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Development/Plasticity/Repair

Stability of Electrical Coupling despite Massive
Developmental Changes of Intrinsic Neuronal Physiology

Philip R. L. Parker,* Scott J. Cruikshank,* and Barry W. Connors

Department of Neuroscience, Division of Biology and Medicine, Brown University, Providence, Rhode Island 02912

Gap junctions mediate metabolic and electrical interactions between some cells of the CNS. For many types of neurons, gap junction-
mediated electrical coupling is most prevalent during early development, then decreases sharply with maturation. However, neurons in
the thalamic reticular nucleus (TRN), which exert powerful inhibitory control over thalamic relay cells, are electrically coupled in
relatively mature animals. It is not known whether TRN cells or any neurons that are electrically coupled when mature are also coupled
during early development. We used dual whole-cell recordings in mouse brain slices to study the postnatal development of electrical and
chemical synapses that interconnect TRN neurons. Inhibitory chemical synapses were seen as early as postnatal day 4 but were infrequent
at all ages, whereas TRN cells were extensively connected by electrical synapses from birth onward. Surprisingly, the functional strength
of electrical coupling, assayed under steady-state conditions or during spiking, remained relatively constant as the brain matured despite
dramatic concurrent changes of intrinsic membrane properties. Most notably, neuronal input resistances declined almost eightfold
during the first two postnatal weeks, but there were offsetting increases in gap junctional conductances. This suggests that the size or
number of gap junctions increase homeostatically to compensate for leakier nonjunctional membranes. Additionally, we found that the
ability of electrical synapses to synchronize high frequency subthreshold signals improved as TRN cells matured. Our results demon-

strate that certain central neurons may maintain or even increase their gap junctional communication as they mature.

Introduction

Gap junctions—plaques of ion channels that directly connect the
cytoplasm of two cells—play many roles in brain function
throughout life. During embryonic development, gap junction
proteins are required for proper migration of cortical neurons
along radial glia (Elias et al., 2007) and appear to be involved in
metabolic coordination among neuronal progenitors (Bruzzone
and Dermietzel, 2006). In early postnatal development many
neurons in the brain, such as cortical pyramidal cells and tha-
lamic relay cells, are clustered by gap junctional connections dur-
ing the period when chemical transmission is being established
(Connors et al., 1983; Lo Turco and Kriegstein, 1991; Kandler
and Katz, 1995; Roerig and Feller, 2000; Dupont et al., 2006; Lee
et al., 2006). In adulthood, the neuronal gap junctions in these
regions apparently become rarer and limited to specific classes of
neurons, such as cortical inhibitory interneurons and projection
cells of the inferior olivary nucleus (for review, see Connors and
Long, 2004). Adult gap junctions or electrical synapses allow for
bidirectional current flow and mediate synchronous electrical
activity between neurons. Interestingly, no studies have assessed
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the developmental time course of neuronal electrical coupling in
areas that use this form of communication in adulthood.

Neurons of the thalamic reticular nucleus (TRN), which are
GABAergic cells that receive neocortical input and have recipro-
cal connections with thalamic relay nuclei, are extensively con-
nected by electrical synapses at juvenile ages [postnatal days (P)
12-21 in mice and rats] (Landisman et al., 2002; Long et al., 2004;
Deleuze and Huguenard, 2006) and presumably into adulthood
(Fuentealba et al., 2004). Small clusters of TRN cells are coupled by
electrical synapses and show synchronous subthreshold and spike
activity within these clusters (Long et al., 2004). TRN cells are also
interconnected by inhibitory chemical synapses (Deschénes et al.,
1985; Sanchez-Vives et al., 1997; Deleuze and Huguenard, 2006;
Lam et al., 2006) although these synapses have remained elusive
in paired whole-cell recordings (Landisman et al., 2002; Long et
al., 2004).

TRN cells of rats and mice migrate into the thalamus by em-
bryonic day 19 (Altman and Bayer, 1988; Mitrofanis and Baker,
1993; Ortino et al., 2003) and are in place within the nucleus by
birth. During the first two postnatal weeks TRN cells are rapidly
maturing morphologically, physiologically, and functionally.
The cells enlarge, expand their dendritic arbors (Warren and
Jones, 1997), and their axonal projections to the relay nuclei pro-
gressively mature (De Biasi et al., 1997). Intrinsic physiological prop-
erties of the cells also change drastically, especially spike-bursting
characteristics and passive membrane properties (Warren and
Jones, 1997). During this early postnatal period TRN cells com-
municate via GABAergic transmission that is depolarizing be-
cause of a high intracellular chloride concentration until around
P9, after which GABA becomes clearly inhibitory (Pangratz-
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Fuehrer et al., 2007). No previous studies A P1
had tested whether TRN cells directly
communicate via electrical synapses dur-
ing early postnatal development.

To assess the prevalence of synapses
between TRN cells during early postna-
tal development we performed dual
whole-cell recordings from pairs of
TRN cells aged P1 to P14. We found that
TRN cells are extensively coupled by gap
junctions from birth and the functional
strength of these connections remains
relatively constant across development
because of offsetting decreases in input re-
sistance and an upregulation of gap junc-
tional conductance. Our data suggest that
gap junction channels are homeostatically
regulated during the development of
some central neurons.

