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Abstract
Electrical synaptic transmission via gap junctions has become an accepted feature of neuronal
communication in the mammalian brain, and occurs often between dendrites of interneurons in
major brain structures, including the hippocampus. Electrical and dye-coupling has also been
reported to occur between pyramidal cells in the hippocampus, but ultrastructurally-identified gap
junctions between these cells have so far eluded detection. Gap junctions can be formed by nerve
terminals, where they contribute the electrical component of mixed chemical/electrical synaptic
transmission, but mixed synapses have only rarely been described in mammalian CNS. Here, we
used immunofluorescence localization of the major gap junction forming protein connexin36 to
examine its possible association with hippocampal pyramidal cells. In addition to labelling
associated with gap junctions between dendrites of parvalbumin-positive interneurons, a high
density of fine, punctate immunolabelling for Cx36, non-overlapping with parvalbumin, was
found in subregions of the stratum lucidum in the ventral hippocampus of rat brain. A high
percentage of Cx36-positive puncta in the stratum lucidum was localized to mossy fiber terminals,
as indicated by co-localization of Cx36-puncta with the mossy terminal marker vesicular
glutamate transporter-1, as well as with other proteins that are highly concentrated in, and
diagnostic markers of, these terminals. These results suggest that mossy fiber terminals abundantly
form mixed chemical/electrical synapses with pyramidal cells, where they may serve as
intermediaries for the reported electrical and dye-coupling between ensembles of these principal
cells.
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1. Introduction
Electrical synaptic transmission and the ultrastructural correlate of electrical synapses,
consisting of connexin proteins that form intercellular channels at gap junctions between
neurons, are now accepted features of neuronal circuitry in many areas of the mammalian
central nervous system (CNS) (Bennett and Zukin, 2004; Hormuzdi et al., 2004; Connors
and Long, 2004). Early ultrastructural, dye-coupling and electrophysiological studies
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indicated the presence of electrical synapses in various areas of adult mammalian CNS
(reviewed in Nagy and Dermietzel, 2000), but these synapses were generally considered to
be rare and of little functional significance. Reports over the past decade, however, have
revealed the prevalence and functional importance of electrical synapses in most major
regions of mammalian CNS. This new understanding was aided by three factors: i) increased
sophistication in electrophysiological approaches to recording from neurons, allowing
application of stringent criteria for identification of electrical synapses (see Bennett, 2000);
ii) discovery in 1998 of the first and most widely expressed connexin (Cx36) in neurons
(Condorelli et al., 1998; Sohl et al., 1998), permitting detection of Cx36 in neurons and its
immunohistochemical visualization in neuronal gap junction in widespread areas of
mammalian CNS (Condorelli et al., 2000; Rash et al., 2000, 2001); and iii) development of
Cx36 knockout mice, allowing demonstrations that Cx36 is required for formation of
electrical synapses and for identification of CNS functional deficits in Cx36 knockout mice
(Hormuzdi et al., 2004; Sohl et al., 2004).

In the hippocampus, gap junctions forming electrical synapses between various classes of
interneurons are well-documented ultrastructurally and electrophysiologically (Kosaka,
1983a,b; Kosaka and Hama, 1985; Katsumaru et al., 1988; Ribak et al., 1993; Fukuda and
Kosaka 2000; Zsiros and Maccaferri, 2005), and are considered to promote synchronous
activity among these neurons, enabling synchronous high frequency γ-oscillations in
pyramidal cells, which is disrupted in Cx36 knockout mice (Buhl et al., 2003; Maier et al.,
2002). Because gap junction channels allow the intercellular passage of small molecules,
including low molecular weight fluorescent dyes, early observations of cell-to-cell passage
of dye (dye-coupling) between pyramidal cells in the hippocampus was taken as evidence
that these cells are also linked with each other via electrical synapses (MacVicar and Dudek,
1981; Andrew et al., 1982; Dudek et al., 1983; Baimbridge et al., 1991; Church and
Baimbridge, 1991). Subsequently, it was suggested that such synapses may occur between
the axons of hippocampal pyramidal cells near their somata (Schmitz et al,. 2001). Recently,
paired recordings from a large number of hippocampal pyramidal cells have provided
further electrophysiological support for electrical coupling between these cells (Mercer et
al., 2006; see also Bennett and Pereda, 2006).

A major difficulty in understanding potential functional contributions of electrical synapses
between hippocampal pyramidal cells is the lack of ultrastructural identification of gap
junctions associated with these neurons and, hence, uncertainty regarding the anatomical
locations at which they may occur. Despite extensive analysis, the same thin-section
transmission electron microscopic (TEM) studies that described many gap junctions
between interneurons in the rat hippocampus revealed that similar large gap junctions did
not occur between dendrites of pyramidal cells (Kosaka and Hama, 1985). It is possible,
however, that gap junctions between these cells may be too small to detect in conventional
thin-section images (Rash et al., 1998). Moreover, freeze-fracture images of gap junctions
reported on putative CA3 pyramidal cells (Schmalbruch and Jahnsen, 1981) appear to have
been misidentified glial junctions, based on the presence of oligodendrocyte membrane
markers (large IMP-free areas and “reciprocal patches”) (Rash et al., 1998). Further,
electrical synapses can occur between various neuronal elements, e.g., axo-axonic, dendro-
dendritic, somato-somatic, axo-somatic. Given the high magnifications required to visualize
small gap junctions by TEM, and consequent limitations in dimensions of tissues that can be
analyzed, ultrastructural detection of electrical synapses depends crucially on the cellular
and subcellular structures under examination. With this consideration in mind, several very
small gap junctions were recently found linking mossy fiber axons in rat hippocampus
(Hamzei-Sichani et al., 2007).
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When gap junctions are present at nerve terminals, both chemical and electrical transmission
may occur at what are termed mixed synapses. The functional importance of neuronal gap
junctions at such chemical/electrical mixed synapses has been extensively documented in
lower vertebrates, among the most classic of which are the large Club Ending terminals on
Mauthner cells in teleost brain (Pereda et al., 2003, 2004). Mixed synapses have been
described in the lateral vestibular nucleus and spinal cord of rat (Korn et al., 1973; Rash et
al., 1996), but have been considered to be rare or absent in most other regions of mammalian
CNS. Early and more recent reports of dye and electrical coupling between hippocampal
pyramidal cells prompted the present re-examination of Cx36 localization in the
hippocampus, with a focus on sites where it might exhibit close association with pyramidal
cells. Using immunofluorescence detection of Cx36 in combination with various marker
proteins that are highly concentrated in mossy fiber terminals, including vesicular glutamate
transporter-1 (vglut-1), bassoon, AF6 and zonula occludens-1 (ZO-1), we present evidence
for Cx36 localization at these terminals, suggesting that mossy fiber terminals form
glutamatergic mixed synapses with hippocampal pyramidal cells.

