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Abstract Electrical synapses formed by gap junctions

between neurons create networks of electrically coupled

neurons in the mammalian brain, where these networks

have been found to play important functional roles. In most

cases, interneuronal gap junctions occur at remote dendro–

dendritic contacts, making difficult accurate characteriza-

tion of their physiological properties and correlation of

these properties with their anatomical and morphological

features of the gap junctions. In the mesencephalic tri-

geminal (MesV) nucleus where neurons are readily

accessible for paired electrophysiological recordings in

brain stem slices, our recent data indicate that electrical

transmission between MesV neurons is mediated by

connexin36 (Cx36)-containing gap junctions located at

somato–somatic contacts. We here review evidence indi-

cating that electrical transmission between these neurons is

supported by a very small fraction of the gap junction

channels present at cell–cell contacts. Acquisition of this

evidence was enabled by the unprecedented experimental

access of electrical synapses between MesV neurons,

which allowed estimation of the average number of open

channels mediating electrical coupling in relation to the

average number of gap junction channels present at these

contacts. Our results indicate that only a small proportion

of channels (*0.1 %) appear to be conductive. On the

basis of similarities with other preparations, we postulate

that this phenomenon might constitute a general property

of vertebrate electrical synapses, reflecting essential

aspects of gap junction function and maintenance.
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transmission � Gap junction

Gap junctions mediate electrical transmission between

neurons by providing a pathway of low resistance for the

spread of electrical currents and small metabolites (Bennett

1997). Contrasting initial perceptions and overcoming

technical challenges and long-standing prejudices (Bennett

and Pereda 2006), electrical synapses are now known to be

present in virtually every structure of the mammalian brain,

where they usually form networks of electrically coupled

neurons (Bennett and Zukin 2004; Connors and Long 2004;

Hormuzdi et al. 2004). However, and in marked contrast

with some advantageous teleost model synapses (Pereda

et al. 2004), the dendro–dendritic location of neuronal gap

junctions in most brain structures (Connors and Long 2004)

makes it difficult to correlate their physiological properties

with anatomical features.

The mesencephalic trigeminal (MesV) nucleus, formed

by the somata of primary afferents originating in jaw-

closing muscles, constitutes one of the first examples

supporting the presence of electrical synapses in the

mammalian central nervous system (Hinrichsen and Lar-

ramendi 1970; Hinrichsen 1970; Baker and Llinás 1971;

Llinas 1975). The demonstration of electrical coupling

relied on indirect electrophysiological evidence obtained
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by stimulating the peripheral projections of these afferents

at a strength that was subthreshold for the recorded neuron,

but was suprathreshold to others, thus allowing the detec-

tion of a depolarizing coupling potential, which represented

the electrotonic spread of action potentials from electrically

coupled cells (Hinrichsen 1970; Baker and Llinás 1971).

Because of its limitations, this approach precluded a

detailed analysis of the properties of these electrical syn-

apses and the organization of electrical coupling within this

nucleus. By combining tracer coupling analysis and immu-

nochemistry with current electrophysiological approaches

in rodent slices, we recently examined the properties,

organization and developmental profile of electrical cou-

pling between MesV neurons (Curti et al. 2012). Interest-

ingly, we demonstrated that coupling between MesV

neurons was mostly restricted to pairs (or very small

clusters) of neurons and, in contrast with most examples

where coupling decreases or disappears with age (Peinado

et al. 1993; Meier and Dermietzel 2006), coupling was

absent during early development and appeared at about

postnatal day 8 to remain as a feature of the mature cellular

phenotype of these neurons (Curti et al. 2012). In addition,

we demonstrated that electrical transmission between

MesV neurons is mediated by anatomically distinct so-

mato–somatic contacts that contained, as with most mam-

malian electrical synapses (Bennett and Zukin 2004;

Connors and Long 2004), the gap junction protein Cx36

(Curti et al. 2012).

Estimates obtained at mixed synapses formed by affer-

ent terminals on the goldfish Mauthner cell (for review, see

Pereda et al. 2004), where the number of channels was

obtained from direct ultrastructural reconstruction of these

terminals (Tuttle et al. 1986), suggested that only a small

percentage of channels (*1 %) support the electrical

component of a unitary mixed synaptic potential (Lin and

Faber 1988). We review here evidence suggesting that,

consistent with this finding, electrical transmission between

mammalian neurons is also supported by a very small

fraction of gap junction channels. Taking advantage of the

uncommon experimental accessibility of MesV, we com-

bined imaging-based estimates of numbers of channels

present with physiological measurements and found that

electrical coupling is supported by a surprisingly small

fraction of conductive channels.

