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Electrical synapses and the development of inhibitory
circuits in the thalamus
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Neuroscience

Key points

e The thalamus is a structure critical for information processing and transfer to the cortex.

e Thalamic reticular neurons are inhibitory cells interconnected by electrical synapses, most of
which require the gap junction protein connexin36 (Cx36).

e We investigated whether electrical synapses play a role in the maturation of thalamic networks
by studying neurons in mice with and without Cx36.

e When Cx36 was deleted, inhibitory synapses were more numerous, although both divergent
inhibitory connectivity and dendritic complexity were reduced. Surprisingly, we observed
non-Cx36-dependent electrical synapses with unusual biophysical properties interconnecting
some reticular neurons in mice lacking Cx36.

e The results of the present study suggest an important role for Cx36-dependent electrical
synapses in the development of thalamic circuits.

Abstract Neurons within the mature thalamic reticular nucleus (TRN) powerfully inhibit ventro-
basal (VB) thalamic relay neurons via GABAergic synapses. TRN neurons are also coupled to one
another by electrical synapses that depend strongly on the gap junction protein connexin36
(Cx36). Electrical synapses in the TRN precede the postnatal development of TRN-to-VB
inhibition. We investigated how the deletion of Cx36 affects the maturation of TRN and VB
neurons, electrical coupling and GABAergic synapses by studying wild-type (WT) and Cx36
knockout (KO) mice. The incidence and strength of electrical coupling in TRN was sharply
reduced, but not abolished, in KO mice. Surprisingly, electrical synapses between Cx36-KO
neurons had faster voltage-dependent decay kinetics and conductance asymmetry (rectification)
than did electrical synapses between WT neurons. The properties of TRN-mediated inhibition in
VB also depended on the Cx36 genotype. Deletion of Cx36 increased the frequency and shifted
the amplitude distributions of miniature IPSCs, whereas the paired-pulse ratio of evoked IPSCs
was unaffected, suggesting that the absence of Cx36 led to an increase in GABAergic synaptic
contacts. VB neurons from Cx36-KO mice also tended to have simpler dendritic trees and fewer
divergent inputs from the TRN compared to WT cells. The findings obtained in the present study
suggest that proper development of thalamic inhibitory circuitry, neuronal morphology, TRN
cell function and electrical coupling requires Cx36. In the absence of Cx36, some TRN neurons
express asymmetric electrical coupling mediated by other unidentified connexin subtypes.
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Introduction

Neuronal gap junctions (electrical synapses) mediate
rapid, bidirectional communication. Electrical synapses
may have diverse functions, including synchronizing
activity (Bennettand Zukin, 2004), mediating intercellular
molecular signalling (Harris, 2001) and contributing to
cell adhesion (Elias et al. 2007). A long-standing yet poorly
understood issue is the role of electrical synapses during
neural circuit development (Fischbach, 1972; Connors
et al. 1983; Kandler and Katz, 1995, 19984, 1998b; Roerig
and Feller, 2000; Montoro and Yuste, 2004; Sutor and
Hagerty, 2005; Li et al. 2012; Yu et al. 2012; Niculescu
and Lohmann, 2013). Electrical synapses have been
implicated in the proper development of chemical synaptic
connections in the mammalian olfactorybulb (Maher et al.
2009), retinogeniculate system (Blankenship et al. 2011)
and neuromuscular junction (Personius et al. 2007), as
well as other neural systems (Mentis et al. 2002; Szabo et al.
2004; Arumugam et al. 2005; Neunuebel and Zoran, 2005;
Szabo and Zoran, 2007; Todd et al. 2010). These studies
suggest that electrical synapses importantly regulate
network development. Most mammalian investigations
have focused on glutamatergic synapses (Yu et al. 2012;
Pereda, 2014), yet the majority of electrically coupled
neurons in the forebrain are GABAergic. To test whether
electrical synapses are important for inhibitory circuit
development, we chose the thalamic reticular nucleus
(TRN). The GABAergic TRN neurons are interconnected
by electrical synapses (Landisman et al. 2002; Long
et al. 2004) and project their axons onto thalamocortical
relay neurons (Pinault, 2004). TRN-mediated inhibition
helps to shape receptive field properties of relay neurons
(Lee et al. 1994) and generate certain types of rhythms
associated with sleep and seizure states (Huguenard and
McCormick, 2007).

Most mammalian electrical synapses depend on the
neuronal gap junction protein connexin36 (Cx36) (Deans
et al. 2001; Hormuzdi et al. 2001; Connors and Long,
2004). TRN neurons are densely interconnected by
Cx36-containing gap junction channels (Belluardo et al
2000; Landisman et al. 2002; Liu and Jones, 2003), which
are present at birth and strengthen over the next 2 weeks
(Parker et al. 2009). Other connexins may also contribute
to neuronal network maturation. Over 20 connexin genes
have been identified in the mouse; around half of them
are expressed in the brain, mainly in glial cells (Willecke
et al. 2002; Sohl et al. 2005). Only a few connexin sub-
types are expressed in central neurons, and only Cx36 has
been consistently implicated in electrical coupling in the
mammalian brain (Connors & Long, 2004; Pereda, 2014).
Each connexin subtype, and in some cases heteromeric
or heterotypic combinations of subtypes, can form gap
junction channels with distinctive channel properties
(Harris, 2001; Rash et al. 2013). Cx36, however, does not
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appear to form heterotypic or heteromeric channels (Koval
etal 2014).