Materials and Methods

Slice preparation and recording

Brain slices containing the TRN were cut 320
pm thick in the somatosensory thalamocorti-
cal plane (Agmon and Connors, 1991) from P1
to P14 mice of the ICR strain. Slices were incu-
bated at 32°C for 30 min after slicing, then held
at room temperature until being moved to a
32°C submersion-type chamber for record-
ings. The bathing solution contained (in mwm)
126 NaCl, 3 KCl, 1.25 NaH,PO,, 2 MgSO,, 26
NaHCO;, 10 dextrose, and 2 CaCl,, saturated
with 95% 0,/5% CO..

The TRN was identified by its characteristic shape and position, being
bordered medially by the ventral basal thalamic nucleus (VB) and later-
ally by the internal capsule. Whole cell current clamp recordings were
obtained from pairs of TRN neurons lateral to the VB (in the somatosen-
sory sector of the TRN). Cells were visualized with infrared-differential
interference contrast microscopy using a Nikon Eclipse EG00FN and a
CCD camera (MTI). Only pairs of cells whose somata were touching or
within ~2 um of each other were used for recording (Fig. 1D). Patch
pipettes were made from 1.5 mm OD/0.86 mm ID glass (Sutter) and
filled with (in mm) 130 potassium gluconate, 4 KCl, 2 NaCl, 10 HEPES,
0.2 EGTA, 4 ATP-Mg, 0.3 GTP-Tris, 14 phosphocreatine-Tris (pH 7.25,
280-290 mOsm). Recordings were performed with Axoclamp 2B or
MultiClamp 700B amplifiers (Molecular Devices). Series resistances
were typically between 15 and 30 M() and were continually monitored
and compensated throughout the recording sessions. Both series resis-
tance and electrode capacitance were corrected conventionally using the
built-in circuitry of the amplifiers. Voltages were corrected for a 14 mV
liquid junction potential off-line.

Figure1.

Data analysis
Recordings were acquired and analyzed using pClamp version 9 (Molec-
ular Devices) and data were further analyzed in Excel (Microsoft) and
Statview (SAS Institute). Statistical significance was defined as p < 0.05
and determined using one-way ANOVA, Fisher’s protected least-
significant difference test, Mann—Whitney nonparametric tests, and lin-
ear regression analyses. All averages reported appear as mean * SE.
Passive membrane properties. Resting membrane potential was mea-
sured within 5 min of breaking into whole-cell recording mode. Input
resistance (R;,,) was calculated from small (3-5 mV) voltage deflections
induced by square hyperpolarizing current injections (averages of 20—40
deflections). Estimates of the membrane time constant (7,,,) were obtained
by fitting an exponential function to these same hyperpolarizing voltage
deflections. Input capacitance (C,,) was calculated by dividing ., by R,..
Spike properties were calculated using the first spike evoked by a small su-
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Neurons of the TRN at P1and P14. 4, Voltage responses of a P1 TRN cell (top) to intracellular current pulses (bottom).
The steady-state membrane potential was —69 mV. A small negative current (40 pA) induced a >30 mV hyperpolarization. Offset
of the negative current evoked a burst with 2 action potentials. A small positive current (60 pA) evoked tonic spiking. B, AP14 cell.
The steady-state membrane potential was —69 mV. Larger current pulses were necessary at P14 than P1 because of lower input
resistance in the older cell (—200 pA and 100 pA). Note the faster initial voltage response to current onset in the P14 cell, reflecting
a faster ,,,. The number of action potentials evoked during the offset burst was greater in the P14 than the P1 cell. C, Action
potential durations were briefer in the P14 than in the P1 cell because of faster rise and decay rates. D, IR-Differential interference
contrast images from paired cell recording in TRN from P1 and P14 brain slices (recordings in A-C are from the cells shown in D).
Insets show cells at high magnification. Scale bars in D are 200 wm (low magnification) and 20 pum (high magnification).

Table 1. Summary of the number of TRN neuron pairs recorded for each age group
(n = 222 cells total)

Age P1-2
#Pairs 20 19 8 12 18 " 23

P3-4 P5-6 P7-8 P9-10 P11-12 P13-14

prathreshold positive current step applied from a steady-state potential of
approximately —70 mV. The number of spikes per burst was obtained by
holding the cell at a depolarized steady-state potential, then injecting a large
hyperpolarizing current pulse (600 ms duration) to elicit a large hyperpolar-
ization (25—-40 mV) and a subsequent rebound burst of action potentials.

Coupling coefficient. We calculated a steady-state coupling coefficient
(CC) to estimate the functional strength of electrical coupling between
cells. A 600 ms negative current pulse was injected into one cell of a
coupled pair and resulting voltage deflections were measured in both
cells. CC was defined as V,/ V| where V|, refers to the voltage change in the
current-injected cell and V, is the voltage change in the noninjected cell.
The injected currents were adjusted so that V|, was usually between 25
and 35 mV. The amount of injected current, which varied as a function of
age (because of changes of R;,), was between —10 pA and —300 pA. The
voltage changes were measured 300-500 ms after the start of the current
step. The CC calculations were made for current injections into each cell in a
pair and the two resulting values were then averaged. Cell pairs were consid-
ered to be electrically coupled if CC >0.01, which was the minimum that
could be reliably detected under the conditions of our experiments.

