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Electrical synapses with diverse configurations and functions occur at a variety of interneuronal appositions,
thereby significantly expanding the physiological complexity of neuronal circuitry over that provided solely by
chemical synapses. Gap junctions between apposed dendritic and somatic plasma membranes form “purely
electrical” synapses that allow for electrical communication between coupled neurons. In addition, gap junctions
at axon terminals synapsing on dendrites and somata allow for “mixed” (dual chemical + electrical) synaptic
transmission. “Dual transmission” was first documented in the autonomic nervous system of birds, followed by

its detection in the central nervous systems of fish, amphibia, and reptiles. Subsequently, mixed synapses have
been detected in several locations in the mammalian CNS, where their properties and functional roles remain
undetermined. Here, we review available evidence for the presence, complex structural composition, and
emerging functional properties of mixed synapses in the mammalian CNS.

1. Introduction

Over the past five decades, hundreds of reports using a variety of
methodological approaches have provided evidence that gap junctions
between neurons form electrical synapses that occur widely and
abundantly in most major regions of the mammalian central nervous
system (CNS). “Purely electrical” synapses, which we define as gap
junctions without associated structural components for chemical neu-
rotransmission, occur at dendro-dendritic, dendro-somatic or somato-
somatic contacts, where they are proposed to contribute to neural
networks as coincidence detectors, to provide for high-speed inter-
cellular transmission of information, and to reduce signaling noise. A
well-established property of these synapses is their capacity to syn-
chronize the activity of the electrically-coupled ensemble through
synchronization of the collective subthreshold membrane depolariza-
tions toward or away from the threshold for firing action potentials [1].
This property is now recognized as a hallmark of how purely electrical
synapses contribute to synchronized and oscillatory network activities
that are physiologically important features of information processing in
many areas of the mammalian CNS. Especially prominent and widely
distributed are the relatively larger dendro-dendritic gap junctions be-
tween inhibitory GABAergic interneurons [2-6], with electrical cou-
pling proposed in part to orchestrate the synchronous and/or rhythmic
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activity of local principal cells. We also note the possible occurrence of
axo-axonic gap junctions along axon shafts as another form of purely
electrical synapses. So far, axo-axonic electrical synapses have been
convincingly demonstrated only in lower vertebrates and invertebrates
(but see Ref. [7]). However, gap junctions are also formed by axon
terminals at axo-dendritic and axo-somatic contacts that link different
types of neurons in both lower vertebrates and mammals. These were
first identified in lower vertebrates and subsequently designated as
classical “mixed” synapses in studies of mammalian CNS [8]. Recent
studies involving cellular localization of neuronally-expressed connexin
proteins, specifically connexin36 (Cx36), in ultrastructurally-identified
gap junctions at nerve terminals have greatly extended those early re-
sults and have provided evidence for the presence of mixed synapses in
several additional mammalian brain regions. In addition, a few gap
junctions have been found to link the lateral aspect of an axon terminal
to a nearby dendrite, away from the active zone/PSD complex, poten-
tially representing purely electrical synapses involving a “three-cell”
arrangement that was then designated a “functionally-mixed synapse”
to indicate separate chemical and electrical interaction of the three
structurally-linked cells. However, the use of the modifier “functional”
did not imply that electrophysiological analysis had shown function-
ality of either the chemical or electrical component. Rather, “func-
tional” was used solely to distinguish one of several possible three-cell
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Fig. 1. Mixed synapses in goldfish brain and their electrophysiological
properties. (A) Diagram of a mixed synapse, at which a nerve terminal
transmits both chemically via neurotransmitter and electrically via a
gap junction. (B) Early thin-section TEM image of a portion of a Club
ending synapse on a goldfish Mauthner cell, showing specializations
for chemical transmission and nearby gap junctions (arrows) at con-
tacts between presynaptic auditory afferents and postsynaptic
Mauthner cell. Modified from Ref. [30], with permission. (C) Si-
multaneous in vivo pre- and postsynaptic recordings from a Club
ending (recorded intracranially) and the lateral dendrite of the
Mauthner cell. (D) Club endings exhibit mixed synaptic transmission.
Presynaptic current injection (depolarizing current pulse) evokes a
depolarization of the presynaptic terminal that is suprathreshold for
spike generation (Pre spike). Both the coupling of the presynaptic
spike and membrane depolarization were recorded in the postsynaptic
lateral dendrite (blue overlay). A slower glutamate-mediated response
(green) follows the electrical potential (blue area under the peak), or
spikelet, evoked by the presynaptic spike. Traces represent the
average of at least 10 individual responses. Panels C and D from Ref.
[55].
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configurations, differing from both the normal two-cell configurations
of purely electrical synapses and classical mixed synapse. In turn, this
phrase was incorrectly presumed by many to require the separate use of
the unnecessary modifier “morphological” (or “morphologically”) to
indicate that ultrastructural analysis had been conducted without
companion functional analysis, which as yet remains to be done for any
mixed synapse in mammals. Finally, a unique form of dendro-dendritic
“reciprocal” mixed synapse [9-11], so far found only in the olfactory
bulb, utilizes glutamate bi-directional neurotransmitter release between
apposed dendrites, as demonstrated pharmacologically and electro-
physiologically [9], as well as by NMDA receptor labeling of their
postsynaptic densities [10,11], with electrical transmission via Cx36-
containing gap junctions [9,11] proposed to augment rapid oscillatory
synchronization during initial odorant discrimination [9]. However, in
this review, we address primarily the evidence for the presence of
classical mixed synapses in mammalian CNS, and summarize the sev-
eral approaches that have been used to garner that evidence. Further,
we discuss the anatomical sites and properties of mixed synapses that
have been described in non-mammalian systems, the anatomically
comparable as well as novel sites where these have been found in
mammalian CNS, and consider possible functional roles of those sy-
napses in mammals.