Methods

For these experiments, Sprague Dawley or Wistar rats were

used. Slicing and recording techniques were similar to

those described previously (Curti et al. 2012). Detailed

illustration and interpretation of electrophysiological

recordings described here can be found in our previous

report (Curti et al. 2012). Methods for tissue preparation

and immunolabeling, sources of antibodies, and their

specificity and analysis by confocal microscopy were as we

previously described in studies of connexins in the central

nervous system (Li et al. 2004a, b; Penes et al. 2005).

Interpretations of images presented are also extensively

described in our previous report (Curti et al. 2012). Sta-

tistical analysis is expressed as standard deviation (SD) or

standard error of the mean (SEM).

Results

Using in vivo single intracellular recordings, Baker and

Llinás (1971) revealed the existence of electrical coupling

between neurons of the MesV. We have more recently

investigated the presence of electrical coupling between

adjacent pairs of these neurons using paired-recordings in

slices of rat brain stem visualized by IR-DIC (Fig. 1a).

MesV neurons were identified by their large spherical

somata and characteristic electrophysiological properties in

response to current steps of both polarities (Pedroarena

et al. 1999). The presence of electrical coupling was tested

by recording membrane responses in two adjacent MesV

neurons after the injection of hyperpolarizing current pul-

ses in one of the cells. An example of a coupled pair is

illustrated in Fig. 1b, in which a current pulse in the pre-

synaptic cell evokes a membrane response in the postsyn-

aptic cell of the same sign but of lower amplitude and

slower temporal course. About 23 % of the explored pairs

(n = 243) were electrically coupled. For each coupled pair,

the coupling coefficient and junctional resistance were

estimated and expressed as the average of the values in

both directions (see Curti et al. 2012 for details) averaging

0.19 ± 0.14 SD and 6.2 ± 6.33 nS SD, respectively

(n = 47). Estimates of junctional conductance in both

directions for each pair showed a positive correlation with

a slope of 1.04 (R2 = 0.75) not significantly different than

one (p = 0.7), indicating that gap junctional conductance

between MesV neurons is largely nonrectifying (Curti et al.

2012).

Somato–Somatic Contact Areas Contain Cx36

We next investigated by immunohistochemical approaches

whether Cx36, a widespread neuronal connexin responsible

for most electrical coupling in mammalian brain (Nagy

et al. 2004; Meier and Dermietzel 2006; Condorelli 1998;

Söhl et al. 1998), was expressed by MesV neurons of rats at

postnatal day 15, corresponding roughly to the age at which

electrophysiological studies of coupling between MesV

neurons were conducted. At anterior levels through the

MesV nucleus, neuronal somata are somewhat dispersed
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along a dorsoventral axis, thus reducing the frequency of

contacts between them. Nevertheless, most of these neu-

rons were moderately laden with fine Cx36-positive puncta

around their periphery. At more posterior levels, the MesV

nucleus is much more compact, with constituent somata

often appearing in clusters and in close apposition to each

other. Labeling associated with MesV somata consisted of

both fine Cx36-positive puncta around the somata surfaces

and large aggregates of puncta at points of contact (Fig. 1c,

arrowheads). Through focus of entire cells by confocal

microscopy revealed that virtually all of the fine dispersed

puncta were localized to the cell surface rather than

intracellularly (Curti et al. 2012).

As shown by confocal analysis (Fig. 2a), immunola-

beling at somatic appositions did not consist of a single

large immunopositive plaque, but rather of numerous small

puncta. Aggregates of puncta at somatic appositions were

often visualized on edge but were occasionally captured en

face (Fig. 2a, top), revealing various features of their

organization. Taking advantage of the uncommon oppor-

tunity of identifying the junctional area between two neu-

rons (most electrical coupling in mammalian neurons

generally occurs at remote dendro–dendritic contacts;

Connors and Long 2004), we calculated the average area of

labeling for Cx36 at somato–somatic contacts. As deter-

mined from en face views of Cx36 immunofluorescence at

contact sites between MesV somata (Fig. 2a), the average

number of Cx36-puncta per apposition was 70.1 ± 9.9

SEM, the puncta diameter was 0.34 ± 0.09 lm SEM, and

the average puncta area was 0.36 ± 0.028 lm2 SEM

(n = 10) (Fig. 2b–d). Complete confocal reconstruction of

these contacts areas allowed us to determine that labeling

most frequently appeared at appositions linking pairs or

triplets of somata (Curti et al. 2012).

