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Abstract
During cognitive processes, there are extensive interactions between various regions of the cerebral cortex. Oscillations in the gamma frequency band (30-100 Hz) of 
the electroencephalogram are involved in the binding of spatially separated but temporally correlated neural events, which results in a unified perceptual experience. 

Like wakefulness, REM sleep is characterized by gamma oscillations in the EEG. Dreams, that are considered a special type of cognitive activity or proto-
consciousness, mostly occur during this state.

The power of the gamma band, assessed by the fast Fourier transform, reflects the local degree of synchronization at that frequency. On the other hand, the extent of 
interactions between different cortical areas at the gamma frequency band can be explored by means of a mathematical function called ‘coherence’, which reflects the 
‘strength’ of functional interactions between cortical areas.

The objective of the present report was to study in the rat the dynamic relationship between gamma power and coherence in the low (30-48 Hz) and high (52-98 
Hz) gamma bands during waking and sleep, in occipital, parietal, and frontal neocortical areas, as well as in the olfactory bulb, that is a critical site of gamma rhythm-
genesis. In addition, we re-analyzed previous recordings in cats, in order to evaluate the same dynamic relationship as in rats. In both species, the main result was that 
during REM sleep, gamma power increased, while gamma coherence between distant neocortical areas decreased. The fact that this profile is present in rodenthia as 
well as in carnivora suggests that this is a trait that characterize REM sleep in mammals.
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Introduction
The brain is a complex, self-organized system with non-linear 

dynamics, in which distributed and parallel processing coexist with 
serial operations within highly interconnected networks, but without 
a single coordinating center [1,2]. This organ integrates fragmentary 
neural events that occur at different times and locations into a unified 
perceptual experience. Understanding the mechanisms that are 
responsible for this integration, “the binding problem”, is one of the most 
important challenges that cognitive neuroscience has to solve [3,4].

One of the binding mechanisms appears to be the synchronization 
of neuronal activity by phase-locking of self-generated network 
oscillations [5,6]. The first experimental evidence supporting the 
potential role of synchrony as a relational code, was described in 
simultaneously recorded but spatially segregated neurons that 
engaged in synchronous oscillation when activated by visual stimuli. 
The frequency of these synchronized oscillations was in the range of 
40 Hz [7,8]. This coordinating mechanisms was named “binding-by-
synchrony” [2,4]; and this theory assumes that coherence in neuronal 
activity is critical for information processing [9].

Jasper and Andrews first used the term gamma waves to designate 
low-amplitude waves at 35-45 Hz in the electroencephalogram (EEG) 
[10]. These oscillations were later described in the olfactory bulb (OB) 
of hedgehogs by Adrian [11]. An increase in gamma activity typically 
appears during states/behaviors that are characterized by the active 
cognitive processing of external percepts or internally generated 
thoughts and images [12-16]. 

Cognitive activities not only occur during wakefulness (W). 
Dreams, which occur mostly during REM sleep, are considered a special 

kind of cognitive activity or proto-consciousness [17]. In contrast, 
during deep non-REM (NREM) sleep, there is an absence, or at least 
a strong reduction, in oneiric activity [17]. REM sleep dreams are 
characterized by their vividness, single-mindedness, bizarreness and 
loss of voluntary control over the plot. Attention is unstable and rigidly 
focused, facts and reality are not checked, violation of physical laws and 
bizarreness are passively accepted, contextual congruence is distorted, 
time is altered and memories become labile [17,18]. Interestingly, some 
authors have suggested that cognition during REM sleep resembles 
psychosis [19]. High gamma activity is also present during REM sleep, 
both in humans and animals [20-23].

Local cortical oscillations in the gamma band can be examined by 
means of the fast Fourier transform (FFT). The results are expressed in 
gamma power that reflects the local degree of synchronization of the 
extracellular potential at that frequency [24]. Local gamma oscillations 
are higher during REM sleep compared to NREM sleep [21-23,25]. On 
the other hand, the extent of interactions between different cortices at 
the gamma frequency band can be explored through a mathematical 
function called ‘coherence’, which reflects the ‘strength’ of functional 
interactions between cortical areas [26-28]. Gamma coherence 
between distant areas has been proposed as a neural correlate of 
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conscious perception and self-awareness [29-33]. In this regard, 
coherence in the gamma frequency band is lost during anesthesia-
induced unconsciousness [34-36], and is severely altered in psychiatric 
disorders [37,38]. 

