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SUMMARY AND CONCLUSIONS 

1. The properties of the low-voltage-activated transient Ca2+ 
current (LVA, 1-r ) that underlies rhythmic burst firing in neurons 
of the lateral habenula (LHb) were examined to further our un- 
derstanding of mechanisms that promote rhythmogenesis in the 
CNS. We compared these properties with those of Jr in thalamic 
ventrobasal relay neurons (I& and of the more slowly inactivat- 
ing ITS of thalamic reticular neurons (I&. 

2. Patch-clamp techniques were used to record whole cell Ca2+ 
currents in LHb cells acutely isolated from rats ranging in age 
from postnatal days 6 to 34 (P6-P34). The LVA current in LHb 
(IL& had a number of properties similar to those of IvB, includ- 
ing activation threshold (near -65 mV) and voltage-dependent 
steady-state activation [half-activation voltage ( vI,2) = -58.5 
mV, slope = 3.4 mV-‘1 and inactivation ( vI,2 = -83.5 mV, 
slope = 5.0 mV -’ ) functions. 

3. ILHb was characterized by biphasic inactivation, with a fast, 
voltage-dependent time constant (20-50 ms) similar to that of IvB 
and a slower, voltage-independent decay phase (time constant 
- 120 ms) that was much more prominent than in IvB. Recovery 
of&3 from inactivation was monophasic (time constant, 507 ms 
at -90 mV), and was slower than for IvB and about the same as 
for InRt . 

4. L-Ib was relatively insensitive to equimolar substitution of 
Ba2+ for Ca2+ , in contrast to IvB, which was decreased, and JnRt, 
which was enhanced. 

5. In computer simulations, these results could not be ac- 
counted for by a mixture of the two previously described IT types 
( IvB and I& in individual LHb cells. Thus a third type of LVA 
current, distinct from that present in either relay neurons or reti- 
cular neurons of the thalamus, exists in LHb cells. 

6. The common feature of LVA currents in highly rhythmic 
neurons of reticular thalamic nucleus and LHb is slow inactiva- 
tion with a voltage-independent inactivation phase in both. These 
current properties would serve to prolong the duration of Ca2+ -de- 
pendent spike bursts and thereby secondarily promote rhythm 
generation. 

INTRODUCTION 

It is well established that several different types of volt- 
age-dependent neuronal Ca2+ channels are present in the 
mammalian brain. At the most general level, these are clas- 
sified according to activation-voltage relationship into 
high-voltage-activated (HVA) and low-voltage-activated 
(LVA) channels (Swandulla et al. 199 1). Most studies of 
Ca2+ current diversity have focused on HVA currents, 
which have been variously categorized by different investi- 
gators on the basis of inactivation characteristics and phar- 
macological sensitivities (Tsien et al. 199 1). By contrast, 
LVA channels and the transient currents they underlie have 

generally been regarded as a uniform group. However, Hu- 
guenard and Prince ( 1992) recently demonstrated that dif- 
ferences in LVA currents also exist. Using whole-cell volt- 
age-clamp recordings from isolated thalamic neurons, they 
showed that the properties of LVA currents in the GABAer- 
gic neurons of nucleus reticularis ( nRt ) are clearly different 
from those of the thalamocortical relay neurons of nucleus 
ventralis basalis (VB). The LVA current of nRt cells has 
been termed “ ITS ” because it has significantly slower ki- 
netics of activation, inactivation, and recovery from inacti- 
vation than 1-r of VB cells. In addition, ITS is markedly en- 
hanced when Ba2+ is substituted for Ca2+, whereas the &- of 
VB neurons is generally suppressed in Ba2+. It was sug- 
gested that these differences in &- characteristics may un- 
derlie observed differences in rhythmic voltage activities of 
VB versus nRT neurons (Huguenard and Prince, 1992). In 
both cell types, recovery from inactivation (deinactivation) 
of the LVA current is a critical step in the production of a 
rebound spike burst after a brief hyperpolarization; how- 
ever, rebound bursts are more prolonged in the GABAergic 
nRt cells (Avanzini et al. 1989; Huguenard and Prince 
1992; Llinas and Geijo-Barrientos 1988; Mulle et al. 1986). 

In vivo studies have implicated nRt neurons as the pace- 
makers for thalamocortical rhythms on the basis of their 
electrophysiological activities (Mulle et al. 1985; Steriade et 
al. 198 5, 1987 ) , whereas widespread intrathalamic connec- 
tions (Jones 1985 ) provide an anatomic basis for such pace- 
making. Intracellular studies in thalamic slices indicate that 
subtle alterations in membrane potential of nRT cells, such 
as those induced by serotonin or noradrenaline (McCor- 
mick and Wang 199 1 ), can evoke prolonged periods of 
sustained rhythmicity, with membrane potential continu- 
ously oscillating between rebound bursts and subsequent 
hyperpolarizations. Similar manipulations in neurons of 
many relay nuclei in the rat and guinea pig generally evoke 
either a single burst or a brief oscillatory epoch that is rap- 
idly damped, exceptions being neurons of the dorsal lateral 
geniculate (Leresche et al. 1990; Pape and McCormick 
1989) and paratenial (McCormick and Prince 1988) nu- 
clei. 

