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Even though it has been known for some time that in many
mammalian brain areas interneurons are electrically coupled, a
quantitative description of the network electrical connectivity and
its impact on cellular passive properties is still lacking. Approaches
used so far to solve this problem are limited because they do not
readily distinguish junctions among direct neighbors from indirect
junctions involving intermediary, multiply connected cells. In the
cerebellar cortex, anatomical and functional evidence indicates
electrical coupling between molecular layer interneurons (basket
and stellate cells). An analysis of the capacitive currents obtained
under voltage clamp in molecular layer interneurons of juvenile
rats or mice reveals an exponential component with a time con-
stant of ~20 ms, which represents capacitive loading of neighbor-
ing cells through gap junctions. These results, taken together with
dual cell recording of electrical synapses, have led us to estimate
the number of direct neighbors to be ~4 for rat basket cells and ~1
for rat stellate cells. The weighted number of neighbors (number
of neighbors, both direct and indirect, weighted with the percent-
age of voltage deflection at steady state) was 1.69 in basket cells
and 0.23 in stellate cells. The last numbers indicate the spread of
potential changes in the network and serve to estimate the con-
tribution of gap junctions to cellular input conductance. In conclusion
the present work offers effective tools to analyze the connectivity of
electrically connected interneuron networks, and it indicates that in
juvenile rodents, electrical communication is stronger among basket
cells than among stellate cells.

In various brain regions, GABAergic interneurons (INs) are
grouped in families sharing morphological and functional prop-
erties. These families are linked together with a mix of chemical and
electrical synapses. The combination of IN intrinsic firing properties
with the unique connectivity offered by GABAergic and electrical
synapses has been suggested to promote synchrony and rhythmic
activity in the IN network (1-5).

To model the functional role of gap junctions (GJs) in the IN
network and in cellular computation, it is necessary to determine
the number of cells that are connected to a given cell, as well as
the geometry of the network. Methods that have been developed
to extract this information include dye coupling analysis (e.g., ref.
6), paired recordings coupled with anatomical descriptions (7),
and frequency-dependent impedance measurements (8). The
first two methods do not readily distinguish direct connections
from indirect connections involving an intermediate IN (7, 9, 10),
and all three methods are labor intensive and difficult to im-
plement in a fully quantitative manner. In addition, they do not
provide information on the spatial arrangement of the GIs.
Therefore, the data that have been exploited for modeling GJ
connectivity in IN networks are missing critical elements.

In the cerebellum, Golgi cells and molecular layer interneu-
rons (MLIs) have been shown to form anatomical and functional
networks involving GJs that are specific to a given cell type (6,
11-14). In both cases GJs may be involved in the generation of
concerted oscillations under some pharmacological conditions
(12, 15), and spikelets (spikes of coupled cells filtered through
GJs) have been shown to encode sensory information in MLIs
(16). MLIs are particularly interesting because their geometry is
essentially restricted to a single parasagittal plane (17) and their
biophysical properties are well characterized (18). Whereas
in a 3D structure, slicing unavoidably damages some of the GJ
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coupling, the 2D MLI network is better preserved by slicing
along the sagittal plane. This situation creates a unique oppor-
tunity to determine the network connectivity in a 2D structure,
which is considerably easier to analyze than the usual 3D case.

In the present work we take advantage of the planar config-
uration of the MLI GJ-connected network to study its functional
connectivity. Because the most common protein forming neu-
ronal electrical synapses, Cx36, shows a strong expression in the
brain during the two first postnatal weeks (19), we chose to work
on juvenile rodents. Using this preparation we develop an ap-
proach for determining the number of neighbors immediately
linked by GJs to a reference cell, as well as the functional
“equivalent number of coupled cells” based on the total charge
distributed in the electrically coupled network. We then in-
vestigate the implications of GJ connectivity in cellular compu-
tation. Finally, we show how this information can be used to
build a constrained model of the GJ-connected network.

Results

Cx36 Mediates Electrical Coupling in Molecular Layer Interneurons.
Morphological evidence indicates the presence of GJs between
somas and dendrites of MLIs in adult rodents (11, 20). Func-
tionally, electrical coupling has been described in adult guinea
pig MLIs (6), but in young rats, electrical junctions have been
reported to be weak and infrequent (21, 22). Connexin 36 and
connexin 45 are the two main neuronal GJ proteins (1) and both
have been found in the molecular layer of the cerebellum (19, 23,
24), suggesting their expression in MLIs. Even though MLIs
express Cx45, normal GJs are maintained in Cx45~~ mice. By
contrast, normal GJs cannot be detected in Cx36~'~ mice (20),
suggesting a role of Cx36 in electrical coupling between MLIs.
We consequently examined electrical coupling in mice and rats
and the involvement of Cx36 in this coupling.

First, we examined the presence of Cx36 in P13-14 rats with im-
munohistochemistry. We performed triple stainings with antibodies
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targeting (i) Cx36, (ii) the calcium-binding protein parvalbumin
(PV) that is expressed in some MLIs and in Purkinje cells, and
(iii) the calcium-binding protein calbindin (CB) that is expressed
only in Purkinje cells (n = 3 regions of interest per animal, n = 3
animals). Among MLISs, only cells in the inner molecular layer,
mainly basket cells, express PV in P13-14 rats, because PV is
developmentally regulated and is expressed at earlier stages in
basket cells than in stellate cells (25). We found that Cx36 is
expressed in the inner molecular layer and colocalizes with PV
expressing MLIs (Fig. 14). A total of 73 + 6% of Cx36 immu-
nolabeling colocalized with PV-positive immunolabeling whereas
a smaller percentage of Cx36 puncta, 12 + 6%, colocalized with
CB-positive structures. The remaining Cx36 staining, 27 + 6%,
did not colocalize with PV and may be related to Cx36 expres-
sion in the dendrites of Golgi cells (12, 13) and on MLIs that do
not express PV. Thus, the majority of Cx36 puncta in the inner
molecular layer were located on PV-positive MLIs. Furthermore,
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Fig. 1. Cx36 mediates electrical coupling between basket cells. (A) Cx36 is
expressed at putative contacts between parvalbumin-positive MLIs. Shown is
immunostaining for parvalbumin (PV, red), calbindin (CB, blue), and Cx36
(green), in cerebellar slices from juvenile rats. Successive confocal planes are
shown. Arrowheads indicate Cx36 puncta, which are associated with PV*,
CB~ cells (presumably MLIs), and are mostly located at crossings between two
PV*, CB™ neurites. (B) Electrical coupling in control and Cx36™'~ mice. Shown
are whole-cell recordings from pairs of basket cells. Current pulses were
injected in cell 1 (black) and the membrane potential was monitored in both
the stimulated cell (black) and the other cell (red). Average of ~50 voltage
traces is shown. (a) Representative recordings of pairs of basket cells from
wild-type mice, showing steady-state coupling. (b) Representative recording
of pairs of basket cells from Cx36™'~ mice, showing no electrical connection.
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Cx36 was often detected at crossings of MLI neurites, which are
putative sites for electrical synapses (Fig. 14).

Second, we examined electrical coupling in Cx36~/~ mice (3).
Electrical coupling was present in wild-type mice, where two-
thirds of basket cell pairs with intersomatic distances smaller
than 50 um were coupled (n = 4/6 paired recordings, Fig. 1 B, a).
In Cx36 '~ mice, steady-state coupling was not detectable, and
spikelets were not observed (n = 9 paired recordings, Fig. 1 B, b,
Fisher’s exact test on incidence of coupling, P = 0.01). These
results confirm that Cx36 mediates electrical coupling between
basket cells in young rodents.

