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Abstract
Morphological and electrophysiological studies have shown that granule cell axons, the mossy
fibers (MFs), establish gap junctions and, therefore, electrical communication among them. That
granule cells express gap junctional proteins in their axons suggests the possibility that their
terminals express them as well. If this were to be the case, mixed electrical-chemical
communication could be supported, as MF terminals normally use glutamate for fast
communication with their target cells. Here we present electrophysiological and modeling studies
consistent with this hypothesis. We show that MF activation produced fast spikelets followed by
excitatory postsynaptic potentials in pyramidal cells (PCs), which, unlike the spikelets, underwent
frequency potentiation and were strongly depressed by activation of metabotropic glutamate
receptors, as expected from transmission of MF origin. The spikelets, which persisted during
blockade of chemical transmission, wee potentiated by dopamine and suppressed by the gap
junction blocker carbenoxolone. The various waveforms evoked by MF stimulation were
replicated in a multi-compartment model of a PC by brief current pulse injections into the
proximal apical dendritic compartment, where MFs are known to contact PCs. Mixed electrical
and glutamatergic communication between granule cells and some PCs in CA3 may ensure the
activation of sets of PCs, bypassing the strong action of concurrent feed-forward inhibition that
granule cells activate. Importantly, MF-to-PC electrical coupling may allow bidirectional, possibly
graded communication that can be faster than chemical synapses and subject to different forms of
modulation.
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Introduction
In the hippocampus, dendro-dendritic connections among different types of interneurons
(Gibson et al., 1999; Galarreta & Hestrin, 2001) and, possibly, between pyramidal cells
(PCs; MacVicar & Dudek, 1981; Valiante et al., 1995) are well known. Gap-junction-
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mediated electrical communication between adult granule cells (MacVicar & Dudek, 1982)
was shown to occur between their axons, the mossy fibers (MFs), and evidence for this has
been obtained with electrophysiological and anatomical techniques (Schmitz et al., 2001;
Hamzei-Sichani et al., 2007). Despite the evidence of gap junctions in the principal cells of
the dentate gyrus (DG), axo-dendritic electrical synapses between two different types of
principal cells in the hippocampus have not been reported so far. Moreover, no axo-dendritic
electrical synapses have been observed between excitatory axons and principal cell
dendrites, in the mammalian telencephalon. The presence of spikelets in intracellular
recordings has been a landmark for the existence of electrical communication among
neurons (Baker & Llinás, 1971; Llinás et al., 1974). In the hippocampus, although the
occurrence of these spikelets has been related to ectopic, dendritic (Spencer & Kandel,
1961) or axonal spikes (Traub et al., 1995), true electrical coupling between principal cells
and between interneurons has been corroborated with paired recordings (Galarreta &
Hestrin, 2001; MacVicar & Dudek, 1981). These reports have characterized spikelets as all-
or-none fast depolarizations of variable, but small amplitude, with clearly faster kinetics
than chemically-driven synaptic potentials, and they can on occasion give rise to action
potentials. Of note, these gap-junction-mediated electrical spikelets have not been found to
be accompanied by a chemical synaptic component. However, that granule cells express gap
junctional proteins in their axons would suggest the possibility that their terminals express
them as well. If so, both chemical and electrical transmission might occur, whereby
stimulation of the MFs would evoke an electrical spikelet accompanied by a chemical
component. Pharmacological and physiological criteria must then be met to imply that such
a response corresponds to transmission of MF origin. We tested this hypothesis and we here
show that MF activation produced fast spikelets in a number of PCs. They had an onset
latency consistent with MF conduction velocity and were followed by glutamate receptor-
mediated excitatory postsynaptic potentials that had the physiological and pharmacological
characteristics of MF neurotransmission. Moreover, the fast spikelets persisted during
blockade of chemical transmission, were potentiated by dopamine and suppressed by the gap
junction blocker carbenoxolone. To our knowledge, this constitutes the first evidence of
mixed electrical-chemical communication between two principal cells of the mammalian
forebrain.

