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In Brief

Variation in the strength of electrical
synapses influences spike synchrony in
interneuron networks. Szoboszlay et al.
investigated the properties of electrical
synapses between cerebellar Golgi cells
and showed that the number of gap
junctions is the main determinant of
coupling strength variability.
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SUMMARY

The strength and variability of electrical synaptic
connections between GABAergic interneurons are
key determinants of spike synchrony within neuronal
networks. However, little is known about how elec-
trical coupling strength is determined due to the
inaccessibility of gap junctions on the dendritic
tree. We investigated the properties of gap junc-
tions in cerebellar interneurons by combining paired
somato-somatic and somato-dendritic recordings,
anatomical reconstructions, immunohistochem-
istry, electron microscopy, and modeling. By fitting
detailed compartmental models of Golgi cells to
their somato-dendritic voltage responses, we deter-
mined their passive electrical properties and the
mean gap junction conductance (0.9 nS). Con-
nexin36 immunofluorescence and freeze-fracture
replica immunogold labeling revealed a large vari-
ability in gap junction size and that only 18% of the
340 channels are open in each plaque. Our results
establish that the number of gap junctions per
connection is the main determinant of both the
strength and variability in electrical coupling be-
tween Golgi cells.

INTRODUCTION

Electrical synapses formed by gap junctions (GJs) mediate
intercellular communication by allowing direct flow of current be-
tween neurons. GJ-mediated electrical coupling between inhib-
itory interneurons (INs) has been observed in many regions of the
brain including the thalamus (Hughes et al., 2002; Landisman
et al., 2002), hippocampus (Baude et al., 2007; Kosaka and
Hama, 1985), neocortex (Galarreta and Hestrin, 1999; Gibson
et al.,, 1999; Tamas et al., 2000), and cerebellar cortex (Alcami
and Marty, 2013; Dugué et al., 2009; Mann-Metzer and Yarom,
1999; Sotelo and Llinas, 1972). It is well established that an ac-
tion potential (AP) depolarizes its electrically coupled neighbors.
The resulting GJ potential (GJP) or ‘spikelet’ entrains firing in the
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electrically coupled INs, enabling coordinated periodic chemical
synaptic inhibition of the target principal cell populations. GJPs
are thought to play a key role in generating network synchroniza-
tion and oscillations (Beierlein et al., 2000; Deans et al., 2001;
Dugué et al., 2009; Galarreta and Hestrin, 2001a; Hormuzdi
et al., 2001; Hughes et al., 2002; Traub et al., 2001), with more
strongly coupled networks tending to be more synchronized
(Gibson et al., 2005; Hjorth et al., 2009; Kopell and Ermentrout,
2004; Traub et al., 2001). However, GJPs can also have a hyper-
polarizing action: low pass filtering imposed by the dendrites and
the GJs preferentially attenuates the rapid depolarizing compo-
nent of the AP, while having a much smaller effect on the slow
afterhyperpolarization component, which are large in many
types of IN (Dugué et al., 2009; Galarreta and Hestrin, 2001b,
2002; Vervaeke et al., 2010). Our previous work has demon-
strated that inhibitory GJPs can either synchronize or de-
synchronize cerebellar Golgi cell (GoC) networks, depending
on the timing of synaptic excitation in relation to the phase of
the ongoing oscillation (Vervaeke et al., 2010). Moreover, de-
synchronization of GoC networks critically depends on the het-
erogeneity in the strength of electrical coupling between GoCs
(Vervaeke et al., 2010). However, the mechanisms underlying
the strength and variability of electrical synapses formed be-
tween inhibitory INs are poorly understood.
Immunohistochemical and electron microscopic (EM) anal-
ysis have shown that GJs composed of connexin36 (Cx36) are
predominantly located on the dendrites of inhibitory INs (Baude
et al., 2007; Fukuda, 2009; Fukuda and Kosaka, 2000; Fukuda
etal., 2006; Szabadics etal.,2001; Vervaeke et al., 2010). The den-
dritic location of GJs makes it difficult to determine their strength
because the soma-to-soma attenuation of the membrane voltage
reflects the combined effect of the dendrites and the GJs, leaving
their individual contributions unknown. Moreover, much less is
known about the passive and active properties of IN dendrites
than for principal cells, due to the difficulty in making direct electri-
cal recordings from their dendrites, which are often <1 um in
diameter. At chemical synaptic connections, how the number of
postsynaptic receptors, their open probability, the number and
dendritic location of synaptic contacts and dendritic filtering
contribute to synaptic strength is reasonably well established,
but these factors are largely unexplored for electrical synapses.
Here, we investigated the key factors that determine the
strength of electrical synapses formed between cerebellar
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GoCs. We focused on quantifying the functional properties
of GJs and determining the contribution of passive dendritic
properties to the coupling strength. To address these, we per-
formed dual somato-dendritic and paired somatic patch-clamp
recordings in combination with light microscopic (LM) recon-
structions and EM quantification of the number and location
of GJs together with multi-compartmental modeling to reveal
the conductance of GJds. By visualizing Cx36-containing con-
nexons in identified GJs with SDS-digested freeze-fracture
replica labeling (SDS-FRL), we have estimated the total
number and open probability of channels within a dendritic
GJ plaque.

RESULTS

Number and Location of GJs in Electrically Coupled
Cerebellar GoCs

The coupling strength of electrical connections between cere-
bellar GoCs is highly variable and decreases as a function of
distance between the two coupled GoC somata (Dugué et al.,
2009; Vervaeke et al., 2010). However, prominent heterogeneity
in coupling strength is also present among GoCs having similar
intersomatic distances (Vervaeke et al., 2010). To investigate
the relationship between the coupling strength and the number
and location of GJs, we performed whole-cell current-clamp
recordings from electrically coupled GoC pairs in acute slices
obtained from the cerebellar vermis of young-adult mice. Electri-
cal coupling strength was quantified using the coupling coeffi-
cient (CC), which is the ratio of the postsynaptic and presynaptic
voltage changes during long current injections (400 ms and
50 pA) into the presynaptic GoC. Since active conductances in
the perisomatic region (Vervaeke et al., 2012) can introduce a
voltage dependence to the CC (Dugué et al., 2009; Haas et al.,
2011), we made recordings in the presence of a cocktail of
antagonists and channel blockers, that rendered the cell mem-
branes passive (Experimental Procedures). Figure 1 shows two
GoC pairs with similar soma-soma distances (57 pum and
70 pum), but with different CCs (Figures 1C and 1H). Both pairs ex-
hibited asymmetry in CCs with CC4, = 0.15 and CC»4 = 0.25 for
the first (Figure 1C) and CC4, = 0.09 and CC»4 = 0.08 for the sec-
ond pair (Figure 1H). Across all paired recordings, the ratio of
larger to smaller CCs (1.31 + 0.05, n = 21 pairs) was similar to
the ratio of the input resistances (Ri,) of the coupled GoCs
(1.26 + 0.04, n = 21 pairs and p = 0.16, paired t test), suggesting
the soma-to-soma conductance of the connection was sym-
metrical (see later for quantification of GJ plaque conductance:
Ggy). Following the recordings, the cells were fixed and pro-
cessed for correlated LM and EM analysis. In four pairs, we
were able to perform a full anatomical analysis, which revealed
variable numbers of GJs (range: 1-4, n = 4 pairs) and GJ loca-
tions. In total, nine GJs were identified in four GoC pairs, one
of which connected basal dendrites and eight GJs were located
on apical dendrites. The GoC pair with a high CC shown in Fig-
ure 1A was connected by four GJs (Figures 1A-1E), whereas
the more weakly coupled pair had only two GJs (Figures 1F-
1J). Analysis of two other pairs revealed a strongly coupled
pair (soma-soma distance 56 um; CC4, = 0.2 and CC,; = 0.16)
connected by two GJs and a weakly coupled pair (soma-soma
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distance 39 um; CC4, = 0.11 and CC»4 = 0.1) with only one GJ.
The strongest connection (CC,y = 0.25 and CC4, = 0.15) was
mediated by proximal GJs (mean distances from soma: 45 and
62 um), whereas the weakest connection (CC,; = 0.08 and
CC4, = 0.09) was mediated by more distal GJs (95 and 128 um).

