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ABSTRACT Previously, synaptic activity in the spinal
cord of adult mammals was attributed exclusively to chemical
neurotransmission. In this study, evidence was obtained for
the existence, relative abundance, and widespread distribu-
tion of “mixed” (chemical and electrical) synapses on neurons
throughout the spinal cords of adult mammals. Using combined
confocal microscopy and “grid-mapped freeze fracture,” 36
mixed synapses containing 88 “micro” gap junctions (median =
45 connexons) were found and mapped to 33 interneurons and
motor neurons in Rexed laminae III-IX in cervical, theracic, and
lumbosacral spinal cords of adult male and female rats. Gap
junctions were adjacent to presumptive active zones, where even
small gap junctions would be expected to increase synaptic
efficacy. Two morphological types of mixed synapse were dis-
cerned. One type contained distinctive active zones consisting of
“nested” concentric toroidal deformations of pre- and postsyn-
aptic membranes, which, because of their unusual topology, were
designated as “synaptic sombreros.” A second type had gap
junctions adjacent to active zones consisting of broad, flat,
shallow indentations of the plasma membrane. Morphometric
analysis indicates that mixed synapses correspond to 3-5% of all
synapses on the somata and proximal dendrites, but, because of
their subcellular location and morphology, they could represent
30-100% of excitatory synapses. The relative abundance of mixed
synapses on several classes of neurons in spinal cords of adult
rats suggests that mixed synapses provide important but previ-
ously unrecognized pathways for bidirectional communication
between neurons in the mammalian central nervous system.

Synapses, the specialized sites for rapid communication be-
tween neurons, are classified as chemical, electrical, or
“mixed” (i.e., chemical plus electrical) (1-5). Of the three
types, only chemical synapses are thought to occur widely in
the mammalian central nervous system (2, 3, 6). In contrast,
electrical synapses (7), although common in the spinal cords of
lower vertebrates and in neonatal mammals (4, 8-11), are
thought to be extremely rare in the spinal cords of adult
mammals, having been found only in two small clusters of
motor neurons that synchronize the contractions of ejaculatory
muscles in adult male rats (12, 13). Mixed synapses, however,
have not been observed previously in any region of the spinal
cords of adult mammals (2, 3). Consequently, gap junctions
have been suggested to represent an ontogenetically and
phylogenetically “primitive” device for intercellular commu-
nication that has been all but abandoned between neurons in
the central nervous system of adult mammals (2, 6). [Their
apparent absence has been explained as providing a “mecha-
nism to increase the metabolic and functional independence of
neurons, in order to permit more complex information pro-
cessing” (6).] However, recent demonstrations of widespread
expression of several genes encoding for gap junction proteins
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FiG.1. Confocal image of freeze-fractured hemisection of adult rat
spinal cord mounted in Lexan on a 3-mm-diameter gold “index” grid.
Outlines indicate distinctive groups of neurons designated as the
Rexed laminae (23). Dorsal horn (laminae I-V) is at top, and ventral
horn (laminae VII-IX) is at bottom.

in mammalian brain and spinal cord (reviewed in ref. 14) have
revived suggestions that neuronal gap junctions are present but
that they are too small to have been detected by use of
conventional thin-section, immunocytochemical, or electro-
physiological techniques (15-19). To address this issue, we
developed “grid-mapped freeze fracture” (20), which has
allowed us to discover very small gap junctions at ultrastruc-
turally defined mixed synapses and to map their locations
throughout the spinal cords of adult rats.

