaptic vesicle proteins (green) do not overlap. Only a few gephyrin clusters are, at
this stage, apposed to or colocalized with presynaptic terminals (yellow; arrowheads). Enhanced concentrations of synaptic vesicle proteins are
visible along some neuritic profiles (arrow). B, At day 10 of in vitro development, most of the gephyrin clusters colocalize with synaptic vesicle

proteins (yellow dots). Bar, 5 pm.

bules, respectively. Our data suggest an antagonistic action of
both filament systems on the organization of glycinergic post-
synaptic membrane specializatiohs.

Materials and Methods

Tissue culture. The preparation of embryonic spinal cord cultures was
similar to previously used protocols (Hoch et al., 1990; Nicola et al.,
1992; Kirsch et al., 1993b). Briefly, spinal cords were removed from
Wistar rat embryos at day 14 after gestation (E14), coarsely dissected
in PBS supplemented with 33 mm glucose, and subsequently dissociated
by gentle trituration. After centrifugation for 10 min at 120 X g, the
cells were resuspended in a 1:1 mixture of Ham F12:DMEM (Gibco)
supplemented with 5 mm HEPES, pH 7.4, 33 mm glucose, 2 mmM glu-
tamine, 20 mm NaHCO,, 25 pg/ml insulin, 100 pg/ml transferrin, 20
nMm progesterone, 60 mm putrescine, 30 nm selenium, 0.1% (w:v) oval-
bumin, 5 U/ml penicillin, and 5 pg/ml streptomycin (all supplements
were purchased from Sigma). The cells were plated in a 24-well cluster
(Costar) onto poly-L-lysine (Sigma)-coated coverslips (Menzel, No. 1,
14 mm aa) in a volume of 300 pl/well and at a density of 120,000
cells/well. The cultivated neurons were kept in a humidified atmosphere
of 95% air/5% CO, at 37°C for up to 2 weeks. At day 3 in vitro, the
culture consisted of approximately 90% neurons as judged by immu-
nolabeling with mAbs specific for the neuron-specific protein MAP2
(Kirsch et al., 1990). The other cells were mostly glia and fibroblasts,
as judged by labeling with antibodies against glial fibrillary acidic pro-
tein and vimentin (data not shown). The number of non-neuronal cells
increased to about 50% at day 10 in vitro.

Alkaloid treatment. Unless stated otherwise, drugs which modify the
organization of the cytoskeleton were added to 10-d-old spinal cord
cultures 3 hr prior to fixation. Cytochalasin D, demecolcine, nocodazole,
and +y-lumicolchicine (all purchased from Sigma) were used at final
concentrations of 10 pg/ml (cytochalasin D, nocodazole, y-lumicolchi-
cine) and 5 pg/ml (demecolcine, y-lumicolchicine), respectively. Taxol,
generously supplied by the Drug Synthesis and Chemistry Branch, Di-
vision of Cancer Treatment, National Cancer Institute (Bethesda, MD),
was added from a dimethyl sulfoxide stock solution to a final concen-
tration of 1 pg/ml. Control cultures received the same volume of drug
solvent only.

Antibodies. MAb 4a specific for the GlyR o and  subunits and mAb
7a specific for gephyrin have been characterized previously (Pfeiffer et
al., 1984; Becker et al., 1989; Schrider et al., 1991; Kirsch and Betz,
1993). The mAbs were purified from hybridoma supernatants by protein
A affinity chromatography and used at a dilution of 1:500 in PBS. A
polyclonal antiserum against synaptic vesicle proteins was kindly pro-
vided by Dr. P. Knaus. This antiserum detects the synaptic vesicle pro-
teins synaptophysin and, to a lesser extent, synaptoporin on Western
blots (Knaus et al., 1986, 1990). For immunocytochemistry, the serum
was used at a dilution of 1:500 in PBS. MAb DMI1A specific for a-tu-
bulin, anti-vimentin, and anti-GFAP were purchased from Sigma and
used at a dilution of 1:500. FITC-conjugated goat anti-rabbit IgG and
carboxymethylindoylcyanine 3 (Cy 3)-coupled goat anti-mouse IgG
F(ab"), (Dianova, Hamburg, FRG) were employed as secondary anti-
bodies (dilution 1:1000).

