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Summary. Prior studies of thalamic neurons have dem- 
onstrated that they exhibit at least two response 
modes: a relay mode and a burst mode. During the relay 
mode, sensory information is faithfully relayed to cortex; 
during the burst mode, which is caused by a voltage- 
dependent Ca 2 + conductance, this relay of sensory in- 
formation is interrupted. We began in vivo studies of 
these response modes in neurons from the lateral genicu- 
late nucleus of anesthetized, paralyzed cats. Each of the 
9 X and 10 Y cells we recorded intracellularly displayed 
voltage-dependent, low threshold spikes that were 
presumably the Ca/+ spikes described from in vitro re- 
cording. These spikes were triangular in waveform and 
typically had 2-7 fast action potentials (interspike inter- 
vals of 1.2~4 ms) riding its crest. Furthermore, the cell's 
membrane had to be hyperpolarized to de-inactivate the 
low threshold spike before a depolarization could then 
activate it. We could activate these low threshold spikes 
in Y cells from EPSPs, whether spontaneous or evoked 
from activation of the optic chiasm. However, in only 
one of the X cells could we activate low threshold spikes 
from chiasm shock; in the remainder, we could activate 
low threshold spikes only via depolarizing current pulses, 
possibly because the EPSPs of these X cells were too 
small to activate these spikes. We also used extracellular 
recording to study spontaneous activity and responses to 
chiasm shock from 114 geniculate neurons and, as a 
control, 57 optic tract axons. We concentrated on 
periods of bursty responsiveness signifying the burst 
mode. We define a burst as 2-7 action potentials with 
interspike intervals < 4 ms, and the bursts are separated 
by> 100 ms; from our intracellular recording, we know 
that such bursts signify low threshold spikes. We found 
that, during extracellular recording, 20 of the 39 X cells 
and each of the 75 Y cells displayed evidence of the burst 
response mode, although burst periods were rare in X 
cells. Electrical activation of the optic chiasm greatly 
enhanced the burstiness of Y cells for periods of 500 ms 
or more. We also electrically stimulated the parabrachial 
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region of the midbrain, which provides a mostly choliner- 
gic innervation to the lateral geniculate nucleus. Al- 
though parabrachial activation by itself had no detect- 
able effect on Y cell response modes, prior parabrachial 
activation prevented the enhanced burstiness caused by 
chiasm stimulation. This parabrachial effect lasted for 
roughly 500 ms after stimulation. Neither chiasm nor 
parabrachial stimulation, singly or in combination, had a 
noticeable effect on the bursting activity of X cells. Final- 
ly, none of the extracellularly recorded retinogeniculate 
axons (23 X and 34 Y) showed any evidence of burst 
responses. This supports the conclusion that the burst 
responses we found for geniculate neurons represent an 
emergent property of the lateral geniculate nucleus, and 
this burstiness reflects an interruption of retinogeniculate 
transmission. We conclude that geniculate X and Y cells 
do indeed show evidence during extracellular recording 
of maintaining two very different response modes and 
that, under our recording conditions, Y cells are much 
more prone to burst activity than are X cells. 
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Introduction 

We now know that the mammalian lateral geniculate 
nucleus is not a simple, machine-like relay of retinal 
information to cortex (cf. Singer 1977; Burke and Cole 
1978; Sherman and Koch 1986, 1990; Steriade and Lli- 
ntis 1988). Instead, geniculate cells receive the vast major- 
ity of their synaptic input from nonretinal sources, and 
these influence geniculate neurons to control the gain of 
retinogeniculate transmission (reviewed in Sherman and 
Koch 1986, 1990). These nonretinal afferents include 
local inhibitory inputs, afferents from the visual cortex, 
and inputs from various regions of the brainstem. The 
local inhibitory inputs use y-amino-butyric acid (GABA) 
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as their neurotransmitter,  and most important  among the 
brainstem inputs are axons that emanate from the mid- 
brain parabrachial region and use acetylcholine (ACh) as 
their neurotransmitter (Sillito et al. 1983 ; De Lima et al. 
1985; De Lima and Singer 1987; McCormick and Prince 
1987; Smith et al. 1988; Steriade et al. 1988; reviewed in 
Sherman and Koch 1986, 1990; Steriade and Llinfis 
1988). 

An important  element in the control of  retinogenicu- 
late transmission by nonretinal afferents is their influence 
on the variety of  membrane conductances exhibited by 
thalamic relay cells. These conductances greatly affect 
the responses of  these cells to sensory inputs. One of  the 
most dramatic of  these conductances is the low threshold'  
Ca 2+ spike (Jahnsen and Llinfis 1984a, b). This is a 
voltage-dependent increase in conductance to Ca 2+, 
which leads to a spike-like depolarization of  the cell. It 
is called "low threshold", because its initiation threshold 
is lower than that of  a conventional action potential. 
However, when the membrane is kept more depolarized 
than roughly - 6 5  mV, this Ca z+ conductance becomes 
inactivated; the membrane must be hyperpolarized below 
this level for at least 50-100 ms to de-inactivate the 
conductance so that the next sufficiently large de- 
polarization will activate it. This low threshold spike 
typically has a high frequency burst of  2-7 conventional 
action potentials riding on its peak. 

When the cell does not  display these low threshold 
spikes, it is said to be in the relay mode, because it is then 
capable of  faithfully relaying sensory input to cortex. 
However, these low threshold spikes, once initiated, tend 
to occur at more or less regular intervals and produce 
high frequency bursts of  several conventional action 
potentials; the low threshold spikes and associated bursts 
of  action potentials are separated by silent periods of  100 
ms or more (Jahnsen and Llinfis 1984a,b; Sherman and 
Koch 1986, 1990; Steriade and Llinfis 1988). Under  these 
conditions, the cell is said to be in the burst mode, and 
it cannot  faithfully relay sensory information to cortex, 
because the bursts no longer reflect the firing pattern of  
the neuron's sensory afferents. Thus the presence or ab- 
sence of  low threshold spikes would greatly affect the 
transmission of  sensory signals through thalamus to 
cortex. 

