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Cellular Mechanisms Underlying Cholinergic and Noradrenergic 
Modulation of Neuronal Firing Mode in the Cat and Guinea Pig 
Dorsal Lateral Geniculate Nucleus 

David A. McCormick 

Section of Neurobiology, Yale University School of Medicine, New Haven, Connecticut 06510 

The functional properties, ionic basis, and possible conver- 
gence and interaction of postsynaptic actions mediated by 
muscarinic and a,-adrenergic receptors were examined in 
cat and guinea pig dorsal lateral geniculate (LGNd) neurons 
maintained in thalamic slices in vitro. The possible involve- 
ment of GTP-binding proteins was also examined. Extra- 
cellular recordings from cat LGNd revealed the presence of 
two subpopulations of neurons. The most prevalent gener- 
ated rhythmic high-frequency (300400 Hz) bursts of two to 
six action potentials each, with an interburst frequency of 
l-3 Hz. Intracellular recordings revealed that this activity is 
typical of thalamocortical relay cells in the apparent absence 
of neuromodulatory input. Application of ACh or noradren- 
aline (NA) to rhythmically oscillating neurons in the cat LGNd 
resulted in cessation of this activity followed by the ap- 
pearance of single spike firing. Intracellular recordings re- 
vealed that this change in firing mode was associated with 
a depolarization of the neuron out of the range of intrinsic 
rhythmic oscillation and into or near the single spike firing 
mode. The voltage characteristics of the current underlying 
the cholinergic and noradrenergic slow depolarization were 
investigated in guinea pig LGNd neurons. Application of the 
muscarinic agonist acetyl-fl-methylcholine (MCh) to pre- 
sumed relay neurons resulted in a hyperpolarization due to 
the activation of an outward K+ current. This response was 
followed by a slow depolarization due to reduction of a rel- 
atively non-voltage-dependent potassium current distinct 
from I, and I,,,,. Application of NA resulted in a slow depo- 
larization that was also associated with reduction of this 
relatively linear K+ current. The MCh- and NA-induced slow 
depolarizations displayed the property of occlusion, indi- 
cating convergence of action. However, these responses 
were mediated by pharmacologically distinct receptors since 
the MCh-induced reduction in K+ current was blocked by 
scopolamine while that induced by NA was blocked by the 
a,-adrenoceptor antagonist prazosin. Intracellular diffusion 
of GTP-7-S resulted in the inward current responses to NA 
and MCh being irreversible, suggesting the possible involve- 
ment of a G-protein. Prior exposure to pertussis toxin did 
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not affect the inward current response to NA and MCh, while 
the outward K+ current responses induced by application of 
MCh or the GABA, agonist baclofen were blocked. These 
results reveal that activation of muscarinic or a,-adrenergic 
postsynaptic receptors in the LGNd result in a shift in firing 
mode from rhythmic oscillation to tonic single spike activity 
through a decrease in a relatively linear K+ current mediated 
through a pertussis toxin-insensitive G-protein. These neu- 
romodulatory actions may underlie, in part, the shift in firing 
mode between rhythmic oscillation and tonic single spike 
activity in viva associated with various states of sleep, 
arousal, and attentiveness. 

Thalamocortical relay neurons in the dorsal lateral geniculate 
nucleus (LGNd) display marked changes in pattern of action 
potential generation and excitability over the sleep-wake cycle 
or vigilance continuum (Livingstone and Hubel, 198 1; Steriade 
and DeschCnes, 1984; Steriade and Llinh, 1988). During pe- 
riods of synchronized sleep, inattentiveness, or drowsiness, these 
neurons generate rhythmic high-frequency bursts of action po- 
tentials (McCarley et al., 1983). The shift to waking and atten- 
tiveness is associated with an abolition of these rhythmic high- 
frequency bursts, the appearance of single spike activity, and a 
marked increase in responsiveness to retinal inputs (Coenen and 
Vendrik, 1972; Livingstone and Hubel, 198 1; McCarley et al., 
1983). Intracellularly, this change in firing pattern is associated 
with tonic depolarization of the membrane and a cessation of 
large-amplitude, rhythmic inhibitory postsynaptic potentials 
(Hirsch et al., 1983; Steriade and Llinbs, 1988). Stimulation in 
localized regions of the brainstem can mimic these changes in 
neuronal excitability in thalamic relay neurons, suggesting that 
ascending brainstem systems may be largely responsible for con- 
trolling the state of thalamic neuronal activity (reviewed in Steri- 
ade and McCarley, 1990). Anatomical, electrophysiological, and 
pharmacological investigations into the nature of these ascend- 
ing activating pathways have implicated the brainstem cholin- 
ergic, noradrenergic, and serotoninergic systems in the extra- 
retinal control of thalamic activity (reviewed in Steriade and 
Llinas, 1988; McCormick, 1989; Steriade and McCarley, 1990). 
We have previously reported that application of ACh to cat or 
guinea pig LGNd relay neurons results in three different re- 
sponses: a rapid depolarization associated with an increase in 
apparent input conductance mediated by nicotinic receptors; a 
small hyperpolarization mediated by an increase in K+ con- 
ductance resulting from the activation of muscarinic receptors; 
and a slow depolarization associated with a decrease in a K+ 
conductance mediated by muscarinic receptors (McCormick and 
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Prince, 1987). We have also shown that application of nor- 
adrenaline (NA) to LGNd relay neurons can result in a large 
slow depolarization through a decrease in a K+ conductance 
(McCormick and Prince, 1988). Recently we have demonstrated 
that in the lack of synaptic inputs, cat LGNd neurons in vitro 
display prominent rhythmic burst firing with interburst fre- 
quencies of approximately l-3 Hz (McCormick and Pape, 
1990a), a pattern of activity that in vivo is associated with deep 
slow-wave sleep or anesthesia (Lamarre et al., 197 1; Curro Dossi 
et al., 199 1 b). Depolarization of oscillating neurons by lo-20 
mV abolished this activity and switched the neuron to the single 
spike mode of action potential generation (McCormick and Pape, 
1990a) that is characteristic of the waking and attentive state 
(Hirsch et al., 1983; McCarley et al., 1983). Although we have 
previously demonstrated that cholinergic- and noradrenergic- 
induced slow depolarizations generally inhibit burst firing and 
promote single spike activity (McCormick and Prince, 1987, 
1988), the possibility that ACh and NA may be able to cause 
a complete switch to the tonic firing mode of rhythmically burst- 
generating neurons has not yet been tested. 