Previous morphological studies showed that GJs were present
in the somas and dendrites of MLIs (11, 20). Accordingly, we
observed frequent Cx36 staining in MLI dendrites (Fig. 14).
Axonal GJs have been found in the basket axons around Purkinje
cell bodies in a model of Purkinje cell degeneration (26). An
open question is whether electrical synapses exist in the axons of
normal rodent MLIs. We next looked for Cx36 in axonal struc-
tures. We observed Cx36 immunostainings that colocalized with
MLI axons in 9 of 17 MLIs previously recorded with an internal
solution containing neurobiotin (Fig. 2). The junctions were lo-
cated in the main branch as well as in axonal collaterals. These
experiments suggest that axonal GJs are present in nonpathological
MLI axons and that they are not restricted to basket structures.
Rather, they occur more generally in the axonal arborization of
basket cells.

In summary, the presence of Cx36 in MLIs and the absence
of electrical coupling in mice lacking Cx36 concur to indicate
that Cx36 is the main molecular substrate of electrical synapses
between MLIs.

Capacitive Currents in Basket Cells. GJs create a link between the
capacitive compartments of neighboring cells and hence are ex-
pected to distribute capacitive currents in the electrically coupled
network. This should be manifest in the analysis of capacitive
currents under voltage clamp (27, 28). However, to our knowledge,
a possible contribution of GJs to the capacitive current of mam-
malian INs has not been so far reported. We therefore reexamined
capacitive currents in MLIs with the aim of identifying a possible
contribution of GJs.

Juvenile MLIs have thick dendrites extending over a few tens
of microns and a comparatively thin axon (diameter 0.6 pm)
extending about 200 pm. Evidence gathered from experimental
and modeling approaches indicates that dendrites are short
enough to be considered as isopotential with the soma (18, 29).
Passive electrical equilibration occurs between the axonal com-
partment and the somatodendritic compartment with a time
constant of a few milliseconds (18). Under voltage clamp, when
a hyperpolarizing voltage jump is applied to the soma of a MLI
from young rat slices, capacitive currents display two distinct
exponential components, reflecting the fast charge of the soma-
todendritic compartment and the slower charge of the axonal
compartment (18). Likewise, compartmental modeling based
on morphological reconstructions predicts a capacitive current
trace that can be fitted by a biexponential curve with time constants
7y = 0.2 ms and 1, = 3.1 ms (18). This analysis was performed
using pulses with a 20-ms duration, which ensured complete ca-
pacitive loading of both somatodendritic and axonal components.

However, if the duration of the pulses is extended beyond
20 ms, as in the present experiments, slower components become
apparent in most cells (8/9). In Fig. 3 4, b, which shows a blow-up
of the part of the relaxation boxed in red dashed lines in Fig. 3 4,
a, a slow relaxation is apparent with a time constant of 14.5 ms.
Once this slow component was removed by subtraction, the two
previously described somatodendritic and axonal components
were apparent (Fig. 3 4, b and c¢). We found in rat basket cells
a first exponential term of amplitude A; = 702 + 104 pA and time
constant t; = 0.40 + 0.05 ms and a second term of amplitude
A, = 145 + 23 pA and time constant 7, = 3.0 = 0.3 ms (n = 9, Fig.
3 A, ¢), close to previously reported values. The corresponding
somatodendritic compartment (C; in Fig. 3 4, d) has a capacitance

PNAS | Published online November 18, 2013 | E4799

%)
=2
o
a
w
<
=
[

NEUROSCIENCE



Fig. 2. Axonal location of Cx36 in some MLIs. (A) A basket cell filled with
neurobiotin (red) and immunostained against Cx36 (green) displays a com-
pact dendritic arborization and an extended axon running near the edge of
the molecular layer (ML), parallel to the Purkinje cell layer (PCL; border
between ML and PCL indicated by white line). Maximum of the Z projection
from a stack of confocal planes is shown. (B) A magnification of the yellow
box in A in four successive confocal planes shows a Cx36 cluster located in
the main branch of the basket cell axon.

of 5.0 + 0.2 pF and the axonal compartment (C, in Fig. 3 4, d) has
a capacitance of 9.7 + 2.5 pF.

The analysis indicated that additional exponential functions
had to be included with amplitude A; = 42.1 + 9.1 pA (averaged
over 9 cells) and time constant T3 = 16.3 + 1.9 ms (n = 8§/9),
accounting for 13.4 + 3.2 pF. In 5 cells, a fourth time constant
T4 = 100.6 £ 17.1 ms (n = 5/9) with average current amplitude
over the entire population A4, = 5.9 = 2.1 pA (n = 9) accounts
for 11.4 + 4.1 pF (Fig. 3 4, e, n = 9). These slow components
cannot be due to the contribution of the pipette capacitance
because this contribution was removed by subtraction of cell-
attached records (Materials and Methods), and they are not
compatible with modeled charge time constants of dendritic or
axonal compartments (18). Thus, whereas the somatodendritic
and axonal compartments of rat basket cells have a summed ca-
pacitance of 14.7 + 2.5 pF (n = 9), slower exponential components
represent additional average capacitance values C344 = 24.8 +5.9
pF (n =9).

In mouse basket cells, A; = 541 + 71 pA, t; = 0.33 + 0.03 ms,
A; =135 £ 25 pA, 1, = 3.0 £ 0.7 ms, A; = 13.3 + 1.4 pA, and
73 = 30.5 £ 5.0 ms (n = 5). Corresponding capacitances are C; =
35+ 04pF, C; =69+ 1.0 pF, and C; = 8.5 + 2.0 pF (Fig. 3 B,
a and b).

These results indicate that, in addition to somatodendritic and
axonal capacitive currents, basket cells also display a slower ca-
pacitive current with a timescale of tens of milliseconds that
loads a membrane surface similar to or larger than the cell’s
own surface.

Electrotonic Coupling Is Responsible for the Slow Capacitive Current
in Basket Cells. Can electrical coupling explain the slow compo-
nents of the capacitive current? In such a case C; + C, would
represent the apparent membrane capacitance of one or several
cells linked to the recorded cell by GJs (Fig. 3C; the exact repre-
sentation of C; and C, in terms of cell membrane capacitance is
discussed below in Equivalent Number of Neighbors).

In Cx36™"~ mice, 10 of 11 basket cells displayed a third com-
ponent with 13 = 8.7 + 0.9 ms (n = 10), A; = 36.7 = 7.6 pA
(averaged over 11 cells). The third charge time constant t; was
significantly smaller in Cx36~/~ mice than in wild-type mice (P =
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0.0003, one-tailed Wilcoxon-Mann-Whitney two-sample rank test),
reflecting the contribution of electrically coupled cells to it.