2. Results
2.1. Immunofluorescence localization of Cx36 in the hippocampus

As elsewhere in the rat CNS, immunolabelling for Cx36 in the hippocampus was typically
punctate, with these puncta presumably corresponding to sites of Cx36-containing
interneuronal gap junction plaques that have been described ultrastructurally by freeze-
fracture replica immunogold labelling (FRIL) for Cx36 in small plaques elsewhere in rodent
brain (Rash et al., 2001,2004,2007a,b; Kamasawa et al., 2006). Intracellular
immunolabelling with the set of antibodies against Cx36 used here was not evident, thus
precluding identification of Cx36-expressing cells by detection of label within neuronal
somata. However, neuronal gap junctions composed of Cx36 in the hippocampus often
occur between interneurons containing parvalbumin (PV) (Kosaka and Hama, 1985;
Katsumaru et al., 1988; Ribak et al., 1993; Fukuda and Kosaka, 2000; Meyer et al., 2002;
Baude et al., 2007). Thus, to search for potential anatomical relationships between Cx36 and
hippocampal pyramidal cells, rat hippocampal sections were double-labelled for PV and
Cx36 to determine the extent to which Cx36-puncta can be accounted for by their
association with PV-positive processes. Along the septo-temporal axis of the hippocampus,
PV-positive interneurons with cell bodies located in the pyramidal cell layer (PCL) extend
dendrites into the stratum oriens and the stratum radiatum. As expected and here presented
as a positive control for PV/Cx36 co-localization, linear arrays of Cx36-immunopositive
puncta within these strata were readily found along PV-immunoreactive dendrites, as shown
in the stratum radiatum of the ventral hippocampal CA1 area (Fig. 1A).

Interneurons containing PV are also distributed in the CA3 area, and some of these have
somata dispersed in the PCL, with dendrites percolating through the stratum lucidum (SL)
(Fig. 1B1). As elsewhere in the hippocampus, immunofluorescence labelling for Cx36 in the
SL consisted of sparsely distributed, relatively large Cx36-positive puncta (Fig. 1B2), many
of which were localized to PV-positive dendrites, including points where branches of
different dendrites intersected, presumably forming gap junctions (Fig. 1B3). In addition to
these large puncta, and unlike corresponding regions of the CA3 subfield in the dorsal
hippocampus, the CA3b subfield and distal portions of the CA3c subfield in the ventral
hippocampus contained hitherto undescribed very fine, abundant Cx36-positive puncta that
were restricted to the confines of the SL and partly extended into the PCL (Fig. 1B2). These
fine Cx36-puncta displayed negligible co-localization with PV-positive processes within the
SL (Fig. 1B3). As a control for specificity of immunofluorescence detection of these Cx36-
puncta, two anti-Cx36 antibodies generated against different non-overlapping peptide
sequences in Cx36 were used. Results with anti-Cx36 Ab39-4200 are shown in (Fig. 1B).
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Similar fine, punctate labelling in the SL of ventral hippocampal CA3b was obtained with
Ab37-4600, and this labelling also showed minimal co-localization with PV-positive
processes (Fig. 1C). A further control involved double-labelling with monoclonal anti-Cx36
Ab39-4200 and polyclonal Ab37-4600, which examined by confocal analysis established
that these antibodies produce labelling of the same identical puncta (Fig. 1D). This provides
confidence in Cx36 detection at gap junctions because it is unlikely that the two anti-Cx36
antibodies cross react with proteins sharing a common subcellular site as small as a gap
junction.

2.2. Immunofluorescence of Cx36 and markers of mossy fiber terminals
With the high density of fine Cx36-puncta observed in the SL, we examined possible
association of these puncta with mossy fiber terminals. The SL represents the location of
these terminals, which originate from axonal projections of granule cells in the dentate
gyrus. Various proteins are highly concentrated in mossy terminals, and have been used as
immunocytochemical markers for these terminals. Four such markers employed here alone
and in combination, included: vglut-1, associated with synaptic vesicles in mossy terminals
(Kaneko et al., 2002; Hagiwara et al., 2005; Jaffe and Gutierrez, 2007); bassoon,
concentrated at numerous and relatively large active zones of mossy terminal synapses (tom
Dieck et al., 1998; Hagiwara et al. 2005), but occur at other synapses as well (Richter et al,
1999), and in the SL may therefore not be localized exclusively to mossy terminals; and
AF6 and ZO-1, associated with puncta adhaerentia type junctions between mossy fiber
terminals and pyramidal cell dendrites (Inagari et al., 2003; Nishioka et al., 2000). Puncta
adhaerentia typically occur at large synapses, and are a hallmark of mossy fiber terminals,
where they occur at contacts between these terminals and exclusively the dendritic shafts of
pyramidal cells (Amaral and Dent, 1981; Rollenhagen and Jubke, 2006; Rollenhagen and
Lubke, 2010). To our knowledge, they have not been described between other neuronal
elements in the SL. Although ZO-1 is also localized to tight junctions, such junctions do not
occur between mossy terminals (Inagari et al., 2003), but instead, ZO-1 is commonly
localized to Cx36-containing neuronal gap junctions, as we have described elsewhere in
brain (Li et a., 2004). In sections cut perpendicular to the septo-temporal axis at various
hippocampal levels, immunofluorescence labelling intensity for each of these proteins was
much greater in the SL than in surrounding areas in the hippocampus, thus clearly
delineating the SL (Fig. 2A-D). Reference to the proximal-distal regions of the CA3
subfields as CA3c, CA3b and CA3a, shown in Fig. 2A, is according to previously described
hippocampal nomenclature (Scharman, 1993; Ishizuka et al., 1995).