Immunofluorescence. The cultivated spinal neurons were processed
for immunofluorescence as described previously (Kirsch et al., 1990,
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Figure 2.

Effects of alkaloid treatment on gephyrin clusters. Spinal neurons at day 10 in vitro were cultured under control conditions (A) or

treated with taxol (B), demecolcine (C), and cytochalasin D (D) for 3 hr. After fixation the cells were immunoreacted with mAb 7a to visualize
gephyrin. Representative confocal sections are displayed in pseudocolor coding. A, Under control conditions many gephyrin clusters are visible at
the periphery of the cell soma and along neurites. Some residual cytoplasmic immunoreactivity is visible. B, Treatment with taxol does not induce

changes in the display of gephy
gephyrin clusters appear smaller. Bar, 10 pm.

1993b). For the simultaneous detection of synaptic vesicle proteins and
gephyrin, the procedure was performed using a mixture of both mAb
7a and the polyclonal synaptic vesicle antiserum during the first incu-
bation, and a mixture of anti-mouse and anti-rabbit antibodies for the
second incubation. Double labeling with two mAbs was carried out as
described (Triller et al., 1987), performing an additional blocking step
with unconjugated anti-mouse IgG (Dianova, Hamburg, FRG) after the
incubation with the first secondary antibody. Appropriate controls in the
absence of primary antibodies confirmed the specificity of the immu-
nolabeling. F-actin was visualized with FITC-labeled phalloidin (Sigma;
dilution, 1:50) as described (Wulf et al., 1979).

Confocal microscopy. Optical sections with a pixel size of 0.1 pm?®

were recorded using a Sarastro 2000 confocal microscope (Molecular

Dynamics). A Gaussian filter with 3 X 3 X 3 kernel size was applied
to the primary data to eliminate statistical noise. All data were displayed
employing a linear look-up table. In double-labeling experiments, both

in clusters. C, Demecolcin treatment eliminates most gephyrin clusters. D, After treatment with cytochalasin D,

fluorescence channels were recorded simultaneously, and the signals
were compared at the level of single optical sections. For semiquanti-
tative analysis of gephyrin clusters, all data were acquired under iden-
tical conditions for signal amplification utilizing the whole range of 256
intensity values, with peak intensities adjusted to maximal values. Thus,
one relative fluorescence unit (“arbitrary unit™) corresponds to 1/256
of the peak intensity. Cluster size and mean fluorescence intensities
were determined from single optical sections using IMAGESPACE soft-
ware (Molecular Dynamics, Sunnyvale, CA).

Quantitation. After alkaloid treatment and routine immunofluores-
cence procedures, neurons with gephyrin clusters were counted from
five randomly selected fields (approximately 100 cells/field) using a
Zeiss Axiophot equipped with a 40 > 1.3 Planapochromat. Means and
standard deviations (SD) of three independent determinations were cal-
culated. Similarly, the mean number of clusters/cell (+ SD) were cal-
culated from 10 single determinations/assay. Means and standard errors



of the mean (SEM) were calculated from measurements obtained from
confocal optical sections. Gephyrin density was defined as mAb 7a
fluorescence intensity per pm? cluster area for each individual cluster.
The statistical significance of the data was evaluated by 7 test.

