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A Novel T-type Current Underlies Prolonged Ca*+-dependent Burst 
Firing in GABAergic Neurons of Rat Thalamic Reticular Nucleus 
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The inhibitory GABAergic projection of thalamic nucleus re- 
ticularis (nRt) neurons onto thalamocortical relay cells (TCs) 
is important in generating the normal thalamocortical rhythm- 
icity of slow wave sleep, and may be a key element in the 
production of abnormal rhythms associated with absence 
epilepsy. Both TCs and nRt cells can generate prominent 
Ca*+-dependent low-threshold spikes, which evoke bursts 
of Na+-dependent fast spikes, and are influential in rhythm 
generation. Substantial differences in the pattern of burst 
firing in TCs versus nRt neurons led us to hypothesize that 
there are distinct forms of transient Ca*+ current (/,) under- 
lying burst discharges in these two cell types. Using whole- 
cell voltage-clamp recordings, we analyzed IT in acutely iso- 
lated TCs and nRt neurons and found three key differences 
in biophysical properties. (1) The transient Ca*+ current in 
nRt neurons inactivated much more slowly than 1, in TCs. 
This slow current is thus termed /,,. (2) The rate of inacti- 
vation for /,, was nearly voltage independent. (3) Whole-cell 
ITS amplitude was increased when Ba*+ was substituted for 
Ca*+ as the charge carrier. In addition, activation kinetics 
were slower for /,, and the activation range was depolarized 
compared to that for /,. Other properties of /,, and 1, were 
similar, including steady-state inactivation and sensitivities 
to blockade by divalent cations, amiloride, and antiepileptic 
drugs. Our findings demonstrate that subtypes of transient 
Ca? current are present in two different classes of thalamic 
neurons. The properties of I,, lead to generation of long- 
duration calcium-dependent spike bursts in nRt cells. The 
resultant prolonged periods of GABA release onto TCs would 
play a critical role in maintaining rhythmicity by inducing TC 
hyperpolarization and promoting generation of low-thresh- 
old calcium spikes within relay nuclei. 

Certain oscillatory rhythms within the cerebral cortex are a 
consequence of both thalamocortical circuitry and intrinsic 
properties of thalamic neurons (Steriade and Llinls, 1988; Ri- 
bary et al., 199 1). The thalamus is intimately involved in gen- 
eration of the rhythmic high-voltage, 7-l 4 Hz spindles observed 
in the EEG during certain phases of sleep.‘Early evidence of 
this was provided by Morison and Bassett (1945), who showed 
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that after corticotomy spindle activity could still be recorded in 
the thalamus. A key element in rhythm generation within the 
thalamus is the GABAergic nucleus reticularis (nRt) that is re- 
ciprocally connected to thalamocortical relay neurons (TCs) of 
dorsal thalamic nuclei and also receives collateral excitatory 
connections from corticothalamic fibers (Jones, 1985). Through 
a series of in vivo experiments, Steriade, Deschenes, and col- 
leagues have identified nRt as a key site in the generation of 
spindle rhythms. During periods of sleep associated with EEG 
synchronization, spindles are absent in anterior thalamic nuclei 
that are devoid of connections with nRt (Mulle et al., 1985) and 
in relay nuclei that have been disconnected from nRt by tran- 
section (Steriade et al., 1985). On the other hand, spindles persist 
in nRt after it has been isolated from other thalamic nuclei 
(Steriade et al., 1987), when such activity is absent in relay nuclei 
and in the cortex. These findings implicate the thalamus, and 
especially nRt, as important rhythm generation sites. 

Intrinsic firing properties of nRt cells are an important factor 
in promoting rhythm generation. Neurons in nRt are charac- 
terized by two basic firing patterns (Domich et al., 1986; Mc- 
Cormick and Prince, 1986; Mulle et al., 1986; Steriade et al., 
1986; Llinas and Geijo-Barrientos, 1988; Spreafico et al., 1988), 
similar to those in TCs (Deschenes et al., 1982; Llinas and 
Jahnsen, 1982). In both cell types, regular repetitive firing is the 
normal response to excitatory inputs under conditions where 
the resting membrane potential is relatively depolarized. How- 
ever, with membrane hyperpolarization, the same inputs pro- 
duce Ca2+-dependent low-threshold spikes (LTSs) that can trig- 
ger several fast Naf spikes. In TCs, the LTS is mediated by a 
transient Ca*+ current (T-current, Zr; Coulter et al., 1989a; Cru- 
nelli et al., 1989; Hernbndez-Cruz and Pape, 1989; Suzuki and 
Rogawski, 1989), and presumably the same or a similar con- 
ductance mechanism underlies LTS generation in nRt cells. Since 
the LTS in nRt is blocked by Cd*+ (Avanzini et al., 1989) but 
persists in the presence of the Naf channel blocker QX-3 14 
(Mulle et al., 1986), it is probably mediated by a similar transient 
Ca*+ current. Interestingly, however, the LTSs and burst-firing 
patterns in nRt cells are fundamentally different from their coun- 
terparts in TCs. Extracellular recordings in chronically implant- 
ed unanesthetized animals clearly demonstrate that TCs exhibit 
monophasic spike bursts consisting of 2-10 spikes with an av- 
erage duration of 8 msec (Domich et al., 1986). In contrast, nRt 
cells recorded under the same conditions fire bursts consisting 
of two phases, an early high-frequency “core” burst lasting 50- 
100 msec, and a late phase of tonic firing that can last for 
hundreds of milliseconds (Domich et al., 1986; Steriade et al., 
1986). While little is known about the mechanisms underlying 
the tonic firing phase, the core burst is presumably mediated by 
an LTS. In fact, in vivo intracellular recordings reveal that LTSs 
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in nRt cells are considerably longer than those in TCs (Mulle 
et al., 1986; Shosaku et al., 1989). Although an extended barrage 
of EPSPs onto nRt neurons can contribute to elongated LTS 
bursts under some circumstances, including spindle activity, 
long bursts also can be induced by intracellular current injection, 
indicating that nRt cells have intrinsic mechanisms for pro- 
ducing such activity. The prolonged Ca2+-dependent bursts in 
the GABAergic neurons of nRt presumably evoke either long 
trains of IPSPs or large IPSPs (due to rapid release of large 
amounts of GABA) in TCs. In either case, activation of GABA, 
receptor-mediated events would be favored since these are 
thought to require the release of large amounts of GABA (Dutar 
and Nicoll, 1988). The resulting Cl-- and K+-mediated hyper- 
polarization, and subsequent deinactivation of IT, may be a 
critical factor in rhythm initiation and/or maintenance. 

Here we present results of a voltage-clamp study in acutely 
isolated neurons of rat nRt showing that these cells possess a 
transient Ca2+ current with unique properties. Unlike the tran- 
sient (low-voltage-activated or T-type) current observed in a 
number of preparations including relay neurons, ITS in nRt neu- 
rons displays slow and voltage-independent inactivation kinet- 
ics. Thus, nRt cells can generate longer-duration LTSs and spike 
bursts that result in a sustained release of GABA onto TCs. 