75 values were so close to those of 7, in Cx36 ~/~ mice that the
separation between the two components became questionable.
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Fig. 3. Slow component of capacitive currents in basket cells reflects ca-
pacitive loading of neighboring cells through the GJ channel connexin 36.
(A) Current relaxations evoked by a 50-mV voltage step in rat basket cells. (a)
Capacitive current relaxation in a rat basket cell in response to a 50-mV
hyperpolarizing jump in voltage-clamp mode (average of ~100 trials). (b)
Enlargement of the red dashed box in a, showing the slow capacitive current
(with time constant t3) present in 8/9 basket cells. In this example, t3 = 14.5
ms. A monoexponential fit (red) is superimposed to the original average
trace (black). (c) The curve resulting from the subtraction of the slow com-
ponent shown in b from the original data is fitted by a biexponential curve
(red), with time constants t; = 0.4 ms and 1, = 3.9 ms. (d) Time constants of
the three exponential functions that fit the average current trace: 14, 15, and
13 (n = 8/9) and 14 (n = 5/9). (e) Capacitance of the corresponding three
compartments. (B) Size and charging time constants of successive capaci-
tance current components in mice basket cells. (a) Time constants of the
three exponential functions that fit the average current trace in wild-type
mice (blue) and in Cx36™'~ mice (red). The value of 15 is significantly smaller
in Cx36™~ mice than in control mice. t; and 1, are not significantly different
between wild-type mice and Cx36~ mice. (b) Capacitance of the corre-
sponding three compartments of basket cells in wild-type mice (blue) and
Cx36~"~ mice (red). Red symbols display means and associated SEM values.
The capacitance of the first compartment (C,) is significantly larger in MLIs
from Cx36™~ mice than in those from wild-type mice. The capacitance of the
second compartment (Cy) is not significantly different in Cx36™~ compared
with wild-type mice. The capacitance of the third compartment (Cs) is sig-
nificantly reduced in Cx36™~ mice. (C) Diagram of the three capacitive
compartments of MLIs. Shown is a schematic representation of the three
compartments deduced from current relaxations. C; and C, respectively
represent the somatodendritic and the axonal compartment of the recorded
cell. G5 represents one or several cells linked to the recorded cell by electrical
junctions.
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Given our criteria for separation among successive exponential
components (Materials and Methods), in 7 of 11 cells the third
component was aggregated to the second one, leading to
assigning a value of 0 to C;. On average we found a value
markedly smaller than in wild type (2.9 + 1.5 pF vs. 8.5 + 2.0 pF,
P = 0.02, one-tailed Wilcoxon-Mann-Whitney two-sample test).
This indicated that the third component is essentially due to the
charge of the electrically coupled cells (Fig. 3B, b). The soma-
todendritic compartment had a somewhat larger capacitance in
Cx367'~ than in wild-type mice (6.2 + 0.7 pF vs. 3.5 + 0.4 pF, P =
0.02, Wilcoxon-Mann—-Whitney two-sample test), which may
reflect compensatory mechanisms in dendritic morphology as
shown in other preparations (30), whereas the capacitance of the
axonal compartment did not show any difference between wild-
type and Cx36~'~ mice (P = 0.58, Wilcoxon-Mann-Whitney two-
sample test). The other parameters obtained in Cx36™'~ mice
were A; = 790 = 73 pA, 71 = 0.41 + 0.05 ms and A, = 112 + 15
PA, 1, = 3.7 = 0.4 ms. P values for the comparison of the
somatodendritic and axonal time constants t; and T, were, re-
spectively, 0.26 and 0.51 (Wilcoxon-Mann-Withney two-sample
rank test), confirming that these components do not reflect
loading of coupled cells (Fig. 3B).

Thus, a distinct slow relaxation is absent in Cx36™~ mice, and
the third slow capacitive component mostly reflects loading of
coupled cells.

Equivalent Number of Neighbors. To derive a functional in-
terpretation of GJs it is essential to know to which extent a
voltage excursion is transmitted from a driver cell to the rest of
the network. For this purpose we define the equivalent number
of neighbors, N, as

Neg = ZAV}/V], [1]

where AV; is the voltage deflection in cell i (i > 1), and 1 refers to
the cell in which the voltage step is applied. Nq is the sum of
coupling coefficients over the entire network. Each cell contrib-
utes to the sum with a weight reflecting the proportion of the
driving voltage that is transmitted to it. This sum has been rec-
ognized as critical for modeling the network connectivity (7).

Capacitive current analysis readily provides an estimate of
N¢q. The equivalent capacitance corresponding to N is

Ceq = C Ngg = CEAV;/AV], 2]

where C is the mean capacitance of a single cell (including the
somatodendritic and axonal components). Cq is the ratio be-
tween the capacitive charge distributed over the network and
the driving potential. This ratio has been evaluated above as

Ceq ~C3+Ci=(Ast3 + A4 T4)/AV1. [3]
Combining Eqgs. 2 and 3 leads to
Neq ~ (A3 T3 + Ay T4)/(CAV1), [4]

Numerical application in rat basket cells leads to C = 14.7 + 2.5
pF (n =7), Ceq = 24.8 £+ 5.9 pF (n = 9), and N4 = 1.69.

In conclusion, capacitive current analysis provides a direct
estimate of Ny In addition, this analysis reveals an important
difference between the first two components of input capaci-
tance, C; and C,, and the two last ones, C; and C4. Whereas C;
and C, each represent a specific membrane surface that is totally
loaded to the driving potential, C; and C4 represent membrane
areas that are loaded to a fraction of the driving potential.

Electrical Junctions in Paired Current-Clamp Recordings. Next we
examined electrical coupling among MLIs in a more standard
manner, by performing double whole-cell recordings in MLIs
from rats. To maximize coupling probability the distance be-
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tween the two MLI somas was kept smaller than 40 pm, and the
depth in the slice was matched within 10 pm such that the 2 MLIs
were located at the same sagittal plane. In a first series of
experiments we injected negative current pulses in one cell and
compared the voltage changes measured in both cells under
current clamp (Fig. 44, a). These experiments revealed bi-
directional electrical coupling in 29% of pairs (20 of 69 pairs;
Fig. 44, b). The average steady-state coupling coefficient mea-
sured at the end of the pulse was 15.4 + 2.5% (n = 38 one-di-
rection observations, detection threshold = 1%, Fig. 44, c).

In all double recordings in which coupling was detected, action
potentials in one cell evoked spikelets in the other (Fig. 4B, a).
Spikelets result from filtering of the initial spike waveform by the
combination of GJ resistance and postsynaptic cell capacitance
(31). The average spikelet amplitude was 0.82 + 0.09 mV (n = 38
observations, detection threshold ~0.1 mV, Fig. 4 B, b). In pairs
that did not exhibit coupling, spikelets evoked by spikes in the
other cell were not observed (Fig. 4C).

Respective time courses of spikes and spikelets can be seen in
Fig. 4B, a. The delay between the rising phases of spike and
spikelet, measured at half-maximal amplitude, was 0.93 + 0.14
ms (n = 17 one-direction connections). Spikelet decay was bi-
phasic, with a time constant of the initial decay phase of 5.6 + 0.7
ms (membrane potential ~ =75 mV). This value is smaller than
the membrane time constant (18). In MLIs, it has been shown
that loading of the axonal membrane capacitance increases the
initial decay rate of excitatory postsynaptic potentials (EPSPs)
over the value predicted from the RC product of the cell
membrane (“axonal speeding,” ref. 18). Axonal speeding likely
accelerates the decay of spikelets like it does for EPSPs.

Electrical coupling was also observed in experiments using
whole-cell recording from one MLI (follower cell) and cell-
attached recording from another MLI (driving cell). In this con-
figuration, we found 11 coupled pairs from 19 recordings. Putting
together double whole-cell and mixed whole-cell/cell-attached
experiments, electrical coupling was observed in 35% of recor-
ded pairs (31 of 88 pairs), close to 40% of that previously re-
ported in adult guinea pigs (6).