Somatic appositions between MesV neurons at postnatal

day 9 and in adult did not display any immunolabeling for

all other connexins examined, including connexins found

in various peripheral cell types such as Cx30.3, 31.1, Cx31,

Cx37, Cx39, Cx40, Cx46 or Cx50 (not shown). Nor did

these appositions display labeling for connexins (Cx26,

Cx29, Cx30, Cx32, Cx43 and Cx47) expressed in glial cells

(Nagy et al. 2004), as shown by examples of double

immunofluorescence labeling for some of these connexins

in combination with labeling for Cx36 (Fig. 3). Immu-

nolabeling for Cx32 was localized to myelinated fibers

traversing a region immediately adjacent laterally to the

Fig. 1 Electrical transmission

between MesV neurons. a IR-

DIC image of a pair of

contiguous MesV neurons

during a simultaneous whole-

cell recording. b Simultaneous

recording from a pair of

electrically coupled MesV

neurons. Voltage responses to

200 ms hyperpolarizing (400

pA) current pulses injected

either in cell 1 (left) or cell 2

(right). c Immunofluorescence

labeling of Cx36 associated

with MesV neurons at postnatal

day 15. Labeling for Cx36 is

shown with red fluorochrome in

sections counterstained for Nissl

with green fluorochrome. Image

shows labeling for Cx36

(arrowheads) at appositions

between pairs of MesV neurons.

Modified from Curti et al.

(2012)
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MesV nucleus, and was absent in the MesV nucleus

(Fig. 3a). Punctate labeling for Cx47 was localized to oli-

godendrocyte cell bodies intermingled with fibers lateral to

the MesV nucleus (Fig. 3b). Labeling for Cx30 and Cx43,

which occur at astrocyte gap junctions throughout the brain

(Nagy et al. 2004), was found around the MesV nucleus

and sparsely dispersed within the nucleus (Fig. 3c, d).

None of these connexins were found to be colocalized with

Cx36 at appositions between MesV neurons, as shown by

image overlay of labeling for Cx36 in combination with

each of these connexins (Fig. 3a–d). Examination of other

connexins reported to be expressed in neurons of adult

brain (i.e., Cx30.2, Cx45 and Cx57) also revealed an

absence of these at MesV neuronal appositions, as shown

in the case of labeling for Cx45, which was instead

localized along blood vessels traveling through the MesV

nucleus (Fig. 3e), consistent with the expression of Cx45

by smooth muscle cells along vasculature elsewhere in

brain (Kruger et al. 2000; Li and Simard 2001).

Estimates of Junctional Conductance under Voltage

Clamp

The large spherical cell bodies and the somatic location of

the gap junctional area between these cells facilitates

recording from these cells and provides unusual advantages

for biophysical examination of the properties of native

neuronal gap junctions. More specifically, and in contrast

with other neuronal types, the somatic location of gap

junctions and spherical geometry of MesV neurons as well

as the fact they tend to be coupled in pairs, contribute to

alleviate space clamp limitations. We therefore obtained

direct measurements of junctional conductance from pairs

of coupled cells by using the dual whole cell patch clamp

technique. Current responses to voltage steps in a presyn-

aptic neuron where recorded in a coupled postsynaptic

MesV neuron (Fig. 4a), and the junctional conductance

was obtained from the slope of V–I relationships (Fig. 4b)

(Curti et al. 2012). Junctional conductance averaged

2.8 ± 2.0 nS SD, n = 8 (Fig. 5a). In pairs where it was

possible to estimate conductance in both directions the

values were largely symmetrical, corroborating the lack of

significant rectification at these contacts obtained under

current clamp conditions.