Portions of these results have been published in preliminary 
form (Huguenard and Prince, 199 1). 

Materials and Methods 
Tissuesliceandisolatedcellpreparation. Sprague-Dawley rats (postnatal 
days 7-12) were deeply anesthetized with pentobarbital(50 mg/kg) and 
decapitated, and the brain was rapidly removed and placed in chilled 
oxygenated Ringer’s solution. Coronal slices with a thickness of 400 pm 
were then cut on a vibratome. For current-clamp recordings, slices were 
placed in interface-type chamber and perfused with normal Ringer’s 
solution (see below) eauilibrated with 95% 0,. 5% CO, at 34°C. 

Neurons of the ventrobasal complex (VB) and nRt were isolated from 
slices via an enzymatic dissociation procedure that has been previously 
described (Kay and Wong, 1986; Coulter et al., 1989a). In slices from 
the most anterior coronal sections containing nRt, the nucleus was 
relatively wide, and it was possible to resect it from adjacent ventro- 
lateral nucleus and the internal capsule. The nRt sections were crescent 
shaped rather than rectangular as in VB, but otherwise the dissociation 
technique was identical for the two nuclei. The voltage-clamp data 
presented here represent results from 43 nRt and 56 VB neurons. 

Histoloav. For anti-GABA staining of nuclear sections (see Fia. 2A.B). 
the followmg procedure was used. Ai 8-d-old rat pup was deeply anes: 
thetized with sodium pentobarbital (50 mg/kg), followed immediately 
by a transcardiac perfusion with 50 ml of 0.9% NaCl and 200 ml of 
freshly prepared 4% paraformaldehyde, 0.3% glutaraldehyde in 0.1 M 
phosphate buffer. The brain was removed and stored overnight at 4°C 
in the same fixative. The next day, the brain was transferred to PBS 
and slices of 500 urn were cut usina a vibratome. The VB and nRt 
thalamic nuclei were then dissected f;om the slices in the same manner 
in which they are prepared for the dissociation procedure. The tissue 
was embedded in agar, and serial vibratome sections with a nominal 
thickness of 50 pm were cut. The sections were then processed for 
immunocytochemistry using a rabbit anti-GABA serum (Incstar Co.) 
as follows. Free-floating sections were incubated in 95% EtOH for 3 
min. followed bv several rinses in PBS. incubation in blocking solution 
for 1 hr (5% no&nal goat serum, 0.3% T&on-X in 0.1 M PBS), and 
finally by incubation in the primary antiserum at a dilution of 1:6000 
for 16 hr at 4°C. Sections were then rinsed several times both before 
and after a 1 hr incubation in the biotinylated secondary antibody. After 
several rinses in PBS, the sections were incubated for 45 min in the 
avidin-biotin-peroxidase complex, reacted with diaminobenzidine so- 
lution in Tris buffer with 0.002% H,O,, and finally mounted on slides, 
dried, and coverslipped. 

For the isolated cells, the above procedure was slightly modified. Petri 
dishes containing isolated cells were fixed for 30 min in 4% parafor- 
maldehyde, 0.3% glutaraldehyde, followed by two 10 min rinses in PBS 

and then 1 hr of incubation in a blocking solution of 3% normal goat 
serum, 0.1% Triton-X in PBS. After rinsing in PBS, cells were exposed 
to the 1” antibody, rat anti-GABA (Incstar; 1:6000), for 12 hr at 4°C 
rinsed twice in PBS, and exposed for 45 min to the biotinylated 2” 
antibody. Following two more rinses in PBS, the tissue was incubated 
for 45 min in the avidin-biocytin-peroxidase complex. Finally the cells 
were rinsed with 50 mM Tris buffer, incubated with diaminobenzidine 
solution in Tris buffer with 0.002% H,O,, rinsed again in Tris buffer, 
and mounted using glycerol. 

To identify the neurons in whole-cell recordings from the slice, 0.5% 
biocytin was included in the intracellular patch pipette solution. Fol- 
lowing recording, the slices were immediately fixed and processed using 
published histochemical procedures (Tseng et al., 199 1). 

Solutions and drugs. The concentration of solutions used for recording 
I, in isolated cells was (in mM), for intracellular pipette solution, 110 
Tris PO, dibasic, 28 Tris base, 11 ethyleneglycol-bis-(fi-aminoethyleth- 
er)-N,N,N’,N’-tetraacetic acid (EGTA), 2 MgCl,, 0.5 CaCl,, 4 Na, ATP, 
pH 7.3; and for extracellular solution, 155 tetraethylammonium Cl 
(TEA). 3 CaCl,. 10 N-2-hvdroxvethvlninerazine-N-2-ethanesulfonic acid 
(HEPES), with’pH 7.4. Transient Ca- 2+acurrents were quite stable under 
these recording conditions; however, the sustained Ca2+ current tended 
to run down unless an ATP regeneration system (see Forscher and 
Oxford, 1985) was included in the intracellular solution. This resulted 
in much more stable sustained Ca*+ current amplitude, so it was possible 
to test reliably for reversible drug-dependent effects on this current as 
well. In all cases, drug effects were compared to temporally proximate 
controls to detect any remaining change in currents due to drift or 
rundown. Drugs were applied via an extracellular perfusion system con- 
sisting of an assembly of several parallel tubes (Yellen, 1982) that could 
be repositioned to effect complete solution changes in less than 1 sec. 
Chemicals were obtained from Sigma (St. Louis, MO), except w-cono- 
toxin GVIA (w-CgTx; Peninsula Labs, Belmont, CA) and dihydropyr- 
idines (compliments of Dr Alexander Scriabine, Miles Labs, West Ha- 
ven, CT). All experiments were performed at room temperature (23- 
25°C) to promote long-term survival (in some cases, >2 hr) of isolated 
cells in the recording chamber. 

For whole-cell recording in the slice, the following solutions were used 
(in mM): extracellular Ringer’s solution, 122 NaCl, 26 NaHCO,, 1.2 
NaH,PO,, 2 MgCl,, 2 CaCl,, 3 KCl, 10 glucose; intracellular solution, 
135 K-gluconate, 1 MgCl,, 1 CaCl,, 11 EGTA, 10 HEPES, pH 7.3. 

