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ABSTRACT
Glycinergic synapses play a major role in shaping the activity of spinal cord neurons. The

spatial organization of postsynaptic receptors is likely to determine many functional
parameters at these synapses and is probably related to the integrative capabilities of
different neurons. In the present study, we have investigated the organization of gephyrin
expression along the dendritic membranes of a- and g-motoneurons, Ia inhibitory interneu-
rons, and Renshaw cells. Gephyrin is a protein responsible for the postsynaptic clustering of
glycine receptors, and the features of gephyrin and glycine receptor a1-subunit immunofluores-
cent clusters displayed similar characteristics on ventral horn spinal neurons. However, the
density of clusters and their topographical organization and architecture varied widely in
different neurons and in different dendritic regions. For motoneurons and Ia inhibitory
interneurons, cluster size and complexity increased with distance from the soma, perhaps as a
mechanism to enhance the influence of distal synapses. Renshaw cells were special in that
they displayed an abundant complement of large and morphologically complex clusters
concentrated in their somas and proximal dendrites. Serial electron microscopy confirmed
that the various immunoreactivity patterns observed with immunofluorescence accurately
parallel the variable organization of pre- and postsynaptic active zones of glycinergic
synapses. Finally, synaptic boutons from single-labeled axons of glycinergic neurons (Ia
inhibitory interneurons) were also associated with postsynaptic receptor clusters of variable
shapes and configurations. Our results indicate that mechanisms regulating receptor
clustering do so primarily in the context of the postsynaptic neuron identity and localization in
the dendritic arbor. J. Comp. Neurol. 379:150–170, 1997. r 1997 Wiley-Liss, Inc.
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zones

The specific integrative properties of central neurons
depend largely on the organized distribution of synapses
and neurotransmitter receptors along their dendritic ar-
bors (Rall et al., 1992; Spruston et al., 1994). Indeed, the
structural organization of postsynaptic densities (contain-
ing the postsynaptic receptor clusters) has been proposed
as a major factor in determining the functional character-
istics of individual synapses in the hippocampus (Lisman
and Harris, 1993; Edwards, 1995). In the present study, we
have investigated the architecture and densities of glycine
receptor clusters in different types and membrane compart-
ments (e.g., proximal vs. distal dendrites) of ventral horn
spinal cord neurons. Much recent research has focused on
the fine immunocytochemical localization of neurotransmit-
ter receptors. However, for most central neurons, receptor
immunolocalization has been described only for the cell
soma and the most proximal dendritic regions. Further-
more, systematic analysis of receptor organization in

defined interneurons has been especially hindered by the
fact that their cell bodies and dendritic arborizations
cannot usually be positively identified in most immunocy-
tochemical studies without using additional means to
verify their identity and to label them specifically. Finally,
except for a previous report on the large specialized
dendrites of the teleost Mauthner cell (Triller et al., 1990),
the differential organization of immunoreactive receptor
clusters at distal vs. proximal synapses on the highly
branched dendritic trees of central neurons has not been
addressed before.

Contract grant sponsor: NIH-NINDS; Contract grant numbers: NS25547,
NS33555.

*Correspondence to: Francisco J. Alvarez, Ph.D., Department of Anatomy,
Wright State University, 3640 Col. Glenn Hwy., Dayton, OH 45435.
E-mail: FALVAREZ@desire.wright.edu

Received 15 April 1996; Revised 2 August 1996; Accepted 29 August 1996

THE JOURNAL OF COMPARATIVE NEUROLOGY 379:150–170 (1997)

r 1997 WILEY-LISS, INC.



In the present study, we have used a combination of
electrophysiological identification, intracellular staining,
and immunocytochemical localization to examine the prin-
ciples governing the organization of glycine receptor clus-
ters throughout the whole somatodendritic membrane of
two types of interneurons [Renshaw cells (RCs) and Ia
inhibitory interneurons (IaINs)] and a- and g-motoneu-
rons (aMNs, gMNs). These neurons constitute well known
elements of the spinal segmental motor network and
greatly differ in their physiology, structure, and synaptol-
ogy (reviewed in Baldissera et al., 1981; Windhorst, 1990;
Jankowska, 1992). Briefly, RCs and IaINs are two major
inhibitory interneurons that shape MN firing through
recurrent (Renshaw 1941; Eccles et al., 1954) and recipro-
cal inhibitory circuits, respectively (Eccles et al., 1956).
Both interneurons exert synaptic actions on MNs through
glycinergic mechanisms and are themselves subject to
potent inhibitory glycinergic control (Eccles et al., 1954;
Curtis et al., 1968; recent reviews in Schneider and Fyffe,
1992; Jankowska, 1992).

Synaptically released glycine exerts its effects by activat-
ing postsynaptic ligand-gated chloride channels compris-
ing ligand-binding (a-) and structural (b-) subunits (re-
viewed in Betz, 1992). In addition, a 93 kDa peripheral
cytoplasmic membrane protein, named gephyrin, was found
to be intimately associated with the a-and b-transmem-
brane subunits (Pfeiffer et al., 1982; Schmitt et al., 1987).
Gephyrin probably directs the anchoring of glycine recep-
tor clusters in the postsynaptic plasma membrane while
contributing also to the mature biophysical properties of
the receptor (Kirsch et al., 1991, 1993; Takagi et al., 1992;
Kirsch and Betz, 1995; Meyer et al., 1995). Antibodies
against gephyrin have been used extensively to immunolo-
calize postsynaptic glycine receptors clusters in many
different brain regions. Some observations suggested that
in some cases the distribution of gephyrin immunoreactiv-
ity could be more extensive than that of transmembrane
a-subunits of the glycine receptor and could be associated
with other membrane protein complexes that include
glycine receptor b-subunits in their structure (Kirsch and
Betz, 1993). In this study, we validate the use of gephyrin
immunoreactivity as a marker of postsynaptic glycine
receptor clusters in the spinal cord ventral horn and use it
to analyze the location and structural organization of
glycine receptor clusters in the dendritic arbors of four
different neuronal types. Preliminary results have been
published as abstracts (Alvarez et al., 1993; Fyffe et al.,
1993), and a preliminary account of motoneuron gephyrin
clustering has appeared in a volume of a symposium
proceedings (Fyffe et al., 1995).

MATERIALS AND METHODS

Double immunofluorescence for gephyrin
and glycine receptor a-subunits

Adult cats (n 5 3) were euthanized with an overdose of
Nembutal (,200 mg i.v.) and perfused via the left ventricle
with cold phosphate-buffered saline (PBS), followed by
cold fixative (4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4). Spinal cord blocks were postfixed for 0–12
hours at 4°C, then stored in phosphate buffer with 15%
sucrose until cut. Fifty-micrometer-thick transverse sec-
tions were obtained on a vibratome. We observed that
more than 15 minutes of postfixation severely diminished
immunostaining with antibodies against extracellular

epitopes of a-subunits but that gephyrin immunoreactiv-
ity was quite resistant to stronger fixation (see also Kirsch
and Betz, 1993).

Two methods were employed for dual immunofluores-
cence. First, an ‘‘epitope masking’’ method was used follow-
ing Triller et al. (1987); the sections were incubated first
with mouse monoclonal antibody (mAb) 2b (diluted 1:10)
directed against an extracellular epitope of the glycine
receptor a1-subunit (Pfeiffer et al., 1984; kindly donated by
Drs. J. Kirsch and H. Betz, Max-Plank Institute, Frank-
furt, Germany). Immunoreactive sites were revealed with
a fluorescein isothiocyanate (FITC)-coupled goat anti-
mouse IgG (Jackson, West Grove, PA). Then, all mouse IgG
antigenic determinants were covered with excess goat
anti-mouse antibodies (1:20; Jackson). Afterwards, the
sections were blocked again with normal goat serum (1:10)
and placed in mouse mAb 7a (against gephyrin; Boeh-
ringer Mannheim, Indianapolis, IN; 0.5 µg/ml in PBS/0.1%
Triton X-100 at 4°C overnight). The immunoreactive sites
were revealed by incubating the sections for 2 hours at
room temperature with goat anti-mouse IgG serum coupled
to tetramethylrhodamine isothiocyanate (TRITC; Jack-
son). Controls to detect artifactual colocalization included
sections in which the gephyrin antiserum was replaced by
PBS or by a similar concentration (0.5 µg/ml) of nonspecific
mouse IgGs (Sigma, St. Louis, MO). The second control
indicated abundant artifactual colocalization when this
method is used (see Results).