In previous studies, we showed in cats and rats, that gamma 
coherence is high during W, decreases during NREM sleep and is 
almost absent during REM sleep [23,39-41]. However, these studies 
were limited in the extent of the cortical loci studied, as well as in the 
examination of the dynamic relationship between local and long-range 
gamma synchronization. Therefore, the aim of the present report was 
the following: 1. To study in the rat low (30-48 Hz) and high (52-98 
Hz) gamma power and coherence during W and sleep in neocortical 
areas (such as frontal cortices) that were not yet studied. We also aimed 
to analyze the OB, that is a critical site of gamma rhythm-genesis 
[11,14,15]. In addition, we evaluated in detail the dynamic relationship 
between local or short-range synchronization (power) and long-range 
synchronization (coherence) during W, sleep and transitions into and 
out REM sleep. 2. To re-analyze previous recordings in cats, in order to 
evaluate the same dynamic relationships proposed for rats.

Material and methods
Experimental animals

We analyzed data obtained from nine adult Wistar rats and 
six adult cats. Data from four of these cats were utilized in previous 
studies [39,41]. The animals were determined to be in good health by 
veterinarians of the Department of Laboratory Medicine of the School 
of Medicine, Universidad de la República, Uruguay. All experimental 
procedures were conducted in accordance with the National Animal 
Care Law (#18611) and with the “Guide to the care and use of 
laboratory animals” (8th edition, National Academy Press, Washington 
D. C., 2010). Furthermore, the Institutional Animal Care Committee 
approved the experimental procedures. Adequate measures were taken 
to minimize pain, discomfort or stress of the animals, and efforts were 
made to use the minimum number of animals necessary to produce 
reliable data.

Surgical procedures and experimental sessions are summarized 
below; for details [23,39].

Surgical procedures
Animals were chronically implanted with electrodes to monitor the 

states of sleep and W. In rats, anesthesia was induced with a mixture 
of ketamine-xylazine. Cats were pre-medicated with xylazine, atropine 
and antibiotics, and anesthesia was induced with ketamine and 
maintained with a gas mixture of isoflourane in oxygen. 

The animal’s head was positioned in a stereotaxic frame and the 
skull was exposed. In order to record the EEG, stainless steel screw 
electrodes (diameter: 1.4 mm cats and 1.0 mm for rats) were placed 
on the surface (above the dura mater) in different cortices. Figure 1 
presents a summary of the positions of the recording electrodes on the 
surface of the cortex for rats and cats. In the rats, six electrodes were 
located on the neocortex forming two anterior-posterior consecutive 
squares centered with respect to the midline and the frontal square 
centered with respect to Bregma (Figure 1). Each side of the squares 
has a length of 5 mm. The electrodes were located in primary motor 
cortex (M1, L: ±2.5 mm, AP: +2.5 mm), primary somato-sensory 
cortex (S1, L: ±2.5 mm, AP: -2.5 mm), and secondary visual cortex 
(V2, L: ±2.5 mm, AP: -7.5 mm). The other electrode was located over 
the right OB (L: +1.25 mm, AP: +7.5 mm). Each cat was implanted 
with several electrodes throughout the neocortex. However, in this 

report, we analyzed the signals from the electrodes positioned in the 
anterior (frontal) and posterior (occipital or parietal) cortices of the 
same hemisphere. 

The electrodes were soldered to a plug and bonded to the skull 
with acrylic cement. In order to record the electromyogram (EMG), 
two electrodes were inserted into the neck muscle chronically in the 
rat, and contact electrodes (with EEG-paste interphase) were acutely 
positioned on the neck skin of the cat. In the cat, two plastic tubes 
(which were used to maintain the animal’s head fixed without pain or 
pressure), were also bonded to the skull with acrylic cement.

At the end of the surgical procedures, an analgesic was 
administered. Incision margins were kept clean and a topical antibiotic 
was administered on a daily basis. After the animals had recovered 
from the preceding surgical procedures, they were adapted to the 
recording environment for a period of at least one week (rats) and two 
months (cats). 

Experimental sessions 

Experimental sessions of 4-6 h in duration were conducted during 
the light period, between 12 AM and 6 PM (rats) and 11 AM to 3 PM 
(cats) in a temperature-controlled environment (21-24 °C). In rats, 
the recordings were obtained via a rotating connector in a sound-
attenuated chamber which is also a Faraday box; during these sessions 
(as well as during adaptation sessions), the animals were able to move 
freely within the confines of the recording chamber (transparent cages 
(40 x 30 x 20 cm) containing wood shavings) and had free access to 
water and food. Cats were recorded in a Faraday box in semi-restricted 
conditions; during experimental sessions’ the head of the cat was held 
in a stereotaxic frame by a head-restraining device, while the body 
rested in a sleeping bag.