2. Configurations of electrical and mixed synapses

Gap junctions in both non-mammalian (see Section 3 below) and
mammalian CNS are deployed at a variety of neuronal plasma mem-
brane appositions. Most of the larger vertebrate neuronal gap junctions
found to date by thin-section transmission electron microscopy (TS-
TEM) involve, on both sides, a neuronal soma or dendrite [2-6,12-18].
These mostly large and relatively abundant dendro-dendritic (and so-
mato-somatic) gap junctions have been described at what are referred
to as “purely electrical synapses” [2,12-15,19]. Also not uncommon are
gap junctions formed at axon terminal synapses onto soma or dendrites,
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forming classical “mixed synapses” [8,20-26]. To date, the gap junc-
tions at axon terminals have been found to occur solely at excitatory
terminals, with none observed at confirmed inhibitory synapses. As an
aid to anatomical identification of diverse types of chemical synapses,
parallel studies revealed that excitatory (primarily glutamatergic and
cholinergic) nerve terminals contained round (spherical) synaptic ve-
sicles, distinctive active zones, and asymmetric (i.e., ultrastructural
Gray type 1), thickened, electron-dense postsynaptic membranes,
whereas inhibitory chemical synapses (primarily GABAergic and gly-
cinergic) had either large or small flattened “pleomorphic” synaptic
vesicles and symmetric (i.e., ultrastructural Gray type 2), weakly-
stained presynaptic and postsynaptic densities (active zones and PSDs),
allowing the potential for further discrimination of axon terminal types
having gap junctions. It is also noteworthy that multiple structural
components of chemical synapses (synaptic vesicles, active zones,
postsynaptic densities, and cytoplasmic machinery for endocytosis and
recycling of synaptic vesicles), each independently and separately
specified in the genome, have all been retained from fish, through
amphibian, reptilian, and mammalian lineages, further supporting their
maintained functionality and physiological importance of the chemical
component of mixed synapses.

3. Mixed synapses in the non-mammalian nervous system

Mixed, combined electrical and chemical, synaptic transmission was
first discovered in birds [27] and lower vertebrates, including various
species of fish [1,28-33]. In fact, among the first examples of electrical
neurotransmission found were those where gap junctions link axon
terminals with somata and dendrites. The circuits found to harbor
mixed synapses included the electromotor system in electric fish [34],
and vestibular afferent terminals in the vestibular nuclei in lamprey
[35-371, goldfish [38], toadfish [39], frog [40,41], lizard [42], pigeon
[43] and chick [27,44,45], and the Club ending synapses on brainstem
Mauthner cells in goldfish brain [29,30,46,47]. Several anatomical
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systems that utilize these synapses consist of neurons with relatively
large somata, large diameter and long-projecting axons, and large axon
terminals. These factors contributed to the amenability of these systems
for electrophysiological detection and detailed analyses of mixed sy-
naptic transmission.

The most intensively studied of these were the easily-identifiable
Club ending terminals that form scores of individual gap junction pla-
ques with their postsynaptic Mauthner cell dendrite [29,30,46-48]
(Fig. 1A and B). At the club ending/Mauthner cell synapse and other
similar systems examined, mediation of transmission by the electrical
component was readily distinguishable from the chemical component
by virtue of the temporal separation of these components (Fig. 1C and
D), in part arising from the lower speed of chemical transmission at the
lower body temperature of fish, and from the bi-directionality of the
electrical component identified as antidromically-transmitted responses
that can be recorded in the presynaptic terminal [49,50]. The chemical
component was identified as glutamatergic by immunolabeling [51-55]
and by pharmacological means [54,56]. More recently, the composition
of the electrical component, the gap junctions, was also identified using
freeze-fracture replica immunogold labeling (FRIL) [55,57], as detailed
in Section 4.3. In contrast to mammals endowed with twenty connexin
family members, identification of connexins that form gap junctions in
teleost fish (representing the vast majority of fish species) is made more
complicated by an evolutionary genome duplication, apparently dou-
bling in fish the number of connexin genes extant in mammals. As
discussed in greater detail elsewhere [58], the fish ortholog Cx35 of
mammalian Cx36, as identified even earlier in skate [59], was localized
at the club ending/Mauthner cell synapses [55]. Subsequently, an ad-
ditional Cx36-related connexin, namely Cx34.7, was found at these
synapses, and surprisingly, gap junctional hemiplaques containing Cx35
were located exclusively at the presynaptic Club endings, and those
containing Cx34.7 were exclusive to the postsynaptic Mauthner cell
[57]. This asymmetric/heterotypic distribution of connexin proteins
within gap junctions is likely to mediate the rectification of electrical
transmission observed at these synapses (see Ref. [57] for details),
which has been proposed to act as a mechanism of lateral excitation by
favoring the antidromic spread of dendritic depolarizations to other
nearby presynaptic Club endings [57,60]. This asymmetric pre- and
postsynaptic distribution of Cx35 vs. Cx34.7 was also found to apply to
other synaptic contacts in goldfish brain [53], suggesting that this
heterotypic configuration is typical of at least some mixed synapses in
fish. In summary, the ability to correlate physiological properties with
ultrastructural and biochemical features in Club endings provided un-
ambiguous evidence for the existence of mixed synaptic transmission,
and at the same time established a set of prospective criteria for char-
acterization of these contacts in mammalian CNS.