Inhibitory synapses undergo extensive remodelling
during development (Kim and Kandler, 2003; Hensch and
Fagiolini, 2005; Kitzel and Miesenbdck, 2014; Froemke,
2015). The thalamic inhibitory circuit changes rapidly and
dramatically during the first two postnatal weeks (Warren
and Jones, 1997; Lee et al. 2010). In the present study,
we investigated whether the development of intrathalamic
GABAergic synapses and circuits is affected by the deletion
of Cx36. The results obtained imply that electrical synapses
have a broad influence on the development of thalamic
networks.

Methods
Slice preparation

All experiments were approved by the Institutional Animal
Care and Use Committee of Brown University. Animals
were deeply anaesthetized with propofol prior to pre-
paration of 300 pm-thick thalamocortical slices (Agmon
and Connors, 1991) from wild-type (WT) (postnatal ages
PO — P13) and littermate WT and Cx36 knockout (KO)
FvB/C57 mice (P2 — P13) of either sex. The experimenter
was blind to the genotype during the recording and
analyses. Immediately following slice preparation, the
slices were incubated at 32°C for 30 min and at room
temperature for at least an additional 30 min before
recording in a submersion chamber at 32°C. Slices were
visualized on an BX50WI microscope (Olympus, Tokyo,
Japan) using a CCD camera (Hamamatsu City, Japan) and
infrared-differential interference contrast optics.

The artificial cerebrospinal fluid (aCSF) bathing
the slices during recording and slicing contained (in
mM): 126 NaCl, 3 KCI, 1.25 NaH,PO,4, 26 NaHCOs,
2 CaCly, 2 MgCl, and 10 dextrose, and was saturated
with 95% 0,-5% CO,. In some experiments, 6,7-
dinitroginoxaline-2,3-dione (20 uM) and D-2-amino-
5-phosphopentanoic acid (50 um) were added to the aCSF
to block AMPA and NMDA receptors, respectively; to iso-
late miniature IPSCs (mIPSCs), TTX (1 uM) was added to
the aCSF to block sodium channel-dependent spikes.

Recording and imaging

Dual whole-cell current clamp and voltage clamp
recordings were made with low resistance (2.5-4 M)
microelectrodes. For current clamp recordings, the intra-
cellular solution contained (in mm): 130 K-gluconate,
4 KCI, 2 NaCl, 0.2 EGTA, 10 Hepes, 4 ATP-Mg,
0.3 GTP-Tris and 14 phosphocreatine-Tris. For voltage
clamp recordings, the intracellular solution contained
(in mMm): 54 Cs-gluconate, 56 CsCl, 1 CaCl,, 1 MgCl,,
10 EGTA, 10 Hepes, 5 QX-314, 4 ATP-Mg, 0.3 GTP-Tris
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and 14 phosphocreatine-Tris. Both solutions were
adjusted to pH 7.25-7.30 (285-295 mosmol). A
MultiClamp  700B  amplifier (Molecular Devices,
Sunnyvale, CA, USA) was used to make simultaneous
recordings from pairs of closely apposed (<2 pum) cell
somata in the TRN; both cells were held at —60 mV in
voltage clamp or at around —60 mV in current clamp
by continuous current injection. Single or pairs of relay
neurons were also recorded in the ventrobasal (VB)
complex. Series resistance was continually monitored and
compensated (70-80% in voltage clamp) and was typically
between 6 and 20 M2 before compensation. Recordings
were not corrected for liquid junction potential.

Cell capacitance was determined using the built-in
capacitance-compensation function of the amplifier. Cell
input resistance was determined in current clamp or
voltage clamp by measuring the steady-state voltage (in
current clamp) or current (in voltage clamp) response
from small, 600 ms current (—5 pA to —50 pA for current
clamp) or voltage (—10 mV for voltage clamp) steps.

Electrical coupling was measured in voltage clamp by
simultaneously stepping both cells to 0 mV and then
stepping one or the other cell to —80 mV (Fig. 2A) at the
same time as recording the holding current in both cells.
In current clamp, electrical coupling was measured by
injecting hyperpolarizing current into one cell (the driven
cell; V) to bring it to around —100 mV, at the same time as
recording the voltage deflections in the adjacent coupled
cell (the follower cell; V) and V4. The coupling coefficient
(CCf) is defined as: CCf = (A Vi/AVy) x 100.

For extracellular stimulation, a tungsten monopolar or
concentric biopolar electrode (FHC, Bowdoinham, ME,
USA) was placed in the TRN or VB, <200 um from the
recording site. To determine the paired-pulse ratio, two
stimuli with a 100 ms interstimulus interval were given at
0.04-0.1 Hz. IPSCs were recorded exclusively in Cs-based
internal solution at Vjgq= —60 mV (Eq = —20 mV),
filtered at 2 kHz and digitized at 20 kHz.

In some experiments, Alexa Fluor 633 hydrazide dye
(75 uM; Invitrogen, Carlsbad, CA, USA) was added to the
pipette solution for cell loading and subsequent confocal
imaging. Slices with dye-filled neurons were fixed with
4% paraformaldehyde in 0.1 M phosphate buffer for
30 min at room temperature. The slices were then moved
to phosphate-buffered saline (< 1 day) until they were
mounted on slides with VectaShield (Vector Laboratories,
Burlingame, CA, USA) mounting medium. An LSM510
confocal microscope (Carl Zeiss, Oberkochen, Germany)
with a 20x Plan-Neofluar (0.8 NA) objective was used for
imaging. Images were scanned at 2048 x 2048 pixels. The
typical step size per section through the z-axis was 1 um,
or occasionally 0.2 pm.