Phenomena that we can, in retrospect, attribute to 
low threshold spikes have an extensive history for 
thalamic neurons, including those of  the lateral genicu- 
late nucleus. Thus burstiness associated with sleep or low 
levels of  arousal has been repeatedly described from 
extracellular recording of  geniculate neurons for some 
time (Hubel 1960; Hubel and Wiesel 1961; McCarley et 
al. 1983). Also, it now appears that the "delayed de- 
polarizing potential" reported by McIlwain and Creutz- 
feldt (1967) f rom "quasi-intracellular" recording was, in 
fact, the low threshold spike. More  recently, low thresh- 
old spikes have been recorded in vitro from the lateral ge- 
niculate nuclei of  rodents and cats (Jahnsen and Llinfis 
1984a,b; McCormick and Prince 1987; McCormick and 
Pape 1988; Crunelli et al. 1989), and in vivo in cats from 
a variety of  thalamic nuclei, including the lateral geni- 
culate nucleus (cf. Desch~nes et al. 1984; Hu et al. 1989a-c; 

reviewed in Steriade and Llin~is 1988). We are also 
beginning to learn something about  the control of  low 
threshold spiking in thalamic neurons. McCormick and 
Prince (1987) demonstrated in vitro that ACh can re- 
gulate the low threshold spike. The main cholinergic 
input to geniculate relay cells in the cat emanates from 
the parabrachial region of  the midbrain, and Hu et al. 
(1989a-c) have recently provided in vivo examples in 
which parabrachial activation can inhibit low threshold 
spikes of  geniculate relay cells. 

However, there has not  yet been a systematic in vivo 
description of  these properties for geniculate relay cells. 
We thus sought to initiate a systematic study of  these 
phenomena of  low threshold spiking and possible control 
from parabrachial afferents in an in vivo preparation of 
the cat's lateral geniculate nucleus. A further rationale 
for our approach derives from the fact that the cat's 
visual pathways from the retina through the lateral genic- 
ulate nucleus to visual cortex are organized into two 
fairly independent neuronal streams known as the X and 
Y pathways (Lennie 1980; Stone 1983; Sherman 1985; 
Shapley and Lennie 1985), and the mechanisms and 
substrates underlying retinogeniculate transmission dif- 
fer between these X and Y pathways (reviewed in Sher- 
man and Koch 1986, 1990; see also Lo and Sherman 
1989). We thus paid particular attention to any differen- 
ces between geniculate X and Y cells in terms of  low 
threshold spikes and their control from the parabrachial 
region of  the midbrain. 

M a t e r i a l  a n d  m e t h o d s  

We recorded intracellularly and extracellularly from neurons of the 
cat's lateral geniculate nucleus and from retinogeniculate axons, 
using techniques that were slightly modified from our previous 
descriptions (Bloomfield et al. 1987; Bloomfield and Sherman 1988; 
Lo and Sherman 1989). The cats were initially anesthetized either 
with barbiturate (33 mg/kg i.p.) or with 4% Halothane in a 50/50 
mixture of N20/O 2 for all surgery, including the introduction of 
venous and tracheal cannulae and the formation of craniotomies. 
We then paralyzed and anesthetized the cats for the remainder of 
the recording session. For paralysis, we administered 5 mg galla- 
mine triethiodide followed by 3.6 mg/h gallamine triethiodide plus 
0.7 mg/h of d-tubocurarine. For anesthesia, we used a 70/30 mixture 
of N20/O 2 supplemented with either the addition of 1 mg/kg/h 
Nembutal to the intravenous infusion or with 0.3-1.0% Halothane. 
Supplemental Nembutal was used only in cats that were initially 
induced with Nembutal. This variation in anesthesia was used as a 
partial control for the effects of anesthesia on retinogeniculate 
transmission (see Results). The cats were artificially ventilated. 
End-tidal CO 2 was monitored and kept near 4%, and body tem- 
perature was monitored and kept near 37 ~ C. Heart rate and EEG 
were also monitored throughout. 

We used fine-tipped micropipettes filled with 3 M NaC1 or KAc 
to record extracellularly and/or intracellularly from the geniculate 
neurons. For experiments aimed at intracellular recording, we be- 
veled these electrodes to a final impedance of 30-60 M~ at 100 Hz, 
and for extracellular recording, we beveled to a somewhat coarser 
tip (i.e., 10-30 MY~ at 100 Hz). We recorded electrophysiological 
activity through a high-impedance amplifier equipped with a bridge 
and current injection circuitry. When performing intracellular stu- 
dies, we deemed a neuronal impalement suitable for further analysis 
if we observed a rapid DC drop to a resting membrane potential of 
- 50 mV or more negative, a stable resting membrane potential, and 
a neuronal input resistance of >_ 10M~ (Bloomfield and Sherman 
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1988); we also required that spontaneously occurring action poten- 
tials be typically > 40 mV, although we noted that action potential 
amplitude was somewhat variable during a given penetration and 
that it often became temporarily smaller, particularly during 
periods of high responseviness or when action potentials rode large 
depolarizations like the low threshold spike (see Results). All re- 
cordings were displayed on an oscilloscope and stored on an FM 
tape recorder for off-line analysis and possible computer averaging. 

We inserted one pair of bipolar stimulating electrodes into the 
brain to straddle the optic chiasm, and in most experiments, we also 
placed several pairs of such electrodes into the visual cortex. We 
applied single pulses (0.1 ms duration, 100-500 gA, < 1 Hz) across 
these electrodes. The optic chiasm electrodes were used to activate 
geniculate cells orthodromically from the optic tract; the cortical 
electrodes were used to activate these cells antidromically and there- 
by identify relay cells. For the extracellular recording experiments, 
we also inserted a pair of stimulating electrodes into the brainstem 
at A: 0, L: 2-4, and D : -- 19, an area representing the midbrain para- 
brachial region (Uhlrich et al. 1988). We stimulated this para- 
brachial region with square-wave pulse trains (100-500 gA at 
330 Hz and 50-80 ms duration) to activate its ascending input 
to the lateral geniculate nucleus (for reviews of the latter, see Sin- 
ger 1977; Burke and Cole 1978; Sherman and Koch 1986, 1990; Ste- 
riade and Llinfis 1988). 

We presented flashed or moving targets on a frontal tangent 
screen to map neuronal receptive fields. We also introduced contrast 
modulated sinusoidal gratings into the receptive field to assess the 
spatial and temporal linearity of summation for the recorded neu- 
rons. The gratings were generated on a cathode ray tube with a 
maximum contrast of 0.6, a space average luminance of 40 cd/m 2, 
a modulation rate of 2 Hz, and a spatial frequency that could be 
continuously varied. All of the cells reported here were located in 
the A-laminae of the lateral geniculate nucleus (for an analogous 
report of C-laminae neurons, see Lo and Sherman 1990). For each 
of these cells, we identified the neuronal class (X or Y cell, on or 
off center). The X/Y identification was based on a battery of tests, 
including linearity of summation in response to the grating stimuli, 
receptive field center size, and response latency to optic chiasm 
stimulation (Lennie 1980; Stone 1983; Sherman 1985; Shapley and 
Lennie 1985). 

