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Ponto-geniculo-occipital (PGO) waves are spiky field poten- 
tials generated in cholinergic nuclei of the dorsolateral 
mesopontine tegmentum just prior to and during rapid-eye- 
movement (REM) sleep and transferred toward thalamic nu- 
clei. These events are commonly regarded as physiological 
correlates of oneiric behavior. We have examined the PGO- 
related discharges of physiologically identified neurons lo- 
cated in the dorsal lateral geniculate (LG) nucleus and peri- 
geniculate (PG) sector of the reticular thalamic complex in 
chronically implanted, naturally sleeping cats. PGO focal 
waves and associated unit discharges were simultaneously 
recorded by the same microelectrode. PGO waves herald 
the other signs of REM sleep (EEG desynchronization and 
musdular atonia), appearing 30-90 set before REM sleep 
over the EEG-synchronized activity of slow-wave sleep (pre- 
REM epoch). (1) Most PG neurons discharged bursts of ac- 
tion potentials in relation to PGO waves during both pre-REM 
and REM sleep. (2) The PGO-related activity of LG neurons 
was quite different. During the pre-REM stage, PGO waves 
correlated with a short (7-15 msec), high-frequency (300- 
500 Hz) spike burst of LG neurons, followed by a long (0.2- 
0.4 set) train of single spikes, whereas during REM sleep, 
the PGO-related activity lacked the initial burst and con- 
sisted of a spike train that only slightly exceeded the toni- 
cally increased background firing of LG cells. The stereo- 
typed characteristics of the PGO-related spike bursts during 
the pre-REM epoch suggest that they are the extracellular 
reflection of a low-threshold spike deinactivated by the tonic 
membrane hyperpolarization of LG cells associated with the 
EEG-synchronized sleep state. Such bursts are inactivated 
during the tonic depolarization of LG cells that occurs in 
REM sleep. The synchronous spike bursts discharged by LG 
cells in relation with the PGO waves of the pre-REM epoch 
probably underlie the much larger amplitude of the PGO 
waves of the pre-REM epoch as compared with those of the 
REM-sleep state. Since LG neurons have relatively low spon- 
taneous firing rates during the EEG-synchronized pre-REM 
epoch, the PGO-related activity of this transitional stage leads 
to a higher signal-to-noise ratio in the visual thalamocortical 
channel than during REM sleep. We suggest that the PGO- 
related activity during the pre-REM epoch is related to vivid 
imagery during this stage of sleep. 
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The ponto-geniculo-occipital (PGO) waves are a cardinal sign 
of the rapid-eye-movement (REM) sleep. A series of experi- 
mental evidence, including stimulation, lesions, reversible cool- 
ing, and recordings of cellular activities, have established that 
PGO waves are generated in the rostra1 pons and are transferred 
to the thalamus by neurons located in and around the peribra- 
chial (PB) area of the pedunculopontine nucleus (for recent re- 
views, see Sakai, 1985; Hobson and Steriade, 1986; Callaway 
et al., 1987). Immunohistochemical studies have revealed that 
a large proportion of PB cells are cholinergic (Jones and Beaudet, 
1987; Vincent and Reiner, 1987), and retrograde tracing studies 
combined with choline acetyltransferase (ChAT) immunohis- 
tochemistry have demonstrated the existence of a cholinergic 
projection from the brain-stem PB area to the lateral geniculate 
(LG) and perigeniculate (PG) thalamic nuclei of cat (DeLima 
and Singer, 1987; Smith et al., 1988). These investigations have 
also established that, quantitatively, the cholinergic projection 
is by far the most important ascending system of the brain-stem 
core. 

PGO waves are commonly regarded as the physiological cor- 
relate of dreaming during REM sleep. In animals, PGO waves 
recorded from the LG nucleus are lateralized according to the 
direction of eye movements (Nelson et al., 1983). This char- 
acteristic is shared by human parieto-occipital potentials re- 
corded during REM sleep (McCarley et al., 1983b). The re- 
lation between eye movement direction and gaze direction in 
dream imagery has been reported by Dement and Kleitman 
(1957) and was recently confirmed with statistical methods 
(Herman et al., 1984). 

Despite the importance of PGO waves as probable indicators 
of internally generated brain activation processes during dream 
mentation, little is known about the neuronal events that are 
associated with these spiky field potentials in the thalamus and 
cerebral cortex during natural sleep. Bizzi (1966) reported that 
most LG neurons discharge spike trains of about 100 msec 
beginning at the peak of the PGO focal wave, whereas 12% of 
LG cells exhibit a transitory arrest of firing during PGO waves. 
Similarly, Sakakura (1968) observed that the increased firing of 
LG relay cells occurs in association with the slow deflection that 
follows the peak of PGO field potentials. 

The results of those early investigations left open a series of 
fundamental issues. 

(1) First, it is known that PGO waves herald REM sleep by 
about 0.5-1.5 min. They appear during the state of sleep with 
EEG synchronization well before the EEG desynchronization 
that accompanies the fully developed REM sleep (Fig. 1). In 
what follows, we will use the term pre-REM when referring to 
this period of slow-wave sleep with PGO waves. Intracellular 
recordings in chronically implanted animals have shown that 