The Strength of Cx36 Puncta in GoCs and Their
Dependence on Distance from Soma

To investigate the relationship between the strength of GJs and
their location on GoC dendrites, we quantitatively examined the
immunoreactivity for Cx36, which mediates electrical coupling
in GoCs (Vervaeke et al., 2010). GoCs were identified using
mGIuR2, a selective marker that labels the majority of GoCs
(Ohishi et al., 1994; Simat et al., 2007). Cx36 immunopositive
puncta were most abundant in the molecular layer (ML) and
were also found at the intersection of mGIuR2 positive (MGIUR2*)
GoC dendrites (Figures 2A-2C; 7% of all puncta in the ML). We
assayed the strength of Cx36 containing GJs by measuring the
integral of fluorescence of the Cx36 puncta in confocal sections
(Figures 2B and 2C). The distribution of the fluorescent inten-
sity values (Figure 2D) showed large variability irrespective of
whether they were associated with mGIuR2* GoC dendrites
(coefficient of variation [CV] = 0.56, n = 134) or not (CV = 0.44,
n = 380). The mean intensity of Cx36 puncta on mGIuR2*
dendrites was significantly lower (32%, p < 0.01; Kolmogorov-
Smirnov test) than that on mGIuR2 negative (mGIuR2™) pro-
cesses. Cx36 positive puncta in mGIuR2™ processes are likely
to belong to ML INs and mGIuR2™ GoCs (Simat et al., 2007).
To quantify how the intensity of Cx36 positive puncta depends
on dendritic location, we acquired image stacks with a confocal
microscope and performed partial 3D reconstructions of
mGIuR2* GoCs within our 60 um thick sections. We traced all
Cx36 positive puncta on the reconstructed cells, allowing the
simultaneous measurement of their fluorescent intensity and
their distance from the GoC soma. The intensity distribution of
Cx36 puncta located on mGIuR2" dendrites also exhibited a
large variability (CV = 0.54, n = 68) and there was no correlation
with the distance from the soma (Figure 2E; R=—0.17, p = 0.16,
Pearson’s correlation). From the 3D reconstructions of mGIuR2*
GoCs, the measured dendritic diameter showed a significant
negative correlation with their distance from the soma (Fig-
ure S1A; R = —0.58, p < 0.01, Pearson’s correlation). We also
determined the relationship between the Cx36 cluster intensity
and the dendritic diameter and found no significant correlation
(Figure S1B; R = —0.037, p = 0.78, Pearson’s correlation). These
results suggest that GJs between GABAergic INs of the cere-
bellar cortex are highly variable in size and that the strength of
GJs on GoCs is independent of their dendritic location and den-
dritic diameter.

Passive Electrical Properties of GoCs

If GJ strength does not depend on the dendritic location, how
does the dendritic location of GJs affect the GJPs recorded at
the soma? Passive cable parameters, such as specific mem-
brane resistivity (R,,), specific axial resistivity (Ry), and specific
membrane capacitance (C,,,), together with the geometry of the
cells shape the amplitude and waveform of chemical post-
synaptic potentials (Spruston, 2008). To investigate the impact



Figure 1. Determining the Strength of Electrical Coupling between GoCs and the Number and Location of GJs
(A) LM reconstruction of two strongly coupled GoCs filled with biocytin (GoC1: soma and dendrites: red and axon: black and GoC2: soma and dendrites: blue and

axon: green).

B) High-magnification view of EM-determined GJ locations (arrows) of the GoC pair in (A). The non-connecting dendrites and axons are not shown.
C) Voltage responses recorded in the GoC pair shown in (A) in response to current injections (2 ms 200 pA and 400 ms 50 pA).
D) EM identification of a GJ (GJ3; arrowhead) formed by dendrites d1 and d2 of the cells shown in (B).

F) As in (A), but for a weakly coupled GoC pair.
G) As in (B), but for a weakly coupled GoC pair.

(
(
(
(E) High-magnification image of the GJ3 shown in (D).
(
(
(H) As in (C), but for a weakly coupled GoC pair.

(

1) EM identification of a GJ (GJ1; arrowhead) formed by dendrites d1 and d2 of the cells shown in (G).
(J) High-magnification image of GJ1 shown in (l) (Abbreviations: molecular layer, ml; Purkinje cell layer, pcl; and granule cell layer, gcl).
The scale bars represent 50 pm in (A) and (F); 10 pum in (B) and (G); 200 nm in (D) and (l); and 50 nm in (E) and (J).

of dendritic attenuation on the CC, we examined the passive
properties of GoC dendrites by performing two-photon targeted
dual soma-dendritic patch-clamp recordings from 15 GoCs in
the presence of the cocktail of antagonists and blockers (Figures
3A and 3B). Simultaneous somatic and dendritic voltage re-
sponses were recorded during short (2 ms, + 200 pA) and long
(400 ms, + 50 pA) current injections (Figure 3C). The symmetry
of the depolarizing and hyperpolarizing responses to either so-
matic or dendritic current injections indicated that the membrane
was linear (Figure 3C). Moreover, the slopes of linear regression
to short and long current injection-evoked voltage responses
were close to one (0.96 and 1.04; Figure 3D). The steady-state
dendritic attenuation was then quantified by plotting the relative
changes in the voltage in the soma and dendrite as a function of
distance. Dendrite to soma voltage attenuation was substantially
larger than soma to dendrite attenuation as expected from the

impedance mismatch between the large soma and fine dendrites
(Figures 3E and 3F).

To determine the passive electrical properties of GoCs, we
then carried out post hoc LM reconstructions of those cells
where the morphology was sufficiently preserved (Figure 3B),
built a multi-compartmental model of each cell in the NEURON
modeling environment, and fitted the model to the electrophys-
iological data recorded from that cell. Since the electrical mem-
brane properties of these GoCs were passive, we modeled the
cells with a single leak conductance inserted into all compart-
ments with a uniform density. By varying the values of Ry, Ra,
and C,,, we obtained a good fit to the recorded traces (Fig-
ure 3G), resulting in an R, of 5.5 + 2.3 kQ-cm?, a R, of 206 =
81Q-cm, and a C,, of 2.7 + 0.7 uF/cm? (n = 5 cells). These values
of R, and C, are considerably larger than those obtained from
other neurons, suggesting that either GoC passive properties

Neuron 90, 1043-1056, June 1, 2016 1045
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Figure 2. The Size of GJs Is Independent of
Their Dendritic Location

(A) Double immunofluorescent reaction for Cx36
(red) and mGIuR2 (green) in the cerebellar ML.

(B) High magnification confocal image showing
only a fraction of the Cx36 puncta (green circles)
are associated with mGIuR2* GoC dendrites. The
majority of Cx36 immunopositive GJs (red circles)
were present on putative stellate/basket or
mGIuR2™ GoCs. The size of Cx36 positive GJs was
assayed by integrating the fluorescence in circular
regions of interest (ROI) positioned over Cx36 im-
munopositive puncta in single confocal sections.
The background fluorescence was obtained from
neighboring immunonegative areas (e.g., white
circular ROI) and was subtracted from Cx36 fluo-
rescent integrals.

(C) As for (B), but for another example.

(D) Distributions of Cx36 fluorescent intensities
reveal that GJs associated with mGIuR2* den-
drites (green, n = 134) are 32% smaller (p < 0.01;
Kolmogorov-Smirnov test [KS test]) than GJs on
mGIuR2™ processes (red, n = 380).

(E) The intensity of Cx36 immunofluorescent puncta
associated with mGIuR2* dendrites showed no
significant correlation (n = 68, R = —0.17, p = 0.16,
Pearson’s correlation) with their distance from the

soma.
o® The scale bars represent 10 um in (A) and 5 um in
o (B) and (C).
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are different or that these properties are influenced by the elec-
trically coupled syncytium within which the GoCs are embedded
(Alcami and Marty, 2013). To distinguish between these possibil-
ities, we performed direct measurements of GoC membrane
properties and explored, with modeling, how electrical coupling
could affect our estimates of passive properties.

Determination of the Specific Membrane Capacitance

of GoCs

To investigate the cause of the discrepancy between our C,
estimate and the generally accepted value of ~1 pF/cm?, we
measured the C,, experimentally. To test whether our protocol
of measuring capacitance from nucleated patches (Figures 4A-
4D) gave a reasonable estimate of C,, we first examined
nucleated patches from neocortical layer 5 pyramidal cells
(PCs). This gave a C, value of 1.03 + 0.06 uF/cm? (n = 4; Fig-
ure 4E), similar to previously published values in this cell type
(0.9 uF/cm? in Gentet et al. [2000] and 1.2 pF/cm? in Larkum
et al. [2009]). Repeating these experiments in GoCs yielded a
Cmof 1.01 +0.12 uF/cm? (n = 6; Figure 4E). These results demon-
strate that the membrane properties of GoCs are similar to those
of other central neurons. To examine the effect of the syncytium

1046 Neuron 90, 1043-1056, June 1, 2016

Distance from soma (um)

o L] ° %o on the “apparent C,,”, we simulated net-
PP works with 1 to 12 cells coupled to a cen-

T ) tral GoC by two GJs, each having a

80 120 conductance of 1 nS. We fixed the C, to

1 pF/cm? and the Ry, to 120 MQ in all
GoCs based on the population average
of our control cells (n = 15) and injected
currents into the central neuron and recorded the voltage
response. Next, we determined the apparent C,, of the central
neuron following its disconnection from the syncytium (by setting
the Ggy to 0) by altering its C,, value until its voltage response
matched that obtained when it was embedded within the syncy-
tium. This apparent C,,, increased monotonically as a function of
GoC syncytium size and, when nine GoCs were connected to the
“central” neuron via 18 GJs, the apparent C,, matched the value
obtained from our experiments (Figure 4F). These results demon-
strate that the large apparent C,, arises from the electrical
coupling to the GoC syncytium and suggest that well established
methods for estimating neuronal passive properties are not
directly applicable to electrically coupled networks.

Determination of the Specific Axial Resistance of GoC
Dendrites

We next examined whether the presence of electrical synapses
on GoC dendrites could also influence our estimate of R,. To do
this, we generated ten electrically coupled GoC syncytia, each
one modeled as a central cell with ten neighboring cells coupled
by two GJs of 1 nS each, randomly placed over the dendritic
tree. We then iterated R,,, Cr,, and R, to fit to the somatic and
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Figure 3. Characterization of Passive Voltage Propagation in GoC Dendrites

(A) A two-photon maximum intensity projection image of an Alexa 594-filled GoC. A second pipette without Alexa 594 was used to simultaneously patch a
dendrite (indicated by the cartoon). The dashed circles represent Purkinje cell somata.