Junctional conductance. To estimate the net conductance of gap junc-
tional channels coupling two cells (Gj), we calculated junctional conduc-
tance as follows (Bennett, 1966):

>

G 1/ [(Riycell 1) * (R;,cell 2) — (transfer resistance)?]
b transfer resistance
where transfer resistance was defined as the voltage response in cell 2

(when current is injected into cell 1) divided by the amplitude of the
current step injected into cell 1. This conductance calculation assumes a
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steady current to induce repetitive firing of
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Figure 2.

baseline (E, solid line).

simple model consisting of two neurons with passive membranes cou-
pled directly by a single junction and does not account for parallel
conductance pathways via adjacent coupled neurons or dendritic ca-
ble properties (Amitai et al., 2002).

Frequency-transfer function. Frequency-transfer functions were de-
rived from postsynaptic responses evoked by presynaptic, subthreshold
sine-wave current injections through a range frequencies (1, 2, 4, 8, 16,
32, 64, and 128 Hz). Baseline membrane potential was maintained at
—89 mV and the induced presynaptic sine-wave voltages were ~20 mV
(trough-to-peak) at all frequencies. CCs were calculated using V1 and
V2, which in this case were the trough-to-peak amplitudes in the injected
cell and the noninjected cell, respectively. Phase lag was measured by
performing a cross-correlation on V, and V, and measuring the latency
to the correlation peak.

Spikelets. Spikelets are electrical postsynaptic potentials resulting from
presynaptic action potentials in cells connected by gap junctions. To
measure spikelets, we evoked action potentials in one cell (nominally, the
“presynaptic cell”) with long current pulses (=600 ms) and recorded the
resulting spikelets in the electrically coupled “postsynaptic cell.” For each
connected pair, between 25 and 175 spikelets were collected, aligned
(using the presynaptic spikes) and averaged. Peak amplitudes of the av-
eraged spikelets were measured relative to baseline voltages at the time of
presynaptic spike onsets. Spikelet amplitudes were calculated this way for
both cells in each pair and the two resulting values were then averaged to
give a mean for the pair.

Spike cross-correlations. The ability of electrical synapses to synchro-
nize action potentials was assessed by injecting coupled cells with enough

Changing intrinsic properties of TRN neurons across development. 4, R, decreased nearly eightfold during the first
two postnatal weeks. B, G, doubled. C, 7., affected by both R, and C;,, decreased nearly fourfold. D, The resting membrane
potential hyperpolarized across ages, crossing the tonic/burst firing mode threshold. E, Action potential (AP) amplitude was
relatively constant across ages when measured from either the resting potential (solid circles) or from AP threshold (open circles).
F, AP durations, measured at half of the maximum amplitude, became briefer in older animals. G, The maximum rate of rise of APs
increased across age. H, Amplitudes of the spike afterhyperpolarizations (AHPs) were relatively constant. /, A sudden increase in
the number of spikes per burst was seen between P9—10 and P11-12. Linear regression analysis revealed statistically significant
effects of age ( p < 0.05) for all of the intrinsic and spiking properties plotted here except AP amplitude when measured from

ing equation:

av
Gj (Vpre(l) - V) = Gm(V - ‘/rest) + CmE;
where G; is the conductance of the gap
junction connecting the presynaptic and
postsynaptic cells, V.., is the membrane
potential of the presynaptic cell, V is the
membrane potential of the postsynaptic cell,
G, is the resting membrane conductance of
the postsynaptic cell, V., is the resting
membrane potential of the postsynaptic cell,
C,, is the membrane capacitance of the postsynaptic cell, and ¢ is the
time in ms. Gap junctional conductances and postsynaptic membrane
properties (G,,, C,,), were set to the average values measured for P1 or
P14 cell pairs recorded during the physiology experiments. Presynap-
tic action potential waveforms were varied and the effects on postsyn-
aptic spikelet amplitudes examined. Voltages were updated in time
steps of 0.05 ms, which corresponded to the experimental sampling
rate.

Results

Intrinsic properties

A total of 111 pairs of neurons were recorded from P1 to P14
(Table 1). Many of the intrinsic electrophysiological characteris-
tics of TRN neurons changed drastically across ages, consistent
with previous observations (Figs. 1, 2) (Warren and Jones, 1997).
The most obvious intrinsic change was the nearly eightfold de-
crease in R;, as animals matured (1788 = 89 M() at P1;232 £ 13
M) at P14) (Fig. 2A). The input resistance change was accom-
panied by a twofold increase in C;,, (42 = 2 pFat P1,86 * 3 pFat
P14) (Fig. 2 B) and a nearly fourfold decrease in 7,,, (72 = 4 ms at
P1,19 = 1 ms at P14) (Fig. 2C). All three membrane properties
were strongly correlated with age (r > 0.60; p < 0.0001). These
changes suggest an increase in the size of TRN cells across
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development, which is supported by
previous anatomical data (Warren and
Jones, 1997).