Co-transmission by multiple chemical neurotransmitters has been
established to occur at individual synaptic terminals; therefore it is
perhaps not surprising that co-transmission of chemical and electrical
signals could also take place at this additional type of nerve terminal
contacts. There are probably several advantages for combining co-
transmission of chemical and electrical signals. The speed and relia-
bility of electrical synapses is likely to compensate for the longer delays
of chemical transmission in cold blooded species [61]. Also, by virtue of
the bi-directionality of electrical synapses, retrograde spread of post-
synaptic depolarizations via mixed synapses can mediate mechanisms of
lateral excitation [57,62]. Electrophysiological investigations of mixed
synapses in fish revealed the close functional relationship between
chemical and electrical transmission. Activation of glutamate receptors
by afferent activity was shown to trigger changes in the strength of
electrical coupling at mixed synapses [63,64] and, conversely, electrical
synapses are likely to contribute to the release of glutamate from the
presynaptic terminal [62], as regulated by instantaneous changes in
potential of the axon terminal [65]. We further discuss some of these
mechanisms below in relation to possible functional contributions of
mixed synapses in mammals.
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The abundance and wide distribution of mixed synapses in lower
vertebrates indicates that this synaptic configuration is functionally
relevant and evolutionary advantageous. Since teleost fish alone ac-
count for half of the ~40,000 vertebrate species [66], one could con-
clude that most vertebrates rely on the presence of mixed synapses in
their CNS neural circuitry. Moreover, mixed synaptic transmission was
also identified in invertebrates [67-70], indicating that it constitutes a
feature of all nervous systems.

4. Identification of electrical vs. mixed synapses

In considering the occurrence and identification of mixed vs. purely
electrical synapses, and notwithstanding the cellular heterogeneity and
morphological complexity of CNS tissue, these two distinct coupling
configurations can be recognized by various direct and indirect ap-
proaches. Among the most definitive means for identification of gap
junction subcellular location is ultrastructurally, either by thin-section
(TS) or freeze-fracture (FF) transmission electron microscopy (TS-TEM
or FF-TEM). Because of resolution limited to 5-10 nm by imaging
backscatter or secondary electrons, serial block-face scanning electron
microscopy methods [71] have only recently been applied to detecting
and mapping neuronal gap junctions and mixed synapses in mamma-
lian CNS tissues [72]. However, rapid improvements in immunogold
labeling within millimeter-dimension blocks may soon overcome these
"limitations" and allow large-scale 3-dimensional mapping of ultra-
structurally-identified, immunogold-labeled mixed synapses.

4.1. Thin-section transmission electron microscopy (TS-TEM)

Gap junctions of sufficient diameter, and with appropriate tilting,
visualized by TS-TEM can reveal their prototypical heptalaminar ar-
rangement of plasma membrane leaflets and intervening membrane
separations at apposing dendrites and at axon terminals. Nerve term-
inals forming gap junctions were shown to conform to ultrastructural
criteria for identification as mixed synapses, including their content of
uniform-diameter spherical synaptic vesicles, active-zone transmitter
release sites, and associated sites of endocytosis of coated pits (Fig. 24,
red arrowhead). However, a single thin section from within a large axon
terminal may not always include an active zone/PSD complex in the
same plane of section as the gap junction, potentially creating the false
impression that one or the other may not be present in the same
terminal. This deficiency that can be overcome by serial-section re-
construction. While axon terminals may be readily recognized by TS-
TEM, a limitation of this approach is that very small gap junctions,
represented essentially by points of contact between plasma mem-
branes, are easily overlooked, and even when recognized, defy positive
identification as gap junctions because they would be indistinguishable
from small ripples commonly seen in many plasma membranes.

4.2. Freeze-fracture transmission electron microscopy (FF-TEM)

In contrast to TS-TEM, axon terminals are identified in freeze-frac-
ture replicas (Fig. 2B and C) by visualization of one or more diagnostic
features. In fortuitous fractures through the axon terminal cytoplasm,
numerous uniform-diameter synaptic vesicles are usually observed
(Fig. 2B). Additional diagnostic features of axon terminals are illu-
strated in Section 5.3. By FF, even the smallest gap junctions are po-
sitively identified by their characteristic regular hexagonal arrays of 9-
to 10-nm-diameter intramembrane particles (IMPs) in the P-face (ie.,
replicated protoplasmic membrane leaflet), with each gap junction P-
face IMP called a “connexon”, corresponding to the visualized half of a
previously-intact intercellular channel that existed before fracturing.
Likewise, similar hexagonal arrays of pits are detected in each gap
junction E-face (i.e., replicated extraplasmic membrane leaflet). Where
the fracture plane within a gap junction steps from P-face of the lower
cell to the E-face of the upper cell, the extracellular space is
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Fig. 2. Mixed synapses in rat. (A) Thin-section TEM image of a mixed synapse in rat lateral vestibular nucleus, showing axon terminal filled with round synaptic vesicles and displaying a
gap junction (arrows). Also evident is a synaptic active zone (S) with attached synaptic vesicles (SV). A nearby coated pit (red arrowhead) provides evidence for prior exocytosis and
ongoing endocytosis/membrane recycling. M, mitochondrion. (Modified from Ref. [8], with permission). (B) Correlative freeze-fracture image of cross-fractured axon terminal in
lumbosacral adult rat spinal cord. The axon terminal is filled with synaptic vesicles (SV), and exhibits a gap junction (box) shared with a motoneuron. (C) Higher magnification of boxed
area in B, showing the gap junction, with diagnostic narrowing of the extracellular space (red arrow) at step from axonal E-face to motor neuron P-face, and regular arrays of P-face
particles and E-face pits. (D,E) Low- and high-magnification images of multiple synaptic terminals onto unidentified spiny dendrite in stratum oriens in CA3 region of adult rat
hippocampus. Active zones on some axon terminals are indicated by asterisks; PSDs (yellow overlays) contain immunogold-labeled NMDA receptors. (E) A higher magnification image of
boxed area in D, showing a gap junction linking one of the axon terminals (purple overlays) to the dendrite (red overlay). The gap junction is heavily labeled for Cx36 (21 6-nm gold beads
[blue arrowheads] and six 18-nm gold beads), and the nearby glutamate receptor-containing PSD, recognized as clustered 9-10 nm E-face particles (yellow overlay), is immunogold
labeled for NMDA receptors (12-nm gold beads; yellow arrowheads). Note that the axon terminal shares the gap junction and the PSD with the overlying E-face of the small-diameter
dendrite. (Modified from Ref. [105]).
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demonstrably narrowed from10-20 nm to ca. 3 nm (Fig. 2C, red arrow).
While freeze fracture allows visualization of the tiniest of gap junctions
containing just a few connexons, the fracture plane may not always
enter the axon terminal cytoplasm to reveal synaptic vesicles, nor does
it always expose sufficient area of either presynaptic or postsynaptic
markers to reveal either active zones or PSDs. Thus, both TS-TEM and
FF-TEM have their separate limitations for detecting or recognizing
mixed synapses.