Materials and methods
Electrophysiological recordings

Combined entorhinal cortex-hippocampus slices (400 μm) were obtained from adult Wistar
rats as previously described (Gutiérrez, 2000). For recording, the slices were transferred to
an air-liquid interface chamber and were constantly perfused with oxygenated artificial
cerebrospinal fluid (ACSF) at 34 ± 0.5°C containing (in mM) 124 NaCl, 3 KCl, 1.25
NaH2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3, and 10 glucose, pH 7.35. The drugs used were
diluted in the ACSF, namely the NMDA receptor antagonist (D,L)-2-amino-5-
phosphonovaleric acid (APV; 30 μM; Tocris-Cookson, Ellisville, Missouri); the non-NMDA
receptor antagonist 6-nitro-7-sulfamoylbenzo-(f)quinolaxine-2,3-dione (NBQX; 10 μM;
Tocris-Cookson); the GABAA receptor antagonists bicuculline methiodide (20 μM; Sigma-
Aldrich), picrotoxin (200 μM; Sigma-Aldrich); the M1-cholinergic antagonist pirenzepine
(10 μM, RBI); the gap junction blocker carbenoxolone (100 μM; Sigma-Aldrich); dopamine
(10 μM; diluted in ascorbic acid 0.1 %; Sigma-Aldrich); the mGluR agonist (2S,2′R,3′R)-2-
(2′,3′-dicarboxycyclopropyl) glycine (DCG-IV; Tocris-Cookson). A bipolar (tip separation
50 μm), glass-insulated platinum wire (50 μm) electrode was placed over different sites of
the granule cell layer of the DG for stimulation with pulses of 0.01-0.1 ms delivered every
20 s (see Fig. 1C1). This location of the stimulation electrode has two advantages. First, it
prevents direct stimulation of dendrites of PCs or interneurons, which may activate PCs and,
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second, the longer distance with respect to the recording electrode allows separation of the
stimulus artifact from the evoked spikelets. Intracellular activity of PCs was recorded with
glass microelectrodes (50–80 MΩ) filled with potassium acetate (2 M) using an AxoClamp
2B amplifier (Molecular Devices, Foster City, CA). Signals were digitized (at 10 KHz;
Digidata, Molecular Devices) acquired and analyzed off line with the pClamp 9 Software
(Molecular Devices).

Computational Methods
We constructed a multi-compartment model of a PC, using the architecture of the model
described in Traub et al. (1994), with 64 compartments for soma and dendrites, and 6 for the
axon. Compartment sizes were the same as before, except for a thinner axon initial segment.
Rinput was 37 MΩ, Rm 50,000 and 1,000 Ω-cm2 for soma/dendrites and axon, respectively,
and Ri 200 and 100 Ω-cm for soma/dendrites and axon, respectively. Cm was 0.8 μF/cm2.
We used a different repertoire of membrane currents and kinetics, however, namely those
described in Traub et al. (2005), including transient and persistent gNa, high- and low-
threshold gCa, 5 types of voltage- and Ca2+-dependent K+ currents, and an anomalous
rectifier. We simulated gap junctional inputs to the PC, from MF terminal action potentials,
by injecting brief depolarizing current pulses (3 - 5 nA, 0.4 ms) into the proximal apical
dendritic compartment. Current pulses were delivered at different levels of Ca2+-dependent
slow afterhyperpolarization (AHP) conductance, the major effect of which was to alter
membrane shunting. The current pulses evoked isolated spikelets with relatively larger AHP
conductance values, and the pulses evoked spikelets leading into bursts at smaller AHP
values. The data also show that spikelets can plausibly arise from electrical inputs into the
proximal dendrites and do not necessarily require axonal activation. The simulation code
was written in Fortran (CA3pyr.f) and is available upon request from rtraub@us.ibm.com.