Results 

Overall, we recorded f rom a total o f  133 geniculate neu- 
rons, 19 intracellularly and 114 extracellularly. The in- 
tracellular recording included 9 X and 10 Y cells, and the 
extracellular recording included 39 X and 75 Y cells. We 
also recorded extracellularly f rom 57 retinogeniculate 
axons, including 23 X and 34 Y cells. The intracellular 
and extracellular data  were obtained f rom separate ex- 
periments using slightly different techniques (see Materi- 
als and methods). These geniculate neurons and reti- 
nogeniculate axons exhibited on or off center receptive 
fields in the expected proport ions,  but since we detected 
no other response proper ty  that  correlated with on or off 
center type, we pooled across these center types for data  
analysis. 

Intracellular responses of  geniculate neurons 

Our requirements for successful intracellular recording 
as described in Materials and methods were met  for 19 
neurons of  the lateral geniculate nucleus, 9 X cells and 
10 Y cells, all recorded in the A-laminae. We investigated 
each of  these cells for the presence of  electrical behavior 

reflecting low threshold Ca 2 + spikes. I t  is important  to 
emphasize that, due to the nature of  our in vivo record- 
ing, it was not possible to reveal the ionic basis of  any 
recorded neuronal  responses. Consequently, we could 
not demonstrate  that  the membrane  voltage changes we 
observed were based on a conductance change to Ca 2 + 
or any other specific ion. We instead relied on previously 
published criteria f rom in vitro recording (Jahnsen and 
Llinfis 1984a,b; McCormick  and Prince 1987; Crunelli 
1989) to determine the presence of  voltage behavior  in- 
dicative of  low threshold Ca 2 + spikes (see also Desch6nes 
et al. 1894; Hu  et al. 1989a-c). Such spikes exhibit a 
triangular depolarization of  1 ~ 2 0  mV in amplitude and 
roughly 40 ms in duration. They occur with nearly all-or- 
none behavior and a threshold somewhat  below that for 
a conventional action potential. A burst of  2-7 action 
potentials with interspike intervals of  < 4  ms typically 
rides on its crest. Finally, the low threshold spike displays 
a voltage dependency such that  membrane  voltages more 
depolarized than about  - 6 5  mV inactivate it, and only 
a depolarization f rom more hyperpolarized levels can 
activate it. We shall thus refer to these voltage responses 
simply as "low threshold spikes" and shall reconsider 
their relationship to low threshold Ca 2 + spikes in Dis- 
cussion. 

Every one of  the geniculate cells we studied exhibited 
low threshold spikes. It  is also interesting in the context 
of  the extracellular data  presented below that  burstiness 
in the action potential discharges of  these neurons re- 
corded intracellularly appeared only in association with 
low threshold spiking. In our description of  these ex- 
tracellularly recorded data, we note that occasional 
bursts of  action potentials are characterized by interspike 
intervals of  < 4  ms followed by silent periods of  > 100 
ms. During intracellular recording, we never observed 
such short interspike intervals separated by silent periods 
except for action potentials riding the crests of  low 
threshold spikes; we did observe such short interspike 
intervals during occasional epochs when a neuron's  
membrane  potential  was artificially depolarized by cur- 
rent injection, but the silent periods characteristic of  the 
burstiness were not  then evident. We thus conclude that 
the burstiness we recorded extracellularly reflects low 
threshold spiking. 

Fig. 1 illustrates a typical low threshold spike record- 
ed f rom a Y cell. In this case the membrane  was held at 
- 8 0  mV, which was a sufficiently hyperpolarized level 
to de-inactivate the spike. Also, at this level, the excita- 
tory postsynaptic potential  (EPSP) evoked monosynap-  
tically by electrical stimulation of  the optic chiasm was 
sufficient to trigger the low threshold spike roughly half  
the time. When this spike was not activated, only the 
evoked EPSP was clearly seen. At  a membrane  potential  
of  - 80 mV, the inhibitory postsynaptic potential (IPSP), 
which begins soon after the EPSP, was very close to its 
reversal potential  and thus could not be clearly seen 
(Eysel 1976; Bloomfield and Sherman 1988). Fig. 1A 
shows two superimposed traces: the thicker trace (la- 
beled a) shows a low threshold spike, and the thinner 
trace (labeled b) shows only the evoked EPSP. Notice 
that the threshold for the low threshold spike (horizontal 
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Fig. 1A, B. Example of a low threshold spike recorded from a 
geniculate Y cell. Action potentials in this figure, and others, are 
slightly clipped due to digitization of the recorded data. The cell 
membrane was held at - 8 0  mV. At this membrane level, the low 
threshold spike was de-inactivated, and stimulation of the optic 
chiasm produced an EPSP that was sufficiently large to activate this 
spike roughly half the time. A Two superimposed traces showing 
responses to activation of the optic chiasm (vertical arrow). A low 
threshold spike is evoked in the thicker trace (a), with three action 
potentials riding its crest. In the thinner trace (b), only an EPSP is 
evoked from chiasm shock. The threshold for activation of the low 
threshold spike (horizontal arrow with single head) is 5-10 mV more 
hyperpolarized than the threshold for action potentials (horizontal 
arrow with double head). B Low threshold spike in isolation, 
achieved by subtracting the two traces (b from a) in A 

arrow with single head) is roughly 10 mV below that for 
the action potentials (horizontal arrow with double head). 
Fig. 1B, which represents the difference between traces 
a and b in Fig. 1A, shows the low threshold spike some- 
what more clearly by isolating it from the shock artifact 
and EPSP. 

For several reasons, we interpret the larger evoked 
depolarization of Fig. 1 as a low threshold spike and not 
an EPSP component that is occasionally evoked. First, 
this larger depolarization shows a fairly sharp voltage 
dependency for de-inactivation and activation (see 
above), which is not characteristic of EPSPs. Second, the 
amplitude and time course of the larger depolarization, 
especially as revealed in Fig. 1B, is identical to the low 
threshold spike evoked by current injection (see below) 
and quite different from any EPSP seen. Third, the burst 
of action potentials riding the crest of the larger de- 
polarization is a signature of low threshold spikes and 
was never seen in association with EPSPs. Thus by ad- 
justing the membrane potential in this way in other 
neurons to the point at which EPSPs were evoked in 
isolation on some trials and low threshold spikes on 
others, we could readily identify the evoked low thresh- 
old spikes. 

