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Abstract. Gamma EEG and MEG activity was studied immediately after REM sleep eye 
movement onset as an index of cortical activation. Two strategies were used: a descriptive 
approach using principal component analysis (PCA), and a statistical comparison of gamma 
absolute power and temporal coupling between 500-millisecond time windows before (PRE-
EM) and after (POST-EM1, POST-EM2) eye movement onset. Longer periods of REM sleep 
without eye movement (T-REM) and with eye movement bursts (Ph-REM) were also compared. 
Findings showed that directly after eye movement (POST-EM1, POST-EM2), larger recording 
sites become related; EEG gamma power and local temporal coupling in the frontal and 
posterior association areas is higher than during T-REM and PRE-EM. During Ph-REM 
compared to T-REM, there is a sustained increase in gamma power and interhemispheric 
coupling; whereas frontal and parietal regions become uncoupled. REM sleep eye movements 
are accompanied by transient endogenous excitatory signals widely distributed over the brain 
and not confined to visual areas, that confer special properties to the system by providing 
conditions that allow calcium entrance to neurons and the propagation of local activity patterns 
to larger brain areas, thus favoring two functions attributed to REM sleep: plastic changes and 
the creation of new unplanned associations. 
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1. Introduction 
Rapid eye movement sleep (REM) is characterized by fast saccadic eye movements in 

all directions, which may be isolated but occur more frequently in bursts of several eye 

movements [Takahashi and Atsumi, 1997]. Since the discovery of REM sleep, rapid eye 

movements  have been related to visual system activation and dream imagery; thus a hypothesis 

of the “scanning” of visual images was developed. Attempts have been made to find a direct 

correlation between the direction of eye movement and the visual image during the dream 
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[Dement and Kleitman, 1957; Dement and Wolpert, 1958; Roffwarg et al., 1962], but results 

have been inconsistent [Jacobs et al., 1972]. In support of visual system activation, transient 

occipital potentials have been obtained by averaging post-eye movement activity synchronized 

with eye movement onset [McCarley et al., 1983; Miyauchi et al., 1987] and an increased 

metabolic activity in the pons, the lateral geniculate body and the occipital cortex, all correlated 

with the number of eye movements [Peigneux et al., 2001]. Also, enhanced BOLD signals in a 

close time relationship to eye movements [Wehrle et al., 2005] have been reported. However, 

evidence from the analysis of REM sleep eye movement-related activity in animal and human 

research suggests that eye movements are the result of an endogenous excitatory signal that is 

widely distributed over the brain and not confined to the visual system.  

Fast rhythms appear in the cortex during active states and are under global influences 

from the mesolimbic and basal forebrain cholinergic systems, and from the thalamo-cortical 

network [Llinás and Ribary, 1993; Steriade et al., 1996]. Global systems are characterized by a 

widespread diffuse distribution and the capacity to change the activity of large neuronal 

populations, thus inducing physiological states such as wakefulness, REM sleep, attention and 

emotion. REM sleep eye movements in cats are preceded by ponto-geniculo-occipital (PGO) 

potentials [Cespuglio et al., 1975; Nelson et al., 1983; Datta and Hobson, 1994], which are 

generated at the pontine level [Jouvet and Michel, 1959] and propagated not only to visual areas 

but also to other thalamic nuclei and cortical [Steriade et al., 1996] and limbic regions (Calvo 

and Fernández-Guardiola, 1984]. PGO waves are preceded by increased neuronal firing in the 

peribrachial area [Sakai et al., 1976; Hu et al., 1989] that is time-locked to eye movements 

[Nelson et al., 1983] and followed by a cascade of excitatory events that gives rise to a powerful 

depolarization, thus increasing neuronal firing and fast field potential oscillations in the 

thalamic geniculate body [Steriade et al., 1989] and cerebral cortex [Steriade et al., 1996], as 

well as by the synchronization of fast oscillations over distant cortical regions [Amzica and 

Steriade, 1996]. The abovementioned evidence suggests that the PGO system behaves as a 

global one. 