The distributions of both coupling coefficients and spikelet
amplitudes measured in paired whole-cell recordings are asym-
metric, with a mode smaller than the mean and a tail of high
values (Fig. 4 A, c and B, b). The two parameters were strongly
correlated (P = 8 x 1077, linear correlation test, Fig. 4D).

Because the mean spikelet amplitude is 0.82 mV, and the
average spike is 58 + 1 mV (for basket cells, n = 30), as mea-
sured in whole-cell recordings, suprathreshold coupling takes the
mean value of ~1.4%, i.e., one order of magnitude smaller than
the steady-state coupling coefficient (15.4%). Thus, MLI elec-
trical synapses transmit slow subthreshold events much more
efficiently than spikes, as described in other preparations (31).

The coupling coefficient measured in one direction was as a
rule different from that measured in the other direction. In 15
pairs, we measured the mean ratio between the two values of
1.7 + 0.4 (n = 15). This does not necessarily imply a rectification
of the GJ conductance, however. A similar apparent rectification
has been reported earlier under current clamp in guinea pig MLIs,
where it was shown to reflect differences in cellular resistances
between the two recorded cells (6). Several lines of evidence in-
dicate that the same applies here.

First, the ratio of coupling coefficients and the ratio of input
resistances are strongly correlated (linear correlation test, P =
0.001, correlation coefficient r = 0.73, n = 15). Second, the di-
rectional junctional conductance can be estimated from paired
current-clamp recordings by a two-cell approximation (6) as
G1 10 2 = (AVL/AV))/R;[1 — (AV,/AVy)], where 1 and 2 are two
coupled cells (Fig. 5B), AV, is the voltage deflection in cell 2
after a voltage step AV; is evoked in cell 1, and R; is the mea-
sured input resistance of cell 2. As shown in Fig. 5B, G, , ; and
Gy o 1 take similar values, indicating no rectification. The re-
sidual conductance asymmetry apparent in Fig. 5B may be due to
an asymmetry of leak conductance through the seal, which may
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Fig. 4. Electrical coupling between MLlIs. (A) Steady-state coupling. (a) Di-
agram of the experiment. Whole-cell recordings from pairs of neurons are
shown. Current pulses were injected in one cell while a constant current was
applied to the other. (b) (Left) Negative current step injected in cell 1. Av-
erage of ~20 traces is shown. Arrowhead: —70 mV. (Right) Negative current
step injected in cell 2. Averages of ~20 traces are shown. Arrowhead: —70
mV. Cell 1 traces are black and cell 2 traces are red. In both a and b note the
sag due to |, current activation. Steady-state potential was measured at the
end of the pulse, after the I, sag. (c) Histogram of coupling coefficients
measured in paired recordings as the ratio between the steady-state voltage
change in one cell and the steady-state voltage change in the coupled cell.
Note the non-Gaussian distribution, with a mode followed by a tail of large
values. (B) Phasic coupling. Strong (2-ms duration) short current injection in
one cell elicited a spike in that cell and a postsynaptic potential (spikelet) in
the other. (a) (Left) The red trace illustrates average membrane potential of
cell 2 triggered by spikes in cell 1 (black). Average of 20 traces is shown.
(Right) Averages of the first cell membrane potential (black) triggered by
spikes in cell 2 (red). Arrowhead: —70 mV. (b) Histogram of spikelet
amplitudes. As in A, note the non-Gaussian distribution, with a mode
followed by a tail of large values. (C) Example of a nonconnected pair.
(Left) In response to a hyperpolarizing current jump in one cell, no steady-
state coupling is observed in the other. (Right) Spikes in one cell fail to
evoke spikelets in the other. Arrowhead: =70 mV. (D) Spikelet amplitude
as a function of coupling coefficient. Spikelet amplitudes are tightly cor-
related to corresponding coupling coefficients. Dashed red lines, average
values of the two parameters. The data are approximated with a line
passing through the axes origin, with a slope of 0.46 mV for 10% coupling
coefficient (solid red line).

significantly alter the estimate of the input resistance R in large
resistance neurons, or to other measurement errors. Third, direct
GJ conductance measurement under voltage clamp, described
below, does not indicate rectification.

Overall, in a short spatial range (d < 40 pm), electrical syn-
apses between MLIs in young rats are frequent, strong, and
particularly efficient in transmitting slow subthreshold events.
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GABAergic transmission was observed in 11% of one-direction
connections (17 of 157 one-direction connections) compared
with electrical coupling, observed in 31 of 88 pairs (35%). Thus,
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Fig. 5. Conductance and rectification of electrical synapses between MLIs.
(A) Coupling conductance and lack of rectification of electrical coupling in
voltage-clamp experiments. (Left) Experimental design and sample traces.
Two electrically coupled cells were recorded under voltage clamp (holding
potential —62 mV). When cell 1 was hyperpolarized, an inward current was
evoked in cell 1 (black). The electrode of cell 2 delivered current (red) to
maintain the potential of cell 2 to —62 mV. This current flowed through the
GJ from cell 2 to cell 1, and its direction with respect to the amplifier
clamping cell 2 was the same as that of depolarizing currents, i.e., outward.
Depolarizing cell 1 had the inverse effect. The junctional conductance was
then calculated as the ratio of the current change in cell 2 (Al,) over the
voltage change in cell 1 (AV,). (Upper Right) Linear relationship between Al,
and AV,. A linear fit is superimposed on the experimental data, indicating
a lack of voltage dependence of the gap conductance (Ggap = 269 pS).
Voltage-clamp errors due to the recording pipette resistance in cell 1 have
been corrected. (Lower Right) Junctional conductance normalized to values
obtained for AV, excursions between -15 mV and +15 mV. Pooled data for
six pairs are shown. Mean =+ SD shows no significant rectification. (B) Lack of
rectification of electrical coupling in current-clamp experiments. Shown is
coupling conductance measurement in electrically coupled pairs from cur-
rent injections in both directions (from cell 1 to cell 2, G;_., and from cell 2 to
cell 1, Ga-1). A line (y = x) is superimposed on the experimental data. (C)
Histogram of coupling conductances. Shown is a histogram of junctional
conductances (n = 19 pairs) measured in coupled cells. Mean = 190 pS. (D)
Spikelet under voltage clamp. In many voltage-clamp recordings, moderate
depolarization elicited spikelets that presumably reflected the firing of an
electrically coupled neighboring cell following the spread of depolarization
through the GJ. Average of 46 traces is shown. (E) Histogram of spikelet
amplitudes. Summary data from 33 MLIs are shown. Mean = 13 pA.
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at short spatial scales, electrical synapses are about three times
more frequent than chemical synapses.

Electrical Junctions in Paired Voltage-Clamp Recordings. Voltage-
clamp experiments were used to measure junctional conductance
between the somas of two coupled cells (Fig. 54). The junctional
conductance was then calculated as the ratio of the current
change Al in cell 2 over the voltage jump amplitude AV in cell 1.
This gave a mean of 190 + 43 pS (n = 19 MLIs, detection
threshold ~10 pS). Values of GJ conductances gathered across
various voltage-clamp experiments displayed a skewed distribu-
tion (Fig. 5C). The same experiments were used to examine
possible rectifying properties of the GJs. We found no rectifi-
cation at physiological subthreshold membrane potentials (Fig.
5A), confirming that the rectification observed under current
clamp (see above) reflects differences in the input resistance
values of the recorded cells.