Laser scanning confocal double-immunofluorescence imaging for these proteins in
combination with Cx36 was examined in the ventral hippocampus at the rostro-caudal plane
shown in a section immunostained for vglut-1 (Fig 2E), corresponding roughly to transverse
level of Bregma minus 5.2 in the rat brain atlas of Paxinos and Watson (Paxinos and
Watson, 1986). The appearance of fine Cx36-puncta in the SL at this level is shown in an
extended photomontage encompassing a 1.7 mm length along the SL, where labelling for
Cx36 is seen straddling each side of the PCL and occurs sparsely within the PCL (Fig. 2F).
In sections double-labelled for vglut-1 and Cx36, punctate labelling for Cx36 was co-
distributed with labelling for vglut-1 in the SL (Fig. 3A), where vglut-1 is reported to be
exclusively in mossy fiber terminals (Kaneko et al., 2002; Jaffe and Gutierrez, 2007). Some
Cx36-puncta/vglut-1 co-localization was also seen at the basal areas of the PCL, where
some mossy fiber terminals are known to occur in the proximal regions of CA3 (Witter and
Amaral, 2004). Higher magnification immunofluorescence analysis of z-stack images
revealed that the majority of Cx36-puncta in the SL overlap with mossy terminals labelled
for vglut-1 (Fig. 3B). Commonly observed were clusters of four to eight Cx36-puncta that
were co-localized with individual but much larger vglut-1-positive terminals (Fig. 3B, inset).
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Similar co-localization was also seen after double-labelling for bassoon combined with
Cx36 (Fig. 3D).

Three image manipulations were undertaken as controls to establish that overlap of labelling
for vglut-1 with Cx36 was not simply coincidental, arising from the high concentration of
labelling for each marker in the SL, nor was it due to apparent overlap of Cx36-puncta and
vglut-1-labelled mossy terminals that were actually separated in the vertical dimension in z-
stack images. First, a 180° horizontal flip of the vglut-1 z-stack image in Figure 3B1, as
shown in Figure 3C1, followed by overlay with labelling for Cx36 in the same field, gave
minimal vglut-1/Cx36 co-localization (Fig. 3C3), indicating the observed co-localization in
Fig. 3B1 is not simply a random occurrence. Second, single scan confocal images showed
the same degree of Cx36 overlap with vglut-1 in mossy terminals as seen in z-stack images
(supplementary Fig. 1A). And third, rotating the entire z-stack overlay image in Figure 3B3
along the y-axis showed that the vast majority of vglut-1/Cx36 association was maintained
during rotation (supplementary Fig. 2, movie), further indicating that this association was
not an artifact of z-stack imaging.

Immunofluorescence labelling of Cx36 in combination with AF6 and with ZO-1, as well as
triple immunolabelling of Cx36 in combination with vglut-1 and AF6, in the region of the
boxed area indicated in Figure 2E is shown in Figure 4, and Fig. 5A and B. Similar to results
obtained with vglut-1, immunolabelling for AF6 and ZO-1 in mossy fiber terminals was co-
distributed with Cx36-positive puncta in the SL, and co-localization of these two markers
with Cx36 was evident even at relatively low magnification (Fig. 4A and 5A). Laser
scanning confocal z-stack images indicated that nearly all Cx36-puncta in the SL overlapped
with labelling for AF6 (Fig. 4B), and that the vast majority of Cx36-puncta also overlapped
with labelling for ZO-1 (Fig. 5B). Again, as with vglut-1, a 180° horizontal flip of the AF6
z-stack image in Figure 4B1, yielding the image in Figure 4C1, followed by overlay with
labelling for Cx36 in the same field, gave minimal AF6/Cx36 co-localization (Fig. 4C3).
Likewise, minimal artifactual co-localization was observed following rotation and overlay of
the ZO-1/Cx36 images (not shown). Further, rotating the z-stack AF6/Cx36 overlay image
in Figure 4B3 along the y-axis maintained AF6/Cx36 co-localization during rotation
(supplementary Fig. 3, movie).

Relationships between vglut-1-positive mossy terminals, AF6 and Cx36-puncta were more
evident in triple labelled sections (Fig. 4D). Immunofluorescence for AF6 was seen to
occupy subregions of vglut-1 labelled terminals, as might be expected based on the reported
high concentration of AF6 at adhaerentia-like junctions formed at the plasma membrane of
mossy terminals and absence of labelling for AF6 elsewhere within these terminals
(Nishioka et al., 2000). Labelling for Cx36 was, in turn, often localized to small portions of
AF6-positive patches, with Cx36-puncta usually occurring at the edges of these patches
(Fig. 4D), suggesting close association of Cx36-containing gap junctions to adhaerentia-like
junctions.

The distribution of Cx36-puncta in the SL was further examined in relation to N-methyl-D-
aspartate receptor subunit NR1, which is known to be a component at mossy terminals,
although it is more sparsely expressed in the SL compared with other regions of the
hippocampus (Siegel et al., 1994; Watanabe et al., 1998; Jaffe and Gutierrez, 2007). In
sections triple labelled for vglut-1, NR1 and Cx36 (Fig. 6), labelling for NR1 was
exclusively punctate in appearance and largely overlapped labelling for vglut-1. Cx36-
puncta were often seen interspersed among collections of NR1-positive puncta at sites of
vglut-1-positive terminals, consistent with the localization of Cx36 at or near structures
involved in glutamatergic neurotransmission.
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2.3. Quantitative analysis of Cx36 puncta in the SL
Quantification was undertaken to determine the extent to which Cx36-puncta were co-
localized with mossy fiber terminals immunolabelled for vglut-1 in the SL of the ventral
hippocampal CA3b region. Counts of Cx36-positive puncta in confocal images were
conducted using tissue from two rats. Localization relationships between Cx36-positive
puncta and labelling for vglut-1 were categorized as: a) totally overlapping; b) as in
apposition where Cx36-puncta were immediately adjacent to vglut-1-positive terminals; or
c) as totally separate (i.e., > 0.5 m). Analysis of a total of 1,910 Cx36-puncta in 28 randomly
selected fields in the SL of one rat gave 74 ± 1.9% (mean ± s.e.m.) Cx36/vglut-1 co-
localization, 15 ± 1.4% adjacent, and 11 ± 1.1% separate. Analysis of a total of 1,505 puncta
in 26 fields of the SL in the second rat gave 78 ± 1.9% Cx36/vglut-1 co-localization, 12 ±
1.3% adjacent, and 10 ± 1.4% separate.