It has recently been demonstrated that REM sleep eye movements in humans are 

preceded by an expansion of cortical areas with related activity linking almost the entire cortex, 

and by an enhanced activation over the frontal and central cortex, and over the anterior, central 

and posterior cortical midline, where the absolute power of fast oscillations within gamma 

frequencies (32-48 Hz) increases during the 500 milliseconds previous to the saccade. As eye 

movement approaches, during the previous 62.5 milliseconds the temporal coupling of 

simultaneous fast oscillations between right attentional and midline alerting related regions is 

enhanced [Corsi-Cabrera et al., 2008], and the left and right orbitofrontal cortex, right amygdala, 
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right parahippocampal gyrus and pons are activated, regardless of the direction –leftward or 

rightward– of the eye movement [Ioannides et al., 2004]. 

Peribrachial neuronal discharge, time-locked to ipsilateral REM sleep eye movements, 

lasts for 500 milliseconds after the PGO wave [Nelson et al., 1983], and the cortical gamma 

activity outlasts the stimulation of the brain stem cholinergic activating systems [Steriade et al., 

1991]. Accordingly, it could be hypothesized that post-eye movement activation is widely 

distributed and functionally related all over the cerebral cortex and not only over the visual 

system. At the same time, by modifying neuronal membrane potentials through the opening and 

closing of specific ion channels, each with specific time windows, global influences 

simultaneously modulate the temporal pattern of firing of large neuronal assemblies, thus 

allowing them to become synchronized [Lopes da Silva, 2006]. Therefore, shifts in temporal 

coupling between cortical regions may also be expected.  Temporal coupling is understood here 

as the simultaneous –or nearly simultaneous– synchronization of ongoing activity due to diffuse 

excitatory and synchronizing influences induced by REM state generators, and not as the direct 

transfer of information between sites, or effective connectivity, as proposed elsewhere [Bertini 

et al., 2004; Massimini et al., 2005]. 

The primary aim of the present research was therefore to investigate fast 

electroencephalographic (EEG) activity as an index of cortical activation after REM sleep eye 

movements by analyzing the gamma power and temporal coupling that occur immediately 

following eye movement onset. Since the network of cortical regions with related activity is 

expanded before eye movement, post-eye movement magnetoencephalographic (MEG) activity 

from a previous study on eye movements [Ioannides et al., 2004] was included in this analysis. 

It is well known that not all PGO waves are followed by an eye movement [Sakai et al., 

1976], and that in cats they occur more frequently in bursts of two or more potentials with the 

consequent overlapping of excitability in time [Cespuglio et al., 1975]. Previous studies have 

shown that gamma power is higher not only immediately before the onset of eye movement but 

also during REM sleep epochs close to eye movement bursts, called phasic REM, as compared 

to epochs of REM sleep with no eye movement, called tonic REM (T-REM) sleep [Gross and 

Gotman, 1999; Jouny et al., 2000; Corsi-Cabrera et al., 2008], and that current density in the 

pontine gaze centers begins to increase hundreds of milliseconds before saccade onset, 

suggesting that a certain amount of excitability must be reached before eye movement is 

triggered [Ioannides et al., 2004]. Thus, the second aim of this investigation was to compare 

gamma activity and EEG temporal coupling between phasic and tonic REM sleep epochs. Since 

it is also well known that both the duration of REM sleep episodes [Feinberg and Floyd, 1979] 
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and the density of eye movement increase during the night [Takahashi and Atsumi, 1997], the 

tonic and phasic epochs of the first three episodes of each night were also analyzed.  