Basic morphological properties of neurons were
determined by counting the number of primary dendrites
and by measuring the 3-D soma surface area using
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convex hull analysis in NeuroExplorer (MicroBrightField
Inc., Williston, VT, USA) after reconstruction in Auto-
Neuron (MicroBrightfield Inc.). Dendritic complexity was
quantified using 2-D Sholl analysis (Sholl, 1953) with
increments of 10 um between circles. Total dendritic
length was estimated by multiplying the Sholl intersections
per circle by the increment distance (10 wm) and taking
the sum of all circles. All analysis was performed in Image]
(NIH, Bethesda, MD, USA), Neuroexplorer and Zeiss LSM
Image Browser.

Detection of spontaneous coincident IPSCs

IPSCs were considered coincident between two cells if the
onset time of an IPSC in one cell occurred within 1 ms
of the onset time of an IPSC in the other cell. The onset
time of an IPSC is the point of downward deflection at the
start of the IPSC waveform, and this was measured using
optimal fit parameters with Minianalysis (Synaptosoft
Inc., Fort Lee, NJ, USA). Spontaneous IPSC onset times
were compiled for each neuron pair from 3-5 min of
continuously recorded data. Using these data, a custom
Matlab (MathWorks Inc., Natick, MA, USA) algorithm
was written to test for statistically significant occurrences
of cIPSC:s. First, the number of coincident IPSCs (cIPSCs)
was calculated (see above) by comparing the compiled
IPSC onset times from each neuron in a pair and finding
paired values within =1 ms. Second, the inter-IPSC inter-
vals were calculated from the IPSC onset times for each
neuron in the pair. Third, the inter-IPSC intervals for
each neuron of a pair were measured independently,
and randomly shuffled, using a MatLab randomization
function, into 10,000 surrogate data sets. Fourth, each
surrogate data set was scanned for cIPSCs as was carried
out in step one with the real data set. IPSC coincidence
was considered significant if 95% of the surrogate data sets
had fewer cIPSCs than the real data set.

The expected chance occurrence of cIPSCs was then
calculated. The number of IPSCs in each neuron of a pair
was determined and divided by the number of milliseconds
over which those events occurred to find the probability
of an IPSC occurring within a 1 ms bin. This assumes that
the IPSCs were independent and randomly distributed
across time. The 1 ms bin probability from one neuron was
then multiplied by the 1 ms bin probability in the other
neuron to obtain the probability of two IPSCs occurring,
one in each neuron, within 1 ms. This probability was then
multiplied by the duration of the recording to estimate the
expected chance occurrences of coincident IPSCs:

Expected chance ¢cIPSCs = () x () x recording time
(ms)

where o = cell A 1 ms bin probability = total IPSCs of cell
A/time (ms) and 8 = cell B 1 ms bin probability = total
IPSCs of cell B/time (ms).
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Statistical analysis

Gap junctional conductance (Gj) was determined in
voltage clamp by:

G =1I/V

where V; is the transjunctional voltage and I; is the
resulting junctional current. Cell pairs generally had
high input resistance (>150 M) and low coupling
conductance (<1 nS) and the series resistance in each
electrode was generally less than 6 M2 after compensation.
Therefore, minimal error in G; is expected from these
factors (Van Rijen et al. 1998). In current clamp, G; was
calculated as (Bennett, 1966):

[Rin1) * Rin2) — R’]
Gi=1/ R,

where Riyy is the input resistance of each cell in a
recorded pair and Ry (transfer resistance) is the value
of the voltage response in the follower cell divided by the
current amplitude injected into the driven cell.

The decay time constant of the junctional conductance
was determined by fitting a single exponential (Fig. 2).

The frequency of mIPSCs was determined by counting
events from raw data traces using pClamp, version 10.2
(Molecular Devices). mIPSCs were also identified by
template matching in pClamp. More than 50 mIPSCs were
averaged to determine the mean mIPSC amplitude and
decay time for each cell. mIPSC amplitude was defined
as the difference between the mean holding current in a
10 ms window before the onset of the mIPSC and the mean
current during a 1-2 ms window centered on the peak of
the mIPSC. Falling phases of the mIPSCs were fit with a
double exponential (I= A exp—"p; + Aye—"1p,), which
was used to determine the weighted decay time constant
from Tipsc = (Tp1A; + Tp2A2)/ (A + Ay) (Huntsman and
Huguenard, 2000).

P < 0.05 was considered statistically significant. Data
are reported as the mean + SE. Multiple linear regression
analysis and Student’s ¢ test were used to compare
genotype and age differences. The Kolomogorov—Smirnov
two sample test was used to compare genotype differences
in amplitude distribution histograms.

Results
Electrical synapses in the TRN

In many brain areas, the prevalence of electrical coupling is
greatest during early development and declines with age.
In the TRN, however, electrical synapses are ubiquitous
as early as the day of birth (Parker er al. 2009), and
coupling conductance steadily strengthens by P14-18. In
the mature mouse, electrical coupling is largely dependent
on Cx36 (Landisman et al. 2002). Consistent with these
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results, we found that the probability of electrical coupling
between neuron pairs was stable across the first 2 weeks
of development in the WT TRN (mean of 68.6% coupling
probability, n = 105 pairs) and, in neurons from Cx36 KO
mice, the coupling probability was more than five-fold
less (mean of 12.4% coupling probability, n = 129 pairs)
(Fig. 1Aand B). The prevalence of electrical coupling in the
KO TRN was not influenced by age. This suggests that the
large majority of electrical coupling in TRN requires Cx36
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Figure 1. Electrical coupling in the TRN

A, current clamp recording of electrical coupling between two TRN
neurons aged P8. The incidence (B) and mean =+ SEM conductance
(C) of electrical coupling between adjacent neuron pairs during
development. Data in (B) and (C) are taken from 105 WT and 129
KO pairs.
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at all ages tested but that non-Cx36-dependent electrical
synapses can also form between TRN cells. These results
are consistent with a study from our laboratory reporting
significant dye-coupling among TRN neurons from Cx36
KO mice (Lee et al. 2014).