A second method, developed by Tramu et al. (1978),
based on the elution and/or denaturation of all antibodies,
was implemented as described by Larsson (1988). Staining
was performed as described above by using mAb 2b, and
the immunofluorescence in selected sections was then
extensively photographed at high and low magnification.
Thereafter, all antibodies were eluted/denatured by incu-
bating the sections twice for 5 minutes in dH2O, for 10–15
minutes in a solution containing 0.017% KMnO4 and
0.04% H2SO4, and for 30 seconds in 0.5% Na2S2O5; wash-
ing them in running H2O for 20 minutes; and finally
returning them to PBS. Some control sections were then
visualized under epifluorescence before and after incuba-
tion with goat anti-mouse IgG antiserum coupled to FITC
(1:50 Jackson) to assess the complete disappearance of
fluorescence and mouse IgG epitopes from the first immu-
noreaction against a1-subunits. Finally, a second immuno-
reaction was performed against gephyrin by using mAb 7a
as described above. The regions photographed after the
first immunoreaction against a1-subunits were now ana-
lyzed for gephyrin immunoreactivity. This approach dem-
onstrated that gephyrin antibodies are very accurate tools
for analyzing the structure of glycine receptor clusters on
cat ventral horn cells. Furthermore, the resistance of
gephyrin epitopes to strong fixation made mAb 7a more
suitable for detailed structural analysis of immunoreactiv-
ity on the dendritic arbors of intracellularly filled neurons
followed through serial sections (see below).

Combined electrophysiological
characterization, intracellular labeling,

and gephyrin immunofluorescence

Animal preparation. The experiments were per-
formed on the spinal cords of 14 adult cats and followed
previously described methods (Fyffe, 1991a,b). All animals
were deeply anesthetized with Nembutal (initially 40
mg/kg i.p., then 5 mg/ml i.v. as required to maintain a deep
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level of anesthesia). The study was conducted in compli-
ance with approved institutional animal care and use
protocols and according to NIH guidelines. Cannulae were
placed in the left carotid artery, for continuous monitoring
of blood pressure and heart rate, and in the left external
jugular vein, for administration of anesthetics, drugs, and
fluids. The trachea was intubated to permit artificial
ventilation and continuous measurement of the end-tidal
CO2 level, which was maintained near 4% (,32 mm Hg) by
adjustment of the mechanical ventilator. Body tempera-
ture was continuously monitored and maintained near
37°C by a homeothermic blanket. The bladder was catheter-
ized for collection of urine (keeping the bladder empty also
helped to maximize the stability of the preparation). The
cat was fixed rigidly in a Lundberg-type stereotaxic head-
holder and spinal frame. Peripheral nerves to the medial
and lateral gastrocnemius and soleus and posterior biceps
and semitendinosus muscle groups were dissected and
mounted on Ag/AgCl-stimulating electrodes. The sciatic
nerve was also mounted in continuity on stimulating
electrodes for antidromic activation of motoneurons. Fol-
lowing a laminectomy to expose spinal segments L3–S2,
dorsal roots L6–S1 were cut and their central ends mounted
on stimulating electrodes. Ventral roots were left intact.
During the recording period, the cat was paralyzed with
gallamine triethiodide (Flaxedil; 20–40 mg i.v.) and main-
tained in deep anesthesia, as assessed by blood pressure,
heart rate, and pupillary constriction.

Microelectrodes for intracellular recording and stain-

ing. We used beveled electrodes filled with 4–8% neuro-
biotin (Vector Laboratories, Burlingame, CA) in 0.1 M
Tris/0.5 M KCl, pH 7.6 (electrode resistance 20–35 MV).
Intracellular recordings and injections were performed as
described elsewhere (Fyffe, 1991a,b).

Cell identification. aMNs were identified by the con-
duction velocity of their antidromic action potential and by
the presence of monosynaptic excitatory postsynaptic po-
tentials (epsps) following dorsal root stimulation at a
strength sufficient to activate group I fibers. gMNs were
identified by antidromic conduction velocity and lack of
monosynaptic input from large-diameter dorsal root fibers
(Moschovakis et al., 1991). In this study, we considered
conduction velocities of less than 40 msec21 to represent
gMNs. Renshaw cells were identified by their characteris-
tic high-frequency discharge following motor axon activa-
tion (see Fyffe, 1991a). Ia inhibitory interneurons were
identified by monosynaptic activation following dorsal root
stimulation at group I strength and by recurrent inhibi-
tion, but no antidromic activation, following motor axon
stimulation (see Fyffe, 1991b). In all cases, the morphol-
ogy, location, and axonal trajectory of the stained cell were
subsequently used to confirm the cell’s identity.

Perfusion and tissue processing. After completion of
the electrophysiological recordings and intracellular injec-
tions, the cats were euthanized with an overdose of
Nembutal (,200 mg i.v.) and perfused with 4% paraformal-
dehyde in 0.1 M phosphate buffer (pH 7.4) as described
above. Spinal cord blocks were postfixed for 4–8 hours at
4°C, then stored in phosphate buffer with 15% sucrose
until cut. Serial 50-µm-thick sections (transverse or longi-
tudinal) were obtained on a Vibratome.

Visualization of intracellularly stained neurons.

Neurobiotin-labeled cells were revealed with 7-amino-4-
methylcoumarin-3-acetic acid (AMCA)-labeled avidin (Vec-
tor Laboratories; 1:10 dilution in PBS/0.1% Triton X-100;

incubation for 2–3 hours at room temperature). Tissue
autofluorescence was prevented by preincubating the sec-
tions in 1% NaHB4 in PBS (for 30 minutes at room
temperature) before the application of the avidin-AMCA
marker.

Immunocytochemistry. After several PBS rinses, the
sections were blocked with normal goat serum (1:10) and
placed in mAb 7a (Boehringer Mannheim; 0.5 µg/ml in
PBS/0.1% Triton X-100, at 4°C for 2–3 days). The immuno-
reactive sites were revealed by incubating the sections for
2 hours at room temperature with a goat anti-mouse IgG
serum coupled to FITC (Jackson) diluted 1:50 in PBS/0.1%
Triton X-100. Sections were coverslipped with Vectashield
antifading medium (Vector Laboratories).

Brightfield visualization of the intracellular marker.

Following detailed examination under fluorescence micros-
copy, the intracellular label was revealed with peroxidase
for subsequent computer-aided reconstruction and quanti-
tative morphometric analysis under brightfield illumina-
tion. This was accomplished by removing the coverslips
and processing the sections (on the slide) with an ABC kit
(Vector Laboratories) and visualizing the peroxidase with
0.02 mg/ml diaminobenzidine (DAB; Sigma) and 0.01%
H2O2 in 0.05 M Tris. The reaction was enhanced by adding
0.01% nickel ammonium sulfate.

Analysis. Sections were analyzed for double immuno-
fluorescence by using an Olympus fluorescence microscope
fitted with an ultraviolet (UV) excitation block (Olympus,
Lake Success, NY) for visualization of intracellular AMCA
(blue fluorescence) and with a blue excitation block
(Chroma Tech., Brattleboro, VT) for visualization of the
fluorescein immunolabel (green fluorescence). We also
used a ‘‘triple’’ filter block (Chroma Tech.) that allows
visualization of both markers simultaneously to confirm
further the location of gephyrin immunoreactivity inside
labeled dendrites. All microphotography of gephyrin-
immunoreactive (gephyrin-IR) clusters over identified neu-
rites was performed by using a 3100 oil objective (N.A.
1,30). After extensive fluorescence photography, intracellu-
larly stained neurons were reconstructed in three dimen-
sions by using a computer-aided neuron tracing system
(Eutectic NTS; Sun Technologies, Raleigh, NC), which also
permitted measurement of dendritic length and mem-
brane surface area. Photographs of gephyrin-IR clusters
were precisely correlated with these reconstructions and
analyzed according to distance to the cell soma. Density of
clusters was assessed qualitatively. Immunoreactive clus-
ter sizes were measured individually in their long axis in
photographic pictures obtained at 3100 and enlarged 4–5
times. Under these conditions and taking into account
edge and out-of-focus fluorescent haze of immunofluores-
cent spots contained in 50-µm-thick tissue sections, we
estimated our resolution to be approximately 0.5 µm (see
also Koulen et al., 1996). To provide the most unbiased
representation of cluster sizes, we therefore grouped them
in 0.5 µm bins and plotted them according to their
locations in the dendritic arbor. Five distance categories
were used: 0–100, 100–200, 200–500, 500–1,000, and over
1,000 µm of path length in the dendritic arbor. To deter-
mine whether significant differences exist in cluster size
by cell type or distance category, we conducted a three-way
mixed-effects analysis of variance (ANOVA) of the aver-
ages and standard deviations of cluster sizes in each
distance category and in each cell type. The three factors
(independent variables) in this ANOVA model include
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distance category, cell type, and particular cell examined.
Two cells of each type were analyzed. In this model,
distance and cell type were considered fixed effects, and
the particular neuron used was included as a random
effect nested within cell type. The effect of cell type by
distance category and the effect of distance in each cell
were analyzed using two-way mixed-effects ANOVA. Nine
different ANOVAS of this kind were performed, one for
each of the four cell types and one for each of the five
distance categories considered. In analyzing distance cat-
egories, the two factors in each ANOVA were cell type and
the particular cell sampled; in this way we could account
for variability resulting from cell and separate this from
variability resulting from cell type. In analyzing each cell
type individually, distance and cell analyzed were included
in each ANOVA model as factors. The assumptions of
ANOVA models were met reasonably well by our data;
although there was some departure from normality, this
was not enough to warrant using nonparametric tech-
niques. Finally, in order to determine how selected data
pairs differ, we conducted Fisher’s least significant differ-
ence (LSD) multiple comparison procedures when signifi-
cant differences in the data series were revealed in our
ANOVA models. This test allowed us to compare our data
with reasonable accuracy even when samples had unequal
sizes. In order to determine how clusters sizes differ with
distance in individual cell types, we compared each distance
category with all the others for each individual cell type and
then determined which one was larger once statistical differ-
ences were revealed. To compare cluster sizes found at
similar locations in different cell types, we used a similar
test to compare the average cluster size at a fixed distance
in the four cell types. All the statistical analysis was
conducted by using SAS version 6.10. Statistical signifi-
cance was set at P , 0.01 for all tests.