 

2. Materials and Methods 

2.1 Eye movement-related activity 

Standard polysomnography (PSG) recordings with EEG (C4-A1), electro-oculogram 

(EOG) and electromyogram (EMG) of the mentalis muscle [Rechtschaffen and Kales, 1968] 

were obtained during spontaneous nocturnal sleep in ten right-handed adult male volunteers 

between 23 and 30 years of age, recorded at the Sleep Laboratory of the Faculty of Psychology 

at the National Autonomous University of Mexico (UNAM), and in four subjects recorded, for 

another purpose, at the Laboratory of Human Brain Dynamics at the RIKEN Brain Science 

Institute in Saitama, Japan [Ioannides et al., 2004]. Four additional electrodes, two attached to 

the outer cantus of each eye and two others attached above and below the ocular orbit of the 

right eye were referred to the same earlobe (A1) in order to obtain two channels of horizontal 

and two channels of vertical eye movements. All participants had regular sleep habits, good 

health and were free of drug use, medications or caffeine intake. Both studies were approved by 

the two institutions’ respective ethical committees and, accordingly, all participants gave 

written informed consent and were free to abandon the experiment at any time. 

 Sleep stages were identified according to the standardized manual for sleep scoring, 

using 30-second epochs [Rechtschaffen and Kales, 1968]. PSG and tomographic MEG results 

[Ioannides et al., 2004] and spectral analysis of MEG and EEG activity prior to REM sleep eye 

movements [Corsi-Cabrera et al., 2008] are reported elsewhere. The data presented here come 

from the spectral analysis of post-eye movement activity from the same subjects, carried out at 

the Sleep Laboratory of the Faculty of Psychology at the National Autonomous University of 

Mexico. 

EEG recording 

EEG activity was also recorded at the 19 locations of the 10-20 International System 

and referred to ipsilateral earlobes with EEG filters set at 1 and 70 Hz. For the EOG, the low 

cut-off filters were set at 0.03 s and a 60 Hz notch filter. All-night EEG, EOG and EMG activity 

was amplified using a Grass model 8-20E polygraph and digitalized through a 12-bit resolution 

analog-to-digital converter with a sampling rate of 1024 Hz, using the Grass-Gamma 2005 

acquisition program. 

MEG recording   

 The MEG data were recorded at the Laboratory of Human Brain Dynamics at RIKEN using 

the whole-head OMEGA biomagnetometer [CTF Systems Inc., Vancouver, Canada) and 
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digitalized at 625 Hz after low-pass filtering at 208 Hz with a 50 Hz notch filter. REM sleep 

saccades of about 10 degrees in all directions (left and right horizontal and up and down vertical 

eye movements) were extracted from periods between head localizations showing no head 

movement. Self-initiated waking eye movements of ten degrees were also recorded. 

Methodological details are reported elsewhere [Ioannides et al., 2004].  

Analysis  

All vertical and horizontal eye movements were visually detected and those that were 

preceded by isoelectric trace for at least two seconds were selected for analysis. The selected 

eye movements were aligned according to the onset of eye movement using the EOG channels 

and 500 milliseconds before and 1000 milliseconds after each selected eye movement were cut, 

and then inspected for artifacts. At least 15 uncontaminated eye movements from REM sleep 

for subjects in the EEG study, and 11 for subjects in the MEG study were analyzed. One second 

from periods with no eye movement (T-REM) was also extracted. 

Pre- and post-eye movement EEG/MEG activity was segmented into three 500-

millisecond time windows, one before (PRE-EM), and two after the onset of the eye movement 

(POST1-EM and POST2-EM), and were subjected to Fast Fourier Transform to obtain gamma 

absolute power (AP) as an index of cortical activation [Llinás and Ribary, 1993; Steriade et al., 

1996]. EEG temporal coupling among cortical regions at 0 time-lag was assessed by cross-

correlation analysis between pairs of derivations using the POTENCOR program [Guevara et 

al., 2002]. The AP values were transformed into natural logarithms and cross-correlation values 

to Fisher´s Z scores in order to approximate them to the normal distribution 

 The APs and crosscorrelations values of the frequencies of interest were averaged to obtain 

a gamma band and were then averaged over all eye movements for each subject, recording site 

and condition. The frequency range for the MEG gamma band (14-46 Hz) was obtained by 

submitting the power spectra to principal component analysis (PCA) in order to obtain a band 

based on the actual MEG sleep activity and not on a priori assumptions [Corsi-Cabrera et al., 

2000; 2008; Merica and Fortune, 2005]. In the case of EEG activity the same gamma band of 

previous studies (32-48 Hz) was maintained [Pérez-Garci et al., 2001]. 