Among the measurable electrical synapses that we
observed, the mean coupling conductance (G;) between
KO cell pairs was less than one-third that of WT pairs
(WT, 190.3 pS, n = 64; KO, 60.9 pS, n = 16) (Fig. 1C).
Thus, electrical synapses were both dramatically sparser
and weaker in the absence of Cx36. Coupling between
WT cells showed a significant age-dependent increase in
G;, whereas G; in the KO did not have an age-dependent
change (WT, P = 0.05; KO, P = 0.38, linear regression)
(Fig. 1C). The conductance decrease that we measured
between P10-11 to P12-13 was not significant (P = 0.27,
post-hoc Tukey’s honestly significant difference test) and
thus may not indicate a deviation from previous results
(Parker et al. 2009). Despite a much lower G; in the KO
cells overall, the CCf (see Methods) were, on average, only
modestly lower than in WT cells (WT, CCf= 6.8%, n=72;
KO, CCf = 4.8%, n = 16).

The product (CCf X Peoupling) provides an overall
measure of electrical coupling within the TRN network
(Amitai et al. 2002). Collapsed across development, this
measure is 4.7 for the WT and 0.6 for the KO samples,
suggesting that deletion of Cx36 reduces the influence of
electrical synapses by more than 85% during the first two
postnatal weeks. Overall, our data suggest that electrical
coupling in the TRN of WT cells remains stable and largely
but not entirely dependent upon Cx36 during postnatal
development.

Properties of non-Cx36-dependent electrical synapses

As described above, some electrical coupling remains
between TRN neurons of the Cx36-KO. The properties
of non-Cx36 gap junctions have not been described pre-
viously in central mammalian neurons, and so these
were examined further. All vertebrate gap junctions have
some voltage-dependence; in every case, Gj is maximal
when transjunctional voltage (V;) is zero, and G; declines
as V; deviates from zero. Both the steepness of the
voltage-dependence of G; and the time constant (1)
of its decline vary widely but characteristically with
connexin subtype (Moreno et al. 1995; Teubner et al. 2000;
Bukauskas et al. 2006). The G; for Cx36 gap junctions is
almost insensitive to V; over the range of £50 mV (Teubner
et al. 2000). Other gap junction channels, including
those comprised of Cx45, have a considerably steeper
voltage-dependence (Moreno et al. 1995). Because Cx45 is
one of the few connexins besides Cx36 that is expressed in
thalamic neurons (Willecke et al. 2002; Sohl et al. 2005),
it is a prime candidate for mediating electrical coupling in
the Cx36 KO.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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We performed dual voltage clamp measurements in
pairs of TRN neurons to measure the gating properties
of their electrical synapses (Fig. 2A). Consistent with pre-
vious work on Cx36 junctions (Teubner et al. 2000),
we found that its gating was slow. In pairs of coupled
neurons from the Cx36 KO, however, the 7 of G; decline
was much faster compared to WT junctions. During a
600 ms, 80 mV transjunctional step, the 7 of G; decline
was 490 ms for WT and 151 ms for KO connections
(Fig. 2B). Some invertebrate electrical synapses have
distinctly asymmetric conductances when measured in
each direction across the junction (Furshpan and Potter,
1959; Jaslove and Brink, 1986). The large majority of
electrical synapses among vertebrate central neurons are
symmetric (Connors and Long, 2004), although a few
exceptions have been described (Auerbach and Bennett,
1969; Haas et al. 2011; Rash et al. 2013; Sevetson and
Haas, 2015). Gap junction asymmetry may arise from
heterotypic hemichannels (Phelan et al. 2008). We found
that electrical synapses from Cx36-KO neurons, but not
from WT cells, often had asymmetric G;. Examples
of symmetric WT and asymmetric KO junctions are
shown in Fig. 3A. In each coupled cell pair, G; was
measured in each direction and a G; ratio was defined
as Gj(weaker)/Gj(stronger). The G; ratio was significantly
lower in junctions from KO than from WT cells (WT,
mean G; ratio 0.85, n = 35; KO, mean G ratio 0.53,
n=12; P=0.006) (Fig. 3B). One possible source of error
in estimating G; asymmetry could be differences in the Ri,
of coupled cell pairs in the KO. However, the R;, ratio was
not significantly different between WT and KO cell pairs
(P =0.81) and the G; ratios were not correlated with the
R;, ratios (Fig. 3B). The enhanced G; asymmetry of KO
junctions suggests that asymmetry might be related to the
relative weakness of KO electrical synapses. We plotted the
average junctional current for each cell in a pair against
the G; ratio for that pair; even weak WT synapses with low

A B

Fy

Figure 2. Effect of Cx36 genotype on voltage-dependent
kinetics of electrical coupling in the TRN

A, protocol for measuring electrical coupling in voltage clamp (see
Methods). B, overlay of the junctional current from WT (black) and
Cx36 KO (grey) neuron pairs. Current amplitudes are normalized.
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junctional currents passed current quite symmetrically,
whereas KO synapses tended to be much more asymmetric
(Fig. 3C). We conclude that non-Cx36 electrical synapses
in TRN are often asymmetric (i.e. rectifying).