Serial section electron microscopic
reconstruction of gephyrin-IR clusters

in the cat ventral horn

General electron microscopy procedures. Tissue from
the lumbosacral spinal cord of two cats was processed for
electron microscopy. The animals were perfused as de-
scribed above, but 0.4% glutaraldehyde was included in
the fixative for ultrastructural preservation. No decrease
of gephyrin immunoreactivity was observed with electron
microscopy in comparison to that found in light microscopy
specimens. Sections were obtained on a Vibratome, excess
aldehydes were blocked with 1% NaBH4, and the sections
were then immunostained by using mAb 7a (dilution 0.5
µg/ml in PBS) and revealed with a mouse ABC Vector kit
by using DAB as the final chromogen (0.02% DAB, 0.01%
H2O2 in 0.05 M Tris). For electron microscopic purposes,
we avoided the use of Triton X-100 in all incubations and
shortened the primary antibody incubation to 12 hours.
After immunocytochemistry, sections were washed in PBS,
postfixed in 2% osmium tetroxide, stained en bloc with
uranyl acetate, dehydrated in a graded series of alcohols,
cleared through two changes of propylene oxide, infiltrated
with 1:1 propylene oxide/Epon-Araldite, and finally flat
embedded in Epon-Araldite resin between fluorocarbon-
coated coverslips. Regions of interest were identified,
photographed, and drawn with light microscopy. Small
chips containing these regions were cut from the wafer and
glued onto a resin EM block. Ultrathin sections were
obtained in a Sorvall MT 6000 ultramicrotome. Serial

sections were collected on nickel or copper single-slot grids
coated with a thin layer of formvar. Some grids were
counterstained for several minutes in lead citrate. Sec-
tions were viewed on a Philips EM 300 or Philips EM 201
transmission electron microscope at 60 or 80 kV.

Three-dimensional reconstruction of individual syn-

aptic interactions. Serial photographs of selected synap-
tic boutons impinging on proximal dendrites or cell somas
of neurons displaying different gephyrin-IR cluster arrange-
ments were used for 3D reconstruction and morphometric
analysis by means of the RECON software of the Eutectic
system. Bouton profiles were traced on a digitizing tablet
marking the extent of the immunoreactivity, the synapse
active zones, and the apposition between the membranes
of the pre- and postsynaptic structures. Data from serial
electron micrographs (usually enlarged to 350,000 final
magnification) were entered into the Eutectic 3D Recon-
struction and Analysis System. Serial electron micro-
graphs were aligned by thresholding and capturing in a
video monitor the outlines of various profiles occupying
large areas within an electron micrograph and then using
these binary image outlines to align on the same monitor
the live gray image of the next electron micrograph in the
series. 3D reconstructions of synaptic boutons presynaptic
to gephyrin-IR spots and 2D projection maps of the active,
apposition, and immunoreactive zones were then gener-
ated. Two-dimensional projection maps generated in the
Eutectic System were scanned (HP ScanJet 4c) and ana-
lyzed by using Image Pro Plus imaging software (Media
Cybernetics, Silver Spring, MD).

RESULTS

Gephyrin-IR clusters were detected on the dendritic
arbors of a- and g-motoneurons (aMNs, gMNs), Renshaw
cells (RCs), and Ia inhibitory interneurons (IaINs) by
combining electrophysiological characterization and intra-
cellular labeling of single cells, followed by immunofluores-
cence labeling. Gephyrin-IR clusters showed considerable
morphological variability depending both on their localiza-
tion in specific neuronal types and on their position in the
dendritic arbor. They varied from small punctae (,0.5 µm
in diameter) to more complicated structures, including
perforated patches, horseshoe figures, scalloped profiles,
and combinations of these shapes (sometimes measuring
more than 3 µm along their longest axis; e.g., see Fig.
1A,C,E). Smaller patches consistently displayed dimmer
(and faster fading) immunofluorescence.

Association of gephyrin with glycine
receptors in the ventral horn of the cat

spinal cord

Gephyrin-IR clusters faithfully represented the location
and morphology of glycine receptor clusters, as demon-
strated by using double immunofluorescence (see Materi-
als and Methods). Double immunofluorescence studies
using mAb 7a to reveal gephyrin immunoreactivity and
mAb 2b to reveal a1-subunit immunoreactivity were car-
ried out by using an elution/denaturing technique (Tramu
et al., 1978; Larsson, 1988) or an ‘‘epitope masking’’
method used previously for the same purpose (Triller et al.,
1987). As was reported by Triller et al. (1987), extensive
colocalization of 2b and 7a immunoreactivities was ob-
served with the latter method. PBS controls were negative,
in agreement with results obtained previously (Triller et
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al., 1987), suggesting effective masking of mouse IgG
epitopes from mAb 2b to the TRITC-labeled antiserum
used in the second immunoreaction. However, consider-
able TRITC immunolabeling that exactly colocalized with
2b-FITC immunofluorescence was found in sections incu-
bated with random mouse IgGs instead of 7a antibody.
This spurious cross-reactivity probably arises from bind-
ing of mouse IgGs to the free binding sites of the blocking
immunoglobulins (Larsson, 1988). We therefore concluded
that this ‘‘epitope masking’’ method was unacceptable for
effective assessment of the degree of colocalization of mAb
2b and 7a immunoreactivity (cf. Triller et al., 1987).
However, it should be noted that the labeling intensity
produced by neutral mouse IgGs was lower than that
produced by mAb 7a, indicating that specific staining of
gephyrin epitopes also occurred at the same sites.

In contrast, extensive controls at every step of the
elution/denaturing method (see Materials and Methods)
indicated that there was little or no cross-reactivity be-
tween 2b and 7a immunofluorescence when using this
technique. However, the strong treatments used to elute or
denature antibodies produced significant shrinkage of the
tissue, and sometimes groups of immunoreactive clusters
identified in consecutive immunoreactions fell in different
focal planes or their relative dimensions were slightly
distorted. Despite these pitfalls, the results clearly demon-
strated that both proteins codistribute exactly to the same
patches of membrane in ventral horn neurons and that
there is a close equivalence between the morphologies of
gephyrin immunoreactivity and the corresponding a1-
subunit-IR patches (Fig. 1). At high magnification, it was
also observed that a1-subunit immunoreactivity was not

uniformly dense over the area demarcated by gephyrin
immunoreactivity, frequently being more intense in the
periphery of the larger gephyrin-IR patches.

Gephyrin immunoreactivity on the soma and
dendritic membranes of motoneurons

aMNs (n 5 14) displayed gephyrin immunoreactivity
throughout their dendritic trees but with different densi-
ties at different locations (Figs. 2–4). The presence of
glycine receptor clusters associated with labeled dendrites

Fig. 2. Double-fluorescence micrographs of gephyrin-IR clusters on
intracellularly labeled motoneuron dendrites. These pictures were
obtained using a filter cube that permits simultaneous visualization of
the true color fluorescence of AMCA (blue intracellular label) and
FITC (green gephyrin immunofluorescence). A: Very proximal den-
dritic segment (less than 100 µm from the cell soma) and its first
dendritic branching point displaying a dense surface covering by
small, dot-like, gephyrin immunofluorescent clusters. Part of the axon
hillock is indicated (ax) originating from the proximal dendritic trunk.
B: Distal dendritic segment (farther than 850 µm from the cell body)
shows larger and more complex gephyrin-immunofluorescent clusters.
Complex morphologies and perforations can be best observed in those
clusters visualized ‘‘en face’’ (arrowheads). Distally, gephyrin-immuno-
fluorescent clusters also appear more sparsely distributed. C,D: Two
different segments of middle regions of the same dendrite (300–500
µm from the cell soma) show gephyrin-immunofluorescent aggregates
of variable sizes at densities intermediate between proximal (A) and
distal (B) locations. In C and D, the focal plane of the micrograph cuts
through the middle of the dendrite; hence, a side view of ‘‘in focus’’
gephyrin-immunofluorescent clusters is rendered, preventing full
visualization of their structure. All pictures are at the same magnifica-
tion. Scale bar 5 10 µm in D.