Here, we demonstrate that activation of either muscarinic or 
cu,-adrenergic receptors results in an abolition of rhythmic burst 
firing and the promotion of single spike activity through the 
decrease of a relatively linear K+ current. This response appears 
to be mediated by a non-pertussis toxin-sensitive G-protein. 

Materials and Methods 
Methods for preparation of thalamic slices and recording from lateral 
geniculate relay neurons are similar to those published previously (Mc- 
Cormick and Prince, 1987; McCormick and Pape, 1990a). Male or 
female adult Hartley guinea pigs were deeply anesthetized with sodium 
pentobartibal (35 mg/kg, i.p.) and killed by decapitation. Three adult 
cats were preanesthetized with ketamine (25 mg/kg, i.m.), very deeply 
anesthetized with sodium pentobarbital(25-35 mg/kg, i.v.), and killed 
by decapitation. In both cases, the region of brain containing the dorsal 
lateral geniculate nucleus was removed, placed in cold (5°C) bathing 
solution, and sectioned as 400~pm-thick slices on a Vibratome (Lancer 
Corporation). Thalamic slices were placed in an interface-style recording 
chamber (Fine Science Tools) and allowed to recover for at least 2 hr 
before recording commenced. The bathing medium contained (in mM) 
NaCl, 126; KCl, 2.5; MgSO,, 1.2; NaH,PO,, 1.25; CaCl,, 2; NaHCO,, 
26; and dextrose, 10; and was aerated with 95% O,, 5% CO, to a final 
pH of 7.4. 

Agonists were applied by the pressure-pulse technique in that a brief 
(10-20 msec, 207-345 kPa: 30-50 psi) pulse of nitrogen was applied to 
a broken microelectrode (tip diameter, 2-5 pm) containing the agonist 
dissolved in bathing medium. The volume of the resulting application 
was between 5 and 15 pl as estimated from the diameter of the ejected 
droplet. Application to the exposed surface of the slice of agents that 
are not quickly removed from the extracellular space (e.g., baclofen, 
noradrenaline) was usually sufficient to elicit robust responses. However, 
in the case of acetylcholine and acetyl-@methylcholine (MCh), it was 
necessary to lower the drug-applying pipette into the slice to obtain 
robust responses. Typically, the entry point of the drug-applying elec- 
trode was within 50 pm of the recording electrode. Pertussis toxin was 
obtained I?om List Biological Laboratories (Campbell, CA), dissolved in 
the artificial cerebrospinal fluid detailed above (1 &~.d), and injected 
in a volume of l-2 ~1 directly into the LGNd of anesthetized (0.7 gm/ 
kg chloral hydrate, i.p.) guinea pigs over a period of 5 min at the fol- 
lowing coordinates: 4 mm posterior to bregma, 4.5 mm lateral to mid- 
line, 5.5 mm ventral to dura. The opposite LGNd of the same animal 
received an equal injection of the vehicle only. All other drugs were 
obtained from Sigma. 

Extracellular single-unit recordings were obtained with tungsten mi- 
croelectrodes and high-pass filtered with a cutoff frequency of 200 Hz. 
Intracellular recordings were obtained with microelectrodes formed from 
“thin wall” glass (World Precision Instruments) on a Sutter Instruments 
P-IO/PC micropipette puller, filled with 4 M K-acetate, with a final 
resistance of 35-50 MQ. Only data from those neurons that had stable 

resting membrane potentials negative to -55 mV and that generated 
action potentials that overshot 0 mV were accepted for analysis. 

Single-electrode voltage clamp was performed with an Axoclamp-2A 
amplifier connected to an IBM AT-style computer operating ~CLAMP 
software (Axon Instruments). Switching frequencies were generally 3- 
4 kHz, and gain was between 0.5 and 1 .O nA/mV. During current clamp, 
bridge balance was continuously monitored and adjusted, while during 
voltage clamp, headstage output was continuously monitored to insure 
adequate settling time of the microelectrode. Current versus voltage (Z- 
F) plots were obtained by steadily hyperpolarizing the neurons from a 
holding potential of - 55 mV to between - 120 and - 140 mV over a 
period of 5-l 0 set and measuring the amount of current required to do 
so. From 3 to 10 individual current traces obtained during voltage clamp 
were averaged to reduce noise. 

Results 

Extracellular recordings from neurons in the A-lamina of cat 
LGNd revealed two distinct populations. The most prevalent 
neuronal type recorded was found throughout the A-lamina and 
exhibited spontaneous high-frequency (300-500 Hz) burst dis- 
charges of two to six action potentials each, with the bursts 
occurring in a highly rhythmic manner of l-3 Hz (e.g., Fig. 1A). 
This type of oscillatory activity is characteristic of deafferented 
or hyperpolarized thalamocortical relay cells in vivo (Steriade et 
al., 1985; Curro Dossi et al., 1991b; Steriade et al., 1992) and 
we have previously demonstrated that it occurs in cat thala- 
mocortical relay neurons maintained in vitro (McCormick and 
Prince, 1988; McCormick and Pape, 1990a). This rhythmic 
activity is an intrinsic property of thalamocortical relay neurons 
and results largely from the interaction of the low-threshold Ca2+ 
current Z, and the hyperpolarization-activated cation current Zh 
(McCormick and Pape, 1990a). 

The second physiological type of neuron recorded was less 
prevalent than the first, but also found throughout and between 
the A-lamina. This type of neuron exhibited unusually short- 
duration action potentials [mean, 0.9 + 0.1 (&SD) msec total 
duration vs. 1.5 f 0.2 msec for rhythmically bursting neurons], 
spontaneously and continually generated single spike activity at 
a rate of lo-15 Hz (e.g., Fig. lc), and never generated high- 
frequency burst discharges. We propose that this subpopulation 
ofneurons represents a portion of local GABAergic interneurons 
based upon the following observations: deafferented relay neu- 
rons that are isolated from the thalamic reticular nucleus (nRt) 
in vivo receive a continuous barrage of IPSPs at a rate of lo- 15 
Hz, presumably resulting from the spontaneous firing of local 
GABAergic intemeurons (Steriade et al., 1985); intracellular 
recordings from morphologically defined intemeurons reveal 
that these cells have unusually short-duration action potentials 
and do not readily generate high-frequency burst discharges 
(McCormick and Pape, 1988); and finally, application of ACh 
had a marked inhibitory influence upon the thin spiking neurons 
recorded here, with no signs of fast or slow excitation (n = 8; 
Fig. 1 C). We have reported previously that application of ACh 
to morphologically identified intemeurons in the cat LGNd re- 
sults in marked inhibition through activation of a K+ conduc- 
tance (McCormick and Pape, 1988). Here, we concentrated on 
the modulatory actions of ACh and NA on the rhythmically 
bursting presumed relay neurons. 