Morphology and intrinsic physiology of TRN neurons

We next tested whether the absence of Cx36 in the TRN
network affected the morphology and intrinsic physio-
logy of TRN neurons. We first quantified dendritic arbors
and soma surface area during early (P2-5) and later
(P10-13) periods in postnatal development (Fig. 4A) (see
Methods). The complexity of dendritic arbors in TRN
neurons increased during development, as indicated by
an age-dependent rise in the number of Sholl inter-
sections (Fig. 4B) and a larger total dendritic length
(Fig. 4C). Cx36 genotype did not significantly affect the
number of primary dendrites or dendritic length (Fig. 4C).
The dendritic complexity assessed by Sholl intersection
frequency was also unaffected (P2-5, P = 0.97; P10-13,
P = 0.79; Kolmogorov—Smirnov test) (Fig. 4B). At P2-5,
the mean surface area of TRN somata was larger in KO cells
(1961 + 267 um?) than in WT cells (1076 £ 153 pum?,
P =0.014), although somata did not differ significantly at
older ages (P10-13, KO vs. WT, P = 0.97) (Fig. 4C).
Electrical coupling among neurons can also affect their
intrinsic physiological properties; in neocortical inter-
neurons, for example, coupling accounts for around half
of each cell’s input conductance (the inverse of input
conductance is input resistance, R;,; Amitai et al. 2002).
Consistent with this, we found that R, was significantly
higher in KO cells than in WT cells (P < 0.001, r = 0.74,
multiple linear regression) (Fig. 5A). Between P2 and P13,
the R, of TRN neurons decreased by more than five-fold
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in both genotypes. Input capacitance, C,, a measure of
cell surface area, increased considerably with age, which is
consistent with the results of previous studies (Parker et al.
2009; Lee et al. 2010), although there was no significant
difference between Cx36 genotypes (P = 0.31, r = 0.57)
(Fig. 5B). Overall, these results indicate that the input
resistance is affected by the Cx36 genotype in TRN neurons
and dendritic size and complexity increases dramatically
with age.

Inhibitory synaptic currents in VB relay neurons

Synaptic properties change dramatically during network
development, and gap junctional coupling has often been
implicated in this process (Roerig and Feller, 2000). We
tested whether the synaptic inputs to VB neurons from
TRN were affected by the deletion of Cx36. We first
recorded GABA,-dependent (Fig. 6A) mIPSCs in VB
cells in the presence of glutamate receptor antagonists
and TTX. The mIPSC frequency increased dramatically
across age until P8-9, after which it stabilized (Fig. 6B).
Cx36 genotype also affected mIPSC frequency; mIPSC
frequencies were significantly higher in KO cells than in
WT cells (P=0.004, Kolmogorov—Smirnov test) (Fig. 6B).
The difference between genotypes appeared at around
P4-5, although the time-course of the age-dependent
increase in mIPSC frequency was unaffected by genotype.

The decay time constants of mIPSCs (zjpsc) became
progressively faster between PO-1 and P12-13 in VB
(Fig. 6B and C), decreasing by ~62% during this period.
Cx36 genotype did not have a significant effect on typsc.
The mIPSC amplitudes also changed with age, falling
slightly after P6-9 (Fig. 6B). Cx36 genotype influenced
the distributions of mIPSC amplitudes (Fig. 6D). At both
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KO:eVCoCC KO:eVC
[ — J
1 . .
‘Wt | o RS- R 1S PR
1opa | [ 081 o 4% =° &% 08{8%° .
el e s - ]
100ms A 2 06 0618 °
‘ ¢ © o [ o
G 041 o 0415 2
\ 0.2 o ) [}
Cx36 KO | ° o 021
|5 pA \ 0 ——————— 0
0.4 0.6 0.8 1 0 10 20 30 40 50
Ri, ratio Average junctional

current (pA)

Figure 3. Effect of Cx36 genotype on the asymmetry of electrical coupling in TRN

A, junctional currents induced by +80 mV and —80 mV transjunctional voltage steps (black and red traces,
respectively). Junctional currents in the WT pair are similar in both directions. Junctional currents in the KO pair
are direction-dependent (i.e. asymmetric). B, relationship between junctional coupling asymmetry (G; ratio) and
input resistance (Rin ratio) among WT and KO neuron pairs. C, coupling asymmetry vs. mean coupling strength
(pA) between WT and KO neuron pairs. Each symbol in (B) and (C) represents data from a neuron pair of the type
as specified in the insets (VC, voltage clamp; CC, current clamp measurements).
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P2-5 and P12-13, the difference in amplitude distribution
was significantly shifted to larger amplitudes in the Cx36
KO (P2-5: P = 0.00001, n = 1743, n = 12 cells for each
genotype; P12—-13: P < 0.00001, n = 1869, n = 4 cells
for each genotype; Kolmogorov—Smirnov test). These data
suggest that the absence of Cx36 leads to a distribution of
larger mIPSC amplitudes in VB neurons.
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Evoked IPSCs were triggered with paired (100 ms
interval) extracellular stimuli to test the effects of Cx36
deletion on presynaptic mechanisms. In WT-VB neurons,
the second IPSC was depressed relative to the first
(paired-pulse ratios = 0.55) (Fig. 6E). Cx36 genotype
did not have a significant effect on the paired-pulse ratio
(P=0.96).
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When recording spontaneous IPSCs simultaneously
from pairs of neighbouring VB neurons (without TTX),
we found that some IPSCs occurred coincidently, with
onsets within +1 ms of each other, suggesting that they
may have been driven by a common presynaptic TRN
neuron (Fig. 7A). By comparing the frequency of cIPSCs in
recordings to sets of randomly shuffled IPSC timings (see
Methods), we found that some neuron pairs appeared to
have cIPSCs above chance levels, consistent with common
presynaptic inputs. At younger ages, P5-P9, almost half
of WT and KO cell pairs had cIPSCs, and there was no
significant difference by genotype (P = 0.34, Fisher’s exact
test) (Fig. 7B). Interestingly, whereas older WT cell pairs
(P10-P13) also generated cIPSCs, none of the tested KO

A C
pre-drug

AT

100 pM picrotoxin
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pairs had cIPSCs (P = 0.02, Fisher’s exact test) (Fig. 7B).
This result suggests that the absence of Cx36 leads to less
divergence of TRN inputs onto VB neurons.

