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Distinct Electrical and Chemical Connectivity Maps in the
Thalamic Reticular Nucleus: Potential Roles in
Synchronization and Sensation

Charlotte Deleuze and John R. Huguenard
Department of Neurology and Neurological Sciences, Stanford University School of Medicine, Stanford, California 94305

GABAergic neurons of the thalamic reticular nucleus (nRt) provide thalamocortical relay neurons with feedback inhibition that influ-
ences sensory processing and thalamocortical rhythm generation. Mutual interactions between reticular neurons coordinate oscillatory
activities developed within the network during normal sleep and in absence epilepsy, but the chemical versus electrical nature of these
connections and their functional influence remain controversial. Here, we investigated the incidence and spatial extent of intra-nRt
connectivity in vitro in horizontal and coronal thalamic slices from rat. Laser scanning photostimulation activated presynaptic nRt cells
during patch-clamp recordings of postsynaptic neurons. Photolysis of caged glutamate evoked GABAergic IPSCs and/or depolarizing
events (spikelets, mediated via electrical coupling) in a large proportion of neurons, thus indicating connectivity with presynaptic cell(s).
Synaptic inputs were organized along the major axis of the nucleus in the same orientation as, but commonly exceeding the extent of,
dendritic arborization of the postsynaptic neuron. In the anteroposterior (horizontal) plane, chemical connectivity had higher incidence
(60% of recorded neurons vs 40% in vertical plane) and longer spatial extent, whereas in the dorsoventral (vertical) plane, electrical
coupling dominated (47% incidence vs 37% in horizontal plane) and was more widely distributed. These data demonstrate that both
electrical and chemical synapses are prominent within nRt and suggest different roles for the two types of connections. We thus propose
that, along the vertical plane, electrical connectivity will promote coordinated rhythmic activity of sleep and/or thalamocortical epilepsy,
whereas along the horizontal plane, chemical connectivity will oppose widespread thalamocortical synchronization and modulate sen-

sory throughput.
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Introduction

Located between thalamus and cortex, the inhibitory thalamic
reticular nucleus (nRt) plays key roles mediating selective atten-
tion (Montero, 2000; McAlonan et al., 2006), shaping sensory
fields (Lee et al., 1994; Desilets-Roy et al., 2002; Hartings et al.,
2003a), and generating neuronal rhythmic activities within the
thalamocortical network (McCormick and Bal, 1997; Steriade et
al., 1997). Relevant to these functions, nRt features (Pinault,
2004) include intrinsic membrane properties of the neurons
[slow T-channel-mediated burst firing (Huguenard and Prince,
1992)], topographically organized reciprocal synaptic intercon-
nections with excitatory thalamocortical cells (Jones, 1975), and
mutual interactions between nRt cells mediated by chemical

Received June 1, 2006; revised July 12, 2006; accepted July 13, 2006.

This work was supported by the National Institute of Neurological Disorders and Stroke Grant NS34774. We are
indebted to Gordon M. G. Shepherd and Karel Svoboda for their extensive consultations in setting up our LSPS
system, which uses many of the same design principles and components as those developed at Cold Spring Harbor
Laboratory (Cold Spring Harbor, NY). We also thank Fran Shen and Isabel Parada for expert histological assistance,
Carl Pisaturo for electronic and mechanical design, and Mark Beenhakker and Trent Anderson for useful comments
on this manuscript.

Correspondence should be addressed to John R. Huguenard, Neurology and Neurological Sciences, Stanford
University School of Medicine, Room M016, Stanford, CA 94305-5122. E-mail: john.huguenard@stanford.edu.

DOI:10.1523/JNEUR0SCI.2333-06.2006
Copyright © 2006 Society for Neuroscience  0270-6474/06/268633-13$15.00/0

and/or electrical synapses (Landisman et al., 2002; Shu and
McCormick, 2002; Long et al., 2004).

nRt is a thin shell nucleus surrounding the dorsal thalamus
whose neurons are exclusively GABAergic (Houser et al., 1980;
Spreafico et al., 1991; Guillery and Harting, 2003). Both thalamo-
cortical and corticothalamic axons emit excitatory collaterals
within nRt, and nRt cells send powerful reciprocal inhibitory
projections to dorsal thalamic relay nuclei (Ohara, 1988; Pinault
and Deschenes, 1998b). In addition, nRt cell axons give rise to
sparse intranuclear collaterals generally not extending beyond
the dendritic arborization of the cell (Scheibel and Scheibel, 1966;
Yen et al., 1985; De Biasi et al., 1988; Uhlrich et al., 1991; Cox et
al., 1996; Sanchez-Vives et al., 1997), suggesting the existence of
chemical axodendritic and/or axosomatic synapses between re-
ticular cells. Physiological investigations confirmed functional
inhibitory GABAergic input onto nRt cells (Ahlsen and Lind-
strom, 1982; Ulrich and Huguenard, 1995), at least some of
which arises from within nRt (Sanchez-Vives et al., 1997; Shu and
McCormick, 2002; Zhang and Jones, 2004; Lam and Sherman,
2005). Dendrodendritic contacts have also been proposed to me-
diate inhibitory synaptic interactions (Deschenes et al., 1985; Yen
etal., 1985; De Biasi et al., 1986; Williamson et al., 1994; Pinault et
al., 1997). In addition, reticular neurons are interconnected by
electrical synapses through a mechanism dependent on
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connexin-36 (Landisman et al., 2002; Long et al., 2004), widely
expressed in nRt (Liu and Jones, 2003).

Mutual inhibitory GABAergic synapses in nRt constrain syn-
chronization in the thalamic circuit (Huntsman et al., 1999) and
are proposed to prevent the switch from partially synchronous
thalamocortical oscillations during normal sleep to hypersyn-
chrony associated with absence epilepsy (Huguenard, 1999;
McCormick and Contreras, 2001). In contrast, electrical cou-
pling is expected to increase local synchrony within the nucleus
(Landisman et al., 2002; Long et al., 2004). Although structural
and indirect functional evidence for chemical and electrical cou-
pling between reticular neurons exists, the incidence and extent
of these synaptic contacts remain controversial (Wang and
Rinzel, 1993; Pinault et al., 1995; Huntsman et al., 1999; Landis-
man et al., 2002; Shu and McCormick, 2002).

Here, we investigated functional connectivity between reticu-
lar neurons using a laser scanning photostimulation (LSPS). We
demonstrate both chemical and electrical synapses between nRt
neurons, each favored in different planes of the nucleus. The
connectivity patterns suggest distinct roles for intra-nRt circuitry
in sensory processing and thalamocortical oscillations through
desynchronizing chemical inhibition or synchronizing electro-
tonic coupling.

Materials and Methods

In vitro slice preparation. All experiments were performed according to
protocols approved by the Stanford Institutional Animal Care and Use
Committee. Sprague Dawley rats [postnatal day 12 (P12) to P15] were
anesthetized with pentobarbital (50 mg/kg) and decapitated, and the
brains were rapidly removed and immersed in an ice-cold (4°C) slicing
solution containing the following (in mm): 234 sucrose, 2.5 KCl, 1.25
NaH,PO,, 10 MgSO,, 0.5 CaCl,, 26 NaHCOj,, and 11 glucose (equili-
brated with 95% O, and 5% CO,), pH 7.4. Horizontal or coronal tha-
lamic slices (300 wm) containing the thalamic ventrobasal complex (VB)
and reticular nucleus were cut with a Lancer Series 1000 vibratome (Vi-
bratome, St. Louis, MO). The slices were incubated, initially at 32°C for
1 h and then at room temperature, in artificial CSF (ACSF) containing
the following (in mwm): 126 NaCl, 2.5 KCl, 1.25 NaH,PO,, 2 MgCL,, 2
CaCl,, 26 NaHCOj, and 10 glucose (equilibrated with 95% O, and 5%
CO,), pH 7.4.