4.3. Freeze fracture replica immunogold labeling (FRIL)

A major advance to the freeze-fracture approach was the use of FF-
TEM in combination with immunohistochemical labeling of membrane
proteins to yield the procedure known as FRIL. This method allows
simultaneous high-resolution visualization of subcellular membrane
structures such as gap junctions, in combination with easy detection of
immunogold labeling of their protein constituents over broad expanses
of tissue (Fig. 2D and E). Application of FRIL (as modified from SDS-FRL
[73] by combining SDS-FRIL with confocal grid-mapping [74]) to stu-
dies of neuronal gap junctions has firmly established the connexin
constituents of literally thousands of neuronal gap junctions and has
revealed their diverse subcellular locations and structural configura-
tions [73,75]. Specifically, among the twenty members of the connexin
family of proteins in mammals, Cx36 and connexin45 (Cx45) were
found to be expressed or even co-expressed in individual neuronal gap
junctions [76-78], and FRIL studies have contributed to identification
of Cx36 as a major constituent of most neuronal gap junctions that have
been ultrastructurally documented in many areas of mammalian brain
and spinal cord. Combined FRIL and high-resolution immuno-
fluorescence studies have confirmed the presence of mixed synapses in
mammalian brain, including demonstration of close proximity of im-
munogold-labeled gap junctions to labeled and unlabeled, ultra-
structurally-distinctive glutamate-receptor-containing PSDs (Fig. 2D
and E), as separately shown by demonstration of Cx36 immuno-
fluorescent puncta in close proximity to immunostaining for vesicular
glutamate transporter (vglutl) (Fig. 3) [11,52,79].

4.4. Immunofluorescence localization of connexins

Immunofluorescence localization of the connexin constituents of
neuronal gap junctions have added to the repertoire of approaches for
identification of mixed synapses and for distinguishing these from
purely electrical synapses. Unlike immunolabeling of many other pro-
teins expressed in neurons, where immunolabel can be distributed
throughout cell bodies, dendrites, and other cellular locations, detec-
tion of Cx36 is highly restricted and is visualized exclusively as im-
munofluorescent puncta restricted to the surfaces of identified neurons.
Reasons for the failure to detect intracellular Cx36 are unknown, but
this absence of diffuse cytoplasmic staining fortuitously allows im-
munofluorescence labeling of Cx36 to sites of confirmed neuronal gap
junctions. Correspondence of immunofluorescent puncta to sites where
Cx36 is present in gap junctions has been deduced from the known
locations of ultrastructurally-detected neuronal gap junction in brain,
and by correlation of size and distribution of immunolabeling of Cx36
by immunofluorescence and FRIL in selected CNS regions [75]. De-
monstrating the correspondence of Cx36-puncta to sites of gap junc-
tions is also advantageous for quantitative comparison of the density of
these junctions over larger regions of the CNS, which cannot be done by
TS-TEM or by FRIL, and has been of value in providing evidence for
mixed synapses in several CNS regions (discussed below).

Ultimately, electrophysiological approaches will be necessary to
establish that mixed synapses in mammals, as in lower vertebrates,
have the characteristic features that define these structures, namely,
direct evidence for dual chemical and electrical transmission.
Altogether, all these criteria have been met at some mixed synapses in
only a few non-mammalian vertebrates (Fig. 1C and D). In mammalian
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systems, however, those locations where evidence for mixed synapses
has been reported have not yet been subjected to comprehensive in-
vestigations of the occurrence of even electrical transmission, let alone
dual transmission. Several other points concerning electrophysiological
studies of mixed synapses and warranting consideration are discussed
below.

5. Evidence for mixed synapses in mammalian CNS

The broad distribution of mixed synapses in lower vertebrates
contrasts with the situation in the mammalian brain, where mixed sy-
napses have so far been found only in a relatively few locations vs. the
dozens of regions in which purely electrical synapses have been de-
scribed. It may be that functional requirements for mixed synapses were
largely abandoned in mammalian CNS; however, their presence in
notable abundance where they already have been shown to occur in
mammals suggests their functional relevance. Moreover, an exhaustive
search, yet to be done, for mixed synapses in mammalian brain may
reveal other locations where these synapses occur, in addition to the
growing evidence for their presence in several mammalian CNS regions
described below.

Demonstrations of electrical synapses in lower vertebrates, in-
cluding those encountered early on as mixed synapses, spurred efforts
to search for mixed synapses in mammalian CNS. In early studies,
anatomical locations most promising to examine in mammalian brain
were presumed to correspond to CNS systems where mixed synapses
were originally found in lower vertebrates, notwithstanding that many
additional regions harboring mixed synapses have more recently been
found throughout goldfish midbrain and hindbrain [53]. The most
obvious of these in mammals were brainstem nuclei receiving eighth
cranial nerve primary afferent auditory and vestibular input from the
cochlea, via the cochlear and vestibular nerves, respectively. Early
studies of mammalian mixed synapses involved the exclusive use of TS-
TEM and freeze-fracture approaches. More recently, Cx36 puncta as-
sociated with axon terminals have been demonstrated in a number of
brain and spinal cord regions (Fig. 3), as discussed below.