(B) Neurolucida reconstruction of the cell shown in (A) with dendrites colored in blue and the axon in gray. The patched dendrite is red. The arrow indicates the site
of dendritic recording. The green cross indicates a neighboring dendritic branch and is present in both (A) and (B) for clarity.

(C) Simultaneously recorded somatic (blue traces) and dendritic (red traces) voltage responses in the GoC shown in (A) evoked by somatic (top traces) and
dendritic (bottom traces) short (left, + 200 pA, 2 ms) and long (right, + 50 pA, 400 ms) current injections in the presence of a cocktail of antagonists and channel
blockers.

(D) Linearity curves from the recorded voltage traces shown in (C), indicating no rectification of the somatic voltage responses to short (left) and long (right)
somatic current injections. The slopes of the linear fits were 0.96 for short and 1.04 for long pulses (identity line: red).

(E and F) Summary of all control somato-dendritic recordings showing the normalized changes in the voltage responses to somatic (E) and dendritic (F) current

injections as a function of distance of the dendritic pipettes from the soma.

(G) Simultaneously recorded somatic (top, blue) and dendritic (bottom, red) voltage traces in response to somatic current injections from the cell shown in (A)—(C).

2

The multi-compartmental model of the reconstructed cell was fitted (black traces) to the experimental traces. The best fit was obtained with a R, of 3.2 kQ-cm*, a
R, of 188.9 Q-cm, and a C, of 3.3 pF/cm? (Abbreviations: molecular layer, ml; Purkinje cell layer, pcl; and granule cell layer, gcl).

The scale bars represent 20 um in (A) and 50 um in (B).

dendritic voltage responses evoked by a somatic current in-
jection. Different GJ distributions resulted in a large variability
in the estimated R, values (Figure S2). Four GJs in the vicinity
of the dendritic recording pipette resulted in the lowest R,
(62 Q-cm; Figure S2B), whereas the highest R, (318 Q-cm)
was obtained from a syncytium in which not a single GJ was pre-
sent on the recorded dendrite (Figure S2C). These results
demonstrate that the dendritic locations of GJs have a profound
influence on the estimated Ra.

Because we could not determine the exact location and
strength of each GJ on our recorded and reconstructed GoCs,
we estimated the R, following the pharmacological blockage of
GJs with 25 uM mefloquine, a Cx36 channel blocker (Cruikshank
et al., 2004). To ensure a sufficient level of block, we monitored
the time-dependent effects of mefloquine by recording from
three electrically coupled GoC pairs during wash in of the drug.
In the presence of mefloquine, the R;, increased and the CC
decreased during our recordings. Mefloquine increased Ry, by
51% at the end of the 85 min wash in period (Figure S3A), consis-
tent with the difference in Ri, for wild-type and Cx36~/~ mice

(Vervaeke et al., 2012) and decreased the CC by 74% (Fig-
ure S3B), which corresponded to a 81% + 6% block of the
Cx36 channels (Figure S3E). As stable dual somato-dendritic
recordings cannot be maintained for such a long time, we prein-
cubated our slices in 25 uM mefloquine and performed the
recordings in steady-state conditions. This approach, which al-
lows the comparison of populations of cells under control and
mefloquine conditions, revealed that R;, of GoCs in the presence
of mefloquine (182 + 65 MQ, n = 14) was 52% larger compared
to that of control cells (120 + 40 MQ, n = 15, p < 0.05, unpaired
t test). Five of the recorded cells were then post hoc re-
constructed (Figure 5) and were used for modeling. In these
models, the R, R, and C,,, were iterated to obtain the best fit
to the somatically and dendritically recorded traces upon so-
matic current injections (Figure 5B), resulting in an R, of 3.5 +
1.6 kQ-cm?, a Cy, of 4.3 + 1 uF/cm?, and an R, of 92 +
115 Q-cm (Figures 5C-5E). Interestingly, even though the
majority of Cx36 channels were blocked by mefloquine, our C,
estimate remained high (Figure 5D). To investigate this unex-
pected result, we made recordings from nucleated patches
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Figure 4. Measurement of the C,,, of GoCs

(A) A nucleated patch from a GoC visualized using Dodt contrast microscopy.

(B) Image of the pipette pressed against a Sylgard ball creating a giga-seal.

(C) Current transients recorded from the nucleated patch (top current trace) upon a —5 mV voltage command step. At the end of the recording, the residual
capacitive transient was measured by pressing a Sylgard ball against the patch pipette (middle trace). The bottom image shows the subtracted capacitive

transients. All of the traces are averages of 200 responses.

(D) The capacitive current is shown on an expanded timescale. The decay of the capacitive transient was fitted with a single exponential function (red).

(E) Summary graph of the C,,, of layer 5 PCs (L5 PCs, n = 4), cerebellar GoCs in control condition (red, n = 6), and in 25 uM mefloquine (blue, n = 7).

(F) Relationship between apparent C,, and number of GJs computed from GoC syncytium models. A central GoC was connected to increasing numbers of GoCs
with two GJs per connected cells. When the central cell was connected to nine neighboring GoCs with 18 GJs, the apparent C,,, was close to the single cell-
approximated C, of 2.7 pF/cm?. The black open circles represent individual syncytia and the red open circles represent mean + SD.

The scale bars represent 10 um in (A) and (B).

pulled from GoCs preincubated in 25 UM mefloquine (Figure 4E).
These experiments revealed that in the presence of mefloquine,
the Cn, was 2.01 + 0.5 pF/cm? (n = 7), significantly higher than in
control (p = 0.002, unpaired t test). This suggests that meflo-
quine binds to the membrane and increases C,,, consistent
with a previous study, showing that mefloquine binds to mem-
brane phospholipids (Chevli and Fitch, 1982).

Estimation of GJ Plaque Conductance by Modeling GoC
Pairs Embedded within a Syncytium

Classical methods of estimating Gg; from experimentally
measured Ri, and CCs are based on single compartmental
models connected by a resistor to represent the electrical syn-
apse (Bennett, 1966; Devor and Yarom, 2002; Fortier and
Bagna, 2006). This approach lumps together the voltage atten-
uation along the dendrites and through GJs into a single value.
To directly address their individual contributions and to esti-
mate Ggy, we constructed multi-compartmental models of the
reconstructed cell pairs using the experimentally measured
GJ locations (Figures 1 and 6), R, (92 Q-cm; Figure 5), and
Cm (1 pF/cm?; Figure 4) and embedded them in two syncytia
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with each central cell being connected to ten other GoCs
through 20 GJs randomly distributed on the dendritic tree (Fig-
ure 6A). In this way, we generated ten syncytia for each of our
four reconstructed pairs. We then fitted the R, in one of the
cells to match its somatic voltage and the Gg,; to obtain the
best fit to the membrane response in the connected cell (Fig-
ures 6B and 6C). The sequential fitting of R, and Ggy was iter-
ated until their values changed by less than 5%. This approach
resulted in a mean Ry, of 32 + 7 kQ-cm? (Figure 6D, upper) and
a mean Ggy of 0.94 + 0.35 nS (Figure 6D, lower; n = 4 recon-
structed pairs).

To determine the robustness of our estimate of Gg, we tested
the dependence of Ggy on the R, value using the fitting pro-
cedure described above (Figure 6E). These simulations
showed that within a biologically plausible range of R, values,
Ggy showed a systematic, but relatively small change. When
we compared the Gg, estimates obtained with an R, of
92 Q-cm (mean of the five soma-dendritically recorded GoCs;
Figure 5E) versus 40 Q-cm (average R, value of these cells
without one outlier cell), only a 34% reduction in the Ggy was
found (Figure 6E, red and green symbols).



Figure 5. Estimation of the R, of GoC Dendrites

(A) LM reconstruction of five recorded and biocytin filled GoCs with partially reconstructed axons (blue: soma and dendrites; red: patch pipette targeted den-
drites; and black: truncated axons). Dual somato-dendritic recordings were performed in the presence of a cocktail of antagonists and channel blockers plus
25 uM mefloquine and 10 uM 4-AP. The arrows indicate the position of the dendritic patch pipettes.

(B) Somatic (top) and dendritic (bottom) voltage traces (red) in response to somatic current injections (100 pA, 2 ms and 20 pA, 400 ms) recorded from the cells

shown in (A). Ry, Ra, and G, were fitted (black).

(C) Values of Ry, obtained from fitting models of the 5 GoCs shown in (A) and (B). Filled symbols are means + SD.
(D) Values of C,,, obtained from fitting models of the 5 GoCs shown in (A) and (B). Filled symbols and errors as for (C).
(E) Values of R, obtained from fitting models of the 5 GoCs shown in (A) and (B). Filled symbols and errors as for (C).

The scale bars represent 50 um in (A).