The present study was undertaken to further explore the 
diversity of LVA current types. If functional differences in 
oscillatory behavior are related to underlying differences in 
&, we reasoned that ITS might predominate in neurons of 
other brain regions whose oscillatory activities are similar 
to those of nRt. We therefore examined the properties of 
the LVA current in neurons isolated from the lateral haben- 
ula ( LHb), a rhythmogenic subthalamic nucleus whose af- 

158 0022-3077/93 $2.00 Copyright 0 1993 The American Physiological Society 



T CURRENTS IN LATERAL HABENULA 159 

ferent and efferent connections constitute an important 
pathway through which forebrain structures influence neu- 
ronal activities in the midbrain. In an intracellular study in 
slices, Wilcox et al. ( 1988) showed that LHb neurons resem- 
ble nRt neurons in that they produce a very pronounced 
rebound burst after a single, brief hyperpolarizing stimulus, 
and they have a marked tendency to continuously oscillate 
for long periods during which they rhythmically generate 
low-threshold Ca2+ spikes. We now report that, despite this 
similarity of behavior in voltage recordings, the characteris- 
tics of LVA current in LHb neurons are different from 
those of neurons in both VB and nRt in terms of kinetics of 
activation and inactivation and current amplitude with 
Ba”’ as the charge carrier. These differences seem to place 
the LHb &- properties midway between those of VB and 
nRt. The data are consistent with the view that there are a 
variety of LVA currents in the brain that reflect a diversity 
of underlying Ca2+ channel types. These results have been 
published in preliminary form (Huguenard et al. 1992). 

METHODS 

Cell preparation 

Acutely isolated LHb cells were obtained using previously de- 
scribed techniques (Huguenard and Prince, 1992). Rats of either 
sex, postnatal age 6 to 34 days (P6-P34), were anesthetized (pen- 
tobarbital sodium 50 mg/ kg) and decapitated. The brain was rap- 
idly removed, blocked with a scalpel cut in the parasagittal plane, 
and glued with the lateral face down; 500-pm parasagittal slices 
were cut with a vibratome (TPI, St. Louis, MO). Of the three most 
medial slices, the center one usually contained medial habenula 
and portions of LHb, whereas the two immediately adjacent slices 
contained the major portions of the left and right LHb, which 
extended throughout the slices (Fig. 1). Slices containing the LHb 
were readily identified because fasciculus retroflexus (fr) could be 
observed on both the medial and lateral surfaces of the slice. Slices 
were washed, incubated for 30-60 min in an enzymatic mixture [ 3 
mg/ml protease type XXIII (Sigma) and 2.5 mg/ml collagenase 
(Worthington) in piperazine-N,N’-bis( 2-ethanesulfonic acid) 
(PIPES)-buffered saline; see below], and washed again. Each 
LHb was subdissected from its slice, and then triturated in PIPES 
saline. A yield of lo-20 viable neurons per animal was achieved. 

Solutions 

The PIPES-buffered saline used in the preincubation and incu- 
bation steps consisted of (in mM ) : 120 NaCl, 5 KCl, 1 MgCl,, 1 
CaCl,, 25 glucose, and 20 PIPES, and the pH was adjusted to 7.0 
with NaOH (Kay and Wong 1986). Calcium currents were re- 
corded with the whole cell patch recording technique (Hamill et 
al. 198 1) using the following solutions (in mM): pipette solution 
- 110 tris( hydroxymethyl) aminomethane (Tris) PO4 dibasic 28 
Tris base, 11 ethylene glycol-bis( ,0-aminoethyl ether)- N, NJV’, N’- 
tetraacetic acid ( EGTA), 2 MgCl,, 0.5 CaCl,, 4 Na, ATP, 22 
phosphocreatine, and 50 U/ml creatinine phosphokinase, pH 7.3; 
extracellular solution - 15 5 tetraethylammonium-Cl, 3 CaCl, , 10 
N-2-hydroxyethylpiperazine- N’-2-ethanesulfonic acid (HEPES), 
pH 7.4. In some experiments additional measures were taken to 
reduce contamination of T currents by HVA currents; either CsF 
was substituted for Tris-PO, as the primary intracellular electro- 
lyte (Carbone and Lux 1987)) or ATP and the creatinine phos- 
phate system (Forscher and Oxford 1985 ) were omitted from the 
intracellular fill to promote HVA rundown. These manipulations 
had no substantive effects on the parameters of T current mea- 
sured here. 