Results
We show that granule cell activation produces fast spikelets in PCs, consistent with the idea
of electrical communication between the MFs and PCs (Fig. 1). Unequivocal evidence that a
spikelet is produced by an action potential conveyed by a MF would require simultaneous
recordings of a granule cell and a PC. The scarcity of the MF-to-PC connections makes this
approach unfeasible. An experimental approach has been developed to simultaneously
record a MF giant bouton and a PC (Bischofberger et al., 2006), which, however, is neither
adequate nor practical for our purposes, as a capacitive artifact may interfere with the
detection of fast electrotonic coupling (P. Jonas, personal communication). Instead,
intracellular recording of responses of PCs to distal stimulation of the DG provides an
effective means to isolate spikelets from the stimulation artifact and also prevents the
activation of PC axon collaterals and local interneurons. Moreover, due to the extremely low
probability of finding electrically coupled MFs and PCs (see below), the use of sharp
electrodes is a practical means to probe for electrical responses by performing multiple
trajectories and, thus, recordings of several cells in a given experiment. We recorded
synaptic responses of PCs in the CA3a-b area following DG stimulation in the presence of
antagonists of NMDA and AMPA-type glutamate receptors, and of GABAA, and ACh-M1
receptors. Antagonists were diluted in ACSF containing physiological levels of calcium.
Stimulation of the molecular layer of the DG evoked spikelets, attributed to electrical
coupling, in 16 out of 339 recorded PCs (4.7%; Fig. 1). The spikelets had a mean amplitude
of 4.4 ± 0.89 mV (mean ± s.e.m.), an onset latency of 3.9 ± 0.1 ms and a 20-80% rise time
of 0.44 ± 0.03 ms (n = 13). In contrast, monosynaptic excitatory postsynaptic potentials
(EPSPs) recorded in 100 PCs had an onset latency of 4.5 ± 0.8 ms and a 20-80% rise time of
2.5 ± 0.2 ms. In our recording set-up, we estimated a conduction velocity of ca. 0.37 m/s.
Spikelets were evoked in an all-or-none fashion when the threshold intensity was reached
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and their amplitude did not vary on increasing stimulation intensity (Fig. 1A1). Also, further
increasing the stimulation intensity of the DG stimulation did not evoke antidromic action
potentials. By contrast, stimulation provided close to the recorded cell, in the stratum
radiatum, evoked antidromic action potentials with a latency of 1 ms or less (not shown). On
depolarization of the PC, DG stimulation evoked an action potential with a notch in its rising
phase (Fig. 1A2, B1). On the other hand, hyperpolarizing the membrane potential had no
effect on the amplitude of the spikelet until the hyperpolarization reached ≥15 mV, which
suppressed it (Fig. 1B1). In 114 recordings, we delivered the stimuli over different sites of
the DG (usually 4) to look for converging MF electrical inputs and to corroborate that the
responses were not due to artifacts produced by current spreading through the extracellular
fluid. In all but one case, only one stimulation site was effective in evoking a spikelet (Fig.
1B1, B2, C1, C2). Moreover, in some cells, besides recording the spikelets evoked by DG
stimulation, we recorded IPSPs evoked by direct stimulation of the pyramidal cell layer in
CA3 in the presence of glutamatergic antagonists, which were not preceded by a fast
spikelet (Fig. 1C2). In most of the cells that exhibited evoked spikelets, spontaneously
occurring ones were also observed at resting membrane potential (Fig. 2A, B), some of
which preceded an action potential or a burst of action potentials (Fig. 2C). Their 20-80%
rise time was not statistically different from that of the evoked spikelets (0.54 ± 0.05 ms, n =
5; Wilcoxon signed rank test, p = 0.3). Because MFs are known to contact the PCs in the
proximal apical dendrite, we sought to corroborate whether a brief current pulse injection to
the proximal dendritic compartment of a multi-compartment model of a CA3 PC would
reproduce the waveforms that we observed in our experiments in the absence of chemical
transmission (Fig. 2C, D). The model replicated the various waveforms evoked by MF
stimulation. Indeed, simulations yielded both isolated spikelets (Fig. 2E1) and spikelets
giving rise to action potentials (Fig. 2E2), which support the hypothesis that the spikelets
evoked by DG stimulation are indeed generated in the proximal part of the apical dendrite of
the PCs, where MFs are known to contact the PCs.

Some fast Na+ channels involved in spikelet propagation may be inactivated at resting
membrane potential, thereby reducing spikelet amplitude (Schmitz et al., 2001). To remove
effects of Na+ channel inactivation, we injected a hyperpolarizing current pulse prior to the
spikelet initiation and found that the spikelet amplitudes significantly increased from a mean
amplitude of 6.7 mV to 10.3 mV (n = 5, t test, p < 0.01; Fig. 2F1-2). Further evidence for the
electrical nature of the evoked responses was obtained by perfusing the gap junction blocker
carbenoxolone (100 μM), which reduced the amplitude of the spikelets by 80 ± 8% (n = 5;
Fig. 2G). Interestingly, dopamine (DA), which is known to potentiate the electrical
responses in the Mauthner cell synapse in the goldfish (Pereda et al., 1992), caused a
significant increase in the amplitude of the pharmacologically isolated spikelets (416 ± 39%,
n = 3, Figure 2H) such that they could eventually provoke firing of action potentials.