The majority of cells across the entire
P1-P14 age range were capable of two
modes of firing—tonic and burst
modes—when the steady-state mem-
brane potential was moved above or be-
low a threshold (approximately —75 mV)
(Fig. 1) (Jahnsen and Llinas, 1984; for re-
view, see Huguenard and McCormick,
2007). However, age-dependent changes
in the resting membrane potential af-
fected the baseline mode of TRN firing. At
P1 TRN cells had relatively depolarized
resting potentials (—64 £ 1 mV) and as
animals matured the average resting po-
tential became more negative (—78 £ 1
mV by P14) (Fig. 2D). Consequently, in
young TRN cells, positive current steps
applied from the resting potential resulted
in tonic firing, whereas at older ages (after
about P9) such positive current steps elic-
ited bursts. Conversely, hyperpolarizing
current steps from rest often elicited re-
bound bursts at young ages, whereas
bursts could not be evoked by hyperpolar-
ization from rest after about P9. Thus, as
TRN cells mature, their basal firing mode
appears to switch because of a hyperpolar-
ization of the resting membrane potential.
In addition, the number of spikes per
burst increased across ages. From P1 until
P6, most cells fired only one or two spikes
per burst, whereas the later ages usually
exhibited at least three spikes per burst
(1.8 = 0.1 spikes/burst at P1, 4.3 = 0.5
spikes/burst at P14; Figs. 1, 2I) (Warren
and Jones, 1997). We observed examples
of both typical and atypical bursts as de-
scribed by Lee et al. (2007).

At least two other spiking properties of
TRN cells changed significantly across
ages: From P1 to P14, the maximum rate-
of-rise of action potentials more than
doubled, whereas spike width decreased
>50% resulting in faster, narrower spikes
(Figs. 1, 2F,G). In contrast, age related
changes in spike and afterhyperpolariza-
tion amplitudes were relatively modest
(Fig. 2E,H).

Electrical synapses

Electrical coupling (Fig. 3A) was very fre-
quently seen at all ages. The incidence of
coupling was high and relatively stable
from P1 to P14 (50-100% incidence)
(Fig. 4A), suggesting extensive coupling
between TRN cells at all ages. There was
no apparent effect of age on CC (r =
0.089, p = 0.4371) (Fig. 4B). In fact, cell
pairs with robust coupling (CCs > 0.10)
were found in every age group. One ex-
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Figure3.  Electrical coupling in the immature TRN. 4, Example of electrical coupling between pairs of cells in P1 (top) and P14
(bottom) mice. For each cell pair, traces corresponding to current injection into one cell (cell 1) are shown on left, and traces
corresponding to injections into the other cell (cell 2) are on right. Voltage responses (V) are superimposed for the injected cells
(thin traces) and noninjected cells (thick traces). Current pulses (/; and /,) are displayed below their associated voltage traces.
Negative currents caused strong hyperpolarizations of injected cells and smaller hyperpolarizations of noninjected cells (the latter
as a result of current flowing through gap junctions). The time courses of voltage responses were faster in P14 than P1 cells. The
voltage scale is 20 mV for injected cells and 2 mV for noninjected cells. B, Strong electrical coupling in a P9 animal. Release of cell
1from a hyperpolarized potential caused a rebound burst of action potentials in cell 1, depolarizing the noninjected cell (cell 2) via
electrical coupling, ultimately causing a spike. Expanded trace: note summating spikelets (arrowheads) leading to an action
potential in cell 2. The 20 mV and 11 ms scale bar values apply to cell 2, expanded trace. Other scale bar values apply to main traces.
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Figure4. Properties of electrical coupling in the developing TRN. 4, Incidence of electrically coupled pairs across ages was high
and relatively stable. Values for each age group equal the (number of coupled pairs encountered) - (total number of pairs tested).
B, Coupling coefficients changed very little across age. €, There was a significant increase in junctional conductance with age (r =
0.546, p = 0.0001). In Band C, circles are values for individual cell pairs and bars are age-group means.
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Figure 5.  Relationships between passive membrane properties and gap junctional conduc-
tances. 4, Plot of input conductance (G,,) versus gap junctional conductance. Circles are values
for individual cell pairs (input conductances were averaged for the two cells within each pair).
B, Plot of input capacitance (G;,) versus gap junctional conductance. There were strong corre-
lations between gap junctional conductance and both of the membrane properties (r = 0.43,
p << 0.0001 for linear regression using raw values; r = 0.567, p << 0.0001 using log,, trans-
formed junctional conductances).

ceptionally strong example from a P9 animal is shown in Figure
3B, where a rebound burst in the injected cell triggered a spike in
the noninjected cell.

Estimates of junctional conductance did show a significant
effect of age ( p < 0.006, ANOVA). However, in contrast to pre-
vious studies in other brain regions reporting decreases in gap
junctions across early postnatal development (Dupont et al.,
2006; for review, see Roerig and Feller, 2000), here the average
junctional conductance was lowest at P1-2 and increased
strongly with development (Fig. 4C). The mean conductances
for the older age groups (P9—-P14) were 6—10 times larger than
that at P1-2. Functionally this large increase in gap junctional
conductance was offset by a decrease in R;,, (Fig. 2A), thus
yielding relatively constant CC. In fact, junctional conductance
was well correlated with both age (r = 0.546, p = 0.0001) and
input conductance, the inverse of R;, (r = 0.567 p < 0.0001) (Fig.
5A). There was also a strong correlation between junctional con-
ductance and input capacitance, which is another cellular prop-
erty that increases with age and acts to attenuate electrical
postsynaptic potentials (r = 0.621, p < 0.0001) (Fig. 5B). Thus, as
the TRN matures, its increasingly strong gap junctional conduc-
tances counteract the effects of increasingly leaky and capacitive
nonjunctional membranes, stabilizing the strengths of electrical
synaptic potentials across development.