Local application of ACh, or the muscarinic agonist MCh (5 
mM in micropipette), to rhythmic burst-generating neurons re- 
sulted in a cessation of rhythmic burst firing, followed by a brief 
period of silence and then by the appearance of single spike 
activity (n = 10; Fig. 1A). Recovery was associated with a silent 
period followed by the reappearance of rhythmic burst firing 
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Figure 1. Application of ACh to a rhythmically bursting presumed 
relay neuron in the cat LGNd results in a cessation of burst activity and 
the appearance of tonic, or single spike, firing. After a delay, rhythmic 
burst firing reappears and returns to the baseline frequency of 2 Hz. 
Each vertical line prior to application ofACh represents a high-frequency 
burst of three to five action potentials. One such burst is expanded for 
illustration in B. C, Putative local interneurons were characterized by 
tonic firing at 1 O-l 5 Hz. Application of ACh to these cells resulted in 
a brief (l-5 set) period of inhibition. 

(Fig. 1A). Similarly, application of NA (500 I.LM in micropipette) 
to rhythmically bursting cat LGNd neurons also resulted in an 
abolition of this activity and its replacement with single spike 
firing, for l-2 min (not shown). Again, recovery was associated 
with a return to rhythmic, l-3 Hz oscillation. 

The cellular mechanisms through which ACh and NA exert 
these effects on LGNd neurons were examined through intra- 
cellular recordings. Intracellular recordings from presumed thal- 
amocortical relay neurons in the cat LGNd revealed in a sub- 
population of neurons a tendency to generate rhythmically low- 
threshold Ca2+ spikes at a rate of l-3 Hz, as we have reported 
previously (McCormick and Pape, 1990a). The incidence with 
which rhythmic burst activity was recorded with intracellular 
micropipettes was lower than that suggested by extracellular 
recordings, perhaps due to disruption of the oscillation by the 
induction of a slight shunt caused by impalement of the neuron. 
Application of ACh or NA to rhythmically oscillating neurons 
resulted in a depolarization associated with the cessation of 
rhythmic burst firing (Fig. 2A,C). The depolarization to ACh 
possessed two distinct phases (Fig. 2A, arrows), which we have 
previously demonstrated to be due to the activation of nicotinic 
followed by muscarinic receptors (McCormick and Prince, 1987). 
Although we did not observe a complete switch of the neuron 
to the single spike firing mode with intracellular recordings in 
response to NA or ACh, the agonist-induced depolarizations 
could be large enough to bring the membrane potential within 
a few millivolts of single spike firing threshold (Fig. 2A). The 

ability of ACh and NA to switch the firing mode of the neuron 
appears to result largely, if not entirely, from depolarization of 
the membrane, since similar depolarizations induced through 
the injection of current into the neuron had an identical effect 
(Fig. 20). 

Intracellular examination of responses to NA and ACh in 
guinea pig LGNd neurons have revealed slow depolarizing re- 
sponses similar to those seen in cat LGNd relay cells (McCor- 
mick and Prince, 1987, 1988). Although we have found species 
differences in the prevalence of nicotinic responses and mus- 
carinic receptor-mediated increases in potassium conductances 
between guinea pig and cat LGNd neurons, the similarity of the 
slow depolarizing responses suggests that the ionic basis for these 
may be the same. Therefore, we investigated the ionic basis of 
cholinergic and noradrenergic depolarization in guinea pig LGNd 
neurons using both current-clamp and single-electrode voltage- 
clamp techniques. 

The similarity of the ACh- and NA-induced slow depolariza- 
tions in guinea pig LGNd neurons suggests that they may be 
reducing the same K+ conductance. To test this possibility, we 
examined the property of occlusion on NA and ACh responses 
in guinea pig LGNd neurons. In addition, single-electrode volt- 
age-clamp techniques were also used to investigate further the 
voltage-dependent properties of the K+ conductance reduced by 
NA and ACh. 

Stable intracellular recordings were obtained from 65 neurons 
in the guinea pig LGNd. A representative sample of 20 neurons 
possessed an average resting membrane potential of -66 + 4 
mV, input resistance of 42 -t 14 MO, and spike amplitude of 
92 f 5 mV. The electrophysiological properties of these neurons 
were similar to those previously reported for thalamocortical 
relay cells (Jahnsen and Llink, 1984a,b; McCormick and Pape, 
1988), and therefore it is assumed that they are of this mor- 
phological class. 

Nonadditivity of NA- and ACh-induced slow depolarizations 

The possibility that activation of muscarinic and ar,-adrenergic 
receptors may result in a decrease in the same K+ conductance 
was examined by investigating the effect of maximal activation 
of adrenergic receptors on the response to muscarinic receptor 
stimulation and vice versa. Application of the muscarinic ag- 
onist MCh to guinea pig LGNd relay neurons resulted in not 
only a slow depolarizing response, but also initially a substantial 
hyperpolarizing response as well, as we have previously reported 
(Fig. 3A, Normal; McCormick and Prince, 1987). These two 
responses are mediated by an increase followed by a decrease 
in K+ conductance (McCormick and Prince, 1987). Local ap- 
plication of a maximal dose (defined as a dose at which further 
applications did not increase the amplitude of the response) of 
NA resulted in a slow depolarization and action potential dis- 
charge (Fig. 3A, NA). The neuron was then hyperpolarized back 
to the pre-NA resting membrane potential with the injection of 
inward current (-d.c.). A second application of MCh now re- 
sulted in the hyperpolarizing response only; no slow depolar- 
ization was evident (Fig. 3A, NA, n = 4). This effect was re- 
vLrsible (Fig. 3A, Recovery). 