5.1. Vestibular system

In both adult rat and mouse, gap junctions are formed between large
axon terminals and either the somata or dendrites of large neurons in
the lateral vestibular nucleus (LVN) [8,20,21,24,25] that themselves
appear not to be directly coupled by purely electrical synapses (i.e.,
absence of dendro-dendritic or somato-somatic gap junctions). Using
immunofluorescence dual labeling for Cx36 and the axon terminal
marker vesicular glutamate transporterl (vglutl), we recently reported
[79] the localization of Cx36-puncta to vglutl-positive axon terminals
in the LVN of adult rat and mouse (Fig. 3A), which represents a new
way to demonstrate the presence of Cx36-containing gap junctions at
identified glutamatergic mixed synapses. This Cx36/vglutl association
was present not only in the LVN, but was also widely distributed in the
entire vestibular nuclear complex, including the spinal, medial and
superior vestibular nuclei. Further, the large terminals, together with
the high incidence of multiple Cx36-puncta associated with individual
terminals, were both eliminated after deafferentation of the vestibular
nuclear complex by labyrinthectomy. This indicated that many/most of
these abundant mixed synapses in this complex are of primary afferent
origin [79], similar to the primary afferents forming club ending mixed
synapses on Mauthner cells in goldfish.

In contrast, there are only a few reports supporting the possibility
that vestibular primary afferents mediate electrical coupling in mam-
mals. Indirect evidence for such coupling in rat was derived by re-
cording from individual LVN neurons following antidromic stimulation
in vivo of their projections to the spinal cord at stimulus strengths that
were subthreshold for activating all of these projections [8]. Neurons
not activated antidromically nevertheless showed  small
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depolarizations, suggesting their electrical coupling to those neurons
that were antidromically activated. The involvement of mixed synapses
in this coupling was invoked because, while these synapses were readily
found in the LVN, no ultrastructural evidence was found for gap junc-
tions directly linking the LVN neurons themselves [8], which is also
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consistent with findings that large LVN neurons did not display somato-
somatic, dendro-dendritic, or dendro-somatic immunofluorescent Cx36-
puncta that would have indicated their direct coupling by purely
electrical synapses [79]. Instead, the coupling was suggested to be
mediated by presynaptic fibers forming mixed synapses on separate
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Fig. 3. Immunofluorescence evidence for mixed synapses in various adult mouse and rat CNS regions, based on co-localization of Cx36 with the vglutl marker of axon terminals. Color
code for immunolabeled protein in overlay images is indicated in the upper left of each panel. (A) Lateral vestibular nucleus, where overlay of labeling for Cx36 and vglutl shows a single
neuronal cell body (not counterstained) contacted by large vglutl-positive axon terminals co-localized with labeling for Cx36 (arrows). The boxed area showing a single terminal is
magnified in the inset. (B) Cochlear nucleus, where a similar overlay image shows vglutl-positive terminals decorated with Cx36-puncta (arrows) on a root neuron. (C) Spinal cord
thoracic ventral horn lamina IX motor nucleus, where labeling for the motoneuron marker peripherin shows motoneurons (C1, double arrows), with Cx36-puncta decorating the somata
(C1, arrows) and dendrites (C1, arrowheads) of those motoneurons, and in the same field labeled in addition for vglutl showing Cx36-puncta co-localized with vgutl-positive axon
terminals (C2, arrows). (D) Rat ventral hippocampal CA3 stratum lucidum, where Cx36-puncta straddling the pyramidal cell layer (PCL) dorsally (D1, arrows) and ventrally (D1,
arrowheads) are largely localized to vglutl-positive mossy fiber terminals, as shown by labeling for Cx36/vglutl in overlay (D2). Association of Cx36-puncta with vglutl, shown at higher
magnification (D3), is also associated with labeling of the gap junction and adherens junction associated protein AF6 (aka, afadin) (D4). (E) Early freeze fracture image of mixed synapse
between large axon terminal P-face (purple overlay) and overlying interneuron E-face (red overlay) in lamina VI of the lumbosacral adult rat spinal cord. (A small portion of this mixed
synapse was published as a stereoscopic pair in Fig. 10 in Ref. [74]). Four gap junctions shared between the axon terminal and the interneuron are indicated (yellow boxes), and enlarged
in insets.

Presynaptic Fig. 4. Possible mechanism for electrical coupling of neurons via their
afferent innervation by mixed synapses. A single afferent fiber forms collaterals
with terminals, producing mixed synapses on different neurons that

themselves are not coupled by gap junctions. Depolarizations or action

/ potentials generated in one neurons are transmitted retrogradely into an

G ap axon terminal via the gap junction component of one mixed synapse, travel
junction antidromically along the collateral axon to the branch point, and ortho-

/ dromically to the other mixed synapse (dotted arrow), where changes in

membrane potential are transmitted to the second neuron, causing a

coupling potential. This pathway for electrical coupling was originally
Cell 1 ' Cell 2 proposed to occur in fish [39,100] and later in rat [8]. Hypothetically,
ensembles of neurons may be coupled in this fashion depending on the
degree of collateralization of a single fiber to form mixed synapses on
multiple neurons. Redrawn from Ref. [8].
Action Coupling
potential \ potential
neurons, as illustrated in Fig. 4. More direct evidence for mixed trans- centers is currently lacking.

mission by vestibular afferents was provided by in vivo stimulation of
these afferents from the ear [80]. Labyrinth stimulation evoked a sy-

naptic potential in which two components with different latency, early 5.3. Spinal cord and trigeminal motor nucleus

and late, could be distinguished. When tested, the amplitude of the

early component was not sensitive to changes in membrane potential, In the trigeminal motor nucleus, intermediate laminae along the
whereas that of the late component was consistent with variations in length of the spinal cord, and in the spinal cord ventral horn at all
the driving force of an excitatory neurotransmitter. While the evidence rostro-caudal levels of adult mouse and rat, large numbers of Cx36-
was consistent with mixed synaptic transmission, this possibility was puncta were found to be co-localized with vglutl-containing nerve
not confirmed pharmacologically. terminals on neuronal somata and dendrites (Fig. 3C), indicative of

glutamatergic mixed synapses [82,83]. In lamina IX of the spinal cord
ventral horn, mixed synapses (defined by co-localization of Cx36 and