X cells. All 9 X cells were tested for the presence of low 
threshold spikes in the manner depicted by Fig. 2, and 
each of these exhibited such spikes. Fig. 2 shows the 
voltage dependency for the low threshold spike in a 
typical X cell. At membrane potentials more depolarized 
than about - 6 5  to - 7 0  mV for this cell, which had a 
resting potential of - 60 mV, no low threshold spike was 
seen to the depolarizing current pulses (Fig. 2A,B). When 
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Fig. 2A-E. Demonstration of voltage dependency to de-inactivate 
the low threshold spike for an X cell. Current was injected into the 
cell during the time between the dashed vertical lines, and the 
amount of current injected is indicated to the right of each trace. 
A-C Failure to de-inactivate the low threshold spike. Depolariza- 
tions of the membrane by injected current or action potentials failed 
to elicit a low threshold spike, because the membrane had not been 
sufficiently hyperpolarized to de-inactivate it. D Near threshold for 
de-inactivation of the low threshold spike. Repolarization following 
cessation of the current pulse leads to a small overshoot that might 
represent a small low threshold spike. E Unambiguous de-inactiva- 
tion of the low threshold spike. Thus passive repolarization of the 
membrane after cessation of the current pulse activates a low 
threshold spike (arrow) 

hyperpolarized to - 7 0  mV (Fig. 2D), the subsequent 
repolarization led to a small overshoot that might have 
been a small low threshold spike. However, if the 200 ms 
hyperpolarizing current pulse was large enough to hyper- 
polarize the cell to - 82 mV (Fig. 2E), it reliably de-inac- 
tivated the low threshold spike so that the subsequent 
repolarization activated it (arrow). 

Despite the fact that we could routinely elicit low 
threshold spikes in each of the 9 X cells by intracellular 
current injections, in which we first hyperpolarized the 
cell to de-inactivate the spikes and then activated them 
by releasing the hyperpolarizing current, we found such 
low threshold spikes to be extremely rare for recording 
epochs during which injected currents were held con- 
stant. That is, if spontaneous or evoked EPSPs were the 
only depolarizing events present, threshold was rarely 
reached and low threshold spikes were thus rarely ac- 
tivated. In fact, for 8 of the 9 X cells, even when their 
membrane potentials were at a level to de-inactivate low 
threshold spikes, as determined by current injection, 
chiasm stimulation never activated a low threshold spike. 
As noted below, this contrasts with the behavior of Y 
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cells, for which low threshold spikes were routinely ac- 
tivated from chiasm shock. 

The one exceptional X cell is illustrated in Fig. 3, 
which shows responses to chiasm stimulation as a func- 
tion of  membrane potential. At a membrane potential of  
- 5 5  mV (Fig. 3A), chiasm shock regularly elicits an 
EPSP that produces an action potential at a latency of  
2.1 ms. At - 7 0  mV (Fig. 3B), which is slightly too 
depolarized to de-inactivate the low threshold spike, an 
EPSP is evoked by chiasm activation, and occasionally 
this EPSP produces an action potential. At - 8 0  mV 
(Fig. 3C), which de-inactivates the low threshold spike, 
the EPSP evoked from chiasm stimulation reliably ac- 

A -55mV 

t 

J 
J_ 

B -70mV 

tivates a low threshold spike, and riding on each is a 
brief, high frequency burst of  action potentials. The 
other 8 X cells, when tested similarly, never responded 
with a low threshold spike to chiasm stimulation and 
instead simply produced fewer action potentials as their 
membrane potentials were increasingly hyperpolarized. 

Y cells. As did the X cells, every one of  the 10 Y cells 
tested displayed clear evidence of  low threshold spikes. 
Fig. 4 shows the voltage dependency of  the low threshold 
spike for a representative Y cell. The resting membrane 
potential for this cell was - 55 mV. As in Fig. 2 for the 
X cell example, a depolarization activates a low threshold 
spike in this Y cell only if the membrane is sufficiently 
hyperpolarized prior to the depolarization (Fig. 4E). 

A key difference between the X and Y cells in our 
sample is found in the ability of  chiasm stimulation to 
activate low threshold spikes. For  only 1 of  the 9 X cells 
could such an ability be demonstrated, and this cell is 
illustrated in Fig. 3. However, for each of  the 10 Y cells, 
chiasm shock reliably activated low threshold spikes. 
This difference between X and Y cells is statistically 
significant (p < 0.001 on a zZ-test). 

Fig. 5 illustrates a typical example for the Y cell 
population, and it is comparable to the illustration of  the 
X cell in Fig. 3. At a membrane level of  - 50 mV (Fig. 
5A), no low threshold spikes were evident, and the cell 
responded 1.3 ms after every chiasm shock with an action 
potential that was then followed by an IPSP. At a polar- 
ization level of  - 6 0  mV (Fig. 5B), the cell produced no 

t 
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Fig. 3A-C. Effects of membrane voltage on responses to activation 
of the optic chiasm in an X cell. The shock artifacts are indicated 
by the arrows, and the membrane was held at different voltage levels 
by intracellular current injection prior to chiasm shock. A Mem- 
brane voltage level of -55 mV. B Membrane voltage level of 
-70  mV. C Membrane voltage level of -80  mV. In this cell, 
-80 mV reliably de-inactivated the low threshold spike, and 
chiasm shock at this membrane voltage level reliably activates low 
threshold spikes 
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Fig. 4A-E. Demonstration of voltage dependency to de-inactivate 
the low threshold spike for a Y cell; conventions as in Fig. 2. Only 
in E was sufficient hyperpolarizing current injected into the neuron 
to de-inactivate the low threshold spike (arrow) reliably 
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Fig. 5A-D. Effects of membrane voltage on responses to activation 
of the optic chiasm in a Y cell; conventions as in Fig. 3. The 
amplitude of action potentials was particularly variable during this 
recording (see Materials and methods). A Membrane voltage level 
of - 50 mV. B Membrane voltage level of - 60 inV. C Membrane 
voltage level of - 70 mV. This membrane voltage was close to the 
level needed to de-inactivate the low threshold spike, and such 
spikes were commonly activated (asterisks), but only 50-250 ms 
after the chiasm shock (see text for details). D Membrane voltage 
level of -80  mV. At this membrane voltage, low threshold spike 
were reliably de-inactivated, and the EPSP evoked from chiasm 
shock activates them in the top two traces (asterisks). An exception 
to this is seen in the bottom trace due to a prior spontaneous low 
threshold spike (asterisks), because these spikes never occurred 
with an interval of less than 100 ms between them 

clear low threshold spikes, and an action potential plus 
IPSP sequence usually began 1.3 ms after the chiasm 
shock, although occasionally only the EPSP and subse- 
quent IPSP were seen. Fig. 5D shows that, if the cell is 
further hyperpolarized to - 80 mV, thus de-inactivating 
the low threshold spike reliably, chiasm shock fairly 
regularly activates a low threshold spike from the mono-  
synaptic EPSP. 