P12-P15 thalamic slices support network activities proposed to be
relevant for sleep spindle oscillations (Huguenard and Prince, 1994; Ja-
cobsen et al., 2001; Sohal and Huguenard, 2003) and for hypersynchro-
nous epileptiform responses relevant to thalamocortical epilepsy (Hu-
guenard and Prince, 1994; Cox et al., 1997; Jacobsen et al., 2001; Sohal
and Huguenard, 2003). Although the rodent thalamocortical circuit has
only partially matured by 2 weeks of age, the major functional connec-
tions are already established (Warren and Jones, 1997), and modulation
of inhibitory connections by benzodiazepine is intact (Browne et al.,
2001). Furthermore, at this developmental stage, inhibitory synaptic re-
sponses between nRt cells are functionally mature (Huntsman and Hu-
guenard, 2000), and thalamic epileptiform oscillations are suppressed by
specific augmentation of intra-nRt inhibitory connections via benzodi-
azepines in mice with mutant GABA, receptors (Sohal et al., 2003).
Potential developmental changes in intra-nRt connectivity will be the
subject of another study.

Electrophysiology. Slices were transferred to a recording chamber su-
perfused with ACSF. Recordings were obtained from thalamic reticular
neurons visually identified using differential contrast optics with a Zeiss
(Oberkochen, Germany) Axioskop microscope and an infrared video
camera. Furthermore, the identity of each neuron was confirmed physi-
ologically through depolarizing voltage-clamp steps to —40 mV, which
triggered well clamped transient inward calcium (T-type) currents with
inactivation time constants >50 ms (Huguenard and Prince, 1992).
Moreover, in many cases, cells were filled with biocytin and processed for
subsequent morphological identification and analysis.
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Experiments were performed in the whole-cell configuration using the
patch-clamp technique. Electrodes were pulled from borosilicate glass
capillaries and had a tip resistance of 2—-3 M) when filled with the inter-
nal solution. During voltage-clamp recordings, the intracellular solution
contained the following (in mm): 125 Cs-gluconate, 1 CaCl,, 10 HEPES,
10 EGTA, 4 Mg-ATP, 03 Na-GTP, and 5 QX314 [N-(2,6-
dimethylphenylcarbamoylmethyl)triethylammonium bromide], pH 7.3
adjusted with CsOH (290 mOsm). During current-clamp experiments
and their corresponding voltage-clamp recordings, the pipette solution
contained the following (in mm): 130 K-gluconate, 1 CaCl,, 10 HEPES,
10 EGTA, 4 Mg-ATP, and 0.3 Na-GTP, pH 7.3 adjusted with KOH (290
mOsm). In all cases, the estimated E; was more negative than —90 mV
based on the Nernst equation. A liquid junction potential (LJP) of ~17
mV was estimated based on the LJP calculator in Clampex (Molecular
Devices, Sunnyvale, CA). Recordings were performed with holding po-
tentials set slightly negative to the reversal potential for glutamatergic
receptors (approximately +17 mV, after LJP) in the range of 0 to +10
mV to simultaneously detect and distinguish activation of GABA,, (out-
ward currents) from glutamate (inward currents) receptors. When indi-
cated, SR95531 [6-imino-3-(4-methoxyphenyl)-1(6H)-pyridazine-
butanoic acid hydrobromide], (gabazine, 10 um; Tocris Cookson,
Ellisville, MO) was added to the bath perfusion to block GABA,
receptors.

Signals were amplified with an Axopatch 200A amplifier (Molecular
Devices), sampled, and low-pass filtered at 10 and 2 kHz (unless other-
wise noted), respectively, during voltage-clamp recordings and at 20 and
10 kHz, respectively, during current-clamp recordings. A Digidata 1320
digitizer (Molecular Devices) and pClamp9 (Molecular Devices) were
used for data acquisition and analysis. The access resistance was con-
stantly monitored, and only cells with an access resistance <25 M) and
without significant changes (<25%) during the entire recording were
considered for additional data analysis. In addition, adequacy of voltage
clamp was demonstrated by T-current steady-state inactivation proto-
cols in which peak latencies remained constant after voltage-clamp steps
to —40 mV from a range of hyperpolarizing conditioning potential that
evoked currents with peak amplitudes ranging from 20 to 500 pA.

Photostimulation and mapping. A laser scanning photostimulation
setup was built according to the principles from Tsai et al. (2002) (see also
Shepherd and Svoboda, 2005; Jin et al., 2006). Briefly, a pulsed UV laser
(355 nm wavelength; frequency-tripled Nd:YVO,; 100 kHz pulse rate;
DPSS Lasers, San Jose, CA) was directed into the epifluorescence port of
the microscope through a set of mirrors and lenses, onto a dichroic
mirror, and into the back aperture of a 5X objective (Fluar 5X/0.25;
Zeiss). The position of the laser beam was controlled with mirror galva-
nometers (model 6210; Cambridge Technology, Cambridge, MA), and
scanning and data acquisition were controlled by locally written soft-
ware. At the beginning of the experiment, 4-methoxy-7-nitroindolinyl-
caged L-glutamate (Tocris Cookson) was added to recirculating ACSF to
a final concentration of 30 uMm, together with 25 um p-AP-5 (Tocris
Cookson) to block NMDA receptors and reduce slow glutamatergic de-
polarization and polysynaptic activation. Mapping was performed with a
5X objective lens. Laser output (power 50—100 mW) was electronically
and mechanically shuttered to give 200—400 ws flashes (consisting of
20-40 pulses) that triggered the subsequent focal photolysis of caged
glutamate. Photostimulation (flash) was delivered to different locations
(spots) within nRt on a two-dimensional grid with 20-50 (normally 25)
um spacing between adjacent rows and columns. When possible, the grid
dimensions were set to be sufficiently large to obtain completely inclusive
maps, i.e., those that included a complete and continuous nonresponsive
surround. When necessary, partial maps were performed separately and
combined into a composite map for data analysis. The mapping was
performed in a pseudorandom pattern that minimized the spatial prox-
imity of consecutive uncaging sites. The interval between flashes was 3 s.
To obtain a complete map, typically >400 spots were stimulated in each
of three consecutive trials, thus requiring 1 h or more of stable recording
per neuron. Long-term stability was improved by maintaining the slice in
the recording chamber at room temperature (24 = 1°C) compared with
physiological temperatures (34—37°C), and thus we performed these ex-
periments in the former condition.
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nRt is arc shaped in both horizontal and coronal sections. Thus, al-
though the slices were always positioned with the same orientation in the
recording chamber, the dimensions and inclination of the nucleus var-
ied. Therefore, we adjusted the pattern of stimulation to the morphology
of the nucleus in each individual slice and then rotated the derived maps
after recording as necessary to obtain population data (see below, Rep-
resentation and spatial extent of the maps).

Immunohistochemistry and morphological reconstruction. During some
electrophysiological experiments, nRt cells were filled with 0.3% biocytin
(Sigma, St. Louis, MO) included in the internal solution. At the end of the
recordings, whole slices (300 wm) were then fixed and processed with the
standard avidin—biotin peroxidase method (Horikawa and Armstrong,
1988; Tseng et al., 1991) or immunofluorescent staining. In addition, in
some cases, sections were costained for parvalbumin (polyclonal anti-
bodys; gift from K. Baimbridge, University of British Columbia, Vancou-
ver, Canada) and neuron-specific nuclear protein (NeuN) (monoclonal
antibody; Chemicon, Temecula, CA) immunoreactivity. Labeled neu-
rons were examined under light or confocal microscopy under a 20X
objective to verify their morphology and location, and the images were
subsequently used to reconstruct the dendritic arborization (Neurolu-
cida; MicroBrightField, Williston, VT).