The simultaneous activity of different cortical areas was recorded 
with monopolar arrangement of electrodes [42]. A common electrode 
reference montage was employed; it was located in the left frontal sinus 
of the cats [39], and in the cerebellum of the rats [23]. The EMG was 
also monitored. Each cat and rat was recorded daily for a period of 
approximately 30 days and 2 weeks, respectively, in order to obtain a 
complete data set.

Bioelectric analog signals were amplified with differential AC 
amplifiers (AM-systems model 1700; 1000 x), filtered (0.1-500 Hz), 
digitized (1024 Hz, 216 bits) and stored on a PC using the Spike2 
software (Cambridge Electronic Design). Data were obtained during 
W, REM sleep, and NREM sleep. 

Figure 1. Position of recording electrodes. The figure presents a summary of the positions 
of the recording sites on the surface of the cerebral cortex of a group of 9 rats sharing the 
same location of electrodes, and 6 cats with similar but not the same electrode locations 
as in rats. The electrodes were referred to a common electrode that was located over the 
cerebellum (rats) or left frontal sinus (cats).  OB, olfactory bulb; M1, primary motor cortex; 
S1, primary somato-sensory cortex; V1, primary visual cortex; V2, secondary visual cortex; 
Pf, pre-frontal cortex; Pp, posterior parietal cortex.
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Data analysis

Sleep and waking states were determined for every 10-seconds 
epoch for rats and cats. W, light sleep (SL1), deep or slow wave sleep 
(SL2), NREM sleep (SL1 + SL2) and REM sleep were identified in rats 
[23,43]. Alert W (AW), quiet W (QW), W (AW+QW), NREM sleep and 
REM sleep were identified in cats [39]. AW was induced for a period 
of 300 sec by a sound stimulus, which was introduced approximately 
30 minutes after the beginning of the recording. The sound stimulus 
consisted of clicks (0.1 ms in duration) of 60 to 100 dB SPL in intensity 
with a variable frequency of presentation (1 to 500 Hz, modified at 
random by the operator) in order to avoid habituation [39].

We focused on the analysis of low (LG: 30-48 Hz) and high (HG: 
52-98 Hz) gamma frequency bands of the EEG; 50 Hz electrical noise 
was avoided with this partitioning. In rats, we analyzed gamma power 
in the maximum number of channels and coherence in all the possible 
cortical combinations. In cats, we focused on a pair of electrodes with 
similar location in all animals, one in a frontal position and one in 
a posterior position of the brain. In order to analyze gamma power 
and gamma coherence between these EEG channels, we used similar 
procedures as in our previous studies [23,39,41]; however, the analysis 
in cats and rats were not exactly the same (see below). 

CAT

We employed the same methodology that we described in our 
previous studies [39-41]. Twelve artifact-free periods of 100 seconds were 
examined during each behavioral state (1200 seconds for each behavioral 
state, per animal; data were selected from three different recordings). 

RAT 

The maximum number of non-transitional and artifact-free periods 
of 30 seconds was selected during each behavioral state to determine the 
mean power and coherence for each rat. For each animal, we analyzed 
two complete (6 h) recordings (recordings with the minimal amount of 
artifacts were selected). 

The coherence between two EEG channels that were recorded 
simultaneously was analyzed in windows of 30 second (rat) or 100 
second (cat) windows. For each period, the Magnitude Squared 
Coherence as well as the power spectrum for each channel, were 
calculated by means of Spike2 script COHER-HOL 1S (for details about 
coherence definition see [26,39]). For the coherence analysis, each 
period was divided into 30 (rat) and 100 (cat) time-blocks with a bin 
size of 2048 samples, and a resolution of 0.5 Hz. We applied the Fisher 
z’ transform to the gamma coherence values in order to normalize and 
evaluate them by means of parametric statistical tests. The data was 
then analyzed through custom-built Python routines. 

Analyses of 10-second epochs were also used to determine the 
temporal dynamic of power and coherence. Hence, low and high gamma 
power and coherence were normalized, and referred to as normalized 
power (NP) and normalized z’-coherence (NC). For dynamic analysis 
(see Results), normalization was undertaken by dividing each value 
by the maximum value (of either power or coherence) recorded in 
each analyzed segment. For statistical analysis, the normalization 
was performed for each animal by dividing each mean value by the 
maximum-recorded value. 