Subthreshold frequency transfer

The ability of electrical synapses to transmit subthreshold signals
of various frequencies (Gibson et al., 2005) was compared for
young versus older TRN cell pairs (n = 4 for P1-4, n = 5 for
P11-14). Injection of sinusoidal current pulses in one cell re-
sulted in large sinusoidal voltage deflections in that cell and at-
tenuated voltage responses in the coupled, noninjected cell (Fig.
6A). The CC, which measures transmission of the voltage signal
between the coupled cells, decreased as a function of increasing
frequency. This frequency-dependent attenuation was more pro-
nounced in the young (P1-P4) than in the older group (P11-
P14) (Fig. 6A,B, top). In addition, the phase lags of the signals
were longer in the young cell pairs (Fig. 6B, bottom). Thus,
whereas the steady-state coupling coefficients were relatively
constant across ages, electrical transmission of time-varying sig-
nals actually improved in older TRN cells. These differences in
signal transfer properties are likely caused by differences in the
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Figure 6.  Age differences in subthreshold frequency transfer across electrical synapses.
A, Examples of subthreshold responses to sinusoidal current injections for P2 (top) and P11
(bottom) TRN cell pairs. Signals (1 Hz, left) were transmitted across the electrical synapses more
effectively than 16 Hz signals (right): compare ratio of postsynaptic to presynaptic voltage
amplitudes (V,q:V,,ce)- The high frequency attenuation in transmission is more pronounced in
the P2 than the P11 cell pair. Peak-to-peak current injections: P2, 1 Hz = 25 pA; P2, 16 Hz =
90 pA; P11, 1 Hz = 180 pA; P11, 16 Hz = 280 pA. B, Plot of CC (left axis) and phase lag (right
axis) at various frequencies of sinusoidal current injection for young (P1-4, n = 4) versus older
(P11-14, n = 5) cell pairs. CC normalized to the 1 Hz value. Phase lag measured in degrees
between the presynaptic and postsynaptic voltage responses across frequencies. The attenua-
tion of CCwith increasing frequency was more pronounced in the younger group than the older
group. Phase lags increased with frequency in both groups but were uniformly longer in the

young group.

passive membrane properties between the two ages, as the aver-
age T,, of the younger cells was more than three times longer than
that of the older group (young 7,,, = 63 = 12 ms, old 7, = 19 =
2 ms; p < 0.0143, Mann—Whitney).

Spikelets

The frequency transfer analysis might suggest that action poten-
tials, which are predominantly high frequency signals, would be
transmitted more effectively between older TRN cells than be-
tween younger ones. To examine this we evoked presynaptic ac-
tion potentials and measured resulting postsynaptic spikelets in a
sample of 35 coupled pairs from P1 to P14. Only cell pairs with
medium coupling strengths were analyzed (CC between 0.04 and
0.14); pairs with weaker or stronger coupling were excluded to
ensure accurate spikelet measurements and control for coupling
strength across the age groups. Despite the improved frequency
transfer functions in older pairs (Fig. 6), we found that spikelet
amplitudes did not change significantly across ages (r = 0.08, p =
0.652, Fig. 7A,B). A decisive factor in this stability seemed to be
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shape of the presynaptic action potentials,
which narrowed significantly with matu-
ration (Figs. 2F,G, 7A). In fact, when
spikelet amplitudes were normalized by
presynaptic spike width, a strong correla-
tion with age emerged (linear regression,
r = 0.50, p < 0.003) (Fig. 7C).

To further explore the effects of pre-
synaptic action potential shape on spikelet
amplitude in young and old TRN pairs,
we varied action potential waveforms
within computational models of electri-
cally coupled cell pairs. The models were
constructed using gap junctional and
postsynaptic membrane properties de-
rived directly from our experimental
measurements (i.e., the average values for
P1 and P14 from the experiments; Figs. 2,
4). Figure 7, D and E, shows results from
simulations using the models. When age-
appropriate action potential waveforms
were applied in the P1 and P14 models
(i.e., wide spikes at P1 and narrow at P14)
the resulting postsynaptic spikelets had
approximately equal amplitudes for the
two ages (Fig. 7D). In contrast, when a
common presynaptic spike waveform
(the average of P1 and P14 spikes) was
applied in the models of younger and
older coupled neurons, spikelets were
much larger at P14 than at P1 (Fig. 7E);
this was largely the result of the faster
postsynaptic membrane time constant
at P14.

Together the data indicate that spikelet
amplitudes, like steady-state coupling co-
efficients, are relatively stable across age.
The spikelet stability appears to be caused
by a variety of offsetting changes that in-
clude narrowing of presynaptic action po-
tentials and speeding of postsynaptic time
constants as the TRN matures. Consistent
with the overall kinetics, there was an
obvious sharpening in the time course
of the spikelets with maturation, includ-
ing faster latencies to peak and shorter
durations (Fig. 7A,D,E). The functional
consequences of this sharpening remain
to be explored.

