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Zhan, X. J., C. L. Cox, J. Rinzel, and S. Murray Sherman.
Current clamp and modeling studies of low-threshold calcium spikes in
cells of the cat’s lateral geniculate nucleus.J. Neurophysiol.81:
2360–2373, 1999. All thalamic relay cells display a voltage-dependent
low-threshold Ca21 spike that plays an important role in relay of infor-
mation to cortex. We investigated activation properties of this spike in
relay cells of the cat’s lateral geniculate nucleus using the combined
approach of current-clamp intracellular recording from thalamic slices
and simulations with a reduced model based on voltage-clamp data. Our
experimental data from 42 relay cells showed that the actual Ca21 spike
activates in a nearly all-or-none manner and in this regard is similar to the
conventional Na1/K1 action potential except that its voltage dependency
is more hyperpolarized and its kinetics are slower. When the cell’s
membrane potential was hyperpolarized sufficiently to deinactivate
much of the low-threshold Ca21 current (IT) underlying the Ca21 spike,
depolarizing current injections typically produced a purely ohmic re-
sponse when subthreshold and a full-blown Ca21 spike of nearly invari-
ant amplitude when suprathreshold. The transition between the ohmic
response and activated Ca21 spikes was abrupt and reflected a difference
in depolarizing inputs of,1 mV. However, activation of a full-blown
Ca21 spike was preceded by a slower period of depolarization that was
graded with the amplitude of current injection, and the full-blown Ca21

spike activated when this slower depolarization reached a sufficient
membrane potential, a quasithreshold. As a result, the latency of the
evoked Ca21 spike became less with stronger activating inputs because a
stronger input produced a stronger depolarization that reached the critical
membrane potential earlier. Although Ca21 spikes were activated in a
nearly all-or-none manner from a given holding potential, their actual
amplitudes were related to these holding potentials, which, in turn,
determined the level ofIT deinactivation. Our simulations could repro-
duce all of the main experimental observations. They further suggest that
the voltage-dependent K1 conductance underlyingIA, which is known to
delay firing in many cells, does not seem to contribute to the variable
latency seen in activation of Ca21 spikes. Instead the simulations indicate
that the activation ofIT starts initially with a slow and graded depolar-
ization until enough of the underling transient (or T) Ca21 channels are
recruited to produce a fast, ‘‘autocatalytic’’ depolarization seen as the
Ca21 spike. This can produce variable latency dependent on the strength
of the initial activation of T channels. The nearly all-or-none nature of
Ca21 spike activation suggests that when a burst of action potentials
normally is evoked as a result of a Ca21 spike and transmitted to cortex,
this signal is largely invariant with the amplitude of the input activating
the relay cell.

I N T R O D U C T I O N

One of the most important cellular properties exhibited by
thalamic relay neurons is a voltage-dependent, transient, low-

threshold Ca21 conductance, leading to depolarization via
Ca21 entry through T-type Ca21 channels (Crunelli et al. 1987;
Jahnsen and Llina´s 1984a,b). This Ca21 current thus is known
asIT, and it produces a low-threshold spike referred to here as
the ‘‘Ca21 spike.’’ IT can be activated by a depolarizing input,
such as an excitatory postsynaptic potential (EPSP), but only if
the membrane already has been hyperpolarized sufficiently for
$50–100 ms (Jahnsen and Llina´s 1984a). This is because at
more depolarized potentials,IT is inactivatedand a period of
hyperpolarization is required to remove the inactivation or
deinactivate IT. In regard to its transient nature, the low-
threshold Ca21 conductance underlyingIT behaves much like
the Na1 conductance underlying the conventional action po-
tential except the voltage sensitivity ofIT operates in a more
hyperpolarized range and its kinetics are slower.

The importance ofIT derives from the fact that the large,
depolarizing Ca21 spike that it produces usually reaches
threshold for activating conventional Na1/K1 action poten-
tials, producing a brief burst of firing (Jahnsen and Llina´s
1984a,b). This is known as theburst modeof firing and reflects
the response of a relay cell to depolarizing inputs when the cell
is initially hyperpolarized. When the cell is depolarized ini-
tially so that IT is inactive, the cell responds to the same
depolarizing inputs with a steady stream of unitary action
potentials, and this is known as thetonic modeof firing
(Huguenard and McCormick 1992; Jahnsen and Llina´s
1984a,b; McCormick and Huguenard 1992b; Steriade and
Llinás 1988). Both firing modes are a ubiquitous property of
relay cells throughout the mammalian thalamus, and both firing
modes have been seen during both in vitro and in vivo record-
ing, the latter including recording from awake, behaving ani-
mals (Ghazanfar and Nicolelis 1997; Guido and Weyand 1995;
Guido et al. 1992, 1995; Sherman and Guillery 1996). It is now
clear that the different patterns of firing represented by burst
and tonic firing provide different types of relays of information
to cortex. Because the firing mode is determined by the inac-
tivation state ofIT at the time an activating, depolarizing input,
such as an EPSP, arrives at a relay cell, it is of great interest to
understand howIT behaves.

Since the first descriptions ofIT and burst firing in thalamic
neurons, which involved intracellular recording in current-
clamp mode (Jahnsen and Llina´s 1984a,b), much of the quan-
titative and systematic study ofIT has involved voltage-clamp
recording, often in acutely dissociated cells and usually in
rodents (Coulter et al. 1989; Herna´ndez-Cruz and Pape 1989).
The main advantage of this approach is that it permits a more
complete description of the voltage dependency and kinetics of
a voltage-dependent conductance, such as that associated with
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IT. Such data have enabled the development of Hodgkin-
Huxley-like models that reproduce many properties of Ca21

spikes (Crunelli et al. 1989; Destexhe et al. 1998; Huguenard
and McCormick 1992, 1994; McCormick and Huguenard
1992; Wang et al. 1991; Williams et al. 1997). However,
among those aspects that have not been studied systematically
in current-clamp mode, experimentally and including compar-
ison with theory, is the nature of threshold for Ca21-spike
generation.

The main purpose of the present study is to do this for relay
cells of the lateral geniculate nucleus, the thalamic relay of
retinal input to cortex, using current-clamp recording from in
vitro slice preparations. We have found that the sensitivity for
generation of Ca21 spikes is surprisingly high, with nearly
all-or-none threshold behavior, and that these spikes and their
associated bursts of action potentials occur with quite long
latency near threshold. We compare our experimental data with
simulations from a cellular model based on published voltage-
clamp data. Also, our recordings are from the cat thalamus and
the model is derived from voltage-clamp studies of rodent
thalamus, so our comparisons also serve to test the generality
of the behavior ofIT across species.

M E T H O D S

Slice preparation

All intracellular recordings were made from relay neurons of the
cat’s lateral geniculate nucleus in an in vitro thalamic slice prepara-
tion. Young animals (4–8 wk old) of either sex were handled in
compliance with approved animal protocols. Briefly, animals were
anesthetized deeply with a mixture of ketamine (25 mg/kg) and
xylazine (2 mg/kg) and mounted in a stereotaxic device. We then
opened a rectangular area of skull overlying the lateral geniculate
nucleus and removed a block of tissue containing the lateral genicu-
late nucleus. After placing this block in oxygenated cold slicing
solution (see next section), we killed the animal with an overdose of
pentobarbital sodium. Thalamic slices (400–500mm thick) were cut
in a coronal or sagittal plane with a vibrating tissue slicer and placed
in a holding chamber for$2 h before recording. Individual slices
were transferred to an interface type recording chamber and contin-
uously superfused with warm oxygenated physiological solution (see
next section). The tissue was maintained at 33°C for all recordings.

Solutions

The slicing solution was used throughout the tissue preparation
until the slice was transferred to the holding chamber. It contained (in
mM) 2.5 KCl, 1.25 NaH2PO4, 10.0 MgCl2, 0.5 CaCl2, 26.0 NaHCO3,
11.0 glucose, and 234.0 sucrose. The physiological solution used in
the holding and recording chamber for intracellular recording con-
tained (in mM) 126.0 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2.0 MgCl2, 2.0
CaCl2, 26.0 NaHCO3, and 10.0 glucose; and it was gassed with a
mixture of 95% O2-5% CO2 to a final pH of 7.4. In some experiments,
the Na1 channel blocker, tetrodotoxin (TTX; 0.5–1mM), was added
to the bath to block conventional Na1/K1 action potentials. The
intracellular recording electrodes were filled with a solution that was
either 3 M KAc or 1 M KAc with 2–5% neurobiotin.