Principal component analysis 

 The gamma power of each MEG sensor for the 500-millisecond time windows was 

subjected to PCA followed by varimax rotation, to obtain the recording sites that manifested 

correlated activity. Separate PCAs were performed for PRE-EM, POST1-EM and POST2-EM. 

The first component, which explains the largest amount of variance, with an eigenvalue higher 

than 1 and recording sites that showed factor loadings higher than 0.8, is described for each 
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time window. In order to obtain a visual comparison between REM sleep and waking eye 

movements, MEG activity from self-initiated was also submitted to PCA. 

Statistical analysis 

Power and temporal coupling of EEG gamma oscillations were submitted to one-way 

ANOVAs for repeated measures with T-REM, PRE-EM, POST1-EM and POST2-EM for each 

EEG recording site. Statistical significance was accepted at p < 0.01 after Bonferroni correction 

for comparisons among the four conditions, followed by post-hoc comparisons using Tukey´s 

student t-tests. Since no source localization was conducted at this stage, no comparisons were 

performed among the recording sites. Only data exceeding the corrected significance level are 

reported and indicated in the figures; the uncorrected p values are indicated in the text, so that 

their significance level is clear to the reader. Recording sites showing significant differences 

were represented for EEG on the brain surface location of the electrodes verified by MRI and 

superimposed by Okamoto et al. (2004), on an average image of the human brain. For MEG, 

they were superimposed on a head provided by the magnetometer manufacturers. 

2.2 Phasic and Tonic of REM sleep 

EEG recording 

Data for the analysis of tonic (T-REM) and phasic (Ph-REM) REM sleep epochs come 

from eight subjects recorded at Fp1, Fp2, F3, F4, C3, C4, T3, T4, P3, P4, O1 and O2 with a 

sampling rate of 256 Hz using the acquisition program CAPTUSEN [Guevara et al., 2000]. 

Analysis 

REM sleep epochs from the first, second and third episodes were selected after 3 min 

of REM sleep onset. The REM sleep episode was defined as an uninterrupted REM stage that 

lasted at least 5 min; REM episodes were considered to be distinct when they were separated by 

at least 15 min of uninterrupted SWS [Feinberg and Floyd, 1979]. EEG activity was segmented 

into two-sec epochs and separated into T-REM and Ph-REM, according to the presence of eye 

movements. For T-REM, the selected two-sec epochs came from intervals of at least 5 s before 

and 5 s after an eye movement; while for Ph-REM, the 2-sec epochs were selected within a 

burst of eye movements but not simultaneous to any particular eye movement or muscle twitch 

in the two-second epoch; this, in order to avoid EOG and EMG contamination. All EEG 2-sec 

epochs were carefully inspected for artifacts. The same number of epochs, limited to the 

minimum case, was selected for all subjects, conditions and REM sleep episodes. Thus, the first 

ten artifact-free 2-sec epochs from each subject, derivation and condition were analyzed, since 

very few 2-sec epochs from phasic REM sleep satisfied the selection criteria. All two-sec 

epochs were submitted to Fast Fourier Transform to obtain the absolute power of the gamma 

band, and temporal coupling among cortical regions was assessed through cross-correlation at 0 
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time-lag between pairs of derivations using the POTENCOR program [Guevara et al., 2002]. 

Cross-correlation was obtained between pairs of homologous right and left derivations, and for 

left and right pairs of derivations between prefrontal and posterior regions (Fp-F, Fp-C, Fp-T, 

Fp-P) and among posterior regions (C-P, C-T, C-O, P-T, P-O, T-O). The selection of pairs was 

based on previous results of decreased temporal coupling between prefrontal and posterior 

regions and increased coupling among posterior regions during REM sleep [Pérez-Garci et al., 

2001; Corsi-Cabrera et al., 2003]. AP and cross-correlation values for each Hz bin were 

averaged to obtain a gamma band for each subject over the same electrode and condition.  

Statistical analysis 

AP and cross-correlation values were compared by three-way ANOVAs for repeated 

measures with tonic and phasisc REM, REM episodes, and derivations being used as factors. 