Electrophysiological data analysis. Three types of responses were
evoked by glutamate uncaging: direct activation, IPSCs, and spikelets.
These were easily distinguishable from each other based on their ampli-
tudes and kinetics. Directly activated responses were inward currents
with slow rising (~5 ms) and decaying (100-200 ms) phases. Synaptic
currents were outward events with rapid onset (<2 ms) and slow decay
(50-200 ms). Spikelets were inward currents, presumed manifestations
of action potentials (APs) in one or more neurons that were electrically
coupled to the recorded neuron. The term “spikelets” has been used in
previous current-clamp studies of electrical coupling between nRt cells
(Landisman et al., 2002; Long et al., 2004). We use the same term here to
refer to equivalent events recorded in voltage-clamp mode. Spikelets
were very brief (~1 ms duration) V-shaped inward currents and nor-
mally quite small (<20 pA). Direct activation of the recorded neuron was
quantified by determining the “peak amplitude” measured within 10 ms
of the uncaging stimulus, a time in which direct responses were uncon-
taminated by triggered postsynaptic currents (cf. Jin et al., 2006). IPSCs
and spikelets were detected with Wdetecta, a postsynaptic current detec-
tion program (http://huguenardlab.stanford.edu/apps/wdetecta). Once
the detection parameters (primarily differentiation window and ampli-
tude threshold) were adjusted and tested, the program automatically and
accurately detected and analyzed synaptic events. Separate runs of the
program, each with distinct detection parameters, were used to sequen-
tially detect and quantify first IPSCs and then spikelets, within the same
200 ms “triggered window” after glutamate uncaging, in each individual
recording trace. The following parameters were used for quantification:
(1) “cumulative amplitude” of IPSCs, corresponding to the sum of the
peak amplitudes of all individual events detected (2) “total number” of
spikelets. Before mapping, the frequency of spontaneous events was rou-
tinely determined with a mean value of 0.92 % 0.09 (n = 64). Based on
that, we calculated a probability of 0.184 that a spontaneous event oc-
curred during a 200 ms time window. Typically, 1-15 IPSCs were evoked
during the triggered period; thus, little contamination of the synaptic
map by spontaneous events is expected, and any such contamination was
further minimized by averaging multiple maps whenever possible.

Representation and spatial extent of the maps. Each parameter (IPSCs,
spikelets, and direct activation) derived from the data analysis was related
to x—y coordinates corresponding to the distance between the position of
the recorded cell and the site of glutamate uncaging. In general, a 25 um
grid spacing was used. To combine and compare these and other maps in
which slightly different spacing was used, two-dimensional mapping
data were rebinned at 25 wm. The resulting maps were then displayed on
a pseudocolor scale, which provided information about the orientation
and the extent of direct activation and synaptic connectivity for individ-
ual neurons. When the photostimulation pattern was repeated, individ-
ual trials as well as the average were color coded, but only the mean value
was considered for statistical analysis. Comparison of individual trial
maps was used to test the consistency of the evoked responses.
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Some analyses (e.g., map extent) were performed only for those cells
with complete mapping. For additional statistical analysis on this popu-
lation of cells, data were normalized to the maximal response and the
orientation of the maps rotated so that the major axis was oriented ver-
tically (90°). The major axis angle was calculated from the direct response
map as follows: (1) the center of mass was calculated for each map row,
(2) center of mass values were then used to calculate a linear least-squares
regression line, in which each point was weighted by the cumulative row
response, and (3) the major axis angle was then determined from the
slope of the weighted least-squares regression line. All three maps (direct
activation, IPSCs, and spikelets) were rotated by the amount required to
bring the direct response maps to vertical. The extents of the correspond-
ing maps along the major and minor (normal to the major axis) axes were
then calculated. Normalized data from individual columns and rows
were averaged, and the mean = SEM values were plotted as a function of
the x or y distance, respectively. We then measured the 80% widths (the
linear extent from which responses >20% of the maximal were obtained)
of these Gaussian x and y profiles and used them as quantitative values of
the width (x-axis) and length ( y-axis) of individual maps.

As a visual tool to compare spatial extent of direct activation and
synaptic connectivity, colored maps were overlaid with contour lines
delimiting either the “minimum direct activation” area, in which gluta-
matergic depolarization produced action potentials in the presynaptic
cell, or 20% or larger of the maximal synaptic response (80% footprint)
for IPSCs and spikelets. Control experiments (1 = 6) allowed us to
estimate that the threshold stimulus required to induce spiking in nRt
cells (in current clamp) corresponded to ~175 pA glutamatergic current
at —70 mV (as measured in voltage clamp). Moreover, the voltage de-
pendence of glutamate receptor activation indicated that the direct glu-
tamatergic response was linear (n = 21; data not shown), thus allowing a
calculation of equivalent minimum direct activation currents at a variety
of membrane potentials. Therefore, —175 pA at —70 mV corresponded
to —42 pA at 0 mV and — 14 pA currents at +10 mV, and the minimum
direct activation contours were drawn at these levels.

Statistical analysis. Results are presented as mean = SEM. Independent
Student’s 7 test was used to compare data obtained in horizontal versus
coronal slices. x* test of independence is used to compare data expressed
in percentage of cell population. Differences were considered significant
when p < 0.05.

Results

Before studying intra-nRt connectivity at high resolution using
laser scanning photostimulation, we initially used local perfusion
of glutamate receptor agonists to perform coarse mapping and
determine a region of interest for subsequent studies. For these
experiments, individual postsynaptic neurons were recorded in
voltage clamp, whereas presynaptic cells within 100 wm cross-
sectional zones of nRt were activated in a linear pattern by focal
NMDA application (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). As in ferret nRt (Shu
and McCormick, 2002) and related perigeniculate nucleus
(PGN) (Sanchez-Vives et al., 1997), glutamatergic activation of
presynaptic nRt cells triggered GABAergic IPSCs in recorded
postsynaptic neurons (supplemental Fig. 1 B, C, available at www.
jneurosci.org as supplemental material). The spatial profile of
inhibitory synaptic connectivity extended for several 100 um in
both anteroposterior (horizontal slices) and dorsoventral (coro-
nal slices) planes. Connectivity half-widths were 390 = 42 um in
horizontal slices (in 13 of 24 nRt cells displaying triggered IPSCs)
and 228 = 32 um in coronal slices (n = 13 of 28 cells) (supple-
mental Fig. 2D, available at www.jneurosci.org as supplemental
material). In addition to triggering GABAergic IPSCs, glutamate
receptor activation also evoked transient responses having the
appearance of miniature inverted spikes. These spikelets oc-
curred in clusters (supplemental Figs. 1C, 2B2,C, available at
www.jneurosci.org as supplemental material), consistent with
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repetitive action potential generation in
one or more electrically connected presyn-
aptic cells. Additional characterization of
the spikelets will be described below. Half-
widths for electrotonic (spikelet) synaptic
maps were 362 = 30 wm in horizontal
slices (in 9 of 24 nRt cells displaying trig-
gered spikelets) and 275 = 31 wm in coro-
nal slices (n = 13 of 28 cells) (supplemen-
tal Fig. 2 D, available at www.jneurosci.org
as supplemental material). We found little
evidence for connectivity beyond 400 um
from the recorded cells. Based on these ini-
tial data, we investigated at high resolution
the connectivity of individual nRt cells
within this region via LSPS.