Electrophysiological recordings and data analysis

We obtained intracellular recordings in current-clamp mode from
the geniculate relay cells using sharp electrodes. Recording electrodes
were pulled to an impedance of 40–80 MV at 100 Hz when filled with
the aforementioned solution. An Axoclamp 2A amplifier was used in
bridge mode to enable current-clamp recordings. During the record-

ings, we adjusted an active bridge circuit to balance the drop in
potential produced by passing current through the recording electrode.
Current protocols were generated using either AxoData or pClamp on
a laboratory computer, and the data were stored digitally with a
temporal resolution of 0.2 ms. Cells were held at different initial
holding potentials by injecting current into the cell (i.e., the holding
current). The duration of holding current before evoking responses
assured that any depolarizing sag due toIh would reach an equilib-
rium, leading to a stable membrane voltage for a sufficient time to
create a stable level ofIT inactivation. Responses, including Ca21

spikes, then were evoked by depolarizing current steps on top of the
initial holding current, the steps ranging from 10 to 3,000 pA and
having a duration of 200–1,000 ms. After.10 s of holding current,
additional current steps were given on top of the holding current at a
rate ranging from 0.1 to 0.3 Hz to ensure a stable initial holding
potential before the depolarizing steps.

We adopted a set of minimum requirements to judge an intracel-
lular recording as acceptable. These included having a resting mem-
brane potential more negative than250 mV and action potentials that
reached at least210 mV; most overshot 0 mV. We routinely moni-
tored and balanced the bridge during the recordings, and we also
measured the input resistance by determining the slope of the linear
portion of theI-V relationship.

In some experiments for which we had neurobiotin in the recording
electrode, we iontophoresed this dye into the cell with depolarizing
current steps (200–500 pA in steps of 200–400 ms at 0.5–2 Hz for
1–3 min). This was done at the end of electrophysiological recording.
After each such iontophoretic injection, we processed the slice with a
standard protocol to reveal the neurobiotin (Zhan and Troy 1997) and
assess the morphology of the labeled cell with the light microscope.

Model

Our experimental observations (seeRESULTS) demonstrated that
threshold behavior and excitability of Ca21 spikes were similar in the
presence or absence of TTX (Herna´ndez-Cruz and Pape 1989;
Jahnsen and Llina´s 1984a,b). Thus we chose for our computations a
minimal Hodgkin-Huxley type of model that neglects the primary
currents involved in generating and shaping action potentials. Our
model includes those currents that we believe capture the essence of
our observed activation of Ca21 spikes. Because our main goal for
modeling here is qualitative understanding of threshold and latency
phenomena under current clamp mode, we sought to obtain semiquan-
titative agreement, rather than detailed quantitative fits, of simulated
results with experimental data.

Exploratory simulations were performed with the computer pro-
gram Cclamp, developed by Huguenard and McCormick (1994). The
basic behaviors of low-threshold excitability were obtained using the
‘‘ IT’’ case and ‘‘blocking’’ several voltage-dependent currents until
we identified our candidate model. Thus we developed a minimal
model for generation of Ca21 spikes that mimics our experimental
results.

The current balance equation is

C
dV

dt
5 2 ~IT 1 IA 1 IK2leak 1 INa2leak! 1 I app (1)

whereIT is the ‘‘T type’’ low-threshold Ca21 current,IA is a transient
K1 current, the leakage components (IK-leak and INa-leak) are ohmic,
and Iapp represents any current injected into the cell;V is membrane
potential (in millivolts); t is time (in milliseconds); andC is total
capacitance, equal to 290 pF, corresponding to a cell model with a
surface membrane area of 29,000mm2. We used the formulations for
IT and IA found in the computer program Cclamp of Huguenard and
McCormick (1994) and based on their earlier voltage-clamp data
(summarized in McCormick and Huguenard 1992). The model uses
the Goldman-Hodgkin-Katz formulation forIT as
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IT 5 PTmT
2hT

Vz2F2

RT 3Caint 2 CaextexpS2zFV

RT D
12expS2zFV

RT D 4 (2)

wherePT is the maximum permeability of an open channel (30 cm3/s),
z 5 2, Caint and Caext are the concentrations of Ca21 inside and
outside the cell, respectively (assumed fixed in our model at 50 nM
and 2 mM, respectively); F, R, and T are Faraday’s constant, the gas
constant, and absolute temperature, respectively (Hille 1992). The
transient K1 current is given by

IA 5 gAmA
4hA~V 2 VK! (3)

with the reversal potentialVK 5 2105 mV andgA 5 2 mS unless
stated otherwise. The leakage currents are given by

INa-leak5 gNa-leak~V 2 VNa! (4)

and

IK-leak 5 gK-leak~V 2 VK! (5)

wheregNa-leak 5 2.65 nS,gK-leak 5 7 nS, andVNa 5 45 mV. The
general form for the gating dynamics of the voltage-gated channels is

dx

dt
5

f@x`~V! 2 x#

tx~V!
(6)

wherex 5 mT, hT, mA, or hA with

x`~V! 5
1

1 1 expF 2 (V 2 ux)

kx
G (7)

The specific parameter values (in millivolts) areumT
5 260.5,kmT

5
6.2, uhT

5 284, khT
5 24.03, umA

5 260, kmA
5 8.5, uhA

5 278,
khA

5 26, and the ‘‘time-constant’’ functions are

tmT
5

1

expSV 1 131.6

216.7 D 1 expSV 1 16.8

18.2 D 1 0.612 (8)

thT
5 exp(V 1 467

66.6 ) if V , 280 mV (9)

5 expSV 1 21.88

210.2 D 1 28 if V $ 280 mV (10)

tmA
5

1

exp(V 1 35.82

19.69 ) 1 expSV 1 79.69

212.7 D 1 0.37

(11)

thA
5

1

exp(V 1 46.05

5 ) 1 expSV 1 238.4

237.45 D
if V , 263 mV (12)

5 19 if V $ 263mV

We adjusted the gating rates to 33.5°C from Cclamp’s set condi-
tions of 23.5°C by using a temperature correction factor,u, of 3.

All computed results shown here were obtained with the above
minimal model using the software XPPAUT (found at http://www.
pitt.edu/;phase/). For numerical integration we used the fourth-order,
adaptive-step Runge-Kutta method in XPPAUT (with error tolerance,
1025). Computations were performed on a Linux/Unix Pentium II
workstation.

R E S U L T S

Experimental observations

We obtained intracellular recordings in the current clamp
mode from a total of 42 neurons from the cat’s lateral genic-
ulate nucleus. All appeared to be relay cells on the basis of
readily evoked Ca21 spikes. Also we injected with tracer and
recovered a subset of five of these cells after the recording
session, and their anatomic properties clearly distinguished
them as relay cells and not interneurons (Friedlander et al.
1981; Guillery 1966; Sherman and Friedlander 1988). Detailed
measurements of resting potential and input resistance were
made for a subset of 35 neurons. For these, resting potential
was260.16 4.6 (SD) mV (with a range of250 to269 mV).
The input resistances tended to be slightly higher as the cells
were hyperpolarized. At rest, the these values were 31.36 14.7
MV, whereas at 20 mV hyperpolarized to rest, they were
41.5 6 16.0 MV; this difference was statistically significant
(P , 0.001 on a pairedt-test). Of the 42 cells, 20 were studied
extensively before TTX (0.5–1mM) was added to the bath to
block sodium channels and thus action potential generation; 15
were studied briefly before TTX application and then exten-
sively after; and the remaining 7 cells were studied extensively
both before and after TTX application.