Three separate ANOVAs for cross-correlations were carried out: for pairs of homologous 

derivations, for derivations involving prefrontal and posterior cortical regions, and for posterior 

pairs of derivations.  

 

3. Results 

3.1 Eye movement-related activity 

Principal component analysis of MEG activity 

Figure 1 shows the first component, which is the one that explains the largest amount 

of variance, and that resulted from the spatial PCA of MEG gamma AP of all recording sites for 

leftward and rightward eye movements. The upper section shows PCA for REM sleep eye 

movements, while the lower section shows those for self-initiated waking eye movements. 

A large bilateral configuration, regardless of the direction of eye movement was found 

that linked almost all recording sites just before rapid eye movement onset (PRE-EM) and 

remained similar during the two 500-millisecond periods after eye movement onset (POST1-

EM and POST2-EM). Self-initiated waking eye movements have a different configuration; one 

that is smaller than that of REM sleep and changes after eye movement from the first to the 

second 500 millisecond periods, from antero-posterior to posterior regions for leftward eye 

movements, and from central to anterior regions for rightward eye movements.  

Gamma power and temporal coupling 

Figures 2 and 3 show the group averages and standard error for gamma EEG power 

and temporal coupling, respectively, for T-REM, PRE-EM, POST1-EM and POST2-EM, for 

those electrodes that showed significant results in the ANOVAs. 

The ANOVAs for absolute power showed significant results for all electrodes (p < 

0.001 for all). As can be seen in Figure 2, the results from post-hoc planned comparisons 
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showed that gamma power increased significantly during POST1-EM (0 to 500 milliseconds 

after saccade onset), compared to both PRE-EM and T-REM over all electrodes. Gamma power 

remained higher during POST2-EM (500 to 1000 milliseconds after eye movement onset) than 

in PRE-EM at Fp1, Fp2 and F8, and recovered PRE-EM levels over all other electrodes (no 

significant differences between PRE-EM and POST2-EM were found). Although the gamma 

power decrease from POST1-EM to POST2-EM was not significant at C3, C4, T4, T5, it was 

not significantly higher either when compared to PRE-EM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Results from principal component analysis on the absolute power of MEG for the 500-
millisecond time window before eye movement onset (PRE-EM), during the first (POST1-EM) 
and second 500 millisecond periods (POST2-EM) after eye movement onset for leftward and 
rightward eye movement, for REM sleep –left section– and self-initiated eye movements (SI-EM)  
during waking, in the right section. The first component is represented for MEG on a head 
provided by the magnetometer manufacturers. The percentage of variance explained by each 
component is indicated at the bottom of the heads. 
Significant changes in temporal coupling, shown in Figure 3, were found for the 

correlations between Fp1 and Fp2 (p < 0.0001), F4 and Fz (p < 0.0003), P4 and T6 (p < 0.001), 

O1 and Pz (p < 0.001) and P4 and O2 (p < 0.0002). Results from post-hoc planned comparisons 

for these electrode pairs showed higher temporal coupling during POST1-EM compared to 

PRE-EM and T-REM at the frontal regions between Fp1-Fp2 and F4-Fz, and at posterior 

regions between Pz-O1, P4-T6 and P4-O2.  This was also higher during POST1-EM compared 
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to T-REM between O1-Pz. Temporal coupling recovered its PRE-EM values between all these 

regions during POST2-EM, however, it remained higher than T-REM between Fp1 and Fp2 

despite a significant decrease from POST1-EM to POST2-EM.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Mean and standard error of absolute power, log transformed, for the 500-millisecond time 

windows: during tonic (T-REM), before eye movement onset (PRE-EM), in the first (POST1-
EM), and second 500 millisecond periods (POST2-EM) after eye movement onset for recording 
sites showing significant main effect in ANOVAs. The asterisk indicates significant post-hoc 
differences in POST1-EM compared to PRE-EM and T-REM. 