Fig. 1. Colocalization of gephyrin and the a1-subunit of the glycine
receptor in small (A,B), medium-sized (C,D), and large (E,F) receptor
patches. A–F: Photomicrograph pairs of immunofluorescent gephyrin
(gph; A,C,E) and a1-subunit (a1; B,D,F) clusters. a1-Subunits colocal-
ized with gephyrin-IR clusters in a 1:1 relationship over the cell somas
and dendrites of ventral horn neurons (see matching arrowheads for

each pair of micrographs). Small/simple or large/complex gephyrin-IR
clusters parallel similar variations in a1-subunit immunofluorescence
patches. However, a1-subunit immunofluorescence was frequently
found to occupy predominantly the periphery of the gephyrin-IR patch
(see, especially, C,D). All micrographs are at the same magnification.
Scale bar 5 10 µm.
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was generally confirmed by using a filter cube that allowed
simultaneous visualization of AMCA and FITC fluores-
cence (Fig. 2). Nevertheless, many of the data were ob-
tained by photographing the intracellular label and immu-
noreactive clusters in serial black-and-white photographs
by using specific AMCA or FITC filters (e.g., see Figs. 3, 4).
With this method, the masking of one fluorochrome by the
other was minimized, particularly for receptor clusters at
the top and bottom surfaces of strongly fluorescent den-
drites.

The densest concentration of gephyrin-IR aggregates
was found on aMN cell somas and more proximal den-
drites (up to 150–250 µm distance; Figs. 3C,D, 4A). Indeed,

these proximal regions were often effectively outlined by
small immunofluorescent punctae (,0.5 µm in diameter)
of rather homogeneous size and shape. Small punctae
frequently organized in groups of 4–14 dots forming a
circular or ellipsoidal rosette (e.g., see Fig. 4A3). Axon
hillocks arising from somas or proximal dendrites dis-
played an immunoreactive covering similar to that of the
adjacent somatic or dendritic membrane. Gephyrin-IR
clusters were absent from the initial segment and myelin-
ated axon.

At middle dendritic locations (from 250 to 500 µm),
small immunoreactive punctae intermingled with progres-
sively larger patches, including perforated or scalloped

Fig. 3. Gephyrin-IR clusters on a-motoneuron (aMN) somas. A:
Medium-magnification brightfield micrograph of the soma and proxi-
mal dendrites of the intracellularly labeled aMN shown at higher
magnification and under fluorescence conditions in C and D. Two
arrowheads indicate the extent of the proximal dendritic segment
shown at 4A. B: Two-dimensional plot of the full 3D reconstruction of
this aMN. For orientation purposes, the neuron reconstruction was
superimposed on an outline of the L7 spinal cord section containing

the cell soma. Arrowheads 4A to 4G indicate the position of dendritic
segments shown in Figure 4. C,D: Pair of fluorescent micrographs
showing the covering by gephyrin-IR clusters of the somatic and very
proximal dendritic membrane. Arrowheads label the same positions in
C and D. C is at the same magnification as D. Scale bars 5 100 µm in
A, 1 mm in B, 10 µm in D. A,C,D and B are, respectively, modified from
Figs. 2, 3 of Fyffe et al. (1995) and are reproduced with permission of
Plenum Press.
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profiles (Fig. 4B,C). The larger individual aggregates more
commonly measured 0.7–1.5 µm along their longest diam-
eter. The density of gephyrin-IR clusters was much lower
on distal dendrites (e.g., farther than 500 µm from the cell
soma) and tended to be nonuniform, with variable stretches
of dendrite devoid of receptor clusters (Fig. 4D,E). At distal
locations, larger gephyrin-IR complexes predominated,
many of them constituting perforated patches (i.e., see Fig.
4E2). Interestingly, gephyrin-IR clusters were also ob-
served on dendritic spines (which are sparsely distributed
on motoneuron dendrites; see Fig. 4F) and on the varicosi-
ties and thin intervaricose segments that are characteris-
tic of many distal motoneuron dendrites. aMN dendrites
also extend into the white matter, where they taper
(usually with varicose segments) and terminate; sparsely
distributed gephyrin-IR clusters of various sizes and shapes
were also observed at these distal locations (frequently
more than 1,000 µm from the cell body; Fig. 4G).

Although gephyrin immunoreactivity on gMNs (n 5 6)
was less dense than that on corresponding parts of aMNs,
the gMNs displayed similar somatodendritic gradients of
gephyrin-IR cluster size and complexity (Fig. 5). There
were several differences, however. Large gephyrin clusters
were comparatively more frequent at proximal locations
on gMNs than on aMNs. Also, in contrast to aMNs, a large
variability in the density of gephyrin-IR clusters was
found between different gMNs. The cell soma of one gMN
was devoid of gephyrin-IR clusters, and there were very
few clusters in its dendritic arbor. Three other gMNs
displayed gephyrin-IR clusters at low densities, both on
their somas and throughout their dendritic arbors. Finally,
two gMNs showed higher gephyrin-IR densities on their
cell somas and dendrites, approaching the density seen in
aMNs. Thus, different gMNs may display very different
densities of gephyrin-IR clusters in their somatodendritic
arbor.

Gephyrin immunoreactivity on the soma
and dendritic membranes of interneurons

Interneurons (IaINs and RCs) exhibited the highest
levels of gephyrin immunolabeling observed in this study.
RC (n 5 4) gephyrin-IR clustering was quite different from
that of any other spinal cord cell (Fig. 6). RC somas and
proximal dendrites displayed predominantly gephyrin-IR
clusters of great size and complex morphology. The highest
concentration of gephyrin-IR clusters, many extraordinar-
ily large, measuring from 1.5 to 3 µm along the longest
axis, were found in the most proximal dendritic regions
(first 100 µm adjacent to the cell soma). Immunoreactive
clusters decreased in frequency quite abruptly on RC
dendrites at a distance of 120–180 µm from the cell soma
and were practically absent from the distal fine branches
(extending up to 800 µm distal to the cell soma).

IaINs (n 5 7) displayed gephyrin-IR aggregates that, on
average, increased in size with distance, as occurred in
MNs. Proximally and on the cell soma, gephyrin-IR aggre-
gates were most frequently of the small punctate type. The
major difference in comparison to the aMN expression
pattern was a relatively higher membrane covering by
gephyrin-IR aggregates in IaINs, particularly at middle
and distal dendritic regions, and the occurrence of larger
and more complex clusters at relatively more proximal
locations (compare Fig. 4A to Fig. 7B,C). Most IaIN
dendrites terminated at a distance of approximately 800–
1,100 µm. Most dendritic terminations remained within
the gray matter and formed beaded (varicose) dendritic

segments that displayed many gephyrin-IR clusters up to
and including the terminal varicosity.

Gephyrin aggregates in relation to the
synaptic terminals of identified neurons

Axon collaterals of some aMNs (n 5 6) and IaINs (n 5 3)
were extensively labeled intracellularly by neurobiotin,
and their boutons could be visualized by using AMCA
fluorescence. As expected, aMN terminals were unrelated
to gephyrin-IR clusters, whereas almost all IaIN axon
swellings were associated with one or more gephyrin-IR
clusters (Fig. 7D,E). Gephyrin immunoreactivity was pre-
sumably located postsynaptically to these axon terminals.
Different synaptic boutons generated by a single neuron,
even boutons present along a single terminal axon branch,
were associated with postsynaptic gephyrin-IR aggregates
of variable sizes and configuration.