5.2. Auditory system vglutl) were prominent on somata and dendrites of motoneurons, and
were considered to be formed by terminals of monosynaptic connec-

Mixed synapses in the ventral cochlear nucleus of adult rat were tions between Ia muscle spindle afferents and motoneurons, based on
first identified by TS-TEM, and were especially abundant at terminal elimination of these terminals and their associated Cx36 after dorsal
contacts on neuronal somata [24]. This was recently confirmed by us rhizotomy [82]. These results derived from immunofluorescence ob-
[81], as in the case of the LVN, by combined immunofluorescence la- servations of Cx36 in various spinal regions were remarkably consistent
beling for Cx36 and vglutl (Fig. 3B), where Cx36 was localized to both qualitatively and quantitatively with an earlier freeze-fracture
vglutl-positive terminals forming mixed synapses on multiple neuron study that demonstrated an abundance of ultrastructurally-identified
types, including on bushy cells, octopus cells and auditory root neurons gap junctions at mixed synapses formed by nerve terminals in the spinal
in adult mouse and rat. Further, it was established that these synapses cord, including those on motoneuron somata and proximal dendrites
are formed by terminals of primary afferent origin, with those on bushy [84]. Those axon terminals having gap junctions were further char-
cells likely corresponding to primary afferent endbulbs of Held. Evi- acterized by surface fractures within apposing presynaptic and post-
dence for mixed synapses also was found in other regions of the audi- synaptic membranes (Fig. 3E). In the axon terminal membrane, dis-
tory system based on Cx36/vglutl co-localization [81]. One of these tinctive active zones of two types were observed: those with complex
was the medial nucleus of the trapezoid body (MNTB), where labeling invaginations called “synaptic sombreros” showed evidence for ongoing
of Cx36 was distributed on neuronal somata, strongly suggestive of synaptic vesicle exocytosis in the crown of the sombrero, with gap
abundant mixed synapses formed on MNTB neurons by calyx of Held junctions located primarily in the brim of the sombreros [84]. In the
terminations originating from glutamatergic globular bushy cells in the second type, synaptic vesicle exocytosis was abundant in flat-topped
anteroventral cochlear nucleus. Another was the lateral superior olivary presynaptic invaginations designated “synaptic mesas” [84]. Where the
complex, where labeling of Cx36 associated with vglutl-positive fracture plane stepped from axon P-face to motor neuron E-face, the
terminals was found around neuronal somata, suggesting mixed sy- postsynaptic membranes near synaptic sombreros (but not near sy-
napses that link these neurons with glutamatergic axon terminals of as- naptic mesas) had dense clusters of E-face IMPs corresponding to
yet-unknown origin. Electrophysiological evidence for an electrical classical postsynaptic densities (PSDs) of glutamatergic synapses (not
component to transmission by mixed synapses in the above auditory shown here, but see labeled glutamate receptor PSDs in Fig. 2D and E).
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In contrast, no mixed synapses have yet been seen having PSDs as
clusters of P-face IMPs, as may occur in cholinergic synapses and in
inhibitory (GABAergic and glycinergic) chemical synapses.

Despite these findings, and despite that motoneurons and their sy-
naptology have been extensively studied for decades by TS-TEM, it is
baffling that gap junctions associated with axon terminals on these
neurons have not otherwise been reported. TS-TEM studies of neuronal
gap junctions in mammalian spinal cord identified gap junctions/elec-
trical synapses (dendro-dendritic, somato-somatic, and dendro-somatic)
in two small nuclei in the lower lumbosacral enlargement, where gap
junctions were thought to be involved in the synchronous muscle
contractions of sexually dimorphic pelvic musculature [85,86], al-
though some of the putative neuronal gap junctions in the included
freeze-fracture images [86] were in fact images of oligodendrocyte and
astrocyte gap junctions, as subsequently identified based on published
criteria [87]. Possible explanations for the failure to detect what we
have found to be relatively abundant mixed synapses throughout the
spinal cord are that most of the gap junctions at mixed synapses are too
small to be unambiguously distinguished from other close membrane
appositions; that equivalent searches requiring especially high TEM
magnification had not been conducted in wider regions of the spinal
cord [84]; or that the abundant large axon terminals containing gap
junctions were not examined using TS-TEM goniometric tilting. More-
over, even though two morphological types of mixed synapses (i.e.,
those with synaptic mesas and those with synaptic sombreros) have
been discerned in spinal cord [84], only the “sombrero” type, with E-
face postsynaptic IMPs characteristic of glutamatergic transmission,
have been positively identified by FRIL [11,52,88]. Synapses having
“synaptic mesas” likely constitute a second type of excitatory mixed
synapses based on their content of round synaptic vesicles [84]. Like-
wise, in the trigeminal motor nucleus, the mixed synapses were found
on large motoneurons, although the source of the axon terminals
forming mixed synapses has not yet been determined; but they also are
likely to be primary afferents.

Currently, there are few published reports regarding examination of
electrical transmission by primary afferent fibers in the spinal cord of
adult mouse or rat, including those ending on ventral horn moto-
neurons. Motoneurons are known to be electrically coupled at early
postnatal ages [89], but this coupling decreases and was suggested (but
not explicitly shown) to disappear later during development [90]. If
coupling between these neurons does disapear, this would eliminate the
possibility that mixed synapses on adult motoneurons contribute to
electrical coupling via presynaptic fibers innervating multiple neurons,
at least under the conditions used for electrophysiological recording
from motoneurons during development. Although we have not yet ex-
amined cat spinal cord for Cx36 distribution and localization, there
have been some controversial findings that raised the possibility of
primary afferent electrical transmission in the spinal cord of this spe-
cies. While direct evidence for mixed trasnmission is still lacking, cir-
cumstantial evidence for electrical coupling between motoneurons and
Ia afferents was suggested by findings that when a coincident anti-
dromic action potential is evoked in the postsynaptic motoneuron,
these afferents can be either excited or their thresholds to electrical
activation reduced at a very short latency [91-93]. Moreover, electrical
coupling was proposed as a possible explanation for the short latency
excitation between some motoneurons in the cat [94].