The possibility that maximal activation of muscarinic recep- 
tors may block the response to NA was examined through the 
use of the potent and long-lasting muscarinic agonist muscarine 
(5 mM in micropipette). Local application of NA prior to mus- 
carine resulted in a typical slow depolarization (Fig. 3B, Nor- 
mal). Application of muscarine resulted in a prolonged hyper- 
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Figure 2. Abolition of the rhythmic generation of CaZ+ spikes by ACh and NA in cat LGNd relay neurons. A, Intracellular recording of a cat 
LGNd neuron that spontaneously generated rhythmic Ca*+ spikes at resting membrane potential (each vertical line is one Ca*+ spike) at a rate of 
approximately 1.5 Hz. In this particular cell, the Ca*+ spikes were just subthreshold for the generation of fast Na+/K+-mediated action potentials. 
Application of ACh resulted in a marked depolarization that decayed in two distinct phases (arrows). At the end of the response to ACh, rhythmic 
burst firing reappeared. B, Expanded portion ofA illustrates rhythmic low-threshold Ca2+ spikes and depolarization induced by ACh. C, Application 
of NA to this neuron also results in a marked slow depolarization and abolition of rhythmic Ca2+ spikes. D, Intracellular injection of depolarizing 
current (+d.c.) also resulted in an abolition of rhythmic burst firing and could switch the neuron to the single spike (tonic) mode of action potential 
generation. All data were obtained from the same cat LGNd neuron in lamina Al. Membrane potential at the most negative point during oscillation 
was -80 mV. 

polarization followed by a slow depolarization (Fig. 3B, 
Muscarine). Applications of NA during the muscarine-induced 
slow depolarization, and after compensation of the depolariza- 
tion with the intracellular injection of current, revealed the NA 
response to be almost completely blocked (Fig. 3B, Muscarine). 

These results suggest that NA- and MCh-induced slow depo- 
larizations occur through reduction of the same K+ current and/ 
or activation of the same second-messenger system in thala- 
mocortical relay cells. 

The pharmacological identity of the receptors mediating these 

A Normal NA Recovery 

MCh MCh 

-d.C. 

6 Normal Muscarine Recovery 

- 
-d.c. 

Figure 3. Nonadditivity of MCh- and NA-induced slow depolarizations in guinea pig LGNd neurons. A, Application of the muscarinic agonist 
MCh results in a typical hyperpolarization-slow depolarization sequence. Application of NA results in a slow depolarization. Intracellular injection 
of depolarizing current (-d.c.) is then used to bring the membrane potential back to pre-NA baseline. A second application of MCh at this time 
results in the hyperpolarizing response only. This effect is reversible (Recovery). B, Application of NA results in typical slow depolarization and 
decrease in membrane conductance (Normal; bar indicates adjustment of membrane potential with current injection). Application of the potent 
and long-lasting muscarinic agonist muscarine results in a prolonged hyperpolarization followed by a small slow depolarization. Again, intracellular 
injection of hyperpolarizing current (-d.c.) is used to compensate for the slow depolarization. A second application of NA now results in only a 
very small depolarizing response. This effect is partially reversible (Recovery). 
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Figure 4. MCh and NA cause slow depolarizations through pharmacologically distinct receptors in guinea pig LGNd. A, Local application of 
scopolamine (10 PM in micropipette) completely blocks the response to MCh, but not to NA. B, Local application of the or,-adrenergic antagonist 
prazosin (10 PM) completely blocks the slow depolarizing effect of NA, but not of MCh. 

responses to MCh and NA was examined through the local or 
bath application of specific antagonists. Local application of the 
muscarinic antagonist scopolamine (10 FM in micropipette) 
completely blocked the response to MCh, but did not alter the 
response to NA (Fig. 4A; n = 3). Similarly, local application of 
the ol,-antagonist prazosin (10 KM in micropipette) completely 
blocked the response to NA, but did not alter the response to 
ACh (Fig. 4B; 12 = 3). These results indicate that NA and ACh 
depolarize LGNd relay neurons through pharmacologically dis- 
tinct receptors, with little if any cross-activation by each agonist. 
The ability of prazosin to block the response to NA suggests 
that this response is mediated by ol,-adrenoceptors. This result 
was confirmed by a lack of activation of this response by local 
application of the p-agonist isoprenaline (McCormick and Pape, 
1990b). 

Characteristics of the current underlying the slow 
depolarization 
The voltage dependency of the current suppressed by MCh and 
NA was investigated by obtaining current versus voltage (Z-I’) 
relationships before and during the MCh- and NA-induced in- 
ward currents under voltage-clamp conditions. Inward currents 
induced by MCh and NA were consistently associated with a 
decrease in apparent input impedance at membrane potentials 
positive to approximately -80 mV. However, the results were 
more variable at more negative membrane potentials, with some 
cells showing a clear reversal point (Fig. 5) and others exhibiting 
complicated and apparently voltage-dependent changes in input 
conductance (not shown). These variable characteristics of the 
transmitter responses may have resulted from an agonist-in- 
duced activation or inactivation of more than one ionic current 
or incomplete voltage control of the neuron. Indeed, we have 
recently found that hyperpolarization of thalamic neurons neg- 
ative to approximately -60 mV results in the activation of a 
large inward cation current termed I,, (McCormick and Pape, 
1990a). This hyperpolarization-activated current can be greatly 
enhanced by stimulation of @-adrenergic or serotoninergic re- 

ceptors (Pape and McCormick, 1989; McCormick and Pape, 
1990b). To prevent confounding factors contributed by acti- 
vation of Zh, we blocked this current by applying Picoliter size 
drops of bathing medium containing Cs+ (2-20 mM) onto the 
surface of the slice over the recorded neuron just prior to and 
during examination of response to NA, ACh, or MCh. Under 
these conditions, the NA- and MCh-induced inward currents 
were always associated with a relatively linear change in Z-V 
relationship that reversed at - 102.4 and - 101.4 mV, respec- 
tively (see Table 1; Fig. 6D,E). These reversal potentials are 
identical to that exhibited by the MCh-induced outward current 
(- 101.6 mV) and the GABA,- receptor-mediated increase in 
outward current (- 107.3 mv), both of which we have previ- 
ously shown to be due to an increase in K+ conductance (Mc- 
Cormick and Prince, 1987; Crunelli et al., 1988). 

Neurons in the cerebral cortex, hippocampus, and sympa- 
thetic ganglia respond to muscarinic receptor activation with a 
slow depolarization that results in part from a decrease in three 
distinct K+ currents: ZM, ZAHP, and a resting “leak” potassium 
current (Brown and Adams, 1980; Madison et al., 1987; Mc- 
Cormick and Williamson, 1989). The M-current (muscarine- 
sensitive) is a time- and voltage-dependent K+ current that ac- 
tivates upon depolarization of the membrane potential positive 
to approximately -70 mV (Brown and Adams, 1980). The AHP 
current is a Ca2+-activated K+ current and underlies the slow 
afterhyperpolarization (> 1 set duration) following a train of 
action potentials (Pennefather et al., 1985). 