MATERIALS AND METHODS

Adult rats (six male and one female, 120-275 g) were anes-
thetized with ketamine (100 mg/kg) and xylazine (20 mg/kg)
and fixed by transcardiac whole-body perfusion with 2.5%
glutaraldehyde in 0.15 M Sorensen’s phosphate buffer (pH
7.3-7.4) (21). Twenty-two transverse 100-pm-thick slices from
lumbosacral and cervical enlargements and midthoracic seg-
ments of spinal cord were frozen, freeze-fractured, and rep-
licated in JEOL freeze-etch devices (model nos. JFD 9000 or
RFD 9010C) (22), and prepared by grid-mapped freeze frac-
ture (20). After photographic mapping (Fig. 1) in a Molecular
Dynamics Multiport 2001 inverted confocal laser scanning
microscope, tissues were removed by digestion in 5.25%
sodium hypochlorite, and the replicas were examined in a
JEOL 2000 EX-II transmission electron microscope. Low- to
high-magnification images (X50 to X100,000) were photo-
graphed as stereoscopic pairs having an included angle of 8°.
Locations of mixed synapses (seen in electron micrographs)
were identified in corresponding confocal microscope images
and plotted on standardized maps delineating distinctive layers
of spinal cord neurons—i.e., the Rexed laminae (23), as
subsequently refined (24) (Fig. 1, outlines).

Neurons were distinguished from glia based on published
criteria (2, 3, 25, 26), including (¢) somata >20 pm in diameter,
(if) nuclei >12 pm in diameter, (iii) cytoplasm with widely
spaced (=0.25 um) parallel stacks of membranes (i.e., Nissl
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substance), (iv) more than five closely spaced synaptic contacts
on somatic and proximal dendritic plasma membranes, and (v)
plasma membranes containing distinctive clusters of subsyn-
aptic intramembrane particles commonly called postsynaptic
densities (3).

Chemical synapses were identified when they demonstrated
three or more of the following: (i) apposition of synapse-like
profiles on confirmed neuronal plasma membranes; (ii) pres-
ence of >25 uniform-diameter, closely packed, spherical syn-
aptic vesicles in the putative presynaptic cytoplasm (Fig. 24);
(iii) presence of distinctive “active zones” (1, 3, 30) in the
presynaptic membrane (Fig. 2B, arrowheads; Figs. 34 and 44,
synaptic sombreros); (iv) evidence of ongoing exocytosis at
active zones, with endocytosis occurring in the surrounding
presynaptic plasma membrane (3, 27-29) (Figs. 2B, 34, and
4A4); and (v) to identify axon telodendria, the presence of
terminal loops of myelin demarcating the terminal Ranvier
heminode (Fig. 2B).

Proc. Natl. Acad. Sci. USA 93 (1996)

FiG. 2. Portions of mixed synapses from
lumbosacral region of adult rat spinal cord.
Uniform-diameter spherical synaptic vesi-
cles (4 and B) and cross-fractured and/or
surface-fractured invaginations of the pre-
synaptic membrane within or immediately
adjacent to active zones (B) represent stages
in exocytosis of synaptic vesicle and/or en-
docytosis of coated vesicles (27-29). (A)
Mixed synapse having seven gap junctions
(A, arrows), one with six connexons and one
with 704 connexons (i.e., the largest and
smallest found to date). Distinctive presyn-
aptic impressions (*) may represent the
P-face image of the “synaptic sombrero” as
seen in Figs. 3 and 4. (B) Mixed synapse at
axon terminal. Terminal loops of myelin (*)
surround cross-fractured axoplasm (a). Dis-
tinctive flattened active zones (arrowheads)
are interspersed with gap junctions (arrows
E and F) and with circular profiles repre-
senting stages of exocytosis and endocyto-
sis. (C-F) E-face images of gap junctions
from B (arrows C-F). (G and H) Two P-face
images of gap junctions from outside the
imaging area in B. Variations in local shad-
owing angle affect image contrast and def-
inition. (Bars = 0.1 um, unless otherwise
indicated.)

Electron micrograph negatives at X100,000 were scanned
into a PowerMacintosh 8100 computer using a Leaf Lumina
camera (Leaf Systems, Westborough, MA), and data regarding
number of connexons per gap junction were analyzed using
National Institutes of Health IMAGE 1.57. Statistical data were
compiled and graphed using CA-CRICKET GRAPH 1.5.1 (Com-
puter Associates, Islandia, NY). Digital images were “dodged”
using Adobe PHOTOSHOP 2.5.1 and printed using a Kodak XLS
8300 digital printer.