2216 Steriade et al. l PGO Waves in Geniculate Thalamic Complex 

Figure 1. Electrographic criteria of 
sleep states. I-3, Contiguous epochs. 
The 4 ink-written traces represent elec- 
trical activity of the LG nucleus re- 
corded by a coaxial electrode, ocular 
movements (EOG), EEG waves from 
the surface of the anterior suprasylvian 
gyrus, and electromyographic activity 
(EMG). Arrow in I indicates start of the 
pre-REM epoch, beginning with the first 
PGO wave. First arrow in 2 points to 
EEG desynchronization, while second 
arrow indicates complete muscular 
atonia during REM sleep. 
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LG neurons are hyperpolarized during EEG-synchronized sleep, 
whereas they are tonically depolarized during REM sleep with 
EEG desynchronization (Hirsch et al., 1983). The EEG-syn- 
chronized and EEG-desynchronized behavioral states are as- 
sociated with opposite modes of background discharges and 
cellular responsiveness in thalamic neurons (Steriade and 
Deschenes, 1984). In particular, waking and REM sleep are 
accompanied by stabilized membrane potential and tonic firing, 
whereas EEG-synchronized sleep is associated with long-lasting 
hyperpolarizations and high-frequency bursts related to spindle 
oscillations. The basis of sleep bursts is a low-threshold Ca spike 
(LTS) deinactivated by membrane hyperpolarization that gives 
rise to high-frequency Na action potentials (see Steriade and 
Llinbs, 1988). What are the LG-cell responses to the brain stem- 
generated PGO volley during 2 behavioral states (EEG-syn- 
chronized pre-REM stage and EEG-desynchronized REM sleep) 
associated with different levels of resting membrane potential 
in thalamic neurons? 

(2) Second, what is the ratio between the PGO signal and the 
background discharge in the visual channel during the pre-REM 
period of PEG-synchronized sleep and during REM sleep? This 
question may give clues as to the vivid imagery during these 2 
epochs of the sleep cycle. 

(3) At the time of earlier investigations on LG unitary activ- 
ities related to PGO waves, it was not known that the PG sector 
of the reticular thalamic (RE) nuclear complex is the main source 
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of recurrent inhibition acting upon LG thalamocortical cells. It 
has recently been shown that the effects of brain-stem reticular 
stimulation and ACh application are strikingly different upon 
LG and PG or RE neurons. In particular, ACh induces a se- 
quence of depolarizing responses in most LG neurons of cat 
studied in vitro (McCormick and Prince, 1987a, b), whereas the 
response of RE cells to ACh is a powerful hyperpolarization 
with increased K conductance (McCormick and Prince, 1986, 
1987b). Since ACh is involved in the thalamic response to the 
PGO volley (see above), the question arises as to the possibly 
differential effects exerted by the brain-stem executive elements 
on LG and PG neurons. 

In this paper, we attempt to answer these questions by re- 
cording the PGO-related activities of physiologically identified 
LG and PG neurons in naturally sleeping cats. 

Materials and Methods 
Preparation, stimulation, and recording. Adult cats were used. The chronic 
implantation was performed under sodium pentobarbital anesthesia (35 
mg/kg). During recording sessions, the head was rigidly held in a ster- 
eotaxic position without pain or pressure (Steriade and Glenn, 1982). 
Recording leads consisted of monopolar electrodes over the surface of 
the anterior suprasylvian cortex to record EEG rhythms, silver ball 
electrodes for ocular movements (EOG), and electrodes for neck muscle 
potentials (EMG). Bipolar stimulating electrodes were inserted into the 
optic chiasm (OX). A coaxial recording electrode was implanted in the 
LG nucleus, contralaterally to the LG-PG complex explored by mi- 
croelectrodes. The positions of OX stimulating and LG recording elec- 
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trodes were adjusted to maximize the amplitude of LG field potentials 
evoked by OX stimulation. There was no behavioral sign that OX 
electrical stimulation was experienced. 

Recordings began 7-10 d after chronic implantation. The animals 
were not deprived of sleep between recording sessions. Single cells were 
recorded in the RE sector overlying the PG nucleus as well as in the 
PG and LG nuclei by means of tungsten microelectrodes (l-2 pm; 2- 
5 Ma at 1 kHz). Unit discharges and focal waves were recorded si- 
multaneously by the microelectrode on direct (SO-10,000 Hz) and FM 
(l-700 Hz) channels of a tape recorder, along with OX stimulation 
pulses, the activity of the contralateral LG nucleus, and EEG-EOG- 
EMG variables indicating the behavioral state of vigilance. Small lesions 
(1 O-20 PA, 20-30 set) were made at 1 or 2 sites along the microelectrode 
tracks. When exploration of the geniculate complex was completed, the 
animals were deeply anesthetized with sodium pentobarbital (45 mg/ 
kg) and perfused intracardially with saline (0.9%) and formaldehyde 
(10%). The locations of OX stimulating electrode, LG recording elec- 
trode, and RE-PG-LG recording microelectrodes were verified on frozen 
sections (40 pm) stained with cresyl violet. 

Analyses. Three main states were analyzed: Sleep with EEG synchro- 
nization, REM sleep, and a transitional pre-REM period between these 
2 sleep states characterized by the appearance of PGO waves before all 
other defining features of REM sleep. Figure 1 shows that isolated PGO 
waves occurred in the LG nucleus at a time when EEG was still fully 
synchronized (arrow in panel l), about 1 min before EEG desynchro- 
nization, total muscular atonia (arrows in panel 2), and saccadic eye 
movement. Also shown in Figure 1 is the overt difference between the 
isolated PGO waves with high amplitudes in the pre-REM state and 
the clusters of repetitive PGO waves with smaller amplitudes during 
REM sleep. 

For cross-correlation between unit discharges and focal PGO waves 
recorded by the same microelectrode in RE, PG, and LG nuclei, focal 

Figure 2. Physiological identification 
of LG and PG neurons. A and B. TVD- 
ical OX-evoked responses in LG and 
PG neurons, respectively. Stimulus ar- 
tifact marked by arrowhead. C, Latency 
histogram of OX-evoked responses in 
39 LG cells and 27 PG cells. 

waves were digitized on a Data Precision model 6000 analyzer using a 
signal bandwidth of 30 Hz and a sampling rate of 100 samples/set. The 
focal waves were displayed on a computer monitor and the approximate 
time of occurrence (time-zero, 7’J of PGO waves was noted visually 
and entered into the computer. The computer then searched for and 
corrected the T0 to the time of the negative peak of the PGO spiky wave 
to an accuracy of 10 msec or one sampling period. Intervals between 
neuronal discharges (interspike intervals) from the same epochs were 
also measured to a resolution of 0.1 msec and stored in the computer. 