If MFs can communicate via electrical signaling with the PCs, mixed electrical-chemical
signaling would be expected to occur under normal neurotransmission conditions. To
corroborate the presence of mixed electrical-chemical transmission, we recorded synaptic
responses in PCs evoked by the stimulation of 4-6 different sites of the DG under normal
neurotransmission conditions. We detected a spikelet preceding the EPSP in 16 out of 335
recorded PCs (4.8%; Fig. 3). In some of these experiments, the stimulation initially
produced an EPSP and, when threshold intensity for activating a MF that established an
electric synapse was reached, the EPSP was preceded by a fast spikelet. The amplitude of
the EPSP augmented as stimulation intensity was increased, whereas the amplitude of the
spikelet was not modified (Fig. 3A, B). In other cells, spikelets were readily evoked at the
minimal intensity needed to evoke any synaptic response (Fig. 3C). Because the synaptic
responses that we studied were provoked by extracellular bipolar stimulation in the
molecular layer of the DG, the variability in the threshold current intensity for eliciting fast
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spikelets could be due to the probability with which the electrode location and the
stimulation intensity are capable of activating a MF that actually establishes gap junctions
with the recorded PC. Spikelets that preceded EPSPs had a mean amplitude of 6.1 ± 0.5 mV
and an onset latency of 3.6 ± 0.2 ms (n = 10). Because responses of MF origin undergo
strong frequency potentiation, we initially stimulated at 0.05 Hz and increased the frequency
to 1 Hz. This manipulation strongly potentiated the EPSP and readily induced action
potentials, while the spikelet remained unchanged (Figure 3C, D). In two cells, where the
EPSP was not apparent after the spikelet, increasing the stimulation frequency revealed the
EPSP after a few stimuli (Fig. 3C). The pharmacological signature of transmission of MF
origin is its sensitivity to activation of group II mGluRs, which depresses evoked
glutamatergic responses (Kamiya et al., 1996). As expected, the mGluR-II agonist DCG-IV
significantly depressed the evoked EPSP (65 ± 7 % as measured by the area under the curve
of the EPSP; n=3), while the spikelet remained unchanged (Figure 3D, E). Finally, to
determine how the post-synaptic cells integrate the electrical responses to repetitive
stimulation, we stimulated the DG at 10 and 50 Hz in 4 experiments. Repetitive stimulation
in the absence of chemical transmission with interstimulus intervals (ISI) of 20 and 100 ms,
allowed a complete repolarization of the membrane after the post-depolarization that follows
the spikelet in two experiments (Fig. 4A1—2; see also Fig. 2F2 and G). By contrast, in the
other 2 experiments, while an ISI of 100 ms produced the effect just described, an ISI of 20
ms produced spiking activity due to temporal summation of the post-synaptic responses
(Fig. 4B3). In the cell depicted in Fig. 4B, stimulation at 50 Hz in normal ACSF produced an
initial hyperpolarization during the train, due to build-up of inhibition provided by the feed-
forward mechanism that MFs drive (Fig. 4B1; Mori et al., 2007). The perfusion of ionotropic
glutamatergic and GABAergic antagonists blocked all synaptic responses at 50 Hz (Fig.
4B2). Under these conditions, raising the stimulation intensity to recruit the fiber responsible
for the electrical spikelet (see also Fig. 1) provoked a rapid summation of the post-synaptic
responses, whereby a slow depolarization built-up while the neuron fired action potentials.
Again, we corroborated whether high frequency input to the proximal dendritic
compartment of a multi-compartment model of a CA3 PC reproduced the waveforms that
we observed in our experiments. The model closely replicated the waveform evoked by MF
stimulation, whereby a summation of responses leading to spiking activity could be
observed (Fig. 4C1-2).