The above results suggest the presence of Cx36-containing gap junctions between mossy
fiber terminals and hippocampal pyramidal cells, or possibly between mossy fiber terminals
themselves. As a means to correlate potential functional significance of gap junctions in the
SL of the CA3b region in adult rat hippocampus with that in a neuronal network where
electrical coupling is well established, namely the inferior olivary nucleus, we compared the
relative density of Cx36-puncata in the SL of CA3b rat ventral hippocampus vs. inferior
olive by counting the number of small to large Cx36-puncta in defined tissue volumes,
according to our previous methods (Li et al., 2008). Quantitative analysis of the density of
Cx36-puncta in the SL revealed that a volume of 80 × 80 × 3.6 μm (23,040 μm3) within this
field contained 122 ± 5.7 puncta (mean ± s.e.m.), compared with a value of 308 ± 4 Cx36-
puncta in a similar volume of the inferior olivary nucleus. Examples of images used for
counts of Cx36-puncta in the SL and the inferior olive are shown in Fig. 5C and 5D,
respectively. The total area occupied by the subportion of the SL containing abundant Cx36,
as determined in sections cut perpendicular to the extended septo-temporal axis of the
hippocampus and double-labelled for Cx36 and bassoon, was found to be 141,763 ± 10,596
μm2 (mean ± s.e.m.). From these values, we calculated that the volume occupying the
portion of the SL containing Cx36-puncta over a length of 25 μm along this axis (a value
chosen as a relatively readily identifiable measure corresponding to the average diameter of
a pyramidal cell) was 3,544,075 μm3 (25 μm × 141,763 μm2), and that this volume
contained 18,750 Cx36-positive puncta. Similar analysis of the density of Cx36- puncta in
an equal volume of neuropil in the inferior olivary nucleus, where critical functions of
electrical synapses containing Cx36 have been well documented (Hormuzdi et al., 2004),
was determined to be 47,380 Cx36-positive puncta, which is only 2.5-fold greater than that
in the ventral hippocampal SL of CA3b (i.e., the ventral SL has 40% of the density of Cx36
puncta as in the inferior olive).

2.4. Regional and species differences in hippocampal Cx36
Compared with dense punctate labelling for Cx36 in the rat ventral hippocampal CA3b and
distal portions of the CA3c hippocampal subregions described above, the density Cx36-
puncta ranged from very sparse to a near absence in the SL of the rat dorsal hippocampal
CA3b region (Fig. 7A), to a near absence in the SL of the rat dorsal (Fig. 7B) and ventral
(Fig. 7C) hippocampal CA3a region. Hippocampal areas shown in the images of Fig. 7A and
7B are represented by the lower and upper boxed areas shown in Fig. 2A. Thus, the portion
of the SL containing Cx36 encompassed areas CA3b and the distal portion of CA3c of the
ventral half of the hippocampal CA3 region along the dorsal-ventral axis. Surprisingly, the
SL in the ventral hippocampal CA3b region in mouse brain, corresponding to that in rat
hippocampus which contains abundant fine Cx36-puncta, was also nearly devoid of punctate
labelling for Cx36 (Fig. 7D), as were all other regions of SL in mouse hippocampus.
However, Cx36-puncta in other hippocampal regions of mouse were readily detectable,
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including the CA3 hilar region shown as a positive control (Fig. 7E), with absence of these
puncta in Cx36 knockout mice shown as a negative control (Fig. 7F).

3. Discussion
Based on immunofluorescence detection of punctate labelling for Cx36 co-localized with
markers of mossy fiber terminals in the hippocampal SL of rat, the present results suggest
that these mossy fiber terminals form gap junctions with their postsynaptic targets, thereby
establishing mixed chemical/electrical synapses. In the absence of prior documentation of an
electrical component at these synapses, and despite tremendous investigative efforts that
have been focused on the hippocampus and specifically on transmission at mossy fiber
terminals over the past decades, our findings may seem surprising, and will raise many
questions. Certainly, our proposal of mixed synaptic transmission at mossy fiber terminals
will require confirmation by ultrastructural visualization of gap junctions at these synapses
and electrophysiological demonstration of their electrical component.

3.1. Cx36 co-localization with mossy fiber terminal markers
A small proportion of mostly larger Cx36-puncta in the SL were associated with
interneurons that had PV-positive processes in the SL. Among the remaining fine Cx36-
puncta, about 75% of these showed absence of overlap with PV-positive processes and total
overlap with labelling for vglut-1. These results presumably reflect Cx36 association
specifically with mossy terminals, because vglut-1 in the SL appears to be localized
exclusively within this class of terminals (Kaneko et al., 2002; Jaffe and Gutierrez, 2007),
and because mossy fiber pre-terminal axons do not contain high levels of vesicles, and
therefore do not exhibit robust labelling for vglut-1. Mossy fiber terminals are typically 3-6
μm in diameter, while most Cx36-containing gap junctions are usually <0.2 μm (as
determined by FRIL in ten gap junctions at unidentified nerve terminals in adult rat SL
(Nagy and Rash, work in progress). However, some gap junctions appear slightly larger
after immunofluorescence labelling, possibly due to halation (i.e., divergence of photons
from a source). This, together with the lack of intracellularly detectable Cx36, gave rise to
localization of Cx36-puncta in subportions of the total area of individual mossy terminals.
The frequency with which these puncta occurred in closely arranged clusters suggests that
individual mossy terminals form multiple gap junctions.

The above value of 75% for Cx36-puncta association with mossy terminals labelled for
vglut-1 is almost certainly an underestimate for three reasons. First, situations in confocal
images may be expected where Cx36/mossy terminal associations were captured, not en face
and visualized as total overlap, but rather on edge. Thus, 12-15% of Cx36-puncta that were
counted as being in apposition to labelling for vglut-1 may also represent co-localization
with mossy fiber terminals. Second, because counts were conducted using single confocal
scans, some Cx36-puncta designated as being separate from labelling for vglut-1 could be
associated with mossy terminals out-of-field in the z-axis, as was evident in tests of this
possibility by examination of adjacent images in z-stacks (data not shown). And third, while
synaptic vesicles labelled for vglut-1 are widely distributed in mossy terminals, they do not
occupy all of the territory in a terminal, and do not accumulate everywhere near the terminal
plasma membrane (Rollenhagen and Lubke, 2010), which would be the subcellular site for
gap junctions. Thus, Cx36-puncta seen only in apposition to mossy terminals, rather than
overlapping with terminals, may represent cases where the entire intracellular compartment
of these terminals, up to areas near the terminal plasma membrane, were not labelled for
vglut-1. With these considerations, the degree of Cx36/mossy terminal association in the SL
may well reach 90%. Although association of Cx36-puncta with several other markers of
mossy terminals examined was not assessed quantitatively, visual inspection, particularly of
labelling for Cx36 with AF6 and ZO-1, suggests a similarly high percentage of co-
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localization. Overlap of Cx36-puncta with labelling for AF6 and ZO-1 is consistent with
Cx36 localization to mossy fiber terminals that have high levels of these two proteins along
their plasma membranes (Inagari et al., 2003; Nishioka et al., 2000). Moreover, our results
also suggest direct molecular interaction of Cx36 with ZO-1 in these terminals, as we have
shown in gap junctions elsewhere in brain (Li et al., 2004), as well as Cx36 interaction with
AF6, as we have more recently reported (Li et al., 2011). Thus, ZO-1 and AF6 appear to
associate not only with adherens junctions (Inagari et al., 2003; Nishioka et al., 2000), but
possibly also with gap junctions in mossy terminals, as seen in other brain areas.