We also analyzed the LG and HG mean global power (MGP) and 
mean global coherence (MGC) in each rat, by averaging the power 
measured in all the channels, and the coherence for all combinations 
of electrodes [36]. 

In order to determine the relationship between local or short-range 
synchronization (power) and long-range synchronization (coherence) 
we applied the following function: ((NP of Ch1 + NP Ch2) / 2)) - 
(NC between Ch1-Ch2). We named this function Power-Coherence 
difference (NP-NC). A similar approach was employed for the global 
power and coherence (MGP – MGC). In previous preliminary analyses, 
we constructed the function utilizing the ratio between normalized 
power and coherence with similar results. However, we considered the 
NP-NC function a more suitable analysis given that the signs of the 
results differed between states; W (close to zero), NREM sleep (negative 
values) and REM sleep (positive values).

The data were expressed as mean ± standard deviation of the NP, 
NC and NP-NC. The significance of the differences across behavioral 
states was evaluated with one-way ANOVA and Tamhane post hoc tests 
(for each animal) and repeated measures ANOVA (for comparison 
between the means of the whole group of cats or rats), along with 
Tukey post hoc tests. The criterion used to reject the null hypothesis 
was p < 0.05. 

Results
Gamma activity in rat 

Dynamics of gamma activity in the rat: The gamma dynamic 
during sleep and W in a representative rat is shown in Figure 2; the 
spectrograms and hypnograms of Figure 2A, indicate the different 
states of W and sleep. Low and high gamma NP is shown in Figure 2B. 
For primary somatosensory (S1) and secondary visual (V2) cortices, 
both low and high gamma NP was higher during W than during sleep. 
For the low gamma band in this animal there were not clear changes 
in the NP between NREM sleep and REM sleep. On the contrary, high 
gamma NP was minimal in NREM sleep but increased during REM 
sleep (Figure 2B).

Low and high gamma NC between S1 and V2 were the highest 
during W and decreased during NREM sleep (Figure 2C). The largest 
decrement in low and high gamma NC occurred during REM sleep. 

In order to analyze the relationship between gamma power (that 
reflects local or short-range synchronization) and gamma coherence 
(that reveals long-range or distant synchronization), the NP-NC 
function was applied (Figure 2C). During W this relationship was 
close to zero, had negative values during NREM sleep and reverted to 
positive values during REM sleep. This dynamic profile was similar for 
both low and high gamma bands.

Cortical extent of LG and HG power and coherence: To study the 
cortical extent of power and coherence of gamma bands, we analyzed a 
group of nine rats that shared the same electrode positions. Statistical 
analyses of gamma power and coherence are shown in Tables 1, 2 and 
3; these results are graphically summarized in Figure 3. LG and HG NP 
showed significant differences across behavioral states in all the cortical 
regions (Table 1). These results revealed that LG and HG power is high 
during W than during sleep, both in neocortex and OB. The lowest 
values were recorded during NREM sleep, while during REM sleep 
the HG NP increased to an intermediate level in all the cerebral areas 
recorded. On the other hand, LG showed similar values to those of W 
in the parietal and frontal areas of the neocortex (Table 1).

For LG, NC displayed significant differences across behavioral 
states from sixteen of twenty-one possible electrode pair combinations 
(Table 2). Interestingly, seven combinations displayed a greater 
coherence during NREM sleep than during W. In contrast, only two 
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Figure 2.  Dynamic of the gamma activity in the rat.  A. The spectrograms (1-20 Hz) of secondary visual (V2) and primary somatosensory (S1) cortical recordings and the hypnogram are 
shown.  During W and REM sleep, theta activity (4-9 Hz) in the spectrograms can be readily observed.  During NREM sleep, delta activity (0.5-4 Hz) was more prominent and there were 
intermittent episodes of sigma activity (9-15 Hz), which correspond to the presence of sleep spindles.  Color calibration of the spectrogram is not shown.  B. Normalized power (NP) of S1 
(green) and V1 (red) cortices for low (upper traces) and high (lower traces) gamma bands are shown.  C. Normalized z’-coherence (NC) for both gamma bands (30-48 and 52-98 Hz).  D. 
Power-coherence difference function (NP-NC) discriminates between REM sleep with positive values and the rest of states with zero or negative values.  All the parameters were analyzed 
in 10 second epochs.  W, wakefulness; SL1, light sleep; SL2, slow wave sleep; REM, REM sleep.
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electrode combinations showed the opposite pattern. In adition, NC 
during W was higher than during REM sleep for eleven combinations 
while in REM sleep NC was lower than during NREM sleep in fourteen 
electrode combinations. Interestingly, LG coherence between most 
of the OB and neocortical combinations were not modified across 
behavioral states.