The time range for peri-PGO correlation with unit intervals was cho- 
sen to be from T, - 400 msec to To + 800 msec. To ensure that results 
from this period were not contaminated by adjacent PGOs, only those 
PGOs that were separated by at least 1200 msec were selected for anal- 
ysis. A further requirement was that to be retained for analysis the 
epochs contain at least 5 suitable PGOs. 

For each cell and state, the To for a suitable single PGO was deter- 
mined and the cell’s interspike intervals within the time range around 
To were fetched and used to produce an individual interspike interval 
histogram for one PGO using bins of 20 msec. A bin-by-bin average of 
the counts of all histograms was then computed for the epoch. 

The averaged histogram ordinate was calibrated in effective unit firing 
rate (Hz) by 

FS= (1000 x C’JINP x SW, 

where FS is the equivalent unit firing rate (Hz); NP, the number of 
PGOs analyzed in epoch; C, total counts in bin for NP histograms; and 
B W, bin width (in msec). 

The average effective firing rate over the first 200 msec of the time 
range (from -400 to -200 msec) was also computed. 

Pooled histograms for several cells were obtained by computing the 
bin-by-bin average across all available cells in the same nucleus and 
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OX-evoked PGO 

Figure 3. Configuration of PGO waves 
and OX-evoked field potentials along a 
microelectrode track in PG and LG nu- 
clei. In all 10 recorded points, averaged 
traces (n = 10). For significance oft and 
r components of OX-evoked response, 
see text. OR, optic radiation; LGv, ven- 
tral part of the LG, OT, optic tract. 

the same state of vigilance. The previously mentioned restrictions on 
PGO time separation and minimum number of PGOs permitted the 
pooling of 15 LG, 7 PG, and 3 RE neurons in pre-REM and REM 
states. 

As indicated in Results, the onset of PGO waves was correlated with 
high-frequency spike bursts of LG neurons during the pre-REM state, 
when the EEG was still synchronized. A study of peri-PGO discharge 
bursts of LG neurons was undertaken. For this, the unit activity from 
each epoch was searched for LG spike bursts, defined as at least 2 
consecutive intervals of 5 msec or less, preceded by an interval of 40 
msec or more. These criteria were similar to those used in a previous 
study of thalamic bursts during EEG-synchronized sleep (Domich et 
al., 1986). The starting time of these bursts were noted and treated as 
events for the creation of individual histograms over the same time 
range around each PGO, as previously described for intervals. In this 
case, however, a bin width of 50 msec was used. 

The bin-by-bin sum of counts for all histograms in the epoch was 
also calculated as a measure of the average burst activity. 
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The ordinate of the peri-PGO averaged burst histogram was calibrated 
in bursts per minute by 

FB = (60,000 x c)/NP x SW, 

where FB is the equivalent burst firing rate per bin (bursts/min); NP, 
the number of PGOs analyzed in epoch; C, total counts in bin for NP 
histograms; and B W, bin width (in msec). 

The expected burst frequency that gives the distribution of randomly 
distributed bursts in the epoch is expressed by 

FBE =(BPM x BW)INP x 1000, 

where FBE is the expected burst firing rate per bin (bursts/min); BPh4, 
the epochal burst firing rate (burst/min); B W, the bin width (in msec); 
and NP, the number of PGOs analyzed in epoch. 

The average waveform of all the PGOs analyzed for each epoch was 
also produced to ascertain the shape and average peak amplitude of the 
PGO wave. 
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Results 
Data base 
During the sleep-waking cycle, we recorded 89 neurons within 
the anatomical limits of the dorsal LG nucleus, 57 neurons 
within the PG nucleus (0.2-0.7 mm above the dorsal limit of 
LG layer A), and 16 neurons in the RE sector overlying the PG 
nucleus (peripulvinar and perilateral posterior parts of the RE 
nuclear complex). 

(1) Of those cells, 39 neurons were physiologically identified 
as LG neurons by their single-spike response to single-shock 
OX stimulation. The latencies of OX-evoked responses in 36 
LG cells were distributed in a bimodal fashion, with an early 
peak around 1.1 msec and a late one around 1.6 msec; in ad- 
dition, 3 other LG neurons had response latencies of 2.3-2.7 
msec (Fig. 2). (2) By contrast, 27 PG cells responded to OX 
stimulation with a high-frequency (400-500 Hz) spike burst, 
with latencies ranging between 1.5 and 3.3 msec (Fig. 2). (3) RE 
cells recorded dorsally to the PG nucleus did not respond to 
OX stimulation. Their exceedingly long-lasting (0.2-l set) spike 
barrages during EEG-synchronized sleep were typical for RE 
neurons (see Domich et al., 1986). 

Two parallel laminar analyses were simultaneously performed 
in the LG-PG complex: (1) Of the focal PGO waves, and (2) of 
the OX-evoked field potential. The starting point was the first 
encountered PG cell, as identified by its typical burst response 

600 600 

Figure 4. PGO-related activity of an 
LG neuron during pre-REM epoch. Ink- 
written record depicts unit discharges 
(deflections exceeding the common level 
of single spikes represent high-frequen- 
cy bursts), focal waves recorded by the 
same microelectrode, electrical activity 
in the contralateral LG nucleus record- 
ed by a coaxial electrode, EOG, and 
EEG. Two examples of unit activity re- 
lated to single and double PGO waves 
(marked by 1 and 2 asterisks, respec- 
tively) are depicted below with original 
spikes. The initial burst of action po- 
tentials related to the PGO wave marked 
by 1 asterisk (arrow) is also illustrated 
at higher speed (inset). Bottom, Peri- 
PGO histogram (20 msec bins) of unit 
discharges during the pre-REM epoch. 
In this and following figures depicting 
peri-PGO histograms, time 0 coincides 
with the negative peak of the PGO wave. 
The average level of spontaneous dis- 
charge during the first 200 msec of the 
histogram (11.3 Hz) is also indicated. 