Recordings 

Patch-clamp electrodes were formed in two stages from borosili- 
cate glass (KG-33 I.D. 1.0, O.D. 1.5 mm; Garner Glass, Clare- 
mont, CA) using a Narishige pp-83 electrode puller. Electrode 
resistance was -4 MQ in the bath and ranged from 7 to 12 MQ 
during whole cell recording. Series resistance compensation (nor- 
mally 70% ) was regularly employed using the built-in circuitry of a 
List EPC-7 patch clamp amplifier. Because calcium currents in 
LHb cells were normally smaller than 300 pA, even the worst-case 
series resistance error would be small (< 1 mV). Leak and capaci- 
tative currents were subtracted with a P/ -4 procedure (Coulter et 
al. 1989). Cell capacitance was determined by integrating the 
current step obtained in response to a small voltage step, and then 
dividing the resultant charge (in fC) by the voltage step (in mV) to 
obtain capacitance (in pF). To study pharmacological effects, we 
made rapid extracellular solution changes with a multibarrel per- 
fusion system that was brought close to the cell under visual con- 
trol. All effects were reversible upon wash. 

Protocols and analysis 

Ca2+ current separation was performed as in previous studies. 
To examine the pharmacological effects of Ca2+ agonists and an- 
tagonists, isolated T current was activated by stepping the mem- 
brane potential from - 100 to -40 mV, and HVA current was 
activated by stepping from -40 to 0 mV. Because T currents inac- 
tivate completely (Carbone and Lux 1987; Coulter et al. 1989; 
Fox et al. 1987; Huguenard and Prince 1992) for this study they 
were measured as the “inactivating current,” which was obtained 
by subtracting the steady-state current from the peak current at 
each command potential. The results of LHb cell recordings re- 
ported here were compared with those obtained in a previous 
study of VB and nRt cells performed under the same conditions 
(Huguenard and Prince 1992). Also, some VB cells were obtained 
in the same animals as those from which LHb neurons had been 
isolated. The results of recordings from 26 LHb neurons and 4 VB 
neurons are presented here. For descriptive purposes, in this paper 
we will refer to the T currents in the various cell types as lvB, lnRt, 
and &,,. Although there are two forms of T current in nRt cells 
(Huguenard and Prince 1992) in this context InRt refers to the 
slowly inactivating current (1-J. Activation and inactivation ki- 
netics were obtained by fitting curves (Eq. 1, below) to experimen- 
tal data. Equation 1 is based on Eq. 19 of Hodgkin and Huxley 
( 1952)) and therefore makes the same assumptions [i.e., that rest- 
ing activation is small (m, - 0 at I& of - 100 mV; see Fig. 4C) and 
that inactivation is nearly complete (i.e., H, - 0 for vc greater 
than -60 mV)]. These conditions apply for estimation of 7, in 
Fig. 3 B (filled symbols). We make the additional assumption that 
a common activation process underlies both inactivation compo- 
nents of &nb. 

RESULTS 

Ca2+ currents in LHh cells 

Several notable distinctions exist between & and IvB 
(Huguenard and Prince 1992), including differences in 
amplitude, steady-state activation, kinetics of inactivation 
and activation, and current amplitude with Ba2+. We exam- 
ined these properties for ILHb to determine whether it re- 
sembled InRt, as hypothesized. 

Initially, we compared current amplitudes by using 
current-voltage (1-V) curves (Fig. 2). In LHb cells, tran- 
sient currents obtained with small depolarizations had a 
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FIG. 1. ldenttfication and tsolation of lateral habenular nucleus ( LHb). Left: a typical parasagittal slice containing LHb, 
cut -500 pm from mtdline. LHb is easily identified at intersection of 2 major white matter tracts, stria medularis (sm) and 
fasciculus retrotlexus ( fr). Knife cuts indicated by dashed lines (right) are used to completely isolate LHb. cx. cortex; hf, 
hippocampal formation; mt, mammilothalamic tract; th, thalamus; cc, corpus callosum. 

number of features similar to those in VB cells. When hy- peak (Huguenard and Prince 1992). Activation kinetics of 
perpolarized holding potentials were used (more negative ZLHb were intermediate between those of the two previously 
than -70 mV), depolarizations to -60 mV activated described currents. In general, ZLHb attained peak later than 
currents that were small, slowly activating, and slowly inac- ZvB (Fig. 3A); thus, in 7 out of 12 LHb cells times to peak 
tivating (Fig. 2, top left). Currents evoked by further depo- were greater than the average time to peak for VB cells 
larization were larger and had more rapid activation and (- - - in Fig. 3A), yet were much smaller than the average 
inactivation kinetics. Although inactivation was complete time to peak for nRt cells (--- in Fig. 3A). The remaining 
in ~400 ms, significant residual current was recorded at five LHb cells were similar to the average VB cell in terms 
150 ms in LHb and nRt neurons, but not in VB neurons of time to peak. As an internal control for possible day-to- 
(compare currents at open arrows in the representative cell day variability in experimental conditions, in several exper- 
from each structure in Fig. 2). In general, Ca2+ currents in iments we also compared time-to-peak T current in sample 
LHb cells were small, averaging 140 pA at -40 mV (see I- I’ VB neurons isolated from the same brains as those used to 
relationships in Fig. 2, inset). As with Zvs, the apparent obtain LHb cells. Measurements for one such cell are 
activation threshold of ZLHb was -65 mV, and maximum shown in Fig. 3A (0); the times to peak in this VB neuron 
current occurred at -35 to -40 mV. By contrast, activation were shorter at all voltages than those of all LHb cells we 
threshold for ZnRt was positive to -60 mV and maximum studied. 
current (220 PA) occurred near -30 mV (Fig. 2, inset; see The time constant of activation (7,) was determined by 
also Huguenard and Prince 1992). fitting Hodgkin-Huxley ( 1952) curves to the current traces 