RESULTS

In freeze-fracture replicas of cells identified as neurons
(criteria listed in Materials and Methods), mixed synapses
were identified by the dual presence of gap junctions (Fig.
2A, arrows) and morphological correlates of chemical syn-
apses. Gap junctions were differentiated from other arrays of
intramembrane particles and pits (for example, active zones
and their associated postsynaptic densities) based on well-
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FiG. 3. (4) Mixed synapse with three active zones designated synaptic sombreros (SS), each with a gap junction (arrows A-C) in the “brim”
of the sombrero. (B and C) Inset images show two of the gap junctions (B and C) at higher magnification. The third gap junction (A) is shown

in Fig. 44.

established criteria (22, 25-27, 30, 31), including (i) presence
of 7- to 9-nm P-face intramembrane particles and/or E-face
pits (32) in distinctive hexagonal arrays (Fig. 4 A-D); (ii)
continuity of alignment of the hexagonal lattice of particles and
pits where the fracture plane steps from P- to E-face (Fig. 4C);
and (iii) narrowing of the extracellular space within the
perimeter of gap junctions (Fig. 4 4, C, and D).

In several hundred small patches of plasma membranes, 36
mixed synapses (Fig. 2—-4) containing a total of 88 gap junctions
were identified. Moreover, all of the neuronal gap junctions
were in mixed synapses (i.., none were found in purely
electrical synapses). Two-thirds (24 of 36) of the mixed syn-
apses were on somata or proximal dendrites. Of the remaining
mixed synapses, 10 (28%) were on small-diameter dendrites,
and two (6%) were on small patches of plasma membrane (Fig.
4D), all at unknown distances from their respective neuronal
somata.

Mixed synapses in spinal cord consisted of two morpholog-
ical types. Almost half (17 of 36) contained active zones
consisting of “nested” (i.e., parallel-stacked pre- and postsyn-
aptic) membrane deformations that we call synaptic sombreros
(Figs. 34 and 4A4) because of their distinctive topology as seen
in stereoscopic images (Fig. 44). In 17 mixed synapses, 44
synaptic sombreros (average = 2.6 per synapse) were dis-
cerned, usually with a small gap junction near or within the
brim of each sombrero (Figs. 34; 44, arrows; and 54). In an
apparent second type of mixed synapse (n = 19), synaptic
sombreros were not present, but active zones consisting of
broad, shallow indentations of the nerve terminal plasma
membrane (synaptic mesas) were observed (Figs. 2B, arrow-
heads; and 5B). Synaptic vesicle exocytosis occurred within
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both types of active zones, often near the margins of gap
junctions (Figs. 2 B-E), whereas additional exocytosis and/or
endocytosis occurred in the surrounding nerve terminal
plasma membrane (Figs. 2B, 34, 44, and 5). Although the
significance of two possible morphological types of mixed
synapses is unknown, the distinctive morphology of synaptic
sombreros, in particular, and the presence of spherical synaptic
vesicles may aid in identifying the neurotransmitter(s) involved
(33), presumably as a necessary step in determining the
function(s) of mixed synapses.

In most spinal cord mixed synapses, several gap junctions
were present (Figs. 24 and 34). Of all gap junctions found in
spinal cord neurons, 75 were present in 23 clusters, consisting
of 2-6 gap junctions per cluster (average = 3.3 gap junctions
per cluster). With all data combined (88 gap junctions in 36
mixed synapses), there were 2.4 gap junctions per mixed
synapse. Because 10 of the remaining 13 single gap junctions
were present at fracture edges (Fig. 4 4 and D) or in fragments
of synaptic contacts that were too small to include entire
clusters (Fig. 4D), it is likely that several of those mixed
synapses contained additional gap junctions that were not
exposed by the fracture plane. Regardless, multiple gap junc-
tions occur in most mixed synapses in adult rat spinal cord.