Figure 1 illustrates two of the main phenomena we observed
for a typical cell from our sample. The cell in Fig. 1A was held
at the indicated initial membrane potential at which the volt-
age-dependent Ca21 conductance underlying the low-threshold
spike is deinactivated substantially. Figure 1A, top traces,
shows the voltage responses to application of rectangular cur-
rent injection (indicatedbelow the traces) in the presence of
TTX, which was applied to show evoked Ca21 spikes without
action potentials. With incremental 10-pA steps of current
injection, we saw ohmic responses for smaller injections until
a voltage threshold was reached, at which point that current
injection and all larger ones evoked a Ca21 spike. Interestingly,
the amplitude of the Ca21 spike evoked by the smallest su-
prathreshold current injection was effectively as large as all
Ca21 spikes evoked from larger current injections. The input
resistance of this cell was;60 MV, and thus each incremental
10-pA current would produce 0.6-mV depolarization. This
means that the full-blown Ca21 spike was evoked as a nearly
all-or-none event over a range of#1 mV in membrane poten-
tial (see DISCUSSION for further consideration of this nearly
all-or-none behavior). This nearly all-or-none behavior of the
Ca21 spike is shown more dramatically in the Fig. 1A, bottom,
in which the evoked Ca21 spikes are overlapped. These over-
lapped traces also show that the evoked suprathreshold re-
sponses exhibit three components: an initial ohmic response
(arrow 1), a slow depolarization (arrow 2), and the Ca21 spike
itself (arrow 3), although the first two phases are best seen with
smaller depolarizing inputs and may be difficult to see with
larger ones (seetraces 5and6 in Fig. 2B). Figure 1,C andD,
shows this same nearly all-or-none behavior for two other
geniculate relay cells with TTX application. Figure 1B shows
that a similar effect was seen in the same cell as shown in Fig.
1A before TTX was applied. Fewer traces are illustrated in Fig.
1B than in Fig. 1A for clarity because the evoked action
potentials tend to obscure the key features, but when all incre-
mental 10-pA current injection steps are analyzed, the result is
exactly as predicted from Fig. 1A with action potentials
present.
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The second main phenomenon we observed is the dramatic
decrease in the latency of evoked Ca21 spikes as current
injection steps are increased from the first suprathreshold in-
jection. This is seen both in the Ca21 spike latencies (Fig. 1,A,
C, and D) and in the latency of action potentials riding the
crests of the Ca21 spikes (Fig. 1B). In both cases, the latency
shift exceeds 150 ms. Interestingly, as can be seen in the
overlapped traces of Fig. 1, all Ca21 spikes seem to activate
from near the same voltage, as if a simple threshold phenom-
enon was involved similar to that for an action potential. The
slow depolarization leading to the Ca21 spike (indicated by
arrow 2 in Fig. 1A) has a lower slope for smaller current
injections, and this is why it takes longer to reach the threshold
to activate the Ca21 spike with smaller current injections.
Modeling results described in the following text suggest that
this slower depolarization indicated by arrow 2 in Fig. 1A is
caused by activation ofIT that is too small to be regenerative.
The outward ohmic current nearly balances the slowly growing
inward IT during this phase of extended latency. The response
becomes regenerative when the threshold is reached to activate
the nearly all-or-none Ca21 spike.

NEARLY ALL-OR-NONE NATURE OF CA21 SPIKES. Figure 2 further
illustrates for the same cell as shown in Fig. 1,A and B, the

nearly all-or-none nature of the Ca21 spike during TTX appli-
cation. Figure 2A shows the peak evoked voltage as a function
of injected current when the cell initially is held at one of three
different initial holding membrane potentials. At a holding
potential of259 mV (the resting potential for this cell), there
is insufficient deinactivation of the low-threshold Ca21 con-
ductance for activation of Ca21 spikes. The result is that
current injection from these holding potentials evokes only an
ohmic response, thereby producing a gradual, smooth increase
in evoked potential with injected current (Fig. 2B, traces 1–3).
However, at initial holding potentials of277 and287 mV, at
which the Ca21 conductance is significantly deinactivated,
Ca21 spikes are evoked by suprathreshold depolarizing current
injections. Thus we see initial ohmic responses for small cur-
rent injections until a threshold is reached, at which point a
sudden, dramatic increase in evoked membrane voltage is seen
(as in Fig. 1). This is because Ca21 spikes are now evoked.
After this threshold is reached, larger current injections have
little effect on the amplitude of the evoked Ca21 spike (Fig. 2B,
traces 4–6). Note also that the Ca21 spikes evoked from the
287-mV holding potential are slightly larger. This is because
IT is more deinactivated when the initial holding potential is
287 mV. Also, a larger current step is required from287 mV

FIG. 1. Activation of low-threshold Ca21 spikes from relay cells in an in vitro slice preparation through the cat’s lateral
geniculate nucleus. Cells were recorded intracellularly in current-clamp mode. Membrane potentials shown indicate the initial
holding potentials.A: responses of 1 cell in the presence of 1mM TTX. Top: original responses. Activation was achieved by
injecting depolarizing rectangular current pulses (indicatedbelow the traces) starting at 200 pA and incremented in 10-pA steps.
Ohmic responses are evoked from smaller currents; the longest latency Ca21 spike evoked is from the smallest suprathreshold
current injection, and this latency decreased monotonically as the amplitude of the current injection was increased.Bottom: same
evoked Ca21 spikes as showntop but shifted in time so that they are superimposed. Numbered arrows indicate 3 different phases
of the response to the current injections: 1 points to the initial, ohmic response; 2 points to a slower voltage-dependent
depolarization; and 3 points to the Ca21 spike. Note that the Ca21 spikes overlap almost perfectly, indicating their nearly
all-or-none nature.B: same cell as inA before application of TTX.Top: original recordings;bottom: traces adjusted in time to
overlap the evoked Ca21 spikes. Latencies of evoked bursts of action potentials decreased with increasing amplitudes of current
injection. To avoid extensive overlap in thebottom traces,only 3 burst responses are shown.C andD: 2 further examples with 1
mM TTX application as inA. Although numbered arrows are not shown for these examples, the 3 phases of the evoked response
are clearly visible as inA. Scale marks represent 100 ms and 10 mV and those inA also apply toB.
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to get to the activation threshold forIT so that this response
curve is shifted to the right compared with the curve starting at
277 mV.

The nearly all-or-none activation of the Ca21 spike is fairly
typical for our population. From initial holding membrane
potentials sufficiently hyperpolarized to deinactivateIT signif-
icantly, every cell of the 22 so studied with TTX application
showed a sudden appearance of the Ca21 spike in a single
incremental step of current injection, and thus we never acti-
vated a significantly smaller Ca21 spike from a just supra-
threshold current injection that became much larger as more
current was injected. Only when the holding potential was
more depolarized, so thatIT was more inactivated, did we see
evidence of possibly graded Ca21 spikes (see alsoVARIATION OF

CA
21

SPIKE AMPLITUDE WITH DEINACTIVATION LEVEL). Of these 22
cells, 11 were studied with larger incremental current steps of
50 pA before we realized just how sharp the threshold behavior
was for activating the full-blown Ca21 spike, so our best
examples of this nearly all-or-none behavior came from the 11
cells studied with incremental current steps near threshold of
10 pA. Figure 2C summarizes the data as in Fig. 2A for these
11 cells. These 11 examples are all taken from initial holding
potentials of 20–30 mV below rest, in which there was signif-
icant de-inactivation ofIT. Every cell in Fig. 2C showed a
simple ohmic response for smaller current injections inter-
rupted by a sudden rise in voltage to a maximum value over a
single 10-pA current step as the Ca21 spikes then were acti-
vated. This plot shows the variation in our sample for the
amplitudes of Ca21 spikes seen and amount of current injection
needed to activate them; variation that is related to, among
other properties, differences in input resistance across cells and
amount of deinactivation of the low-threshold Ca21 conduc-
tance at the initial holding potentials used. Although not

shown, we saw the same nearly all-or-none behavior of Ca21

spike activation for all 27 cells studied with no TTX as for the
22 studied with TTX, and often the same cell was studied
before and after TTX application.

Figure 3 shows for the same cell the analogous feature as
illustrated in Fig. 2 but before TTX application. From four
different initial holding potentials, Fig. 3A shows the relation-
ship between current injection and the total number of evoked
action potentials. In this analysis, the current injection of the
abscissa refers to the step from the initial holding membrane
potential. In tonic firing mode (initial holding potentials of
247 and259 mV), there is a gradual, smooth increase in the
number of evoked action potentials with increased current
injection once threshold is reached (Fig. 3B, traces 1–3).
However, when the cell is in burst firing mode (initial holding
potentials of277 and287 mV), a more complicated pattern is
seen. With small current injections, action potentials are not
evoked until a threshold is reached, at which point six to seven
action potentials suddenly appear. This is because the threshold
for Ca21 spiking has been reached, and the Ca21 spikes evoke
action potentials. The number of evoked action potentials
plateaus at six to seven for an extensive range of larger current
steps, and then larger current steps begin to increase the num-
ber of action potentials gradually. In Fig. 3B, traces 4and5,
which illustrate points on the plateau, show that the evoked
response is largely limited to the initial burst of action poten-
tials associated with the Ca21 spike. Trace 6 from Fig. 3B,
which is taken from a larger current injection, shows that these
large injections activate tonic firing after the initial burst. This
is because the long current injection eventually inactivates the
low-threshold Ca21 conductance after the initial burst, and if it
is then sufficiently large, tonic firing will ensue.