The differences in peak amplitudes of Z,,, and ZVB could using the m*h formalism ( Huguenard and Prince 1992; see 
not be completely accounted for by differences in cell size. Eq. 1 below). The values thus obtained were used to con- 
Although LHb cells were smaller ( 10.1 & 0.85 pF, n = 26) struct the right half of the bell-shaped curve relating T, to 
than isolated VB or nRt cells ( 16.7 and 17.1 pF, respec- voltage (Fig. 3 B, filled circles). Points on the curve to the 
tively; Huguenard and Prince 1992 ), this 70% difference in left of the peak (Fig. 3 B, open circles) were obtained from 
membrane area was not sufficient to account for the greater the deactivation rate, as described by Huguenard and 
than threefold difference in maximum current amplitude Prince ( 1992). Figure 3 B shows that, in the voltage range 
between VB and LHb cells shown in the Z-V plots of Fig. 2, most pertinent to activation, between -55 and -35 mV, 
right. Thus, although the I- Vrelationship of ZLHb is qualita- values of 7, in LHb cells fell midway between those of nRt 
tively similar to that of ZvB, normalizing for membrane area (---) and those of VB (- - -). 
reveals that the current density is smaller in LHb cells. The activation curve of ZLHb (Fig. 4, A and C) was deter- 
Current amplitude was not related to postnatal age, nor was mined by using a tail current protocol (Huguenard and 
it correlated with cell size, as measured by whole cell mem- Prince 1992) and found to be similar to that of Zvn. The 
brane capacitance. half-activation point was -58.2 + 2.8 mV, n = 5, and the 

Activation kinetics of ZLHb 
slope was 3.4 + 0.5 mV -l. These values compare well 
with those published ( Huguenard and Prince 1992) for ZvB 

The activation rate of ZvB was faster than that of ZnRt ; as a (-59 _t 1.7 mV and 5.2 + 0.5 mV-‘), but differ from those 
consequence, currents in VB cells had a shorter time to forZ,,,,[-50+2.3mV(P<0.05)and7.4+ l.lmV-‘I. 
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FIG. 2. Transient Ca2+ currents in LHb cells com- 
pared with those in nucleus ventralis basalis (VB) and 
nucleus reticularis ( nRt ) . Top I&: inward currents re- 
corded from an isolated LHb P34 cell. To promote wash- 
out of high-voltage-activated ( HVA) currents, ATP and 
creatinine phosphate were omitted from the intracellular 
fill (Forscher and Oxford 1985). Top traces: voltage- 
clamp protocol; bottom truces: resultant whole-cell 
clamp currents. Voltage steps were from a holding poten- 
tial of - 100 mV and spanned range from -68 to +2 mV. 
Inward (downward) currents became larger and peaked 
earlier as depolarization was increased to -40 mV, and 
then decreased in amplitude with further depolarization. 
Ca2+ current has not completely activated at latency of 
150 ms (Q ), but inactivation is essentially complete at a 
latency of 400 ms. To isolate transient Ca2+ currents, we 
subtracted HVA currents activated by voltage steps from 
a holding potential of -40 mV from currents obtained 
with a holding potential of - 100 mV (Huguenard and 
Prince 1992). Top right: example traces of lvB. Currents 
activate and inactivate in a voltage-dependent manner 
similar to that for I,,,; however, ZvB is larger, and com- 
pletely inactivates within 150 ms (0 ). Bottom right: exam- 
ple traces of InRt. Rate of activation and inactivation is 
relatively independent of voltage, and currents are 
smaller than lvB traces. Significant current remains 150 
ms after onset of depolarization. Inset: comparison of 
current-voltage relationships for inactivating component 
of Ca current as defined in METHODS for LHb, VB, and 
nRt neurons. VB cells (0, n = 9, from a previous study) 
had an activation detection threshold near -65 mV, and 
largest peak currents with maximum averaging near 400 
pA at -35 mV. LHb cells ( l , n = 14) had a similar activa- 
tion voltage but smaller peak currents with a maximum 
of - 150 pA near -35 mV. Cells from nRt ( q , n = 9, also 
from a previous study), on the other hand, had a higher 
activation threshold (more positive than -60 mV), and 
had peak currents around 200 pA at -30 mV. Error bars 
are SE in this and subsequent figures. 
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Inactivation oj*ILHb features in the decay phase of the current. As can be seen in 
the superimposed traces of Fig. %!t, relaxation of &b 
clearly consisted of a slow as well as a fast inactivation com- 
ponent. Therefore two exponentials were necessary to fit 