Compared with gap junctions in other tissues, which often
contain several thousand to as many as 100,000 connexons
(34), the number of gap junctions in rat spinal cord mixed
synapses was unusually small; the median number of connex-
ons was 45 (Fig. 6). Even by comparison with gap junctions in
electrical synapses from the sexually dimorphic motor nuclei
(12, 13), gap junctions in spinal cord mixed synapses contained
only about one-sixth as many connexons (G. Zampighi, per-

Fic. 4. (A) Higher magnification stereoscopic image of one of three synaptic sombreros from Fig. 3. Note the distinctive raised central “crown’

1

and equally distinctive surrounding brim. Within the brim is an irregular gap junction. (B-D) Gap junctions are defined by the presence of 7- to
9-nm P-face particles and/or E-face pits in distinctive hexagonal arrays (B and C), continuity of alignment of the rows of particles and pits where
the fracture plane steps from P- to E-face (C, arrow), and distinctive narrowing of the extracellular space within the perimeter of gap junctions

(D, arrow).
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Fic. 5. Drawings of two types of mixed synapses, one with deeply
invaginated active zones called synaptic sombreros (4) and one with
broader, flatter active zones (“synaptic mesas”) (B). Gap junctions are
often observed near exocytotic/endocytotic profiles (B).

sonal communication). Moreover, because most gap junctions
in spinal cord mixed synapses were smaller than the thickness
of conventional thin sections (i.e., <0.07 um in diameter),
most would not be resolvable by conventional thin-sectioning
methods (for rationale, see refs. 12 and 13).

Mixed synapses in spinal cord were found on both inter-
neurons and motor neurons, as identified based on cell diam-
eter and location of the somata within the Rexed laminae (23,
24) (see Fig. 1). Moreover, they were found on neurons in
laminae ITI-IX, including laminae I'V-IX in the lumbosacral
enlargement (Fig. 7); on laminae VI, VII, and IX in the
cervical enlargement (not shown); and in lamina III and at the
margins of laminae VI and VII in the thoracic region (not
shown). Because only interneurons have their somata in
laminae I-VII (23, 24), neurons with mixed synapses in those
laminae were identified as interneurons (eight examples).
Likewise, large-diameter (i.e., >40 um) neurons with mixed
synapses in laminae VIII and IX were identified as motor
neurons (two examples). (The remaining 22 neurons with
mixed synapses were not identifiable.)

To compare the relative numbers of chemical and mixed
synapses, all identified patches of neuronal plasma membranes
>4 pum? were photographed at X10,000 in four replicas from
lumbosacral enlargements, four from cervical enlargements,
and two from the thoracic region. More than 420 stereopair
electron micrographs containing 3200 um? of neuronal plasma
membrane were evaluated. The total area of plasma mem-
brane examined is thus equivalent to 4-8% of the somatic and
proximal dendritic plasma membrane of a single medium-
diameter neuron (35, 36). In that relatively small fractional-
equivalent of 1 neuron, 24 mixed synapses were found, for an
average of 1 mixed synapse per 133 um? of somatic and
proximal dendritic plasma membrane (or 300-600 mixed
synapses per cell). Because there were 2.4 gap junctions per
mixed synapse and 78 connexons per gap junction (Fig. 6), this
average is also equivalent to 1 gap junction/55 um? of plasma
membrane and to 1.4 connexons/um?. Because additional gap
junctions may not have been recognized because of an inap-
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FiG. 6. Histogram depicting number of connexons (binned by 20)
in each of 88 gap junctions. Median = 45 connexons; mean = 75.5
connexons; SEM = *10.0 connexons; range = 6-704 connexons;
skewness = 4.19.
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Fic. 7. Map of lumbosacral enlargement depicting gross anatom-
ical and subcellular locations of 23 of 26 mixed synapses. (Two mixed
synapses were not mapped, and two were on the same neuron.
Locations of mixed synapses in thoracic and cervical cord are not
shown.) *, soma; *>, proximal dendrite; >, small dendrite.

propriate local shadowing angle or limited depth of focus that
precluded recognition of small gap junctions in low-magnification
electron micrographs, we consider these data as establishing
lower limits for the concentration of mixed synapses, gap junc-
tions, and connexons in somatic and proximal dendritic plasma
membranes of neurons in adult rat spinal cord.