Datacollection and analysis. Current-clamp recordings were obtained 
via blind whole-cell recordinas (Blanton et al., 1989: Otis et al., 1991) 

I  .  

in thalamic slices using an Axopatch amplifier. Access resistance was 
on the order to 10-20 MB. For voltage-clamp experiments in isolated 
cells, whole-cell recordings (Hamill et al., 198 1) were obtained with 
electrodes fabricated from medium-wall borosilicate glass (KG-33, Gar- 
ner Glass, Claremont, CA). Typical electrode resistance was 5-6 MB in 
the bath, with access resistance in the range of 7-12 MQ. Recordings 
were obtained with a List EPC-7 amplifier, and series resistance com- 
pensation (~80%) was routinely utilized. Currents were leak subtracted, 
using a P/4 protocol, and digitally sampled using an INDEC Basic-23 
system. Nonlinear simplex routines were used to obtain best-fitted 
Boltzmann (Eq. 1) and m2h (Eq. 2) curves. A 9 mV liquid junction 
potential was subtracted from all command potentials. Cell capacitance 
was determined by integrating the current response to a 5 mV hyper- 
polarization and then dividing the resultant charge by the change in 
voltage. 

The voltage protocols that were used for the pharmacological tests 
(see Figs. 8,9; Table 2) were designed to isolate T-current and L-current. 
Depolarizations to -40 mV from a holding potential of - 100 mV 
activate only T-current, since this is below the activation threshold for 
Z, and IN (Fox et al., 1987), while depolarizations to + 10 mV from a 
holding potential of -50 mV should activate both Z, and IN. However, 
thalamic cells possess little N-current (see Figs. 3, 8, 9; see also Coulter 
et al., 1989a), and so this protocol activates essentially IL, since both IT 
and ITS are inactivated at this holding potential (see Fig. 4). 

Results 
LTSs in TCs and nRt cells 
Differences in LTS properties between TCs and nRt neurons in 
both cat and rat have been described (Mulle et al., 1986; Shosaku 
et al., 1989). However, it appears from the results of these in 
viva experiments that variations are due in part to synaptic 
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Figure 1. Ca*+-dependent burst responses obtained in representative cells of nRt and VB. Top, Voltage recordings obtained with depolarizations 
from resting potential in representative nRt neurons (left; rest = -82 mV, input resistance, 170 Ma, input capacitance, 69 pF) and VB neurons 
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Figure 2. Isolation of VB and nRt neurons from rat. A:Top left, Schematic depiction of coronal slice containing both VB (light shading) and nRt 
(dark shading), and tissue chunks that were stained with an anti-GABA antibody. Top right, Thin crescents were cut from lateral thalamus and 
carefully trimmed to contain only nRt. In practice, more anterior coronal slices were used to provide wider nRt sections. Darkly staining networks 
of neurons were observed in nRt. Bottom, VB sections were conservatively trimmed to exclude nRt and then subdivided into cubic sections. These 
sections contained very few stained somata, but an extensive network of GABAergic fibers and clearly demonstrated barreloids (Jones, 1985). B, 
Higher-magnification images of the sections in A. Top, nRt sections contained numerous round, darkly staining somata connected by a network 
of fibers. Bottom, A small stained cell is seen in the lower right corner, but this section of VB was almost entirely devoid of GABA-positive cells. 
However, numerous dark-staining fibers are seen. C, Isolated neurons obtained from VB and nRt retain their immunohistochemical properties. 
Top, Cells isolated from nRt possessed rounded somata, and usually two major dendrites, and were darkly staining. Bottom, VB neurons often had 
triangular somata and did not stain positively for the presence of GABA. Very occasionally small monopolar or bipolar dark-staining cells were 
obtained (bottom right). 

actions. For example, during rhythmic LTS bursting in rat nRt 
neurons, membrane hyperpolarization uncovers repetitive ex- 
citatory postsynaptic potentials that occur during the rhythmic 
depolarizations in TCs (Shosaku et al., 1989). In order to com- 
pare LTS morphology directly within the two nuclei and to 
support the suggestion that the some of the differences are de- 
pendent on intrinsic membrane properties, we obtained current- 
clamp recordings in preparations containing both nRt and VB 
within the same slice. Examples of the LTSs in each cell type 
are shown in Figure 1. In each cell type, depolarizing intracel- 
lular current pulses delivered from the resting potential (-72 
to -82 mV) evoked responses consisting of a burst of action 
potentials riding on a slow underlying LTS. These bursts had 
distinctive and stereotyped properties. For example, in nRt cells 
(Fig. 1, top left), the LTS was prolonged so that six or seven 
high-frequency (> 250 Hz) Na+ spikes were generated at its crest. 

t 

In contrast, the LTSs in the relay neurons of VB (Fig. 1, top 
right) were shorter in duration and evoked only 1 or 2 Na+ 
spikes. The remainder of this report focuses on differences in 
the underlying transient Caz+ currents that contribute to the 
distinct burst characteristics in these two cell types. 

Iderbjication of nRt cells 

We compared transient Ca2+ current properties of nRt and the 
prototypical TCs of VB in each animal. Since these nuclei are 
adjacent, the following measures were used to ensure that iso- 
lated cells were derived from the desired nucleus. First, in a few 
experiments the subdivided nuclear sections were tested for the 
presence of GABA using standard immunohistochemical pro- 
cedures. As expected, the tissue chunks isolated from nRt (Fig. 
2A, top right) contained many GABA-positive neurons con- 
nected via a dense network of darkly staining fibers, more clearly 

(right; rest = - 72 mV, input resistance, 125 MQ; capacitance, 113 pF). Both cell types exhibit stereotyped burst responses, but nRt bursts contain 
more spikes that arise from a longer-duration LTS. Recording solution was potassium gluconate with 0.5% (w/v) biocytin. After recording, the 
slice was processed and visualized with dark-field microscopy and is shown in the photomicrograph at the bottom (magnification, 200x). The 
photomicrograph is a montage of two adjacent sections in register, as necessitated by the fact that the resectioning procedure resulted in the main 
soma sections of the VB and nRt being located in adjacent 80 pm sections. 
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Figure 3. Calcium currents from nRt versus VB neurons. A, Currents evoked at the indicated command potentials from holding potentials (V,,,d 
of - 100 mV and - 50 mV. The larger and more complete inactivating current in each case is that obtained with I’,,,,, of - 100 mV. B, Voltage- 
inactivated currents. Difference currents obtained for each pair of currents from A. In nRt cells, a transient inward current is detectable at -40 
mV and becomes larger with stronger depolarizations, but the rate of inactivation is relatively constant. In contrast, the transient current in VB 
cells is detectable at -50 mV, and the rate of decay becomes faster with increased depolarization. C, Z-V curves for Z* Open circles (0) are peak 
inward current, solid circles (0) are the voltage-inactivated current (as in Z?), and open triangles (0) are the late noninactivating current obtained 
with depolarized V,,,,. The current inactivated by voltage peaks at -30 mV in VB neurons compared to - 10 mV in nRt. 

seen in Figure 2B (top). The round somata in nRt were very 
darkly stained. In contrast, VB sections contained very few 
GABA-positive cells (see Jones, 1985; Harris and Hendrickson, 
1987); rather, a diffuse projection of fine, darkly staining fibers, 
which delineated the barreloids (Jones, 1985) was observed in 
the somatosensory VB (Fig. 2A, bottom). GABA-positive cells 
were rare (Fig. 2A, bottom), small, and normally monopolar or 
bipolar in appearance (e.g., small monopolar cell in the lower 
right corner of Fig. 2B, bottom). 