Discussion
Electrical-chemical, mixed synapses have been extensively documented in lower vertebrates
and the best characterized are the large Club Ending terminals on Mauthner cells in the
goldfish (Pereda et al., 1992). In the adult mammalian brain, however, mixed synapses have
remained elusive. This is probably due to their low incidence, and because special recording
conditions must be met, which are not routinely used in electrophysiological experiments.
Here we have provided evidence of mixed electrical-chemical responses in pyramidal cells
of CA3, consistent with axo-dendritic mixed electrical-chemical synapses between the MFs
and pyramidal cells.

Specificity of mossy fiber responses
Unequivocal proof of MF-to-PC electrical communication can only be obtained by
simultaneous recording of the pre- and the post-synaptic neurons. This approach is not
feasible because a granule cell has a very low probability of making synaptic contact with a
given given PC (Claiborne et al., 1986; Chicurel & Harris, 1992; Acsády et al., 1998).
Moreover, the slicing procedure is likely to restrict even more the possibility of recording
synaptically connected cells. Therefore, we here studied electrical coupling between MFs
and PCs of CA3 by conducting intracellular recordings with sharp microelectrodes in the
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latter and extracellularly stimulating the molecular layer of the DG to activate granule cells.
Besides the advantages of this experimental set-up, addressed in the Methods section,
stimulation of the molecular layer of the DG allows the isolation of the electrical spikelets
from the stimulation artifact intracellularly recorded from distal PCs due to MFs slow
conduction velocity (Henze et al., 1997; Schmidt-Hieber et al., 2008). Moreover, the
stimulation in the molecular layer of the DG prevents the activation of PC axon collaterals
and hilar interneurons. Indeed, activation of PC axon collaterals or local interneurons would
produce responses of very short latencies and electrical coupling between cells in CA3
rarely takes place when the neurons are more than 50 μm apart and, when coupled,
responses have latency values of < 0.4 ms (Mercer et al., 2006). Despite this evidence, we
can not fully discard the possibility of activating neuronal processes other than MFs.
Although there are no reports of projections from the molecular layer of the DG to CA3a or
b, other than MFs, anatomical work has shown interneurons located in stratum lucidum or
hilus (Spruston et al., 1997; Sik et al., 1997; Buhl et al., 1997) that could extend processes
that connect both distal areas. Such processes may establish electrical connections with MFs
or with other interneurons, which, in turn, establish electrical connections with PCs. This
form of connectivity is a theoretical possibility, although it might be considered unlikely,
given the latency of the responses that we found, which correspond to MF conduction
velocity.

Mossy fiber stimulation provokes electrical spikelets in the absence of chemical
transmission and mixed electrical-chemical spikelets under normal neurotransmission
conditions in CA3 pyramidal cells

We initially looked for the presence of electrical spikelets on stimulation of the molecular
layer of the DG in the absence of chemical transmission. We found that only in ~ 5% of the
recorded PCs would DG stimulation provoke fast electrical spikelets. This is likely to be an
underestimate of true coupling frequency as the MF-to-CA3 connectivity is disrupted by the
slicing procedure and because spikelets were recorded under physiological calcium
concentrations, which does not favor the opening of gap junctions. These electrical
responses presented an onset latency and an estimated conduction velocity that are
consistent with transmission of MF origin, similar to those reported by Henze et al. (1997)
using the same recording conditions. The rise time of the spikelets that we recorded was
slower than that observed in DG somata after MF stimulation (Schmitz et al., 2001),
possibly due to the higher capacitive load and lower input resistance of PCs compared to DG
cells (Draguhn et al., 1998), and/or to a dendritic vs axonal origin of the spikelets.
Importantly, the electrical spikelets were evoked in PCs by stimulating only one of several
sites in the DG, showing their origin to be highly localized and site-specific, and not due to
current spread through the extracellular medium. In fact, in no case did we provoke
antidromic potentials or a shift of the onset latency of the spikelet upon increasing the
stimulation intensity. This was also confirmed by stimulating close to the recorded cell, in
the PC layer, which could evoke IPSPs but not spikelets, in the presence of glutamatergic
blockers. Mossy fibers contact the proximal apical dendrites of the PCs in CA3 area in the
stratum lucidum. Therefore, using a multi-compartment model of a PC, we show that the
various waveforms evoked by MF stimulation in the absence of chemical transmission can
be replicated, suggesting that the electrical synaptic contacts were indeed of MF origin.