Although differences in the kinetics of activation of ILHb 
and I,, were subtle, there were prominent distinguishing 
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FIG. 3. Comparison of activation rates between IvB, InRt, and ILHb. A : time to peak as a function of membrane potential. 
Each open or black symbol represents data from a single LHB cell. Most LHb cells had times to peak between those of 
average nRt and average VB cell (both averages are derived from data of a previous study). All LHb cells had longer times to 
peak than those of a VB cell (6 ) isolated with LHB cells for this study. B: voltage dependence for activation time constant 
( 7m) in LHb cells compared with average curves for VB (- - -) and nRt (---; Huguenard and Prince 1992). Filled symbols 
obtained from fitting Eq. 1 to current traces, whereas open circles are twice deactivation time constant. 
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FIG. 4. Activation and steady-state inactivation properties of JLHb. A : 
tail-current activation protocol for ILHb, in which currents were evoked by 
30-ms depolarizing steps (range -82 to -9 mV) from a holding potential 
of - 100 mV. At completion of depolarizing step, membrane potential was 
stepped to -80 mV and tail-current amplitudes were measured at a latency 
of 1 ms. These were plotted as a function of the depolarizing command (o ) 
in C. B: steady-state inactivation protocol, in which l-s conditioning 
pulses (range - 116 to -5 1 mV) were applied before a brief ( 10 ms) step to 
- 116 mV, that preceded a test step to -40 mV. Leak currents were not 
subtracted. Peak currents ( l ) are plotted in C as a function of conditioning 
voltage. Current amplitude at a latency of 100 ms from onset of test pulse 
(0) was dependent on conditioning potential in much the same way as 
peak current. C: experimental data from A and B, with fitted Boltzmann 
curves. For activation, parameters were vi,2 = -6 1.6 mV, k = -2.3 mV -‘, 
R = 0.992, power factor = 2; for steady-state inactivation of peak currents 
(AL VI,2 = -81.4 mV, k = 4.4 mV’, R = 0.999, power factor = 1. 
Corresponding values for currents at lOO-ms latency (not shown) are 
V 112 = -79.3 mV, k = 5.5 mV -’ , R = 0.996, power factor = 1. 

the decay of ILHb, as follows, on the basis of Hodgkin and 
Huxley ( 1952) 

I LHb = [I - exp(- -$I2 X [al X exp(- + + a2 X exp(- 
rm rhl 

where al and a2 are coefficients for the two decay compo- 
nents (with units of picoamperes). I,, inactivation, on the 
other hand, can be accurately fitted with a single decay com- 
ponent (Coulter et al. 1989; Huguenard and Prince 1992). 
Nevertheless, to facilitate direct comparison of the inactiva- 
tion time course in the two cell types, we reanalyzed the I,, 
data by fitting traces to Ea. 1. For the example in Fig. 5A. 

the relative weight of the fast inactivation component was 
89% in the VB neuron, but only 7 1% in the LHb cell. 

Figure 4C, which summarizes the data for all the record- 
ings, shows that the greater prominence of the slow compo- 
nent of the inactivation time course was a general feature of 
I LHb compared with Ivs, especially in the voltage range of 
-50 to -30 mV. Figure 5B shows that the fast and slow 
time constants of inactivation were not different for these 
two cell types. Interestingly, absolute values of a2 were also 
similar for the two cell types (not shown). Hence, the dif- 
ferences in relative weight reflect a higher absolute value for 
the fast component in VB neurons. Attempts to detect a fast 
component of inactivation in nRt cells always yielded negli- 
gible values; slow time constants are shown in Fig. 5 B for 
comparison. For I,, the relative contribution of a 1 became 
progressively smaller with command potentials positive to 
-25 mV (Fig. 5C). This was probably due to slow inactiva- 
tion of HVA components because those recordings of lvB 
were obtained under conditions that maximize by inhibit- 
ing rundown (Coulter et al. 1990; Forscher and Oxford 
1985; Huguenard and Prince 1992). 

Steady-state inactivation values for peak &b (Fig. 4 B, 
half-inactivated potential -83.5 t 1.2 mV, n = 14) were 
essentially the same as those for peak lvB (-8 1 t 1.2 mV; 
see Huguenard and Prince 1992). Moreover, the slope of 
the inactivation function was not different for the two cell 
types (5.0 t 1.2 mV -’ for LHb vs. 4.4 t 0.2 mV -’ for VB in 
the previous study). Steady-state inactivation properties for 
I LHb, when measured at 100 ms after the onset of the depo- 
larizing step ( fi in Fig. 4 B), yielded values for half-inacti- 
vated voltage (84.1 t 2.8 mV, n = 10) and slope (-4.3 t 0.8 
mV -’ ) that were not different from values measured at the 
time of the peak currents. 