Quantitative analysis of gephyrin
expression patterns

We estimated that, under these experimental condi-
tions, our resolution limit was approximately 0.5 µm (see
Materials and Methods), similar to a recent study using
similar methods (Koulen et al., 1996). The smaller clusters
measured 0.4–0.5 µm in diameter. However, their actual
size was likely magnified by surrounding fluorescence
haze. Using electron microscopy (see below), a smaller size
for the smallest gephyrin-IR clusters on the somas and
proximal dendrites of ventral horn neurons, 0.15–0.2 µm
in diameter, can be accurately measured. Fluorescence
haze and the resolution limits of light microscopy intro-
duce an approximately 0.1–0.2 µm fuzzy surrounding to
the real contours of the immunofluorescent patches. Be-
cause accurate measurement of the smallest gephyrin-IR
clusters is beyond the resolution limits of light microscopy
fluorescence and a similar fluorescent halo occurs around
larger clusters, we grouped our data in bins of 0.5 µm to
reduce any bias introduced by measurement errors. Means
probably constitute overestimations of the real population
(the size of small clusters is consistently overestimated),
and standard deviations are probably underestimated (the
smaller clusters are all ‘‘magnified’’ to an apparent diam-
eter of 0.4–0.5 µm). These effects are presumably more
important at proximal locations, where small clusters
predominate. Nevertheless, mean and SD distributions of
our data basically show the same results (see statistical
analysis below and Table 1), as do the frequency distribu-
tion histograms (Fig. 8).

Gephyrin-IR aggregates in two cells from each neuronal
class were measured (size of the longest axis) and classi-
fied according to distance to the cell soma (Fig. 8). In total
6,188 clusters were sampled. Neurons used for quantita-
tive analysis were all well stained. Their morphological
characteristics and plots of the distribution of their den-
dritic surface membrane area are represented in Figures 9
and 10. The frequency distributions of gephyrin-IR cluster
sizes demonstrates the existence of a clear size gradient in
that increased proportions of large gephyrin-IR clusters
appear distally in the dendritic trees of aMNs, gMNs, and
IaINs. Note, however, that the total number of clusters
measured decreased distally (Table 1), probably because
they are present at a lower density in distal regions and
also because the total available surface membrane de-
creased with distance (Figs. 9, 10). The steepness of the
cluster size gradient was greatest in IaINs, in which the
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transition from predominantly small clusters to a mixture
of small and large clusters was apparent within 150–200
µm from the soma. In contrast, small punctate gephy-
rin-IR clusters predominated up to midregions of the
dendritic arbor in aMNs. It should be noted, however, that
the size gradient reflects the average dimensions of clus-
ters in each region. Gephyrin-IR clusters were rather
homogenous proximally, but their morphological variabil-
ity progressively increased with distance from the cell
soma. No clear size gradient was noted in RC frequency
distribution histograms.

Similar conclusions were obtained after statistical analy-
sis (see Materials and Methods) of the trends shown by the
average cluster sizes (Table 1). The effect of cell type and
dendritic location on gephyrin-IR clusters sizes was ana-
lyzed by using a three-way mixed-effects ANOVA (see
Materials and Methods). The overall F test indicated that
there is a significant relationship between cluster size and
the set of independent variables (cell type and distance;
F 5 105.70 with 21 and 6,166 degrees of freedom; P 5
0.0001). An additional term representing the joint interac-
tion of cell type and distance was also included in the
model and was found also to be statistically significant
(F 5 12.84 with 10 and 6,166 degrees of freedom; P 5
0.0001), suggesting that the effect of cell type on cluster
size varies with distance and, likewise, that the effect of
distance varies in different cell types. Thus, the somatoden-
dritic size gradient displayed different characteristics in
the different cell types. Because there is a significant joint
effect of cell type and distance on cluster size, we examined
the effect of cell type by each distance category separately,
as well as the effect of distance in each cell type, by using
two-way mixed-effects ANOVAs and Fisher’s LSD multiple
comparisons (see Materials and Methods).

Analysis of differences along the dendritic arbor of

single cell types. The results of our ANOVA analysis
indicate a significant relationship between distance and
cluster size in aMNs, gMNs, IaINs (P 5 0.0001) but not in
RCs (P 5 0.1910). In order to determine how cluster sizes
differ by distance category, we conducted Fisher’s LSD
multiple-comparison procedures for the different distances
(see Materials and Methods). For aMNs, cluster sizes
differ significantly (P 5 0.0001) for each pair of distance
categories, except for the 0–100 and 100–200 µm distances
from the cell soma (P 5 0.0182). In all other cases,
statistically significant differences were found, and the
larger clusters were present in the category of greater
distance from the cell soma. The only exception was for
clusters over 1,000 µm from the cell soma that were
significantly smaller than clusters in the 500–1,000 µm
range but larger than all other distance categories. At
these very distal ends of aMN dendritic branches, the
smaller dendritic diameter and extensive tapering in the
white matter might constitute additional limiting factors
that affect gephyrin-IR cluster size. For gMNs, gephy-
rin-IR clusters in the 0–100 µm distance category were
smaller and differed statistically from clusters in all other
distance categories (P 5 0.0001), but differences between
pairs of more distal categories did not reach statistical
significance. This result reflects the larger variability of
cluster sizes and also the smaller number of clusters found
in these cells for each distance category. Moreover, there
were very large differences between the two gMNs in the
number of gephyrin-IR clusters displayed. In contrast,
both IaINs displayed rather similar dendritic arbors and
patterns of gephyrin-IR clustering. Our statistical analy-

sis showed that IaIN gephyrin-IR cluster sizes differ
significantly for each pair of distance categories (P 5
0.0001), except for the 500–1,000 µm with the over 1,000
µm category (P 5 0.0892). This result parallels the ‘‘steeper’’
size gradient on IaINs in comparison to that on aMNs. It
also represents the fact that IaIN dendrites are usually
shorter than aMN dendrites and that they frequently end
with a few varicosities inside the ventral horn gray matter
and do not taper extensively in the white matter. Hence,
IaIN gephyrin-IR cluster size average increases seem to
reach a plateau after 500 µm.

Analysis of differences in cluster size for each den-

dritic distance due to cell type. The results of our
ANOVA analysis (using cell type and individual cell as
factors) indicate that cluster size varies significantly by
cell type in the 100–200 µm distances (P 5 0.0068) and
also marginally in the 0–100 µm distances (P 5 0.0107).
Fisher’s LSD multiple-comparison procedures between
the average cluster sizes of the different cells in the
different distance categories revealed that gephyrin-IR
clusters on RC dendrites were statistically different at
0–100 and 100–200 µm from the cell soma in comparison to
those on aMNs (P 5 0.0042 and P 5 0.0047, respectively)
and IaINs (P 5 0.0038 and P 5 0.0052, respectively).
Gephyrin-IR clusters were also significantly different for
gMNs in the 0–100 µm distance category (P 5 0.0089), but
the difference did not reach statistical significance in the
100–200 µm distance category (P 5 0.6721), most likely
because of the large internal variability of the gMN sample
at this distance. Finally, no statistically significant differ-
ences were found between different cells at distances
farther than 200 µm from the cell soma. This result is
somewhat surprising, because the average size of RC
clusters is considerably larger in the 200–500 µm distance
category than it is in all other cells. The small numbers of
RC clusters sampled at this distance and the internal
variability within each cell type are probably responsible
for the result we obtained with our statistical model. In
conclusion, our analysis indicates 1) that distance and cell
type are jointly related to cluster size, 2) that the relation-
ship between distance and cluster size exhibits different
characteristics in different neurons, 3) that RCs do not
display a relationship between distance and cluster size,
and 4) that proximal gephyrin-IR clusters are significantly
different in RCs in comparison to those in other cells.

Fig. 4. Gephyrin-IR clusters on selected a-motoneuron (aMN)
dendritic segments indicated in Figure 3. A–G contain dendritic
segments photographed first to reveal AMCA fluorescence and then
gephyrin immunofluorescence. Arrowheads indicate the position of
selected gephyrin clusters in both micrographs. Asterisks indicate the
approximate position where the indicated distance to the cell soma
was measured. Arrows indicate the directions in which the cell somata
are located. A: Proximal dendrite densely covered by gephyrin-IR
clusters; A1 shows the intracellularly labeled dendritic segment; A2
shows a middle focal plane through the dendrite, rendering a side view
of gephyrin-IR clusters on the membrane; A3 shows a superficial focal
plane rendering an en face view of the organization of proximal
dendritic clusters. Proximal gephyrin-IR clusters are frequently orga-
nized in rosettes (arrows). B,C: Gephyrin-IR clusters in middle
regions of the dendritic arborization. D,E: Gephyrin-IR clusters in
distal regions of the dendritic arborization become larger and more
sparsely distributed. Note in E a typical large perforated patch. F:
Gephyrin-IR clusters in the neck and head of a dendritic spine. G:
Large gephyrin-IR clusters in a very distal white matter dendrite. All
micrographs are at the same magnification. Scale bar 5 10 µm.