Figure 3A plots total number of action potential evoked by

FIG. 2. Relationship between current injection (400-ms pulses) and the evoked responses as in Fig. 1A for the same cell in the
presence of 1mM TTX. A: current injection amplitude vs. peak evoked voltage defined as the voltage difference between the peak voltage
response and the membrane potential before the current pulse. Shown are 3 curves representing 3 different initial holding potentials as
shown. Two of the curves (E andh) involved holding potentials (277 and287 mV) that were sufficiently hyperpolarized that Ca21

spikes were evoked once their activation threshold was crossed. Other curve (F and■) involved a holding potential at rest (259 mV) that
was too depolarized for generation of Ca21 spikes, and thus mainly ohmic responses were seen. Numbered arrows reflect data points from
representative traces inB. B: representative traces as indicated for generation of the plots inA. C: current injection vs. amplitude of evoked
response for 11 other cells. Initial holding potentials for these cells were280 to290 mV, ensuring fairly complete deinactivation of the
underlying Ca21 conductance, and injected current was in the form of square wave pulses of 400- to 1,000-ms duration.
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the long current injection. However, as just noted, responses
evoked from holding potentials of283 and 277 mV can
reflect mixed firing modes, burst followed by tonic for larger
current injections. Thus the spike counts indicated in Fig. 3A
for larger current injections do not accurately reflect the burst/
tonic differences. We thus calculated the initial evoked fre-
quency evoked by these current injections by considering the
average firing frequency of the initial six action potentials (Fig.
3C), and this compares only the initial responses that are purely
tonic for the more depolarized holding potentials and purely
burst for the more hyperpolarized ones. During tonic firing
(initial holding potentials of247 and259 mV), the increase in
firing frequency is smooth and gradual once threshold is
reached. During burst firing (initial holding potentials of277
and283 mV), the initial firing frequency shows a sudden step
from zero at threshold and increases very gradually thereafter.

The plots of Figs. 2 and 3 represent firing versus the ampli-
tude of the current step injected from the initial holding po-
tential. Figure 4A replots the data from Fig. 3A with the
abscissa adjusted to reflect the total current injected (i.e., initial
holding current required for initial holding potential plus the
depolarizing step); Fig. 4,B andC, shows this relationship for
two other representative relay cells. Note that at around thresh-
old levels of current injection, burst firing (Fig. 4,j) occurs at
lower levels of injected current than does tonic firing (■). Thus
burst firing occurs at a lower membrane potential, which re-
flects the ‘‘low-threshold’’ nature of the Ca21 spike. Further-
more, although not illustrated here, burst firing commences at
a membrane potential that is hyperpolarized with respect to rest
(i.e., negative total injected current), whereas tonic firing be-
gins at a membrane potential that is depolarized with respect to
rest (i.e., positive total injected current), and this was seen for
all other cells studied. Finally, as we have shown earlier, large
current injections always produce tonic firing, even if the initial
response was in burst mode (see Fig. 3). Thus for the larger
current injections that produce tonic firing (.1,200 pA in Fig.

FIG. 3. Relationship between current in-
jection (400-ms pulses) and the evoked ac-
tion potential responses for same cell as in
Fig. 1B. A: current injection amplitude vs.
total number of action potentials evoked.
Curves withE and h reflect burst firing, at
least initially, whereas the curves withF and
■ reflect tonic firing.B: representative traces
for data points indicated inA. Note that the
small current injection oftrace 4evokes only
a single burst, that the larger injection of
trace 5evokes an initial burst followed after
;70 ms by a single tonic action potential,
and that the even larger injection oftrace 6
evokes an initial burst followed immediately
by sustained tonic firing.C: current injection
amplitude vs. initial firing frequency, which
was calculated from the 1st 6 action poten-
tials evoked by the current injection to pro-
vide a clearer comparison of burst vs. tonic
firing.

FIG. 4. Comparison between burst and tonic firing evoked by current
injections without TTX. Curves withE represent burst firing, and those with■

represent tonic firing. Unlike the plots in Fig. 3 in which the abscissas are the
amplitude of the depolarizing pulse from the holding potential, the abscissas in
these plots are the total current injected (i.e., the sum of the current used to
move the cell from rest to the initial holding potential and the depolarizing
current step).A: same data as plotted in Fig. 3A, except that the abscissa is
recalculated to reflect the total current injection. Of particular interest is the
range of near-threshold current injections, which show that burst firing always
can be evoked with less current injection than is the case for tonic firing. For
much larger depolarizing currents, which evoked strong tonic firing even after
an initial burst, the curves largely overlap. Note that the activating thresholds
for burst firing are hyperpolarized with respect to those for tonic firing.B and
C: data plotted as inA for 2 additional cells, showing only the range of
near-threshold current injections. Again, bursts are evoked with less current
injection than is the case for tonic firing.
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4A), the firing rates are roughly the same regardless of the all
initial holding potentials.

LATENCY OF LOW-THRESHOLD CA21 ACTIVATION. The latency of
the evoked Ca21 spike becomes considerably shorter with
greater current injection (see Fig. 1). This appears to be related
to the rate of rise of the initial depolarizing response before a
near-threshold voltage is reached to initiate the Ca21 spikes.
Figure 5, A and B, plots the relationship between current
injection and these latencies for the same cell as shown in Fig.
1, A andB. From both initial holding potentials (277 and287
mV) during TTX application, the latency of Ca21 spike was
reduced gradually as the current injections increased, from 186
to 25 ms at a holding potential of277 mV and from 139 to 24
ms at a holding potential of287 mV (Fig. 5A). A similar effect
is seen before TTX application when the latency to the first
action potential peak riding the crest of a Ca21 spike is plotted
against injected current (Fig. 5B). These latencies were reduced
from 143 to 4 ms at a holding potential of277 mV and from
164 to 7 ms at a holding potential of283 mV. The latency
reduction was sharp for initial suprathreshold current injections
and became more gradual with larger current injections.

Figure 5C shows that the pattern of latency versus injected
current for the same 11 cells illustrated in Fig. 2C. The max-
imal latencies we observed to activation of Ca21 spikes with
just suprathreshold current injections in the presence of TTX
was 2356 80 ms with a range of 139–425 ms. The activation
currents had to be;200–400 pA suprathreshold before the
latency reduction became asymptotic. Although not illustrated,
the 27 cells studied without TTX showed the identical pattern,
meaning that the latency of the first spike evoked during burst
firing decreased as current injections increased from threshold
to elicit the Ca21 spike.

The data plotted in Fig. 5 reflect activation from long current
pulses of 200–1,000 ms, raising the possibility that long-
latency Ca21 spikes require long current pulses. We used very
brief current pulses (5 ms) to test this on a subset of seven cells,
and an example is shown in Fig. 6. Not only are brief injections
of this sort, which temporally are similar to EPSPs, sufficient
to activate Ca21 spikes, but as with the longer pulses these
activate Ca21 spikes with a latency that decreases with increas-
ing amplitude of the injected current. Also, the Ca21 spikes are
evoked long after the termination of the current pulses.
VARIATION OF CA21 SPIKE AMPLITUDE WITH DEINACTIVATION

LEVEL. The preceding results show that the Ca21 spike is
activated effectively in a nearly all-or-none manner. Thus with
10-pA current injection steps, a depolarizing input activates
only an ohmic response if subthreshold and a full-blown Ca21

if suprathreshold. We cannot rule out the possibility that partial
Ca21 spikes might have been seen if we used smaller injection
increments, but the fact that we never saw this in any of our
cells suggests that the incremental range of current injections
over which partial Ca21 spikes might be activated is much less
than 10 pA and thus#1 mV of depolarization for a cell with
an input resistance of 50 MV. In theory (seeDISCUSSION),
graded responses may be expected, although probably with
quite a steep dependence on stimulus amplitude, which is
qualitatively what we have seen experimentally.

This implies that the proportion of T channels deinactivated
by any particular initial holding potential limits the maximal
amplitude of the Ca21 spike realizable from that holding state.
Furthermore as long as this proportion is above a certain value

FIG. 5. Relationship between current injection and response latency.A:
effect of current injection on response latency during 1mM TTX application
for same cell as shown in Fig. 1A. Latency is measured from the initiation of
the depolarizing pulse to the peak of the evoked low-threshold Ca21 spike
(LTS). Relationships are shown for the 2 initial holding potentials shown.B:
relationships for the same cell as inA before TTX application for the 2 initial
holding potentials shown before TTX application. Latency was measured from
the start of the current injection to the peak of 1st action potential of the evoked
burst. C: effect of current injection on response latency of Ca21 spike for
population of additional 11 cells in the presence of 1mM TTX.