Spatial resolution and properties

of photostimulation

The laser scanning photostimulation ap-
proach to synaptic mapping requires that
uncaged glutamate produces AP firing in
presynaptic cell(s). The ability of a cell to
fire APs depends on several parameters,
including the spatiotemporal properties of
the laser (intensity, beam diameter, and
exposure duration), the resultant gluta-
mate profile (peak concentration, rise
time, and decay), as well as intrinsic prop-
erties of the neurons. Therefore, it is criti-
cal to first determine the spatial distribu-
tion of sites from which uncaged
glutamate elicits APs in a given neuron.
This excitation profile defines the effective
resolution for mapping the location(s) of
the presynaptic neurons that contribute to
the postsynaptic responses in the recorded
neuron (Shepherd et al., 2003; Bureau et al.,
2004; Shepherd and Svoboda, 2005). Thus,
we recorded from nRt cells in current-clamp
mode while performing LSPS (Fig. 1, top
panels). In some cases, the same LSPS pat-
tern was repeated during voltage-clamp re-
cordings of the same cell to provide a com-
parison of the direct response required to
induce APs. Typically only one to four spots
(mean of 2.7 = 0.4 spots; n = 7) on each
LSPS grid (25 wm spacing) induced spiking
in an unclamped resting nRt neuron. AP fir-
ing in nRt cells typically consisted of a burst
of 5-20 spikes (mean of 14.4 =+ 1.1 spikes;
n = 19spotsonn = 7 cells), as expected from
expression of T-type calcium channels in
these cells and their relatively negative rest-
ing potential at rest in vitro (Huguenard and
Prince, 1992, 1994).
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Figure 1. Mapping resolution of laser scanning photostimulation in nRt. 4, Current-clamp (top) and voltage-clamp (bottom)
recordings demonstrating the spatial distribution of direct glutamatergic activation of the same postsynaptic cell (soma location
indicated by blue asterisk). Action potentials were elicited from only four spots on the map, and they occurred with latencies up to
200 ms from the onset of uncaging stimulus. When the same cell was voltage clamped at —70 mV, the same pattern of
stimulation induced detectable depolarizing currents over a much larger spatial extent (bottom). B, Pseudocolor map (scale at
bottom) representing the number of action potentials (top, current clamp) and the peak amplitude of the direct glutamatergic
current response (bottom, voltage clamp), respectively. Comparison of current-clamp and voltage-clamp maps indicated that
only those stimuli that triggered direct responses >175 pA were capable of triggering action potentials from the same cell at
resting membrane potential. The black contours on the voltage-clamp pseudocolor map (bottom) are overlays indicating this
region of minimum direct activation (>175 pA; see Materials and Methods), which defines the approximate mapping resolution
of our experiments, typically 50 wm.

Although direct inward current responses could be obtained in a
large ellipsoid region (~250 X 100 wm) surrounding each nRt so-
mata, the largest currents from which spikes could be elicited (min-
imum direct activation zone; see Materials and Methods) were typ-
ically obtained in a restricted region within 50 wm of the soma (Fig.
1, bottom panels). The inward current responses obtained in voltage
clamp were attributable to direct activation of postsynaptic gluta-

mate receptors, because they were unaffected by antagonists of
GABA,, receptors (gabazine, 10 um; n = 10) (see Fig. 3) (supplemen-
tal Fig. 2 B1, available at www.jneurosci.org as supplemental mate-
rial) or sodium channels (tetrodotoxin, 1 u™; #n = 5) (supplemental
Fig. 2 A1, available at www.jneurosci.org as supplemental material).
Thus, the direct responses reflect the extent of the recorded neuron
that contains glutamate receptors, which primarily overlaps with the
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Figure 2.  Characterization of the three types of response evoked by photostimulation. A, Recordings of the three response
types evoked by photostimulation on the same site, illustrating an example in which postsynaptic nRt neurons received hoth
chemical and electrical synapses from presynaptic neurons. Direct activation of postsynaptic glutamatergic receptors (red arrows)
is reflected by a short-latency, slow current that peaked ~5 ms after glutamate uncaging (UV laser flash indicated by black
arrow). Response at 0 mV (bottom trace) is inward, whereas that at +18 mV is outward, with a reversal potential near +15mV.
At +18 mV, the composite outward current includes the direct glutamate response (red arrow) and individual outward IPSCs
(indicated by red asterisks) evoked at variable (~25—120 ms) latencies from the uncaging stimulus (UV). In contrast to the direct
responses, IPSCs remain outward at both +18 and 0 mV. Small, brief V-shaped inward currents (indicated by red bars) are
spikelets, reflecting action potential firing in one or more electrically coupled presynaptic cells. Triggered IPSCs (red asterisks)
occur consistently within a 200 ms window (+ 18 vs 0 mV traces), whereas spontaneous events (blue asterisks) occur at random
times outside this window. Inset depicts early triggered responses at higher time resolution and illustrates detection of each
individual spikelet and IPSC as well as the direct responses (initial portion indicated by shaded gray regions). B, Spikelets are
inward currents whose amplitudes are independent of holding potential. Depolarization of an nRt cell reduces (—10 mV) and
abolishes (+ 14 mV) the direct glutamate response, whereas the spikelets remain fixed in amplitude. Note that spike numberand
latency changed as a function of holding potential, likely reflecting a small electrotonic depolarization of the presynaptic cell. C,
IPSCs but not spikelets are abolished by 10 wum gabazine, the GABA, receptor blocker (bottom).
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tential and reversed at approximately +15
mV (Fig. 2 A, inset), close to the theoretical
reversal potential for glutamate receptors
(see Materials and Methods), suggesting a
direct activation of postsynaptic glutamate
receptors on the recorded cell. The second
type of response were multiple outward
currents (Fig. 2 A, *), each with rapid onset
and slow decay that were activated at vari-
able latencies (10—200 ms) from the un-
caging stimulus. This is the same range of
action potential latencies observed in un-
clamped nRt cells (Fig. 1A). These events
had very negative reversal potential (more
than —90 mV), as expected for Cl -
mediated events under our conditions,
and were completely antagonized by gaba-
zine, a GABA, receptor blocker (Figs. 2C,
3) (supplemental Fig. 2 B, available at ww-
w.jneurosci.org as supplemental mate-
rial). We therefore identified these second-
ary responses as IPSCs mediated via GABA
release from active presynaptic cells. A
third form of response induced by gluta-
mate uncaging was spikelets. Spikelets, as
indicated previously, were small V-shaped
inward currents activated at variable laten-
cies from the stimulus and occurred in
clusters. Spikelets were distinct from direct
inward currents induced by uncaged glu-
tamate because their amplitudes did not
vary or invert as a function of membrane
potential (Fig. 2A,B) (supplemental Fig.
2C, available at www.jneurosci.org as sup-
plemental material) and were not affected
by gabazine (Fig. 2C) (supplemental Fig.
2B2, available at www.jneurosci.org as
supplemental material). These properties
together with the persistence of spikelets
during blockade of postsynaptic Na™
channel-dependent electrogenesis by the
quaternary amine lidocaine derivative
QX314 in the patch pipette indicated that
these brief depolarizing synaptic events
were attributable to glutamate-triggered
action potentials in presynaptic cells. Such
presynaptic action potentials would then
evoke transient inward currents reflecting

somatodendritic extent of the neuron as confirmed by morpholog-
ical reconstructions of biocytin-filled neurons (see Fig. 5).