The time course of recovery of &Hb from inactivation was 
much slower than that of I,,. As shown in Fig. 6, recovery 
was quantified by holding the membrane at -40 mV, sys- 
tematically increasing the durations of hyperpolarizing 
steps to -90 mV, and measuring the consequent peak 
currents on return to -40 mV. The resultant curves were 
well fitted with a single exponential, as in Fig. 6 B. Time 
constants of recovery were 507 t 30 ms (n = 7) for &.ib, 
298+23ms(n=8)for&,, and 577 t 22 ms (n = 8) for 
I nRt. As can be seen from the histogram of Fig. 6C, recovery 
Of ILHb was much more similar to that of & than to Iv,. 

Sensitivity of ILHb to divalent cations and drugs 

As previously reported (Huguenard and Prince 1992)) 
one of the major differences between I,, and I*Rt is the 
relative current amplitude when Ba*+ was substituted for 
extracellular Ca*+ as a charge carrier. In contrast to a 66% 
reduction in peak amplitude of I,, when extracellular Ca*+ 
was replaced by Ba*+ , the same manipulation resulted in a 
marked increase in & to 150% of control. As illustrated in 
the examples of Fig. 7A, the effects of Ba*+ on ILHb were 
intermediate between these extremes. On average, Ba*+ 
substitution had little or no effect on peak &.ib at -40 mV 
( 92 t 4% of control, n = 18); however, Ba*+ did alter the 
time course of &Hb. In the example of Fig. 7, Ba*+ current 
had a slightly increased peak amplitude and a more promi- 
nent slow decav component. 
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FIG. 5. ILHb inactivation kinetics. A: fitted curves [ Eq. 1, after Hodgkin and Huxley ( 1952) dashed lines] to current 
traces from typical VB and LHb cells obtained in this study. These cells had approximately the same LVA current amplitude 
at -40 mV. Inactivation was fit in each case as sum of 2 exponential components. Bottom traces contain semilog plots of 
current traces (dotted lines) along with fitted curves (solid lines). The 2 straight lines on each plot represent the 2 decay 
components, and extrapolated zero time amplitude (at left end of lines) are the 2 coefficients, a 1 and a2. For this VB cell a 1 = 
480pAanda2=61pA(89%al),~,=20ms,~,=65ms,and~,= 9.8ms.ForLHbcellal = 360pAanda2 = 150pA(71% 
al),r1=24ms,TZ= 140ms,andr,= 12.6 ms. B: inactivation time constants for slow (m, LHb, n = 8; 0, VB, n = 8; n, nRt, 
n = 7 ) and fast ( l , LHb; o, VB) inactivation components. C: relative contribution of fast decay component as a function of 
voltage in LHb (0, n = 8) and VB (0, n = 8). Values were calculated as %a1 = al l lOO/(al + a2), where al and a2 are 
coefficients of fast and slow decay components, respectively. 

Although not examined in detail, when tested, the phar- 
macological sensitivity of ILHb was found to be similar to 
that of lvB and InRt. Cd2+ (0.05-0.5 mM) caused concen- 
tration-dependent reductions in ILHb (Fig. 7 B, 25-73%, n = 
4). This is comparable to the 39 and 35% reduction in InRt 
and IvI3, respectively, by 0.2 mM Cd2+ ( Huguenard and 
Prince 1992). The reduction by Cd2+ was uniform 
throughout the time course of IL+., (Fig. 7B), indicating 
that both rapidly and slowly inactivating components have 
similar sensitivities. This shows that there was little or no 
contamination of I LHb by inactivating HVA components, 
because the latter are very sensitive to Cd2+ blockade (Fox 
et al. 1987; Huguenard and Prince 1992). &Hb amplitude 
was reduced by the anticonvulsant methylphenylsuccini- 
mide ( 1 mM, 30% reduction, n = 2) to a similar extent as 
IvB (Coulter et al. 1990). Finally, &Hb was almost com- 
pletely blocked ( 1 mM, 95% reduction, n = 2) by the di- 
methyl derivative of amiloride (Tang et al. 1988 ) . 