Electrical Coupling is Supported by a Small Fraction

of Open Gap Junction Channels

From the various measurements of labeled puncta (Fig. 2),

we calculated the total Cx36 labeled area (area of all

puncta) per apposition, which averaged 25.5 ± 3.9 lm2

SEM (Fig. 5b). Because Cx36 was the only connexin

detected at these contacts (Curti et al. 2012) and assuming

Fig. 2 Quantification of Cx36 labeling at somatic contact areas.

a Confocal immunofluorescence (z-stack) en face view and side view

appositions between two different pairs of MesV neurons. Only en
face views of Cx36-immunopositive clusters were used for quanti-

tation of Cx36-puncta area at appositions between pairs of MesV

neurons. b Average of puncta per apposition. c Average of puncta

diameter. d Average of puncta area

Fig. 3 Double immunofluorescence labeling of various connexins in

combination with Cx36 in MesV nucleus at postnatal day 15 in rat

brain. a, b Immunolabeling of the oligodendrocyte connexins Cx32

and Cx47 is restricted to myelinated fibers running lateral to the

MesV nucleus (A1, arrows) and to oligodendrocyte cell bodies (B1,

arrowheads), respectively; neither connexin is associated with MesV

neurons or with Cx36 (A2, B2, arrows; and A3, B3, overlay). c,

d Sparse immunolabeling of the astrocyte connexins Cx30 (c, arrows)

and Cx43 (d, arrows) occurs within the MesV nucleus, where Cx36 is

concentrated (c, d, arrows), and neither connexin is seen at MesV

neuronal appositions or in association with Cx36 (c, d, overlay).

e Punctate immunolabeling of Cx45 is restricted to blood vessels, in

this case to a vessel traversing through the MesV nucleus (E1,

arrows), and no labeling is seen associated with MesV neurons or

with Cx36 (E2, arrows, and E3 overlay). Scale bars = a, b, 100 lm;

c, 10 lm; d 20 lm; e, 50 lm

c
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that connexons in gap junction plaques between MesV

neurons are organized in a crystalline fashion, where

the density is reported to be 12,000 connexons per lm2

(Kamasawa et al. 2006), the labeled area corresponds to

about 306,000 channels. Because the single channel con-

ductance of gap junction channels formed by Cx36 was

reported to be 10–15 pS (Srinivas et al. 1999b; Teubner

et al. 2000), the values of junctional conductance indicate

that the average number of open gap junction channels was

of 190–280. Given that the opening probability of func-

tional gap junction intercellular channels was reported to

be close to 1 (Srinivas et al. 1999a), this estimate indicates

that, on average, only 0.06–0.09 % of gap junction chan-

nels between MesV neurons are conductive. Independent

estimates of junctional conductance between the same pairs

of MesV neurons using indirect approaches which involve

measurements of coupling coefficient and input resistance

provided independent support for the notion that a very low

fraction of open channels contribute to electrical coupling.

Indirectly estimated junctional conductance averaged

7.3 ± 5.0 nS SD (n = 9), representing 0.16–0.24 % of the

total population of channels, a value which was also con-

sistent with estimates obtained with current clamp for all

the coupled pairs. Finally, the differences in junctional

conductance observed between pairs of MesV neurons

would indicate that the number of open channels between

cells could be varied.

Fig. 4 Determination of junctional conductance between coupled

pairs of MesV neurons. a Current traces obtained under dual whole

cell voltage clamp configuration. Both cells were held at -50 mV and

voltage commands of increasing magnitude in steps of 5 mV of both

polarities were applied to one of the cells (cell 1, top), while

monitoring junctional current in the second cell (cell 2, bottom). The

transient component observed in response to strong positive voltage

commands corresponds to an undetermined voltage-dependent con-

ductance of the presynaptic cell that is not blocked by TTX or K?

channel blockers). b Graph of junctional current (ordinates) versus

transjunctional voltage (abscissa) for the recordings depicted in (a).

The data were fitted to a straight-line function and the junctional

conductance (Gj) was determined from the slope of this linear

regression (4.8 nS in this pair). Modified from Curti et al. (2012)

Fig. 5 A small fraction of gap junction channels supports electrical

transmission between pairs of MesV neurons. a Estimates of

junctional conductance obtained under voltage clamp configuration.