Thalamic neurons could be immunocytochemically identified 
even after isolation. Cells acutely dissociated from nRt were 
intensely stained (Fig. 2C, top), generally had round somata, 
and possessed one or two major dendrites. Only rare GABA- 
positive cells were found in preparations isolated from VB (Fig. 

2C, bottom right), although small (~2 Mm), dark puncta, pos- 
sibly representing severed terminals from GABAergic nRt cell 
projections, were observed on the surface of the triangular so- 
mata of VB neurons. We were unsuccessful in obtaining un- 
ambiguous immunostaining following patch-clamp recordings. 
However, given the relatively clean separation of nuclei, dem- 
onstrated by the above immunohistochemical control experi- 
ments, we are confident that the results presented here reflect 
the properties of two different and relatively homogeneous pop- 
ulations of neurons. 

Caz+ currents in nRt versus VB cells 

We applied whole-cell clamp techniques to acutely isolated neu- 
rons, maintained under conditions where Ca2+ currents are se- 



A 

The Journal of Neuroscience, October 1992, 72(10) 3809 

B 
1 second c 3omv-A 

-ill:: ‘I 
0.8 

h, 0.6 - 

0.4 - 

120 ms -120 -100 -60 -60 -40 

HOLDING POTENTIAL (mV) 

Figure 4. Steady-state inactivation of Z, in nRt cells. A, Currents obtained with depolarizations to -30 mV from different holding potentials. At 
the top, the voltage protocol is depicted: the holding potential was set to the indicated holding potentials for 1 set, followed by a 10 msec 
hyperpolarization to - 110 mV that preceded the depolarizing command to -30 mV. The truces (bottom) are the currents obtained in the interval 
between the arrows in the indicated protocol; largest currents were obtained with the most hyperpolarized potentials. B, Normalized current 
amplitude plotted versus holding potential to obtain the h, curve for six different nRt cells. The shaded circles are from the cell in A, and the 
continuous curve is the best-fitted Boltzmann function with V;, = -80 mV and k = 5.3 mV-I. The discontinuous line is the Boltzmann function 
describing the average h, curve for IT in VB neurons with K, = - 8 1 mV and k = 4.4 mV- I. 

lectively expressed, to determine whether some of the physio- 
logical differences between relay neurons and cells of nRt could 
be due to differences in Ca2+ channels. When patch electrodes 
were filled with Tris-phosphate and the extracellular medium 
contained TEA with 3 mM CaCl,, all voltage-dependent cur- 
rents evoked between -80 and +30 mV were Ca2+ dependent 
as judged by complete blockade with 1 mM extracellular Cd*+ 
or 0.1 mM La3+ (see below). The addition of TTX to the bathing 
solution produced no alteration in Ca2+ current, demonstrating 
that, in contrast to hippocampal neurons (Takahashi et al., 1989) 
no Ca2+ flux occurs through Na+ channels in thalamic cells. 

In many ways, the inward Ca*+ currents of nRt cells were 
similar to those in TCs. Small depolarizations, in the membrane 
potential (V,) range of - 30 to -40 mV, evoked rapidly acti- 
vating CaZ+ currents that completely inactivated with main- 
tained depolarization (Fig. 3A). There was no detectable current 
when the same depolarizing commands were applied with the 
holding potential reduced from - 1 OOmV to - 50 mV. Thus, in 
nRt neurons, as in TCs, Z, is largely inactivated at normal resting 
potentials. Although a T-type current was present in each cell 
type, there were significant differences between IT in nRt cells 
and TCs. At command potentials of -30 and -40 mV, the Z, 
was completely inactivated within about 110 msec in VB cells, 
compared to nearly 220 msec in nRt (Fig. 3B). In addition, the 
rate ofZT inactivation in VB cells was voltage dependent (Coulter 
et al., 1989a), such that the time constant of current decay 
became shorter with stronger depolarizations (right traces, Fig. 
3B). By contrast, the rate of decay of T-current in nRt cells was 
insensitive to membrane potential. Also, in nRt both the ap- 
parent activation threshold (-40 mV; Fig. 3C) and the potential 
at which the current attained peak amplitude (- 10 mV) were 
more depolarized than in VB cells (-50 mV and -30 mV, 
respectively). Finally, peak IT amplitude was larger in VB cells 
(280 f 23 pA, y1 = 26) than in those of nRt (131 +- 15 pA, n 

= 23; two-tailed t test, p < 0.001). The differences in peak 
amplitude cannot be accounted for by cell size, since membrane 
area, as estimated by whole-cell capacitance, was not different 
between VB and nRt cells (16.7 f 1.1 pF, iz = 21, vs 17.1 +_ 
1.2 pF, n = 19, respectively). 

In a subpopulation of nRt cells (16 out of 43) the kinetic 
properties of the transient Ca*+ current were indistinguishable 
from those of IT as seen in VB cells. It is possible that these 
results either were from a true subpopulation of nRt cells, or 
were due to contamination from nearby TCs, resulting from 
incomplete microdissection. With preparations obtained from 
the most anterior sections of thalamus, where it was possible 
to isolate nRt more completely, only cells with the slow T- 
current were obtained. However, there are anatomical data 
(Spreafico et al., 1988) that support the existence of more than 
one subtype of nRt cell. Therefore, it remains a distinct possi- 
bility that there is heterogeneity of IT within nRt. Interestingly, 
the two forms of Z, were mutually exclusive, that is, within a 
given cell only one type of transient Ca*+ current existed. 

Steady-state inactivation of I, 

There are some similarities between ITS described here and the 
N-type current (IN) as described in sensory neurons (Fox et al., 
1987) especially in terms of inactivation rate. However, there 
are clear distinctions between Zr and IN regarding the voltage 
dependencies of both activation and inactivation. IN is activated 
by large depolarizations in the range of -20 mV to -t-30 mV, 
whereas Z, is activated between -70 and -30 mV (Fox et al., 
1987). On the other hand, IT is steady-state inactivated between 
- 100 and -60 mV while IN is inactivated between - 100 and 
- 30 mV. In a set of experiments designed to identify and char- 
acterize Z,, and differentiate it from Z,, we studied the voltage 
dependence of activation and inactivation in nRt cells and com- 
pared these properties to those of Z, in VB neurons. 
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Figure 5. Activation curve for IT in nRt cells. A, IT was activated with 30 msec depolarizations from - 100 mV to various potentials, and tail 
currents were obtained upon return to -80 mV. The inset depicts currents obtained with the same protocol in a VB neuron. B, Normalized tail 
current amplitude for five different nRt cells (A is from A, measured at the latency indicated by the arrow) versus command potential. The continuous 
curve is the best-fitted squared Boltzmann curve with K, = -49 mV and k = -6.5 mV-I, and the discontinuous curve is the average activation 
curve for VB neurons with P’, = -59 mV and k = -5.2 mV-I. 