For HG, NC also displayed significant differences across 
behavioral states for nineteen out of twenty-one combinations (Table 
3). Coherence was higher during W than during NREM sleep in 
eighteen combinations, and higher than during REM sleep in nineteen 
combinations. REM sleep showed lower NC than during NREM sleep 
in nine combinations of cortical electrodes.

Mean global gamma activity during sleep and wakefulness in 
the rat: Figure 4A illustrates the MGP, MGC and their difference in 

nine rats, during the W and sleep. Gamma MGP showed significant 
differences across behavioral states (LG, F2,16= 58.1, p < 0.001; HG, 
F2,16= 178.1, p < 0.001). Figure 4A reveals that LG MGP did not present 
significant differences between W and REM sleep. Both during W and 
REM sleep, LG MGP was higher than during NREM sleep. On the 
other hand, HG MGP was highest during W, had an intermediate value 
during REM sleep and reached the minimum value during NREM sleep. 

There was a significant difference in MGC across behavioral states 
(LG, F2,16= 26.6, p < 0.001; HG, F2,16= 86.7, p < 0.001). Figure 4B shows 
that LG MGC did not present significant differences between W and 
NREM sleep. The lowest values of low and high gamma coherence were 
present during REM sleep (Figure 4B). 

NP-NC was significantly different for low and high gamma bands 
(LG, F2,16= 97.1, p < 0.001; HG, F2,16= 55.3, p < 0.001). During W, the 

Descriptive Statistics (NP) Repeated measures ANOVA Multiple Comparisons-Tukey
Band Electrode W (mean ± SD) NREM (mean ± SD) REM (mean ± SD) F Sig. (p) W vs NREM (p) W vs REM (p) REM vs NREM (p)

LG

OBr 1.0 ± 0.0 0.48 ± 0.05 0.84 ± 0.10 142.7 <0.001 <0.001 < 0.001   <0.001
M1l 0.89 ± 0.13 0.51 ± 0.11 0.98 ± 0.03 70.9 <0.001 <0.001 0.122 <0.001
M1r 0.89 ± 0.12 0.52 ± 0.08 0.97 ± 0.04 71.3 <0.001 <0.001 0.130 <0.001
S1l 0.86 ± 0.15 0.64 ± 0.18 0.95 ± 0.07 13.9 <0.001 0.007 0.263 <0.001
S1r 0.91 ± 0.15 0.71 ± 0.16 0.96 ± 0.06 12.1 <0.000 0.004 0.691 <0.001
V2l 1.0 ± 0.0 0.57 ± 0.18 0.81 ± 0.13 38.1 <0.000 <0.000 0.003 <0.000
V2r 0.98 ± 0.03 0.57 ± 0.14 0.78 ± 0.13 36.3 <0.000 <0.000 0.001  0.001

HG

OBl 1.0 ± 0.0 0.32 ± 0.10 0.44 ± 0.12 190.1 <0.001 <0.001 < 0.001   0.001
M1r 0.99 ± 0.01 0.33 ± 0.08 0.77 ± 0.16 69.8 <0.001 <0.001 0.003 <0.001
M1l 0.99 ± 0.01 0.36 ± 0.10 0.78 ± 0.12 98.6 <0.001 <0.001 < 0.001 <0.001
S1r 0.99 ± 0.01 0.49 ± 0.10 0.87 ± 0.08 106.3 <0.001 <0.001 0.007 <0.001
S1l 0.99 ± 0.00 0.53 ± 0.09 0.89 ± 0.06 129.1 <0.001 <0.001 0.008 <0.001
V2r 0.99 ± 0.02 0.45 ± 0.15 0.74 ± 0.19 46.8 <0.001 <0.001 0.001 <0.001
V2d 0.99 ± 0.01 0.38 ± 0.17 0.63 ± 0.27 35.4 <0.001 <0.001 < 0.001  0.011

The analysis was performed in 9 animals. The degrees of freedom were 2 (between groups) and 16 (within groups). OB, olfactory bulb; M1, primary motor cortex; S1, primary somato-
sensory cortex; V2, secondary visual cortex r, right; l, left. W, wakefulness; NREM, non-REM sleep; REM, REM sleep. *, p < 0.05.