Spike cross-correlation
To assess the ability of electrical synapses
to synchronize spiking, constant current

was injected into both cells of coupled pairs to induce similar
steady firing rates of ~5-15 Hz, then the correlations of spike
times were measured (Fig. 84,B). Coupled TRN cells at all ages
exhibited synchronous firing. Linear regression revealed a strong
relationship between the amplitude of the correlogram peak and
junctional conductance (r = 0.856; p < 0.0001), and between the
correlogram peak and CC (r = 0.715; p = 0.0041) (Fig. 8C).
However, there was no significant relationship between the cross-
correlogram peak and age ( p > 0.628), consistent with the cou-

pling coefficient and spikelet results.
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Figure 7.  Spikelets amplitudes are stable across development and this depends on narrowing of action potentials. 4, Spikes
(Presynaptic) and spikelets (postsynaptic) from representative P1and P14 cell pairs (averages of ~80 sweeps each). Peak spikelet
amplitudes are approximately equal. Steady-state coupling coefficients were 0.13 and 0.12 for the P1 and P14 pairs, respectively.
Note the much wider presynaptic action potential at P1 than P14. B, Group data plotting raw spikelet amplitudes as a function of
age, indicating no significant relationship ( p = 0.652, r = 0.08, linear regression, n = 35 pairs). Each data point represents one
pair of cells. ¢, When spikelet amplitudes were normalized to presynaptic spike width (at half-amplitude, in ms), a strong corre-
lation with age emerged (r = 0.50, p << 0.003). D, Results from model cell pairs connected by gap junctions. The presynaptic spike
waveforms were the same as those in A (which are representative for their respective ages). Gap junctional conductances and
postsynaptic G;, and ;, were set to average values recorded at P1and P14 (from Figs. 2 and 4). Spikelet amplitudes were similarin
the P1and P14 model cells, and the spikelet shapes at each age were similar to those of the real spikelets shown in A. E, To test the
effect of action potential shape, a common presynaptic spike waveform (the average of the P1and P14 spikes from D) was applied
in both the P1and P14 models. Under these conditions, spikelets were much larger at P14 than at P1, indicating that narrowing of
spike width normally contributes to stability of spikelet amplitudes as cells mature.

Inhibitory synapses

We encountered only 5 inhibitory synaptic connections among
90 pairs of neurons tested, and these occurred in 4 of the cell
pairs—one pair had reciprocal inhibitory connections (Fig. 9).
This yields a 2.8% incidence of inhibitory connections, i.e., 5
among 180 potential connections. The connections were seen at
P4, P5, P7, and P8 (reciprocal pair). Presumably these were at
least partly GABA, receptor-mediated responses because they
were hyperpolarizing from the resting potentials and reversed
around —89 mV, near the expected equilibrium potential for Cl ~
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Figure8.  Spike synchrony between pairs of coupled TRN cells. A, Example P9 cell pair exhib-
iting spike synchrony during simultaneous steady-state current injection (80 pA). B, Action
potential cross-correlogram from the cell pairin A (bin width, 11 ms). Fifteen seconds of spiking
data were acquired for the plot shown here. Note the large central peak indicating strong
synchrony. C, The peak of the AP correlation (measured at the peak closest to zero lag) was
plotted as a function of the steady-state CCfor 14 cell pairs at a variety of ages (from P1to P14).
There was strong positive relationship between CCand AP correlation ( p = 0.0064; regression
line shown). Junctional conductance was likewise strongly related to AP correlation (p =
0.0011; data not shown).

under these recording conditions, and because of their fast initial
time courses. Some contribution from GABAj receptor-
mediated responses cannot be ruled out. The average IPSP am-
plitude was —1.1 mV from rest. All of the inhibitory connections
occurred between electrically coupled cells, however there was no
obvious relationship between strength of coupling and the exis-
tence or strength of inhibition. In some strongly connected pairs,
postsynaptic responses to presynaptic spike trains resulted in fast
electrically mediated PSPs (spikelets) summating with slower hy-
perpolarizing IPSPs, resulting in a progressive hyperpolarization
of the peak of each spikelet, creating a saw-tooth-like waveform
(Fig. 9B). In general the inhibitory synapses depressed easily, and
atleast 15-20 s of recovery was required between stimuli to main-
tain stable responses.

Discussion

Our results demonstrate that neurons of the TRN maintain func-
tionally stable electrical coupling from the day of birth through
the first two postnatal weeks. Over the same period, the intrinsic
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membrane properties of TRN neurons change dramatically. The
data imply that the conductances of neuronal gap junctions must
increase sharply to compensate for increasingly leaky nonjunc-
tional membrane.

Development of intrinsic properties

The intrinsic membrane properties of most neurons change con-
siderably as they develop (Spitzer and Ribera, 1998; Moody and
Bosma, 2005). We found that the intrinsic electrophysiological
properties of TRN cells changed considerably during the first two
postnatal weeks, in agreement with an earlier study (Warren and
Jones, 1997). Most noticeable were changes in R;, C,,, and 7,,.
The drop in R;, is probably attributable in part to increasing cell
size during development (Warren and Jones, 1997). In addition,
itis likely that leak potassium channels increase; this is implied
by a negative shift in resting membrane potential, and because
whole-cell capacitance—a measure of total membrane area—
increased only about twofold, whereas input conductance
increased approximately eightfold. Gap junctions likely also
contribute to the developmental decrease in input resistance.
The average junctional conductance increased sixfold from P1
to P14, and this could result in substantial increases in total
input conductance.