The possible involvement of Z, or Z,,, in the muscarinic- or 
a,-adrenergic-induced slow depolarizing responses of LGNd re- 
lay neurons was examined through the use of current-clamp and 
single-electrode voltage-clamp techniques. The M-current is 
typically examined by holding the cell in the activation range 
of ZM (e.g., -45 mV) and stepping to a more negative membrane 
potential (e.g., -60 mV), which subsequently results in deac- 
tivation of this current over the next 100 msec or more. Stepping 
back to the more positive membrane potential again activates 
Z,, which appears as a slowly activating outward current (Brown 
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and Adams, 1980). Voltage steps from -45 to -60 mV (after 
local application of 10 PM tetrodotoxin) in thalamic relay neu- 
rons, which exhibited large slow depolarizing responses to MCh 
(Fig. 6A), were associated with fast current steps marked only 
by the presence of slowly inactivating transient outward currents 
elicited by the step from - 60 to -45 mV (n = 10; Fig. 6B,C, 
Control; McCormick, 199 1 b). Slowly deactivating or activating 
outward currents indicative of ZM were never observed (e.g., Fig. 
6C). Application of MCh resulted in an inward current that was 
associated with a decrease in a portion of the “instantaneous” 
leak component of the current traces (Fig. 6C, MCh). Further 
investigation of the voltage-dependent properties of the MCh- 
induced inward current through Z-V plots in the voltage range 
of -50 to - 130 mV revealed in these cells that activation of 
muscarinic receptors results in an inward current that does not 
display the marked voltage dependence associated with I,,, (Fig. 
6D,E; Brown and Adams, 1980; McCormick and Williamson, 

1989). These results suggest that reduction of Z, does not con- 
tribute substantially to muscarinic- or cu,-adrenergic-induced 
slow depolarizations studied here, although they do not rule out 
entirely the possible presence of Z, in thalamic relay neurons. 

In the cerebral cortex and hippocampus, activation of ZAHP by 
a train of action potentials results in a slowing down of action 
potential discharge during the injection of a constant current 
pulse (i.e., spike frequency adaptation) and in the appearance 
of a prolonged (seconds) afterhyperpolarization following the 
cessation of the train of action potentials (Madison and Nicoll, 
1984; Pennefather et al., 1985; McCormick and Williamson, 
1989). In contrast to cortical pyramidal cells, suprathreshold 
depolarizations in thalamocortical relay cells result in a sus- 
tained discharge that lacks marked spike frequency adaptation 
or a slow afterhyperpolarization (Fig. 7A,B, Control), even after 
firing for many seconds (not shown). Application of MCh or 
NA to neurons during the periodic injection of depolarizing 

Table 1. Effect of pertassis toxin and GTP-7-S on agonist-evoked currents 

Reversal 
potential Control 

Agonist (mv) (PAI Pertussis toxin Control GTP+ 

Baclofen -107.3 + 3.4 -610 + 100 -25 -t 12.5* -990 f  196 0 f  o* 
(n = 4) (n = 5) (n = 5) (n = 6) (n = 7) 

MCh (outward Z) -101.6 + 2.7 -345.6 f  39.2 -18.8 f  20* -535 + 69 0 f  o* 
(n = 5) (n = 9) (n = 8) (n = 7) (n = 6) 

MCh (inward Z) -101.4 f  3.3 134.2 -t 33.3 141.2 * 23.3 109 * 22 105 & 21.1 
(n = 5) (n = 6) (n = 8) (n = 7) (n = 6) 

NA -102.4 f  3.6 208.8 AZ 41.4 218 f  52 320 31 53 373 k 64 
(n = 5) (n = 4) (n = 5) (n = 7) (n = 10) 

Data are presented as mean -I- SEM. Currents are the peak response measured during voltage clamp to -60 mV. 
*p < 0.001. 
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Figure 6. Lack of a prominent con- 
tribution of ZM to muscarinic-induced 
excitation in guinea pig LGNd neurons. 
A, Application of MCh to this neuron 
after depolarization with current injec- 
tion to -58 mV results in a small hy- 
perpolarization followed by a large slow 
depolarization. Compensation for the 
slow depolarization with the intracel- 
lular injection of current reveals that it 
is associated with a decrease in appar- 
ent input conductance. Z3, Effect of MCh 
on the currents associated with stepping 
from -45 to -60 mV. Application of 
MCh results in an outward current fol- 
lowed by an inward current associated 
with a decrease in the apparent input 
conductance of the cell. Pulses were ap- 
plied once every three seconds. C, Cur- 
rent traces prior (control) and after 
(MCh) application of MCh are expand- 
ed for detail. D, Current versus voltage 
plots obtained prior to application of 
MCh (control), during the MCh-in- 
duced outward current (MCh outward), 
and during the MCh-induced inward 
current (MCh inward). Both the out- 
ward and inward currents reverse at ap- 
proximately -95 mV, which is nearE,. 
E, Subtraction of the control Z-Y re- 
lation from those during the outward 
and inward MCh-induced currents re- 
veal their voltage dependency. All data 
were obtained from the same guinea 
LGNd cell. Data in B-E were obtained 
after block of voltage-activated Na+ 
currents with local application of tetro- 
dotoxin (10 PM). Data in D and E were 
obtained after block of Z,, with extra- 
cellular application of CS+ (20 mM in 
micropipette). 
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current pulses resulted in a slow depolarization of the membrane 
potential and an increase in the number of action potentials 
generated in response to the current pulse (Fig. 7B; compare 
Control, MCh). However, this increase in responsiveness is due 
largely to the depolarization of the membrane potential, since 
compensation for the depolarization with the intracellular in- 
jection of current reinstated the original response of the neuron 
to the depolarizing current pulse (Fig. 7; compare Control, MCh, 
-d.c.). Similarly, depolarization of the neuron through the in- 
tracellular injection of current after recovery from the MCh- or 
NA-induced slow depolarization resulted in a similar increase 
in responsiveness to the depolarizing current pulse (Fig. 7B, 
+d.c.). 

These results indicate that stimulation of muscarinic or cy,- 
adrenergic receptors results in a slow depolarization through 
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reduction of a K+ current that is distinct from ZM and ZAHP and 
that is relatively linear in the voltage range of - 120 to -60 
mV. The contribution of this K+ current to the resting leak 
conductance of the cell prompted us to refer to it as ZKL. 