5.4. Hippocampus: CA3 and dentate gyrus

Gap junctions as purely electrical synapses between various types of
interneurons in the hippocampus have been well documented, and
Cx36 expression in this structure has been extensively studied in ro-
dents. In our studies of Cx36 distribution in rat and mouse CNS, it
therefore came as a surprise to find a strikingly high density of im-
munofluorescent puncta for Cx36 localized in the stratum lucidum of
the rat hippocampus [95], where gap junctions had not been described
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previously. This labeling was similar to the Cx36-puncta visualized on
neuronal somata elsewhere in brain. These puncta had a highly-re-
stricted regional distribution, being present in sub-regions of the CA3
stratum lucidum in rat ventral but not dorsal hippocampus. Curiously,
comparable ventral regions in mouse hippocampus did not display
Cx36 labeling. The stratum lucidum represents the projection area of
axons arising from granule cells in the dentate gyrus, where these axons
end as mossy fiber terminals, in part on CA3 pyramidal cells. The Cx36-
puncta in the stratum lucidum were highly localized to these mossy
fiber terminals labeled for their glutamatergic marker vglutl (Fig. 3D)
[95]. TS-TEM studies have not as yet definitively identified gap junc-
tions between mossy fiber terminals and postsynaptic pyramidal cells,
although these terminals were described to form close membrane ap-
positions with their synaptic targets, where these appositions were
considered putative gap junctions [88]. However, one gap junction was
found at a dendro-dendritic mixed synapse linking two GABAergic in-
terneurons in the hippocampus [4], potentially representing the first
example of an inhibitory mixed synapse. Studies by FRIL have reported
a variety of gap junction configurations in the hippocampus of rat, in-
cluding glutamatergic mixed synapses on spiny dendrites in the stratum
oriens (Fig. 2D and E), but none of these could be conclusively asso-
ciated with mossy fiber terminal-pyramidal cell contacts [88]. Thus,
ultrastructural searches for mixed synapses formed by mossy fibers in
optimally fixed tissue allowing definitive gap junction identification at
defined subcellular location remain to be conducted.

In agreement with the presence of Cx36 puncta, one report has
provided electrophysiological evidence for co-existence of electrical
and chemical transmission in mossy fibers [96]. The authors showed in
slices of rat hippocampus that mossy fiber activation can evoke in
pyramidal cells a fast spikelet (coupling of a presynaptic action po-
tential), followed by a chemical synaptic potential. However, the pre-
ceding spikelet was observed in only about 5% of the recordings.
Moreover, when present, the spikelet behaved in an all-or-none fashion,
contrasting with that of the chemical synaptic potential, whose ampli-
tude was proportional to the increase in stimulation strength, which
progressively recruited mossy fibers. This property suggests that only
one of the stimulated mossy fibers (about 50 in number) had boutons
electrically coupled to the postsynaptic pyramidal cell, which could be
taken to indicate that electrical transmission at mossy fiber terminals is
rare, or conversely, that the mixed synapses detected by immuno-
fluorescence are abundant but that most neurons had been de-affer-
ented in the tissue slices. Such low incidence of electrical coupling is
puzzling when considering the high density of Cx36 found to be asso-
ciated with mossy terminals specifically in the rat ventral hippocampus,
but could be related to the precise areas of the hippocampal CA3 area
examined electrophysiologically (i.e., dorsal vs. ventral), or to the in-
vitro recording conditions used, which could potentially alter the
functional state of the gap junction channels.

5.5. Retina

Gap junctions coexist with chemical synapses in various retinal cell
types, including at ribbon synapses that were immunogold labeled for
NMDA glutamate receptors [75], making these a form of glutamatergic
mixed synapses. Although neuronal gap junctions composed of Cx36,
and to a lesser extent, Cx45, are abundant in adult rat, mouse, and cat
retina [75,78], usually at ultrastructurally-defined mixed synapses,
even a limited description of the unique cell types and diversity of sy-
naptic configurations is outside the scope of this brief review of mixed
synapses in the brain and spinal cord of mammals.

5.6. Olfactory bulb
Classical mixed synapses with gap junctions composed of Cx36 and

Cx45 have been described in rat olfactory bulb [11]. In addition,
dendro-dendritic “reciprocal” mixed synapses in olfactory bulb of adult
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Fig. 5. Immunofluorescence evidence for mixed synapses formed by axon terminals and neurons in the red nucleus of adult mouse brain. (A) Image of the red nucleus (arrows) with its
distinctive large neurons counterstained with blue fluorescence Nissl, and showing a high density of immunolabeling for vglut2 within the nucleus. (B) Higher magnification of the red
nucleus, showing vglut2-positive nerve terminals heavily concentrated around blue Nissl-stained neuronal somata and initial dendrites (B1, arrows) and, in the same field, im-
munolabeling of Cx36 associated with the same Nissl-stained neurons (B2, arrows) and often displaying overlap with labeling of vglut2, as shown in three-color overlay (B3, arrows). (C)
Confocal image of a single large red nucleus neuron (blue fluorescence Nissl counterstained), showing the periphery of the neuronal somata heavily invested with prominent vglut2-
positive terminals that frequently display co-localization with fine punctate labeling for Cx36 (arrows). Inmunofluorescence labeling of Cx36 was absent in the red nucleus of Cx36 null

mice (not shown).

rats [11] have gap junctions containing Cx36, and are closely co-asso-
ciated with neurotransmitter receptor clusters, as identified by FRIL
using antibodies against NMDA glutamate receptors [11]. However,
those bidirectionally-transmitting dendro-dendritic synapses are out-
side the scope of this review. Thus, we note here only that at least some
of the canonical mixed synapses in olfactory bulb are glutamatergic, as
identified by ultrastructural and FRIL markers.