 
3.2 Phasic and Tonic epochs of REM sleep  

Phasic and tonic REM sleep 

Significant tonic-phasic main effects of gamma AP and temporal coupling, shown in 

Figure 4, revealed that gamma AP (p < 0.0001) was higher during Phasic than during Tonic 

REM.  Temporal coupling between left and right homologous regions (Figure 4) was also 

higher during phasic than during tonic REM sleep (Tonic-Phasic main effect p < 0.0001), 
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whereas temporal coupling between the prefrontal and posterior regions was significantly lower 

in phasic than in tonic REM sleep (Tonic-Phasic main effect p < 0.0009). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Mean and standard error of temporal coupling, transformed to Fisher’s Z scores, for the 500-

millisecond time windows: during tonic (T-REM), before eye movement onset (PRE-EM), in the 
first (POST1-EM), and second 500 millisecond periods (POST2-EM) after eye movement onset 
for recording sites showing significant main effect in ANOVAs. The asterisk indicates significant 
post-hoc differences in POST1-EM compared to PRE-EM. Electrodes are represented on the 
brain surface location of the electrodes verified by MRI and superimposed by Okamoto et al., 
(2004) on an image of an average human brain. The lines connecting the electrodes indicate 
increased temporal coupling compared to PRE-EM. 

 

REM sleep episodes 

Significant episodes main effect (p < 0.0003), shown in Figure 5, showed that AP 

decreased from the first to the second episode, whereas it increased from the second to third 

episode. Temporal coupling between left and right homologous regions increased in both tonic 

and phasic REM sleep from the first and the second to the third episode (episode main effect    

p < 0.003); whereas temporal coupling between both prefrontal and posterior regions (episode 

by Tonic-Phasic interaction, p < 0.0007), and among posterior regions (p < 0.0009), decreased 

from episode 1 to episodes 2 and 3 in both tonic and phasic REM sleep. 
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Figure 4. Absolute power, log transformed, and temporal coupling, transformed to Fisher´s Z scores, 

between left and right homologous derivations and between fronto-posterior derivations during 
phasic (Ph-REM) and tonic (T-REM) REM sleep. Mean and standard error averaged over REM 
sleep episodes, derivations and gamma frequencies (Tonic-Phasic main effect) are shown on the 
left; absolute power and correlations spectra from 34 to 48 Hz are shown on the right for the 
same conditions. 
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Figure 5. Mean and standard error of gamma absolute power, log transformed, and temporal coupling, 

transformed to Fisher´s Z scores, of REM sleep episodes, averaged over tonic and phasic REM 
sleep and derivations (REM episode main effects). Brackets indicate significant post-hoc 
differences among episodes. Note the different scale in the y-axis because of the variations for 
interhemispheric and intrahemispheric correlation values. Electrodes are represented on the 
brain surface location of the electrodes verified by MRI and superimposed by Okamoto et al., 
(2004) on an image of an average human brain. The lines connecting the electrodes indicate the 
pairs of electrodes analyzed. 
 

4. Discussion 

MEG activity after the onset of REM sleep eye movements was characterized by a 

large bilateral network of correlated activity linking almost all cortical regions for the 1000 

milliseconds after saccade onset, similar to the PRE-EM network, but dissimilar to the one 

observed for self-initiated eye movements in wakefulness. The network of correlated activity 

after REM sleep eye movements is almost the same for the second 500 milliseconds after eye 
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movement onset as for the first 500 milliseconds; whereas for self-initiated waking eye 

movements it is smaller and shifts from POST1-EM to POST2-EM. The spectral analysis of 

POST-EM EEG showed an increased power of gamma oscillations during the 500 milliseconds 

after eye movement onset (POST1-EM) over all cortical regions; and an activation that 

persisted for the next 500 milliseconds (POST2-EM) over the left and right frontopolar and 

right lateral frontal electrodes. These results establish a link between animal and human REM 

sleep physiology and suggest that in humans there are also transient activations similar to those 

induced by PGO waves in cats [Peigneux et al., 2001; Ioannides et al., 2004]. 