to OX stimulation (see Fig. 2). At that point, OX-evoked field 
potentials and spontaneous PGO waves appearing during the 
pre-REM state were averaged (n = 10). This procedure was 
repeated 9 times, every 0.2 mm. The OX-evoked response in 
the LG nucleus consisted of an initially positive presynaptic 
(tract, t) component, followed by a negative postsynaptically 
relayed (r) component (Fig. 3). This sequence was seen in layers 
A-A 1. In the deep part of layer A 1 and in layer C, a second 
positive component appeared, probably reflecting a slower con- 
ducting contingent of optic tract fibers. On the other hand, the 
highest amplitudes of the negative-positive PGO wave were 
seen in LG layers A-Al. In layer C, the PGO wave diminished 
in amplitude by lOO--200% and its large positive component 
that followed the initial negative peak as well as the subsequent 
slow negative wave were reversed in polarity (see last recording 
point in Fig. 3). 

PGO-related activity in LG neurons 
The discharge of 28 out of 39 OX-driven LG cells was closely 
related to PGO waves. The PGO-related neuronal firing as well 
as the background activity of LG cells were different in the pre- 
REM transitional epoch as compared with REM sleep. 

During the pre-REM epoch, PGO waves appeared as singly 
or bifid deflections, with amplitudes ranging from 0.2 to 0.4 
mV. They occurred at intervals varying from 0.5 to 2 sec. The 
PGO-related activity of LG neurons started with a brief (7-l 5 
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LG contra 
Figure 5. 

REM). 

PGO-related activity of an 
LG neuron during pre-REM epoch and 
REM-sleep state. Same type of ink- 
written recordings as in Figure 4. In both 
pre-REM and REM, PGO-related unit 
activity is depicted with original spikes 
below each ink-written recording. Note 
the tonically increased firing rate in 
REM, the smaller amplitudes of PGO 
field potentials in REM (compared to 
pre-REM), and the absence of PGO- 
related spike bursts in REM (contrast- 
ing with their presence, arrows, in pre- 
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msec), high-frequency (300-500 Hz) spike burst that was su- 
perimposed on the initial part of the negative component of the 
focal wave recorded by the same microelectrode or upon the 
peak of that wave (arrows in Figs. 4, 54). The burst continued 
with a train of single spikes at 50-80 Hz, lasting for 0.2-0.4 set 
and superimposed upon the declining phase ofthe negative wave 
and the subsequent positive component of the PGO focal wave. 

During REM sleep, the spontaneous discharge rate of LG 
neurons was 1.5 to 3-fold higher, the peak-to-peak amplitudes 
of PGO waves 2-3 times lower, and the PGO-related unitary 
activity consistently lacked the initial high-frequency burst that 
characterized the pre-REM epoch (Fig. 93). 

The 2 LG neurons depicted in Figure 6 discharged at about 
12-14 Hz during the pre-REM epoch. Their discharge rate 

reached 33-36 Hz during REM sleep. The peak-to-peak am- 
plitudes of PGO waves were 0.4-0.45 mV during pre-REM and 
0.15-0.2 mV during REM sleep. As illustrated in theirrespective 
peri-PGO histograms, the onset of the PGO-related discharge 
of those 2 LG cells was a high-frequency spike burst related to 
the initial part of the spiky negative component of the PGO 
wave in one cell (Fig. 6A) and to its peak in the other (Fig. 6B). 
In those and all other LG cells, it was consistently found that 
the ratio between the peak of PGO-related discharge and the 
background firing was much higher during the pre-REM epoch 
than during REM sleep. In the 2 LG cells depicted in Figure 6, 
the signal-to-noise ratio reached values of 5.8 and 7.1 during 
pre-REM, whereas the values during REM sleep were 2.3 and 
1.6, respectively. The pooled signal-to-noise ratio in all analyzed 
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LG neurons was 2.4 during pre-REM and 1.6 during REM sleep 
(Fig. 7). 

As described above, the PGO-related unit activity of LG cells 
started with a high-frequency burst during epochs of pre-REM 
with EEG-synchronized rhythms, whereas such spike bursts did 
not occur when tonic firing appeared during EEG-desynchro- 
nized REM sleep. Accordingly, the interspike interval distri- 
butions of spontaneous discharges were strikingly different when 
the states of slow-wave sleep (SWS), pre-REM, and REM sleep 
were compared (Fig. 8). During SWS, more than 45% of inter- 
vals were grouped between 1 and 3 msec, thus reflecting the 
high intraburst frequencies (left panel in Fig. 8, SWS). The re- 
lation between LG thalamic bursts and rhythmic spindle waves 
at 7 Hz was reflected by a late, minor mode of 120-160 msec 
intervals representing the interburst silent periods (right panel 
in Fig. 8, SWS). The percentages of intraburst intervals (shorter 
than 5 msec) were 3 times higher during pre-REM than during 
REM sleep (left panels in Fig. 8). On the other hand, the lower 

Figure 6. Peri-PGO histograms of LG 
unit discharges and averaged focal PGO 
waves from the same epochs during pre- 
REM and REM sleep. A and B, Two 
LG cells. The average level of sponta- 
neous discharges (11.8 Hz, etc.) is also 
indicated in each histogram. A, 19 PGO 
events in pre-REM, 11 PGO events in 
REM sleep. B, 8 PGO events in pre- 
REM, 23 PGO events in REM sleep. 

proportion of intervals shorter than 5 msec during pre-REM, 
compared with SWS, is explained by the decreased probability 
of bursts after the PGO-related initial burst (see Fig. 9). Another 
feature that differentiated the pre-REM epoch from the previous 
SWS state was a class of intervals ranging between 30 and 70 
msec. This interval class was negligible before the appearance 
of PGO waves and represented the PGO-related trains of single 
spikes following the initial burst (right panels in Fig. 8). 