GJ Plaques Have Variable Sizes with a Constant Density
of Connexons

Having quantified the mean conductance of GJ plaques, we next
measured their size and the number of Cx36 channels (connex-
ons) they contained by performing SDS-FRL immunogold dou-
ble labeling for Cx36 and mGIuR2 in the cerebellar cortex of
young-adult mice. In the granule cell layer (GCL) many strongly
mGIuR2* axonal membrane segments were found. Fewer gold
particles were observed on somatic and dendritic plasma mem-
branes of GoCs (Figure 7), consistent with the differences in the
labeling intensities between GoC axons and dendrites observed
in immunofluorescent reactions for mGIuR2. In the ML, gold par-
ticles labeling Cx36 were only found in smooth, aspiny dendrites
(Figures 7A-T7E). Following the complete screening of 12 replicas
of two mice, we found 12 GJ plaques (two in GCL and ten in ML)
on mGIuR2* GoC dendrites. They were identified by the dense
cluster of small intramembrane particles (IMPs) and by the accu-
mulation of gold particles labeling Cx36 over the IMP clusters
(Figures 7A-7C). The uniform distribution of Cx36 labeling and
the fact that electrical coupling is absent in GoCs in Cx36~/~
mice (Vervaeke et al., 2010), argues against the potential pres-
ence of other types of connexin in these plaques (Li et al.,
2008). It is therefore reasonable to assume that each IMP within
the GJ plaque represents a connexon composed of six Cx36
subunits. The size of GJ plaques (0.026 + 0.018 um?) exhibited

large variability on mGIuR2* GoC dendrites (CV = 0.68; Fig-
ure 7F), but the density of connexons per GJ plaques was rather
uniform (12,940 + 1,398 / um?, CV = 0.11). Consequently, the
number of connexons they contained (341 + 233), calculated
from the area and mean density of IMPs, also exhibited large
variability. We also found GJ plagues homogeneously labeled
for Cx36 in smooth mGIuR2™ IN dendrites (Figures 7D and 7E)
in the ML, but never observed them on spiny Purkinje cell den-
drites. Large variability in the size (0.034 + 0.017 um?, CV =
0.49, n = 37 GJs) and connexon number (442 + 217) was also
found on mGIuR2™ dendrites. Furthermore, GJ plaques on
mGIuR2™~ dendrites were ~30% larger than GJs on mGIuR2*
dendrites (Figures 7F and 7G), consistent with the results of
our immunofluorescent reactions (cf. Figures 7G and 2D). Calcu-
lation of the mean number of open Cx36 channels from the
average conductance (0.94 nS) of a GJ plaque and the single
channel conductance of a Cx36 channel (15 pS; Srinivas et al.,
1999; Teubner et al., 2000) indicates that on average 63 of the
341 channels present within a GJ plaque are open and that the
connexon open probability is 18%.

Factors Contributing to the Variability in the Strength of
Electrical Coupling between GoCs

Our results establish that the number (from one to nine, CV =
0.74; current data and that from Vervaeke et al., 2010) and size
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Figure 6. Determining Gg, with Paired
Recordings and Modeling of Electrically
Coupled GoC Networks

(A) Schematic of the modeled GoC syncytium in
which the red and blue cells are embedded for
determining the Gg,.

(B) Attenuation of the voltage response from the
somata of the blue to red cell along the dendrites
and through the GJs obtained from the modeled
GoC pair shown in Figure 1A. Each GoC was part
of a syncytium (ten other GoCs were connected to
the red and blue cell through 20 GJs). The locations
of the randomly distributed GJs forming the syn-
cytium are indicated by black dots on the peri-
somatic dendrites.

(C) Voltage responses to short (200 pA, 2 ms) and
long (50 pA, 400 ms) current injections in the
connected cells shown in (B). R, and Ggy were
iterated to obtain the best fit (black and green
traces) to the recorded traces, while C,, and R,
were kept constant (1 pF/cm? and 92 Q-cm,
respectively).

(D) R (upper) and Ggy (lower) values obtained
from simulations. For each pair, ten randomly
connected syncytia were created and R, and Ggy
were determined from the red to the blue and from
the blue to the red cell, resulting in a total of 80 R,
and Gg, estimates (open circles). The filled sym-
bols are means + SD.

(E) Dependence of Ggy on R,. The small open
circles indicate Ggy of ten random syncytia. The
large open circles are means + SD. The red circles
correspond to the mean R, estimate of the five
GoCs shown in Figure 5 (92 Q-cm), and the green
circles correspond to the average R, estimate
(40 Q-cm) of four GoCs excluding the outlier cell in
Figure 5E.
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(from 0.009 to 0.065 um?, CV = 0.68) of GJs, as well as their den-
dritic location (from 9 to 152 um, CV = 0.57) are highly variable in
electrically coupled GoCs. To estimate the relative contributions
of these factors to the variability in the CC, we modeled GoC
pairs, keeping the passive electrical properties constant (Fig-
ure 8). First, we randomly selected a distance from the EM iden-
tified GJ distances (51.3 £ 29 um, n = 58 distances of 29 GJs in
eight GoC pairs from this study and that of Vervaeke et al., 2010)
and placed a GJ with a 1 nS conductance into a randomly
selected dendrite of a GoC at this distance. The CC was then
measured in both directions and the simulation was repeated
ten times for each of the four GoC pairs, resulting in a mean
CV of the CC of 0.12 + 0.03 (n = 8; Figure 8A). Next, we tested
the variability in CC due to different numbers of GJs between
GoC pairs. The number of GJs between our EM analyzed eight
GoC pairs ranged from one to nine, with a mean of 3.6 + 2.7.
In our simulations, we placed different numbers of GJs (all with
a Ggy of 1 nS) at ~50 um distance from the somata of both cells
and calculated the CC for each pair. The mean CV of the CC was
0.56 + 0.03 (n = 8; Figure 8B). Finally, we tested how the vari-
ability in Gg, affects variations in the CC. Here, we placed four
GJs (rounded from the mean GJ number of the eight EM
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The scale bar represents 10 um in (B).

analyzed GoC pairs) at ~50 um distances from the somata
on randomly selected dendrites (one dendrite one GJ) and
randomly selected the four Gg, values from a population that
was created from the distribution of GJ sizes. The mean GJ
size distribution was normalized to the mean Ggy, resulting in
a distribution of Ggys that had a shape and variance of the dis-
tribution of the GJ areas with a mean of 0.94 nS. Ten repetitions
of each simulation resulted in a mean CV of the CC of 0.24 +
0.10 (n = 8; Figure 8C). Assuming that these three parameters
are independent, the CV? should add linearly, allowing us to ac-
count for the total variation in CC. Calculating the relative con-
tributions of the CV? due to the different dendritic locations of
the GJs, different numbers of GJs, and different GJ sizes be-
tween the cells resulted in 4%, 81%, and 15% contributions,
respectively.

DISCUSSION

We have investigated the functional properties of electrical syn-
apses formed between the dendrites of inhibitory GoCs within
the cerebellar cortex of young-adult mice. Our results demon-
strate that the location of GJs has an impact on current flow
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Figure 7. GJ Plaques have Variable Sizes, but a Constant Density of Connexons as Revealed by SDS-FRL

(A) SDS-FRL of Cx36 (10 nm gold) and mGIuR2 (15 nm gold) in the cerebellar cortex of young mice. Low (top panels) and high (bottom panels) magnification
electron micrographs of GJs (highlighted in green) labeled for Cx36 on the P-face of mGIuR2* GoC dendrites reveal large heterogeneity in the area of GJ plaques.
Gold particles labeling Cx36 are uniformly distributed over the GJ plaques characterized by the tight accumulation of small intra-membrane particles.

(B) As for (A).

(C) As for (A).

(D) Low (top panels) and high (bottom panels) magnification electron micrographs showing GJs (highlighted by red) of variable sizes labeled for Cx36 on
mGIuR2™ dendrites in the ML.

(E) As for (D).

(F) Cumulative frequency distributions show heterogeneity in the GJ plaque area (MGIUR2* GJs: 0.009-0.065 ym?, n = 12 [green]; mGIUR2~ GJs: 0.012-0.079 ym?,
n = 37 [red]). GJ plagues on mGIuR2* GoCs were 24% smaller than those on mGIuR2™~ dendrites.

(G) Cumulative probability plots reveal large heterogeneity in the number of connexons per GJ plaque (calculated from the area with an average connexon density
of 12,940 + 1,398/um?).

The scale bars represent 500 nm in (A)-(E), top, and 100 nm in (A)-(E), bottom.

within the dendritic tree, which affects the estimates of R, and  quantifying the number of Cx36 channels per GJ plaque on GoC
Cnn. By quantifying the dendritic properties under passive condi-  dendrites, we estimate that on average only 18% of the ~340
tions, we have disentangled the contributions of the dendritic  channels are open. Our results also show that the number of
tree and the GJs to the coupling strength, allowing us to estimate ~ GJ plaques is the major determinant of the strength and vari-
the conductance of a dendritic GJ for the first time. Moreover, by  ability in electrical coupling between GoCs.
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Figure 8. Contribution of Dendritic Loca-
tion, Number, and Strength of GJs to the
Variability in the Coupling Coefficient Esti-
mated with Modeling of GoC Pairs

(A) Relationship between coupling coefficient (CC)
and the summed dendritic locations of the GJs.
Red line is a linear regression fit (R = —0.57, p <
0.001, Pearson’s correlation). The mean CV of the
CCs was 0.12 + 0.03 (n = 8).

(B) Relationship between CC and the number of
GJs between two connected GoC. Red line is a
linear regression fit (R = 0.96, p < 0.001, Pearson’s
correlation). The mean CV of the CCs was 0.56 +
0.03 (n = 8).

(C) Relationship between CC and the sum of the conductance from 4 GJs with different strengths (determined from the measured distribution of GJ plaque area).
Red line is a linear regression fit (R = 0.86, p < 0.001, Pearson’s correlation). The mean CV of the CCs was 0.24 + 0.10 (n = 8).