158 F.J. ALVAREZ ET AL.



Figure 4
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Fig. 5. Gephyrin-IR clusters over the somatodendritic surface of a
g-motoneuron (gMN). A: Intracellularly filled gMN. The locations and
distances to the cell soma of dendritic segments shown in C–E are
indicated. B: Reconstruction of the dendritic arborization and initial
axon trajectory. The axon hillock and axonal trajectory are indicated
as ax in A and B, respectively. C–F: Pairs of high-magnification
micrographs showing first AMCA intracellular fluorescence and then
gephyrin-IR clusters. Asterisks in C–E show the locations indicated

and measured in A. F shows a dendritic segment located in the white
matter at a very distal location in the dendritic tree (more than 1,000
µm). Matching arrowheads indicate the position of selected gephy-
rin-IR clusters for each pair of photographs. Double arrowheads in C2
indicate relatively large clusters found on the surface of gMN cell
bodies. C–F are at the same magnification. Scale bars 5 100 µm in A,
500 µm in B, 10 µm in C1.



Ultrastructure of gephyrin-IR patches

By using electron microscopy, we analyzed over 1,000
cross sections of individual gephyrin-IR patches sampled
from the spinal cord ventral horn (Fig. 11) and a smaller
sample (n 5 23) of serially sectioned and reconstructed
synaptic boutons that face postsynaptic gephyrin-IR
patches on putative aMN and RC somas (Fig. 12). aMN
somas were identified as cell bodies located in lamina IX
displaying diameters larger than 45 µm; RC somas were
identified based on their characteristic and unique comple-
ment of very large gephyrin-IR clusters and their location
in ventral lamina VII. The ultrastructural analysis clearly
demonstrated that 1) all gephyrin-IR clusters were re-
stricted to postsynaptic sites, independently of their size or
morphological configuration; 2) simple or complex configu-
rations of gephyrin-IR clusters at these synapses corre-
spond with similar morphologies in their respective presyn-

aptic active zones (defined as the presynaptic membrane
area associated with an accumulation of synaptic vesicles
and juxtaposed to a synaptic cleft; Fig. 12); and 3) the
areas of somatic postsynaptic gephyrin-IR patches in RCs
are, on average, approximately ten times larger than
somatic aMN gephyrin-IR patches. We also noted that the
ultrastructural dimensions of small gephyrin-IR clusters
frequently fell below the resolution limits of our fluores-
cence preparations (estimated at approximately 0.5 µm).

The results indicate that the large and complex gephy-
rin-IR patches detected with immunofluorescence most
likely represent postsynaptic regions apposed to presynap-
tic active zones that display similar configurations and
occupy large regions of the apposition area between the
presynaptic terminal and the postsynaptic membrane.
Eleven boutons with complex postsynaptic gephyrin-IR
patches were fully reconstructed in serial sections from the

Fig. 6. Gephyrin-IR clusters over the cell soma and proximal
dendrites of a Renshaw cell (RC). A: Brightfield micrograph of an
intracellularly filled RC. Arrowheads indicate approximately the same
location as arrows in C and D. B: Reconstruction of the dendritic filling
of RC in A. The cell reconstruction was superimposed within an outline

of the spinal cord, pointing to the approximate boundary of laminae IX
and VII. C,D: High-magnification micrographs of gephyrin-IR clusters
obtained at two different focal planes of the RC soma and proximal
dendrites. C is at the same magnification as D. Scale bars 5 100 µm in
A, 500 µm in B, 10 µm in D.
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surface of a putative RC soma. Each bouton displayed one
independent gephyrin-IR cluster. The reconstructed gephy-
rin-IR postsynaptic patches were all relatively large. The
largest cross section through each gephyrin-IR patch
measured in the electron microscope ranged from 0.69 to
1.78 (1.19 6 0.38, mean 6 S.D.). Because of their complex-
ity, ‘‘the longest cross section’’ frequently does not repre-
sent the ‘‘true’’ longest axis of the gephyrin-IR cluster as
visualized with fluorescence. Longest lengths of the 2D

projected reconstructed areas (Fig. 11) ranged from 0.78 to
2.03 µm (1.38 6 0.46, mean 6 S.D.). Eight gephyrin-IR
clusters (72.72%) measured more than 1 µm. The 2D
projection areas of postsynaptic gephyrin immunoreactiv-
ity in RCs measured from 0.21 to 2.14 µm2 (1.00 6 0.63,
mean 6 S.D.).

Other glycinergic synapses contained multiple small,
simple active zones, again probably corresponding to the
punctae observed with immunofluorescence. Frequently,

Fig. 7. Gephyrin-IR clusters associated with Ia inhibitory interneu-
rons (IaINs). A: Parasagittal 2D view of the cell body and dendritic
arborization of a IaIN. Orientation is indicated at lower right. Arrows
indicate the location and distance to the soma of the dendritic segment
displayed in B and C. The initial trajectories of the IaIN axon and one
collateral are also shown. B,C: Pair of high-magnification micrographs
of the proximal dendritic segment indicated in A, showing AMCA
intracellular fluorescence (B) and a high density of relatively large
gephyrin-IR clusters (C). D,E: Gephyrin-IR clusters (E) in relation to

synaptic boutons of IaIN axon collaterals (D). E shows en face (left
arrow) and side (right arrow) views of gephyrin-IR clusters associated
with two consecutive synaptic varicosities (arrows in D). In en face
views, gephyrin-IR clusters and labeled varicosities lie at slightly
different focal planes, but the side-on views of gephyrin-IR clusters are
clearly located outside and opposing the adjacent labeled varicosities.
B and C are at the same magnification, and E and D are at the same
magnification. Scale bars 5 500 µm in A, 10 µm in C,D.
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small immunofluorescence dots formed rosettes of small
punctae that ultrastructurally were identified as corre-
sponding to single presynaptic boutons establishing mul-
tiple small, separate, synaptic active zones within a much
larger apposition region. For example, 12 synaptic boutons
on aMN somas were fully reconstructed in serial sections.
These 12 boutons displayed a total of 39 independent
gephyrin-IR patches, most of which were approximately
circular in shape and considerably smaller than those
reconstructed from RC somas. The largest cross sections,
measured from individual electron micrographs, ranged
from 0.13 to 1.45 µm (0.41 6 0.20, mean 6 S.D.). In
reconstructed 2D projections of MN gephyrin-IR patches,
the longest axis measured from 0.13 to 1.55 µm (0.43 6
0.22, mean 6 S.D.). The majority (84.6%) had diameters
smaller than 0.55 µm, and more than half of these
(56.41%) were smaller than 0.40 µm. Postsynaptic gephy-
rin-IR areas measured from 0.01 to 0.71 µm2 (0.11 6 0.1,
mean 6 S.D.).

DISCUSSION

The single-cell analysis pursued in this study made
possible three interesting observations. First, postsynap-
tic glycine receptor clusters occur in a wide range of shapes
and sizes in individual neurons, and the organization of
this morphological complexity varies along the dendritic
trees of different neurons. Second, for most neurons (aMNs,
gMNs, and IaINs), glycine receptor clusters are, on aver-
age, larger and of more complex configuration at distal
dendritic sites. Third, RCs display a specialized pattern of
postsynaptic receptor organization at glycinergic syn-
apses. However, we must first discuss the validity of the
use of gephyrin immunoreactivity to study morphological
aspects of glycine receptor clustering.

Gephyrin immunoreactivity and glycine
receptor localization in ventral horn neurons

Colocalization of gephyrin and glycine receptor a-sub-
units was previously reported for spinal neurons in situ
(Triller et al., 1985, 1987; Kirsch and Betz, 1993) and in
culture (Kirsch et al., 1993). Moreover, the relationship
between gephyrin and glycine receptor clustering has been
well characterized in vitro, leading to the suggestion that
gephyrin is involved in anchoring postsynaptic glycine
receptor complexes by bridging b-subunits of the receptor
to cytoskeletal structures (Kirsch et al., 1993; Kirsch and
Betz, 1995; Meyer et al., 1995). However, in some in-
stances, gephyrin has also been shown to have a more
widespread distribution than known ligand-binding sub-
units of the glycine receptor, suggesting that it could also
be related to other, as yet uncharacterized, receptor mol-
ecules (Kirsch and Betz, 1993; see also Meyer et al., 1995).

Therefore, in the present study, we had to reassess the
validity of analyzing gephyrin immunoreactivity for study-
ing the structural features of receptor clustering at glycin-
ergic synapses in ventral horn neurons. By using sequen-
tial double immunofluorescence for a1-subunits and
gephyrin, we concluded that the location and extension of
gephyrin immunofluorescence broadly coincided with the
location and extension of a1-subunit patches. Carefully
designed controls were used to avoid artifactual colocaliza-
tion. Our results corroborated earlier conclusions (Triller
et al. 1987) that there is good colocalization between
gephyrin and a1-subunits on ventral horn neurons and the
results of Todd et al. (1995), which demonstrated an
excellent match between presynaptic glycine and postsyn-
aptic gephyrin immunoreactivity at ventral horn syn-
apses.