Neurons at early postnatal ages are reported to be extensively coupled by gap junctions
(Fulton, 1995; Montoro and Yuste, 2004). Because granule cells are continually produced in
adult dentate gyrus (Cameron and McKay, 2001), it might be proposed that Cx36-containing
gap junctions in the SL of adult rats are associated primarily with terminals of newly
generated granule cells, reflecting a process simply related to normal development.
Notwithstanding that this would still invoke a novel feature involving mixed synapses, it
seems unlikely that the relatively abundant Cx36-puncta observed in the SL are localized
exclusively to mossy terminals arising from a relatively small number of newly generated
granule cells. Moreover, our data and calculations indicate that the density of Cx36-puncta
in SL is within the range of that seen in other regions of adult brain, such as the inferior
olive, where Cx36-containing gap junctions are known to support physiologically important
functions (Bennett and Zukin, 2004). Further, we have found far lower levels of Cx36-
puncta in the SL at postnatal day six than in adult SL (not shown), which would not be
expected if Cx36 in mossy fibers terminals was related exclusively to developmental events,
although this requires a more comprehensive study of Cx36 in developing hippocampus.

3.2. Species differences contrasting Cx36 localization in the stratum lucidum
Our immunofluorescence studies of the distribution of Cx36 throughout mouse vs. rat brain
and spinal cord (Nagy, unpublished observations) have so far revealed very few species
differences. In curiously stark contrast is the major difference presently found in the
hippocampus, where the entire SL of both dorsal and ventral hippocampus of mouse
contains very little immunolabelling for Cx36 with both anti-Cx36 antibodies employed,
despite these antibodies giving extensive positive immunolabelling for Cx36 associated with
hippocampal interneurons in mouse. If Cx36-containing mossy fiber terminals form gap
junction with pyramidal cells, which would then also be required to coordinately express
Cx36, then the presently observed rat vs. mouse differences are consistent with earlier
observations that hippocampal pyramidal neurons express Cx36 mRNA in rat (Belluardo et
al., 2000; Condorelli et al., 2000), but not in mouse (Hormuzdi et al., 2001; Degen et al.,
2004). The latter reports involving detection of Cx36 mRNA and lacZ reporter gene
expression in mouse, also point to species-specific differences in Cx36 expression. These
species-specific differences of uncertain origin appear to preclude the use of wild-type vs.
Cx36 knockout mice for comparison and confirmation of electrical coupling at presumptive
mixed chemical/electrical synapses between mossy fiber terminals and hippocampal
pyramidal cells, but which will be possible with the development of Cx36 knockout rats.

It may be considered that, although the potentially complex process of mixed synaptic
transmission at mossy fiber terminals may occur in rat hippocampus, the absence of such a
process in mouse hippocampus raises serious questions as to its functional importance or
requirement for optimal or enhanced network performance in rat. Evolutionarily, the Mus
lineage diverged from the Rattus lineage about ten million years ago, providing ample
opportunity for divergence of neural systems that orchestrate behavior. In comparisons of
rats vs. mice in experimental paradigms designed to assess behavior, mice are generally
found to exhibit simpler behavioral repertoires, slower leaning performance, and lower
adaptive flexibility than rats, leading to the suggestion that mice have a more restricted
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range of behavioral capacities than rats (Whishaw et al., 2001). These differences, of course,
could be due to myriad factors. Nevertheless, given the importance of hippocampal
functions in some of the key behavioral features in which mice and rats differ, it may be
worth considering observed difference in the hippocampus as contributing to these factors.

3.3. Sub-regional differences in Cx36 localization in the stratum lucidum
The differential density of Cx36-puncta in the SL of the ventral vs. dorsal hippocampus
implies differential expression of Cx36 in granule cell projecting to these regions, and adds
to other differences that have been described in dorsal vs. ventral hippocampus
(Papatheodoropoulos and Kostopoulos, 2000, 2002a,b; Papatheodoropoulos et al., 2002,
2005; Sotiriou et al., 2005). Pertinent in this regard are implications of abnormal neuronal
gap junctional coupling in initiation, maintenance, and spread of epileptic activity and in
hypersynchronous activity associated with seizures (Perez et al., 2000; Pike et al., 2000;
Rouach et al., 2002; Traub et al., 2001). In hippocampus, our finding of Cx36 association
with mossy terminals in the rat ventral CA3 region, where it presumably forms an
abundance of chemical/electrical mixed synapses, and an absence of these in the dorsal
region, may be considered in relation to reports that the ventral hippocampus is more
excitable and shows greater epileptogenicity than its dorsal counterpart (Racine et al., 1977;
Bragdon et al., 1986; Gilbert et al., 1985; Lee et al., 1990). Further, the CA3 region is more
excitable than other hippocampal regions including the CA1 and dentate gyrus, generates
intrinsic oscillatory frequencies (Pike et al., 2000; Buzsaki, 2002; Csicsvari et al., 2000,
2003; Traub et al., 1996), and plays a crucial role in the generation and propagation of
seizures (Traub et al., 1996; 2001; Derchansky et al., 2006). While it is uncertain how
malfunction of electrical synapses may contribute to seizure generation, genetic studies have
indicated a link between mutations in Cx36 and juvenile myoclonic epilepsy, which is a
common form of idiopathic generalized epilepsy (Mas et al., 2004; Hempelmann et al.,
2006). The presence of Cx36-containing gap junctions adds to the possibility that electrical
synapses formed by mossy fibers in the ventral hippocampus, and their potential
malfunction, are among the dorsal-ventral differences contributing to the greater propensity
for seizure generation in this region.