Table 1. Normalized power during sleep and wakefulness in the rat.

Descriptive Statistics (NC) Repeated measures ANOVA Multiple Comparisons-Tukey
Electrode pairs W (mean ± SD) NREM (mean ± SD) REM (mean ± SD) F Sig. (p) W vs SWS (p) W vs REM (p) REM vs NREM (p)

OBr-M1r 0.91 ± 0.09 0.86 ± 0.12 0.92 ± 0.07 0.9 0.409 0.506 0.994 0.449
OBr-M1l 0.93 ± 0.08 0.86 ± 0.12 0.93 ± 0.07 1.6 0.225 0.285 0.999 0.289
OBr-S1r 0.93 ± 0.07 0.79 ± 0.17 0.82 ± 0.16 2.2 0.135 0.138 0.281 0.898
OBr-S1l 0.93 ± 0.07 0.79 ± 0.15 0.85 ± 0.14 2.4 0.121 0.105 0.401 0.674
OBr-V2r 0.93 ± 0.09 0.90 ± 0.07 0.81 ± 0.16 2.4 0.120 0.870 0.119 0.272
OBr-V2l 0.90 ± 0.09 0.96 ± 0.06 0.83 ± 0.12 4.2 0.033 0.370 0.304 0.025
M1r-M1l 0.98 ± 0.02 0.95 ± 0.05 0.81 ± 0.09 17.4 < 0.001 0.480 < 0.001 0.001
M1r-S1r 0.98 ± 0.03 0.90 ± 0.05 0.91 ± 0.06 4.4 0.030 0.041 0.066 0.965
M1r-S1l 0.97 ± 0.04 0.90 ± 0.09 0.80 ± 0.09 11.8 < 0.001 0,105 < 0.001 0.042
M1r-V2r 0.94 ± 0.09 0.94 ± 0.06 0.69 ± 0.12 17.7 < 0.001 0,991 < 0.001 < 0.001
M1r-V2l 0.88 ± 0.08 0.99 ± 0.01 0.68 ± 0.10 31.7 < 0.001 0.031 < 0.001 < 0.001
M1l-S1l 0.97 ± 0.03 0.88 ± 0.05 0.92 ± 0.07 4.6 0.025 0.019 0.275 0.333
M1l-V2l 0.85 ± 0.09 0.99 ± 0.01 0.66 ± 0.11 35.3 < 0.001 < 0.001 < 0.001 < 0.001
S1r-M1l 0.98 ± 0.03 0.93 ± 0.06 0.79 ± 0.09 20.4 < 0.001 0.296 < 0.001 < 0.001
S1r-S1l 0.94 ± 0.06 0.97 ± 0.03 0.79 ± 0.10 17.7 < 0.001 0.682 < 0.001 < 0.001
S1r-V2l 0.69 ± 0.13 1.0 ± 0.0 0.59 ± 0.12 77.9 < 0.001 < 0.001 0.020 < 0.001
V2r-M1l 0.89 ± 0.13 0.96 ± 0.05 0.73 ± 0.17 8.41 0.003 0.544 0.027 0.003
V2r-S1l 0.77 ± 0.13 1.0 ± 0.0 0.63 ± 0.17 27.1 < 0.001 < 0.001 0.041 < 0.001
V2r-V2l 0.61 ± 0.09 1.0 ± 0.0 0.55 ± 0.12 91.4 < 0.001 < 0.001 0.269 < 0.001
S1l-V2l 0.81 ± 0.11 1.0 ± 0.0 0.71 ± 0.06 50.1 < 0.001 < 0.001 0.005 < 0.001
S1r-V2r 0.81 ± 0.13 0.98 ± 0.03 0.75 ± 0.15 11.7 < 0.001 0.009 0.443 < 0.001

The analysis was performed in 9 animals. The degrees of freedom were 2 (between groups) and 16 (within groups). OB, olfactory bulb; M1, primary motor cortex; S1, primary somato-
sensory cortex; V2, secondary visual cortex r, right; l, left. W, wakefulness; NREM, non-REM sleep; REM, REM sleep. *, p < 0.05.

Table 2. LG normalized coherence during sleep and wakefulness in the rat.