In our preparations, a1-subunit immunoreactivity was
frequently found to be more abundant at the periphery of
the gephyrin-IR cluster. This result differs from a related
observation made by Triller et al. (1990) on the Mauthner
cell. In the latter study, immunoreactivity against mAb 4a
(which cross-reacts with various a- and b-subunits;
Schröeder et al., 1991; Kirsch and Betz, 1993) was found to
be more prominent in the center of the patch. However,
this antibody (mAb 4a) gave inconsistent results in our cat
spinal cord preparations (unpublished observations). Our
results with mAb 2b could indicate that a1-subunits of the
glycine receptor are more abundant in the periphery of
gephyrin-IR patches, but alternatively this could also be
due to failure to obtain uniform penetration of the antibod-
ies throughout the synaptic clefts; mAb 2b is directed
against an extracellularly located epitope of the a1-subunit
(Schröeder et al., 1991; Triller et al., 1985), so glycine
receptors at the center of the synaptic active zones might
have their epitopes partially masked by the complex
macromolecular matrix filling the synaptic cleft.

Variability of gephyrin/glycine
receptor clustering

A somatodendritic gradient was found for aMNs, gMNs,
and IaINs, in that small clusters concentrate proximally,
whereas clusters are larger and more complex distally.
Based on our observations of the overall patterns of
gephyrin immunoreactivity observed in the neuropil, we
conclude that most ventral horn neurons follow similar
rules of clustering along their dendritic arbors. A size and
complexity gradient for glycine receptor clusters similar to
that reported in this paper has been observed on the
Mauthner cell of teleost fish (Triller et al., 1990). These
gigantic neurons display two large and specialized den-
drites, one oriented ventromedially and the other dorsolat-
erally, and a number of smaller cap dendrites dorsal to the
cell soma. The ventromedial and dorsolateral dendrites

TABLE 1. Means and Standard Deviations of Gephyrin-IR Cluster Sizes Measured at Different Distances from the Cell Soma***

Cell type

Distance

0–100 µm 100–200 µm 200–500 µm 500–1000 µm .1000 µm

aMNs (n 5 2)* 0.53 6 0.17 (425)** 0.55 6 0.20 (862) 0.73 6 0.44 (1,059) 1.09 6 0.63 (609) 0.83 6 0.51 (94)
gMNs (n 5 2) 0.57 6 0.29 (403) 0.62 6 0.29 (128) 0.72 6 0.39 (283) 0.81 6 0.45 (235) 1.06 6 0.39 (16)
IaINs (n 5 2) 0.55 6 0.18 (508) 0.68 6 0.30 (420) 0.87 6 0.45 (541) 1.08 6 0.59 (370) 1.22 6 0.46 (25)
RCs (n 5 2) 1.40 6 0.76 (148) 1.48 6 0.69 (39) 1.64 6 0.70 (23) n.d. n.d.

*Number of cells analyzed.
**Number of independent gephyrin-IR clusters measured. The numbers are very different in different regions, usually reflecting the dendritic surface membrane area and the
different density of gephyrin-IR clusters in each region.
***Note that clusters smaller than 0.4–0.5 µm are beyond the resolution limit of the techniques used and therefore this data reflect only approximations to the real values as
explained in the text.
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displayed size gradients similar to those reported in this
paper, whereas the clusters in cap dendrites were uni-
formly small. In the present study, we found that a size
gradient in glycine receptor clustering is probably also a
prominent feature of the dendritic arbors of many types of
mammalian neurons, although there are notable excep-
tions (i.e., RCs). Our observations, thus, extend the gener-
ality of the data obtained in the Mauthner cell (Triller et
al., 1990). There is also ultrastructural evidence that
active zone sizes for excitatory Ia afferent terminals on
motoneurons may be larger on distal than on proximal
dendrites (Pierce and Mendell, 1993). Interestingly, Calver-
ley and Jones (1990) and Lisman and Harris (1993) have
reviewed evidence indicating that the morphological com-
plexity of presynaptic active zones and postsynaptic densi-
ties correlates with measures of synaptic efficacy. System-

atic increases in receptor cluster size and structure, as
seen in this study, possibly result in increased receptor
channel numbers and/or density at distal dendritic syn-
apses. If released neurotransmitter caused the opening of
more channels at distal synapses, the observed size gradi-
ent might represent a mechanism to compensate, at least
partially, for the electrotonic attenuation that affects syn-
aptic potentials generated at distal synaptic locations (see,
e.g., Rall et al., 1992; Spruston et al., 1994).

The exact functional significance of this structural vari-
ability is, however, difficult to interpret based on present
knowledge of central synaptic mechanisms. One important
factor yet unresolved is the amount of postsynaptic recep-
tor activation and/or saturation obtained after quantal or
multiquantal release at central synapses (reviewed in
Redman, 1990; Korn and Faber, 1991; Trussell et al., 1993;

Fig. 8. Quantitation of gephyrin-IR cluster sizes in the dendritic
arbors of motoneurons and interneurons; 3D bar histograms represent
the frequency (y axis) of different sizes of gephyrin-IR clusters (x axis)
found in dendritic segments located at different distances from the cell
soma (z axis). Gephyrin cluster sizes were grouped in 0.5 µm bins
according to the length of their longest axis. In total, 3,049 clusters
were measured on a-motoneuron dendrites, 1,065 on g-motoneuron

dendrites, 1,864 clusters on Ia inhibitory interneuron dendrites, and
210 on Renshaw cell dendrites. A somatodendritic gradient of gephy-
rin-IR cluster sizes along the dendrites of both types of motoneurons
and Ia inhibitory interneurons is apparent. IaINs display a somatoden-
dritic gradient ‘‘steeper’’ than that of motoneurons. Renshaw cells
show no evidence of a somatodendritic gradient.
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Fig. 9. Reconstructions of the dendritic arborizations of a- and
g-motoneurons included in the sample for quantitative analysis of
gephyrin-IR clusters. Different neurons displayed different amounts of
available surface membrane, as shown in the associated histograms.
Histograms show plots of the distribution of aggregate membrane area
per 25 µm of dendritic length as a function of path distance from the
soma. Both a-motoneurons displayed similar covering by gephyrin-IR

clusters and similar somatodendritic gradients. The g-motoneuron
represented at bottom right had a much more extensive dendritic
arborization and displayed a much higher density of gephyrin immuno-
reactivity than the simpler one represented at bottom left. Both
g-motoneurons, however, showed similar somatodendritic gradients.
All neurons are shown at the same magnification. Scale bar 5 500 µm.



Walmsley, 1993; Bekkers, 1994; Tong and Jahr, 1994;
Holmes, 1995). The fact that gephyrin-IR patches vary so
greatly in size creates the possibility that different postsyn-

aptic receptor patches experience different degrees of
saturation after neurotransmitter release. In addition to
possible postsynaptic effects, there may also be consider-

Fig. 10. Reconstructions of the dendritic arborizations of Ia inhibi-
tory interneurons (IaINs) and Renshaw cells (RCs) used for quantita-
tion. Distribution of membrane area is shown in the histograms as in
Figure 9. RCs are much smaller and have more compact dendritic
trees than all other neurons studied (note that they are represented at
a magnification two times that of the other neurons). Nevertheless

they displayed the largest gephyrin-IR clusters, all of which were
located at very proximal locations. IaINs are similar in size to
g-motoneurons, but they express a much larger complement of gephy-
rin-IR clusters. They are represented at the same size as the motoneu-
rons in Figure 9. Scale bar 5 500 µm for IaINs, 250 µm for RCs.
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Fig. 11. Ultrastructure of gephyrin-IR clusters. A: Electron micro-
graph of a motoneuron somatic membrane region contacted by three
boutons establishing various small independent synaptic contacts
displaying postsynaptic gephyrin immunoreactivity (arrowheads). B:
Electron micrograph of a somatic membrane segment from a ventral
lamina VII neuron that displayed gephyrin-IR patches characteristic
of Renshaw cells. This region is contacted by three boutons establish-
ing synaptic contacts through large active zones with extensive

postsynaptic gephyrin immunoreactivity (arrowheads). C: High-
magnification electron micrograph showing the close correlation be-
tween the extension of the presynaptic releasing active zone (region
displaying a presynaptic vesicle accumulation), synaptic cleft (the
enlarged and more electron-dense intercellular space between presyn-
aptic active zone and postsynaptic receptor cluster), and postsynaptic
gephyrin immunoreactivity. Scale bars 5 1 µm in A,B, 0.5 µm in C.



able differences in the transmitter release properties
between synaptic specializations associated with large or
small gephyrin-IR clusters. Electron microscopy of gephy-
rin-IR patches demonstrated their excellent correspon-
dence with the size and morphology of the presynaptic
active zone. Therefore, a larger and more complex gephy-
rin-IR cluster indicates the presence of a larger and more
complex presynaptic active zone containing more docked
and, perhaps, more activated ‘‘ready-to-release’’ vesicles.
In this context, larger gephyrin-IR patches could be associ-
ated with synapses that have an increased probability of
release and perhaps also an increased frequency of multi-
quantal events. As a corollary of this suggestion, the
observed increase in structural variability in middle and
distal regions of the dendritic arbors implies that there
could be considerable variability of synaptic effects among
different release sites located at middle to distal electro-
tonic locations. Finally, smaller gephyrin-IR clusters are
usually grouped in rosettes. With electron microscopy, we
showed that rosettes reflect the organization of multiple
independent active zones from one presynaptic bouton.
Therefore, our results also suggest a predominance of
glycinergic synapses with numerous multiple active zones
at proximal locations.