Although we have not yet had the opportuni ty to 
study it systematically, we found in a number of  our 
intracellular recordings of  Y cells that, if  we hyper- 
polarized the cell to a potential very close to that needed 

to de-inactivate the low threshold spike, such spikes 
could often be activated by spontaneous EPSPs. An 
example of  this phenomenon is shown in Fig. 5C after the 
cell was hyperpolarized to - 7 0  mV. Low threshold 
spikes were evoked in the two lower traces (asterisks) at 
a relatively constant interval after the chiasm stimula- 
tion. In this example, the EPSP evoked monosynaptically 
from the chiasm shock failed to evoke a low threshold 
spike, possibly because the ensuing IPSP was needed to 
de-inactivate the spike more completely; in other ex- 
amples (not illustrated), the monosynaptic EPSP as well 
as subsequent spontaneous EPSPs could activate low 
threshold spikes. 

Fig. 5D illustrates another interesting phenomenon. 
Although chiasm shock regularly evoked low threshold 
spikes when the cell was hyperpolarized to - 80 mV, such 
spikes spontaneously activated by EPSPs at other times 
are exceedingly rare at this membrane potential. How- 
ever, an example of  such a spontaneously occurring low 
threshold spike is shown in the bot tom trace of  Fig. 5D 
just before the chiasm shock, and, for this neuron, this 
was the only example out of  more than 20 recorded 
chiasm shocks that failed to evoke a low threshold spike 
from the monosynaptic EPSP. This suggests that low 
threshold spikes may have a functional "refractory 
period" that limits their frequency of  occurrence (see also 
Jahnsen and Llin~ts 1984a,b), and we never saw two such 
spikes separated by less than 100 ms in any responses 
from our neuronal sample. 

Extracellular responses of  geniculate neurons 

Typical examples of X and Y cell responses. As noted in 
Introduction, geniculate neurons can display one of  two 
response modes: relay mode or burst mode. We opera- 
tionally defined the burst mode as noted above (i.e., 
epochs of  2-7 action potentials with interspike intervals 
of  < 4  ms, with the burst epochs separated by silent 
periods of  > 100 ms). These different modes have very 
different consequences for retinogeniculate transmission 
(Sherman and Koch 1986, 1989; Steriade and Llinfis 
1988; Hu et al. 1989a-c; see also Discussion). Figs. 6 and 
7 illustrate for a typical geniculate X and Y cell the major 
observations of  our extracellular recording in this study, 
and most of  the remainder of  Results is devoted to 
further documentat ion of  these observations. 

Fig. 6 shows the responses of  an X cell. During 
spontaneous activity (Fig. 6A), the neuron fired action 
potentials at fairly random intervals. Stimulation of  the 
optic chiasm (Fig. 6B) usually resulted in an action 
potential with a latency of  1.8 ms, and after a variable 
refractory silent period of  100 ms or so, presumably due 
to an IPSP following the evoked action potential (see 
Eysel 1976; Bloomfield and Sherman 1988), the neuron's 
firing pattern became indistinguishable from its pattern 
before chiasm shock. Stimulation of  the midbrain para- 
brachial region, with or without subsequent chiasm ac- 
tivation (Fig. 6C,D), seemed not  to affect the response 
properties of  this cell. In other X cells, we did often see 
an elevated discharge rate after parabrachial activation 
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Fig. 6A-I). Traces of exlracellular recording from a geniculate X 
cell during four different response periods. The arrows point to the 
shock artifacts following activation of the optic chiasm, and the 
asterisks indicate the shock artifacts due to activation of the para- 
brachial region. A Spontaneous activity. B Stimulation of the optic 
chiasm. C Stimulation of the parabrachial region. D Stimulation of 
the parabrachial region followed by optic chiasm shock. Although 
it is difficult to see at this time base, the cell responded to chiasm 
shock in both B and D with a latency of 1,8 ms 

(Bloomfield et al. 1988; Uhlrich et al. 1989), but never 
did such activation induce bursty firing in these cells. In 
any case, the X cell shown in Fig. 6 showed no evidence 
of bursting under any of the illustrated conditions and 
seemed to remain in the relay mode throughout. 

As Fig. 7 illustrates, the Y cell's responses were quite 
different. Fig. 7A shows no evidence of burstiness 
during spontaneous activity, although, as noted below, 
most Y cells exhibited limited periods of burst activity 
during spontaneous firing. However, chiasm activation, 
in addition to evoking an action potential with a latency 
of 1.2 ms, also caused the cell to enter the burst response 
mode in the ensuing 500 ms (Fig. 7B). Interestingly, 
although parabrachial activation alone had no discern- 
ible effect on the Y cell's response pattern (Fig. 7C), 
activation of this midbrain region beginning 100 ms 
before chiasm stimulation prevented the latter from in- 
creasing the neuron's burstiness (Fig. 7D). Thus the Y 
cell can be at least partly switched from the relay mode 

A spontaneousactivity 
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Fig. 7A-D. Traces of extracellular recording from a geniculate Y 
ceil; conventions for A-D as in Fig. 6. The cell responded to chiasm 
stimulation in both B and D with a latency of 1.2 ms 

to the burst mode by activation of the optic chiasm, but 
prior stimulation of the parabrachiaI region blocks this 
chiasm-induced phenomenon. 

We did not systematically test each Y cell for the 
effect on these burst periods of varying the interval be- 
tween parabrachial and chiasm stimulation. We con- 
centrated instead on ensuring that every cell was tested 
with a standard 100 ms interval between the onset of the 
parabrachial activation and the chiasm shock. However, 
we did occasionally vary this interval for 6 of the Y cells, 
and from this we conclude that the effects ofparabrachial 
stimulation (i.e., its ability to counter the tendency for 
chiasm stimulation to evoke burst responses from Y 
cells) last for roughly 500 ms. 

Responses of the X and Y cell populations. To evaluate the 
generality of the X and Y cell examples illustrated in 
Figs. 6 and 7, we constructed interspike interval histo- 
grams for individual neurons and pooled them as fol- 
lows. Each histogram represents the average of six 500 
ms sampling periods chosen during the different con- 
ditions shown in Figs. 6B, D and 7B, D, which corre- 
sponds to the response to activation of the optic chiasm 
alone and the response to this activation when it occurs 
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100 ms after stimulation of the parabrachial region of the 
midbrain. Thus all interspike intervals <20 ms were 
determined, and the ordinates of the resultant histograms 
were divided by six to obtain an average histogram of 
interspike intervals for one 500 ms period. We recorded 
the interspike intervals following optic chiasm stimula- 
tion (as in Figs. 6B and 7B) for every one of the 39 X and 
75 Y cells, and for a subset of 17 X and 25 Y cells we also 
recorded these intervals following stimulation of both 
the parabrachial region and optic chiasm (as in Figs. 6D 
and 7D). 