Consistency of the photostimulation was routinely validated
by recording responses evoked on a given spot by repeated gluta-
mate uncaging delivered at 10 s intervals. Both current-clamp
and voltage-clamp responses were stable. These data also demon-
strate that the direct photostimulation evoked action potentials
in a maximal time window of 200 ms (Fig. 1 A).

nRt cells received synaptic inputs mediated via chemical and
electrical connections

Three types of currents were evoked in voltage-clamped nRt cells
in response to glutamate uncaging (Fig. 2). The first type of cur-
rent was activated with a short latency and peaked within 5 ms
after photostimulation. This current was inward at negative po-

current flow through presumed gap-junction-mediated electro-
tonic synapses between the presynaptic and postsynaptic cells.
Accordingly, using the local perfusion system, we showed that
evoked IPSCs (n = 2) and spikelets (n = 2) were abolished in the
presence of TTX, indicating that both were dependent on (pre-
synaptic) action potentials. Spontaneous miniature IPSCs were
unaffected (n = 7) (supplemental Figs. 1C, 2C, available at ww-
w.jneurosci.org as supplemental material). Moreover, carbenox-
olone, a blocker of gap junction, specifically abolished the spike-
lets, leaving IPSCs unaffected (n = 4) (supplemental Fig. 1C,
inset, available at www.jneurosci.org as supplemental material).

Unexpectedly, the pattern of evoked spikelets was influenced
by changes in postsynaptic membrane potential (Fig. 2). This
effect appeared to be attributable to tonic polarization of presyn-
aptic neurons through gap junctions. Electrotonic connectivity
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within nRt has been demonstrated via
paired whole-cell recordings in mouse and
rat nRt (Landisman et al., 2002; Long et
al., 2004). These authors demonstrated
that electrotonic coupling is bidirectional,
with coupling ratios between nRt cells
ranging from 0.05 to 0.35. Thus, in voltage
clamp, depolarization of the recorded
postsynaptic cell will result in secondary
depolarization of up to one-third of the
magnitude in presynaptic cells. In separate
experiments (n = 6; data not shown), we
determined the relationship between rest-
ing potential and action potentials evoked
by glutamate uncaging on the soma of the
recorded cell and found it to be nonlinear,
in which membrane hyperpolarization
could increase and depolarization could
decrease the number of spikes through ef-
fects on T-type calcium channel-
dependent burst responses (Huguenard
and Prince, 1994; Cox et al., 1997). Ac-
cordingly, in nRt cells with evoked spike-
lets, depolarization of the postsynaptic cell
resulted in spikelet responses that were de-
layed and less intense. In the example
shown in Figure 2 B, at a holding potential
of 0 mV, glutamate uncaging evokes a
short-latency cluster of 12 spikelets with a
high-frequency (up to 200 Hz) acceleran-
do—decellerando firing pattern character-
istic of rat nRt cell burst firing (Hartings et
al., 2003a). Depolarization of this postsyn-
aptic neuron by 14 mV resulted in a de-
layed firing response, with fewer (10)
spikelets occurring over an extended pe-
riod of time. The most likely interpreta-
tion of this result is that an electrically
connected presynaptic neuron was depo-

—

Figure 3.  Mapping of GABAergic synaptic connectivity in
a horizontal slice. A, Representative maps of direct activation
and inhibitory synaptic connectivity of an nRt cell recorded at
0 mV (left panels, somatic location indicated by black trian-
gle). Color scale represents the peak amplitude of glutama-
tergic depolarization or cumulative peak amplitude of IPSCs
detected within the triggered time window, during a single
trial of the photostimulation pattern. Note that the extent of
synaptic connectivity is longer (in the vertical axis) than the
direct activation (left panels). IPSCs are completely abolished
by the GABA, receptor antagonist (gabazine, 10 wm),
whereas direct activation is essentially unaffected (right pan-
els). B, Corresponding responses of the same grid as in 4,
each shown during a period between —25 and +200 ms of
the uncaging stimulus. Spots indicated by red numerals 1-6
are expanded and shown on the right n control (black) and in
the presence of gabazine (gray). Inward currents result from
the direct activation of postsynaptic glutamate receptors,
and outward currents reflect IPSCs. At some uncaging sites,
direct activation and IPSCs could both be triggered but with
different latencies (e.g., 1 and 5), whereas only IPSCs were
evoked at other locations (2— 4). Far from the soma (6, soma
indicated by blue asterisk), both responses were absent.
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Figure4. Mapping of electrical couplingin a coronal section. 4, Representative example showing three successive trials of the same
photostimulation pattern that triggered direct activation and electrotonic synaptic responses in an nRt cell recorded at 0 mV (location of
soma indicated by black triangle). Responses are shown on a pseudocolor scale as in previous figures. Note that direct, and to a lesser
extent spikelet, maps are quite reproducible between trials. B, Responses recorded in trial 3. The blue asterisk identifies the location of
the recorded cell, and the red numbers indicate spots with traces shown at a larger scale in €. Direct activation of glutamate receptors
resultsinrapid onset and slowly decaying (total duration ~100 ms) inward currents, as well as small, brief depolarizing spikelet events
(red bars). The two types of responses were commonly evoked together (1, 3, 4) but also alone (6) or spikelets emerging on the top ofa
small and slowly rising inward current (2, 5, possibly reflecting electrotonic coupling of direct glutamate response in presynaptic
neurons). Note the variable latency of spikelets compared with the relatively fixed latency of the direct responses. D, Composite map for
the same cell, obtained by combination of several different individual maps. Note that each map (direct and spikelet) is complete, as
judged by a continuous surround (dark blue on the color scale) from which no response could be obtained. Maps reflect the average
responses of three consecutive trials. Deep blue represents unmapped regions. Black contour on the left map represents region of
minimum direct activation (see Materials and Methods). Note that the extent of electrical coupling is both longer and wider than that of
direct activation. In this example, signals were low-pass filtered at 1 kHz.

larized via gap junctions through increased current from the
postsynaptic neuron, which resulted in partial T-channel inacti-
vation and a less robust (fewer, delayed spikes and lower intra-
burst frequencies) Ca®"-dependent burst response. Similar ef-
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fects of postsynaptic membrane potential
change on spikelet firing patterns were seen
in 23 of 27 neurons tested.

Mapping of the synaptic connectivity
within nRt

We mapped the direct activation and synaptic
connectivity of a total of 70 cells in horizontal
[n = 43 (example in Fig. 3)] or coronal [n = 27
(example in Fig. 4)] thalamic slices from P12—
P15 rats. The pattern of stimulation was de-
signed as described in Materials and Methods,
and the traces recorded on each spot were an-
alyzed during the triggered time window (200
ms after glutamate uncaging) to detect evoked
responses. To minimize the influence of spon-
taneous activity on the resultant synaptic
maps, repeated maps were recorded and aver-
aged. In general, the direct responses were
highly reproducible from trial to trial, whereas
those dependent on activation of presynaptic
neurons were more variable. Moreover, the
probability that spontaneous IPSCs occurred
during a 200 ms time window was low [~0.2
events (see Materials and Methods and traces
in Fig. 3B)]. Finally, although glutamate un-
caging could also activate the trisynaptic nRt
— VB — nRt — nRt loop, any events evoked
within this pathway were unlikely to occur at
room temperature within the 200 ms trigger
period (Bal et al., 1995).