When recording from a single cell under voltage clamp, slight
depolarization often elicited a sequence of inward—outward
currents (Fig. 5D). These signals are the counterparts of the
spikelets described above under current-clamp conditions (Fig.
4B). Like the latter signals, they presumably reflect the firing of
a cell that is electrically coupled to the recorded cell and that
fires due to the spread of depolarization. Peak amplitudes of
spikelet currents measured under voltage clamp had again
a skewed distribution (Fig. 5E), consistent with the previous
results on the strength of GJs.

Estimate of First-Order Electrically Coupled Neighbors. As pointed
out before, current methods of GJ analysis do not readily dis-
tinguish direct neighbors from indirect neighbors. Here we take
another approach, combining capacitive current analysis and
paired recording data to estimate the number of direct electri-
cally coupled neighbors, N;y. The initial amplitude of the slow
components of the capacitive current, Az + Ay, corresponds to
the current flowing into coupled cells through junctional con-
ductances before changing the potential of these cells, at a point
in time when the entire amplitude of the driving potential is
applied across the GJs. Thus, the sum of the junctional con-
ductances connecting the recorded cell to its direct electrically
coupled neighbors is given by Ggym = (Az + A4)/AV. With AV =
50 mV, and after applying appropriate corrections (Materials and
Methods), we obtain Iy, = [48.7-55.4] pA (n = 9) and Gy, =
[974-1,108] pS.
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Let Ggap be the average junctional conductance between two
basket cells. We can estimate the average number of directly
connected cells N; as

N1 = Gsum/Gaar = (A3 + A4)/(AV Ggap)- [5]

As discussed above, Ggap can be estimated with two different
methods. A first estimate of Ggap comes from the distribution of
Fig. 5C, which has a mean value of 210 pS for basket cell pairs.
We made a second estimate from the cells in which we measured
spikelets in voltage clamp. Assuming a 58-mV excursion for the
action potential in the neighboring basket cell (n = 30), applying
Ohm’s law to the GJ resistor leads to an estimate of 221 pS for
basket cells. Unlike steady-state measurements, spikelets are fast
signals that mostly arise across direct GJs. Entering the last
Ggap estimate into Eq. 5 yields Ny = [4.4-5.0] cells for rat
basket cells.

Difference in Cx36-Mediated Coupling Between Basket and Stellate
Cells. Basket and stellate cells differ in their morphology, in their
position in the molecular layer, and in the region of Purkinje
cells that they target. In adult guinea pigs, dye coupling was
found more frequently between stellate cells than between bas-
ket cells (6), but it remains unclear how general this result is
across species and development stages.

We found that the expression of Cx36 was higher in the inner
molecular layer than in the outer molecular layer in young rats
(Fig. 64, a). Eighty-eight percent of Cx36 puncta were located in
the inner third of the molecular layer (Fig. 6B, a). The distribution
of Cx36 puncta suggests a higher expression of Cx36 in basket cells
than in stellate cells (whose somas are located in the inner third
and in the two outer thirds of the molecular layer, respectively).

To test whether juvenile basket cells express more Cx36
puncta than stellate cells, we performed immunostainings against
Cx36 on cells that had been previously filled with neurobiotin
included in the patch pipette (Fig. 6B). Cx36 puncta were found
in a small proportion of neurobiotin-filled stellate cells (n = 2/8),
but in a large proportion of basket cells (n = 8/9). These had
on average 2.5 Cx36 puncta (n = 8), whereas the two Cx36-
expressing stellate cells expressed a single Cx36 cluster each.
Note that, because of the limited antibody penetration in slices
used for electrophysiology, these numbers are expected to be an
underestimate of the total number of Cx36 puncta per cell.

We also found from our paired recordings performed at short
(40 pm) distances in juvenile rats that the electrical coupling

Fig. 6. Different levels of Cx36 expression in basket and stel-
late cells. (A) Gradient of expression of Cx36 in the molecular
layer. An antibody targeting the protein parvalbumin (PV) was
used to visualize the extent of the molecular layer in young rats
(PN 13-14). (Scale bar, 10 pm.) (a) The majority of Cx36 puncta
are located in the inner half of the molecular layer, whereas the
outer half displays little Cx36 expression. (b) Enlargement of
boxes shown in a. () Quantification of Cx36 gradient along the
molecular layer. Stacks of 5-um thickness were Z projected
(maximum projection). The density of Cx36 puncta was quanti-
fied in six divisions of the molecular layer asillustrated in a. Three
confocal acquisitions of 143 x 143 um in different regions of the
slice were taken for each of three perfused animals. Means of
each animal are in gray or black, and mean among animals is in
red. (B) Representative examples of single cells injected with
neurobiotin. Maximum Z projection is shown of a stellate cell
(Upper) and a basket cell (Lower) from a stack of confocal planes.
No Cx36 was detected in the stellate cell shown; two puncta are
shown in a basket cell soma and dendrite. (Scale bar, 10 um.) ML,
molecular layer; PCL, Purkinje cell layer. (a and b) Enlarged views
from two regions (boxes a and b), showing in a sequence of
adjacent horizontal planes (AZ = 0.5 um) a close association of
Cx36 staining with basket cell structure. (Scale bar, 1 um.)
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probability between basket cells (65%, n = 17/26) is about four
times higher than that between either stellate—stellate con-
nections (16%, n = 6/37) or mixed basket-stellate connections
(20%, n = 1/5). Junctional conductance values are 210 + 60 pS
in basket cell to basket cell connections (n = 13 pairs) and 93 +
41 pS in stellate cells (n = 3). Accordingly, we found that spikelet
amplitudes were larger for basket cells (12.8 + 1.8 pA, n = 20)
than for stellate cells (5.9 + 1.9 pA, n = 5, P = 0.012, Wilcoxon—
Mann-Whitney two-sample test), leading to GJ conductance
estimates of 221 pS and 116 pS for basket cells and stellate cells,
respectively. Thus, from a functional point of view, GJs are more
frequent and stronger among basket cells than among stellate cells.

A large difference also appears when considering the number of
direct neighbors. A first estimate of Ggap comes from the distri-
bution of Fig. 5B, which has a mean value of 93 pS for stellate cell
pairs. Spikelets in voltage clamp give values of 116 pS for stellate
cells and spikes have amplitudes of 51 + 4 mV (n = 7). In stellate
cells, from capacitive relaxations we find A; = 683 + 107 pA, t; =
0.29 + 0.06 ms; accounting for C; = 3.5 + 0.6 pF, A, = 91.8 + 10.6
PA, 7, = 2.46 £ 0.37 ms; accounting for C, = 4.6 + 1.0 pF. In 3 out
of 7 cells, we found a third compartment with A; = 6.3 + 3.3 pA
(averaged over n = 7) and 13 = 16.5 + 4.8 ms (n = 3). The cor-
rected value is A; = 7.0-7.8 pA (Materials and Methods). Thus,
Ggum = 140-156 pS and N; = [1.2-1.3] cells (n = 7), whereas in
basket cells, our previous estimates gave Ny = [4.4-5.0] cells.

A large difference finally appears concerning N, estimates
obtained from Eq. 4. We found a value of 1.69 cells for rat basket
cells as explained above. For juvenile rat stellate cells, applying
Eq. 4 yields Nogq = A3 13/(C AV;) = 0.23 cells, given that, C =
8.0 + 1.3 pF, AV = 50 mV. This gives a ratio of 1.69/0.23 ~ 7 be-
tween the equivalent number of neighbors for basket cells and
stellate cells.