Steady-state inactivation was investigated with standard pro- 
tocols. The holding potential was set to -60 mV, and depolar- 
izations to - 30 mV were repeated at regular intervals (10 set). 
A 1 set prepulse at potentials in the range of - 110 to -40 mV 
preceded each depolarization. ITS was largest with the most hy- 
per-polarized prepotentials and became smaller as the prepoten- 
tials were made less negative (Fig. 4A). The rate of decay of ITS 
was not affected by the amplitude of the current, providing 
evidence that a single population of channels underlies the whole- 
cell current. Current amplitude, normalized to maximum, is 
plotted as the shaded circles in the h, curve in Figure 4B. The 
solid line is the best-fitted Boltzmann function 

Z -= 
Z max 

i i 

l + exp(kkv~,*~) N2 (l) 

with k = 5.3 mV-r, V, = -80 mV, I,,,,, = 164 pA, and n = 1. 
Normalized data from five other nRt cells are also included in 
Figure 4B. The discontinuous line is the average Boltzmann 
curve for steady-state inactivation of IT in VB cells, and is quite 
similar to the nRt data. Group data verified that V, is not 
different between the two cell types, but showed that the slope 
is slightly steeper for IT than for ITS (Table 1). Thus, by this 
criterion, ITS is much more similar to IT than to IN. 

Voltage-dependent activation of I, 
Since calcium currents are not characterized by a true reversal 
potential, it is not practical to obtain normalized activation 
curves by plotting conductance (current divided by driving force) 
versus voltage. An alternate approach is to step depolarize to 
command potentials in the activation range for ITS and, at a 
fixed latency near peak current, repolarize to a hyperpolarized 
potential outside the activation range, and then measure tail 
current amplitude. The currents thus obtained reflect the chan- 
nels activated during the depolarization, and since the tail po- 
tential is fixed, currents can be normalized to maximum and 
plotted versus command potential to generate an activation 
curve. To study ITS in nRt cells, 30 msec depolarizing commands 
were applied and tail currents were obtained at -80 mV (Fig. 
54). The most depolarized commands produced nearly over- 
lapping tail currents, indicating that activation was at or near 
saturation. With further depolarizations, tail currents were con- 
taminated by IL, so it was not possible to obtain maximal ac- 
tivation of ITS in isolation. In Figure 5B, upright triangles rep- 
resent normalized tail current amplitude for the cell in Figure 
5A, and the continuous line is the best-fitted squared Boltzmann 
curve (Eq. l), with k = -8.4 mV-I, K,? = -49 mV, and N = 
2. The activation of ITS was nearly complete at -20 mV, which 
further differentiates it from IN. Activation of Z= in VB cells, 
measured with the same protocol, occurred at significantly less 
depolarized levels (Fig. 5A, inset; B, discontinuous line; Table 

Table 1. Steady-state inactivation and activation parameters for ZTa versus IT 

Activation (m,) Inactivation (h,) 

nRt VB nRt VB 

VI,, (mv) -50 k 2.3 (6)* -59 k 1.7 (30) -78 f  0.7 (20) -81 k 1.2(25) 
Slope (mV-I) -7.4 + 1.1 (6) -5.2 +- 0.5 (30) 5.0 k 0.2 (20)* 4.4 + 0.2 (20) 

Currents were evoked using the protocols given in the methods. Values are results of best-fitted curves to equation 1 
with n = 2 for activation and n = 1 for inactivation. Numbers of cells are given in parentheses. 
* Two tailed t test, p < 0.05 compared to VB. 
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Figure 6. Voltage-dependent kinetics for Zr activation and inactivation in nRt neurons. A, Representative traces with overlaid m*h Hodgkin- 
Huxley fitted curves. In the inset, semilog graphs are shown for both the current traces and the fitted curves. Fitting parameters at -48, -41, and 
-23 mV were 10, 6.6, and 3.7 msec for r, and 100, 97, and 89 msec for TV B, Recovery from inactivation for IT. The holding potential was set 
to -40 mV, and 50 mV hyperpolarizations of incrementing duration were applied. IT peak amplitude was measured upon return to -40 mV. The 
recovery curve followed a monoexponential time course, best fitted with a time constant of 570 msec. C, Voltage dependence of 7,. Open circles 
(0) are from the results of least-squares fitted curves as in A (5-11 cells at each point). Solid circles (0; n = 4) are from fitted exponential decay 
curves of tail currents (see Fig. 5) obtained at different potentials. T, was determined as 2 x rtll,. The discontinuous line is r, for Zr in VB cells. 
Error bars are SEM. D, Voltage dependence of rh. Solid circles (left axis; n = 4-6) are from recovery from inactivation as in B, while open circles 
(right axis: n = 5-l 1) are rates of inactivation from fitted current traces as in A. Note differences in vertical scale. Voltage dependence of r1 for VB 
is indicated by the discontinuous line. 

1). Because some inactivation occurs during the depolarizing 
command step, tail current amplitudes do not directly provide 
the activation curve, especially for Z, since it decays rapidly in 
comparison to the step duration. Even taking this into account, 
Z, activated with a lower threshold and was completely activated 
at less depolarized potentials when compared to Z,,. 

Voltage-dependent kinetics of Z,, 

As demonstrated in Figure 3, one of the major differences be- 
tween IT and Z,, is the rate of inactivation. To examine further 
the voltage dependence of activation and inactivation rates for 
Z,,, transient Ca*+ currents, isolated as in the methods of Figure 
3B, were fitted with the following curve (based on Hodgkin and 
Huxley, 1952): 

I,=[1 - exp(-:)I x exp(-k) x Z,, (2) 

where t is time, T/, is the inactivation time constant, T, is the 
activation time constant, and Z, is an amplitude scaling factor. 
Evoked current decay curves, plotted on a semilog graph, were 
parallel (Fig. 64 inset), indicating that the inactivation time 
constant, rh, was nearly independent of membrane potential in 
the range of -60 to -20 mV (open symbols, Fig. 60). This 
contrasts sharply with the values for VB neurons (Fig. 60, dis- 
continuous line), which are highly voltage dependent, decreasing 
from 60 to 30 msec in the same voltage range. The time- and 
voltage-dependent process of recovery from inactivation (or 
deinactivation), which controls the return of availability of 
channels subsequent to inactivation and is thus an important 
factor in determining the rate of repetitive LTS generation in 
TCs (Llinas and Jahnsen, 1982; Coulter et al., 1989a), was quite 
slow for Z,,, with a time constant near 600 msec at -90 mV 
(Fig. B;D, solid symbols) compared to 350 msec for Z, in VB 
cells. Activation time constants (open circles, Fig. 6C) were 
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Figure 7. Barium as a charge carrier for Zr and I,,. A, Voltage-inactivated current in an nRt cell with 3 mM Ca2+ or 3 mM Ba2+ as the charge 
carrier. In these cells, the current was larger with Ba*+ than Ca *+. The currents traces were obtained as in Figure 3B. B, In VB neurons, with 
depolarizations positive to -50 mV, I, was smaller with Ba2+ than with Ca2+. C and D, I-V curves for the voltage-inactivated current in nRt 
and VB. 

