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Study Objectives: Ponto-geniculo-occipital (PGO) waves are phasic
pontine, lateral geniculate, and cortical field potentials occurring during
and before REM sleep that are proposed to mediate a wide variety of
sleep related neural processes. We sought to identify and characterize
human PGO waves.

Design: We recorded simultaneously from intrapontine depth electrodes
and scalp electrodes in a human subject across sleep states.

Setting: Tertiary care neurological and neurosurgical referral center.
Patients or Participants: We studied a patient involved in a study of the
clinical effects of unilateral pedunculopontine nucleus (PPN) stimulation
on Parkinson disease (PD).

Interventions: No interventions.

Measurements and Results: We recorded phasic potentials from the
human pons occurring during and before REM sleep with a morphology,

temporal distribution, and localization similar to those of PGO waves in
other mammals. The source of these potentials was localized to a circum-
scribed region of the pontomesencephalic tegmentum. These potentials
were only incompletely associated with eye movements. They were fol-
lowed by characteristic cortical potentials with a latency of 20-140 msec.
Conclusions: We conclude that PGO waves are a feature of human REM
sleep, that they are generated or propagated in the pontomesencephalic
tegmentum, that they are only partially associated with eye movements,
and that they are associated with characteristic changes in cortical activity.
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INTRODUCTION

PONTO-GENICULO-OCCIPITAL (PGO) WAVES, A HALL-
MARK OF MAMMALIAN RAPID EYE MOVEMENT (REM)
SLEEP, ARE PHASIC PONTINE, LATERAL GENICULATE,
and cortical field potentials occurring during, and immediately
before, REM sleep.!

Evidence supports an important role for PGO waves in neural
processes as diverse as learning,? brain maturation,® network or-
ganization in REM sleep,* brainstem activation,’ and the transmis-
sion of eye movement information to the cortex.® Moreover, PGO
waves are noted in most models of REM sleep,” and represent the
input component of the activation-synthesis dream hypothesis,
which proposes that dreams result from cortical interpretation of
phasic ascending brainstem input.?’
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Others have observed focal phasic potentials during human
REM sleep in striate cortex depth recordings,'® occipito-parietal
scalp transients time-locked to REMs,!! and increased blood flow
to the lateral geniculate body and occipital cortex in relation to
REMs,'>8 providing evidence for phasic cortical activity in hu-
man REM sleep. However, PGO waves have never been directly
recorded from the human pons or thalamus.

Using intrapontine and scalp EEG recordings across sleep
states in a human subject, we tested the hypotheses that REM
sleep associated phasic activity similar to PGO waves would be
present in the human pons, that such activity would be closely
related to REMs, and that these waveforms would be associated
with characteristic cortical potentials.

METHODS

We investigated a 67-year-old right-handed man with a 10-
year history of Parkinson disease (PD) and no other medical con-
ditions, who was participating in a study of the clinical effects of
unilateral pedunculopontine nucleus (PPN) deep brain stimula-
tion (DBS) in PD. This study was approved by the local research
ethics board and signed informed consent was obtained.

A quadripolar DBS electrode (model 3387, Medtronic, Min-
neapolis, MN) was implanted into the left pontine tegmentum us-
ing previously described methods.! The electrode was implanted
stereotactically under local anesthesia, using PPN coordinates
determined by preoperative magnetic resonance imaging (MRI).
Postoperative MRI images were reconstructed on a surgical navi-
gation workstation (Stealth Station; Medtronic, Minneapolis,
MN). Electrode contact locations were plotted on a human brain-
stem atlas.'” The 4 contacts, separated by 1.5 mm, were numbered
0-3 from most to least caudal.

Two days postoperatively we obtained 24-h video-polysom-
nography, recording simultaneously from scalp and intrapontine
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indicates the location of contact 2.

Figure 1—Postoperative coronal, sagittal, and axial MRI showing the location of the electrode in the posterolateral left pons. The white arrow

DBS eclectrodes. Scalp electrodes were positioned according to
the standard ten-twenty electrode system.'*

Sleep was staged according to standard methods;'” however,
REM sleep was defined only in the presence of REMs and al-
lowances were made for REM sleep without atonia, given that
this is common in PD.'"®In accordance with previous studies,'’ we
defined pre-REM as the 120 s before the 1 REM in each bout of
REM sleep.

The pontine recordings were examined for sleep stage depen-
dent activity, looking specifically for waves similar to PGO waves
in other mammals: biphasic, 60-200 msec, sharply contoured, and
occurring predominantly during REM sleep and the minutes pre-
ceding it. We labeled transients meeting these criteria as P-waves
and tallied them with clues to sleep stage removed. The rate of
occurrence of P-waves in each stage was calculated, and homo-
geneity of P-wave occurrences across pre-REM/REM or NREM
sleep was assessed using the y? test.

The peak of each P-wave was marked visually, as was the be-
ginning of each REM. REMs and P-waves were deemed associ-
ated if they occurred within 1 second of each other. We calculated
the proportion of REMs associated with P-waves and vice-versa,
tallying rightward and leftward REMs separately.