Because this evidence strongly suggests that MFs establish electrical synapses with a
number of PCs, we hypothesized that a mixed electrical-chemical response should be
observed under normal neurotransmission conditions, as MFs release glutamate. Indeed, we
observed such a mixed response in the same proportion of cells in which we recorded the
pharmacologically isolated spikelets (~ 5%). When the stimulation frequency was switched
from 0.01 to 1 Hz the fast spikelets remained unchanged, while the EPSPs underwent
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marked frequency facilitation and readily produced action potentials. As expected from
neurotransmission of MF origin, mGluR activation produced a marked depression of the
chemical component of the synaptic response. The presence of these characteristics has been
used to identify synaptic responses of MF origin (Kamiya et al., 1996; Nicoll & Schmitz,
2005). It is noteworthy that the inhibition of > 70% that DCG-IV normally produces on MF-
mediated glutamatergic responses can not be compared to the amount of inhibition that we
describe, because we measured the change in the area under the curve of the mixed
electrical-chemical response, and not the amplitude of the isolated glutamatergic potentials.
Therefore, the inhibition of the area under the curve reflects the depression of the chemical
component, while the amplitude (Fig. 3) and waveform of the spikelet was not affected (not
shown). Finally, when blocking the chemical component with ionotropic glutamatergic and
GABAergic antagonists, DG stimulation could still evoke spikelets that were strongly
depressed by carbenoxolone. It is noteworthy that this gap junction blocker, despite having
some non-specific effects on chemical transmission (Tovar et al., 2009), without doubt
blocks electrical transmission. Therefore, as these non-specific effects relate to chemical
synaptic transmission, they are not relevant to our paradigm and, thus, do not invalidate our
findings, given that we could block the spikelets while synaptic transmission was already
blocked. The relevant worries are on intrinsic membrane properties, and that has been ruled
out by Schmitz et al. (2001). Indeed, this study showed that carbenoxolone had no effect on
action potentials in hippocampal PC axons, and directly in MF synaptic boutons. Our
present data show that principal cells can be also electrically coupled and, thus, suggest a
possible electrical interaction of two main structures of the hippocampus: the DG and CA3
area. Interestingly, another pharmacological result that speaks in favor of MF-to-CA3
electrical communication is the potentiation effect of DA, receptors for which are present in
the MFs (Kobayashi & Suzuki, 2007). Interestingly, DA has been shown to potentiate both
the chemical and electrical components of the postsynaptic responses in Mauthner cell
mixed synapse (Pereda et al., 1992). The DA receptor involved in the potentiation of
electrical signaling that we observed, as well as the functional consequences of this effect
need further investigation.

That DG-evoked spikelets were suppressed while the membrane potential of the PC was
hyperpolarized by ≥15 mV suggests that the injected hyperpolarizing current could spread
and hyperpolarize the presynaptic MF terminal, thereby interfering with the conduction of a
full-blown action potential. In this regard, since a remarkable characteristic of granule cells
is their ability to convey analog signals from their dendrites to the MF terminals (Alle &
Geiger, 2006), trans-synaptic analog transmission through mixed synapses at MF terminals
could provide an effective means for graded, possibly bi-directional, synaptic
communication; and this could be of particular importance for synapses with such low
release probability (Jonas et al., 1993). It has been shown that MF boutons are endowed with
a high density of Na+ channels (Engel & Jonas, 2005), which can contribute to the non-
decremental signal propagation along the axon. Thus, gap junctions at the MF-PC synapse
may allow the electrical activity in the PC targets to cause retrograde sub- and
suprathreshold electrical activity in the presynaptic MF boutons and action potentials in the
MF. These gap junctions may also enhance cooperativity of glutamate release at MF
synapses. This is perhaps of relevance to plasticity at the MF synapse, where LTP can be
expressed in NMDAR-independent (Zalutsky & Nicoll, 1990) and NMDAR-dependent
(Kwon & Castillo, 2008) manners. On the other hand, fast electrical communication might
affect the strong but slower feed- forward inhibition occurring in the DG-to-CA3
connection. Furthermore, granule cell activity produces strong feed forward inhibition in
CA3, which transiently suppresses excitatory input to PCs (Mori et al., 2007; Figure 4B in
this work). Thus, gap junctions could in principle ensure an effective activation of a
selective set of PCs, bypassing the strong action of feed-forward inhibition, as our data
suggest (see Figure 4B). In this regard, it remains to be determined whether electrical
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communication in the MF projection is target specific, i.e., if it also involves interneurons,
which are the major postsynaptic targets of MFs in the rat hippocampus (Acsády et al.,
1998). Noteworthy, preliminary anatomical evidence at the EM level for the presence of gap
junctions between the MFs and PCs has already been presented (Kamasawa et al., 2007).