Results

In primary cultures prepared from embryonic rat spinal cord
(E14), gephyrin is expressed in neurons and localized in “‘hot
spots” near the cell periphery and in neuritic extensions. Double
immunolabeling with mAbs specific for gephyrin and GlyR
polypeptides has shown that after day 10 in vitro nearly all of
the “*hot spots’” which are immunoreactive for gephyrin also
contain GlyR polypeptides (Kirsch et al., 1993b). To investigate
whether these gephyrin/GlyR clusters are apposed to presynaptic
terminals, and thus equivalent to glycinergic postsynaptic mem-
brane specializations, spinal neurons were double labeled with
a monoclonal antibody (mAb 7a) specific for gephyrin and a
polyclonal antiserum generated against synaptic vesicle proteins
(see Materials and Methods). Evaluation of simultaneously
scanned confocal sections (0.1 wm depth) showed that at early
stages of in vitro development, these antigens are found at dif-
ferent locations (Fig. 1A). At day 6 in vitro, gephyrin immu-
noreactivity was seen at sites of focal cell attachment, in the
periphery of neuronal somata, and as fluorescent dots along the
neurites. In contrast, synaptic vesicle proteins were detected as
diffuse label in the cytoplasm and in neurites. However, by day
10 in vitro most of the gephyrin clusters were apposed to or
colocalized with punctate structures containing high local con-
centrations of synaptic vesicle proteins (Fig. 1B). The latter are
known to correspond to presynaptic terminals (Fletcher et al.,
1991). Similar results were obtained with mAb 4a (data not
shown and see Fig. 44), an antibody specific for GlyR a and,
to a lesser extent, B subunits (Pfeiffer et al., 1984; Kirsch and
Betz, 1993). These observations are consistent with previous
electrophysiological data on synaptogenesis in such cultures
(Ransom et al., 1977) and show that spinal neurons form bio-
chemically “mature™ synaptic contacts after 10 d in vitro. These
synapses can be identified by standard immunocytochemical cri-
teria and are characterized by high densities of gephyrin and
GlyR polypeptides accumulating at the differentiating postsyn-
aptic membrane.

To investigate whether the cytoskeleton is involved in the or-
ganization of these clusters, 10-d-old cultures from rat spinal
cord were treated for 3 hr with drugs affecting different cyto-
skeletal elements. The alkaloid taxol was used to stabilize mi-
crotubules, and demecolcine or cytochalasin D were employed
to disrupt microtubules or microfilaments, respectively. The ef-
fects of drug treatment were then monitored by immunolabeling
of the respective filament system using either a mAb directed
against tubulin or FITC-conjugated phalloidin. As expected from
previous studies, treatment with taxol resulted in the formation
of microtubular asters in fibroblast-like cells without appreciably
altering the microtubular cytoskeleton in neurons (data not
shown). In contrast, short time treatment with demecolcine or
cytochalasin depolymerized neuronal microtubules or cortical
microfilaments, respectively, without affecting other cytoskeletal
structures or altering the general cell morphology. These results
are in line with a large number of previous reports on the effects
of these alkaloids on the organization of the neuronal cytoskel-
eton (Miranda et al., 1974; Schiff and Horwitz, 1980; Bencherif
and Lukas, 1993; Fan et al., 1993; Fentie and Roisen, 1993;
Rosenmund and Westbrook, 1993; Bassell et al., 1994; Meade
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Figure 3. Effects of nocodazole and vy-lumicolchicine on gephyrin
clusters. Spinal neurons at day 10 in vitro were cultured under control
conditions (A) or treated with nocodazole (B) and ~y-lumicolchicine (C)
for 3 hr. After fixation the cells were immunoreacted with mAb 7a to
visualize gephyrin. Representative confocal sections are displayed in
pseudocolor coding. A, In untreated neurons many gephyrin clusters are
visible at the periphery of the cell soma and along neurites. B, Treatment
with nocodazole eliminates most gephyrin clusters; this is comparable
to the changes seen after demecolcine treatment (see Fig. 2C). C, Ge-
phyrin clusters are maintained after y-lumicolchicine treatment.

and Topp. 1994). Treatment of the cultures with ~y-lumicolchi-
cine, an inactive isomer of colchicine, did not affect the orga-
nization of the microtubular cytoskeleton as monitored by «-tu-
bulin immunolabeling (data not shown).