DISCUSSION 

Previous work in this laboratory demonstrated that the 
kinetic and voltage-dependent properties of InRt are distinct 
from those of lvB (Huguenard and Prince 1992). In the 

present study, we have examined &.rb under the same exper- 
imental conditions and determined that it is not identical 
with either of these thalamic LVA currents, although it is in 
some ways similar to each of them. For example, the volt- 
age activation range of ILHb was the same as that of lvB. 
Also, inactivation time constants were the same for both 
currents when two exponentials were used to fit lvB, al- 
though decay of lvB can generally be well fitted by a single 
exponential, whereas decay of ILHb always follows two clear 
inactivation phases. The microscopic processes underlying 
macroscopic current inactivation are likely to be complex. 
For example, Aldrich et al. ( 1983) have shown that Na+ 
current inactivation is actually the consequence of the acti- 
vation process, and that inactivation of single Na+ channels 
is not a voltage-dependent process. Thus single-channel 
studies (e.g., Chen and Hess 1990) will be necessary to fully 
characterize the voltage-dependent gating properties of ILHb 
and InRt. Nevertheless, for the purposes of this study, the 
main conclusion is that &Hb exhibits prominent biexponen- 
tial decay that is much less obvious in InRt and lvB. 

One clear difference between ILHb and lvB was the consis- 
tently larger contribution of the slow inactivation compo- 
nent to rLHb in the functionally critical voltage range of -50 
to -25 mV. Activation kinetics were also generally slower 
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FIG. 6. Recovery of ILHb from inactivation. A : recovery protocol. Holding potential was -40 mV, and variable d uration 
condition ing pulses to -90 mV were applied every 5 s. With brief hyperpolarizations recovery of JLHb was minor (a 1 00-ms 
conditioning pulse produced smallest current at u ), and current amplitude increased in an exponential manner as hyperpolar- 
ization duration was increased. Inset: simulation of recovery from inactivation (same protocol as in Fig. 5 ) for a composite 
current made up of 33% InRt and 67% IVB. Gaussian noise with an SD of 1 pA was added to simulated currents so fitted curves 
obtained by nonlinear least-squares fitting routines would be subjected to same error as experimental data. B: peak current 
amplitude ( q ) as a function of recovery time. Solid curve is best fitted exponential with a time constant (7) of 570 ms. 
Simulation data ( n ) could be fitted with a single exponential that had a time constant of 360 ms. C: recovery time constants 
in 3 neuronal types at a potential of -90 mV. I,, was fastest to recover (average 7 of 298 ms), whereas ILNb was slower (7 = 
507 ms), and ZnRt was slowest (7 = 577 ms). 

for ILI-Ib than for I,,. Here too, the difference was particu- 
larly clear at -50 to -25 mV, where the activation time 
constant of ILHb fell midway between those of lvB and the 
slower InRt. Time course of recovery of ILHb from inactiva- 
tion was the same as that of JnRt and very much slower than 
that of I,, . There were also pronounced differences in rela- 
tive current size with Ca2’ or Ba2+. When Ba2+ is substi- 
tuted for Ca2+, I,, decreases by %40%, whereas InRt in- 
creases by 50% (Huguenard and Prince 1992). ILH,, appears 
to possess permeation characteristics midway between 
those of the two thalamic LVA currents; its peak amplitude 
was essentially unaffected by Ba2+ substitution. The clear 
differences in relative current amplitude with Ba2+ or Ca2+ 
as the charge carrier could be due to differences in perme- 
ation through single channels o r to effects on membrane 
screening charge (cf. Huguenard and Prince 1992). Single- 
channel recordings will be required to completely resolve 
this issue. 

One prominent feature of ILHb was its smaller peak am- 
plitude compared with that of I,, and InRt, measured using 
the same techniques in neurons from animals of the same 
ages. Although LHb cells were smaller than those of VB or 

nRt, the difference in size was not sufficient to account for 
the observed differences in current amplitude, which were 
still present when total capacitance was used to normalize 
for membrane area. The smaller current density may reflect 
a difference in either single-channel properties or the num- 
ber of channels in the somata and proximal dendrites. In 
the current-clamp experiments of Wilcox et al. ( 1988 ) , evi- 
dence was presented that the LVA channels, which were 
shown to have a critical role in determining the firing behav- 
ior of LHb neurons, may be abundant in dendrites-struc- 
tures that were partially amputated by our isolation proce- 
dure. If LVA currents were preferentially localized in den- 
drites of LHb cells, compared with VB or nRt neurons, an 
apparent lower density would be observed in isolated LHb 
cells. Another possible explanation for the differences in 
LVA current density found in these experiments might be 
variations in ontogenetic development of T channels in neu- 
rons of different nuclei. This seems unlikely, however, be- 
cause there was no correlation between ILHb amplitude and 
age of the animal, indicating that &, did not undergo sig- 
nificant ontogenic development between P6 and P34. 