Fig. 8 shows population histograms derived from 
pooling the interspike interval histograms from in- 
dividual cells as follows. The average histogram for each 
cell provided a single value for each interspike interval, 
and the population histograms reflect the mean + stan- 
dard error for each interval. Note that, while the burst 
periods are represented by interspike intervals of < 4 ms, 
it is possible that some of these short interspike intervals 
do not reflect bursts as we have defined them, because 

these histograms do not reflect the other feature of 
bursts: the lengthy silence between bursts. Nevertheless, 
our qualitative observation is that such short interspike 
intervals rarely occur outside of bursts under our record- 
ing conditions. 

Fig. 8 reveals little evidence of bursting in response 
to chiasm stimulation for the X cell population. That is, 
interspike intervals of < 4 ms represented few of those for 
X cells (8 % of the intervals in Fig. 8A, 15 % in Fig. 8B, 
and 15% in Fig. 8C). Also, Fig. 8B, C shows that the 
additional parabrachial activation caused no statistical 
difference in the occurrence of shorter intervals following 
chiasm shock (p>0.1 on a Z2-test). Y cells, however, 
were induced to burst by chiasm shock (Fig. 8D, E), but 
prior activation of the parabrachial region strongly coun- 
tered this inducement to burst (Fig. 8F). Interspike inter- 
vals of < 4  ms were much more common in Y cells 
responding to chiasm shock alone than to chiasm shock 
after parabrachial activation (57% of the intervals in 
Fig. 8D, 55% in Fig. 8E, and only 27% in Fig. 8F), and 
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Fig. 8A-F. Frequency histograms of interspike intervals for genicu- 
late X and Y cell populations. Each of these histograms represents 
an average of pooled data from individual cells (see text for details), 
and the ordinates of the resultant histograms have been adjusted to 
represent the interspike intervals for an "average" cell during a 500 
ms period. Thus each cell contributes a single datum for each 
interspike interval, and the distance of the dot above each bar 

represents the standard error of these measurements. A-C X cells. 
The average histogram for all 39 neurons following stimulation of 
the optic chiasm only (OX only) is shown in A, and for a subset of 
17, these histograms are shown both for chiasm stimulation alone 
in B as well as for chiasm plus parabrachial activation (OX + PBR) 
in C. D--F Y cells; conventions as in A-C 
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these differences are statistically significant (p < 0.001 on a 
)~2-test). Finally, while chiasm stimulation by itself 
generated a higher proport ion of  these shorter interspike 
intervals in Y cells compared to X cells (p<0.001 on a 
~2-test), the addition of  prior parabrachial stimulation 
removes this difference between cell classes (p > 0.1 on a 
~2-test). 

We further characterized the response properties of  
these cells by computing the probability of  detecting a 
burst discharge in a given 500 ms sampling period, using 
the abovementioned definition for a burst response. The 
burst probability assigned to a given sampling period was 
0 or 1, and these were averaged across at least six ran- 
domly chosen sampling periods for each of  the con- 
ditions tested (no stimulation or various stimulation 
combinations of  the optic chiasm and parabrachial re- 
gion). A probability of  burst discharge was thus com- 
puted for each cell in the different stimulation conditions, 
and these data are summarized in Fig. 9. We found that, 
by our criteria, every single Y cell showed at least some 
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PROBABILITY OF BURST DISCHARGE 
Fig. 9A-D. Frequency histograms of the probability of burst dis- 
charge for geniculate X and Y cells. These probabilities were com- 
puted for each cell and stimulus condition shown. A probability of 
0 means that the cell never exhibited interspike intervals <4 ms 
during any of the 6 or more 500 ms sampling periods; a probability 
of 1 means that every sampling period included at least one such 
interspike interval; and an intermediate probability represents the 
fraction of sampling periods during which at least one such inter- 
spike interval occurred (see text for details). A Burst probabilities 
during spontaneous activity. B Burst probabilities following ac- 
tivation of the optic chiasm. C Burst probabilities following para- 
brachial activation. D Burst probabilities evoked by activation of 
the parabrachial region plus the optic chiasm 

periods of  bursting, particularly in response to chiasm 
activation, but 19 of  the 39 X ceils failed to exhibit a 
single such epoch of  burstiness during any response 
period. This difference between cell types is statistically 
significant (p < 0.001 on a ~2-test). 

The probability of  burst discharges was low for X 
cells in all four stimulus conditions illustrated in Fig. 9, 
and no statistically significant differences were seen 
among these X cell distributions. The mean probabilities 
for the X cells were 0.03 for spontaneous activity, 0.05 
following chiasm stimulation, 0.01 after parabrachial 
stimulation, and 0.01 after parabrachial stimulation fol- 
lowed by chiasm shock. These values for Y cells were, 
respectively, 0.15, 0.83, 0.09, and 0.13. 

We draw several conclusions from these com- 
parisons. First, in the conditions without parabrachial 
stimulation (Fig. 9A, B), Y cells were more likely to burst 
than were X cells (p < 0.001 on the Mann-Whi tney  U-test 
during both spontaneous activity and after chiasm 
shock). Second, parabrachial stimulation (Fig. 9C, D) 
made the burst probabilities much more similar between 
these cell types, although the Y cells remained slightly 
more bursty (p<0.05 for both comparisons on the 
Mann-Whi tney  U-test). Third, as expected from the 
analyses of  interspike intervals, chiasm shock made the 
Y cells much more likely to burst (p<0.001 on the 
Mann-Whitney U-test). Fourth and finally, although 
parabrachial stimulation by itself had little effect on Y 
cell burst probabilities, it counteracted the effects of  
chiasm shock so that parabrachial plus chiasm stimula- 
tion produced a probability of  burst discharge in Y cells 
that was less than that evoked by chiasm shock alone 
(p < 0.001) and not  different from that seen during spon- 
taneous activity (p > 0.1 ; Mann-Whi tney U-test for both 
comparisons). 