FIG. 6. Activation of Ca21 spikes with brief depolarizing pulses (5-ms
duration). Shown are 4 superimposed traces, including responses to the largest
2 subthreshold injections and to the smallest 2 suprathreshold injections. No
TTX was present for these responses. Ca21 spikes were evoked well after the
cessation of the current injection, and the latency of the evoked Ca21 spikes
dropped dramatically as the suprathreshold injection was increased in ampli-
tude.
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(see following text), it is more than enough to ensure that a
nearly all-or-none Ca21 spike is evoked virtually independent
of the amplitude of a suprathreshold depolarizing current in-
jection. This predicts that the more hyperpolarized the holding
potential, the more that deinactivation will occur, and the larger
the Ca21 spike that will be activated. Figure 2A shows some
evidence for this because the amplitudes of the Ca21 spikes
activated from287 mV are larger than those activated from
277 mV.

This is explored more systematically for the same cell in Fig.
7, A–C, studied after TTX application. In this experiment,
current steps were injected into the cell from a wide range of
initial holding potentials. When the initial holding potential is
hyperpolarized enough to permit substantial deinactivation of
IT (i.e., 293, 279, and274 mV), the Ca21 spike is activated
in a nearly all-or-none manner (Fig. 7,A andB). At a slightly
more depolarized initial holding level (i.e.,272 mV), the
evoked response appears to be graded very slightly. However,
the response is very small, and it is difficult to determine
whether it represents the slow depolarizing phase (arrow 2 in
Fig. 1A), the all-or-none Ca21 spike (arrow 3 in Fig. 1A), or
both. When the initial membrane holding potential is more
depolarized (259 mV, which is near rest, and268 mV), no
discernableIT is evoked and a purely ohmic response occurs.
Figure 7C plots the different holding potentials versus maxi-
mum Ca21 spike amplitude, which is the first suprathreshold
response except for occasional graded responses evoked from
more depolarized holding potentials (see Fig. 7B, bottom).

Thus while depolarizing inputs to these cells activate Ca21

spikes in a nearly all-or-none fashion, their amplitude can be
controlled effectively by the level of deinactivation, which in
turn is determined by the level and duration of hyperpolariza-
tion preceding the activating input. Also, very slightly graded
Ca21 spike amplitudes may be seen for a narrow range of
holding potentials at whichIT is deinactivated less thoroughly
(e.g., the272-mV holding potential example in Fig. 7,A and
B), although even here it is not clear if this response is a
full-blown Ca21 spike (see preceding text). Figure 7D shows
the same relationship as in Fig. 7C for a sample of 10 relay
cells.

Theoretical observations

Our minimal model with only two voltage-dependent cur-
rents,IT andIA, shows the basic features of generation of Ca21

spikes as seen experimentally (Fig. 8; compare with Figs. 1 and
7). These features include a nearly constant amplitude of the
evoked Ca21 spike for different current steps from a given
holding level, a dramatic effect on latency of the evoked Ca21

spikes over a narrow range of suprathreshold current injection
amplitudes, increasing gradation and decreasing amplitude of
the Ca21 spike with less hyperpolarized holding levels. A
response for a suprathreshold stimulus shows an early small
depolarization (the initial ohmic response, see arrow 1 in Fig.
1A), followed by a phase of slow depolarization (see arrow 2 in
Fig. 1A), and finally the Ca21 spike (see arrow 3 in Fig. 1A).

FIG. 7. Effect of deinactivation on Ca21 spike amplitude.A: relationship between current injection and peak evoked response in
presence of 1mM TTX as in Fig. 2. Different initial holding membrane potentials are shown and were achieved with constant
hyperpolarizing currents. Series of depolarizing current pulses incremented by 10 pA and with a duration of 300 ms was injected to evoke
ohmic responses (subthreshold currents) or Ca21 spikes (suprathreshold currents). Curves withE represent activation of Ca21 spikes, and
those with■ indicate only ohmic responses.B: representative series of traces from the data plotted inA for activation of Ca21 spikes from
different initial holding membrane potentials. Note that for the relatively depolarized initial holding potential (272 mV), graded
amplitudes of response are seen that may or may not involve Ca21 spikes (see text for details).C: relationship between the initial holding
membrane potential and the maximum Ca21 spike amplitude for same cell as is illustrated in Fig. 1A. Ordinate represents the amplitude
of the Ca21 spike evoked from just suprathreshold current injections. LTS amplitude is defined here as the voltage difference between
the peak of the Ca21 spike and the level of the ohmic response remaining$100 ms after the Ca21 spike ended.F, 6 initial membrane
potentials from which the plots inA are taken.D: relationship between initial holding membrane potential and normalized amplitude of
evoked Ca21 spike for 11 other relay cells.
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To evoke a Ca21 spike from the model, as in the experimental
data, the initial holding membrane potential must be hyperpo-
larized adequately so thatIT has been deinactivated suffi-
ciently. Under these conditions, the peak amplitude of the Ca21

spike is nearly independent of the amplitude of the suprath-
reshold current step. When the simulation starts with moreIT
deinactivation (Fig. 8,A andB), the Ca21 spike appears in a
nearly all-or-none fashion. If the holding potential is less
hyperpolarized, meaning more of theIT is inactivated, respon-
siveness may become more graded (Fig. 8C). The behavior is
thus not strictly all or none, as becomes apparent when the
level of IT inactivation is relatively high, and this correlates
with the experimental observation that graded responses can be
obtained from relatively depolarized holding potentials (see
trace 3of Fig. 10; see alsoDISCUSSION).

DISSECTING THE MODEL’S CA21 SPIKE. To understand the effect
of just suprathreshold activating currents on the latency of
Ca21 spikes, we have dissected in Fig. 9 the time course of the
response in Fig. 8A to the minimum suprathreshold current
injection, which evoked the longest-latency Ca21 spike. Also
shown is the time course ofhT (- - -), which is the fraction of
channels not inactivated: the larger ishT, the more IT is
deinactivated, and as expected depolarization during the Ca21

spike causeshT to drop with a time scale of tens of millisec-
onds. Figure 9B shows the interplay between the different
currents during this response. The early depolarization origi-
nates from the combination of injected current and leakage
current (I leak 2 Iapp; — - —), which is initially inward. This
current approaches zero at around283 mV, and the membrane

would come to rest there if no other currents were involved.
However,IT (— — —), beginning from near zero at the (de-
activated) holding state, continues to grow slowly. Although
the leakage and injected current combination becomes out-
ward, this is more than offset by the slowly growingIT, which
is inward. Until relatively late in the response, these compo-
nents remain small and nearly cancel each other. Thus while
the net current (—) is depolarizing during period of slow
depolarization before initiation of the Ca21 spike, its time
course is not monotonic. It jumps up, then decreases to a
minimum, becoming quite small and thereby stalling the de-
polarization.IT and membrane voltage continue to grow slowly
together until the membrane voltage enters the regime for
regenerative activation ofIT. The nonlinear voltage dependent
gating ofIT determines the voltage range in which the sharply
rising upstroke of the Ca21 spike occurs.

Several additional features in Fig. 9 are noteworthy. First,
during a long-latency activation of a Ca21 spike, a consid-
erable degree of inactivation ofIT may occur before the
Ca21 spike is initiated (seehT in Fig. 9A). Because the time
constant of hT is voltage dependent and large in the2100-
to 270-mV range, less inactivation occurs with shorter
latencies for initiation of the Ca21 spike. Second, the level
of IA is insignificant throughout all of the response before
activation of the Ca21 spike and therefore plays only a
minor role in determining the latency of the Ca21 spike.
Third, the reduction inhT before activation of the Ca21

spike suggests that a smallerIT is generated when the

FIG. 9. Time courses of variables and individual ionic currents during a
simulated response of a Ca21 spike as in Fig. 8. Response shown is to a
just-suprathreshold current injection (97 pA), so the Ca21 spike has a long
latency. Initial holding membrane potential is295 mV achieved with a
holding current of2300 pA.A: time courses of membrane voltage (V, —) and
inactivation variable (hT, - - -) to a depolarizing current pulse starting at 100
ms. Ordinate reflects relative values forV andhT. Membrane potential initially
relaxes with a membrane time constant (of;30 ms) to a more slowly rising
phase before the Ca21 spike begins abruptly. Some inactivation ofIT occurs
(hT decreases) during the initial depolarization before the initiation of the Ca21

spike, and the inactivation then proceeds rapidly during the upstroke of the
Ca21 spike. B: membrane currents during response shown inA; inward
currents are plotted down.IT (— — —) grows slowly and then very fast to
initiate the Ca21 spike.IA (- - -) makes little contribution until the Ca21 spike
begins. Combined stimulating and leakage currents (IappandI leak, respectively;
— - —) is initially inward then becomes outward, opposingIT. Sum of currents
with negative sign (—) is proportional to dV/dt, and it thus has a local flat
minimum during period before the Ca21 spike is initiated. Horizontal —
corresponds to 0 current.