Mapping derived from horizontal and
coronal slices were initially combined and
analyzed together. Direct activation was
consistently evoked in every recorded cell,
whereas IPSCs and spikelets were triggered
only in a subset of cells connected with pre-
synaptic nRt neurons. Within the overall
population of nRt cells, 75.7% (53 of 70
cells) received synaptic inputs from other
nRt cell(s) via either chemical or electrical
connections, whereas the remaining 24.3%
(17 of 70 cells) failed to show any synaptic
connectivity. Among those 53 connected
cells, IPSCs and spikelets were evoked in 36
cells (67.9%) and 29 cells (54.7%), respec-
tively, sometimes in combination. Twenty-
four cells (45.3%) were connected exclu-
sively via chemical synapses, whereas 17 cells
(32.1%) were exclusively electrically cou-
pled, and 12 cells (22.6%) received both
chemical and electrical inputs.

As an indication of the spatial influence
of the connectivity, the intensity of each type
of evoked response (direct activation, IPSCs,
and spikelets) was represented on pseudo-
color maps. For individual cells, synaptic in-
put maps were systematically compared
with those of direct activation. From this

analysis, it was quite common that the spatial extent of synaptic
inputs would exceed that of direct activation of the recorded cell
(see Figs. 3A,4A,D, 5A,B, 8A). Moreover, both direct and syn-
aptic maps tended to be aligned along a transverse axis of the
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Figure 5.  Correlation between mapping and morphology. A, Image of a biocytin-filled nRt

cell processed with DAB in a fixed horizontal slice (left) and the corresponding live image during
recording (holding potential at + 10 mV), overlaid with the photostimulation pattern and the
reconstituted morphology of the cell (right). IPSCs and spikelets were both evoked in this cell.
Maps illustrating the average of three trials are represented on the bottom row and merged
with the recovered and traced cell. Although the three maps have different spatial profiles, they
share the same general orientation along the major axis of the nucleus. The somatodendritic
region of the cell overlaps almost completely with the extent of direct activation, whereas IPSC
and spikelet map extents are longer and shorter, respectively. St, Striatum. B, Left, Confocal
image of a biocytin-filled nRt cell conjugated with fluorescein (green) in a coronal slice. Neuro-
nal cell bodies are visualized by immunofluorescent labeling of NeuN (blue), whereas the spe-
cific identification of nRt cells is confirmed by immunoreactivity for parvalbumin (red, which
combined with the blue NeuN staining yields pink). Right image and color maps, Same asin A,
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nucleus (Fig. 5A, B) and mostly restricted to the same mediolat-
eral portion of nRt containing the soma. nRt is topographically
organized along the mediolateral axis with three divisions (lat-
eral, central, and medial tiers), each interconnected with a spe-
cific thalamic relay nucleus (Crabtree, 1996). This suggests that
intra-nRt connections primarily mediate communication within
functionally related tiers of nRt.

In some experiments, mapping was performed in the presence
and absence of gabazine to block GABA, receptors. For those
cells with only evoked IPSCs (n = 3), gabazine completely abol-
ished the synaptic response, leaving the direct response intact
(Fig. 3). In contrast, for those cells with only electrical coupling
(n = 2), spikelets persisted in the presence of gabazine. When
glutamate uncaging produced both IPSCs and spikelets, gabazine
blocked IPSCs but did not affect spikelets (1 = 2) (Fig. 2C). These
results were also confirmed in experiments with local perfusion
system (n = 4) (main panels and insets of supplemental Figs.
2BI1,B2, available at www.jneurosci.org as supplemental
material).

Results from paired recording experiments have shown that
the strength of electrical coupling of nearby nRt cell pairs (<35
pm separation) is inversely related to the distance between the
two soma (Landisman et al., 2002; Long et al., 2004). In our
experiments, spikelets could be evoked at much larger distances
than this (e.g., >200 wm in Fig. 4). Thus, we tested whether or
not at this scale the size of the spikelets was a function of the
distance between the presynaptic and postsynaptic neurons.
However, in 14 of 17 cells analyzed, we found no relationship
between distance and spikelet amplitude. Spikelets tended to be
of uniform amplitude across the entire region of uncaging. In
only a minority of cases (3 of 17 cells), evoked spikelets were of
larger amplitude when the photostimulation was applied near the
cell body of the recorded neurons (data not shown). These results
suggest that any fall offin electrotonic coupling strength occurs at
distances smaller than the resolution of our mapping technique.

Correlation between synaptic connectivity and morphology
of the postsynaptic cell

In some cases, biocytin was included in the recording pipette so
that the dendritic arborization of the cell could be subsequently
reconstructed, and the direct activation and synaptic connectivity
maps were compared with the morphology of the cell (Fig. 5). In
both horizontal (n = 9) and coronal (n = 12) slices, direct acti-
vation of the recorded cell occurred exactly along the soma and
dendritic arborization of the recorded cell. Regarding the synap-
tic inputs maps, the connectivity was also orientated along the
transverse axis of the nucleus, aligned with the morphology of the
postsynaptic neuron. However, the spatial extent of the synaptic
map was not necessarily the same as the dendritic extent. Synaptic
inputs were commonly evoked by stimuli delivered both within
and outside regions of the somatodendritic membrane of the
postsynaptic cell. Occasionally, synaptic connections were orga-
nized along a single pole of the dendritic arborization (Fig. 5A).

<«

but with maps representing a single trial in which only spikelets, but not IPSCs, were triggered
throughout the mediolateral extent of nRt. The internal capsule (IC; dark region in bottom left
corner of top panels), which contains only axonal fibers and not neuronal cell bodies (no NeuN
staining), was completely silentin these maps (dark blue in color maps), demonstrating that the
uncaging stimuli only evoke responses when somatodendritic regions of nRt cells are activated.
Asin horizontal slices, the major axis angles of both direct and electrical coupling maps have the
same orientation along the long axis of nRt.
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Figure 6.  Morphological diversity within nRt. A, Somatodendritic reconstruction of biocytin-filled neurons labeled with
DAB, illustrating the three morphological types observed in nRt, related to the f (small fusiform), F (large fusiform), and R
(round) neurons characterized previously by Spreafico et al. (1991). Except for the R-type, which showed a multipolar
arborization, dendrites were oriented mainly along the major axis of nRt. B, Proportions of each cell type. The F-type appears
to be the most prominent, frequently appearing in both coronal and horizontal sections, whereas f-neurons were observed exclu-
sively in horizontal sections. The two R-neurons we recovered were only obtained in coronal slices. €, Dendritic extent defined as the
distance between the two extremes along the major axis of the dendritic arborization. No significant difference was observed
between horizontal and coronal slices. D, Relationship between morphology and synaptic connectivity. F-neurons received both
chemical and electrical contacts in approximately equivalent proportion, although chemical are more prominent than electrical
synapses in f-neurons. For the two R-neurons recorded, no synaptic responses of either type were evoked.
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dendritic arborization (Fig. 6A): (1) one type
had two primary polar dendrites extending
for a long distance from the cell body and
ramifying in secondary distal branches; (2) a
second type had two to four primary den-
drites emerging directly from the two poles of
the soma, ramifying at short distance to emit
proximal and distal branches; and (3) the last
type had multiple primary and secondary den-
drites radiating in all directions. Others studies
have previously identified morphological diver-
sity within nRt that is consistent with our obser-
vations. Therefore, we refer to the three mor-
phological types as “f,” “F,” and “R” type
neurons, as described previously (Spreafico et
al,, 1991). We did not observe the previously
described differences in soma size. The three
morphological types were expressed in different
proportions, with F-neurons being the most
prominent (71%) of the cells reconstructed in
our study (n = 21). In horizontal slices (n = 9),
both F-neurons (56%) and f-neurons (44%)
were present at approximately the same propor-
tion, whereas R-neuron were not observed. In
contrast, in coronal slices (n = 12), the F-type
was most prominent (83%) and no f-neurons
were detected (Fig. 6 B). There was no significant
difference in total dendritic extent (distance be-
tween distal tips) between cells in horizontal
(340 = 29 wm; n = 9) versus coronal (359 * 32
pm; 1 = 12) slices (Fig. 6C).