As seen from Fig. 9, there was considerable variabil- 
ity among neurons regarding their likelihood of  bursting. 
However, we found no correlation between this variable 
and any other feature that we recorded for these cells, 
including receptive field center size, the on or off nature 
of  the center response, or the response latency to activa- 
tion of  the optic chiasm. We also sought to determine if 
the probability of  burst discharge correlated for in- 
dividual neurons between the two conditions of  spon- 
taneous activity and response to chiasm stimulation. 
Both cell classes displayed a weak but significant correla- 
tion, but, curiously, this correlation was positive for X 
cells ( r=  +0.57;  p<0 .001)  while it was negative for Y 
cells (r = - 0.26; p < 0.05). This difference in correlation 
coefficient between X and Y cells is statistically signifi- 
cant (p<0.001). In other words, X cells most likely to 
burst during spontaneous activity remain so in response 
to chiasm shock, but the reverse is true for Y cells. 
Whatever the explanation for this, it suggests that the 
mechanisms controlling the relay versus burst response 
modes may be quite different for these two cell classes. 

Effects of anesthesia on response modes. A striking finding 
noted above for Y cells is the effect that activation of  the 
parabrachial region can have on the cell's tendency to 
respond in its relay versus burst firing mode. Since the 
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ascending pathways from the brainstem to thalamus 
have been implicated in various forms of  arousal, atten- 
tion, and wakefulness (Burke and Cole 1978; Livingstone 
and Hubel 1981; Sherman and Koch 1986, 1990; 
Steriade and Llinfis 1988), we wondered what affect dif- 
ferent conditions of  anesthesia might have on these re- 
sponse modes. Although this might yield interesting re- 
sults, we were not  prepared to test the effects of  differing 
levels of  anesthesia, because we always maintained our 
preparations under constant and fairly deep anesthesia. 
However, we did vary the type of  anesthesia between 
Halothane and barbiturate (see Materials and methods). 
For  7 of  the tested X cells and 15 of  the Y cells, Halo- 
thane was the anesthetic; for the remaining 32 X and 60 
Y cells, barbiturate was used. We found no discernible 
difference made by the anesthetic on any of  our tests for 
relay versus burst response modes. 

Extracellular responses of  optic tract axons 

It is clear from the above that geniculate neurons can 
often exhibit periods of  bursting activity, that the ten- 
dency to burst is much greater among Y cells than among 
X cellS, and that different stimulus conditions (such as 
optic chiasm and/or  parabrachial stimulation) can alter 
the probability of  a neuron being in its relay or burst 
response mode. As noted earlier, these response modes 
have very different and dramatic effects on retinogenicu- 
late transmission (Sherman and Koch 1986, 1990; 
Steriade and Llinfis 1988). If  this interpretation were 
correct, then the sort of  bursting responsiveness de- 
scribed here should be an emergent property of  geni- 
culate neurons and not  be seen among their retinogeni- 
culate afferents. 

To document this, we analyzed the extracellularly 
recorded responses of  retinogeniculate X and Y axons. 
These axons were recognized on the basis of  several 
criteria: they followed optic chiasm stimulation with 
virtually no latency jitter; the response latencies to such 
stimulation (0.6-1.1 ms for X axons and 0.3~0.8 ms for 
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Fig. 10A, B. Traces from extracellular recording of a retinogenicu- 
late X axon in the optic tract. A Spontaneous activity. B Stimulation 
of the optic chiasm. The shock artifact (arrow) obscures the action 
potential evoked at a latency of 0.8 ms 
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Fig. llA, B. Traces from extracellular recording of a retinogenicu- 
late Y axon in the optic tract; conventions as in Fig. 18. The 
response latency to chiasm stimulation was 0.3 ms 

Y axons) were typically at least 0.5 ms shorter than that 
of  the corresponding class of  geniculate neuron (in our 
sample of  geniculate neurons, 1.6-2.4 ms for X cells and 
0.8-1.5 ms for Y cells); and they could never be anti- 
dromically activated from cortex. Also, most retinal ax- 
ons were recorded in the optic tract subjacent to the 
lateral geniculate nucleus. As noted below, the response 
properties of  these retinal axons differed in several ways 
from those of  their corresponding class of  geniculate cell. 

Figs. 10 and 11 show recordings from a typical X and 
Y axon. These figures illustrate the complete lack of  
burstiness among these retinogeniculate axons, and none 
of  our sample of  these axons displayed any evidence of  
burst responses. That  is, we never saw a single interspike 
interval _< 4 ms in any of  our 500 ms sampling periods 
for the retinogeniculate axons. This is particularly not- 
able for the Y axons following chiasm stimulation (e.g., 
Fig. 11B), given the observation that chiasm shock typi- 
cally evokes burstiness in geniculate Y cells. We frequent- 
ly recorded these axons in electrode tracks from which 
we had previously recorded geniculate neurons with evi- 
dence of  burst response periods. It thus seems clear that 
the evidence for burst response modes that we often saw 
in geniculate neurons, particularly in Y cells, is a 
property not  seen among retinogeniculate afferents. 

Discussion 

Geniculate circuitry acts on the intrinsic functional 
properties of  relay cells to control the gain of  retinogenic- 
ulate transmission (Singer 1977; Burke and Cole 1978; 
Sherman and Koch 1986, 1990; Steriade and Llinfis 
1988). On the one hand, these relay neurons have a 
multiplicity of  active conductances that greatly affect 
their mode of  response to retinal input. On the other 
hand, the vast majority (80-90%) of  synaptic input for- 
med onto these relay cells is nonretinal in origin, and 
these nonretinal inputs regulate the active conductances 
to modulate retinogeniculate transmission. Perhaps the 
most striking of  the active conductances in thalamic 
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neurons is the voltage-sensitive, low threshold, C a  2+ 

conductance, or low threshold spike, which leads to brief 
periods of high frequency action potentials. Jahnsen and. 
Llin/ts (1984a,b) proposed that this conductance can 
switch the neuron's response mode from the relay mode, 
during which sensory (e.g., retinal) information is relayed 
fairly faithfully to cortex, to the burst mode, during which 
little or no such sensory information can be relayed, and 
the cell discharges mainly in high frequency bursts. Such 
low threshold spikes and/or their associated burst dis- 
charges have been repeatedly demonstrated for relay cells 
in many thalamic nuclei, including the cat's lateral genic- 
ulate nucleus (Hubel 1960; Hubel and Wiesel 1961; 
McIlwain and Creutzfeldt 1967; McCarley et al. 1983; 
McCormick and Prince 1987; McCormick and Pape 
1988; Crunelli et al. 1989; Hu et al. 1989a-c). 