Concomitant with the aforementioned alterations of cytoskel-



4152 Kirsch and Betz + Gephyrin Clusters and the Cytoskeleton

=Y
o
L

cells with clusters [%]
N W
o =)
1 1

-
o
I

(=]
i

B 100 7

40 A

clusters / cell

20 1

C 100

clusters/cell

7 [h]

Figure 4. Quantitative evaluation of the effects of alkaloid treatment.
Primary spinal cord cultures at day 10 in vitro were kept under control
conditions or treated with taxol, demecolcine, or cytochalasin D and
immunoreacted with mAb 7a to visualize gephyrin clusters. A, Cells
with gephyrin clusters were counted in five randomly selected fields
(approximately 100 cells/field). The bars show means = SD from three

etal organization, the following changes in mAb 7a immuno-
reactive gephyrin clusters were noted upon drug treatment (Fig.
2). Whereas under control conditions (Fig. 24) and after incu-
bation with taxol (Fig. 2B) many gephyrin clusters were found
in the periphery of the neuronal soma and along the neurites,
neurons treated with demecolcine displayed a much lower num-
ber of gephyrin clusters (Fig. 2C). The number of gephyrin clus-
ters in cytochalasin D—treated cells was similar to that of control
neurons; their size, however, appeared to be significantly smaller
(Fig. 2D). A loss of gephyrin clusters was also observed after
treatment of the cultures with nocodazole, another microtubule-
disrupting drug, but was not seen in cultures treated with y-lum-
icolchicine (Fig. 3). A decrease in the number of clusters/cell
was also observed when 6-d-old cultures were treated with de-
mecolcine; the total number of clusters seen at this early stage
was much lower, however.

Quantitative analysis of the immunocytochemical data
showed that demecolcine treatment led to a drastic decrease in
both the number of cells with detectable clusters and the mean
number of clusters/cell (Fig. 4). Only 9% of the cells in these
cultures had clusters, as opposed to about 40% under control
conditions or after treatment with taxol or cytochalasin D (Fig.
4A). Moreover, the number of clusters/cell was also significantly
reduced after demecolcine treatment from 80 to about 20 (Fig.
4B). The effect of demecolcine could be reversed within 4 hr
after removal of the drug from the culture medium (Fig. 4C),
with the numbers of clusters/cell reaching values indistinguish-
able from those found before the alkaloid treatment (Fig. 4C).
We infer from these data that an intact microtubular cytoskeleton
is essential for the stabilization of postsynaptic gephyrin clusters.

To analyze the drug effects at the level of individual gephyrin
clusters, several confocal sections of spinal neurons were eval-
uated. The mean intensity of immunolabeling with mAb 7a,
which correlates to the gephyrin content, and the size of 799
individual clusters was determined from confocal optical sec-
tions. The results are summarized in Table 1. The mean fluores-
cence intensity of the individual clusters varied only slightly
after the treatment with alkaloids. On a linear scale from 0 to
256 units, the mean intensity ranged from 150 units in control
to 119 units in cytochalasin D-treated cultures. However, the
mean cluster size of demecolcine- and cytochalasin D—treated
neurons differed significantly (p > 0.9995) from that of control
and/or taxol-treated cells. Whereas the mean cluster size under
control conditions and after taxol treatment ranged between 0.27
and 0.28 pm?, the disintegration of actin filaments by cytochal-
asin D reduced this value to 0.16 wm?. In contrast, the clusters
detectable after demecolcine showed an increased mean size of
0.37 pm? (Table 1). Interestingly, under none of these experi-

&

independent experiments. B, To determine the number of clusters/cell
all immunoreactive spots on 10 randomly selected cells were counted.
The data represent means = SD. Note the decrease in the percentage
of cells with clusters (A) and the number of clusters/cell (B) after de-
mecolcine treatment. C, Time course of the disruption of gephyrin clus-
ters and recovery after demecolcine withdrawal. Primary spinal cord
cultures at day 10 in vitro were treated with demecolcine as described
in Materials and Methods. At the time points indicated, aliquots of the
cells were fixed and immunoreacted with mAb 7a to visualize gephyrin
aggregates. To determine the number of clusters/cells, 100 neurons were
evaluated/time point. The data represent means * SD. After 3 hr of
demecolcine treatment, the culture medium was replaced by fresh me-
dium without demecolcine (arrow) and the reappearance of gephyrin
clusters was monitored as described before.
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Table 1. Properties of gephyrin clusters in control and alkaloid-treated cultures

mAb 7a mAb 7a
No. of fluorescence fluorescence
clusters intensity Cluster size density
Culture condition analyzed [units/cluster] [um?] [units/pm?]
Control 168 150.2 = 2.1 0.28 = 0.01 624 + 20
Taxol 185 1395 £ 23 0.29 + 0.01 635 + 35
Demecolcin 186 1207 + 24 0.38 +~ 0.01 397 = 15
Cytochalasin D 260 1192 £ 2.2 0.16 + 0.005 1121 + 23