The group analysis of PGO-related high-frequency bursts in 
LG neurons during pre-REM (Fig. 9) revealed that the proba- 
bility of high-frequency bursts was greatly enhanced during the 
50 msec bin preceding the peak of PGO waves, while the prob- 
ability of bursts decreased dramatically for about 300-400 msec 
after PGO waves. 

PGO-related activity in PG neurons 
Several features distinguished PG from LG neurons. (1) The 
spontaneously occurring bursts of PG neurons during SWS were 
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the equal amplitude of averaged PGO waves in those 2 states 
(Fig. 12) an aspect that was also different from the significantly 
decreased amplitude of PGO waves appearing during REM sleep 
in the LG nucleus. Finally, the short duration of PGO-related 
spike bursts in PG cells corroborated the relatively short du- 
ration (60-80 msec) ofthe negative PGO wave in the PG nucleus 
(Fig. 12) compared with the considerably longer duration (1 OO- 
130 msec) of the negative PGO wave in the LG nucleus (see 
Fig. 6). 

Most physiologically identified (18 out of 27) PG cells dis- 
played PGO-related burst discharges like those illustrated in 
Figures 10, 12, and 13A. However, the discharge of one PG 
neuron was clearly diminished for about 100 msec after the T,, 
of the focal PGO wave, without any sign of a previous spike 
burst (Fig. 13B). Less consistent indications of such reduced 
firing were also seen in 2 other PG cells, but in those cases the 
period of silenced firing was much shorter and followed the 
PGO-related spike burst (Fig. 12A. REM; Fig. 13A). Two other 
PG neurons discharged a long (300 msec) spike train after the 
PGO-related burst (Fig. 12A, REM; Fig. 13C), as LG neurons 
did. Finally, the activity of 4 PG cells was not influenced by 
PGO signals. 

The short-lasting increase in firing rate around T, of focal 
PGO waves, during pre-REM and REM sleep, was also revealed 
when individual peri-PGO histograms of PG neurons and RE 
neurons were pooled (Fig. 14). The signal-to-noise ratio in these 
elements was around 2 (between 1.7 and 2.5) in both pre-REM 
and REM sleep. 

-. . . . . . 
-400 -200 0 200 400 600 800 

Time (mS) 

Figure 7. Pooled peri-PGO histograms of unit discharges in a sample 
of 15 LG cells during pre-REM epoch and REM sleep. See Materials 
and Methods. 

much longer than those of LG cells and consisted of 2 
components: An early one, characterized by high intraburst fre- 
quencies (over 200 Hz), with progressive acceleration and sub- 
sequent deceleration of discharges; and, in most cells, a long- 
lasting (more than 200 msec) barrage of single spikes (Figs. 10, 
11). As such, the SWS bursts of PG neurons are similar to those 
of neurons recorded from other sectors of the RE thalamic com- 
plex (Domich et al., 1986; Steriade et al., 1986). (2) During pre- 
REM, as well as REM sleep, the PGO-related activity of PG 
cells consisted of a high-frequency (400-500 Hz) burst, lasting 
for about 20-40 msec. As a rule, this initial burst was not fol- 
lowed by a prolonged train of single spikes (but see Fig. 13C). 
The PGO-related burst appeared on the initial part of the neg- 
ative PGO wave or, more often, was superimposed on its peak 
(Figs. 10, 11). When double PGO waves occurred, the PG cell 
discharged in relation to the negative components of both PGO 
field potentials (Fig. 11). 

These aspects are reflected in the peri-PGO histograms of 
PG-cells’ discharges, as well as in the averaged PGO waves 
recorded focally in the PG nucleus. Both neurons depicted in 
Figure 12 displayed short (20-40 msec) periods of increased 
firing around the time 0 of PGO waves. This was different from 
the prolonged (0.2-0.4 set) spike train that followed the peak 
of the PGO negative component in LG neurons (see Fig. 6). The 
fact that PG neurons discharged spike bursts in relation to PGO 
waves during both pre-REM and REM sleep was reflected in 

Discussion 
Cellular mechanisms and transmitters involved in PGO- 
related activities of LG and PG neurons 
We have shown that PGO-related discharges of LG neurons 
start with spike bursts during the pre-REM epoch. The stereo- 
typed characteristics of these short, high-frequency bursts in- 
dicate that they are triggered by low-threshold spikes (LTSs) 
deinactivated by the membrane hyperpolarization of LG cells 
during the state of EEG synchronization that accompanies the 
transition from slow-wave sleep to fully developed REM-sleep 
(Steriade and Llinas, 1988). LTSs have been described in vir- 
tually all thalamocortical neurons studied in vitro (Jahnsen and 
Llinas, 1984a, b) and in vivo (Deschenes et al., 1984). Such high- 
frequency spike bursts are the stigmatic events of intralaminar 
thalamocortical neurons (Glenn and Steriade, 1982) and of LG 
thalamic neurons (McCarley et al., 1983a) during EEG-syn- 
chronized sleep but not during the EEG-desynchronized states 
of waking and REM sleep that are both associated with an 
enduring depolarization of thalamocortical neurons (Hirsch et 
al., 1983). It was recently demonstrated in vitro that at least one 
class of cat’s LG local-circuit cells, identified morphologically 
by intracellular staining, do not display LTSs after large hyper- 
polarizing pulses, thus standing in contrast with LG thalamo- 
cortical neurons (McCormick and Pape, 1988). This peculiarity, 
the small size of interneurons, and the fact that they constitute 
only one-third of LG cells suggest that our sample consisted 
mainly of thalamocortical cells. 