We then addressed the question whether or
not there was a correlation between the type of
dendritic arborization and synaptic inputs re-
ceived by the cell (Fig. 6 D). Glutamate uncaging
evoked IPSCsin all (4 of 4) f-cells but spikelets in
only 2 of 4, whereas IPSCs and spikelets were
elicited in 7 of 15 (47%) and 4 of 15 (27%)
F-cells, respectively. No synaptic responses were
triggered in the two R-cells observed.

Incidence and extent of chemical and
electrical connectivity in horizontal versus
coronal slices

To determine whether chemical and electrical
connectivity were preferentially organized in a
specific plane of the nucleus, we first compared
the proportion of cells receiving synaptic inputs
via chemical or electrical contacts in horizontal
(n = 43 cells) and coronal (n = 27 cells) sections
(Fig. 7). The percentage of cells with IPSCs
(chemical synaptic contacts) was significantly
higher in horizontal sections ( p < 0.01) (Table
1 includes incidence information from local
perfusion experiments, which show a similar
trend; *p < 0.05, **p < 0.01 by x” test). In con-
trast, the proportion of cells with spikelets (con-
nected via electrical synapses) was slightly higher
in coronal slices (Table 1), but this difference

Synaptic maps that include both perisomatic and distal regions ~ was not statistically significant. However, coronal slices contained a
suggest that connectivity is both local and distant within nRt. significantly larger proportion of cells connected exclusively via elec-

We observed a diversity in the morphology of nRt cells, sug- trical synapses (spikelets only) than horizontal slices (16% in hori-
gesting the presence of three types of neurons each with distinct ~ zontal vs 37% in coronal; p < 0.05).
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Figure 7. Incidence of chemical and electrical synapses. Proportion of cells (1) receiving
chemical synaptic contacts (either with or without electrical coupling; IPSCs), (2) connected via
electrical synapses (with or without chemical synapses; spikelets), and (3) coupled exclusively
electrically (spikelets only), in horizontal versus coronal slices. Note that GABAergic connectivity
is more developed in horizontal section, whereas pure electrical coupling is more prominent in
coronal slices. *p < 0.05,**p < 0.01 by x* test.

spikelets
only

Subsequently, we measured the spatial influence of the con-
nectivity as described in Materials and Methods. For each indi-
vidual cell, the extent of the three types of map was quantified
using the 80% length (along the major axis) and 80% width (nor-
mal to the major axis). The extent of electrical coupling was sig-
nificantly wider in coronal (80% width, 120 = 9 um in coronal,
n = 4 vs 87 * 4 um in horizontal, n = 3; p < 0.05) (Fig. 8C),
whereas chemical connectivity was nearly twice as long in hori-
zontal compared with coronal sections (80% length, 355 = 46
um in horizontal, n = 5 vs 188 = 46 wm in coronal, n = 4; p <
0.05) (Fig. 8C). We also estimated the dimensions of the region of
minimum direct activation, i.e., that zone from which uncaged
glutamate would trigger action potentials in the recorded neu-
ron. No differences were observed in these dimensions between
horizontal and coronal slices (Fig. 8 B), but the length in each case
(65 * 25 uwm in horizontal, n = 5; 37 = 10 wm in coronal, n = 5)
tended to be larger than the width (24 = 5 wm in both horizontal
and coronal), consistent with the orientation of the neurons
along the transverse plane of the nucleus.

Discussion

Using LSPS, we demonstrated both chemical and electrical syn-
aptic connections between inhibitory nRt cells. The incidence of
GABAergic connectivity was higher and its extent longer in the

Table 1. Incidence of electrical versus chemical connectivity
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Figure 8.  Spatial influence of chemical and electrical connectivity. A, Representative example of

statistical analysis performed to quantify the spatial extent of connectivity. The original maps for this
cell were combined into a composite map, normalized to the maximal response, and rotated by — 11°
to align the major axis angle to vertical. The black contour line delimits the area of minimum direct
activation, and the white contour line on the IPSCs map represents the 80% footprint of synaptic
responses (see Materials and Methods). Deep blue represents unmapped regions. Data from individ-
ual rows and columns were then averaged, the mean == SEM values were plotted as a function of
distance, and the 80% width (xdistance, blue double-headed arrow) and 80% length ( y distance, red
double-headed arrow) were used to quantify the extent of individual maps. B, Statistical analysis
(mean == SEM) for minimal direct activation (min dir) along the major and minor axis angles of nRt
cells. No differences were observed between neurons in horizontal versus coronal slices, although in
horizontal slices there was a slight trend toward a longer region of activation. C, Statistical analysis of
synaptic connectivity in horizontal versus coronal slices. Electrical coupling extends farther along the
minor axis (i.e., is wider) in coronal compared with horizontal slices, whereas chemical connectivity
extends farther along the major axis (is longer) in horizontal slices. *p << 0.05 by t test.

anteroposterior plane of the nucleus, whereas in the dorsoventral
axis, electrical coupling had more impact and was more widely
distributed (Fig. 8, Table 1). The major orientation of both types
of connectivity and that of the dendritic arborization were paral-

LSPS Local perfusion Total
Orientation IPSC Spikelets IPSC Spikelets IPSC Spikelets
Horizontal 63%™** (27 of 43) 37% (16 0f 43) 54% (13 of 24) 38% (9 of 24) 60%* (40 of 67) 37% (25 of 67)
Coronal 33% (9 0f 27) 48% (13 of 27) 46% (13 of 28) 46% (13 of 28) 40% (22 of 55) 47% (26 of 55)
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lel to the long axis of the nucleus, but the extent of synaptic inputs
could be quite distinct from the somatodendritic region of the
postsynaptic cell. We confirmed the existence of three previously
identified cell types in nRt based on their dendritic arborization
(Spreafico et al., 1991) (but see Ohara and Havton, 1996), which
were present in different proportion in horizontal and coronal
sections. Here, we focused on lateral nRt containing primarily
somatosensory sectors and did not address in detail whether con-
nectivity or cell type varied across different sectors of nRt (Spre-
afico et al., 1991) or whether R-type neurons might be primarily
presynaptic (Fig. 6 D). Our data do suggest that f-neurons tend to
receive primarily chemical connections, whereas both response
types were evoked in similar proportion in F-neurons.

Dual involvement of chemical and electrical synapses

Mutual interactions between GABAergic nRt cells have been as-
sumed based on electrophysiological and anatomical studies, but
their structural basis, spatial organization, and functional influ-
ence have remained controversial, and chemical and electrical
synapses have never been reported together. Initial evidence for
inhibitory GABAergic connections arose from studies using elec-
trical stimulation (Ahlsen and Lindstrom, 1982; Ulrich and Hu-
guenard, 1995; Huntsman et al., 1999; Zhang and Jones, 2004),
which might activate fibers of passage and thus inhibitory projec-
tions arising from outside thalamus in addition to nRt cells (Jour-
dain et al., 1989; Pare et al., 1990; Asanuma, 1994). In ferret,
glutamate activation of nRt (or PGN) neurons confirmed in-
tranuclear inhibitory interactions, but information about either
electronic synapses or the extent of chemical connectivity was not
reported (Sanchez-Vives et al., 1997; Shu and McCormick, 2002).
In contrast, Connors and collaborators identified electrical syn-
apses but found no evidence of chemical connectivity in rodent
nRt (Landisman et al., 2002; Long et al., 2004). These previous
opposing results suggesting either exclusive chemical or electrical
intra-nRt connectivity contrast with our results demonstrating
both types of connections. Factors contributing to these discrep-
ancies likely include differences in recording and/or stimulation
methods, developmental and species differences, and perhaps,
most intriguingly, the orientation specific connectivity demon-
strated here.