Spiking properties also changed. Action potentials in matur-
ing neurons acquired faster rates of rise and shorter durations.
Furthermore, the number of spikes within each intrinsic burst
response increased sharply after about P10. Faster 7,,,s as well as
changes in voltage-dependent cation conductances may contrib-
ute to the spike effects in developing cells. Interestingly, only
modest decreases were seen in the potassium-mediated spike af-
terhyperpolarization, and the low threshold calcium spike which
provides the underlying voltage envelope of thalamic bursts
(Jahnsen and Llinas, 1984; Huguenard and Prince, 1992; Lee et
al., 2007) was observed in even the youngest animals.

Development of inhibitory synapses

There is considerable structural and physiological evidence that
local GABAergic connections exist in the TRN (Deschénes et al.,
1985; Ohara, 1988; Sanchez-Vives et al., 1997; Deleuze and
Huguenard, 2006; Lam et al., 2006). Nevertheless, published data
from paired recordings had not previously revealed any mono-
synaptic inhibitory connections (Landisman et al., 2002; Long et
al., 2004). Here we observed a 2.8% incidence of GABAergic
connections. This may be an underestimate resulting from con-
founding factors such as processes being cut during slice prepa-
ration (Deleuze and Huguenard, 2006).

The IPSPs observed in our TRN cells were hyperpolarizing,
presumably because of the low [Cl ] in our micropipette solu-
tion. A recent report found that GABAergic responses in nondia-
lyzed TRN cells are depolarizing from resting potential at ages
younger than P8 (Pangratz-Fuehrer et al., 2007). Thus, it would
be expected that in young animals in vivo, depolarizing PSPs from
GABAergic connections could summate with electrically trans-
mitted spikelets, leading to large, long lasting depolarizations. It
has been suggested that such depolarizations provide trophic in-
fluences (De Biasi et al., 1997; Pangratz-Fuehrer et al., 2007).

Development of electrical synapses

Electrical synapses are a major feature of the juvenile TRN cir-
cuitry (Landisman et al., 2002; Long et al., 2004), and they are
probably also widespread in adult TRN (Fuentealba et al., 2004;
Deleuze and Huguenard, 2006; Blethyn et al., 2008). Our results
show that electrical coupling is also ubiquitous among TRN cells
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during the first two postnatal weeks. The A
incidence and functional strength of cou-
pling (i.e., CC and spikelet amplitudes)
during this period were relatively constant
and similar to previous reports for juve-
nile mice (Long et al., 2004). However,
our data also indicate that this constancy
of coupling is achieved by an upregulation
of junctional conductances which offset
maturational changes in passive mem-
brane properties such as input resistance B
and capacitance. Our results do not reveal
whether the developmental changes in
membrane properties have any direct role
in regulating gap junction properties.
However, a linkage is suggested by the fact
that junctional conductance correlates
slightly better with input conductance -66
and capacitance than it does with age. mv
Enhancement of gap junctional con-
ductance could be achieved in many ways.
Neurons might increase single channel
conductances or the open probability of
connexin channels, perhaps by channel
phosphorylation or some other posttrans-
lational modification (Cachope et al.,
2007). Numerous studies have suggested
that coupling between central neurons
can be modulated by neurotransmitter-
induced actions (for review, see Roerig and Feller, 2000; Con-
nors and Long, 2004). Studies in the TRN have been few, but
work in our laboratory showed that coupling between juvenile
TRN cells is persistently decreased by the transient activation of
metabotropic glutamate receptors (Landisman and Connors,
2005). In the developing neocortex several neurotransmitters,
including glutamate, norepinephrine, dopamine, serotonin, and
acetylcholine have been implicated in the regulation of neuronal
dye coupling (Rorig and Sutor, 1996; Montoro and Yuste, 2004)
or electrical coupling (Zsiros and Maccaferri, 2008) by initiating
signaling cascades leading to phosphorylation. Decreases in dye
coupling and Cx36 expression are seen during early development
of the hypothalamus, and these are action potential-dependent
(Arumugam et al., 2005). Alternatively, neurons could regulate
the turnover of connexins and gap junction channels, and per-
haps increase the number of channels per gap junction or the
total number of gap junction plaques connecting pairs of neu-
rons. It seems likely that a combination of these mechanisms
underlies the enhancement of coupling conductance during TRN
development (Condorelli et al., 1998; Arumugam et al., 2005;
Moreno and Lau, 2007).

Figure 9.