Individual (open circles) and average (solid circles) values are

illustrated superimposed (error bars indicate SD). According to these

estimates of macroscopic junctional conductance and assuming a

unitary conductance (cj) of 10–15 pS, the average number of open

channels is 190–280, representing the 0.06–0.09 % of the average

total population. b Average of Cx36 labeling area per apposition at

somatic contacts. Assuming a density of 12,000 connexons per square

micrometer, the averaged labeled area represents 306,000 intercellu-

lar channels per contact between MesV neurons. c The cartoon

illustrates that electrical transmission is supported by a small

proportion of open gap junction channels at appositions between

MesV neurons. Modified from Curti et al. (2012)
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Discussion

Taking advantage of current electrophysiological approa-

ches, our recordings from pairs of MesV neurons provided

direct evidence for the existence of electrical coupling

between neurons of the MesV nucleus (Curti et al. 2012).

Electrical coupling was symmetrical and junctions non-

rectifying. Strikingly, although unusually strong (Curti

et al. 2012), coupling was supported by a small number of

channels (*200), which represented a very small propor-

tion (*0.1 %) of the gap junction channels estimated to be

present at the contacts (Fig. 5c). These calculations were

possible because of the advantageous experimental access

of these electrical synapses: (1) unlike most electrical

synapses in mammalian brain, which are located at remote

dendritic processes, the ability to identify the areas of

contact between MesV neurons made it possible to esti-

mate the average number of channels between these neu-

rons, (2) the organization of coupling in the nucleus mostly

in pairs of coupled cells facilitated electrophysiological

analysis, and (3) the spherical somata and proximity of

electrodes to somatic gap junctions permitted more rigor-

ous biophysical analysis, allowing us to estimate the

average number of conductive channels responsible for

electrical coupling (assuming a unitary conductance of 15

pS; Srinivas et al. 1999a). Because functional gap junction

channels characteristically have an open probability of *1

at a transjunctional voltage of zero (Srinivas et al. 1999b),

these results indicate that electrical transmission at these

somatic contacts likely results from a small number of

channels with a high open probability rather than from

larger number of them with low open probability.

The estimated fraction of open channels was similar for

independent estimates of junctional conductance, using

either indirect (from measurements of coupling coefficient

and input resistance) or direct (voltage clamp) approaches,

supporting the notion that a small fraction of channels are

conductive. On the other hand, it is important to emphasize

that these estimates assume a unitary conductance of Cx36

channels, which has been similarly reported by various

groups (Srinivas et al. 1999b; Teubner et al. 2000), but

which has not been so far validated in a native neuronal

gap junction. The small proportion of open channels found

is consistent with similar estimates obtained at mixed

synapses formed by afferent terminals on the goldfish

Mauthner cell, where only a small percentage of channels

(*1 %) support the electrical component of a unitary

mixed synaptic potential (Lin and Faber 1988) and where

the number of channels was obtained from direct ultra-

structural reconstruction of these terminals (Tuttle et al.

1986). Further, a similar fraction of open Cx36 gap

junction channels (*0.1 %) was obtained in expression

systems combining electrophysiological and imaging

approaches (F. Bukauskas, personal communication).

Despite our use of indirect methods, this agreement

between the present results and those derived from other

approaches in Mauthner cells and transfected cells suggests

that our estimates of channel number were not significantly

affected by our assumptions.

Docking of connexons requires a specific distance

between the membranes of adjoining cells, and cell–cell

channels that did not open might therefore contribute to the

mechanical stability necessary to maintain functional

intercellular channels. In this view both, conductive and

nonconductive channels would play important functional

roles in electrical transmission. It has been recently shown

that the strength of electrical transmission is maintained by

a balance between hemichannel insertion, cell–cell channel

formation, and channel removal with an overall half-life

of *1–3 h (Flores et al. 2012), a value that is consistent

with previous estimates for turnover of gap junctions in

expression systems and intact tissue (Beardslee et al. 1998;

Herve et al. 2007). The generation of such striking dis-

parity between conductive and nonconductive channels

may reflect essential aspects of gap junction formation and

maintenance, which include the lifetime of intercellular

gap junction channels and the existence of heterogeneous

populations of these channels within the plaque.

On the other hand, it is clear that stable interneuronal

gap junctions can form with a very small number of con-

nexins present in the junction. At neuronal gap junctions in

the retina, for example, linear arrays of scores of connex-

ons in what have been termed string gap junctions consist

of only one or two particles in width. These strings con-

stitute true gap junctions because their constituent con-

nexons are seen to be docked across apposing membranes

(Kamasawa et al. 2006), although it is not known what

proportion, if any, of the channels in string junctions reside

in a open conducting state.
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