In this study, we have been able to demonstrate that 
both X and Y cells of the cat's lateral geniculate nucleus 
are able to express low threshold spikes, although there 
seem to be subtle differences in this spiking between cell 
classes. Because our intracellular recording indicates that 
the high frequency bursts of action potentials occur only 
during low threshold spikes, we conclude that these 
bursts, which we commonly observed in geniculate neu- 
rons, especially in Y cells following activation of the 
optic chiasm, reflect such low threshold spikes. Since 
such a response mode is never seen in retinogeniculate 
axons, this bursting indeed reflects a property of retino- 
geniculate transmission, during which the geniculate 
neuron has slipped from its relay response mode to its 
burst mode. Finally, we provide evidence that activity in 
the input to the lateral geniculate nucleus from the para- 
brachial region may help to prevent this bursting and 
thus promote the relay response mode in geniculate cells. 
This last conclusion is in agreement with recent proposals 
suggesting that cholinergic input from the parabrachial 
region of the midbrain can control low threshold spikes, 
and thus the response mode, in thalamic neurons 
(McCormick and Prince 1987; see also Hu et al. 
1989a-c). 

Differences between X and Y cells 

We noted obvious differences between geniculate X and 
Y cells in terms of their low threshold spikes and burst 
responses. During intracellular recording, Y cells, when 
their low threshold spikes were de-inactivated, readily 
activated these spikes from EPSPs. However, for X cells, 
analogous EPSPs that occurred during de-inactivation of 
the low threshold spike generally seemed too small to 
achieve such activation. Although we did not systemati- 
cally measure such EPSP amplitudes for the present 
study, our clear impression was that EPSPs of Y cells 
were larger than those of X cells, which is consistent with 
a similar conclusion reported by Bloomfield and Sher- 
man (1988). 

This difference between X and Y cells during in- 
tracellular recording was paralleled by a related dif- 
ference seen during extracellular recording. Although 
both neuronal populations exhibited some periods of 
burstiness, which was never seen in their retinogeniculate 

afferents, these periods were significantly more common 
for Y than for X cells. Every Y cell showed some evidence 
of burst response modes, but only slightly more than half 
of our X cell population (20 of 39) did so. This difference 
between cell types was relatively small during spon- 
taneous activity but much more marked in response to 
activation of the optic chiasm; such activation greatly 
enhanced the periods of burstiness for Y cells and had 
little effect on X cells. Thus, under our recording con- 
ditions, Y cells are much more likely to generate low 
threshold spikes and are more likely to enter their burst 
response mode than are X cells. 

However, the above conclusions are based on spon- 
taneous activity and the responses to electrical activa- 
tion, not responses to effective visual stimuli. Thus the 
EPSPs we recorded tended to be individual events with 
virtually no temporal summation. With visual stimula- 
tion that strongly activates geniculate neurons, the 
EPSPs can arrive at sufficiently high frequency to sum 
temporally, thus producing a much larger depolarization 
than the individual EPSPs can create (our unpublished 
observations). Thus, it is possible that, while Y cells can 
readily activate a low threshold spike with both spon- 
taneous and visually driven EPSPs, X cells can do so only 
with the latter. This needs to be tested with intracellular 
recording during visual stimulation. 

Nevertheless, our data suggest that Y cells are more 
readily switched into the burst response mode than are 
X cells, and that parabrachial activation can keep Y cells 
in the relay mode (see also below). We also obtained 
indirect evidence that the mechanisms controlling re- 
sponse modes for geniculate neurons might be very dif- 
ferent for X and Y cells. The weak negative correlation 
for Y cells in the probability of bursting between periods 
of spontaneous activity and those following chiasm 
stimulation suggest that such stimulation fundamentally 
alters response modes for these cells. Conversely, the 
positive correlation for X cells suggests very little effect 
of chiasm shock on response modes for these cells. This, 
in turn, suggests the possibility that the physiological 
mechanisms and neuronal pathways controlling these 
response modes differ between X and Y cells, although 
we have only begun to investigate this question. 

Effects of parabrachial activation 

Another possible difference between X and Y cells relates 
to the effects of parabrachial activation. Such activation 
essentially countered the effect of chiasm stimulation for 
Y cells but had no detectable effect on burstiness in X 
cells. Should X cells exhibit low threshold spikes and 
bursty responses to visual stimulation (see above), it 
would then be interesting to explore the effects of para- 
brachial activation on these responses. 

The mechanism of the parabrachial effect on Y cells 
has yet to be determined, since we have not yet adequate- 
ly studied this phenomenon with intracellular recording. 
However, parabrachial stimulation does depolarize most 
relay cells (Bloomfield et al. 1988; Hu et al. 1989b), and 
this may promote inactivation of the low threshold spike. 
Also, evidence from in vitro studies (McCormick and 
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Pr ince  1987) ind ica tes  t ha t  A C h ,  which  is the  n e u r o t r a n s -  
m i t t e r  for  m o s t  p a r a b r a c h i a l  axons  (De L i m a  and  Singer  
1987; Smi th  et  al. 1988), p reven t s  the  occur rence  o f  low 
th re sho ld  spikes.  

Implications for retino#eniculate transmission 

Pr io r  in v i t ro  s tudies  ( M c C o r m i c k  a n d  Pr ince  1987) de- 
m o n s t r a t e  tha t  p rac t i ca l ly  every  genicu la te  re lay  cell in 
the  ca t  exhibi ts  low t h r e s h o l d  spikes  wi th  the  accom-  
p a n y i n g  h igh  f r equency  burs t s  o f  ac t ion  po ten t i a l s  in- 
d ica t ive  o f  the  bu r s t  r e sponse  m o d e .  This  in tu rn  suggests  
tha t ,  u n d e r  the  p r o p e r  cond i t ions ,  every  re lay  cell can  
a l t e rna te  be tween  the re lay  a n d  bu r s t  r e sponse  modes .  
W e  can  n o w  genera l ly  ex tend  this  conc lus ion  to  the  in 
vivo p r e p a r a t i o n ,  a l t h o u g h  it  is n o t  ye t  c lear  f rom our  
d a t a  tha t  every X cell can  r ead i ly  en te r  the  bu r s t  m o d e  
u n d e r  phys io log ica l  cond i t ions .  Because  the  shif t  be-  
tween these r e sponse  m o d e s  d r a m a t i c a l l y  a l ters  the  ga in  
o f  r e t inogen icu la t e  t r ansmiss ion ,  this  d e m o n s t r a t e s  t ha t  
the  c o m b i n a t i o n  o f  ex t ra re t ina l  i npu t s  to  genicu la te  re lay  
cells p lus  cer ta in  in t r ins ic  p rope r t i e s  o f  these cells can  
s t rong ly  influence the  ex ten t  o f  re t ina l  i n f o r m a t i o n  re lay-  
ed to cor tex.  
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