DISCUSSION

Mixed synapses are shown to be relatively abundant on neu-
rons in the spinal cords of adult rats. Based on an estimated
40,000-80,000 pm? of somatic and proximal dendritic plasma
membrane in motor neurons and interneurons (35, 36), the
average value of 1 mixed synapse per 133 um? of neuronal
plasma membrane (all morphometric data combined) indi-
cates that most neurons in the spinal cord have 300-600 mixed
synapses (and 720-1440 gap junctions) on their somatic and
proximal dendritic plasma membranes. (See Fig. 8 for dia-
grammatic representation of the concentration of mixed syn-
apses on a typical neuron.) On an a-motor neuron, for
example, 300-600 mixed synapses would constitute 3-12% of
the estimated 5,000-10,000 synapses in the same area (35, 36).
Of those 10,000 synapses, however, only 5-10% (or 500-1000)
are thought to be excitatory, whereas 90-95% represent

FiG. 8. Interpretive drawing of a typical spinal cord neuron with a
portion of its 10,000 chemical synapses (clear ovals) and 300 mixed
synapses (dark ovals) indicated on its somatic and proximal dendritic
plasma membranes.
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inhibitory synapses (35, 36). Moreover, ~60% of inhibitory
synapses contain flattened synaptic vesicles (33), whereas
mixed synapses contained only spherical synaptic vesicles.
Thus, if mixed synapses are excitatory and are present on
a-motor neurons at the same density as on other neurons,
300-600 mixed synapses would constitute 30-100% of all their
excitatory synapses.

Our data also indicate that mixed synapses are not restricted
to a small population of neurons. For example, if all of the
mixed synapses were restricted to 10% of all neurons, the
average value calculated above would require that each mem-
ber of that subset have 10 times as many mixed synapses (i.e.,
3,000-10,000 on each somatic and proximal dendritic plasma
membrane). Because no patches of plasma membrane were
found where multiple (i.e., more than two) mixed synapses
were present among as many as 12 other synapses, we conclude
that most neurons in rat spinal cord have several hundred
relatively widely scattered mixed synapses per cell (Fig. 8),
rather than a small fraction of neurons having several thousand
closely spaced mixed synapses.

Mixed synapses occur primarily on the electrically integra-
tive portion of the cell—the soma and proximal dendrites.
However, the small number of connexons and the limited
electrical conduction at a single mixed synapse would be
unlikely to cause electrical synchronization of neuron groups
(37). Likewise, the intercellular geometry (38) at mixed syn-
apses appears to preclude a dominant role for these extremely
small gap junctions in conventional orthodromic electrical
transmission in mammals (ref. 37, and see refs. 18 and 19), and
would minimize detection of very small gap junctions on large
neuronal somata using conventional intracellular recording
and dye-transfer techniques (39). Consequently, only grid-
mapped freeze-fracture techniques have the resolution and
sensitivity to provide unambiguous evidence for the existence
and distribution of very small gap junctions at mixed synapses
in spinal cord neurons.

Although the electrical effects of mixed synapses have yet to
be detected in adult mammalian spinal cord neurons using
current electrophysiological methods (15, 17, 18), the presence
of several small gap junctions at mixed synapses may, never-
theless, produce profound effects on the electrical and meta-
bolic properties of coupled cells: (i) summation of electrical
and chemical transmission would increase the amplitude of
postsynaptic depolarization, thereby improving synaptic effi-
cacy at excitatory synapses (37); (if) retrograde electrical activa-
tion could potentiate neurotransmission in a particular subset of
excitatory synapses, thereby providing a mechanism for recruit-
ment of that class of excitatory fibers; (iii) retrograde activation
of inhibitory terminals could provide a mechanism for negative-
feedback inhibition; and (iv) direct transfer of metabolites and
second messengers could be involved in regulation of synaptic
efficacy (37) and/or defining functional groups of neurons [e.g.,
defining “pattern generator” circuits (40)].

The demonstration of abundant mixed synapses throughout
the spinal cords of adult rats, where previously only chemical
synapses were thought to occur, requires significant reassess-
ment of our concepts of neuronal communication in the spinal
cord, and perhaps in the entire central nervous system (5).
Rather than the strictly unidirectional synaptic communication
that was previously believed to occur, mixed synapses appear
to provide abundant pathways for both metabolic coupling
(41) and bidirectional synaptic communication between neu-
rons in this major subdivision of the mammalian central
nervous system.
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