Spinal cord cultures were treated with the alkaloids at day 10 in vitro for 3 hr. After immunostaining the number of
immunoreactive clusters, their size and fluorescence intensity were determined in individual optical sections as
described in Materials and Methods. Values represent means = SEM of three independent experiments. Statistically
significant differences to control values as indicated by ¢ test (p > 0.0005) are indicated by bold numerals.

mental conditions did the size of the clusters correlate with their
fluorescence intensity (correlation coefficients ranged between
0.16 and 0.47), indicating that the size of a cluster is independent
of its gephyrin content. These results suggest that both micro-
tubules and microfilaments are implicated in the spatial organi-
zation of postsynaptic gephyrin clusters. The roles of these fil-
aments, however, appear to be antagonistic.

To further corroborate this conclusion, we calculated the mAb
7a fluorescence density of the individual clusters, which corre-
lates with the packing density of gephyrin within a cluster. A
mean fluorescence density of 624 and 635 units/pm? was found
in clusters of control and taxol-treated cells. The mean density
in clusters of demecolcine-treated neurons was reduced to 397
units/pm?. Disruption of microfilaments, on the other hand, led
to an increase of the mean density to 1121 units/pm? (Table 1).
We conclude that intact microtubules generate a high gephyrin
packing density in postsynaptic clusters and that microfilaments
partially counterbalance this action.

To analyze whether the changes in the organization of post-
synaptic gephyrin clusters induced by the alkaloid treatment also
affect the synaptic localization of GlyR polypeptides, we per-
formed a series of double-labeling experiments with either mAbs
7a and 4a or with mAb 4a and an antiserum against synaptic
vesicle antigens. This showed that the colocalization at the cell
membrane of GlyR polypeptides and gephyrin (Kirsch et al.,
1993b) was preserved upon treatment of the cultures with any
of these alkaloids (not shown). GlyR immunoreactivity as re-
vealed by mAb 4a was found both intracellularly, presumably
at sites of synthesis and post-translational processing, and at the
cell surface in peripheral clusters (Nicola et al., 1992; Kirsch et
al., 1993b). At day 10 in vitro, these GlyR clusters were either
apposed to or colocalized with presynaptic terminals visualized
by immunolabeling of synaptic vesicle antigens (Fig. SA). These
findings are consistent with and extend our data shown in Figure
1B. Taxol and cytochalasin treatment did not affect the apposi-
tion of GlyR immunoreactivity to presynaptic terminals (not
shown). However, the patterns of GlyR immunoreactivity and
synaptic vesicle antigens differed strikingly in demecolcine-
treated spinal neurons. Here, only a few GlyR clusters colocal-
ized with presynaptic vesicle staining. Moreover, under these
conditions most of the GlyR immunoreactivity appeared as a
relatively diffuse, ring-shaped labeling of the neuronal mem-
brane, whereas the focal appearance of synaptic vesicle antigens
was conserved (Fig. 5B). These data are consistent with the view
that demecolcine increases the lateral mobility of the GlyR in
the postsynaptic membrane which in untreated cells is restricted
by interactions with microtubules.

Discussion

The data presented in this study indicate that: (1) gephyrin in-
teracts in vivo with components of the cytoskeleton; (2) micro-
tubules and microfilaments have antagonistic effects on the
packing density of gephyrin at postsynaptic membrane special-
izations; and (3) the lateral mobility of the inhibitory GIyR is
restricted at postsynaptic sites by an interaction with microtu-
bules.