FIG. 8. Simulated membrane potential time courses showing responses to
depolarizing current steps for minimal model of relay cell without action
potential currents but with the K1 ‘‘leak’’ conductance andIA present. Three
different initial holding membrane potentials are shown.Below the voltage
traces is shown the time course of the 400-ms current injection. In all cases, as
in the experimental data, the minimum suprathreshold current injection evoked
the Ca21 spike with the longest latency, and this latency reduced to asymptotic
levels as the amplitude of current injections increased (see Figs. 1, 2, 8, and 9).
Current injections are given asIp 5 Ip, o 1 jpDIp; j 5 1,2. A: initial holding
potential of290 mV, corresponding to holding current of2258 pA with Ip, o

5 48 pA andDIp 5 10 pA. Œ, relative peak values ofIT (using the holding
membrane potential as a reference line) and their times of occurrence.B: initial
holding potential of285 mV, corresponding to holding current of2220 pA
with Ip, o 5 20 pA andDIp 5 16.7 pA.C: initial holding potential of280 mV,
corresponding to holding current of2188 pA withIp, o 5 10 pA andDIp 5 12
pA. Response amplitude diminishes as holding potential increases to less
negative levels (A–C), as in experimental data from Figs. 11 and 12. Range of
latencies is largest and gradation of response amplitude is smallest for the most
negative holding potential (A).
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latency is longer (i.e., from just suprathreshold current in-
jections). The triangular data points in Fig. 8A indicate the
relative peak values ofIT (and times of occurrence) for the
spikes, showing the decrease with longer latency. Neverthe-
less, the case in Fig. 9A illustrates that a sizable Ca21 spike
proceeds even if hT drops below the 50% level. Finally, in
passing, we note thatIT peaks and is inactivated almost
completely before the peak of the Ca21 spike occurs.

Although IA is not the determining factor for the latency of
evoked Ca21 spikes in our model, it does control the amplitude
of these spikes. It is the only nonlinear, voltage-dependent,
outward current in this minimal model. In thalamic relay cells,
other K1 currents also contribute to limiting the Ca21 spike
amplitude (Huguenard and McCormick 1992). Correspond-
ingly, we have used the model to show that other K1 currents
acting alone also could restrict the Ca21 spike amplitude (not
shown). However, other active K1 currents, withoutIA present,
affect the low-threshold spike rising phase differently. WithIA,
the rise is less rapid and the depolarization peak is rounded.
Without IA, the other K1 currents limit amplitude abruptly by
interrupting a very rapid upstroke, leaving a cornered leading
edge, sometimes with a tiny overshoot (not shown). The other
K1 currents that we considered have higher thresholds (like the
delayed rectifier) or are activated by Ca21 and so must follow
after the recruitment ofIT. They only can play a role after the
upstroke of the Ca21 spike is well underway, unlikeIA, which
begins acting in the subthreshold regime. These other candi-
dates do not influence the latency effects that we have seen.

We have focused here onIA for amplitude control because of
the above observations and because we wanted to explore its
effect on response latency, an often-implicated role forIA
(McCormick 1991; Rogawski 1985; Storm 1988). From Fig.
9B, whereIA affects latency to peak only slightly, we predict,
and Fig. 10A confirms, that similar long latencies and threshold
behaviors occur whenIA is blocked. Furthermore, Fig. 10B
shows that changing the effectiveness ofIA by changing its
inactivation time constant has virtually no effect on the laten-
cies of Ca21 spikes.IA, however, does affect the amplitude of
the Ca21 spikes because noIA permits the largest Ca21 spikes
(Fig. 10A), and increasing the inactivation time forIA reduces
the amplitude of these Ca21 spikes (Fig. 10B). In any case, we
conclude that the properties ofIT alone can account for the
observed latency effect.

The simulation in Fig. 10A of a pure Ca21 spike, with IT
and leakage as the only intrinsic currents, enables us to
examine further the threshold properties of activating a
full-blown Ca21 spike. Here we see that the Ca21 spike has
a characteristic take-off from a critical voltage range, and
this may be considered a quasithreshold like that of the
action potential (see also Fig. 1). Another way to see this is
with phase plane plots that show the response trajectory
projected onto a plane of two dynamic variables. Figure 11A
shows the responses from Fig. 10A plotted as curves of
CpdV/dt, whereC is membrane capacitance andCpdV/dt is
ionic plus injected current versus voltage (V). Becauset is
the parameter along a trajectory, the need to translate curves
in time to compare transient responses (as done in Fig. 1) is
obviated. Flow along the trajectories is clockwise (arrows in
Fig. 11A), starting at the holding state to the far left. During
the period before the Ca21 spike is evoked, the trajectory is
flat and lies just above the zero current axis. The triangular
portion of the curves represent the upstrokes of the Ca21

spikes, and the upper apex coincides with the maximum rate
of rise. The peaks of the Ca21 spikes occur where the
trajectory crosses the zero-current axis, at the right corner.
The recovery phase of the low-threshold Ca21 conductance
corresponds to when the trajectory lies below the zero-
current axis. The fact that these several trajectories for
different stimuli nearly superimpose during their early rising
phases (lower left side of the triangles) shows the common
mechanism of activation of a full-blown Ca21 spike within
in a critical and limited voltage range, producing the ap-
pearance of a quasithreshold for membrane voltage. The
underlying mechanism, which is a fast, voltage-gated am-
plification of IT, also may be visualized from these phase
planes. Figure 11B shows a selected example of a Ca21

spike evoked with a long latency, redrawn from Fig. 11A,
together with the component currents. The overall mem-
brane potential is represented by the solid curve, and the
open circles along it represent equally spaced, 5-ms incre-
ments to illustrate motion along the trajectory (i.e., faster
where theE are farther apart). Here, one sees that the
upstroke portion of the Ca21 spike, especially the early
phase, is accounted for by the dynamics ofIT, which is
shown by the curve with short dashes. This trajectory ex-
plicitly shows us the nonlinear relationship ofIT to voltage
during a Ca21 spike. Regenerative growth ofIT drives the
acceleration in voltage, where dV/dt is increasing. Although
this triangular portion is reminiscent of the instantaneous
current-voltage (I-V) relation for IT (with inactivation,hT,
held fixed) the two are not identical because herehT is
changing with time. In contrast to the nonlinear behavior of
IT, the remaining current is linear with respect to voltage, as
seen by the lower curve (— - —) in Fig. 11B.

FIG. 10. Simulated membrane potential time courses showing responses to
depolarizing current steps as in Fig. 8 showing effects ofIA. Initial membrane
potential is291.7 mV, which is achieved with a holding current of2272 pA.
A: simulations with all voltage-dependent K1 currents suppressed, including
IA. As in the experimental data shown in Fig. 1, the responses to subthreshold
current steps are ohmic and to suprathreshold steps are Ca21 spikes. Increasing
the suprathreshold current injections significantly reduces the latency of the
evoked Ca21 spike with little effect on its amplitude.B: simulations similar to
A, except thatIA is present with a varying inactivation time constant (seeEq.
11). Numbered arrows indicate simulations with the normal time constant (1),
twice the time constant (2), and 10 times the time constant (10). These changes
in IA affect the amplitude but not the latency of the evoked Ca21 spikes. Thus
the latency effect in this model does not depend onIA.
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D I S C U S S I O N

We have systematically examined certain features of activa-
tion of the Ca21 spike in geniculate relay cells, using a com-
bination of current-clamp recording with an in vitro slice
preparation and computational modeling. Much of the previous
quantitative experimental work directed at the Ca21 spike and
the underlyingIT has been done in vitro with voltage-clamp
recording, often in acutely dissociated cells (Coulter et al.
1989; Herna´ndez-Cruz and Pape 1989). This body of work has
enabled the development of theoretical models for Ca21 spike
generation. The models have been shown to mimic some
general aspects of Ca21 spike excitability, but there is only a
limited set of experimental observations from current-clamp
recording that is available for more thorough comparisons. Our
primary goal was to provide a more systematic quantitative
characterization of threshold, amplitude, and latency properties
for Ca21 spike activation in relay cells. We also sought to test
if our experimental observations from current-clamp recording
are consistent with the voltage-clamp data by using a minimal
computational model to simulate current-clamp results from
voltage-clamp data. Furthermore we use the model to gain
insight into the threshold behavior of Ca21 spike generation.