Cavelli M (2017) Absence of EEG gamma coherence in a local activated cortical state: a conserved trait of REM sleep

 Volume 2(1): 6-13Transl Brain Rhythmicity, 2017              doi: 10.15761/TBR.1000115

Figure 3. Low (LG) and high gamma (HG) band power and coherence in the rat. Summary of the statistically significant differences between behavioral states of the LG and HG 
normalized power (NP) and normalized coherence (NC) over the surface of the cerebral cortex. The circles represent the power for the different cortical regions, while the lines represent 
the coherence for the different combinations of electrodes. The colors represent the mean difference level of NP and NC. Data were obtained from the mean values of all available, non-
transitional artifact-free windows per rat for each behavioral state (9 rats). Repeated mesures ANOVA and Tukey paired comparisons tests. OB, olfactory bulb; M1, primary motor cortex; 
S1, primary somato-sensory cortex; secondary V2, visual cortex.

Descriptive Statistics (NC) Repeated measures ANOVA Multiple Comparisons-Tukey
Electrode pairs W (mean ± SD) NREM (mean ± SD) REM (mean ± SD) F Sig. (p) W vs SWS (p) W vs REM (p) REM vs NREM (p)

OBr-M1r 0.93 ± 0.10 0.76 ± 0.16 0.83 ± 0.16 2.9 0.081 0.0686 0.363 0.580
OBr-M1l 0.93 ± 0.09 0.77 ± 0.12 0.84 ± 0.16 3.5 0.055 0.044 0.325 0.495
OBr-S1r 0.96 ± 0.11 0.64 ± 0.21 0.67 ± 0.22 8.7 0.002* 0.004* 0.008* 0.955
OBr-S1l 0.95 ± 0.13 0.67 ± 0.15 0.72 ± 0.21 6.9 0.006* 0.008* 0.028* 0.806
OBr-V2r 1.0 ± 0.0 0.57 ± 0.19 0.57 ± 0.27 22.1 < 0.001* < 0.001* < 0.001* 0.997
OBr-V2l 1.0 ± 0.0 0.60 ± 0.12 0.56 ± 0.18 39.6 < 0.001* < 0.001* < 0.001* 0.676
M1r-M1l 0.98 ± 0.03 0.92 ± 0.11 0.74 ± 0.13 12.7 < 0.001* 0.510 < 0.001* 0.005*
M1r-S1r 1.0 ± 0.0 0.72 ± 0.08 0.68 ± 0.08 56.1 < 0.001* < 0.001* < 0.001* 0.361
M1r-S1l 0.99 ± 0.01 0.79 ± 0.12 0.63 ± 0.11 38.8 < 0.001* < 0.001* < 0.001* 0.004*
M1r-V2r 0.98 ± 0.05 0.57 ± 0.14 0.52 ± 0.22 26.5 < 0.001* < 0.001* < 0.001* 0.805
M1r-V2l 1.0 ± 0.0 0.54 ± 0.12 0.43 ± 0.10 116.5 < 0.001* < 0.001* < 0.001* 0.010*
M1l-S1l 1.0 ± 0.0 0.79 ± 0.08 0.78 ± 0.07 36.4 < 0.001* < 0.001* < 0.001* 0.967
M1l-V2l 0.99 ± 0.03 0.59 ± 0.16 0.50 ± 0.13 51.1 < 0.001* < 0.001* < 0.001* 0.203
S1r-M1l 1.0 ± 0.0 0.77 ± 0.09 0.56 ± 0.10 89.1 < 0.001* < 0.001* < 0.001* < 0.001*
S1r-S1l 1.0 ± 0.0 0.68 ± 0.09 0.56 ± 0.04 148.5 < 0.001* < 0.001* < 0.001* < 0.001*
S1r-V2l 0.98 ± 0.03 0.68 ± 0.17 0.52 ± 0.16 36.6 < 0.001* < 0.001* < 0.001* 0.032*
V2r-M1l 1.0 ± 0.0 0.57 ± 0.15 0.46 ± 0.13 88.4 < 0.001* < 0.001* < 0.001* 0.045*
V2r-S1l 1.0 ± 0.0 0.60 ± 0.16 0.45 ± 0.13 82.3 < 0.001* < 0.001* < 0.001* 0.007*
V2r-V2l 1.0 ± 0.0 0.74 ± 0.16 0.56 ± 0.18 38.4 < 0.001* < 0.001* < 0.001* 0.008*
S1l-V2l 1.0 ± 0.0 0.67 ± 0.12 0.67 ± 0.12 44.9 < 0.001* < 0.001* < 0.001* 0.980
S1r-V2r 0.96 ± 0.10 0.76 ± 0.11 0.74 ± 0.13 7.9 0.004* 0.013* 0.006* 0.927

The analysis was performed in 9 animals. The degrees of freedom were 2 (between groups) and 16 (within groups). OB, olfactory bulb; M1, primary motor cortex; S1, primary somato-
sensory cortex; V2, secondary visual cortex r, right; l, left. W, wakefulness; NREM, non-REM sleep; REM, REM sleep. *, p < 0.05.