The most striking result of our investigation is the drastic
reduction of gephyrin cluster number after destruction of the
neuronal microtubules by demecolcine or nocodazole treatment.
This finding suggests that in vivo gephyrin could indeed act as
a bivalent linker protein which connects the transmembrane sub-
units of the GlyR with underlying microtubules (Kirsch et al.,
1991, 1993b). Although we cannot entirely exclude indirect ef-
fects of the alkaloid treatment, our investigations are in agree-
ment with biochemical experiments which demonstrate high-af-
finity binding of gephyrin to both polymerized tubulin (Kirsch
et al., 1991) and the GlyR B subunit (Meyer et al., 1994). In
addition, demecolcine treatment also affected the size and den-
sity of individual gephyrin clusters. Notably, the size of the clus-
ters remaining after the destruction of microtubules was signif-
icantly increased, but their fluorescence density was reduced (see
Table 1). Double immunolabeling with mAb 4a and 7a or mAb
4a and the antiserum against synaptic vesicle antigens (not
shown and Fig. 5) revealed that these effects also apply to post-
synaptic GlyRs. In fact, GlyR immunoreactivity codistributed
with gephyrin immunoreactivity at the cell membrane under all
experimental conditions analyzed, indicating that the gephyrin/
GlyR complex (Schmitt et al., 1987) did not dissociate during
the treatment with any of the alkaloids used. The changes ob-
served after demecolcine treatment are consistent with the as-
sumption that the destruction of microtubules increases the lat-
eral mobility of the gephyrin/GlyR complex in the plasma mem-
brane. This “‘spreading” could then be detected as clusters of
increased size and reduced fluorescence intensity (Table 1). Ul-
timately, the dissociation of the postsynaptic clusters was visu-
alized as diffuse mAb 4a immunolabeling of the cell membrane
(Fig. 5B). In contrast, stabilizing neuronal microtubules by taxol
did not affect the size or packing of gephyrin clusters. Presum-
ably, this reflects low amounts of free tubulin in the neuronal
cytoplasm. Alternatively, all receptor-bound gephyrin may be
saturated with polymerized tubulin.

Surprisingly, treatment of neurons with cytochalasin D left the
number of clusters and their gephyrin content unchanged (Fig.
4) but rendered the clusters significantly smaller. Moreover, the
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Figure 5. Effect of demecolcine treatment on the distribution of GlyR
immunoreactivity. Spinal cord cultures were immunostained with mAb
4a (red) and a polyclonal anti-synaptic vesicle antiserum (green) at day
10 in vitro and analyzed by confocal microscopy. A, In control cultures
GlyR immunoreactivity (red) is detected both in peripheral clusters and
to some extent in the neuronal somata. Immunoreactive GIlyR clusters
are apposed to structures containing synaptic vesicle antigens, as re-
vealed by vellow dots indicating an overlap of both antigens. B, After
demecolcine treatment, GlyR immunoreactivity is diffuse and appar-
ently lines the cell contours, whereas synaptic vesicle immunoreactivity
retains a spotted appearance. Dotted lines indicate the cell contours.
Bars, 5 pm.

packing density of gephyrin within individual clusters was sig-
nificantly higher in cytochalasin D—treated cells than under con-
trol conditions. These data introduce microfilaments as addition-
al regulatory elements of cluster organization. Apparently mi-
crofilaments reduce the packing of gephyrin in the postsynaptic
membrane, and thus counterbalance the condensing effect of mi-
crotubules,

A model in which the antagonistic actions of microtubules
and microfilaments are rationalized is displayed in Figure 6. Ac-
cording to this model, gephyrin binds directly to both tubulin

GlyR

microfilaments

Figure 6. Model of the interactions of gephyrin with the GlyR and
the subsynaptic cytoskeleton. Gephyrin anchors the postsynaptic GlyR
to microtubules forming a subsynaptic lattice. The interactions with
microfilaments could either be direct (center) or involve an additional
regulatory actin-binding protein(s) (indicated by a question mark). For