P-waves were identified visually, and marked at their peaks. Cor-
tical activity in the 500 msec preceding and following each peak
was averaged using Insight software (Persyst Development Corp,
Prescott, AZ, USA) and voltage topographic maps were generated.

RESULTS

Using postoperative MRI, we confirmed localization of the
DBS electrodes as follows: contact 0 was localized to the region
of the locus ceruleus at a level 7-8mm below the caudal aspect
of the inferior colliculus (IC); contact 1 was localized to a region
just mesial to the superior cerebellar peduncle, 5-6 mm below the
caudal aspect of the IC; contact 2 was localized to the region of
the PPN at the level of the caudal IC; and contact 3 was localized
to the region of the cuneiform nucleus at a level midway between
the rostral and caudal extents of the IC (Figure 1).

Reliable recordings were obtained from contacts 1, 2, and 3 of
the intracranial array. Examination of the pontine EEG revealed
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repeated sharp wave transients, phase-reversing at contact 2, oc-
curring singly or in clusters during REM and pre-REM sleep.
These pontine waves (P-waves) were biphasic, 150-200 ms in
duration, and 10-15uV in amplitude. They bore an unmistakable
morphologic resemblance to pontine waves in rats (Figure 2 and
Figure 3).”

P-waves were inhomogeneously distributed across sleep stag-
es (x*=494, P=1.9x107). REM/pre-REM sleep accounted for only
13.1% of total sleep time but 59% of P-waves. P-wave density
in REM/pre-REM sleep was 12.3/min and in NREM sleep was
1.3/min.

We saw an incomplete correspondence between REMs and P-
waves: during REM sleep, only 41% of REMs were associated
with a P-wave and only 22% of P-waves were associated with a
REM. Leftward REMs (43%) were no more likely than rightward
REMs (33%) to be associated with a left pontine P-wave (x*=0.44,
P=0.50). We saw few P-waves during wakefulness (0.01/min) de-
spite many eye movements.

P-waves were followed by scalp voltage changes consisting of
an early (~20-60 msec latency) low amplitude negative field max-
imal over the posterior cortex (electrodes O, , and T, ) followed
by a later (~140 msec latency) higher amplitude negative field
maximal over the central and midfrontal cortex (electrodes F >

F,>C>C,,) with a corresponding positive field maximal over
DBS53 - DBS?
30w
DB52- DBS1

200mms

Figure 2—Representative P-wave in REM Sleep. DBSx refers to
contact x of the electrode chain as outlined in the text; contact 3
is the most rostral. The contacts are referenced to each other in a
bipolar manner.
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Figure 3—Segment of REM sleep with P-waves (underlined). Low frequency filter = 1 Hz, except EMG channel where low frequency filter = 7.5
Hz. High frequency filter = 70 Hz.

the posterior cortex (electrodes O, , and T, ) (Figure 4). Overall,
scalp voltage changes were appreciated from 20 to 300 msec fol-
lowing the peak of each P-wave, for a total duration of roughly

280 msec.

DISCUSSION

In this study, we demonstrated the occurrence of REM sleep
associated phasic activity in the human pons associated with
characteristic cortical potentials. The morphology, localization,
temporal distribution, and rate of occurrence of the P-waves we
observed are similar to those of PGO waves in other animals, sup-
porting the assertion that these waveforms represent the pontine
component of human PGO waves.

The amplitude of the P-waves we observed was 10-15 pV,
which is somewhat lower than the 200-300 puV seen in cats.?® This
may represent differences in electrode positioning relative to the
P-wave source, as the recording of P-waves is known in animals
to be highly dependent on electrode position.?! This may also rep-
resent differences in recording technique (for instance in the elec-
trodes used) or interspecies variation.

The P-wave phase reversal at contact 2 of our intracranial elec-
trode array localizes this local field potential to a volume of the
pontomesencephalic tegmentum bracketed by the axial planes
of contacts 3 and 1. This region encompasses the pontomesen-
cephalic tegmentum between the level of the inferior colliculus
and a level 7-8 mm caudal to this, which includes several nu-
clei of the peribrachial area such as the PPN, locus ceruleus, as
well as caudolateral peribrachial region. Based on experiments
in animals, the caudolateral peribrachial region in cats and the
subceruleal region in rats are proposed to represent a PGO trigger
zone,”® while structures in the rostral peribrachial region, includ-
ing the PPN, are thought to represent PGO transferring regions.?
Our findings are compatible with this. Unfortunately, given that
our intracranial array extends in only 1 dimension and that the
electrodes are spaced at relatively wide (1.5 mm) intervals, more
precise localization of the human P-wave source is not possible
with our technique.