5.7. Red nucleus

In addition to the above examples, it is likely that additional sites
harboring mixed synapses will be found in the mammalian CNS.
Indeed, inspection of just a few CNS regions has revealed Cx36 asso-
ciation not with vglutl-containing, but with abundant vglut2-con-
taining nerve terminals on large neuronal somata and dendrites in the
red nucleus of mouse (Fig. 5), further broadening the scope of possible
axon terminal types forming mixed synapses to include those using an
alternative vesicular glutamate transporter (i.e., vglut2) at these puta-
tive glutamatergic mixed synapses. The anatomical source of the
vglut2-containing terminals that show labeling for Cx36 remains to be
determined.

6. Functional considerations

While physiological evidence for electrical transmission at mam-
malian mixed synapses is still preliminary, we and others can only
speculate about the functional roles of these mixed synapses based on
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knowledge of their contributions to synaptic circuitry in fish
[50,57,62]. Combining electrical with chemical transmission is ad-
vantageous in cold-blooded vertebrates, where electrical synapses
provide higher speed (shorter synaptic delay) and reliability (they are
not probabilistic), and provide higher fidelity to networks that require
fast signaling, including those involved in circuits governing behaviors
such as escape from predators [97]. Network output depends, however,
on whether inputs reach threshold for generating action potentials.
These particular advantages are less relevant in mammals wherein
transmitter release occurs with much shorter synaptic delay, and where
reliable transmission can be achieved by adding multiple transmitter
release sites. However, other properties observed at fish mixed synapses
can still be advantageous in mammals, and some are based on the bi-
directional nature of electrical transmission. The synaptic potentials
and action potentials produced in the cell that is postsynaptic to a
mixed synapse can actually travel back to the presynaptic and neigh-
boring electrically-coupled terminals, with their depolarizations likely
increasing transmitter release [65,98], and perhaps even promoting
synchronization in the closely-adjacent mixed terminals [50,57,62].
Antidromic spread of synaptic potentials to nearby inactive mixed
terminals can also increase their excitability and lead to their firing,
acting as a mechanism of lateral excitation (also observed in in-
vertebrates [99]). Retrograde communication via electrical synapses
can also lead to synchronization of several neurons that are innervated
by collaterals of the same presynaptic fiber via mixed synapses (Fig. 4).
Given the prevalence and importance of synchronous neuronal activity
in electrically-coupled systems discussed above, it is possible that mixed
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synapses promote synchrony via this mechanism. For example, pre-
viously described electrical coupling between lateral vestibular neurons
in rat appears to be mediated by presynaptic fibers [8], where col-
laterals of a single fiber innervate and form mixed synapses on two or
more different neurons, allowing electrical activity in one neuron to be
transmitted to another via the gap junctions at each end of the col-
lateral, as has also been described in fish [39,100]. It might also be
considered that in a system with highly collateralized primary afferents,
such as the vestibular nuclear complex, motoneurons in the spinal cord,
and in pyramidal cells in the hippocampus, coupling of postsynaptic
neurons via presynaptic fibers could promote synchronous responses in
ensembles of target neurons receiving a functionally common afferent
input.

7. Conclusions

Following the initial descriptions of mixed synapses in the vestib-
ular and cochlear nucleus of rodents beginning in the late 1960’s and
during the ensuing decade (early review in [8]), there was subsequently
little attention paid to these synapses, possibly due in part to what
appeared to be their restricted distribution to only a few brain regions,
and in part to prior and current technical limitations in assessing their
physiological relevance. More recently, application of additional im-
munocytochemical approaches to the detection of gap junctions at axon
terminals has provided evidence for their presence in several additional
brain regions, which may serve to revive interest in these enigmatic
structures. However, there are currently no examples in which mixed
synaptic transmission has been firmly established in mammals by
combining ultrastructural and electrophysiological evidence, as has
been done in fish. While co-localization of immunofluorescence for
neuronal connexins and presynaptic markers is beginning to suggest a
wider distribution of mixed synapses, this possibility needs to be con-
firmed ultrastructurally and electrophysiologically. Along these lines, it
is interesting that in several of the mammalian systems in which evi-
dence for mixed synapses has so far been found, such as the Ia primary
afferents on motoneurons, vestibular and auditory primary afferents,
cochlear bushy cell projections to MNTB, and hippocampal mossy fiber
terminals, these are well characterized for the high fidelity of their
synaptic transmission, as exemplified by designation of mossy fiber
terminals as “detonator” synapses [101]. With as yet little evidence for
electrical transmission at mixed synapses in these system, we can only
wonder if their electrical component contributes to this fidelity of
transmission. Despite the fact that two of the above-mentioned anato-
mical sites, namely the calyx of Held terminals on MNTB neurons and
hippocampal mossy fiber terminals, have been extensively explored
electrophysiologically and pharmacologically, with little resulting evi-
dence of electrical transmission, further investigations of the functional
relevance of Cx36 localization at axon terminals in mammalian neural
systems are nevertheless warranted. Obtaining evidence for function-
ality of mixed synapses might be a challenge, but both mossy fiber
terminals and the calyx of Held terminals are amenable to electro-
physiological recording from axon terminals themselves [102-104],
which could allow direct assessment of electrical coupling between pre-
and postsynaptic elements by dual recording approaches. Difficulties in
the detection of electrical coupling might result as a consequence of the
preparation of brain or spinal cord slices for in-vitro recordings, which
could potentially alter the functional state of the gap junction channels
in some structures and not others (e.g., release of a modulatory sub-
stances during slice preparation, or deafferentation). Alternatively, the
gap junction component at mixed synapses could represent non-con-
ductive functions of gap junction channels, which have been shown to
act as adhesion molecules in both vertebrate and invertebrate nervous
systems. Future, investigations are likely to shed light on these and
other possibilities.
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