Altogether, these results indicate that in juvenile rats, basket
cells are more strongly connected by GJs than are stellate cells.

Junctional Conductances Are Major Determinants of Input Conductance.
Electrical synapses contribute to the input conductance of neurons
(7, 32, 33). Here we show that this contribution can be deduced
from the capacitive current analysis. The average measured steady-
state input conductance of rat basket cells was 269 + 70 pS (n = 9).
The corresponding cellular input resistance is Rror = 3.71 GQ.
This value is larger than measurements previously performed by us
20 ms after the voltage jump (1.65 G in ref. 34) because it takes
into account the slow components of capacitive current decay.
Indeed, the average input resistance in the present study derived
from current measurements at 20 ms was Rror (20msy = 1.59 GQ
(n = 9), in perfect agreement with our previous measurement.

The expression of the intrinsic resistance of a cell, Ry, follows
the relation (7)

Ry = (SAV)/I4, [6]

where I is the input current into the recorded cell, and k varies
from 1 to infinity.
Because Rror is by definition

Rror = (AVy)/14, [7]

Egs. 1, 6, and 7 may be combined together to give
Ry = (Neg + 1) Rryor. (8]

Entering the values of Rror (3.71 GQ) and N4 (1.69) in Eq. 8
gives Ry, = 10.0 GQ. In terms of conductances, Gy, = 100 pS and
Gror = 270 pS. Thus, the summed junctional conductances of a rat
basket cell are responsible for 63% of cellular input conductance.

Accordingly, basket cells are expected to have smaller input
conductances in Cx36~~ mice compared with wild-type mice.
Experimental values were respectively 164 + 43 pS (n = 7) and
532 + 143 pS (n = 5), confirming that basket cells’ input con-
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ductances are larger in wild-type than in Cx36~~ mice (one-
tailed Wilcoxon—-Mann—-Whitney two-sample test, P = 0.002).
These experiments confirm a major contribution of electrical
coupling to the excitability of the network formed by MLIs.

Lattice Model of the Basket Cell Network. Based on the previous
results the following model can be proposed for the basket cell
network. We assume a square pattern where each cell is at the
center of a square and is linked by direct GJs to each of the four
cells located at the corners of the square (Fig. 7). This model is
justified by (i) anatomical constraints, particularly the confine-
ment of basket cells in one sagittal plane, and (i7) the estimated
mean number of direct neighbors being close to four. In such
a network the equivalent number of coupled neighbors can be
estimated layer by layer. If r represents the coupling coefficient,
a direct link to the first layer (blue cells in Fig. 74) contributes
N; r = 4 1. The second layer comprises four cells that are linked
to two blue cells (yellow cells with large diameter in Fig. 74),
plus four cells that are linked to single blue cells (yellow cells
with small diameter in Fig. 74). Each doubly connected yellow
cell contributes 2 1% to Ncg, and each singly connected yellow cell
contributes 1% to Ng. Therefore, the total contribution of layer
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Fig. 7. Model of the electrically coupled basket cell network. (A) Square
lattice representation of coupled cells. A central cell (gray) is surrounded by
neighbors of the ith order organized in a square lattice. In accord with N,
measurement, the central cell is connected to four first-order neighbors
(blue), which are themselves connected to eight second-order neighbors
(yellow). Some of the yellow cells are represented by larger circles because
they are coupled to two first-order neighbors. (B) Distribution of coupling
coefficients of first- and second-order connections. Shown is the distribution
of coupling coefficients between basket cells and the theoretical distribution
predicted from A (first- and second-order neighbors only). (C) Signal decay in
successive coupled layers from a local perturbation in the square lattice. AV
was computed for each layer of first-, second-, ..., fifth-order neighbors in
the square lattice, normalized to the value of AV in the central cell, for an
average cell in each layer (squares) and for the sum of AV of all cells be-
longing to a given layer (circles). (D) Simplified model of the central cell and
its electrically coupled neighbors. To model the capacitive current flowing
into a first-order neighbor, the input conductance of this cell is approached
by a combination of its links to its three other neighbors (through conduc-
tance Ggap) plus its intrinsic input conductance 1/R;.
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2 (yellow cells) is 8 * + 4 r%. A similar reasoning can be made for
subsequent layers, giving as a sum

Neg=4r+8+4)r* +(16+4) > +...

" Neg = Z(8(—1) + 41,

9]

where j is the layer number (j > 1).

This calculation is only approximate because it neglects
higher-order links (e.g., terms in 1° and higher linking the central
cell to the first layer). However, given the low value of the
coupling coefficient this approximation is legitimate. Entering
the mean experimental value for the coupling coefficient mea-
sured in paired current-clamp recordings (r = 0.15) in Eq. 9
yields Neq = 0.96. This is somewhat smaller than our estimate
N¢q = 1.69 obtained from the analysis of the capacitive currents.
The discrepancy can easily be explained because the mean
measured coupling coefficient is an underestimate of the value
for direct links due to a proportion of indirect connections as
discussed above. Eq. 9 can be inverted to calculate the value of r
corresponding to N, = 1.69, giving a corrected coupling co-
efficient value of 0.24 for direct connections (calculation limited
to the first two terms corresponding to C; and Cy). This limita-
tion is in accord with our experiments, which do not make it
possible to discriminate slower components.

According to the model of Fig. 74 the first and second layers
carry most of the weight of N, as illustrated in Fig. 7C. To-
gether they account for 81% of N.q. Neglecting higher-order
layers, it is possible to estimate the distribution of coupling
coefficients from the model of Fig. 74. This calculation (Mate-
rials and Methods) assumes the sum of a Gaussian distribution of
direct coupling values centered on 0.24, of a distribution of
conductances for single indirect connections with 2 GJs in series
(small yellow cells in Fig. 74), and of another component rep-
resenting doubly linked indirect connections (large yellow cells).
The resulting curve constitutes a good approximation of the
coupling coefficient distribution (Fig. 7B).

Despite the global extension of the network, local perturba-
tions are not expected to propagate through the whole network,
because coupling is relatively small. Following a step voltage
deflection in the central cell, voltage deflections propagate to
a few layers of the square lattice, as shown in Fig. 7C (squares,
voltage at the individual cell level; circles, contribution of cell
layer to Neg).

Calculation of 73. As a test of the internal consistency of the above
analysis, we compared calculated and experimental values for the
slow component of the capacitive current, with time constant 3.
An approximation can be made by simplifying the circuit of Fig.
7A as shown in Fig. 7D. The recorded cell is linked to each of its
four neighbors by a conductance Ggap. Each neighbor cell is
represented by a combination of its capacitance C and of an
equivalent conductance G. If voltage deflections in the yellow
cells are neglected, G can be approximated to the combination of
the cell membrane, with conductance 1/R;, and of three con-
ductance pathways Ggap corresponding to the three links to
second-layer neighbors:

G= 1/RL + 3 Ggap- [10]

Given this approximation, the time constant of charge of the
neighbor cell can be calculated as

T3 = C/(G + GGAP)- [11]
Egs. 10 and 11 can be combined to yield
13 = C/(1/RL + 4 Ggar). [12]

Entering in this equation the rat basket cell experimental values
C = 14.7 pF, RL = 10.0 GQ, and Ggap = 0.221 nS, we obtain
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13 = 14.9 ms, compared with the experimental value t; = 16.3
ms. Thus, the model of Fig. 74, with N; = 4, predicts a value for
the time constant of the third capacitive current component that
is close to experimental values. Another way to exploit this anal-
ysis is to offer an alternative estimate of N;. The more general
form of Eq. 12 is 13 = C/(1/RL + N; Ggap). Inversing this
equation leads to Ny = 3.6 cells, confirming that N is close to 4.