Functions of electrical synapses

Neuronal gap junctions are pervasive in structures of the CNS
during development. As our results demonstrate, the TRN is no
exception. In fact, during the first postnatal week the other major
category of thalamic neurons—thalamocortical relay cells—are
also coupled by gap junctions (Lee et al., 2006), as are their tar-
gets, pyramidal cells and spiny stellate cells of the neocortex
(Connors et al., 1983; Lo Turco and Kriegstein, 1991; Yuste et al.,
1992). Unlike the principal neurons of both rodent thalamus and
neocortex, however, TRN neurons and inhibitory interneurons
of the neocortex (Galarreta and Hestrin, 1999, 2002; Gibson et al.,
1999) remain coupled after the early postnatal period. This strik-
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Chemical inhibitory synapses between TRN cells. A, In a pair of P7 TRN cells, presynaptic action potentials (top)
resulted in hyperpolarizing IPSPs when the postsynaptic cell was maintained at a —66 mV steady-state potential (bottom left).
The IPSP reversed around —86 mV (bottom right). In this cell pair, the electrical synapses were too weak to produce spikelets, so
only the IPSPs were clearly visible. B, Inhibitory connection in P8 TRN cells which had a large coupling coefficient. When maintained
at depolarized potentials (—66; bottom left), the postsynaptic cell responded to presynaptic action potentials (top) with fast
depolarizing electrical potentials followed by slower hyperpolarizing chemical synaptic inhibitory potentials. The inhibition re-
versed around —90 mV (bottom right). Inhibitory synapses between TRN cell pairs were rarely seen (2.8% incidence, n = 180
possible connections) but existed as early as P4.

ing divergence suggests different functions for the gap junctions
of immature and mature neurons in the thalamus.

Gap junction channels have been implicated in a variety of
tasks, including intercellular signaling with electrical (ionic) cur-
rent, passage of intercellular chemical messengers, signaling via
chemicals released to the extracellular space through connexin
hemichannels, and gap junction-mediated cell-cell adhesion
(Kandler and Katz, 1995; Roerig and Feller, 2000; Elias and Krieg-
stein, 2008). Some or all of these functions may be important
during the early development of the thalamus. However, the fact
that functional measures of electrical coupling remain stable
across development while gap junctional conductances dra-
matically increase suggests that ionic/electrical coupling
rather than chemical/metabolic coupling may be more critical
for TRN development. It has been hypothesized that gap junc-
tion coupling could influence chemical synaptogenesis by cre-
ating neuronal clusters that are synchronized; indeed, early
gap junction coupling coincides with thalamocortical and cor-
ticothalamic synaptogenesis (Kandler and Katz, 1995). Once
chemical synapses between thalamus and neocortex have been
established, gap junctional coupling between pyramidal and VB
cells begins to disappear (Connors et al., 1983; Lee et al., 2006).
Unlike thalamic relay cells, TRN neurons remain well coupled
after the first postnatal week by sharply increasing the efficacy of
their gap junctions.

It seems plausible that gap junctions between TRN cells could
be involved in organizing the topography of intra-TRN chemical
synapses within the nucleus (Crabtree, 1996). Additionally, be-
cause gap junctions and inhibitory synapses between TRN cells
may both be dendrodendritic (Liu and Jones, 2003; Pinault et al.,
1997), there could be interactions between these two forms of
communication during development. Gap junctions could assist
in the formation or refinement of GABAergic synapses via meta-
bolic and electrical coupling, especially at younger ages when
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depolarizing GABA-induced calcium transients could propagate
through gap junctions into neighboring cells and exert second
messenger effects. The tendency of electrically coupled neurons
to synchronize their spiking will have consequences for spike
timing, and perhaps spike timing-dependent synaptic plasticity.
Conversely, depolarizing GABAergic transmission before P8
(Pangratz-Fuehrer et al., 2007) might be a signal by which gap
junctions are upregulated between TRN cells.

Our results show that electrical synapses between TRN cells
are capable of transmitting subthreshold signals fairly well, al-
though high frequency transmission for connections between
younger cells is considerably worse than that for more mature
neurons. The age dependence of frequency transfer bandwidth
could have consequences for rhythmic network activity in the
thalamus. In the mature animal, spindle oscillations (7-15 Hz)
are thought to be generated by reciprocal excitatory-inhibitory
synaptic connections between neurons of the VB complex and
the TRN (Huguenard and McCormick, 2007). The potential
role of thalamic gap junctions in generating spindles is unclear
(Fuentealba and Steriade, 2005), but it seems likely that elec-
trical synapses in TRN play a role in synchronizing spindle
rhythms within local spatial domains (Long et al., 2004). Electri-
cal synapses in the mature TRN may also play a role in synchro-
nizing more rapid thalamocortical oscillations, including those in
the gamma range; mature Cx36 knock-out mice, which lack sig-
nificant electrical coupling between neurons in both neocortex
and TRN, display a deficiency in cortical gamma activity (Buhl et
al., 2003). It had been suggested that thalamic theta-oscillations
in vitro and cortical spindle waves in vivo do not occur in rodents
before about P10 (Jouvet-Mounier et al., 1970; Warren et al.,
1994). More recent work suggests, however, that spindle-like
rhythms are common in cerebral cortex of neonatal rodents
(Khazipov et al., 2004; Khazipov and Luhmann, 2006). The role
of the TRN in the generation of these immature cortical
rhythms has not been explored, but there is evidence that
neonatal rhythms depend on neuronal gap junctions in neo-
cortex (Dupont et al., 2006; Hanganu et al., 2009).

Neurons of the TRN are strongly coupled by gap junctions
from birth to maturity. The stability of electrical coupling in
immature TRN across development suggests that its gap junc-
tions are closely regulated by homeostatic mechanisms, and that
they play critical roles at all postnatal ages.
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