In cats, approximately 80% of REMs are associated with a
P-wave.?? Moreover, in single cell recordings, PGO burst cells
in the peribrachial region, ipsilateral but not contralateral to a
horizontally directed REM, increase firing before and during the
REM.? Finally, when bilateral lateral geniculate body (LGB)
field recordings are obtained, the waveform in the lateral ge-
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niculate body ipsilateral to an associated REM is consistently
shorter in latency and higher in amplitude than that seen in the
contralateral LGB.® Taken together, these have led to the hy-
pothesis that PGO waves represent corollary discharges for eye
movements.®?* In our study, only 41% of REMs were associ-
ated with a P-wave, and there were few P-waves in the waking
state despite many eye movements. Using local field potential
recordings, we saw no relationship between the directionality
of eye movements and the likelihood of an associated P-wave
in the left pons, suggesting that at the macroscopic field poten-
tial level, P-wave occurrence is independent of eye movement
direction. Our techniques do not permit comment on whether
individual PGO burst cells may be firing in a REM direction
specific manner. Moreover, in the absence of bilateral record-
ings, we cannot comment on whether human REM directionality
might be encoded by lateralized occurrence of primary (shorter
latency, higher amplitude) vs. secondary (longer latency, lower
amplitude) P-waves.

One proposed function of REM sleep is to stimulate the brain
to reverse the effects of NREM sleep on immediately subsequent
waking behavior.?* In this vein, PGO waves are proposed to rep-
resent a nonspecific orienting response to brainstem activation,
either endogenously generated, or in response to exogenous stim-
uli.’ This is supported by the finding that potentials nearly identi-
cal to PGO waves can be generated in cats® and rats® in response
to auditory stimulation. In this study, the observed P-waves were
not correlated to any known ambient sensory stimuli we were
aware of. However, the findings of this study invite further inves-
tigation of this hypothesis by relating human P-wave occurrence
to various exogenous stimuli, or by comparing arousal thresholds
to graded auditory stimuli during NREM, pre-REM and REM
sleep with and without P-waves.

In this study, P waves were followed by characteristic changes
in scalp voltage topography with a latency of 20-140 msec. This
latency of these potentials is too long for them to be accounted
for by volume conduction of the original P-wave. We think these
potentials represent the cortical manifestation of P-waves, and
provide evidence for phasic ponto-cortical input during human
REM sleep.

The latency of 20-140 msec overlaps incompletely with the 10-
40 msec latency observed in cats using simultaneous pontine and
striate cortex depth recordings.??> Some of this difference may be
accounted for by technical differences (surface vs. depth record-
ing) while some may represent interspecies variation.
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It is impossible to infer the true localization of the sources un-
derlying the cortical potentials using visual analysis alone. Not-
withstanding this uncertainty, the demonstration in principle of
P-wave induced changes in human cortical activity highlights
the pons as an endogenous source of phasic cortical input in hu-
man sleep. Such phasic cortical activation has been proposed in
animals to contribute to sleep related memory consolidation, by
reactivating or otherwise modulating areas in which information
is “temporarily” stored and “consolidating” it into a more perma-
nent form. This process has been proposed to involve the induc-
tion of long-term potentiation amidst the synaptic downscaling of
slow wave sleep,* as well as the modulation of transcription and
neurotrophic factors in areas of the brain important for memo-
ry.2?728 P-waves have been proposed to be an important source of
phasic cortical activation in REM sleep. Indeed, selective lesions
of P-wave generating centers in rats have been shown to affect
subsequent REM sleep associated memory formation, and chemi-
cal stimulation of the same areas has been shown to reverse the
deleterious effects of REM sleep deprivation on learning in an
aversive task paradigm.>?* The demonstration of P-waves in hu-
mans invites exploration of the importance of these waveforms to
human memory consolidation by physical or pharmacologic ma-
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nipulation of P-waves and measurement of cognitive correlates.

The activation-synthesis dream hypothesis proposes that dreams
result from cortical interpretation of phasic ascending brainstem
input.®? The finding of P-wave related changes in cortical activity
confirms the existence in humans of a key element of this hypoth-
esis and suggests a way to test it by selective assessment of dream
recall during periods of P-wave activity, particularly in the pre-
REM period, when P-waves and REM sleep are dissociated.

Although we have demonstrated that P-waves can in principle
be recorded directly from the human pons, noninvasive markers
of P-wave activity are still needed given the invasiveness of our
techniques and the limited period during which any intracranial
electrode can remain safely externalized. This study opens the
door to validation of such markers against a gold standard.

Our observations are limited by 2 factors. First, we studied an
individual with PD, a disease with known brainstem and sleep
pathology.'® A similar study in a normal subject, while desirable,
would be ethically impossible. Second, we acknowledge that the
surgical procedure itself may have altered the usual dynamics of
P-waves.

Notwithstanding these limitations, we conclude that PGO
waves are a feature of human REM sleep, that these potentials
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are generated or propagated in a circumscribed region of the
pontomesencephalic tegmentum, that they are incompletely as-
sociated with eye movements, and that they are associated with
changes in cortical activity. These findings support the common-
ality of mammalian sleep control mechanisms, and invite further
in vivo exploration of the importance of phasic ponto-cortical
interactions in human REM sleep control, dream generation, and
learning.
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