Within any given nRt cell, the two connections types had only
partially overlapping regions of connectivity. For example, note
primarily spikelet responses at spot 1 compared with mainly
GABAergic responses at spot 3 in supplemental Figure 1C (avail-
able at www.jneurosci.org as supplemental material), IPSCs ver-
sus spikelet maps in Figure 5A, and differently timed spikelets vs
IPSCs in Figure 2 A (inset). This suggests that each postsynaptic
cell is connected to distinct populations of presynaptic cells via
GABAergic versus electrical synapses. In addition, although both
spikelet and IPSC maps were centered on perisomatic regions
(Figs. 3-5), coincident electrical/chemical responses [i.e., those
with a spikelet followed at fixed latency by an IPSC (Galarreta and
Hestrin, 1999; Gibson et al., 1999)] were rarely observed in our
study. This result suggests that one type of connection tends to
dominate each pair and is consistent with the results of dual
intracellular recordings from nearby pairs of nRt cells, in which
connectivity was found to be almost exclusively electrical (Land-
isman et al., 2002; Long et al., 2004). According to this view,
chemical connectivity would be nonlocal, or at least sparse on a
local scale. The resolution of our mapping is on the order of
25-50 um (Fig. 1) and might be incapable of resolving a highly
localized perisomatic region devoid of chemical connections.

Given the discrepancy between the localized excitation profile
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(Fig. 1) and extensive regions of connectivity (Figs. 3—5, 8), mul-
tiple local and distal presynaptic cells must connect to each
postsynaptic cell. We estimated network convergence as the ratio
between the mean rectangular area of synaptic connectivity and
that of the direct AP activation for each type of synaptic input.
Accordingly, electrical connectivity arises from ~13 presynaptic

cells in the anteroposterior (horizontal) axis versus 32 in the dor-
soventral (coronal) axis, whereas 20 presynaptic cells contact a
postsynaptic cell by chemical synapses versus 17 along the same
respective planes. These values, likely underestimates of the ac-
tual numbers because of the compromised connectivity in brain
slices and/or subthreshold glutamate activation of some cells,
confirm the higher incidence of electrical coupling along the dor-
soventral axis. The proportion of nRt cells interconnected by
electrical synapses (31%) reported by Landisman et al. (2002) is
similar to our results (37—48%).

Function of electrical synapses

We identified spikelets as postsynaptic events mediated by elec-
trical coupling based on criteria described in Results, which rule
out the possibility that they result from EPSCs, IPSCs, or electro-
genesis in the recorded neuron. Thus, spikelets arise via genera-
tion of action potentials in neighboring cells that are transmitted
to the postsynaptic cell via gap junctions. Electrical synapses play
a critical role in the coordination of neuronal rhythms through-
out the thalamocortical network (Galarreta and Hestrin, 1999;
Gibson et al., 1999; Cruikshank et al., 2005). Electrical coupling
in nRt can synchronize single action potentials and spindle-like
oscillations among nearby nRt cells (Landisman et al., 2002; Long
et al., 2004). Because of their low-pass filter characteristics, gap
junctions in nRt are particularly effective at transmitting slow
Ca*"-dependent burst responses compared with single spikes
(Landisman et al., 2002). Thus, electrical synapses would pro-
mote synchronization of the burst firing that occurs in nRt dur-
ing spindle oscillations (von Krosigk et al., 1993; Cox etal., 1997).
Based on our findings, gap junction-mediated synchronizing will
occur predominantly along the vertical (dorsoventral) plane
of the nucleus. Electrical coupling would then coordinate the
activity among a group of neurons mediating sensory informa-
tion related to whiskers located in the same topographical row
(Shosaku et al., 1984). In neocortical basket cells, dendritic gap
junctions decrease as a function of distance from the soma, along
with connexin36 expression (Fukuda and Kosaka, 2003; Fukuda
et al,, 2006), and electrical coupling strength between neurons
falls with distance in neocortex and cerebellum (Amitai et al.,
2002; Devor and Yarom, 2002). Thus, perisomatic junctions
likely mediate the bulk of detectable intercellular signaling. Given
the extensive overlap of dendrites within nRt, connectivity simi-
lar to that seen in neocortical interneurons would mediate local-
ized electrical connectivity mainly through dendrodendritic
synapses.

Function of chemical synapses

In PGN, glutamate application induced barrages of GABAergic
IPSPs at frequencies corresponding to those occurring during
intrinsic burst discharges, suggesting the presence of powerful
chemical connections between these cells (Sanchez-Vives et al.,
1997; Shu and McCormick, 2002). We showed here that such
chemical connections are preferentially organized in the antero-
posterior plane of the nucleus, suggesting that, in contrast to
electrical coupling, mutual inhibitory interactions would prefer-
entially modulate whisker sensation within columns, not rows
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(Shosaku et al., 1984). Intra-nRt inhibition is proposed to medi-
ate an open loop lateral inhibition in somatosensory thalamus
(Pinault et al., 1997; Pinault and Deschenes, 1998a) and short-
term sensory plasticity during repetitive whisker movements
(Hartings et al., 2003b). The extensive chemical connectivity in
the anteroposterior plane demonstrated here likely underlies
these functions. Our mapping results do not provide direct infor-
mation regarding the anatomical basis (axodendritic vs dendro-
dendritic) of intranuclear inhibition. Topographic and sensory
modality-specific organization exist in nRt both longitudinally
(sectors), as well as within the mediolateral extent of the nucleus
(tiers) (Jones, 1975; Shosaku et al., 1984; Crabtree, 1996; Crabtree
et al., 1998; Lam and Sherman, 2005). For example, neurons
located in the central tier of somatosensory nRt project to the
ventral posterior nuclei, whereas medial tier neurons connect to
the posterior complex (Crabtree, 1996). Thus, our results show-
ing that synaptic connectivity is restricted to neurons located in
the same nRt tier suggest that nRt cell interactions occur primar-
ily between cells projecting to the same relay nucleus. However,
because we sometimes observed spikelets evoked across an exten-
sive mediolateral region of nRt (Figs. 5B, 8C), electrical connec-
tivity may promote interactions across tiers as well. The relative
roles of electrical vs chemical nRt connectivity in attentional pro-
cesses (Crick, 1984; McAlonan et al., 2006) remain to be
determined.

At the network level, the roles of chemical intra-nRt connec-
tivity remains controversial, with some reports describing a syn-
chronizing role in sleep spindle generation (Deschenes et al.,
1985; Wang and Rinzel, 1993) and with recent studies emphasiz-
ing mainly a desynchronizing effect relevant to seizure regulation
(von Krosigk et al., 1993; Huguenard and Prince, 1994; Hunts-
man et al., 1999; Sohal and Huguenard, 2003). As described in
Introduction, axon collaterals are sparse and limited within the
nucleus, suggesting only a modest functional role. However, our
above mentioned estimates of chemical synaptic convergence in-
dicate that, even with sparse intranuclear collateralization of in-
dividual axons, functionally powerful inhibition could be re-
cruited through concurrent activation of multiple presynaptic
neurons, leading to destabilization of network synchrony and
prevention of thalamocortical seizures.
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