3.4. Functional considerations
The physiological impact of the electrical component of mossy fiber synapses on
hippocampal network properties remains to be investigated. However, mossy terminals form
synapses not only with pyramidal cells, but also with interneurons having dendrites in the
SL (Acsady et al., 1998; Witter and Amaral, 2004). The average number of CA3 pyramidal
cells contacted by the en passant nature of mossy fiber terminations is about 14, and each
CA3 pyramidal cell receives inputs from on average 50 independent mossy fiber axons
(Claiborne et al., 1986; Chicurel and Harris, 1992; Acsady et al., 1998; Witter and Amaral,
2004). Thus, assuming an even distribution of Cx36-containing gap junctions among mossy
fiber terminals regardless of their targets, a single mossy fiber axon may establish electrical
contacts with dendrites of several pyramidal cells, thereby providing a route for electrical
coupling between pyramidal cells via intermediary mossy fibers. In this way, mossy fibers
could establish assemblies of coupled cells based on those with which they form en passant
synapses, as illustrated in Figure 8. It is interesting to consider that the constituent cells of
such assemblies may change over time, given the known renewal and functional integration
of newly generated granule cells (Cameron and McKay, 2001). This pattern of connectivity,
with mossy fibers serving as intermediaries, could mediate the dye-coupling that has been
observed between CA3 pyramidal cells (Dudek et al., 1983), though it would not explain
reported dye-coupling between CA1 pyramidal cells or coupling between CA3 pyramidal
cells in the dorsal hippocampus (Dudek et al., 1983; Baimbridge et al., 1991; Barnes et al.,
1987). Precedence for mixed synapses serving as intermediaries for coupling between
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neurons exists in the lateral vestibular nucleus of rat, where electrical coupling occurs
between large vestibular neurons that themselves appear not to be connected by gap
junctions; rather, the dendrites of different neurons locally form mixed synapses with
branches of the same axon (Korn et al., 1973).

4. Experimental procedures
4.1. Animals and antibodies

All animals in this study were prepared under protocols approved by the Central Animal
Care Services at the University of Manitoba. These protocols included minimization of
stress to animals and minimization of number of animals used. A total of twelve adult male
CD1 mice, two adult C57/BL6 wild-type and two Cx36 knockout mice, twenty adult male
Sprague-Dawley rats, and four male Sprague-Dawley rats at postnatal day five were
obtained from Central Animal Care Services at the University of Manitoba.

Primary antibodies used included two anti-Cx36 antibodies generated against different non-
overlapping peptide sequences in Cx36 (monoclonal anti-Cx36 Ab39-4200 and polyclonal
Ab51-6300), which were obtained from Life Technologies Corporation (formerly
Invitrogen/Zymed, Carlsbad, CA, USA). The specificity of these antibodies has been
previously established in various brain regions by showing presence vs. absence of
immunofluorescence labelling for Cx36 in wild-type and Cx36 knockout mice, respectively
(Li et al., 2004; Rash et al., 2004, 2007a,b). Additional primary antibodies employed were as
follows: anti-vglut-1 obtained from Millipore (Temecula, CA, USA) and used at a dilution
of 1:500; anti-AF6 and anti-ZO-1 obtained from Life Technologies Corp. and used at a
concentration of 1 μg/ml and 3 μg/ml, respectively; anti-NR1 NMDA receptor subunit
(NMDAR1) antibody obtained from Millipore (Temecula, CA, USA), used at a dilution of 1
μg/ml; and rabbit anti-parvalbumin generously provided by K. Baimbridge (University of
British Columbia, Vancouver, Canada) and used at a dilution of 1:500. Secondary antibodies
used included Cy3-conjugated goat or donkey anti-mouse IgG diluted 1:500 (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA), Alexa Flour 488-conjugated goat
anti-rabbit and anti-mouse IgG diluted 1:1000 (Molecular Probes, Eugene, OR, USA),
FITC-conjugated horse anti-mouse IgG diluted 1:100 (Vector Laboratories, Inc.,
Burlingame, CA, USA), Cy3-conjugated donkey anti-rabbit IgG diluted 1:200 (Jackson
ImmunoResearch Laboratories) and Cy5-conjugated goat anti-guinea pig IgG diluted 1:200
(Jackson ImmunoResearch Laboratories). All antibodies were diluted in 50 mM Tris-HCl,
pH 7.4, containing 1.5% sodium chloride (TBS) and 0.3% Triton X-100 (TBSTr) containing
10% normal goat or normal donkey serum.

4.2. Immunofluorescence labeling in hippocampus
Rats (200-300 g) and mice (30-35 g) were deeply anesthetized with equithesin (3 ml/kg) and
transcardially perfused with 40 ml (for rats) or 3 ml (for mice) of prefixative solution
consisting of cold (4°C) 25 mM sodium phosphate buffer (PB), pH 7.0, 0.9% NaCl, 0.1%
sodium nitrite and heparin (1 unit/ml). This was followed by perfusion of rats with 200 ml
and mice with 30 ml of cold 0.16 M sodium phosphate buffer, pH 7.0, containing either 1%
or 2% formaldehyde (obtained from freshly depolymerized paraformaldehyde) and 0.2%
picric acid. A final perfusion to wash out fixative consisted of cold PB containing 10%
sucrose. Brains were removed and stored at 4°C for 48 h in cryoprotectant consisting of the
final perfusate.

Sections of brain cut at a thickness of 10 to 15 μm were obtained using a cryostat, collected
on gelatinized glass slides, and stored at -40 °C for use at a later date. Sections on slides
were thawed, washed for 20 min in 50 mM Tris-HCl, pH 7.4, containing 1.5% sodium
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chloride (TBS) and 0.3% Triton X-100 (TBSTr), and processed for immunofluorescence
labelling as previously described (Li et al., 2008). For single labelling, sections were
incubated for 24 h at 4°C with primary antibody, then washed for 1 h in TBSTr, and
incubated for 1.5 h at room temperature with an appropriate secondary antibody. For double
and triple immunofluorescence labelling, sections were incubated simultaneously with two
or three primary antibodies for 24 h at 4°C, then washed for 1 h in TBSTr, and incubated for
1.5 h at room temperature simultaneously with appropriate combinations of secondary
antibodies. After secondary antibody incubations, sections were washed in TBSTr for 20
min, then in 50 mM Tris-HCl buffer, pH 7.4, for 30 min, and covered with antifade medium
and coverslipped. For double and triple immunofluorescence labelling, control procedures
included omission of one of the primary antibodies with inclusion of each of the secondary
antibodies to establish absence of inappropriate cross-reactions between primary and
secondary antibodies or between different combinations of secondary antibodies.