Our main observations with this approach are fivefold.1)
The Ca21 spike, when triggered, is nearly all or none, and it in
turn evokes a number of action potentials that ride its crest.2)
The process of activatingIT consists of a slowly depolarizing
phase that, if sufficiently strong, activates a later, very fast,
depolarization, which is the Ca21 spike. 3) The initial slow
phase ofIT activation has a variable slope that is determined at
least partly by the amplitude of initial depolarization, and this,
in turn, determines the latency of the nearly all-or-none Ca21

spike.4) Although the size of the depolarizing input affects the
latency of the evoked Ca21 spike, it has little effect on its
amplitude, the spike is evoked in a nearly all-or-none manner.
Instead, the amplitude of the Ca21 spike is controlled in
current-clamp recording by the extent of membrane hyperpo-
larization from which the Ca21 spike is evoked. This hyper-
polarization affects the degree of deinactivation ofIT and thus
the availability of IT for activation of the Ca21 spike. 5)
Finally, the main observations we have made in our electro-
physiological recordings can be simulated from our computa-
tional model cell, and the modeling suggests explanations for
some of the phenomena we have observed for activation of
Ca21 spikes.

Amplitude of the Ca21 spike

Voltage-clamp studies ofIT show that the activation range is
fairly extensive, meaning that the underlying conductance
grows in a sigmoid fashion over a voltage range of 10–15 mV
(Coulter et al. 1989; Crunelli et al. 1989; Herna´ndez-Cruz and
Pape 1989). In the model,kmT equals 7.4 mV. Furthermore the
activation time constant is based on voltage-clamp measure-
ments at room temperature, whereas our experiments were
carried out much closer to body temperature, and warmer
conditions increase the rate of activation. In any case, activa-
tion of IT causes rapid depolarization if the membrane voltage
is not clamped. Thus in normal conditions (i.e., no voltage
clamp), a small depolarizing input may evoke a small initialIT,
which will cause further depolarization that increases theIT in
a positive feedback process. Our data indicate that this regen-
erative process, which is analogous to an autocatalytic chem-
ical reaction (see also Coulter et al. 1989; Crunelli et al. 1989),
underlies the generation of Ca21 spikes because they seem to
be activated in a nearly all-or-none manner (see Figs. 1–3 and
8, A andB). This means that, when the cell is in burst mode, it
responds to suprathreshold depolarizing inputs with Ca21

spikes that vary little in amplitude or shape, although as noted
below, their latency can be quite variable. These features of
amplitude, sharpness of threshold, and latency for Ca21 spike
activation are not readily evident from the gating properties
generated from voltage-clamp studies, but when these data are
used to modelIT activation in current-clamp recording, nearly
all-or-none behavior is seen. Our current-clamp experiments
coupled with the modeling help to further synthesize these
voltage-clamp data into understanding Ca21 spike excitability
in relay cells, and this also complements previous current-
clamp studies.

Although the size of an activating input has little effect on
the amplitude of the evoked Ca21 spike, the level of preceding
hyperpolarization certainly does. This hyperpolarization level
determines the magnitude ofIT deinactivation available at the
time when a stimulus is delivered, thereby influencing signif-
icantly the amplitude of the Ca21 spike if the input is supra-

FIG. 11. Trajectories of Ca21 spikes in the voltage-current phase plane.
Shown are responses of a reduced model havingIT andI leak but withoutIA to
various current injection steps from an initial holding membrane potential of
291.5 mV.A: series of curves of membrane voltage vs. membrane current, the
latter calculated fromCpdV/dt, where C is capacitance, each curve has a
clockwise motion (arrows) with time as a parameter. Initial holding state is at
thefar left. B: single curve (—) redrawn fromA. Shown for comparison are the
current-voltage trajectories of the individual components of the total current,
which areIT (- - ) and I leak 2 Iapp (— - —); these currents are plotted with
reversed sign. At each voltage, the sum of components equalsCpdV/dt. Note
that the rapid phase of the upstroke is nearly equal to the regenerativeIT. E,
equal time increments (5 ms) along the trajectory of the Ca21 spike; their wide
spacing during the upstroke indicates that it is very rapid.
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threshold. We conclude from these observations that the
amount of deinactivation rather than the activating input con-
trols the amplitude of the Ca21 spike. Interestingly, in the
model, the amount ofIT recruited depends not only on the
extent of hyperpolarization beforeIT activation but also on the
depolarizing input (see Figs. 8A and 11A). BecauseIT inacti-
vates somewhat during the slow depolarization phase, the
extent of this inactivation is greater for longer latencies of
Ca21 spike activation. Even though the peak of the conduc-
tance associated withIT may drop substantially with increasing
latency, the computed voltage peak of the Ca21 spike is di-
minished only slightly (see further for discussion). This is
because the relationship between conductance and voltage
response is nonlinear and sublinear for large conductance in-
puts, so that, for example, halving the conductance does not
half the peak voltage.

The amplitude of the Ca21 spike is also limited by active K1

currents. We have not explored the effects of these other
currents in detail, although we expect that, for our experiments
with TTX, the high-threshold currents like the delayed rectifier
are far less activated than they might otherwise be. Our mod-
eling results suggest thatIA, which also operates in the low-
voltage regime whereIT is activated, contributes significantly
to limiting the amplitude of the Ca21 spike. Further study on
the properties and spatial localizations ofIA and other K1

conductances is merited to characterize more fully their role in
burst mode firing in relay cells.

There is now ample data from lightly anesthetized and
awake animals that thalamic relay cells firing in burst mode
effectively transmit peripheral information to cortex (Guido
and Weyand 1995; Sherman 1996). These nearly all-or-none
amplitude properties of the Ca21 spike thus have important
implications for how information is relayed through the lateral
geniculate nucleus and, presumably, through other thalamic
nuclei as well. Suppose that the amplitude of the Ca21 spike is
monotonically related to the number of action potentials in the
evoked burst. This implies that a relay cell in burst mode will
respond to suprathreshold EPSPs with little relationship be-
tween the amplitude of the EPSP and the number of action
potentials in the burst. For a given level of hyperpolarization
preceding the EPSP and thus a given level ofIT deinactivation,
essentially all suprathreshold EPSPs will evoke the same am-
plitude of response. Even if the deinactivation level of theIT
varies during burst firing because of fluctuations in membrane
potential, the nearly all-or-none nature of the evoked Ca21

spike means that no clear relationship will be present between
the input EPSP amplitude and the evoked response. When the
same relay cell responds in tonic mode, larger suprathreshold
EPSPs will evoke more action potentials (see Fig. 4A). How-
ever, within a narrow range of initial membrane potentials for
which IT is less deinactivated, the evoked response, which may
or may not involve a Ca21 spike, may be very slightly graded
(Fig. 7) and related in amplitude to the amplitude of the EPSP.
Unless burst firing was somehow limited to this small range of
initial membrane potentials and reduced levels ofIT deinacti-
vation, which seems unlikely but must be empirically tested in
behaving animals, burst firing would reflect poorly the stimulus
amplitude.

In the visual system, we can imagine how this would relate
to the response of geniculate relay cells to varying contrasts
because larger contrasts evoke stronger responses in retinal
inputs to these relay cells (e.g., Troy and Enroth-Cugell 1993),

and this, in turn, leads to larger EPSPs. With the cell in burst
mode, it would be unable to encode these varying contrasts in
its response to cortex, because all suprathreshold contrasts
would evoke the all-or-none burst. However, in tonic mode, the
relay cell would be able to inform cortex about a large range of
contrasts. In this regard, we predict that tonic firing would
represent contrast in a much more linear fashion than would
burst firing. There is support for this from receptive field
studies of cells in the cat’s lateral geniculate nucleus because
there is considerably more response linearity in tonic than in
burst firing (Guido et al. 1992, 1995; Sherman 1996). Also, the
conclusion that burst firing is largely like an on-off switch—
there is no response at all for subthreshold stimuli and a nearly
fixed response for all suprathreshold stimuli—while tonic fir-
ing involves graded responses would suggest that a burst
response would more clearly signal the presence of or change
in a stimulus than would tonic firing. This, too, has been shown
with in vivo studies because burst firing is better for signaling
the detection of a novel or changed stimulus than is tonic firing
(Guido et al. 1995; Sherman 1996).

Although our data indicate that burst firing would produce a
similar response for a wide range of amplitudes of activating
ESPSs, this happens only when the amount of deinactivation,
or hT, is the same. Our data also indicate that the amount of
deinactivation does have an effect on the size of the Ca21 spike
(Fig. 7). However, over a large range of initial membrane
potentials, the effect is small. There is thus little effect on the
number of action potentials activated (Fig. 3) and thus the
signal relayed to cortex. During in vivo recording in both
anesthetized and awake preparations (Guido and Weyand
1995; Guido et al. 1992), geniculate relay cells switch between
burst and tonic firing, presumably under the control of inputs
from cortex and brain stem that modulate membrane potential
and thus the level of deinactivation (Lu et al. 1993; McCor-
mick 1992; Sherman 1996; Sherman and Guillery 1996). Thus
for the cell to begin firing in burst mode, there must first be a
prolonged hyperpolarization, which may occur passively from
the withdrawal of excitatory inputs or actively from inhibitory
inputs, and the strength in terms of amplitude and duration of
this hyperpolarization sets the extent of deinactivation. This,
then, controls the amplitude of the burst response to the sub-
sequent activating input to the relay cell. If the hyperpolarizing
process that deinactivates these relay cells is fairly consistent in
the behaving animal, leading to uniform deinactivation, then
the response relayed to cortex in burst mode always would be
fairly constant regardless of the stimulus; if this deinactivating
process is variable, then so would responses in burst mode. At
present, there are no published data on the variability in the
amplitude of burst responses, nor do we understand these
deinactivation processes well enough to predict this.