It could be argued that different gephyrin-IR aggregates
(e.g., small vs. large) are associated with different types of
inhibitory synapses originating in different interneurons.
However, synaptic boutons from individual axons of glycin-
ergic interneurons (IaINs) were associated with postsynap-
tic gephyrin-IR aggregates of variable sizes and configura-

tions, even when the boutons lie adjacent to each other
along a single terminal axon branch. Interterminal ultra-
structural variability is also present in excitatory axons
(Nicoll and Walmsley, 1991; Pierce and Mendell, 1993).
This finding suggests that, whereas synaptic boutons may
experience similar patterns of neural activity (assuming
that action potentials invariably invade all adjacent bou-
tons), the structural features of their synapses are regu-
lated differentially, perhaps more strongly influenced by
the characteristics of the postsynaptic target.

Cell-type specific patterns
of gephyrin/glycine receptor clustering

Different types of neurons clearly express different
densities and organization of gephyrin-IR clusters through-
out their dendritic arbors. The highest densities were seen
over the surface of identified inhibitory interneurons,
suggesting that these cells (which are themselves glyciner-
gic) are subject to more substantial glycinergic input than
motoneurons. Some glycinergic input to these cells is
expected, because both IaINs and RCs are known to
receive inhibitory input from RCs (Ryall, 1970; Hultborn
et al., 1971). In addition, both IaINs (reviewed in Baldis-
sera et al., 1981; Jankowska, 1992) and RCs (see below)
receive a variety of inhibitory influences from other, as yet
uncharacterized, interneurons powerfully controlled by
segmental and descending inputs.

Larger clusters were observed relatively more proximal
to the somas of IaINs, compared to those in aMNs, perhaps

Fig. 12. Serial section reconstructions of two terminals (shown in
two different rotations), sampled from a motoneuron somatic mem-
brane (right) and a dendrite of a lamina VII neuron with Renshaw
cell-like gephyrin-IR clusters (left). Second and third rows show the
reconstructed zones of apposition between the terminal and postsynap-
tic element, the extension of the presynaptic active zone, and the
extension of postsynaptic gephyrin immunoreactivity. The same areas
are shown in the second row in the same orientation as the left image
of the reconstructed terminals. The third row is rotated to reveal en

face views of all three areas. The terminal over the motoneuron cell
soma displayed a number of small independent active zones with
corresponding small postsynaptic gephyrin-IR patches. Arrow, indi-
cates a region where pre- and postsynaptic membranes separate
because of an invagination of the presynaptic membrane. The termi-
nal over the proximal dendrite of a putative Renshaw cell displays a
larger and more complex active zone, including a perforation at its
center, and this appears reflected in the distribution of postsynaptic
gephyrin immunoreactivity.
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also as a mechanism to provide a more powerful glyciner-
gic input to these interneurons than to aMNs. However,
RCs expressed the most specialized postsynaptic receptor
organization found in this study. These cells expressed a
large complement of very large clusters concentrated
proximally. Gephyrin clusters on RCs somas and proximal
dendrites are at least one order of magnitude larger in
area than proximal clusters displayed by other neurons. In
contrast, RCs are smaller than aMNs, gMNs, and IaINs in
terms of membrane surface area. The large size of the
postsynaptic receptor clusters, their very proximal loca-
tions, and the relatively smaller size of RC dendrites all
suggest a much larger effect of individual glycinergic
synapses in RCs than in other neurons, provided that Cl2

currents through individual glycine receptors are of rela-
tively similar characteristics in all neurons. The origin of
this impressive glycinergic input onto RCs remains un-
known (although some may arise from other RCs; Ryall,
1970), but it presumably exerts an important control on
RC firing. Given the very strong synaptic linkage between
single motoneuron action potentials and RCs (Ross et al.,
1976; Van Keulen, 1981), powerful inhibitory systems are
probably necessary to maintain the RCs’ role as ‘‘variable
gain modulators’’ (Hultborn et al., 1979) of motoneuron
output. Otherwise, motoneuron firing during the execu-
tion of motor behavior would consistently evoke powerful
firing in RCs through motoneuron recurrent collaterals.
However, segmental afferent activity and a large number
of descending systems, acting upon a ‘‘local RC-inhibiting
system,’’ can indeed effectively modify the input-output
relationship between RCs and MN recurrent axons (for
references, see Baldissera et al., 1981; Mazzochio et al.,
1994). Synaptic contact from MN recurrent collaterals is a
unique and prominent feature of RCs compared to other
ventral horn interneurons, perhaps suggesting that the
specialized clustering of glycine receptors in RCs might
have developed to counteract this particular input.

The extent of distribution of gephyrin-IR clusters in
aMN dendrites was also somewhat surprising. IaIN and
RC inputs over aMNs have been mapped with reasonable
accuracy to the more proximal parts of the dendritic tree.
Most RC synapses (94%) appear to be located less than 500
µm from the cell soma (Fyffe, 1991a), and most IaIN
synapses have also been proposed to occur predominantly
at juxtasomatic locations (Burke et al., 1971; Fyffe, unpub-
lished results). These locations correspond well with those
displaying the highest densities of gephyrin-IR clusters on
aMNs; however, many other clusters are also seen more
distally and might be presumably associated with addi-
tional glycinergic inputs from undefined sources. Glycine-
containing interneurons are in fact very abundant in the
ventral horn (Todd and Sullivan, 1990), and evidence for
several alternative spinal cord glycinergic interneurons
actively involved in MN control by using monosynaptic
connections has been recently characterized electrophysi-
ologically (Jankowska, 1992). A widespread localization of
glycinergic receptors suggests that they are also involved
in the fine tuning of synaptic information arriving in distal
branches as well as in controlling neuronal firing as a
whole through the extensive proximal complement of
postsynaptic clusters.

gMNs dendrites display comparatively less covering by
gephyrin-IR clusters. This observation presumably re-
flects the comparably weaker glycinergic input received by
gMNs (reviewed in Baldissera et al., 1981; see also Ella-
way and Murphy, 1981; Appelberg et al., 1983a–d). Corre-

spondingly, immunocytochemically detected glycinergic
terminals have been found more frequently over the cell
somas of cat lumbar aMNs vs. gMNs (Destombes et al.,
1992). It is interesting that our finding of a higher density
of gephyrin clusters in approximately one-half of the
injected gMNs parallels Ellaway and Murphy’s (1981)
findings of recurrent inhibition in 54% of recorded gMNs,
compared to 91% of aMNs. Appelberg et al. (1983a–d) also
suggested large variability in the amount of segmental
afferent inhibitory influences received by gMNs, depend-
ing on their functional characteristics (extensor vs. flexors
and static vs. dynamic). It is also interesting that the
existence of size and complexity somatodendritic gradients
in cluster architecture was independent of the density of
gephyrin immunoreactivity expression in different neu-
rons.

In conclusion, we have revealed that gephyrin localiza-
tion and clustering vary significantly between different
spinal cord neurons and that these patterns are meaning-
ful in the context of the proposed functional roles of
glycinergic inhibition over each class of neuron. Superim-
posed on the neuron-specific expression patterns, most
spinal neurons exhibit somatodendritic gradients in the
size and complexity of gephyrin-IR aggregates that might
compensate for the electrotonic attenuation of synaptic
events occurring in distal dendrites. The results suggest
that molecular mechanisms that regulate glycine receptor
clustering through the formation and shaping of gephy-
rin-IR clusters must do so in the context of the postsynap-
tic neuron identity and the location of the synapse on the
dendritic tree.
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