Further evidence that PGO-related bursts during the pre-REM 
epoch are triggered by LTSs comes from the peri-PGO histo- 
gram of burst occurrence, showing a markedly decreased prob- 
ability of spontaneously occurring or PGO-related bursts for 
300-400 msec after the PGO wave. It is known that the relative 
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Figure 8. Interspike interval histo- 
gram of an LG cell during slow-wave 
sleep (SWS), pre-REM, and REM sleep. 
In each state, 2 histograms are shown, 
with 1 msec bins (left) and 10 msec bins 
(right). Symbols: IV, number of inter- 
vals; X, mean interval (in msec); A4, 
interval mode in depicted time range 
(msec); C, coefficient of variation; E, 
proportion of intervals in excess of the 
depicted time range. Since the percent- 
ages of intervals exceed the ordinate 
maximum in first bins of right panels, 
the real percentages are indicated. 

refractory phase of LTS in thalamic neurons may reach 200- 
300 msec (DeschCnes et al., 1984; Jahnsen and LlinBs, 1984a). 

The onset of PGO-related activity with a spike burst during 
the pre-REM epoch and the absence of bursts during REM sleep 
(when LTSs are inactivated because of cells’ depolarization) may 
explain the much greater amplitude of PGO field potentials 
during the transitional pre-REM stage, as compared with REM 
sleep. We hypothesize that the large amplitude of spiky PGO 
waves during the pre-REM epoch is due to synchronous bursts 
in pools of LG neurons. 

Both the initial burst and the subsequent train of single spikes 
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Figure 9. Probability of high-frequency spike bursts before and after 
pre-REM PGO waves in a sample of 11 LG neurons. To is the peak of 
the negative PGO wave. For criteria of bursts and their detection by 
the computer, see Materials and Methods. 
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Figure 10. Activity of a PG neuron 
during slow-wave sleet (S Ws) and ore- 
REMepoch. Same type‘of recording as 
in Figures 4 and 5. The PGO-related 
unit activity marked with an asterisk in 
the pre-REM epoch is also illustrated 
below with original spikes. Five dotted 
lines at the extreme right of pre-REM 
recording (when EEG becomes desyn- 
chronized) indicate the correspondence 
between focal PGO waves and PG-cell’s 
bursts. 

! I,,,, II, lu 
PG unit * 

” - 
40ms 

vation of LG cells by the executive PGO-on cells located in the 
PB area of the pedunculopontine nucleus. A class of PB cells 
has been found to discharge spike bursts preceding by lo-25 
msec the PGO wave in the LG nucleus (McCarley et al., 1978; 
Sakai and Jouvet, 1980; Nelson et al., 1983). Stimulation of the 
PB area induces a direct, transient depolarization in most LG 
relay neurons, a response that is completely abolished by small 
doses of barbiturates (Hu et al., 1989b). Similarly, barbiturates 
exert depressing effects on the excitatory response of LG cells 
to ACh application (Eysel et al., 1986). The kainate-induced 
destruction of about 60% of ChAT-positive perikarya in the 
pedunculopontine nucleus is followed by a significant reduction 
of PGO-wave rate during REM sleep (Webster and Jones, 1988). 
The cholinergic (nicotinic) nature of the PGO wave in the LG 
nucleus was demonstrated by the blockage of reserpine- or PB- 
induced PGO field potentials and related cellular activities of 
LG neurons after systemic administration or iontophoretic ap- 
plication of nicotinic antagonists (Ruth-Monachon et al., 1976; 
Hu et al., 1988). Although those acute experiments did not 
disclose a muscarinic component in the PGO-related excitation 
of LG neurons, the relatively long (0.2-0.4 set) trains of single 

40s 

spikes that follow the initial burst in LG neurons of naturally 
sleeping animals (see Figs. 4-7) suggest that a slow muscarinic- 
mediated process is involved in the PGO-related LG-unit ac- 
tivities of behaving animals. A slow muscarinic excitation was 
described in cat’s LG neurons (Sillito et al., 1983), and it was 
attributed to the suppression of a K conductance (McCormick 
and Prince, 1987a). It is possible that the disclosure of the mus- 
carinic effect requires the presence of powerful excitatory (main- 
ly corticofugal) inputs and is best observed in unanesthetized 
preparations. Removal of corticothalamic inputs, as performed 
in the acute experiments referred to above, may hyperpolarize 
the dendrites of LG cells. This would inactivate most K channels 
(whose open state is dependent on membrane depolarization) 
and would consequently prevent the muscarinic excitation. 

Two other brain stem-thalamic modulatory systems originate 
in the norepinephrine (NE)-containing neurons of locus coe- 
ruleus and in the serotonin (5-HT)-containing neurons of the 
dorsal raphe nucleus. Their role in PGO induction is less well 
understood. These 2 types of monoaminergic cells have been 
postulated to exert inhibitory effects on brain-stem choline@ 
PGO-on cells, with the consequence of permissive actions 



The Journal of Neuroscience, July 1989, 9(7) 2225 

A 

(through disinhibition) during REM sleep when both locus coe- 
ruleus and dorsal raphe neurons are virtually silent (for recent 
reviews, see Sakai, 1985; Hobson and Steriade, 1986). Such 
permissive influences could account for the activity of certain 
brain-stem cell-classes with tonically increased firing rates 
throughout the state of REM sleep, but obviously not for those 
brain-stem neurons that discharge high-frequency bursts exclu- 
sively related to PGO waves (see above). Since such high-fre- 
quency bursts are probably triggered by LTSs, the source(s) of 
phasic or tonic inhibition acting upon PB neurons should now 
be revealed in the search of mechanisms underlying PGO-on 
bursting brain-stem elements. As to the thalamic effects of si- 
lenced firing in locus coeruleus and dorsal raphe cells during 
REM sleep, they cannot be envisaged in similar ways because 
the action of NE on cat’s LG neurons in vitro is a depolarization 
due to a decrease in K conductance (McCormick and Prince, 
1988) whereas the few extracellular studies dealing with 5-HT 
actions and dorsal raphe stimulation reported depressive influ- 
ences on neurons recorded from the LG-PG complex (Kemp et 
al., 1982; Yoshida et al., 1984). 