An additional procedure was used for more detailed analyses of Cx36 localization in the
dorsal-ventral (septo-temporal) and proximal-distal axes of the hippocampus. Four rats were
euthanized, the hippocampus was removed and straightened to the extent possible along its
septo-temporal axis, and immersion fixed in 2% formaldehyde containing 0.2% picric acid
for 20 min. Following cryoprotection, the length of the hippocampus was measured and then
sectioned in its entirety perpendicular to the septo-temporal axis. This allowed precise
determination of the presence and distribution of Cx36-puncta in the stratum lucidum not
only along the septo-temporal axis, but also in the stratum lucidum of hippocampal subfields
CA3a, CA3b and CA3c in the proximal-distal (a.k.a. medial-lateral) dimension.

Fluorescence was examined on a Zeiss Axioskop2 fluorescence microscope with image
capture using Axiovision 3.0 software (Carl Zeiss Canada, Toronto, Canada), and an
Olympus Fluoview IX70 confocal microscope with image capture using Olympus Fluoview
software. Images of immunolabelling obtained with Cy5 fluorochrome were pseudo colored
blue. For confocal analysis, double-labelled sections were scanned twice using single laser
excitation for each fluorochrome per scan, and data were collected either as single scan
images or z-stack image of six to nine scans at z scanning intervals of typically 0.4 to 0.6
μm. Some z-stack images were reconstructed with rotation along the y-axis using Olympus
Fluoview software. Images were assembled according to appropriate size and adjusted for
contrast based on elimination of “empty” pixels using Adobe Photoshop CS (Adobe
Systems, San Jose, CA, USA), and assembled using CorelDRAW Graphics Suite 12 (Corel
Corporation, Ottawa, ON, Canada) and Northern Eclipse software (Empix Imaging,
Mississauga, ON, Canada).

4.3. Quantitative analyses
For quantitative analysis and comparison of the densities of Cx36-immunopositive puncta in
the hippocampal stratum lucidum (SL) and in the neuropil of the inferior olivary nucleus,
tissues from four rats were prepared as above, immunolabelled for Cx36 and bassoon in the
hippocampus and for Cx36 in the inferior olive, and examined by confocal laser scanning
microscopy. Counts of Cx36-positive puncta were obtained in five to eight randomly
selected volumes of the SL and inferior olive in each of the four rats. The puncta in areas of
80 × 80 μm in the x and y axis and 3.6 μm in the z axis were photographed and the images
obtained were taken for counts. An estimate of the area of the SL containing
immunofluorescence labelling for Cx36 was obtained using the immersion-fixed extended
configuration of the hippocampus, with sections double-labelled for Cx36 and bassoon.

For quantitative estimates of the extent to which Cx36-puncta were co-localized with the
mossy fiber terminal marker vglut-1 in the SL, a total of 54 randomly selected fields within
the SL of two rats were photographed by confocal microscopy using single scans, and taken
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for examination. Since many Cx36-positive puncta in the SL were very small, these tended
to be obscured by usually intense labelling for vglut-1 in overlay images at sites where co-
localization occurred, precluding counts of yellow puncta that result from spatial overlap of
green and red pixels in digital overlays. Thus, quantitative data were acquired by
transferring the locations of Cx36-puncta onto transparencies and overlaying these
transparencies onto images of the same field displaying label for vglut-1. As a test for Cx36
co-localization with markers of mossy fiber terminals vs. simply coincidental overlap,
images of mossy terminal markers from the same field double-labelled for Cx36 were
flipped horizontally followed by comparison of co-localization in overlay images, as
previously described (Li et al., 2008). Values for density of Cx36-puncta in the SL and the
inferior olive, and those for the percentage co-localization of Cx36-puncta and vglut-1-
positive mossy terminals, were determined for each field and expressed as mean ± s.e.m.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CNS central nervous system

Cx36 connexin36

FRIL freeze-fracture replica immunogold labelling

PV parvalbumin

PCL pyramidal cell layer

PB 25 mM sodium phosphate buffer

SL stratum lucidum

TBSTr 50 mM Tris-HCl, pH 7.4, containing 1.5% sodium chloride (TBS) and 0.3%
Triton X-100