Passive Membrane Properties of IN Dendrites and the
Impact of GJs

In most INs, electrical synapses are located on thin den-
drites, making the investigation of the mechanisms underlying
the soma-to-soma voltage attenuation between two electrically
coupled cells challenging. However, two-photon or confocal
guided patch-clamp recordings from dendrites (Nevian et al.,
2007) have allowed direct electrical access to thin IN dendrites,
including those of basket cells of the hippocampus (Hu et al.,
2010; Norenberg et al., 2010) and GoCs of the cerebellum (Ver-
vaeke et al., 2012). Here, we combined somato-dendritic paired
whole-cell recordings from GoCs, post hoc reconstructions, and
multi-compartmental modeling to quantify the passive electrical
properties of fine (<1 um) GoC dendrites and to determine their
contribution to electrical signaling. In our initial experiments,
which were carried out with GJ coupling intact, we obtained
high values for R, and C,. Our modeling of the GoC syncytium
and subsequent direct experimental measurement of C,, in
nucleated patches and R, under conditions of GJ block showed
that the presence of GJs distorted our estimates of both C,, and
Ra. While the larger apparent C,, can be understood intuitively
due to the additional current required to charge up the mem-
branes of the coupled cells (Alcami and Marty, 2013), the in-
crease in apparent R, was more difficult to understand because
increasing the membrane conductance per se should not affect
Ra. However, simulations revealed that the specific location of
individual GJs in relation to the dendritic recording site could
have a profound effect on the R, estimate. When many GJs
are present on the recorded dendrite, more charge leaks out of
the dendrite before reaching the soma than expected if the
leak was uniformly distributed. In contrast, if no GJ was present
on the recorded dendrite, less charge would leak out than ex-
pected. To fit the experimentally measured voltage attenuation
with a model that assumes uniform R,,,, the R, must be adjusted
in opposite directions in these two cases, leading to highly
variable estimates of R,. Indeed, the high impedance of fine IN
dendrites makes them particularly sensitive to the presence or
absence of a large Ggy. This, together with the relatively few
GJs per cell (we estimate ~20 for GoCs), may explain why R, es-
timates from INs tend to be higher (e.g., 150 Q-cm for cerebellar
stellate cells, Abrahamsson et al. [2012], and 172 Q-cm for den-
tate gyrus basket cells, Norenberg et al. [2010]) than those from
GJ-lacking principal cell dendrites (e.g., 115 Q-cm for Purkinje
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cells, Roth and Hausser [2001], and 70 to 100 Q-cm for layer 5
PCs, Stuart and Spruston [1998]; but see Golding et al. [2005],
CA1 PC: 140-220 Q-cm). To overcome the complicating effects
of GJs, we performed experiments in the presence of a GJ
blocker, resulting in a lower R, estimate (92 Q-cm). Our experi-
mentally determined C,, value of 1 puF/cm? is also similar to
that obtained from other central neurons, suggesting that both
Ra and C,, are relatively constant across central neurons. This
contrasts with R,,, which shows a large variation across cells
with and without GJs (from 1 to >100 kQ-cm?; Delvendahl
et al., 2015; Major et al., 1994; Roth and Hausser, 2001).

Mean Ggy, Number of Channels, and Open Probability

By quantifying the dendritic properties of GoCs under passive
conditions and determining the number of GJs and their den-
dritic locations with LM and EM, we were able to account for
the dendritic contribution to electrical coupling and quantify
the mean conductance of dendritic GJs. The mean conductance
of 0.94 nS is similar to the Gg, estimates obtained for the large
myelinated club endings of Mauthner cells (0.44 nS; Lin and
Faber, 1988; Tuttle et al., 1986), but is considerably larger than
that calculated for GJ plaques between mesencephalic tri-
geminal nucleus neurons (40-100 pS; Curti et al., 2012). Simply
dividing the mean Gg,y by the single channel conductance of
Cx36 channels (15 pS; Srinivas et al., 1999; Teubner et al.,
2000) suggests that there are an average of 63 open channels
per GJ. By applying a SDS-FRL immunolabeling approach, we
were also able to determine the total number of channels per
GJ from the clearly resolved IMPs. Gold particle labeling
Cx36 was uniformly distributed on membrane surfaces that
contained IMPs at a high density (13,000 per um?; very similar
to that reported by Kamasawa et al. [2006]). The lack of spacing
between IMPs and the fact that electrical coupling is absent in
Cx36~'~ mice indicate that each IMP within a GJ plaque repre-
sents a connexon channel and that the density of channels is
close to the maximal packing density. Directly counting the
IMPs within GJ plagues on GoCs suggests that there are on
average 341 Cx36 channels per GJ. When combined with the
number of open channels, this suggests that on average 18%
of the Cx36 channels in a dendritic GJ are in an open state.
In line with this estimate, a small fraction (15%-20%) of Cx35
(a fish ortholog of Cx36) channels are estimated to mediate
electrical coupling in goldfish Mauthner cells (Lin and Faber,



1988; Pereda et al., 20083; Tuttle et al., 1986). In contrast, two
recent studies reported much smaller (0.1% and 0.8%) esti-
mates of the fraction of open Cx36 channels between the somata
of neurons in the mesencephalic trigeminal nucleus (Curti
et al., 2012) and in transfected Hela cells and pancreatic B cells
(Marandykina et al., 2013). However, these studies used diffrac-
tion-limited fluorescent microscopy for the measurements of GJ
areas, which may have resulted in an overestimation of the GJ
size and, as a consequence, an underestimation of the fraction
of open channels. Nevertheless, a low open probability seems
to be a general feature of GJs as the proportion of open Cx43,
Cx45, and Cx57 channels are also low (Bukauskas et al., 2000;
Palacios-Prado et al., 2009, 2010). This could enable the
strength of electrical coupling to be modulated rapidly without
changing the number of channels in a plaque. Indeed, it has
been demonstrated that n-alkanols and arachidonic acid (Mar-
andykina et al., 2013), as well as changes in intracellular [Mg?*]
(Palacios-Prado et al., 2013) can modify the number of functional
Cx36 channels without altering their trafficking or single-channel
conductance.

Variation in GJ Size and Its Spatial Independence

Our immunofluorescent reactions and quantitative LM analysis
suggest that GJs vary widely in strength, but do not vary sys-
tematically in size across the GoC dendritic tree. While it can
be argued that the relationship between Cx36 immunofluores-
cent intensity and GJ strength is rather qualitative, the similar
variation in GJ size in our SDS-FRL immunolabeling experi-
ments, which unequivocally identified Cx36 immunopositive
GJs in our replicas, supports the validity of this conclusion.
Moreover, we show that the density of IMPs/Cx36 channels
is relatively uniform, with small GJ to GJ variability (CV =
0.11), indicating a linear relationship between GJ size and
channel number. In addition, when we compared the distribu-
tions of GJ areas on mGIuR2* and mGIuR2~ dendrites in the
ML, we observed a similar rightward shift on the cumulative
probability plot to that of fluorescent intensities (cf. Figures
2D and 7F). These results confirmed that the relative fluores-
cent intensity of puncta provides a reliable estimate of the
area and the total number of Cx36 channels. The high variability
in the size and number of channels per GJ are properties that
are also common to chemical synapses and may result from
plasticity (Landisman and Connors, 2005; Pereda et al., 2013,
Mathy et al., 2014).

Our results indicate that variation in the number of GJs be-
tween two connected GoCs (from 1 to 9; here and Vervaeke
et al. [2010]) accounts for most of the variance in the CC. How-
ever, the availability of close dendritic appositions may limit the
number of GJs that can be formed between two cells. As for
chemical neurotransmission, the strength of electrical synapses
could also be adjusted by changing the number of channels
per synaptic contact. The 7-fold variability in the size of GJs
(from 0.009 to 0.065 um?® and, thus, the total number of
Cx36 channels per GJ plaque, suggests that altering the num-
ber of channels per GJ could also be used as a way of chang-
ing Ggy. Both of these mechanisms would require insertion of
new channels into the membrane. Consistent with these poten-
tial plasticity mechanisms, GJs are equipped with the machin-

ery for fast changes, as the turnover of connexins in GJs can be
quite rapid (1-3 hr; Beardslee et al., 1998; Gaietta et al., 2002)
and interfering with Cx35 trafficking has been shown to modify
the strength of electrical coupling in goldfish Mauthner cells
(Flores et al., 2012).

Origins of the Variability in Strength of Electrical
Coupling and Its Relation to Synchrony

The large, slow inhibitory GJPs present in GoCs and the highly
variable nature of the coupling strength enables appropriately
timed excitatory chemical synaptic inputs to desynchronize the
firing of the GoC network (Vervaeke et al., 2010). Our current
results, which have quantified the relative contributions of den-
dritic attenuation, GJ size, and the number of GJs per electrical
synaptic connections, indicate that the number of GJs per
connection is the dominant determinant of the variation in CC,
which is critical for spike time dispersion. Although our analysis
was carried out under passive, steady-state conditions, it is likely
to hold for the GJP under more physiological conditions, given
their slow time course. Active conductances, such as the persis-
tent Na* conductance, which is located close to the soma in
GoCs (Vervaeke et al., 2010), is also likely to modulate the ampli-
tude of GJPs in a voltage-dependent manner (Dugué et al., 2009;
Haas et al., 2011). However, the scaling is linear (Haas et al.,
2011), so that at any given voltage, the variance of GJPs arising
from different presynaptic cells is likely to be preserved. This
high variability in electrical signaling, which is predominantly
due to differences in the number of GJs, is likely to be advanta-
geous for electrically coupled IN types that mediate desynchro-
nization. However, this property of electrical synapses may be
deleterious for neurons that utilize rapidly depolarizing spikelets
to maintain spike synchrony under a range of conditions and
those where electrical synapses mediate an early, precise
readout of dendritic activation (Trenholm et al., 2014). In these
cases, active dendritic conductances (Oesch et al., 2005; Sivyer
and Williams, 2013) may not only counteract the low pass
filtering of high-frequency components of spikelets, but it may
also be important in normalizing the amplitude of GJPs, thereby
counteracting variation in electrical coupling strength.