As to PG neurons, they almost invariably discharged a high- 
frequency burst superimposed on the negative peak of PGO 
waves. The short duration of PGO-related bursts in PG neurons 
and the absence of a subsequent train of single-spikes fit well 
with the shorter duration of PGO field potentials in the PG 

Figure II. Activity of a PG neuron 
during SWS, pre-REM, and REM sleep. 
A, Typical long-lasting burst of PG cell 
during SWS. B, Three PGO-related 
bursts of PG cells are depicted during 
pre-REM and REM sleep (asterisks cor- 
respond to those in the ink-written rec- 
ord). 

nucleus, compared with the LG-PGO field potentials (see Figs. 
6, 12). This difference in field potential duration within 2 nuclei 
separated by less than 0.5 mm emphasizes the focal character 
of our recordings. The differences between LG- and PG-unit 
activities related to the brain stem-generated PGO volley prob- 
ably reflect the differential effects exerted by brain-stem reticular 
stimulation and ACh application upon LG and PG thalamic 
cells. 

Until quite recently, the common assumption was that, in 
clear contrast with PB- or ACh-induced excitation of LG thal- 
amocortical neurons, neurons of the PG and other sectors of 
the reticular thalamic (RE) nuclear complex are inhibited by 
either stimulation of the brain-stem reticular core (Dingledine 
and Kelly, 1977; Ahlstn et al., 1984) or ACh application (God- 
fraind, 1978; McCormick and Prince, 1986). It is now known 
from extra- and intracellular recordings of RE and PG neurons 
that stimulation of the PB area or more rostra1 midbrain retic- 
ular regions induces a dual excitatory-inhibitory sequence, even 
after chronic degeneration of passing fibers (Steriade et al., 1986; 
Hu et al., 1989a). Two lines of evidence indicate that the initial 
excitation of RE (PG) neurons is direct: Its latency (6-10 msec) 
corresponding to the slow conduction velocities of PB-PG fibers 
(see Ahlsen, 1984) and the fact that it can be elicited under 
barbiturate anesthesia, a condition that blocks the brain stem- 
induced excitation of LG neurons. 
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Figure 12. Peri-PC0 histograms of 2 
PC units and averaged focal PC0 waves 
recorded during the same pre-REM and 
REM-sleep epochs. Same type of com- 
puter-generated graphs as in Figure 6 
(see that legend). A, Seven PC0 events 
in pre-REM, 22 PC0 events in REM 
sleep. B, Ten PC0 events in pre-REM, 
19 PC0 events in REM sleep. 
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Although the PB-evoked early depolarization of PG cells is 
rarely accompanied by spike discharges and PG neurons do not 
discharge in relation to PGO waves in acutely prepared, anes- 
thesized animals with ablated visual cortex (Hu et al., 1989c), 
the present experiments showed that a vast majority of PG 
neurons displayed PGO-related spike bursts in the experimental 
condition of an unanesthetized, brain-intact animal. It might 
be claimed that this excitation was transmitted via LG neurons. 
While this possibility cannot be definitely discarded in our ex- 
perimental conditions, the close examination of individual peri- 
PGO histograms of LG and PG neurons, as well as their pooled 
peri-PGO histograms, indicate that the increased firing preceded 
by about 40 msec the peak of the negative PGO focal wave in 
both LG and PG neurons. In other words, the onset of LG and 
PG discharges corresponded with the early negative phase of 
the PGO field potential that represents summated depolariza- 
tions in LG and PG neurons. It is reasonable to hypothesize 
that an overt excitation of PG neurons from the PB area might 
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depend on a powerful excitatory impingement from the cerebral 
cortex, as is the case during natural REM sleep. The transmitter 
of the PGO-related early excitation of PG neurons is not yet 
elucidated. The possibility of a nicotinic action of PB-PG axons 
should be investigated. A high density of nicotinic receptors has 
been found in various sectors of the RE nuclear complex (Clarke 
et al., 1985; Swanson et al., 1987). 

As to the brevity of PG bursts, the postburst inhibitory phase, 
and the PGO-related suppressed discharges of PG neurons with- 
out prior excitation (see Fig. 13B), these aspects have been ob- 
served in RE neurons after brain-stem reticular stimulation (see 
figs. 13 and 14 in Steriade et al., 1986). Two factors can account 
for the brain stem-induced inhibition of RE (PG) neurons: The 
direct muscat-uric-mediated hyperpolarization (McCormick and 
Prince, 1986; Hu et al., 1989a) and/or the inhibition of GA- 
BAergic RE (PG) cells by intranuclear axonal collateralization 
set into motion by their prior excitation. 

We could not detect clear-cut inhibitory periods in LG-cell 



activity coinciding with the PGO-related bursts of PG neurons. 
However, such inhibitory periods produced by quite short du- 
ration (20-40 msec) PG bursts would remain undetectable in 
extracellular recordings because of the high discharge rate of 
relay cells. Alternatively, the absence of overt inhibition in LG 
neurons could be explained by the synaptic contacts between 
PG and LG local-circuit inhibitory neurons (Montero and Sing- 
er, 1985) in which case the direct inhibition of LG relay cells 
would be overwhelmed by the disinhibitory process via GA- 
BAergic local-circuit cells. 