TBS 50 mM Tris-HCl, pH 7.4, containing 1.5% sodium chloride

TEM transmission electron microscopy

vglut-1 vesicular glutamate transporter-1

ZO-1 zonula occludens-1
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Fig. 1.
Double immunofluorescence labelling of Cx36 and PV in adult rat ventral hippocampus. (A)
Images of the same field (A1-A3) in the ventral hippocampal CA1 area, showing PV-
immunoreactive dendrites (A1, arrows) extending into the stratum radiatum (SR) from PV-
positive neurons in the pyramidal cell layer (PCL), with linear arrays of Cx36-positive
puncta (A2, arrows) localized along these dendrites, as seen in overlay (A3, arrows). (B)
Images of the same field (B1-B3) in the ventral hippocampal CA3b area adjacent to the
PCL, showing PV-positive dendrites (B1, arrows) extending into the stratum lucidum (SL)
from their cell bodies in the PCL, and a small number of large Cx36-puncta (B1, arrows)
(labeled with Ab39-4200) localized along these dendrites, as seen in overlay (B3, arrows). A
much higher density of very fine Cx36-positive puncta in the SL show lack of overlap with
PV-positive fibers. (C) Images of a similar field as in B, but immunolabelled for Cx36 with
polyclonal anti-Cx36 Ab51-6300 generated against a different sequence in Cx36 than
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monoclonal Ab39-4200, again showing PV-immunoreactive fibers (C1) largely lacking co-
localization with fine Cx36-puncta (C2, and overlay in C3) in the SL. (D) Confocal double
immunofluorescence of the same field in SL (D1-D3), showing that Cx36-puncta labelled
with Ab39-4200 (D1) correspond to those labelled with Ab51-6300 (D2), as seen in overlay
(D3). Scale bars: A, 100 m; B,C, 50 μm; D, 10 μm.
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Fig. 2.
(A-D) Immunofluorescence for vglut-1 (A), bassoon (B), AF6 (C) and ZO-1 (D) in adult rat
hippocampus, showing intense labelling for each of these proteins in the SL (arrows) of
hippocampal subregions CA3a, CA3b and CA3c (indicated in A). (E) Low magnification of
ventral hippocampus immunolabelled for vglut-1, with boxed area indicating location of
image shown in F. (F) Single scan low magnification confocal photomontage showing
immunolabelling of Cx36 associated with a 1.7 mm length along the SL in CA3b of rat
ventral hippocampus. At this rostro-caudal level, the SL straddles each side of the PCL and
is heavily invested with Cx36-positive puncta. Some puncta are also seen very sparsely
distributed within the PCL. Scale bars: A-D, 500 μm; E, 1 mm; F, 100 μm.
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Fig. 3.
Double immunofluorescence labelling of Cx36 and vglut-1 in the SL of the CA3b region of
adult rat ventral hippocampus. (A1-A3) Images of the same field, showing dense labelling
for vglut-1 in mossy fiber terminals (A1, arrows), and Cx36-positive puncta straddling the
CA3b region of the PCL (A2, arrows), where these puncta are co-distributed with
immunolabelling for vglut-1, as seen in overlay (A3, arrows). (B1-B3) Confocal double
immunofluorescence labelling in a z-stack of nine scans in an area of SL similar to that in
(A), showing co-localization of vglut-1-positive terminals (B1, arrows; magnified in inset)
with Cx36-positive puncta (B2, arrows), as seen in overlay (B3, arrows). (C) The same set
of images as in B, showing minimal vglut-1/Cx36 co-localization (C3) after horizontal 180°
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flip of the image displaying vglut-1 in B1. (D) Confocal double immunofluorescence,
showing co-localization of the nerve terminal marker bassoon (D1, arrow) with Cx36 (D2,
arrow), as seen in overlay (D3, arrow). Scale bars: A, 50 m; B,C 10 m; D and inset in B, 5
μm.
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Fig. 4.
Double and triple immunofluorescence labelling of AF6, Cx36 and vglut-1 in the SL of the
CA3b region in adult rat ventral hippocampus. (A1-A3) The same field, showing AF6 in
mossy fiber terminals (A1, arrows), and Cx36-puncta on each side of the PCL (A2, arrows)
co-distributed with labelling for AF6, as seen in overlay (A3, arrows). (B1-B3) Confocal
double immunofluorescence in a z-stack of seven scans in an area of the SL similar to that in
(A), showing co-localization of AF6 (B1, arrows; magnified in inset) with Cx36 (B2,
arrows), as seen in overlay (B3, arrows). (C) The same set of images as in B, showing
greatly reduced AF6/Cx36 co-localization (C3) after horizontal 180° flip of the image in B1.
(D1-D4) Confocal triple immunofluorescence in a z-stack of eight scans showing the same
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field labelled for vglut-1 (D1), AF6 (D2) and Cx36 (D3), with co-localization of the three
labels shown in overlay (D4, arrows), and at higher magnification in inset. Cx36-puncta
(red) are often seen at the edges of AF6-positive patches (green) that are associated with
mossy terminals (blue). Scale bars: A, 50 μm; B,C,D, 10 μm; inset in B and D, 3 μm.
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Fig. 5.
(A,B) Double immunofluorescence labelling of ZO-1 and Cx36 in the SL of the CA3b
region of adult rat ventral hippocampus. (A1-A3) The same field, showing ZO-1 in mossy
fiber terminals (A1, arrows) and Cx36-puncta (A2, arrows) co-distributed with labelling for
ZO-1 in the SL, as seen in overlay (A3, arrows). (B1-B3) Confocal double
immunofluorescence in a z-stack of six scans in an areas of SL similar to that in A, showing
punctate labelling for ZO-1 (B1, arrows) co-localized with Cx36-positive puncta (B2,
arrows), as seen in overlay (B3, arrows). C,D, Confocal immunofluorescence labelling for
Cx36, showing examples of images used for quantitative analysis of the density of Cx36-
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positve puncta in the SL (C) and the inferior olivary nucleus (D). Scale bars: A, 50 μm; B,
10 μm; C,D, 20 μm.
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Fig. 6.
Confocal triple immunofluorescence in a z-stack of five scans showing the same field
labelled for vglut-1 (A1), NR1 (A2) and Cx36 (A3), with co-distribution of the three labels
shown in overlay (A4), and at higher magnification in inset. Cx36-positive puncta (red)
associated with vglut-1-positive mossy terminals (blue) are often seen intermingled with
clusters of NR1-positive puncta (green), as seen in overlay (A4, arrows, and inset). Scale
bars: A4, 10 μm, and 3 μm in inset.
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Fig. 7.
Section processed for double immunofluorescence labelling of vglut-1 and Cx36 in various
hippocampal subregions of adult rat and mouse. (A1,A2) The same field, with labelling for
vglut-1 and Cx36 in SL of CA3b in rat dorsal hippocampus. (B1,B2) The same field, with
labelling for vglut-1 and Cx36 in SL of CA3a in rat dorsal hippocampus. (C1,C2) The same
field, with labelling for vglut-1 and Cx36 in SL of CA3a in rat ventral hippocampus.
(D1,D2) The same field, with labelling for vglut-1 and Cx36 in SL of CA3b in mouse
ventral hippocampus. The SL in each of the regions shown in A-D contains very sparse
labelling for Cx36. (E,F) The same field (E1,E2) double labelled for vglut-1 and Cx36 in
mouse hippocampal hilus, shown as a positive control for detection of Cx36-puncta in
mouse hippocampus, and a similar field (F1,F2) double-labelled for vglut-1 and Cx36,
showing absence of Cx36-puncta in the hilus of Cx36 knockout mice, shown as a control for
anti-Cx36 specificity. Scale bars: A-D, 50 μm; E,F, 100 μm.
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Fig. 8.
Hypothesized mechanism for mediation of electrical coupling between hippocampal CA3b
and CA3c pyramidal cells via mossy fiber presynaptic axons. (A) Diagram of ventral
hippocampus sectioned perpendicular to its dorsal-ventral long axis, showing the granule
cell mossy fiber projection to the stratum lucidum, with mossy terminals ending on CA3b
and CA3c pyramidal cells. The portion of the stratum lucidum colored yellow contains a
high concentration of Cx36-puncta. (B) Magnification of box in A, showing different mossy
fibers (depicted red and green) terminating in an en passant fashion on different sets of
pyramidal cells (depicted red and green). (C) Magnification of boxes in B, showing a single
mossy fiber terminal forming mixed chemical/electrical synapses on dendrites of two
different pyramidal cells, potentially allowing the electrical component of the synapse,
formed by gap junctions containing Cx36, to couple sets of pyramidal cells (two shown
here) by way of the common mossy fiber axon innervating these cells. The on average eight
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to fourteen pyramidal cells receiving en passant mossy terminals from a single mossy fiber
are separated by greater distances (Acsady et al., 1998) than illustrated here.
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