Discussion

Local Capacitive Measurements to Deduce Network Topology. Two
values have been previously discussed in the literature to esti-
mate the size of electrically coupled assemblies: (i) the total
number of directly or indirectly electrically coupled neighbors
(M) and (i) the number of directly connected neighbors (7)
called here N;. M was deduced from estimates of the probability
of connectivity at various distances. However, obtaining a reli-
able estimate of M requires many paired recordings and is labor
intensive. Concerning Ny, no direct estimate was available, and
assumptions about the connectivity of the network were needed
to deduce N; from M (7). In the present work we build a com-
plete picture of the network by combining a quantitative analysis
of the capacitive currents in single-cell recordings with mea-
surements extracted from paired recordings.

A first benefit of capacitive current analysis is to provide
a model-independent estimate of Ny, based on the measurement
of the initial amplitude of the exponential current decay corre-
sponding to the load of electrically coupled neighbors of the
recorded cell. The comparison with the unitary conductance of
electrical synapses provides a direct estimate of N;. Because of
the two-dimensional geometry of the MLI network, the con-
nectivity of MLIs is unlikely to be significantly altered by slicing,
so that this estimate applies in vivo as well. MLI results show
that, at least as far as basket cells are concerned, most cells are
electrically connected to the entire network. This analysis further
allows us to deduce a network geometry from Nj, rather than
using the previous approach of deducing N; from an a priori
geometrical model.

We also use capacitive current analysis to introduce another
functional parameter, N.q, which represents the equivalent num-
ber of the cells loaded by the distribution of capacitive charges
flowing from one cell. N4 is a functional characterization of
the membrane surface of coupled partners loaded by the re-
distribution of charges through GJs. Noq < M, because each
cell is weighted by the fraction of the voltage excursion that is
transmitted from the driven cell. It represents the spread of a
local perturbation. Our finding that N, is 1.69 for basket cells
expresses that the computational unit in the basket cell network
is not a single neuron, but a small cluster of 1 + 1.69 = 2.69
electrically coupled neurons.

A potential limitation of the present approach is that it rests
on the ability to separate the component of the capacitive cur-
rent associated with electrical coupling, which has here a time
constant in the order of tens of milliseconds, from the compo-
nents reflecting the capacitive loading of the recorded cell. This
separation is possible in juvenile MLIs, which have a well-char-
acterized cellular biophysical compartmentalization with time
constants below ~5 ms (18). The present method may likewise be
of use in estimating the electrical connectivity of coupled net-
works formed by relatively compact cells with a small number
of neighbors like pancreatic p-cells (35). It remains to be seen
whether a similar separation can be obtained in other interneuron
networks. On the one hand, intrinsic capacitive currents would be
slower in neurons exhibiting more extended neuritic trees than
MLIs. On the other hand, if the network is highly coupled, as
typically expected for many 3D structures, the amplitude of the
GJ-mediated capacitive currents will increase and their time con-
stant will decrease (Eq. 12). In either case the distinction between
GJ-associated capacitive currents and intrinsic capacitive currents
may be compromised. Finally, in the extreme case of a GJ-linked
syncytium (36), as formed by glial cells, proper voltage control of
the recorded cell becomes impossible. The input impedance being
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dominated by the series resistance of the recording pipette, the
amplitude of capacitive currents is severely reduced (36), making
the capacitive current analysis impractical.

Functional Implications. The finding that the GJ-linked functional
unit comprises (N¢q + 1) cells implies that the input capacitance
and input conductance are multiplied by (N.q + 1) compared
with those of an isolated cell, a factor of ~2.7 for rat basket cells.
Therefore, GJs exert a very potent regulatory role on the net-
work excitability, and they are expected to strongly modify
responses to incoming synaptic inputs. The position of GJs be-
tween cells and their association with cell capacitance imply that
this modulation depends on the spatial and temporal pattern of
the synaptic input. The functional consequences of this modu-
lation remain to be investigated. On the one hand, coupling may
additionally average out noise generated at the cellular level by
effectively dividing slow voltage fluctuations by a factor (Nq +
1). On the other hand, electrical coupling propagates voltage
fluctuations in coupled cells and could be the source of corre-
lated subthreshold membrane potential fluctuations among
neighboring MLIs.

We find that in young rodents, basket cells are more coupled
locally than are stellate cells. The implications of these results for
cerebellar processing remain to be investigated. In the temporal
domain stellate cells may provide local, asynchronous signals,
and basket cells may form more extended and coherent signals. In
the spatial domain, basket cells may form larger electrically cou-
pled assemblies and extend the spatial dimensions of inhibition to
several Purkinje cells. Basket cells may also contribute to increase
the strength of somatic inhibition and degree of synchrony by
converging coupled MLIs to a single Purkinje cell.

Materials and Methods

Slice Preparation. All experimental procedures followed the animal care
guidelines of Université Paris Descartes (approval no. A-750607), in agree-
ment with European Directive 86/609/EEC. Sagittal slices (200 um thick) were
prepared from the cerebellar vermis of Sprague-Dawley rats [postnatal day
(PN) 12-17] or C57BL/6J wild-type mice (PN 10-13) or Cx36~"~ mice (PN 10-
13). Rats or mice of either sex were decapitated before removal of the
cerebellum. Cerebellar slices were made using a Leica VT 1000S vibratome
while the cerebellum was bathed in an ice-cold artificial cerebrospinal fluid
(ACSF) (composition 130 mM NacCl, 2.5 mM KCl, 26 mM NaHCOs, 1.3 mM
NaH,PO,4 10 mM glucose, 2 mM CaCl,, and 1 mM MgCl,; osmolarity 300
mosM) that was equilibrated with 95% (vol/vol) O, and 5% (vol/vol) CO, (pH
7.4). Slices were incubated for 40 min to 1 h at 34 °Cin oxygenated ACSF and
kept at room temperature for not longer than 7 h. Cx36™~ mice were kindly
provided by H. Monyer, Department of Clinical Neurobiology, Heidelberg
University Medical Center, Heidelberg (3).

Electrophysiology. Procedures to record from MLIs were as described in ref.
37. Slice regions were selected for recording where cell density was at least
five cells per 100 um? in the uppermost 20-um-deep slice tissue, as visualized
with differential interference contrast microscopy. INs taken from the in-
ternal third of the molecular layer were considered basket cells, and INs
taken from the external two-thirds were considered stellate cells.

Whole-Cell Recordings. The standard internal recording solution contained
144 mM K gluconate, 6 mM KCl, 4.6 mM MqgCl,, 2 mM CaCl,, 1 mM EGTA,
10 mM Hepes, 0.4 mM Na,GTP, 4 mM Na,ATP, pH 7.4; osmolarity, 295 mosM.
The total CI™ concentration in this solution (15.2 mM) was in accordance to
the internal CI~ concentration derived from reversal potential determi-
nations with gramicidin perforated patch recordings (38). Whole-cell re-
cording pipettes containing the K gluconate solution had an open tip
resistance from 7 MQ to 10 MQ. Junction potentials were taken into account
in the presentation of whole-cell recording data (12 mV were subtracted
from the values read from the amplifier). Series resistance was not com-
pensated. Experiments with leaky recordings (< —50 pA at —60 mV) were
rejected.