Neurons at early postnatal ages appear to be extensively coupled by gap junctions (Bennett
& Zukin, 2004). Because granule cells are continually produced in adult DG (Cameron &
McKay, 2001), it might be proposed that electrical coupling in the MF synapse in adult rats
is associated primarily with fibers of newly-generated granule cells. Indeed, it is suggestive
that approximately 5% of granule cells present at a given time are newborn ones. However,
one should keep in mind that the probability of stimulating a newborn granule cell
projecting its processes from the molecular layer of the DG to CA3b should be rather low.
The possibility that the new neurons, born in the adult rat, establish electrical
communication through gap junctions with their synaptic targets at some point during their
development is still to be explored.

Physiological implications
An attempt to address the physiological meaning of electrical communication in this synapse
would be rather speculative, as numerous possibilities can be considered. Our recordings
show a low incidence of such connections, but the type of slice preparation and the sampling
method, by intracellular recordings, are surely underestimating the real number of mixed
synapses. Nonetheless, despite the low percentage of PCs that we found responsive to DG
stimulation with electrical spikelets, the presence of such cells in the rat hippocampus may
have profound physiological effects given that each PC contacts other neighboring PCs.
Electrotonic transmission may enable an early interaction of the spikelet with a concomitant
EPSP of a nearby chemical synapse, providing a time window for temporal summation or
other interactions of postsynaptic responses. Also, reciprocity of electrotonic transmission
between the postsynaptic cell and the presynaptic axon could lead to a prolonged and
synchronous release of neurotransmitter, which would prove to be a novel mechanism for
synaptic plasticity. Indeed, the retrograde sub- and suprathreshold electrical activity in the
presynaptic MF boutons may in turn enhance glutamate release at MF synapses.