determined from current traces fitted to Equation 2 as in Figure 
6A, and deactivation rate was obtained by fitting a single ex- 
ponential decay curve to the tail currents. Since Z,, inactivation 
is relatively slow (Fig. 60), the rapid tail currents at hyperpo- 
larized potentials represent reversal of the activation process 
(deactivation) rather than inactivation, and assuming m% ki- 
netics, the time constant of deactivation (Fig. 6C, solid circles) 
was estimated as two times the tail current time constant (Ray 
and Wong, 1987). The values of 7, for VB neurons are given 
as the discontinuous curve in Figure 6C. In both cell types 
activation kinetics are characterized by a bell-shaped voltage 
dependence, with time constant values ranging from 2 to 15 
msec. However, the peak af the curve is shifted by approxi- 
mately +20 mV in nRt cells, so that in the LTS generation range 
of -60 to -40 mV, activation is approximately twice as fast 
in VB compared to nRt. 

Barium as a charge carrier for I, 

For many L- or high-voltage-activated (HVA) type Ca*+ chan- 
nels, BP+ is a more permeant charge carrier than Caz+, so 

currents are significantly larger when Ba*+ is used (Fedulova et 
al., 1985; Carbone and Lux, 1987a,b, Fox et al., 1987). However, 
for T-currents, peak amplitude tends to be either comparable 
or slightly smaller when Ca*+ is replaced with Ba*+ (Fedulova 
et al., 1985; Carbone and Lux, 1987a,b; Fox et al., 1987). In 
nRt cells, substitution of 3 mM [Ba*+lo for [Ca*+], resulted in 
significantly larger ZTs (Fig. 7A, Table 2). At all potentials be- 
tween -40 and 0 mV, ZBa was greater than I,, but there was 
little change in the kinetics of the current. In contrast, the tran- 
sient current in VB cells was reduced by Ba*+ at potentials 
between -40 and 0 mV, and was slightly enhanced at - 50 mV 
(Fig. 78). In addition, the rate of IT. decay in VB cells was 
increased in BaZ+ (Fig. 7B). Since ZT decay rate is voltage de- 
pendent (i.e., becomes faster with depolarization), these findings 
are consistent with an presumed reduction in the transmem- 
brane electric field resulting from less effective screening charge 
(Frankenhaeuser and Hodgkin, 1957) produced by Ba2+ com- 
pared to Ca2+. The screening charge difference would result in 
reduction in current amplitude by reducing the steady-state 
availability of ZT channels (see Fig. 6), and in fact the steady- 
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Figure 8. Pharmacology of I, in thalamic neurons. T-currents were evoked by depolarizing to -40 from - 100 mV, while L-currents were evoked 
by depolarizing from - 50 to + 10 mV. An asterisk (*) marks currents obtained while drugs were applied. Where two control traces are present 
(CdZ+ and amiloride), one was obtained after drug application. Calibration for T-current in top left panel applies for all T-currents, while for L- 
currents 200 pA is the vertical calibration. 
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Figure 9. Continued Ic, pharmacology with w-CgTx, MPS, and lanthanum. The protocols and calibration bars are the same as in Figure 8. 
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Table 2. Ca*+ current pharmacology in nRt versus VB neurons 

T-current L-current 

nRt VB nRt VB 

Cd2+ > 0 . 2 mM 39 Ifr. 2.0 (3) 35 + 1.5 (5) 3.0 t- 0.2 (3)j”j.j. 3.6 f 1.7 (5)~t 

NiZ+, 0.1 mM 66 * 6.4 (2) 57 f 3.3 (4) 82 -t 5.7 (2) 84 f 2.5 (4)jj-t 

Ni*+ 0 . 2 mM > 46 k 6.4 (2)* 34 f 1.9 (4) 66 * 6.4 (2) 64 f 4.2 (4)tj-f 

La”, 0.1 mh4 3.3 + 0.8 (2) 1.0 f 1.2 (3) 4.5 zk 2.1 (2) 3.3 2 0.8 (3) 

Amiloride, 0.5 mM 59 + 13 (2) 62 k 2.6 (3) 96 k 2.8 (2) 99 k 1.1 (3)Ti-t 

w-CgTx, 0.5 /.LM 102 + 4.8 (3) 98 k 2.8 (2) 82 + 12 (3) 82 k 2.0 (2)-f 

Ba2+, 3 mM 150 + 14 (7)*** 66 k 6.4 (5) 100 ?z 11 (7)T 106 & 9.1 (3)tt 

MPS, 3 mM 47 f 0.7 (2) 48 * 1.2 (4) 71 f 1.4(2)jq 76 +; 3.2 (4)jj-f 

Bay E9736, 1 PM 99 k 1.4 (4) 100 * 0 (2) 88 + 3.4 (4)T 85 k 7.1 (2) 

Bay K8644, 1 WM 114 ? 5.2 (5) 102 * 2.8 (2) 139 + 12(5) 164 -t 24 (2) 

Currents were evoked using the protocols given in the methods. Values are peak current amplitude expressed as a 
percentage of control, and represent average * SEM. Numbers of cells are given in parentheses. Two tailed t-test: *p < 
0.05; ***p < 0.001, compared to VB; tp i 0.05, j-tp < 0.01, j-/$ < 0.001 compared to T-current within the same cell 
type. 

state inactivation curve was shifted by -6.6 f 0.9 mV (n = 7) 
in the presence of BaZ+. However, maximum IT amplitude was 
still smaller with Ba*+ compared to Ca2+, even when all com- 
mand potentials were hyperpolarized to compensate for this 
shift (not shown; n = 3). Therefore, Z,, has permeation properties 
that are more similar to Z, than to IT- These differences in whole- 
cell current may be due to various single-channel mechanisms 
including higher channel conductance or altered kinetic param- 
eters such as higher open probability or open duration. 