In most experiments, the GABA, receptor blocker gabazine (SR-95531; 10—
30 uM) was used. However, when effects of chemical synapses were irrele-
vant (e.g., in measurements of GJ properties with paired recordings), data
with and without gabazine were pooled together.
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Current Relaxations in Response to a Hyperpolarizing Voltage Step. We mea-
sured capacitive currents in voltage-clamp mode by examining the current
relaxations to the steady state in response to square hyperpolarizing voltage
steps. At hyperpolarized potentials the main time-dependent conductance is
mediated by I,, channels (39). To minimize the contribution of I,, currents to
slow capacitive currents, two alternative strategies were used. First, capaci-
tive currents were recorded in the presence of the I,, blocker ZD-7288 at
30 pM. In these experiments voltage steps of —20 mV to =50 mV were applied
from a holding membrane potential of ~ =70 mV. Alternatively, capacitive
currents were measured in cells held at ~ =50 mV, and 20 mV hyper-
polarizing voltage steps were performed in a voltage range in which I, ac-
tivation is small or absent and does not overlap with passive capacitive
relaxations. The results obtained with the two protocols were similar and
the results were pooled together.

Capacitive currents in MLIs display time constants ranging over more than
two orders of magnitude. To separate the various components the following
procedure was adopted. To determine slow components (time constants t3
and t,4), a biexponential fit of the capacitive current was performed starting
20 ms after the beginning of the voltage jump to the steady state. When the
ratio between the two time constants of the fit was smaller than 3.5, the fit
was rejected and a single exponential fit, with a single time constant t3, was
used instead. Then, to determine fast components (time constants T, and t5),
the fit of the slow component(s) was subtracted from the current trace and
a new biexponential fit was performed to the subtracted curve over the first
20 ms of the current relaxation (“peeling procedure”). In the case where the
ratio between 1, and t3 was less than 3.5, we assumed slow components to
be absent and we did not subtract the monoexponential fit from the orig-
inal trace before performing a biexponential fit on the first 20 ms of the
trace. The choice of 3.5 as the cutoff ratio was guided by (/) previous practice
(18) and (ii) empirical evaluation of our ability to disambiguate dual expo-
nential components as a function of their time constant ratio.

The integral of an exponential is obtained by multiplying its initial am-
plitude by its decay time constant. The capacitance of each component
represented by an exponential term Ae "%, with amplitude A and time
constant t, was therefore calculated as C = At/AV, where AV is the voltage
deflection. This equation is applicable only to the extent that the potential
across the capacitor C is equal to the command potential AV. This is an ac-
ceptable approximation for the first two components of the capacitive
currents, called C; (somatodendritic) and C, (axonal) hereafter. For the
slower components C; and C,, differences between command and local
potentials are substantial and need to be corrected for; C3 and C4 represent
membrane areas loaded to a fraction of the driving potential.

An error arises for A; and A, at the beginning of the relaxations. Because
the loading of the intrinsic capacitance component and the capacitance
linked to the electrically coupled cells is sequential, the local potential for
one component rises with a speed matching that of the charge of the pre-
vious component. For this reason, the actual value of the instantaneous
current Az is overevaluated by a factor close to t4/t3 in the case of soma-
todendritic gap junctions and of t,/t3 in the case of axonal gap junctions.
Finally a correction needs to be applied to account for the steady-state
current flowing along GJs, leading to an additive factor lseady state X [Neg/(1 +
Neg)], with Neq being approximated by Eq. 1. In the case of a somatoden-
dritic gap junction, the corrected instantaneous current Iy, can be esti-
mated as lsum = Az (1 — T1/13) + A4 + lsteady state X [Ne/(1 + Neg)l. In the case of
an axonal gap junction, lsym = Az (1 — 72/73) + As + lsteady state X [Neg/(1 + Neg)l.

Intracellular Tracer. Intracellular dye filling was performed by including in the
internal solution 0.25-1% neurobiotin. Neurobiotin was revealed for 3 h at
room temperature with rhodamine-conjugated streptavidin red (1:200;
Jackson) or Alexa 488-coupled streptavidin (1:300; Invitrogen).

Immunostaining. PN 13-14 rats were intracardially perfused with 50 mL PBS
(Sigma) followed by 50 mL of 4% paraformaldehyde (PFA) (Sigma). Cere-
bellar vermis was then postfixed for 1 h in 4% PFA at room temperature and
then washed in PBS. All of the following procedures were performed at
room temperature. Sagittal slices (40-50 pm thick) were permeabilized with
0.3% Triton for 30 min, washed three times with PBS, and incubated in 10% BSA
(Sigma) for 20 min. The following primary antibodies were then incubated
overnight: monoclonal mouse anti-Cx35/36 1:1,000 (Millipore; MAB3045), poly-
clonal rabbit anti-parvalbumin 1:1,000, and polyclonal guinea pig anti-calbindin
1:500 (Synaptic Systems). Secondary antibodies were coupled to anti-mouse
Alexa 488 (Invitrogen Europe), anti-rabbit Alexa 546 (Invitrogen Europe), or anti-
guinea pig Alexa 633, all used at 1:400 dilution. Immunostainings were also
performed on acute slices (200 um thick) with the same procedure, with the
caveat that penetration was less effective than in thinner slices (40-50 pm) from
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perfused animals. The specificity of the antibody against Cx36 has been pre-
viously tested in the molecular layer of Cx36~~ mice (13).

Confocal Imaging. Confocal acquisitions were performed on an LSM510 Zeiss
microscope equipped with an argon laser (488 nm excitation), two helium-
neon lasers (543 nm and 633 nm excitation), and a 63x/1.4 Plan-Apochromat
objective. Successive planes were acquired at Az = 0.48 um and Ax = Ay =
0.07 um. Image size was 2,048 x 2,048 pixels and typical acquisitions involved
eight averages per plane.

Image Analysis. Images were analyzed with National Institutes of Health
software Imagel. Quantification of colocalization was performed on con-
focal stacks of 7,800 ym?® in the inner molecular layer of three perfused
animals. Brightness and contrast were adjusted, and threshold binarization
was performed. Jacop plugin was used to assess colocalization, using Man-
der’s coefficients. Cx36 puncta were determined using size, intensity, and
circularity criteria (ImageJ plugin Particles Analysis). In experiments in which
single cells were filled with neurobiotin, colocalization of Cx36 and neuro-
biotin was determined when Mander’s coefficient was above 0.4.

Neurite Identity. The axon was identified as a thin neurite emerging from the
soma or from one primary dendrite (17). The identification was confirmed
by additional features, including the presence of basket terminals, the typ-
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ical orthogonal branching pattern, the presence of varicosities, and neurite
length well beyond dendritic extension.

Numerical Simulations. To perform numerical simulation of the coupling
coefficient distribution, a realization of coupling coefficients between two
direct neighbors (N;) was generated from a Gaussian distribution (mean,
0.24; SD, 0.06). To generate a second Gaussian distribution corresponding to
indirect neighbors (N5), the data were shuffled and the resulting coupling
coefficients were multiplied by those of the initial distribution. The distri-
bution of indirect coefficients connected to two first-order neighbors (N3)
was generated by adding the values of two shuffled N, distributions. The
distribution of all coupling coefficients of direct and indirect neighbors was
generated by the sum of N, N,, and Ns.
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