It has been recently observed that spikelets do have an impact on hippocampal activity
during spatial exploration (Epsztein et al., 2010). In addition, a recent study showed that the
blockade of gap junctions with carbenoxolone was able to disrupt a hippocampal-specific
learning task associated to theta rhythms modulated by electrical synapses in the
interneuronal network (Bissiere et al., 2011). In these reports it was not possible to identify
the origin of the spikelets, in the former, or to selectively block electrical transmission of
specific synapses, in the latter. Thus, the well-known interneuronal electrical connections
are immediately associated to the studied phenomena. Because of the important role of the
DG in hippocampal physiology, we suggest that also principal cell-to-principal cell
electrical connections, like the one that we here describe, may play an important role in
information processing. How this specific connection is involved in learning, memory and in
the setting of temporal and place codes needs further investigation. Because of the low
connectivity in the MF-to-CA3 synapse and because of the scarcity of electrical
communication, such an arrangement might synchronize “discrete modules” of pyramidal
cells, for example during epileptic activity. The CA3 region generates intrinsic oscillatory
frequencies both in vitro and in vivo, and plays a crucial role in the generation and
propagation of seizures (Traub et al., 1996). In particular, changes in pH can open or close
gap junctions (Spray et al., 1981), and pathological conditions like epilepsy might produce
such changes (Traub et al., 2010). If electrical transmission from MFs to PCs is particularly
strong, fast, and reliable, major effects on information processing are to be expected.
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Figure 1.
Mossy fiber activation evokes spikelets in PCs of CA3 at resting membrane potential in the
presence of glutamate, GABAA and ACh-M1 receptor antagonists at physiological calcium
concentration. (A1) Spikelets are evoked in an all-or-none fashion once threshold is reached.
The variability in the threshold current intensity for eliciting fast spikelets is due to the
probability with which the electrode location and the stimulation intensity are capable of
activating a MF that actually establishes gap junctions with the recorded PC. When
stimulation is given at a depolarized membrane potential (A2 and displaced trace in B1), the
PC fires an action potential, which is preceded by a notch (arrow) corresponding to an
underlying spikelet. By contrast, hyperpolarization of the membrane potential by ≥ 15 mV
suppresses the spikelet. (B2) Stimulation 300 μm away from the first stimulation site does
not evoke any response in the same cell, indicating that the spikelet originated by
stimulation of the first site is synapse-specific and not due to electrical artifacts. Similar
results were obtained when stimulating farther away from the initial effective site (C1) and
when placing the stimulus electrode in the pyramidal cell layer of CA3 (C2), which evoked
an IPSP, only in the presence of glutamatergic antagonists.
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Figure 2.
(A) Spontaneous spikelets with similar rise-time as the evoked ones were recorded in most
of the responsive PCs. (B) Spikelets (arrow) occurred either preceding action potentials
(single asterisk) or isolated (double asterisk). (C) Spontaneous events depicted in B with
asterisks, at an expanded time scale. (D) Evoked spikelet followed by an action potential.
(E) The waveforms of the experimentally obtained synaptic events in C and D were
reproduced by a compartmental model. We simulated gap junctional inputs to PCs, from MF
action potentials, by injecting brief depolarizing current pulses (3 nA, 0.4 ms) into the
proximal apical dendritic compartment. (E1) The current pulses evoked isolated spikelets
with relatively larger afterhyperpolarization conductance values. (E2) The pulses evoked
spikelets leading into bursts at smaller afterhyperpolarization values. (F1, F2) A MF-evoked
spikelet at resting membrane potential is enhanced when preceded by a hyperpolarizing
pulse. This is consistent with removal of inactivation from fast Na+ channels. (G)
Carbenoxolone (100 μM), a gap junction blocker, strongly depressed the MF-evoked
spikelets, while DA (10 μM) strongly enhanced them (H).
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Figure 3.
Mossy fiber activation evokes mixed electrical and chemical synaptic responses in PCs
under normal neurotransmission conditions. (A) Increasing stimulation intensities enhanced
the chemical component of the synaptic response, while the spikelet was evoked upon
reaching threshold intensity and not further modified by increasing the stimulus intensity.
(B) Input-output curve of the chemical (EPSP) and electrical (spikelet) synaptic
components. Note that the spikelet is evoked in an all-or-none fashion. (C, D) The chemical
component following the spikelet was better observed after increasing the stimulation
frequency from 0.05 to 1 Hz, which eventually produced action potentials riding on the
EPSP (arrow in avg 1 Hz). (D) Plot of the behavior of the EPSP (area under the curve; left y
axis) and of the spikelet (amplitude; right y axis) at 0.01 and 1 Hz and during the perfusion
of DCG-IV. APth on the left hand axis signals action potential threshold. Because the effect
of high frequency stimulation and of DCG-IV was estimated by measuring the area under
the curve of the EPSP, no complete depression could be observed when perfusing DCG-IV,
which isolates the area under the curve of the depolarization following the spikelet. The
spikelet itself was not affected (E).
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Figure 4.
Integration of electrical communication at high frequencies. In 2 (out of 4) experiments,
stimulation at 10 (A1) and 50 Hz (A2) produced spikelets for each stimulus of the train in the
presence of ionotropic glutamatergic and GABAergic antagonists. Asterisks signal stimulus
artifacts; arrows signal spikelets. (B1) Under normal neurotransmission conditions (ACSF),
stimulation of the MF at 50 Hz produces hyperpolarization of the cell membrane due to
feed-forward inhibition. (B2) Perfusion of ionotropic glutamatergic and GABAergic
receptors antagonists (NBQX+APV+BICU) blocks all synaptic responses. (B3) Under these
conditions, stimulation at an intensity that recruits an electrically-coupled MF produces
spikelets that give rise to action potentials over a slow depolarization produced by temporal
summation of the responses (in 2 out of 4 experiments). (C1) Using the same model as in
Figure 2, brief current pulses (0.4 ms, 5 nA) were injected into the proximal apical dendrite,
at 50 Hz, corresponding to putative synchronized presynaptic terminal spikes in structures
electrically coupled to the simulated cell. Note the brief bursts of spikes (often with a small
spikelet on the rising phase of action potentials), alternating with larger spikelets. (C2) First
4 responses of the 50 Hz train, depicted in B3. The first and third responses in the train are
spikelets (arrows), while the second and fourth stimuli (short, thin arrows) originated action
potentials.
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