EXPERIMENTAL PROCEDURES

Electrophysiology and Two-Photon Imaging

Sagittal slices (230 pm) of the cerebellar vermis were prepared from both male
and female P23-P29 C57BL/6 mice in accordance with national and institu-
tional guidelines, as described previously (Vervaeke et al., 2010; see Supple-
mental Information). Recordings were made at 32°C-36°C from cerebellar
slices bathed in an artificial cerebral spinal fluid containing (mM): 0.001 TTX,
0.01 D-AP5, 0.01 NBQX, 0.01 SR95531, 0.0005 Strychnine, 0.01 ZD7288,
and 0.1 Ba®*, and in a subset of experiments, 0.01 4-AP and 0.025 mefloquine.
Data were recorded using the NeuroMatic software and analyzed using Neuro-
Matic and OriginPro (OriginLab). Membrane potentials are specified without
correction for the liquid junction potential.

For two-photon targeted patching, GoCs were filled with 50 pM Alexa 594
(Invitrogen) through a somatic patch pipette. A second patch pipette without
Alexa 594 and biocytin was used to patch one of the dendrites with the aid
of an online overlay of the Dodt contrast and the fluorescence images (Nevian
et al., 2007). Pipette capacitance neutralization and bridge-balance were
applied and adjusted when necessary. Voltage signals were recorded using
a MultiClamp 700B amplifier (Molecular Devices), low-pass filtered at 10
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kHz, digitized at 20-40 kHz. Measurements of C,, were performed and
analyzed as described previously (Gentet et al., 2000).

Neurolucida Reconstructions and Multi-compartmental Modeling
Slices containing recorded cells were placed in a fixative containing 4%
paraformaldehyde and 1.25% glutaraldehyde. Biocytin was visualized using
avidin-biotin-horseradish peroxidase complex and a diaminobenzidine re-
action. Sections were then dehydrated and embedded in epoxy resin
(Durcupan). LM reconstructions of the cells were performed with the Neuro-
lucida system (MicroBrightField). Light micrographs of each close apposi-
tion were used for guiding the EM identification of the GJs. All close appo-
sitions between the filled dendrites were checked in the EM (Tamas et al.,
2000; Vervaeke et al., 2010). Multi-compartmental GoC models were con-
structed in either neuroConstruct (Gleeson et al., 2007) or NEURON (Carne-
vale and Hines, 2006) and simulations were performed with NEURON
(version 7.3).

Fluorescent Immunohistochemistry

A young (P26) male C57BL/6 mouse was anesthetized and perfused through
the aorta with 3% paraformaldehyde and 0.2% picric acid in 0.1 M phosphate
buffer (PB) for 20 min. Immunofluorescent reactions were carried out as
described previously (Lorincz and Nusser, 2008; see Supplemental Infor-
mation). The following primary antibodies were used: rabbit polyclonal
anti-mGIuR2/3 (1:500; Millipore Cat. No.: 06-676; RRID: AB_310212) and
mouse monoclonal anti-Cx36 (1:1,000; Millipore Cat. No.: MAB3045; RRID:
AB_94632). The specificity of the Cx36 immunolabeling under these experi-
mental conditions was verified previously using Cx36~/~ mice (Vervaeke
et al., 2010).

z stack images were acquired with a confocal microscope. Identical circular
region of interests were positioned over Cx36 immunopositive puncta and the
integral of Cx36 fluorescence was measured in the confocal section where the
fluorescent intensity was the highest. mGIuR2* dendrites were reconstructed
in 3D from confocal z stack images using the Neurolucida software and
each Cx36 positive punctum was traced back to the parent soma to obtain
the distance of Cx36 puncta from GoC somata.

SDS-FRL

Two young (P22 and P26) male C57BL/6 mice were deeply anesthetized and
were transcardially perfused with ice-cold fixative containing 2% paraformal-
dehyde in 0.1 M PB for 15 min. 80 um thick sagittal sections from the cerebellar
vermis were cut, cryoprotected in 30% glycerol, frozen with a high-pressure
freezing machine (HPM100, Leica Microsystems), and fractured in a freeze-
fracture machine (EM BAF060, Leica) as described in Lorincz and Nusser
(2010) and the Supplemental Information.

The replicas were immunoreacted in the solution of rabbit polyclonal anti-
mGluR2/3 (1:100; Millipore Cat. No.: 06-676; RRID: AB_310212 or Millipore
Cat. No.: AB1553, RRID: AB_90767) and mouse monoclonal anti-Cx36
(1:500; Millipore Cat. No.: MAB3045; RRID: AB_94632) antibodies. This was
followed by an incubation in the following secondary antibodies: goat anti-rab-
bit IgGs coupled to 15 nm gold particles and goat anti-mouse IgGs coupled to
10 nm gold particles (both 1:50; British Biocell). Finally, replicas were rinsed in
TBS and distilled water before they were picked up on parallel bar copper grids
and examined with a Jeol1011 EM (Jeol).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and three figures and can be found with this article online at http://dx.doi.
org/10.1016/j.neuron.2016.03.029.

AUTHOR CONTRIBUTIONS

M.S. performed reconstructions and modeling; A.L. conducted reconstruc-
tions, correlated LM and EM and immunolocalizations; F.L. and K.V. per-
formed the electrophysiological recordings and analysis; R.A.S. and Z.N. de-
signed the study; and M.S., A.L., R.A.S., and Z.N. wrote the paper.

1054 Neuron 90, 1043-1056, June 1, 2016

ACKNOWLEDGMENTS

Z.N. is the recipient of a Hungarian Academy of Sciences Momentum Grant
(Lendulet, LP2012-29) and an ERC Advanced Grant. A.L. was supported by
a Janos Bolyai Scholarship. R.A.S. is in receipt of a Wellcome Trust Principal
Research Fellowship (095667) and ERC Advanced Grant (249667). F.L. was
supported by a postdoctoral Fondation Fyssen fellowship and a Marie Curie
fellowship (FP7 program). We thank Déra Rénaszéki and Eva Dobai for their
excellent technical help and A. Valera for critically reading the manuscript.

Received: December 17, 2015
Revised: March 3, 2016
Accepted: March 22, 2016
Published: April 28, 2016

REFERENCES

Abrahamsson, T., Cathala, L., Matsui, K., Shigemoto, R., and Digregorio, D.A.
(2012). Thin dendrites of cerebellar interneurons confer sublinear synaptic
integration and a gradient of short-term plasticity. Neuron 73, 1159-1172.

Alcami, P., and Marty, A. (2013). Estimating functional connectivity in an
electrically coupled interneuron network. Proc. Natl. Acad. Sci. USA 110,
E4798-E4807.

Baude, A., Bleasdale, C., Dalezios, Y., Somogyi, P., and Klausberger, T.
(2007). Immunoreactivity for the GABAA receptor alphal subunit, somatostatin
and Connexin36 distinguishes axoaxonic, basket, and bistratified interneurons
of the rat hippocampus. Cereb. Cortex 17, 2094-2107.

Beardslee, M.A., Laing, J.G., Beyer, E.C., and Saffitz, J.E. (1998). Rapid turn-
over of connexin43 in the adult rat heart. Circ. Res. 83, 629-635.

Beierlein, M., Gibson, J.R., and Connors, B.W. (2000). A network of electrically
coupled interneurons drives synchronized inhibition in neocortex. Nat.
Neurosci. 3, 904-910.

Bennett, M.V. (1966). Physiology of electrotonic junctions. Ann. N'Y Acad. Sci.
137, 509-539.

Bukauskas, F.F., Jordan, K., Bukauskiene, A., Bennett, M.V., Lampe, P.D.,
Laird, D.W., and Verselis, V.K. (2000). Clustering of connexin 43-enhanced
green fluorescent protein gap junction channels and functional coupling in
living cells. Proc. Natl. Acad. Sci. USA 97, 2556-2561.

Carnevale, T., and Hines, M. (2006). The NEURON Book (New York:
Cambridge University Press).

Cheuvli, R., and Fitch, C.D. (1982). The antimalarial drug mefloquine binds to
membrane phospholipids. Antimicrob. Agents Chemother. 21, 581-586.

Cruikshank, S.J., Hopperstad, M., Younger, M., Connors, B.W., Spray, D.C.,
and Srinivas, M. (2004). Potent block of Cx36 and Cx50 gap junction channels
by mefloquine. Proc. Natl. Acad. Sci. USA 707, 12364-12369.

Curti, S., Hoge, G., Nagy, J.l., and Pereda, A.E. (2012). Synergy between elec-
trical coupling and membrane properties promotes strong synchronization of
neurons of the mesencephalic trigeminal nucleus. J. Neurosci. 32, 4341-4359.

Deans, M.R., Gibson, J.R., Sellitto, C., Connors, B.W., and Paul, D.L. (2001).
Synchronous activity of inhibitory networks in neocortex requires electrical
synapses containing connexin36. Neuron 317, 477-485.