Taken together, greater mIPSC frequency and a lack of
paired-pulse effects implies more GABAergic release sites,
and fewer cIPSCs suggests a decrease in divergent inputs
on KO-VB neurons.

Morphology and intrinsic physiology of VB neurons

We next tested whether the morphology and intrinsic
physiological properties of VB neurons were affected
by the deletion of Cx36. VB neurons were filled intra-
cellularly with Alexa dye at ages P2-5 or P10-13

L Y
B D
= mWT 80 P25 WT
N2 OKO p=0.006 -
= KO
8 3 8 & 40 Figure 6. Effects of Cx36 genotype on the
a5 e p<0.001 properties of IPSCs in VB relay neurons
E ?-)— 4 § A, examples of mIPSCs and sensitivity to picrotoxin, a
T 8 GABAA, receptor antagonist. B, mIPSC properties as a
0 o 180 function of age and Cx36 genotype. mIPSC frequency
& 16 ‘é’ 120 P12-13 is significantly higher in the KO compared to WT
o £ 12 014 IS (P=0.006, r=0.53) (n = 175 neurons; 84 KO, 91
D 3 p=0. 60 WT). The mIPSC decay rate (tpsc, P=0.14, r = 0.72)
< 8 p<<0.001 and amplitude (P = 0.96, r = 0.46) were not affected
E 3 4 0 by genotype. Bars plot the mean + SEM for each age
3 0 -80 ~160 —240 and genotype group; P values are based on linear
0 - E Amplitude (pA) regression. C, examples of WT and KO mIPSCs
< ] _ - compared at P2 and P13. Each trace is the average of
O % o0 1 p=0.96 o l/ ,rw |1)00 PA 40 mIPSCs, with amplitudes normalized. D, mIPSC
E 3 40 ] © 8‘ 20 ms amplitude frequency histogram for P2-5 (n = 12
EZ 20 ] II gL 06 neurons for each genotype) and P12-13 (n = 4
g 0 L ESIN neurons for each genotype). P values from the
TeenNe=sR -3 0.4 Kolmogorov-Smirnov test. £, paired-pulse ratio of
e ® S q -% o 02 evoked IPSCs. Bar graph shows the mean & SEM, with
Postnatal d T a0 sample numbers specified on each bar. Inset: example
ostnatal age (days) WT  Cx36 KO trace of IPSCs from a WT cell.
A , E mWT
r N [t Ml M w w ® 5071 512 OKO
| * LR *ona ® )
I axons : @A 2
VAT T %
T * e M) < Figure 7. Coincident IPSCs from VB neuron pairs
@ I ’ * * =2 A, example of cIPSCs; asterisks indicate IPSCs that are
0w _% coincident (i.e. peaks within =1 ms of each other). The box
o indicates the cIPSCs shown at a fast time scale below. B,

prevalence of neuron pairs with statistically significant
occurrences of cIPSCs by age range (see Methods).
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(Fig. 8A). Interestingly, the frequency of Sholl inter-
sections, and thus dendritic complexity, was significantly
lower in KO neurons than WT neurons in the P10-13
age groups between 20 and 200 pum from the soma
(P = 0.03, Kolmogorov—Smirnov) (Fig. 8B), the region
of greatest dendritic branching and complexity in these
neurons. There was, however, no difference in intersection
frequency in the younger P2—P5 age group by genotype
between 20 and 140 um from the soma (P = 0.81,
Kolmogorov-Smirnov) (Fig. 8B). The total dendritic
distance measured from Sholl intersection frequency data
tended to be larger in the WT than the KO but did not reach
significance (P = 0.07) (Fig. 8B). The number of primary
dendrites was unaffected by genotype or age (Fig. 8C).
The 3-D surface areas of VB somata were not significantly
different by genotype (Fig. 8C).

As with TRN neurons, the R;, of neurons in VB
sharply decreased with age (Fig. 9A), falling by more
than three-fold; in contrast to TRN neurons, the R;,
of VB neurons did not differ significantly by genotype
(P = 0.66, r = 0.73, multiple linear regression). G
increased considerably with age in VB cells but did not
differ between Cx36 genotypes (P = 0.17, r = 0.61)
(Fig. 9B).
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Our results indicate that the Cx36 KO genotype leads
to less complex dendritic arbors of VB neurons while
maintaining the same number of primary dendrites and
soma size. Ry, decreases with age and G, increases
with age, although they do not depend on the Cx36
genotype.

Discussion

The results of the present study demonstrate that the
deletion of Cx36 leads to alterations in electrical coupling,
neuron morphology, intrinsic physiology and inhibitory
synapse functions during the early postnatal maturation
of thalamic networks. This implies that electrical synapses
play a significant role in the formation of inhibitory
thalamic circuits.