Pharmacology of I, in nRt versus VB cells 

Apart from the kinetic differences discussed above, ITS in nRt 
cells is similar to Z, in relay neurons since both are transient, 
low-voltage-activated currents, but ITS also shows some simi- 
larity to the “N’‘-current, since Z, activates at a higher threshold 
than Z,, but shows slow inactivation (Fox et al., 1987). However, 
a number of pharmacological differences were present between 
Z, and the slower currents (I, and I,; Fox et al., 1987) activated 
with stronger depolarizations, which allows a clear differentia- 
tion between these separate conductances. For example, Z, and 
IL are sensitive to blockade by Cd2+ (Fox et al., 1987), but both 
Z, and ITS were relatively spared by concentrations of Cd2+ that 
eliminated Z, in thalamic neurons (Fig. 8, Table 2). On the other 
hand, Ni*+ (100-200 PM), which is a somewhat selective blocker 
of Z,, produced similar reductions in ZTr, yet had smaller effects 
on Z, (Fig. 8). Therefore, Z,, is more similar to Z, than to Z, in 
terms of its sensitivity to divalent blockers. Another agent that 
can be used to differentiate between various Ca2+ currents is 
amiloride (Tang et al., 1988). At a concentration of 0.5 mM, it 
reversibly blocked both Z, and I,,, but had little effect on IL in 
either cell type (Fig. 8). 

One of the hallmarks of N-current is sensitivity to w-CgTx. 
This cone snail peptide toxin (Olivera et al., 1985) produces a 
potent and irreversible block of N-type calcium current, and 
may inhibit IL as well (McCleskey et al., 1987). To differentiate 
further between IT and IN, the applications of 0.5 PM w-CgTx 
were tested and found to result in a rapid, partial, and irre- 
versible block of Z, in both nRt and VB cells (Fig. 9), while Z, 
and ITS were unaffected in both cell types. Succinimide anticon- 
vulsants produce a relatively selective blockade of Z, in VB cells 
(Coulter et al., 1989b, 1990), and we therefore tested the effects 
of one such agent on Ca2+ currents in nRt. Methylphenylsuc- 

cinimide (MPS; 3 mM; Fig. 9) reduced both Z, and Z,, by ap- 
proximately 50% (Table 2), while Z, was reduced by only 25%. 
Dihydropyridines, which are somewhat selective in their effects 
on Z, (Fox et al., 1987; Takahashi and Akaike, 1991) were 
relatively ineffective in depressing the transient currents in tha- 
lamic cells. Nimodipine (Bay E9736; nominally 1 PM) produced 
small reversible reductions in L-current in both cell types (Table 
2), while sparing I,. The small reductions (lo-15%) in “L”- 
currents by either dihydropyridines or w-CgTx are similar to 
the incomplete blockade seen in cerebellar Purkinje cells and 
hippocampal CA1 neurons (Regan et al., 1991). The calcium 
channel agonist Bay K8644 enhanced IL but not Z, in VB cells 
(Table 2). However, its effects were slightly less selective in nRt 
cells, where, in addition to the augmentation of IL, Bay K8644 
produced a slight enhancement of ITS (114% of control; Table 
2). 

In isolated nRt cells, ITS was quite stable, like IT in VB cells, 
and unlike IL, which washes out during prolonged recording. 
With the inclusion of the ATP regeneration system (see Mate- 
rials and Methods) in the pipette solution, Z, became less labile. 
However, the amplitude of IL did typically increase to a maximal 
level during the first 5-10 min of recording and then gradually 
wash out for the remainder of the experiment, while both ITS 
and Z, maintained a fairly constant peak amplitude throughout 
the recording. A further similarity between the two forms of IT 
was that both were apparently insensitive to Ca*+-dependent 
inactivation. While IT is relatively insensitive to intracellular 
Ca*+ concentration (Carbone and Lux, 1987a), HVA currents 
are reduced by either elevated [Ca2+], (Carbone and Lux, 1987a) 
or reduced Ca2+-buffering capacity (Meyers and Barker, 1989). 
Both IT and I,, persisted during recordings made with [Caz+li 
elevated to 0.5 PM, while IL was either greatly reduced or absent 
(n = 6). To summarize, the pharmacology and metabolic prop- 
erties of ITS are very similar to IT and quite distinct from those 
of Z, and I,. 

Discussion 
Identity of I, 
Because ITS was larger in Ba*+ than Caz+ and inactivated slowly 
and in a voltage-independent manner, we considered that it 
might be the same as the N-current seen in chick dorsal root 
ganglion (DRG) cells (Fox et al., 1987). However, nearly every 
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test that we applied demonstrated that ITS was a distinct current. 
Whereas Z, is blocked by w-CgTx and Cd2+ (Fox et al., 1987) 
Z,, was much less affected. The gating of ITS and IN is also different 
in that the voltage range of activation of IN is broader and more 
depolarized than for I,,, and steady-state inactivation of ITS 
occurs at more negative potentials. Both Z, and IN appear to 
depend on intracellular factors that “wash out” during whole- 
cell recordings made without ATP in the patch electrode solu- 
tion (Fedulova et al., 1985; Forscher and Oxford, 1985; Meyers 
and Barker, 1989; Ryu and Randic, 1990), and HVA currents 
are decreased when intracellular Ca*+ buffering is reduced (Car- 
bone and Lux, 1987a,b; Meyers and Barker, 1989). By contrast, 
ITS was quite stable (like IT) during whole-cell recordings even 
with elevated [Ca*+],. We conclude that ITS is not the same as 
IN in the traditional sense. Furthermore, I,, is different from 
two other voltage-gated CaZ+ currents, I, (Carbone and Lux, 
1987a; Fox et al., 1987) and IP (Llinas et al., 1989) in that these 
currents are activated at higher thresholds and are only very 
slowly inactivating. 

On the other hand, there were similarities between IT in relay 
neurons and Z,, in neurons of the nRt. Both currents were se- 
lectively blocked by Ni2+, amiloride, and MPS and were resis- 
tant to w-CgTx and dihydropyridines. In addition, steady-state 
inactivation properties were similar. However, I,, was not iden- 
tical to Z, in that there were differences in voltage-dependent 
activation, voltage-dependent inactivation rate, and Ba2+:Ca2+ 
permeability ratio. The voltage insensitivity of inactivation of 
ITS stands in striking contrast to the voltage dependency of in- 
activation of macroscopic T-currents in cells from a diverse 
group of other preparations (rat and chick DRG: Carbone and 
Lux, 1987a,b; Fox et al., 1987; rat somatosensory thalamus: 
Coulter et al., 1989a; rat cerebellum: Kaneda et al., 1990; rat 
hippocampus: Takahashi et al., 199 1; guinea pig olfactory cor- 
tex: Constanti et al., 1985; rat sensorimotor cortex: Sayer et al., 
1990; neuroblastoma cells from mouse and man: Narahashi et 
al., 1987; Carbone et al., 1990; fibroblasts: Chen and Hess, 1990; 
pituitary gonadotrophs: Mason and Sikdar, 1989; canine cardiac 
Purkinje cells: Hirano et al., 1989; guinea pig ventricular cells: 
Droogmans and Nilius, 1989). Furthermore, in experiments 
where permeation properties for IT have been analyzed, Ba is 
either equally or less effective as a charge carrier than Ca (Bossu 
et al., 1985; Fedulova et al., 1985; Carbone and Lux, 1987a,b, 
Fox et al., 1987; Tsien et al., 1987; Droogmans and Nilius, 
1989; Hirano et al., 1989; Carbone et al., 1990; Takahashi et 
al., 199 1; but see Yoshii et al., 1988). These differences justify 
designation of the transient Ca2+ current in nRt as a new subtype 
of T-current that we have termed I,,. 