PGO waves and information processing during dreaming sleep 
As dreams are objectified by verbal reports of humans, the 
question arises of whether one may speak about dreaming be- 
havior in animals. A positive answer was provided by experi- 
ments showing that, after adequate pontine lesions leading to 
suppression of muscular atonia, cats display oneiric behavior 
during REM sleep: They seem to fight against imaginary enemies 
and manifest fear reactions associated with vegetative signs 
(Jouvet and Delorme, 1965; Hendricks et al., 1982). The whole 
repertoire of a similar hallucinatory syndrome (fear, grimacing, 
stalking attitude, groping movements, and attack) was elicited 
by microinjections of a glutamate analog into the brain-stem 
PB area of awake cats (Kits&is and Steriade, 198 1). In addition, 
a pattern of alternating REMs and PGO wave clusters could be 
induced by injections of cholinergic agonists into the pontine 
tegmentum (Baghdoyan et al., 1984). It was also shown by De- 
ment and his colleagues (1969) that PGO spiky waves occur 
during the waking state after pharmacologic depletion of sero- 
tonin. In those cases, the animals overreact to sensory stimuli 
and display an hallucinatory behavior associated with quick eye 
movements and clusters of LG-PGO waves (see also Ferguson 
et al., 1970). The PGO spiky waves are thus regarded as com- 
ponents of an orienting or startle reflex during waking as well 
as during sleep (Bowker and Morrison, 1976). 

We then conclude that PGO waves are the responses of dis- 
tributed brain-stem networks to internally generated signals dur- 
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Figure 13. Peri-PGO histograms of discharges in 3 different (A-C’) PG 
neurons having 22, 19, and 23 PGO events, respectively (see text). 

ing REM sleep and that PGO events may invade the waking 
state upon direct excitation of the PB area or upon depletion of 
serotonin. The final common path that transfers the activity of 
PGO-generating brain-stem networks to the thalamus originates 
in cholinergic PB neurons. The PGO activity largely transcends 
the visual system, and PGO spiky waves may be recorded in 
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Figure 14. Pooled peri-PGO histo- 
grams in samples of 7 PG neurons and 
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many thalamic nuclei, including the anterior thalamic group (D. 
Pare et al., unpublished observations). This diffuseness of a 
phenomenon originally regarded as confined within the limits 
of the visual system is due to the projections of cholinergic PB 
and laterodorsal tegmental nuclei to virtually all major relay, 
associational (Steriade et al., 1988), intralaminar, and reticular 
(Part et al., 1988) nuclei of cat. 

In most works on humans, the increased vividness of dream 
imagery during REM sleep was related to eye saccades. If PGO 
waves may be regarded as the result of an efferent copy (or 
corollary discharge) of eye movement commands during REM 
sleep, and similar correlations are seen for the eye movement 
potentials during the waking state, this is not valid during the 
pre-REM epoch, when eye saccades do not occur, whereas PGO 
waves display their highest amplitudes. We made the consistent 
observation that the ratio between the PGO signal and the back- 
ground discharges of LG neurons during this transitional epoch 
far exceeds that during fully developed REM sleep (see Figs. 6, 
7). This suggests that vivid imagery may appear well before 
classical signs of REM sleep, during a period of apparent EEG- 
synchronized sleep, and it invites researchers to explore dream- 
ing mentation during the period immediately preceding REM 
sleep in humans. 

Two sets of,human and animal data are worth mentioning in 
this context. The first is the induction of REM sleep, with re- 
ported dreaming mentation, by infusions of cholinergic agonists 
during EEG-synchronized sleep of humans (Gillin et al., 1985). 
It remains to be determined whether dreaming mental activity 
occurs in relation to PGO field potentials recorded from the 
occipital scalp, before the appearance of other signs of REM 
sleep such as eye saccades and muscular atonia. The observation 
that some of the dream reports from EEG-synchronized sleep 
are indistinguishable by any criterion from those obtained from 
REM sleep awakenings (see Hobson, 1988) should be further 
substantiated by awakenings from the epoch immediately pre- 
ceding REM sleep (here termed the pre-REM epoch). Second, 
the experiments by Dement et al. (1969) were related to the 
well-known phenomenon of compensation (or rebound) after 
REM-sleep deprivation. Instead of depriving cats of REM sleep 
(the standard deprivation), Dement and his colleagues inter- 
rupted sleep immediately after the occurrence of the first PGO 
wave and eliminated about 20 set of the EEG-synchronized 
sleep that ushers in full-blown REM sleep. Comparison of such 
“PGO deprivation” and classical REM-sleep deprivation led to 
the conclusion that “the crucial factor in the so-called REM- 
sleep deprivation-compensation phenomenon is the deprivation 
of phasic events. Postdeprivation increases in total REM time 
may be regarded as a response to an accumulated need for phasic 
events, rather than a response to the loss of REM-sleep per se” 
(Dement et al., 1969, pp. 3 lo-31 1). 

The PGO-related increase in firing rate of LG and other thal- 
amocortical neurons leads to excitability enhancement of target 
cortical neurons. Kasamatsu (1976) observed that PGO waves 
do exert rather specific excitatory effects upon complex cells in 
the visual cortex. The role of the endogenous, PGO-triggered 
brain activation during REM sleep immediately after birth was 
proposed to play a role in development and structural matu- 
ration ofthe brain (Rol%varg et al., 1966). This view is seemingly 
supported by data showing that the somata of LG cells of kittens 
with bilateral brain-stem PB lesions (which eliminated PGO 
activity but not the other signs of REM sleep) have smaller 
cross-sectional area than control animals or kittens with uni- 
lateral PB lesions (Davenne and Adrien, 1984). If maturation 

applies especially to the period of early infancy, the increased 
firing rate of interneurons recorded from cortical associational 
areas of adult animals during saccades and PGO waves of REM 
sleep was hypothesized to maintain the soundness of a memory 
trace acquired during wakefulness (Steriade, 1978). 
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