Such a distributed, long-lasting, correlated activation, and the predominantly bilateral 

participation, regardless of the leftward or rightward direction of eye movement, is compatible 

with the expected response to an incoming global excitatory influence, rather than to a specific 

sensory stimulus. This notion is congruent with REM sleep physiology and is also supported by 

results obtained through electrophysiological recordings in cats showing that PGO waves are 

distributed to all cortical regions and are followed by enhanced synchronized activation 

[Steriade et al., 1996; Amzica and Steriade, 1996]. 

  The long duration of gamma power enhancement after eye movement onset is 

consistent with results which show that, in cats, peribrachial neuronal discharge outlasts the 

PGO [Nelson et al., 1983], and fast activity outlasts the stimulation of brain stem cholinergic 

activating systems [Steriade et al., 1991]. It also agrees with the propensity of PGO waves to 

occur in doublets and triplets [Cespuglio et al., 1975; Simon-Arceo et al., 2003], and with the 

suggestion that a certain amount of excitation needs to be built up before it can culminate in an 

eye movement [Ioannides et al., 2004]. Thus, each activation volley may be superimposed on 

the next one, resulting in a long-lasting activation. Consequently, phasic periods of REM sleep 

also showed higher gamma power than tonic periods; which increased in later REM sleep 

episodes when eye movements are also more abundant when compared to the first such period 

in the night. 

The idea of widely-distributed, phasic, excitatory influences during REM sleep is also 

consistent with previous results in humans that have demonstrated transient activation over all 

cortical regions, increased temporal coupling between attention-alerting cortical systems and a 

large bilateral network of correlated activity during the 500 milliseconds preceding saccade 

onset [Corsi-Cabrera et al., 2008]. 

This long-lasting activation over the prefrontal electrodes is consistent with results that 

show a high metabolic activation of the orbitofrontal cortex during REM sleep [Maquet et al., 

1996], while the increased temporal coupling between attention-alerting cortical regions mainly 
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involving the right frontal and parietal regions is compatible with the view of PGO waves as an 

orienting-alerting signal [Bowker and Morrison, 1976; Datta and Hobson, 1994]. 

The synchronization of simultaneous oscillations obtained by cross-correlation 

analysis indicated increased local temporal coupling in both the frontal and posterior regions 

but, at the same time, no coupling between anterior and posterior regions. These results are 

consistent with the dissociation between the frontal and parietal regions found in metabolic 

[Braun et al., 1998] and EEG studies [Corsi-Cabrera et al., 2003]. The lack of long-range 

correlations may have several explanations. It could be due to a different timing in the arrival of 

the incoming excitatory volley to the anterior and posterior cortical regions [Brooks, 1968], but 

also to the participation of the cortico-thalamo-cortical network in synchronizing PGO-related 

fast oscillations, as demonstrated in cats by the loss of synchrony between cortical regions upon 

the interruption of the cortico-tahalamic pathways, but not after transcortical sections [Steriade 

et al., 1996]. 

Future work is needed on the analysis of topographical distribution using localizing 

methods and time-frequency analysis that would provide more precise information on the 

sources and the temporal course of the excitatory influence. In the present study, this was 

restricted to using gamma frequencies as an index of cortical activation, and as a means of 

avoiding contamination of the slower frequencies by the retinal dipole occasioned by the 

movement of the eye globe; however, the excitatory signal could also be reflected on other EEG 

frequencies. 

Considerable variability is found in reports on the number of REM sleep eye 

movements among subjects [Takahashi and Atsumi, 1997]; but all agree that they are very 

numerous, on the order of several thousand. On each such occasion, the cortex is activated by 

signals capable of reaching wide areas and modulating the activity of large populations of 

neurons, more or less simultaneously conferring special properties to the system by providing 

conditions for the entrance of calcium to neurons [Steriade and Timofeev, 1997; 2003] and for 

the widespread propagation of local activity patterns to larger brain areas, favoring both 

functions attributed to REM sleep: plastic changes [Mavanji and Datta, 2003; Steriade and 

Timofeev, 2003; Wehrle et al., 2005], and the creation of new, unplanned associations 

[Hartmann, 1997; Corsi-Cabrera et al., 2008]. 
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