Cx36 and electrical synapse asymmetry

The incidence of electrical coupling in the WT-TRN
remained high and steady during the first two postnatal
weeks, and junctional conductance increased during this
period (Fig. 1), consistent with a previous study (Parker
etal.2009). Some electrical connections remained between
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z p=0.07
WT —_—
E 357 EKO
° |
S g ]
<2
Z) ] n.s.
o 151
L= 8 1
g P2-5 P10-13
l_
n.s
B = 10 n.s.
_ WT— g 8
E 1 KO e =
2 g6
S Age: P2 - P5 S 4
8 WT n=12 cells >
2 KO n=8 cells g 2
= p=0.81 T 0 9 8
o o o o o o P2-5 P10-13
[aV) [ee] < o © Al
— [sV) [sV) 2]
. 35
Figure 8. Morphology of VB neurons by Cx36 & | <~ 3 ns
genotpye and age @ 25 | IS n.s =
A, photomicrographs of example neurons used for 5 | Age: P10 - P13 E ) -
morphological analysis. B, counts of Sholl intersections ° 15 WT n=11 cells 3
; 3 KO n=11 cells o
by distance from the soma (mean + SEM) by genotype 4 ] : ~ T 1
and age group. P values are from a Kolmogorov-Smirnov € 51 ’1-}_ p=0.03 IS
test. C, morphological characteristics determined from Piny & 11 1o A
Sholl intersections and 3-D reconstruction of somata. 8 & 8 8 8§ 0
Numbers of sampled neurons for each group are TN o P2-5 P10-13

indicated on the bars. n.s., not significant.
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TRN cells in the Cx36 KO. Previous reports from our
laboratory have also suggested that there is weak electrical
coupling in Cx36 KO mice (Landisman et al. 2002), as well
as some dye-coupling between Cx36 KO-TRN neurons
(Lee et al. 2014). We conclude that TRN neurons can
express functional gap junctions that lack Cx36, although
we cannot say whether non-Cx36 junctions are present
in WT cells or occur only as a compensatory response to
Cx36 deletion. In principle, the relatively low-conductance
gap junctions between KO neurons could arise from
electrotonically distant connections that appear weak as
a result of space clamp errors, or they may actually
have reduced junctional conductance. The latter is more
probable because Cx36 KO mice also have relatively small
clusters of dye-coupled TRN neurons compared to WT
neurons (Lee et al. 2014). It is not clear whether electrical
coupling in the KO-TRN is relevant to network activity,
as it is in the WT-TRN (Long et al. 2004). Non-Cx36
gap junctions might play a non-electrical role by allowing
transfer of signalling molecules among neurons (Mese
et al. 2007); consistent with this, dye-coupling is more
evident than electrical coupling in the TRN of the Cx36
KO (Lee et al. 2014).

Surprisingly, we found that many electrical synapses
in the KO-TRN had asymmetric G, Asymmetric G;
(i.e. rectification) is common among coupled neurons of
invertebrates and some fish (Furshpan and Potter, 1959;
Auerbach and Bennett, 1969; Rash et al. 2013), although
reports of rectifying junctions in the mammalian brain are
few and inconsistent (Devor and Yarom, 2002; Hoge e al.
2011). Interestingly, electrical coupling asymmetry was
reported between rat TRN neurons under specific physio-
logical conditions (Haas et al. 2011) and was shown to have
a substantial influence on the spike timing relationship
between coupled neurons (Sevetson and Haas, 2015).
Because a few cases of WT electrical coupling were
modestly asymmetrical (Fig. 3B and C), it is possible that
some of the gap junctions present in the WT-TRN are
non-Cx36-dependent.

Asymmetric Gj can occur in heterotypic gap junction
channels, with each hemichannel comprised of different
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connexins (Barrio et al. 1992; He et al 1999;
Bukauskas et al. 2002). Heterotypic gap junctions under-
lie asymmetric G;j between coupled neurons of Drosophila
(Phelan et al. 2008) and teleost fish (Rash et al. 2013).
These results suggest that two or more connexins, neither
of them Cx36, are expressed in some KO-TRN neurons.
Two possibilities are Cx45 (Sohl et al. 2005) and Cx30.2
(Kreuzberg et al. 2008; Perez et al. 2010), which are both
neuronal connexins expressed in the mouse thalamus. In
expression systems, Cx45 and Cx30.2 can form heterotypic
and heteromeric junctions with voltage-dependent decay
kinetics intermediate between homotypic channels of
either connexin alone (Kreuzberg et al. 2005; Gemel et al.
2008). These properties roughly fit the decay kinetics that
we measured from electrical connections in TRN neurons
of the Cx36 KO (Fig. 2B).

Cx36 and development of passive membrane
properties

During postnatal development, neuronal R;,, declined and
G, increased in both TRN and VB, consistent with pre-
vious studies (Warren and Jones, 1997; Parker et al. 2009;
Lee et al. 2010). The mean Ry, of TRN cells dropped
six-fold between P2 and P13, possibly as a result of the
addition of membrane leak channels and increased gap
junctional conductance. The mean R, of TRN neurons
from KO mice was higher than that of WT cells. The
presence of gap junctions tends to reduce Ry, in other
types of neurons (Deans et al. 2001; Amitai et al. 2002;
Long et al. 2002). Similar differences of R;, between WT
and Cx36 KO-TRN neurons were reported by Landisman
et al. (2002) in P14-P18 mice. The electrical synapses
among KO TRN neurons probably do not significantly
contribute to input conductance. R, of VB neurons was
not influenced by Cx36 genotype, which is consistent with
their weak electrical coupling postnatally (Lee et al. 2010).