Latency of the Ca21 spike

Although the intensity of the activating input has little effect on
the amplitude of the burst response, it does affect the response
latency, at least for smaller suprathreshold inputs (Figs. 8,C and
D, and 9). The latency dependence comes from the interaction
between the initial ohmic response and the voltage-dependent
gating of IT. According to voltage-clamp data, the activation
gating ofIT is sigmoidal, rising exponentially with voltage from
zero to its half activation around260 mV, with a ‘‘width’’
parameter of 6.2 mV. Conductance has an even steeper rise with
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voltage because, in Hodgkin-Huxley-like descriptions, it depends
on some power (2 in our model) of the activation variable,mT, for
the conductance ofIT. The activation gating is fast, but the
activation level is so small (i.e., deactivated) in this low-voltage
regime (even with inactivation removed) that when the ohmic
depolarization enables recruitment ofIT to begin, the growth of
membrane voltage is very slow. For subthreshold inputs, the
ohmic component (leakage plus injected current) becomes out-
ward and dominates the weakIT. Strong suprathreshold inputs
mean that the voltage is more quickly brought into the range
where the autocatalytic growth ofIT occurs, and latency is short
(as in Fig. 12). Over a narrow range of just suprathreshold depo-
larization, the competition between the ohmic and small inwardIT
means slow growth of membrane voltage until the nonlinear
exponential rise ofIT wins over the linear voltage dependence of
leakage current. The latency is enhanced further because during
the slow depolarization before initiation of the Ca21 spike,IT can
inactivate somewhat (as seen in Fig. 9). A complementary account
of these latency effects in a relay cell model is offered by Rose
and Hindmarsh (1989) using the instantaneousI-V relation and
phase plane concepts. Our explanations of latency do not invoke
any opposing active K1 currents, such asIA. We have demon-
strated in our model withIA blocked or with its inactivation
slowed (see Fig. 10) that the long latency seen for just supra-
threshold inputs is a property solely ofIT.

The implication of this seems obvious: the timing of re-
sponses relayed to cortex in burst mode must be very unreliable
for near threshold stimuli. One prediction is that a cell firing in
burst mode to low contrast stimuli would respond with a highly
variable and long latency, but responses to high contrasts
would show shorter latencies with less variation. How this
latency behavior of burst firing for geniculate relay cells affects
visual processing needs to be explored further. For instance, it
is well known that it takes less time in psychophysical exper-
iments to detect stimuli expected to evoke greater firing in
retinal inputs, such as brighter stimuli (Alpern 1954; Lennie
1981; Wilson and Lit 1981) or stimuli with higher contrast
(Harwerth and Levi 1978), and perhaps this property of burst
firing contributes to this phenomenon.

Theoretical considerations on firing threshold
for Ca21 spikes

FitzHugh (1960, 1969) described two basic types of thresh-
old behaviors in excitable membranes. A quasithreshold phe-
nomenon is characterized by a finite latency and a continuous
dependence of response amplitude on stimulus strength. In
contrast, a singular-point threshold phenomenon exhibits infi-
nite latency and a discontinuous stimulus-response curve. The
latter type is associated with a steady-state current-voltage
relation that is N-shaped as elaborated by Rinzel and Ermen-
trout (1989). The standard Hodgkin-Huxley model has the
former type of excitability as does our minimal model. Com-
parison of these theoretical notions and our experimental data
suggest that the relay cells that we observed also had the
quasithreshold behavior, although with a very steep stimulus-
response dependence. This means that one should in principle
be able to evoke, using finely tuned stimuli, graded responses.
Because of these rigorous distinctions we have throughout the
paper referred to the relay cell’s responsiveness as ‘‘nearly’’ all
or none. If the continuous nature of the response amplitude is
in question, it can sometimes be exposed by adjusting other

stimulus or environmental parameters, such as the holding
level of hyperpolarization for relay cells (as we have done in
Fig. 11) or, for example, temperature in the Hodgkin-Huxley
model and space-clamped squid giant axon (Cole et al. 1970;
FitzHugh 1966).

Although our model is based on voltage-clamp data, it is
idealized: for example, the cable properties of relay cells are
ignored. Although relay cells are relatively compact electro-
tonically, we expect that some aspects of Ca21 spike genera-
tion are affected by the spatial distribution of T channels
underlyingIT and those for other intrinsic currents, as well as
ionotropic and metabotropic receptors activated by various
synaptic inputs. This deserves study. There is good evidence
that much ofIT is of dendritic origin (Destexhe et al. 1998;
Munsch et al. 1997; Zhou et al. 1997). One expects that the
membrane voltage versus current curves to be right-shifted if
somatic inputs are delivered andIT is distally (i.e., largely
dendritically) distributed (see Destexhe et al. 1998). Perhaps
the additional time needed for recruitment whenIT is remote
might contribute to longer latencies as well.

It also would be useful to explore further with compartmen-
tal modeling the extent ofIT recruitment that underlies variable
latency responses. Our single compartment model shows re-
ducedIT for longer latency responses (Fig. 8A and implied by
Fig. 11 because dV/dt is mostly due toIT during the upstroke
of the Ca21 spike). If significant Ca21 entry is associated with
burst mode the ability to grade, this entry could have functional
significance. However, we see little suggestion of a gradedIT
in our experimental results (as interpreted in our experimental
dV/dt vs. V plots, which have not been shown). It will be
interesting to learn, with future modeling studies, why this is
not seen. Perhaps the segregation ofIT to distal sites away from
our stimulating electrode ensures more autonomous burst re-
sponses and thus could explain as well the extreme lack of
response amplitude dependence on stimulus in our experiments
as compared with modest dependence in the theory.

Conclusions

We have shown that activation of the Ca21 spike behaves
qualitatively like that of conventional Na1/K1 action poten-
tials, with a quasithreshold for voltage, a nearly all-or-none
appearance, and a variable latency around threshold that drops
precipitously with increasing intensity of activation. The major
features of our experimental observations from current-clamp
recording are supported by simulations in a reduced model
based on voltage-clamp data. These properties of geniculate
relay cells, which presumably extend generally to thalamic
relay cells, have important implications for relay of informa-
tion through thalamus to cortex.

One implication is that the relay of information during burst
firing should be highly variable in time with near threshold
stimuli but become much more stable with stronger activating
inputs. Our results also suggest that when relay cells fire in
burst mode as a result of being activated from hyperpolarized
levels by their driving inputs, the response relayed to cortex is
either zero, if the driving input is subthreshold, or a burst that
is largely invariant in amplitude over a wide range of supra-
threshold inputs. This contrasts sharply with tonic responsive-
ness when relay cells fire as a result of being activated from
depolarized levels by their driving inputs: here the response
relayed to cortex is graded over a large range of input inten-
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sities. Thus a relay cell during burst firing is geared to signal
rather dramatically the presence of or sudden change in its
driving inputs (e.g., a novel visual stimulus in the receptive
field of a geniculate relay cell), whereas during tonic firing it
would more readily signal continuous changes in its driving
inputs. This notion is consistent with a previous suggestion
from receptive field studies that tonic firing of geniculate cells
provides a more linear relay better adapted to analyzing a
stimulus faithfully, whereas burst firing provides better stimu-
lus detectability (Guido et al. 1995; Sherman 1996).
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HERNÁNDEZ-CRUZ, A. AND PAPE, H.-C. Identification of two calcium currents
in acutely dissociated neurons from the rat lateral geniculate nucleus.J. Neu-
rophysiol.61: 1270–1283, 1989.

HILLE, B. Ionic Channels of Excitable Membranes.Sunderland, MA: Sinauer
Associates, 1992.

HUGUENARD, J. R.AND MCCORMICK, D. A. Simulation of the currents involved
in rhythmic oscillations in thalamic relay neurons.J. Neurophysiol.68:
1373–1383, 1992.

HUGUENARD, J. R.AND MCCORMICK, D. A. Electrophysiology of the Neuron.
New York: Oxford, 1994.
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