The elucidation of the molecular mechanisms underlying the 
macroscopic differences in ITS and IT will require single-channel 
recordings. The inactivation rate of single T-channels is voltage 
independent (Carbone and Lux, 1987b; Droogmans and Nilius, 
1989; Chen and Hess, 1990), and the voltage-dependent decay 
of ensemble macroscopic current is actually the result of a volt- 
age-dependent channel opening step and a voltage-dependent 
single-channel burst duration. The lack of voltage-dependent 
macroscopic inactivation suggests that there are fundamental 
differences in the gating properties of I,, compared to I,. 

Functional implications 

The unique properties of ITS have important consequences for 
thalamic function. Because the rate of ITS inactivation is slow 
(Th = 90 msec) and voltage independent, the resulting LTS, which 

serves as the generator potential for bursts of Na+ spikes, is less 
self-limiting than in relay neurons, where the depolarization 
induced by the LTS speeds inactivation of T-current. Thus, 
spike bursts are relatively prolonged in nRt cells, and as a con- 
sequence large IPSPs with prominent K+-mediated GABA, 
components will be produced in TCs. Intracellular recordings 
in TCs have shown that deinactivation of T-channels requires 
prolonged hyperpolarization (- 100 ms; Jahnsen and Llinh: 
1984; Coulter et al., 1989a). Therefore, these large IPSPs, es- 
pecially the K+-mediated components, would facilitate rebound 
LTSs. Because of the reciprocal connections with cortex and 
nRt, bursts in excitatory efferents from TCs to nRt and cortex 
that result from such LTS generation can promote a reverber- 
atory rhythm. Therefore, burst firing in nRt, mediated by I,,, 
may be a critical factor in initiating intrathalamic and thala- 
mocortical oscillations. Succinimide anticonvulsants, which 
block Z, in VB neurons (Coulter et al., 1989b, 1990), are also 
effective in reducing ITS in nRt. These two cellular actions may 
contribute to the clinical efficacy of these agents in petit ma1 
epilepsy. Since burst firing in nRt is thought to be critical for 
thalamocortical synchronization, reduction in burst firing through 
blockade of I,, would be expected to have antiepileptic effects. 
The results of in vivo experiments support of this hypothesis. 
Ethosuximide, a compound in the succinimide class, reduces 
burst firing frequency and increases tonic firing in nRt at the 
cellular level, while at the same time reducing both intrathalamic 
and thalamocortical synchronization at the circuit level (Pel- 
legrini et al., 1989). 

The smaller amplitude of I,, and higher voltage for activation 
might reduce the likelihood of obtaining an LTS in nRt cells 
compared to TCs; however, input resistance tends to be higher 
in nRt neurons (McCormick and Prince, 1986) than in TCs, 
and this may counter both effects. The rate of deinactivation of 
I,, is relatively slow (time constant - 600 msec at -90 mV, 
23°C; Fig. 60). If we assume a temperature coefficient of 3 
(Coulter et al., 1989a), the resultant time constant would be 
approximately 135 msec at 37°C. This would be sufficiently 
rapid to allow significant (52-65%) recovery of ZTr within the 
intraspindle frequency (7-10 Hz), and thus maintain a pro- 
longed rhythm. 

Since the rate of activation of ITS is somewhat slower than 
that for I, (Fig. 6C), the current will peak later in nRt cells than 
in TCs. This may partially explain the acceleration in spike 
frequency within the early portions of nRt bursts seen in vivo 
(Domich et al., 1986; Pellegrini et al., 1989), since maximal 
frequency should occur near the time of peak I,, activation. The 
slowing of spike frequency observed late in the burst in vivo 
(Domich et al., 1986) is probably due to the slow inactivation 
of ITS. This same burst pattern (early acceleration followed by 
late deceleration) can also be observed in vitro, although this is 
not clearly shown in the compressed time base of Figure 1. 
Interestingly, since ITS activates at more depolarized levels than 
Z, (Fig. 5B), in the absence of confounding differences in other 
ionic conductances, the threshold for LTSs should then be rel- 
atively depolarized in nRt. 

One prediction from these findings (see Fig. 7) is that BaZ+ 
substitution for Ca*+ should produce conditions whereby burst 
firing is selectively promoted in nRt compared to relay nuclei 
within thalamic slices because ITS would be enhanced while Z, 
is inhibited. This effect would be somewhat complicated by the 
effects of Ba z+ on CaZ+ channel inactivation (Fedulova et al., 
1985; Carbone and Lux, 1987a; Meyers and Barker, 1989) and 
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K+ channel blockade (Kmjevic et al., 1971). However, given 
the marked enhancement of ITS by Ba*+ (-200% increase; see 
Fig. 7), cell-specific differences should still be apparent. 

The results of this comparison of T-current in nRt and VB 

the naturally sleeping cat: a comparison between cortically projecting 
and reticularis neurones. J Physiol (Lond) 379:429-449. 

Droogmans G, Nilius B (1989) Kinetic properties of the cardiac T- 
type calcium channel in the guinea-pig. J Physiol (Lond) 419:627- 
650. 

provide further evidence supporting the hypothesis that neurons 
with different functional roles within a circuit are likely to have 
different biophysical properties, determined at least in part by 
quantitative and/or qualitative differences in voltage-dependent 
ion channels. For example, many interneurons in the hippo- 
campus and neocortex are capable of firing at higher frequencies 
than pyramidal cells (Schwartzkroin and Mathers, 1978; Mc- 
Cormick et al., 1985), an observation that can be explained in 
part by both the lack of A-current (Hamill et al., 1991) and 
Ca*+-dependent afterpotentials (McCormick et al., 1985) in in- 
temeurons. Deciphering the functional implications of the large 
numbers of diverse channel subtypes described in recent studies 
(e.g., K+: Rudy, 1988; Reinhart et al., 1989; Stiiihmer et al., 
1989; Na+: Noda et al., 1986; Auld et al., 1988; Trimmer and 
Agnew, 1989; Ca*+: Miller, 1987; Hui et al., 1991; Snutch et 
al., 199 1) may seem an overwhelming task. However, data such 
as those presented here suggest that, when other variables such 
as the neurons’ receptor subtypes, transmitter phenotype, and 
position in the circuit are taken into account, even subtle dif- 
ferences between channel species can be shown to have a clear 
functional role within the rich fabric of the brain. 
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