The absence of most gap junctions among KO TRN
neurons could have a direct effect on thalamic network
function during development. A higher R;, amplifies
voltage responses to synaptic inputs and lengthens the

Figure 9. Passive membrane properties of VB
neurons as a function of age and Cx36 genotype

A, input resistance declined with age but was unaffected
by genotype (P = 0.66, r = 0.73). B, cell capacitance
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increased with age but was unaffected by genotype
(P=0.17, r=0.61). P values were determined based on
linear regression. A total of 138 neurons were sampled
(71 WT and 67 KO neurons); n for each genotype per
2-day age group ranged from four to 15 neurons.
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membrane time constant, which affects temporal and
spatial integration and attenuates high-frequency events.
This could be particularly important during development
because network maturation depends strongly on the
strength, and perhaps synchrony, of electrical activity
(Catalano and Shatz, 1998; Dantzker and Callaway, 1998;
Zhang and Poo, 2001).

Cx36 and development of inhibition and neuronal
morphology

Synaptogenesis commences before birth in the mouse
thalamus, and network formation continues for several
weeks thereafter (Jones, 2007). We found significant
increases in mIPSC frequency during the first postnatal
week (Fig. 6B), which probably reflects rapid addition
of GABA-releasing synapses. The mIPSC frequency levels
out by P8, presumably as synaptogenesis ends; this is
around the time when thalamic spindle oscillations begin
to mature (Warren and Jones, 1997). Age also correlated
strongly with mIPSC decay rate (Fig. 6B), probably as
a result of the changing subunit composition of GABA,
receptors (Laurie et al. 1992). The decay rate of IPSCs
in VB is an important determinant of the frequency
of spindle oscillations (Bal et al. 1995; Sohal er al.
2006). Deletion of Cx36 significantly increased mIPSC
frequency in VB. This could be caused by more GABAergic
synapses or increased spontaneous GABA release. It is also
possible that increased dendritic length constants would
allow distal IPSCs to propagate to somata more readily
(Carnevale and Johnston, 1982). Because the evoked
inhibitory paired-pulse ratio was not affected by genotype
(Fig. 6E), and because the mIPSC frequency did not
correlate with R;, (which may relate to dendro-somatic
electrotonic coupling; data not shown), release probability
or R, probably do not account for this result (Prange
and Murphy, 1999). We suggest that the deletion of
Cx36 leads to an increased number of GABAergic release
sites.

Both Cx36 and age affected the distribution of mIPSC
amplitudes in VB neurons (Fig. 6D), which suggests
alterations of synaptic vesicle size or neurotransmitter
concentration, or the density of postsynaptic GABA,
receptors. In general, there were fewer large mIPSCs
in older cells. Overall, there is more inhibition in the
thalamus of the Cx36 KO than in WT thalamus, probably
resulting from homeostatic changes as a result of altered
synaptic and network activity in the Cx36 KO.

We also found that Cx36 affected the development of
neuron morphology. Most notably, VB dendritic fields
were more complex in the WT compared to the KO,
and TRN somata were larger in the P2-5 KO-TRN
compared to the P2-5 WT-TRN. Interestingly, previous
work on inferior olivary neurons showed that Cx36 KO

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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alters dendritic thickness (De Zeeuw et al. 2003), perhaps
implying a role for Cx36 in the maturation of neuron
morphology.

The mechanisms driving these changes are unclear.
Gap junctions may provide cell-cell adhesion (Elias
et al. 2007), although the sparseness of coupling among
developing VB neurons (Lee et al. 2010) argues against
this. Gap junctions might pass morphologically important
signalling molecules, although the non-Cx36 coupling
among KO cells could provide such a role. Cell
morphology can also be affected by neural activity (Parrish
et al. 2007) and reduced electrical coupling could change
firing rates or synchrony.

We found that Cx36 deletion leads to fewer VB
neuron pairs with coincident IPSCs (Fig. 7B), which
suggests fewer divergent inputs from TRN. Less complex
dendritic trees in KO-VB neurons would reduce the
ability of neighbouring neurons to capture inputs from
a common presynaptic axon, and thus could lead to
smaller receptive fields in VB. Less divergent input would
also tend to reduce the influence of each TRN neuron
on the VB neuron population, and therefore produce
more specific feedforward and feedback inhibition in the
thalamocortical network. Cx36 KO mice exhibit impaired
function in cognitive and behavioural tasks (Allen et al.
2011; Zlomuzica et al. 2012), perhaps in part because of
abnormal inhibitory synaptic properties. Taken together,
our data strongly suggest that Cx36-dependent electrical
coupling is necessary for the normal development of
thalamic inhibitory networks.

Regulation of chemical synapse development by
electrical synapses

Cx36 is important for regulating synchronized activity
in central networks (Gibson et al. 1999; Landisman
et al. 2002; Buhl et al. 2003; Long et al 2004,
2005; Mancilla et al. 2007). Network synchronization
during development may contribute to the stabilization
of chemical synaptic connections by co-ordinating
the activity of neighbouring synapses (Personius and
Balice-Gordon, 2000). Desynchronization as a result
of the loss of Cx36 might lead to more competition
and pruning among synapses (Kim and Kandler,
2003). The TRN generates spontaneous activity during
development, which has been implicated in chemical
synaptic development in the thalamus (Pangratz-Fuehrer
et al. 2007). Our findings suggest that the Cx36 KO
has less divergent input from the TRN to VB neurons,
perhaps because of desynchronized TRN activity and the
consequent pruning of its inputs onto VB neurons. Gap
junctions in the early postnatal TRN may contribute to
patterns of spontaneous activity that support the sub-
sequent maturation of chemical synapses in the thalamus.
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