and GlyR subunits, thus forming a subsynaptic lattice of ge-
phyrin and microtubules. Lateral interactions of the gephyrin
lattice with microfilaments could be either direct by binding of
gephyrin to actin or indirectly mediated by an actin-binding pro-
tein of the spectrin type. In both cases, depolymerization of mi-
crotubules should lead to a collapse of the gephyrin lattice, and
consequently to a increased lateral mobility of the GlyR. In con-
trast, depolymerization of microfilaments should remove inter-
gephyrin barriers and thus allow a tighter packing of GlyR with-
in the subsynaptic lattice. Although the molecular mechanisms
underlying our observations are far from clear, one might in
addition speculate that in the absence of actin filaments, more
gephyrin molecules could associate with tubulin than in their
presence. Indeed, the cooperative nature of the gephyrin—tubulin
interactions is compatible with variations of the binding stoichi-
ometry (Kirsch et al., 1991).

The model discussed above implicates that the changes in
cluster organization observed refer to truly postsynaptic struc-
tures. The latter are characterized by a close apposition to pre-
synaptic nerve terminals, with high local concentrations of syn-
aptic vesicle antigens and postsynaptic membrane specializa-
tions carrying neurotransmitter receptors. The results of our dou-
ble-labeling experiments with mAbs 7a and 4a or mAb 7a and
antiserum against synaptic vesicle antigens (Figs. 1, 44) extend
previous immunocytochemical (Nicola et al., 1992) and electro-
physiological data (Ransom et al., 1977; Bormann et al., 1987)
which indicate the formation of functional synapses in differ-
entiating spinal cord cultures. In addition they demonstrate at
the level of single optical sections that most gephyrin/GlyR clus-
ters develop close contacts with presynaptic terminals within 10
d of in vitro development. Therefore, the altered spatial orga-
nization of the gephyrin clusters induced by alkaloid treatment
are likely to reflect changes in functional postsynaptic membrane
specializations.

The studies on the gephyrin/GlyR complex described here
find a parallel in investigations on the *‘submembrane machin-
ery” (Froehner, 1991) of the neuromuscular and electrocyte
junctions (reviewed in Cartaud and Changeux, 1993). There, the
formation and maintenance of postsynaptic membrane areas ex-
hibiting an at least 1000-fold higher density of nicotinic acetyl-
choline receptors (nAChR) than found extrasynaptically (Fer-




tuck and Salpeter, 1974; Matthews-Bellinger and Salpeter, 1978)
depends on extracellular as well as intracellular components
(McMahan and Wallace, 1989; Froehner, 1991; Rupp et al,,
1991). Among the intracellular components a peripheral 43K
protein that codistributes with postsynaptic nAChRs at verte-
brate neuromuscular junctions and the electromotor synapse of
Torpedo electric organ (Burden et al., 1983; Nghiem et al., 1983;
Sealock et al., 1984; Bridgman et al., 1989) appears to play a
key role in synaptogenesis (Froehner et al., 1990; Phillips et al.,
1991a,b). Coexpression of the 43K protein with nAChRs sub-
units in fibroblasts (Phillips et al., 1991a) or Xenopus oocytes
(Froehner et al., 1990) has been shown to cause nAChR clus-
tering in the plasma membrane. Also, in vitro this polypeptide
binds actin (Walker et al., 1984), but attempts to colocalize the
43K protein with actin filaments in cultured rat myotubes and
Torpedo electrocytes have produced controversial data (Bloch,
1986; LaRochelle et al., 1990). Recent ultrastructural data have
revealed the existence of cold-stable acetylated microtubules be-
neath the nAChR-rich membrane domains of the motor end plate
(Jasmin et al., 1991). Microtubules thus may have a general role
in the spatial organization of synaptic neurotransmitter receptors.

In conclusion, the data reported in this study suggest that the
GlyR-associated protein gephyrin mediates postsynaptic receptor
clustering by a complex interaction with different components
of the cytoskeleton. Similar membrane protein—cytoskeleton
linker proteins may also contribute to the localization of other
channel proteins in specialized subdomains of the neuronal plas-
ma membrane, for example, at the axonal nodes of Ranvier
(Kordeli et al., 1990). Consistent with this view, the properties
of voltage-gated potassium channels expressed in Xenopus 0o-
cytes have recently been reported to depend on the integrity of
the cytoskeleton (Honoré et al., 1992).
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