Involvement of G-proteins 

The possible involvement of GTP-binding proteins (G-proteins) 
in the coupling of receptor to ionic responses has been suggested 
in the heart and a number of neuronal systems (see reviews by 
Brown, 1990; Szabo and Otero, 1990). The possible involve- 
ment of G-proteins in the responses reported here was examined 
either through the use of pertussis toxin, which ADP-ribosylates 
certain G-proteins such as G, and G, and therefore prevents 
them from interacting with their substrate (Bokoch et al., 1983) 
or through the intracellular injection of a nonhydrolyzable GTP 
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Figure 7. Lack of substantial spike frequency adaptation or a slow afterhyperpolarization in guinea pig thalamic relay neurons. A, Injection of a 
0.5 nA, 250 msec depolarizing current pulse results in the activation of a train of 13-15 action potentials that is not associated with an appreciable 
slow afterhyperpolarization (cell at -60 mV). Application of MCh results in a hyperpolarization followed by a slow depolarization and action 
potential generation. Asterisks indicate traces expanded in B for detail. B, The response of the neuron to the depolarizing current pulse during the 
MCh-induced depolarization is enhanced (MC/z). Compensation for the depolarization with the injection of current reinstates the original response 
to the current pulse (MC/z, -d.c.), indicating that the increase in responsiveness resulted largely from the depolarization. Similarly, depolarization 
of the neuron by an amount equal to that induced by MCh results in a similar increase in responsiveness (A and B, +d.c.). 

analog, GTP-7-S. Pertussis toxin requires a substantial incu- 
bation period in vivo to be effective and therefore was injected 
unilaterally into the LGNd of guinea pigs l-3 d prior to the 
experiment. Control neurons were obtained from the opposite 
LGNd that had received an injection of vehicle only. 

Application of the GABA, agonist baclofen to neurons main- 
tained in vitro and that had previously been exposed to pertussis 
toxin in vivo resulted in only a very small or no detectable current 
(Fig. 8, Pertussis Toxin), while application of baclofen to neu- 
rons exposed only to vehicle in the same animals resulted in 

the typical outward current response (Fig. 8, Control), as pre- 
viously reported for hippocampal pyramidal cells (Andrade et 
al., 1986). The block of response to baclofen by pertussis toxin 
was statistically significant (Table 1). Similarly, application of 
MCh to neurons exposed to pertussis toxin yielded only very 
small or no outward current responses to this agonist in com- 
parison to normal (Table 1, Fig. 8B). 

In contrast, the MCh-induced slow inward current appeared 
to be unaffected by pertussis toxin (Table 1, Fig. 8B). Similarly, 
neurons previously exposed to pet-tussis toxin yielded normal- 
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Figure 8. Effect of pertussis toxin on 
responses of guinea pig LGNd neurons 
to baclofen, MCh, and NA. Cells ob- 
tained in the LGNd on the side of prior 
in vivo injection of pertussis toxin (1 ~1 
of 1 pg/rl) fail to give any noticeable 
response to baclofen, respond to MCh 
with only the inward response (B), and 
respond to NA with the normal inward 
current (C’). Cells obtained from the op- 
posite LGNd, which was injected with 
the vehicle only, give normal-appearing 
responses to baclofen (A), MCh (B), and 
NA (C) (Control). 
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Figure 9. Effects of intracellular injec- 
tion of the nonhvdrolvzable GTP an- 
alog GTP-7-S. A,- Soon after obtaining 
a stable intracellular recording from the 
guinea pig LGNd, neurons are found to 
undergo a large and steady hyperpolar- 
ization to a new resting membrane po- 
tential. These neurons fail to respond 
to baclofen (B, upper truce) and give 
persistent inward currents to MCh (C, 
upper trace) and NA (D, upper trace). 
Neighboring neurons recorded with 
normal electrodes exhibited normal re- 
sponses to these three agonists (B-D, 
lower traces labeled control). 
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appearing responses to NA (Fig. 8B, Table l), although the same 
cells failed to respond to either MCh or baclofen with significant 
outward currents (see above). Neurons previously exposed to 
pertussis toxin did not appear significantly different from normal 
cells in terms of their electrophysiological properties, including 
input resistance [pertussis: 35 f 3.5 (*SEM) MQ; normal: 32 
f 3.4 MB] or resting membrane potential (pertussis: -66 + 
1.7 mV; normal: -63 -t 2 mV). These data suggest that the 
baclofen- and MCh-induced increases in K+ current occur 
through a pertussis toxin-sensitive G-protein, while the MCh- 
and NA-induced decreases in K+ current may result through a 
non-pertussis toxin-sensitive G-protein. To examine these hy- 
potheses further, we included GTP-7-S in the recording micro- 
electrode in high concentration (25 mM), so as to allow diffusion 
of enough GTP-7-S into the neuron to activate G-proteins ir- 
reversibly in the recorded neuron. 

Impaling neurons with microelectrodes containing GTP-7-S 
resulted in a typical sequence of events. One to two minutes 
after impalement and initial settling of the membrane potential, 
neurons exhibited a steady and large hyperpolarization to a new 
resting membrane potential approximately 15-25 mV negative 
to normal (Fig. 9A). This large hyperpolarization was associated 
with a substantial increase in apparent input conductance and 
was similar in amplitude to the hyperpolarization induced in 
normal cells by a maximal dosage of baclofen or MCh (not 
shown). Neurons recorded with GTP-y-S-containing microelec- 
trodes and voltage clamped to approximately -60 mV failed 
to respond to baclofen (Fig. 9B, GTP-r-S), while application of 
baclofen to neighboring neurons recorded with standard micro- 
electrodes yielded normal responses (Fig. 9B, Control). This 
difference was statistically significant (Table 1; p < 0.001). 

Application of MCh and NA to neurons recorded with GTP- 
y-S-containing microelectrodes resulted in slow inward currents 
that were unusual in that they were irreversible in nature (Fig. 
9C,D). A second, and sometimes third, application of MCh or 
NA could yield additional inward currents, although they were 
always of much smaller amplitude than the first and were also 
irreversible. Further applications did not yield any additional 

6 
x 

c h-l d 
20 set 

response, even after prolonged periods (1 hr). In contrast, neigh- 
boring neurons recorded with normal electrodes responded to 
repeated applications of MCh and NA with normal-appearing 
responses (Control, Fig. 9C,D, Table 1). The most parsimonious 
explanation of this result is that the MCh- and NA-induced 
block of a resting K+ current involves the activation of a 
G-protein that is not sensitive to pertussis toxin. This G-protein 
may exhibit a slow rate of spontaneous GTP binding in the 
absence of agonist and therefore is only slowly activated by 
GTP-7-S prior to application of NA or MCh. Activation of 
muscarinic or a,-adrenergic receptors may then greatly increase 
the rate of GTP-7-S binding to the G-protein, thereby resulting 
in an irreversible response (e.g., Breitwieser and Szabo, 1988). 
In contrast, the outward current activated by stimulation of 
GABA, and muscarinic receptors appears to be mediated by an 
outward current that has a high rate of spontaneous GTP binding 
in the apparent absence of agonist, since this response became 
maximal prior to application of MCh or baclofen. 