Delvendahl, I., Straub, ., and Hallermann, S. (2015). Dendritic patch-clamp re-
cordings from cerebellar granule cells demonstrate electrotonic compactness.
Front. Cell. Neurosci. 9, 93.

Devor, A., and Yarom, Y. (2002). Electrotonic coupling in the inferior olivary
nucleus revealed by simultaneous double patch recordings. J. Neurophysiol.
87, 3048-3058.

Dugué, G.P., Brunel, N., Hakim, V., Schwartz, E., Chat, M., Lévesque, M.,
Courtemanche, R., Léna, C., and Dieudonné, S. (2009). Electrical coupling me-
diates tunable low-frequency oscillations and resonance in the cerebellar
Golgi cell network. Neuron 67, 126-139.

Flores, C.E., Nannapaneni, S., Davidson, K.G., Yasumura, T., Bennett, M.V.,
Rash, J.E., and Pereda, A.E. (2012). Trafficking of gap junction channels at a


http://dx.doi.org/10.1016/j.neuron.2016.03.029
http://dx.doi.org/10.1016/j.neuron.2016.03.029
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref1
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref1
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref1
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref2
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref2
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref2
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref3
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref3
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref3
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref3
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref4
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref4
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref5
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref5
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref5
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref6
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref6
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref7
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref7
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref7
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref7
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref8
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref8
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref9
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref9
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref10
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref10
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref10
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref11
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref11
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref11
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref12
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref12
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref12
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref13
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref13
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref13
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref14
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref14
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref14
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref15
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref15
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref15
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref15
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref16
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref16

vertebrate electrical synapse in vivo. Proc. Natl. Acad. Sci. USA 109, E573-
E582.

Fortier, P.A., and Bagna, M. (2006). Estimating conductances of dual-recorded
neurons within a network of coupled cells. J. Theor. Biol. 240, 501-510.

Fukuda, T. (2009). Network architecture of gap junction-coupled neuronal link-
age in the striatum. J. Neurosci. 29, 1235-1243.

Fukuda, T., and Kosaka, T. (2000). Gap junctions linking the dendritic network
of GABAergic interneurons in the hippocampus. J. Neurosci. 20, 1519-1528.

Fukuda, T., Kosaka, T., Singer, W., and Galuske, R.A. (2006). Gap junctions
among dendrites of cortical GABAergic neurons establish a dense and wide-
spread intercolumnar network. J. Neurosci. 26, 3434-3443.

Gaietta, G., Deerinck, T.J., Adams, S.R., Bouwer, J., Tour, O., Laird, D.W.,
Sosinsky, G.E., Tsien, R.Y., and Ellisman, M.H. (2002). Multicolor and electron
microscopic imaging of connexin trafficking. Science 296, 503-507.

Galarreta, M., and Hestrin, S. (1999). A network of fast-spiking cells in the
neocortex connected by electrical synapses. Nature 402, 72-75.

Galarreta, M., and Hestrin, S. (2001a). Electrical synapses between GABA-
releasing interneurons. Nat. Rev. Neurosci. 2, 425-433.

Galarreta, M., and Hestrin, S. (2001b). Spike transmission and synchrony
detection in networks of GABAergic interneurons. Science 292, 2295-2299.

Galarreta, M., and Hestrin, S. (2002). Electrical and chemical synapses among
parvalbumin fast-spiking GABAergic interneurons in adult mouse neocortex.
Proc. Natl. Acad. Sci. USA 99, 12438-12443.

Gentet, L.J., Stuart, G.J., and Clements, J.D. (2000). Direct measurement of
specific membrane capacitance in neurons. Biophys. J. 79, 314-320.

Gibson, J.R., Beierlein, M., and Connors, B.W. (1999). Two networks of elec-
trically coupled inhibitory neurons in neocortex. Nature 402, 75-79.

Gibson, J.R., Beierlein, M., and Connors, B.W. (2005). Functional properties
of electrical synapses between inhibitory interneurons of neocortical layer 4.
J. Neurophysiol. 93, 467-480.

Gleeson, P., Steuber, V., and Silver, R.A. (2007). neuroConstruct: a tool for
modeling networks of neurons in 3D space. Neuron 54, 219-235.

Golding, N.L., Mickus, T.J., Katz, Y., Kath, W.L., and Spruston, N. (2005).
Factors mediating powerful voltage attenuation along CA1 pyramidal neuron
dendrites. J. Physiol. 568, 69-82.

Haas, J.S., Zavala, B., and Landisman, C.E. (2011). Activity-dependent long-
term depression of electrical synapses. Science 334, 389-393.

Hjorth, J., Blackwell, K.T., and Kotaleski, J.H. (2009). Gap junctions between
striatal fast-spiking interneurons regulate spiking activity and synchronization
as a function of cortical activity. J. Neurosci. 29, 5276-5286.

Hormuzdi, S.G., Pais, |., LeBeau, F.E., Towers, S.K., Rozov, A., Buhl, E.H.,
Whittington, M.A., and Monyer, H. (2001). Impaired electrical signaling disrupts
gamma frequency oscillations in connexin 36-deficient mice. Neuron 37,
487-495.

Hu, H., Martina, M., and Jonas, P. (2010). Dendritic mechanisms underlying
rapid synaptic activation of fast-spiking hippocampal interneurons. Science
327, 52-58.

Hughes, S.W., Blethyn, K.L., Cope, D.W., and Crunelli, V. (2002). Properties
and origin of spikelets in thalamocortical neurones in vitro. Neuroscience
110, 395-401.

Kamasawa, N., Furman, C.S., Davidson, K.G., Sampson, J.A., Magnie, A.R.,
Gebhardt, B.R., Kamasawa, M., Yasumura, T., Zumbrunnen, J.R., Pickard,
G.E., et al. (2006). Abundance and ultrastructural diversity of neuronal gap
junctions in the OFF and ON sublaminae of the inner plexiform layer of rat
and mouse retina. Neuroscience 742, 1093-1117.

Kopell, N., and Ermentrout, B. (2004). Chemical and electrical synapses
perform complementary roles in the synchronization of interneuronal net-
works. Proc. Natl. Acad. Sci. USA 1071, 15482-15487.

Kosaka, T., and Hama, K. (1985). Gap junctions between non-pyramidal
cell dendrites in the rat hippocampus (CA1 and CAS3 regions): a combined
Golgi-electron microscopy study. J. Comp. Neurol. 237, 150-161.

Landisman, C.E., and Connors, B.W. (2005). Long-term modulation of electri-
cal synapses in the mammalian thalamus. Science 370, 1809-1813.
Landisman, C.E., Long, M.A., Beierlein, M., Deans, M.R., Paul, D.L., and
Connors, B.W. (2002). Electrical synapses in the thalamic reticular nucleus.
J. Neurosci. 22, 1002-1009.

Larkum, M.E., Nevian, T., Sandler, M., Polsky, A., and Schiller, J. (2009).
Synaptic integration in tuft dendrites of layer 5 pyramidal neurons: a new uni-
fying principle. Science 325, 756-760.

Li, X., Kamasawa, N., Ciolofan, C., Olson, C.O., Lu, S., Davidson, K.G.,
Yasumura, T., Shigemoto, R., Rash, J.E., and Nagy, J.I. (2008). Connexin45-
containing neuronal gap junctions in rodent retina also contain connexin36
in both apposing hemiplaques, forming bihomotypic gap junctions, with scaf-
folding contributed by zonula occludens-1. J. Neurosci. 28, 9769-9789.

Lin, J.W., and Faber, D.S. (1988). Synaptic transmission mediated by single
club endings on the goldfish Mauthner cell. |. Characteristics of electrotonic
and chemical postsynaptic potentials. J. Neurosci. 8, 1302-1312.

Lorincz, A., and Nusser, Z. (2008). Cell-type-dependent molecular composi-
tion of the axon initial segment. J. Neurosci. 28, 14329-14340.

Lorincz, A., and Nusser, Z. (2010). Molecular identity of dendritic voltage-gated
sodium channels. Science 328, 906-909.

Major, G., Larkman, A.U., Jonas, P., Sakmann, B., and Jack, J.J. (1994).
Detailed passive cable models of whole-cell recorded CA3 pyramidal neurons
in rat hippocampal slices. J. Neurosci. 74, 4613-4638.

Mann-Metzer, P., and Yarom, Y. (1999). Electrotonic coupling interacts with
intrinsic properties to generate synchronized activity in cerebellar networks
of inhibitory interneurons. J. Neurosci. 19, 3298-3306.

Marandykina, A., Palacios-Prado, N., Rimkuté, L., Skeberdis, V.A., and
Bukauskas, F.F. (2013). Regulation of connexin36 gap junction channels by
n-alkanols and arachidonic acid. J. Physiol. 597, 2087-2101.

Mathy, A., Clark, B.A., and Hausser, M. (2014). Synaptically induced long-term
modulation of electrical coupling in the inferior olive. Neuron 87, 1290-1296.
Nevian, T., Larkum, M.E., Polsky, A., and Schiller, J. (2007). Properties of basal
dendrites of layer 5 pyramidal neurons: a direct patch-clamp recording study.
Nat. Neurosci. 10, 206-214.