The finding that several characteristics of the &,, fell 
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FIG. 7. Pharmacology of &,, . A : comparison of effects of Ba2+ substitution on LVA currents in LHb, VB, and nRt cells. 
Substitution of 3 mM Ba2+ for 3 mM Ca2+ reduces LVA at -40 mV in VB cells (left), increases it in nRt cells (right), but has 
little effect in ILHb (center). For each cell type 3 traces are shown, including control, Ba2+ (dark lines) and wash. Each trace is 
average of 2-5 responses obtained in each situation. Note differences in calibration bars. B: reduction of ILHb by 100 PM 
Cd2+. Control trace (thick line) is average of 4 individual traces. ILHr., was reduced by -45% (smaller current, thin line) by 
Cd2+, and effect was reversible (thin, noisy wash trace). Control trace scaled down by 45% nearly exactly overlaps Cd2+ 
trace, indicating that early and late components are equally susceptible to blockade. 

midway between those of Ivs and InRt raises the possibility 
that the inactivating Ca2+ current we studied here was not 
generated by a single channel type, but rather was due to a 
mixture of the two thalamic LVA channel types in single 
LHb neurons. Although this cannot be excluded without 
single-channel recordings, several lines of evidence argue 
against this explanation. First, the observed inactivation ki- 
netics were not consistent with a mixture in which &,-type 
channels underlie fast inactivation and &,-type channels 
underlie slow inactivation, because the time constant of the 
slow inactivation component of ILH,, was longer than the 
time constant of InRt inactivation. Second, because the 
steady-state inactivation curves for InRt and JVB are slightly 
different (Huguenard and Prince 1992), a composite 
current would exhibit different inactivation kinetics de- 
pending on the conditioning potential, which would deter- 
mine the relative contributions of IvB and InRt. Therefore 
varying the prepulse amplitude would affect not only the 
peak current during the test pulse, but also the time course 
of the subsequent current decay. However, ILHb decay rate 
was not so affected, because the steady-state inactivation 
curves measured 100 ms after current onset were the same 
as those measured at the current peak. Finally, the observa- 
tion that ILHb recovered from inactivation with the same 
slow time course as InRt is not consistent with a mixture of 
Ivs and InRt l 

A recently published computer model of the 
thalamic neuron (Huguenard and McCormick 1992; 
McCormick and Huguenard 1992) allowed us to simulate 
voltage-clamp experiments after specifying the characteris- 
tics of different conductances and their relative densities. 
We reasoned that were ILHb to reflect a mixture of channel 
types, InRt would contribute the slow component of inacti- 
vation and IvB would contribute the fast component. For 

our simulation we chose a 2: 1 proportion of Iv,: I,,,-type 
channels, because 33% was the highest percentage of a2 
(average 18%, Fig. 4C) in any given LHb cell at -40 mV, 
the potential at which recovery rate was measured, and this 
“best case” scenario would favor slow recovery (contrib- 
uted by I&. The inset in Fig. 6A, and filled squares in Fig. 
6B, show that the simulation resulted in a time course of 
recovery from inactivation much different from that of 
I LHb. The simulation data could be well fitted with a single 
exponential that had a time constant of 360 ms, which is 
quite close to the value experimentally measured for IvB 
(300 ms; see Fig. 5C), but much faster than the 570 ms 
measured here for &Hb and in a previous study for InRt (600 
ms; Huguenard and Prince 1992). 

The hypothesis underlying this study was that ILHb would 
be the same as InRt because of similarities in rhythmogenic 
properties within nRt and LHb. The specific hypothesis is 
rejected, because &b and InRt are different CUITentS; none- 
theless, the characteristics of the LVA current are presum- 
ably significant in determining firing and oscillatory char- 
acteristics within LHb. A feature common to both InRt and 
&Hb is a slow and voltage-independent inactivation process 
that leads to prolonged Ca2+-dependent low-threshold 
spikes and bursts. One consequence of the extended depo- 
larization during such prolonged bursts would be increased 
activation of voltage- and Ca 2+ -dependent currents, poten- 
tially leading to larger or more prolonged afterhyperpolari- 
zations. These prominent transient hyperpolarizations 
would lead to rebound Ca2+-dependent bursts and pro- 
mote rhythmic burst generation. Because &b did not turn 
out to be the same as InRt, then there must be other factors 
that promote rhythm generation in nRt and LHb cells. One 
obvious possibility would be cell-type-specific differences 
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in other ionic currents. For example, the existence of promi- 
nent Ca2+-activated K+ currents would promote large af- 
terhyperpolarizations after each Ca2+ -dependent burst. If 
these hyperpolarizations were of sufficient amplitude and 
duration, they would promote rebound excitation through 
deinactivation of ILHb (or &-&. Another possibility would 
be the presence of a hyperpolarization-activated cationic 
current, such as & in thalamic relay cells (McCormick and 
Pape 1990). 

and the other similar to &, there are two arguments 
against that possibility. The first is that &Hb shows uniform 
steady-state inactivation ( Fig. 4 B, 0 vs. fi ) , and the second 
is that Cd2+ blocks early and late IL.-ii, to the same extent 
( Fig. 7 B) . Multiplicity of channel types has been well docu- 

In summary, our data strongly suggest that, in addition to 
the two LVA currents already distinguished in thalamic nu- 
clei, a third type is present in LHb cells. Although we can- 
not completely rule out the possibility that ILHb is made up 
of a combination of two channel types, one similar to lvB 
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