Discussion 
Our present results reveal that activation of muscarinic and (Y,- 
adrenergic receptors on cat or guinea pig LGNd relay neurons 
can result in substantial depolarization through reduction of a 
K+ conductance that is active at resting membrane potentials. 
In the guinea pig LGNd, the amplitude of this current varied 
in a relatively linear manner in relation to the driving force 
upon K+ ions (F-,r&) in the membrane potential range of - 50 
to - 120 mV, suggesting that it is distinct from the highly volt- 
age-dependent K+ current known as I, (Brown and Adams, 
1980; Brown et al., 1989; McCormick and Williamson, 1989). 
Indeed, we have recently demonstrated that this current persists 
in thalamic reticular neurons after bath applications of Ba*+, 
which blocks ZM (Constanti et al., 198 I), confirming the separate 
identities of these two currents (McCormick and Wang, 199 1). 
Thalamocortical relay neurons in the guinea pig and cat LGNd 
also appear to express little of the slow Ca2+-activated K+ current 
known as ZAHP (Pennefather et al., 1985) since prolonged trains 
of action potentials (Fig. 7) or even the generation of repeated 
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high-threshold or low-threshold Ca*+ spikes (not shown) were 
not followed by the generation of a slow afterhyperpolarization. 
In addition, the slow depolarizing response resulting from ac- 
tivation of muscarinic or oc,-adrenergic receptors is unlikely to 
result from a reduction in a Ca*+-activated K+ current since 
these responses persist after the block of transmembrane Ca*+ 
currents (McCormick and Prince, 1987, 1988). Therefore, we 
were unable to confirm the suggestion by Sherman and Koch 
(1986) that modulation of ZAHP and/or IM may underlie the ex- 
citatory effects of ACh and NA in the LGNd. Although we have 
not yet specifically addressed the possible presence and mod- 
ulation of Z, in cat LGNd neurons, the presence of the slow 
depolarizing response even at negative membrane potentials in 
this species (e.g., Fig. 2) suggests that cholinergic and noradren- 
ergic reduction of I,, is also prevalent in these neurons. The 
nonadditive nature of the cholinergic and noradrenergic slow 
depolarizations or inward currents in guinea pig LGNd suggests 
that these two transmitters are capable of reducing the same K+ 
current. This hypothesis is supported by the similar voltage 
dependency of the current reduced by these two agents (see Fig. 
5). However, it is also possible that the postsynaptic actions of 
these two transmitters interact prior to convergence onto the 
same K+ channels, such as through competition for the same 
class of G-protein or second-messenger system. 

In addition to the slow depolarization, activation of musca- 
rinic receptors on guinea pig LGNd relay neurons is capable of 
activating an increase in K+ conductance. This potassium con- 
ductance is also activated by stimulation of GABA, and puriner- 
gic receptors (McCormick, 1988) and appears to be distinct from 
that reduced by NA, since maximal application of NA failed to 
reduce, and in fact often enhanced, the hyperpolarizing response 
to ACh or MCh (see Fig. 4). However, confirmation of the 
proposed distinct nature of these two currents must await single- 
channel analysis. 

Involvement of G-proteins in responses to MCh and NA 
Our present data suggest that the muscarinic- and GABA,-me- 
diated increases in K+ conductance in guinea pig LGNd relay 
cells are mediated by a pertussis toxin-sensitive G-protein, while 
the muscarinic and ol,-adrenergic receptor-mediated decreases 
in K+ conductance are also mediated by a G-protein, but one 
that is not readily ADP-ribosylated by pertussis toxin. The pos- 
sible involvement of pertussis toxin-sensitive G-proteins in ag- 
onist-induced increases in K+ conductances in neurons has been 
suggested previously (see Andrade et al., 1986; North, 1986; 
Nicoll, 1988; Brown, 1990). In agreement with these physio- 
logical studies, we have found that intracellular application of 
high concentrations of the nonhydrolyzable GTP analog GTP- 
7-S results in a tonic increase in K+ conductance that occludes 
further increases in K+ conductance when muscarinic or GABA, 
receptors are activated (Fig. 9), presumably through a ceiling 
effect. In addition, prior exposure to pertussis toxin effectively 
uncoupled muscarinic and GABA, receptors from this increase 
in K+ conductance (Fig. 8). In the heart, ACh-induced increases 
in K+ conductance have been proposed to involve the liberation 
of activated a-subunits from a pertussis toxin-sensitive G-pro- 
tein. Binding ofACh to muscarinic receptors splits the G-protein 
into two components: an a-subunit bound to GTP ((u-GTP) and 
the p- and y-subunits bound together (see Bimbaumer et al., 
1990). It is the a-GTP complex that is believed subsequently 
to activate the appropriate nearby K+ channels (Bimbaumer et 
al., 1990). The similarity of the increase in K+ conductance in 

response to activation of muscarinic receptors in thalamic neu- 
rons to that of the heart suggests that similar subcellular mech- 
anisms may be responsible, although this remains to be con- 
firmed through detailed patch-clamp analysis. For example, 
application of G, to membrane patches of hippocampal pyra- 
midal cells activates at least four different types of K+ channel, 
indicating a level of complexity that has not yet been demon- 
strated in heart cells (VanDongen et al., 1988). 