Nérenberg, A., Hu, H., Vida, I., Bartos, M., and Jonas, P. (2010). Distinct
nonuniform cable properties optimize rapid and efficient activation of fast-
spiking GABAergic interneurons. Proc. Natl. Acad. Sci. USA 107, 894-899.
QOesch, N., Euler, T., and Taylor, W.R. (2005). Direction-selective dendritic ac-
tion potentials in rabbit retina. Neuron 47, 739-750.

Ohishi, H., Ogawa-Meguro, R., Shigemoto, R., Kaneko, T., Nakanishi, S., and
Mizuno, N. (1994). Immunohistochemical localization of metabotropic gluta-
mate receptors, mGIuR2 and mGIuRS, in rat cerebellar cortex. Neuron 13,
55-66.

Palacios-Prado, N., Sonntag, S., Skeberdis, V.A., Willecke, K., and
Bukauskas, F.F. (2009). Gating, permselectivity and pH-dependent modula-
tion of channels formed by connexin57, a major connexin of horizontal cells
in the mouse retina. J. Physiol. 587, 3251-3269.

Palacios-Prado, N., Briggs, S.W., Skeberdis, V.A., Pranevicius, M., Bennett,
M.V., and Bukauskas, F.F. (2010). pH-dependent modulation of voltage gating
in connexin45 homotypic and connexin45/connexin43 heterotypic gap junc-
tions. Proc. Natl. Acad. Sci. USA 707, 9897-9902.

Palacios-Prado, N., Hoge, G., Marandykina, A., Rimkute, L., Chapuis, S.,
Paulauskas, N., Skeberdis, V.A., O’Brien, J., Pereda, A.E., Bennett, M.V.,
and Bukauskas, F.F. (2013). Intracellular magnesium-dependent modulation
of gap junction channels formed by neuronal connexin36. J. Neurosci. 33,
4741-4758.

Pereda, A., O'Brien, J., Nagy, J.I., Bukauskas, F., Davidson, K.G.,
Kamasawa, N., Yasumura, T., and Rash, J.E. (2003). Connexin35 mediates
electrical transmission at mixed synapses on Mauthner cells. J. Neurosci.
23, 7489-7503.

Pereda, A.E., Curti, S., Hoge, G., Cachope, R., Flores, C.E., and Rash, J.E.
(2013). Gap junction-mediated electrical transmission: regulatory mechanisms
and plasticity. Biochim. Biophys. Acta 7828, 134-146.

Neuron 90, 1043-1056, June 1, 2016 1055


http://refhub.elsevier.com/S0896-6273(16)30020-4/sref16
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref16
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref17
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref17
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref18
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref18
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref19
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref19
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref20
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref20
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref20
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref21
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref21
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref21
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref22
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref22
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref23
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref23
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref24
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref24
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref25
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref25
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref25
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref26
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref26
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref27
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref27
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref28
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref28
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref28
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref29
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref29
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref30
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref30
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref30
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref31
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref31
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref32
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref32
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref32
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref33
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref33
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref33
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref33
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref34
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref34
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref34
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref35
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref35
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref35
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref36
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref36
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref36
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref36
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref36
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref37
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref37
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref37
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref38
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref38
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref38
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref39
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref39
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref40
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref40
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref40
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref41
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref41
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref41
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref42
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref42
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref42
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref42
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref42
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref43
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref43
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref43
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref44
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref44
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref45
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref45
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref46
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref46
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref46
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref47
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref47
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref47
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref48
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref48
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref48
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref48
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref49
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref49
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref50
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref50
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref50
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref51
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref51
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref51
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref52
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref52
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref53
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref53
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref53
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref53
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref54
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref54
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref54
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref54
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref55
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref55
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref55
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref55
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref56
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref56
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref56
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref56
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref56
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref57
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref57
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref57
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref57
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref58
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref58
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref58

Roth, A., and Hausser, M. (2001). Compartmental models of rat cerebellar
Purkinje cells based on simultaneous somatic and dendritic patch-clamp re-
cordings. J. Physiol. 535, 445-472.

Simat, M., Parpan, F., and Fritschy, J.M. (2007). Heterogeneity of glycinergic
and gabaergic interneurons in the granule cell layer of mouse cerebellum.
J. Comp. Neurol. 500, 71-83.

Sivyer, B., and Williams, S.R. (2013). Direction selectivity is computed by
active dendritic integration in retinal ganglion cells. Nat. Neurosci. 16, 1848
1856.

Sotelo, C., and Llinds, R. (1972). Specialized membrane junctions between
neurons in the vertebrate cerebellar cortex. J. Cell Biol. 53, 271-289.

Spruston, N. (2008). Pyramidal neurons: dendritic structure and synaptic inte-
gration. Nat. Rev. Neurosci. 9, 206-221.

Srinivas, M., Rozental, R., Kojima, T., Dermietzel, R., Mehler, M., Condorelli,
D.F., Kessler, J.A., and Spray, D.C. (1999). Functional properties of channels
formed by the neuronal gap junction protein connexin36. J. Neurosci. 19,
9848-9855.

Stuart, G., and Spruston, N. (1998). Determinants of voltage attenuation in
neocortical pyramidal neuron dendrites. J. Neurosci. 78, 3501-3510.

Szabadics, J., Lorincz, A., and Tamas, G. (2001). Beta and gamma frequency
synchronization by dendritic gabaergic synapses and gap junctions in a
network of cortical interneurons. J. Neurosci. 27, 5824-5831.

1056 Neuron 90, 1043-1056, June 1, 2016

Tamas, G., Buhl, E.H., Lérincz, A., and Somogyi, P. (2000). Proximally targeted
GABAergic synapses and gap junctions synchronize cortical interneurons.
Nat. Neurosci. 3, 366-371.

Teubner, B., Degen, J., S6hl, G., Glldenagel, M., Bukauskas, F.F., Trexler,
E.B., Verselis, V.K., De Zeeuw, C.l., Lee, C.G., Kozak, C.A., et al. (2000).
Functional expression of the murine connexin 36 gene coding for a neuron-
specific gap junctional protein. J. Membr. Biol. 176, 249-262.

Traub, R.D., Kopell, N., Bibbig, A., Buhl, E.H., LeBeau, F.E., and Whittington, M.A.
(2001). Gap junctions between interneuron dendrites can enhance synchrony of
gamma oscillations in distributed networks. J. Neurosci. 21, 9478-9486.

Trenholm, S., McLaughlin, A.J., Schwab, D.J., Turner, M.H., Smith, R.G.,
Rieke, F., and Awatramani, G.B. (2014). Nonlinear dendritic integration of
electrical and chemical synaptic inputs drives fine-scale correlations. Nat.
Neurosci. 17, 1759-1766.

Tuttle, R., Masuko, S., and Nakajima, Y. (1986). Freeze-fracture study of the
large myelinated club ending synapse on the goldfish Mauthner cell: special
reference to the quantitative analysis of gap junctions. J. Comp. Neurol. 246,
202-211.

Vervaeke, K., Lorincz, A., Gleeson, P., Farinella, M., Nusser, Z., and Silver, R.A.
(2010). Rapid desynchronization of an electrically coupled interneuron network
with sparse excitatory synaptic input. Neuron 67, 435-451.

Vervaeke, K., Lorincz, A., Nusser, Z., and Silver, R.A. (2012). Gap junctions
compensate for sublinear dendritic integration in an inhibitory network.
Science 335, 1624-1628.


http://refhub.elsevier.com/S0896-6273(16)30020-4/sref59
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref59
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref59
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref60
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref60
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref60
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref61
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref61
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref61
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref62
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref62
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref63
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref63
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref64
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref64
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref64
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref64
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref65
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref65
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref66
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref66
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref66
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref67
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref67
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref67
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref68
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref68
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref68
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref68
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref69
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref69
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref69
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref70
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref70
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref70
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref70
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref71
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref71
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref71
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref71
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref72
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref72
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref72
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref73
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref73
http://refhub.elsevier.com/S0896-6273(16)30020-4/sref73

	Functional Properties of Dendritic Gap Junctions in Cerebellar Golgi Cells
	Introduction
	Results
	Number and Location of GJs in Electrically Coupled Cerebellar GoCs
	The Strength of Cx36 Puncta in GoCs and Their Dependence on Distance from Soma
	Passive Electrical Properties of GoCs
	Determination of the Specific Membrane Capacitance of GoCs
	Determination of the Specific Axial Resistance of GoC Dendrites
	Estimation of GJ Plaque Conductance by Modeling GoC Pairs Embedded within a Syncytium
	GJ Plaques Have Variable Sizes with a Constant Density of Connexons
	Factors Contributing to the Variability in the Strength of Electrical Coupling between GoCs

	Discussion
	Passive Membrane Properties of IN Dendrites and the Impact of GJs
	Mean GGJ, Number of Channels, and Open Probability
	Variation in GJ Size and Its Spatial Independence
	Origins of the Variability in Strength of Electrical Coupling and Its Relation to Synchrony

	Experimental Procedures
	Electrophysiology and Two-Photon Imaging
	Neurolucida Reconstructions and Multi-compartmental Modeling
	Fluorescent Immunohistochemistry
	SDS-FRL

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