Our present results suggest that GTP-binding proteins are also 
involved in the slow depolarizations induced by activation of 
muscarinic and a,-adrenergic receptors in LGNd relay neurons 
(Figs. 8,9), although these G-proteins appear not to be pertussis 
toxin sensitive. The involvement of G-proteins in the reduction 
of resting leak conductances by ACh has not previously been 
investigated in detail, although one preliminary investigation 
reported that a non-pertussis toxin-sensitive G-protein was in- 
volved in the suppression of a resting K+ conductance by ACh 
in hippocampal pyramidal cells (Brown et al., 1988). In sym- 
pathetic ganglion cells, reduction of M-current by ACh appears 
to involve the activation of a non-pertussis toxin-sensitive 
G-protein (Pfaffinger, 1988; Brown et al., 1989; Brown, 1990). 
Similarly, although activation of oc,-adrenoceptors results in ex- 
citation through inhibition of K+ currents in a number of brain 
regions (see McCormick, 199 1 a, for review), the possible in- 
volvement of G-proteins in this response has not been thor- 
oughly addressed. In the heart, activation of cu,-adrenoceptors 
results in reduction of a leak K+ conductance and may involve 
a pertussis toxin-sensitive G-protein (Shah et al., 1988). How- 
ever, pharmacological investigations have demonstrated that 
although all a,-adrenoceptors appear to be coupled to G-pro- 
teins, some are sensitive to inhibition by pertussis toxin while 
others are not (see Minneman et al., 199 1). This variation in 
G-protein coupling of oc,-adrenoceptors may correlate with the 
various subtypes of this class of receptor (Minneman et al., 
1991). 

Functional consequences of muscarinic- and 
cu,-adrenergic-induced depolarizations 
Thalaniic relay neurons display two basic patterns of activity 
both in vivo and in vitro: rhythmic burst firing and single spike 
activity (Jahnsen and Llinas, 1984a,b; Steriade and Deschenes, 
1984; McCormick and Pape, 1990a). Rhythmic burst firing, in 
vitro, or in vivo during periods of deep sleep or anesthesia, ap- 
pears as a slow oscillation in the frequency range of delta waves 
(0.5-4 Hz) and results from the generation of low-threshold Ca*+ 
spikes, the timing of which is determined by the hyperpolar- 
ization-activated cation current I,, (McCormick and Pape, 1990a; 
Cur16 Dossi et al., 1991b; Steriade et al., 1992). In addition, 
spindle oscillations, which are 7-12 Hz circuit oscillations be- 
tween the nRt and thalamic relay cells, also appear in vivo during 
slow-wave sleep and anesthesia (Steriade and Deschenes, 1984). 
Depolarization of LGNd relay neurons, such as that which oc- 
curs naturally during wakening from slow-wave sleep (Hirsch 
et al., 1983), abolishes rhythmic burst firing through inactivation 
of the low-threshold Ca*+ current and replaces this activity with 
tonic, single spike firing (see Fig. 20). Functionally, this switch 
to single spike activity is associated with a large increase in 
responsiveness to, and ability to follow faithfully, excitatory 
potentials, thereby increasing the transmittal of sensory inputs 
(Coenen and Vendrik, 1972; Livingstone and Hubel, 198 1; Ste- 
riade and Llinis, 1988; McCormick and Feeser, 1990). Our 
present data reveal that activation of either muscarinic or LY,- 
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adrenergic receptors can result in a complete shift in firing mode 

promotion of single spike activity through the activation of 

of cat LGNd relay neurons from slow rhythmic burst h&g to 
tonic, single spike activity (see Fig. l), thereby suggesting that 
release of NA and/or ACh may be responsible, in vivo, for the 
similar shift in firing mode that is associated with increases in 
arousal and attentiveness (Hirsch et al., 1983). Indeed, electrical 
stimulation in the region of either the brainstem cholinergic or 
noradrenergic neurons that innervate the LGNd results in slow 
depolarization, suppression of rhythmic burst firing, and the 

to ionic channels and other effector systems. Br J Clin Pharmacol30: 
13S-22s. 

Bokoch GM, Katada T, Northup JK, Hewlett EL, Gilman AG (1983) 
Identification of the predominant substrate for ADP-ribosylation by 
islet activating protein. J Biol Chem 258:2072-2075. 

Breitwieser GE. Szabo G ( 1988) Mechanisms of muscarinic receotor- 
induced K+ channel activation as revealed by hydrolysis-resistant 

voltage-sensitive K+ current in a vertebrate neurone. Nature 283:673- 

GTP analogues. J Gen Physiol 91:469-493. 
Brown DA (1990) G-proteins and potassium currents in neurons. 

Annu Rev Physiol 52~215-242. 
Brown DA, Adams PR (1980) Muscarinic suppression of a nova1 

muscarinic and a!,-adrenergic receptors (Rogawski and Agha- 
janian, 1980; Kayama et al., 1982; Hu et al., 1989; Deschenes 
and Hu, 1990; Curr6 Dossi et al., 199 la). Although it has been 
suggested that the depolarization mediated by the activation of 
muscarinic receptors may be mediated by suppression of the 
M-current (Sherman and Koch, 1986; Curro Dossi et al., 199 1 a), 
our present results indicate that the most prominent effect is 
likely to be the suppression of Z,. The relatively linear nature 
of Z,, has the functional consequence that this current is active 
at all membrane potentials and therefore activation of musca- 
rinic or a,-receptors will result in suppression of slow rhythmic 
burst firing, which occurs at membrane potentials between - 70 
and - 85 mV (McCormick and Pape, 1990a), and the promotion 
of single spike activity. The amplitude of the resulting depolar- 
ization will, of course, depend upon the membrane potential 
prior to activation of these receptors (McCormick and Prince, 
1987) since more hyperpolarized membrane potentials are as- 
sociated with a decrease drive on K+. 

In addition to the block of Z,, shown here in response to 
activation of muscarinic and a,-adrenergic receptors, we have 
also recently described the block of this current in response to 
activation of H, histaminergic receptors in LGNd relay cells 
(McCormick and Williamson, 199 1) and 5-HT, serotoninergic 
receptors in nRt neurons (McCormick and Wang, 1991). In 
agreement with the present results, these responses were found 
to occlude with maximal activation of cy,-adrenergic receptors, 
implying postsynaptic convergence of action. Based upon these 
and other results (see reviews by McCormick, 1989; Steriade 
and McCarley, 1990) we would like to propose that the in- 
creased activity of brainstem cholinergic, noradrenergic, sero- 
toninergic, and hypothalamic histaminergic pathways that oc- 
curs during increases in arousal and attentiveness (Trulson and 
Jacobs, 1979; Aston-Jones and Bloom, 198 1; Vanni-Mercier et 
al., 1984; Steriade et al., 1990) results in an abolition ofrhythmic 
burst firing in thalamic neurons and thalamocortical systems 
and the promotion of single spike activity. These changes in 
thalamocortical activity, in turn, result in suppression of syn- 
chronized slow waves in the electroencephalogram and promote 
a state of activity that is conducive to cognition. Further detailed 
investigations are required to reveal the unique function that 
each of these neurotransmitter systems contribute to this process 
of ascending modulation of thalamocortical activity. 
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