Table 3. HG normalized coherence during sleep and wakefulness in the rat.
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value was close to zero, it was negative during NREM sleep and positive 
during REM sleep (Figure 4C).

Gamma activity in cats 

Dynamics of gamma activity in the cat: The dynamic changes 
in gamma activity in a representative cat are exhibited in Figure 5. 
The spectrograms and hypnograms of Figure 5A, reflect the different 
behavioral states of the animal. The NP for the low and high gamma 
bands was modified along the W-sleep cycle (Figure 5B). Pre-frontal 
(Pf) and parietal posterior (Pp) NP were highest during AW and 
decreased progressively during the transition to QW and NREM sleep. 
During REM sleep, there was a clear increase in the low and high 
gamma NP in both cortices. 

We also analyzed the dynamic changes in gamma NC between Pf 
and Pp electrodes across behavioral states (Figure 5C). Low and high 
gamma NC were highest during AW and decreased during QW and 
NREM sleep to an intermediate value. In contrast to the NP, low and 
high gamma coherence during REM sleep decreased to its lowest level. 

When the NP-NC function was applied (Figure 5D), during AW 
and QW NP-NC values were close to zero, they decreased to negatives 
values during NREM sleep, and inverted to positive values during REM 
sleep. 

Gamma activity during sleep and wakefulness in the cat: The 
analysis in the cat was limited to two cortical areas (anterior and 
posterior) of the same hemisphere. In cats, the mean NP of the gamma 
band was different across behavioral states (LG, F2,10= 132.1, p < 0.001; 
HG Hz, F2,10= 36.9, p < 0.001). Figure 6A shows that low and high 
gamma band power was significantly higher during W than during 
other states. The minimum level of power was recorded during NREM 
sleep and reached intermediate values during REM sleep.

These animals showed significant differences in the NC (LG, F2,10= 
46.8, p < 0.001; HG, F2,10= 56.1, p < 0.001) (Figure 6B). During W, low 
and high gamma coherence was greater and significantly different 
compared to the rest of the behavioral states. The lowest values for LG 
and HG coherence were present during REM sleep.

NP-NC was calculated in the cat. NP-NC was significantly different 
for the low and high gamma bands across behavioral states (LG Hz, 
F2,10= 19.7, p < 0.001; HG, F2,10= 38.3, p < 0.001) (Figure 6C). During 
W, NP-NC in LG and HG was nearly zero, while in NREM sleep it 
presented negative values. Positive values were observed during REM 
sleep.

Gamma activity during REM sleep transitions: For an in-depth 
examination of the transitions (t) into and from REM sleep, we 
analyzed the mean gamma power and mean z’-coherence in 10-second 
windows in cats (Figure 7) and rats (Figure 8). In both animal models, 
REM sleep onset was accompanied by a reduction in low and high 
gamma z’-coherence (Figures 7A and 8A, upper charts). Interestingly, 
this reduction in gamma coherence tended to precede REM sleep onset 
by several seconds; we considered EEG activation (desynchronization) 
as the beginning of REM sleep (time 0).  In contrast, at the end of 
REM sleep episode, z’-coherence increased (Figures 7B and 8B, upper 
charts). 

Low and high gamma power increased during REM sleep onset 
(Figures 7A and 8A, lower charts). At the end of the REM sleep 
episodes, on average there was an increase in gamma power (reflecting 
W) that was followed by a decrease in this parameter (probably driven 
by NREM sleep) (Figures 7B and 8B, lower charts). A short bout of 
W (microarousal) followed by NREM sleep, or a sustained period of 
W, usually followed REM sleep episodes. This phenomenon could 
determine a more variable low and high gamma power following REM 
sleep episodes. 

Figure 4. Gamma band mean global power (MGP), mean global coherence (MGC) and their normalized difference during wakefulness and sleep in the rat.  A. Low gamma 
(lower) and high gamma (upper) MGP.  B. MGC is depicted.  C. Power-coherence difference (NP-NC).  The values represent the mean ± standard deviation. Repeated measures ANOVA 
and Tamhane tests.  a, W vs NREM sleep, p < 0.05; b, W vs REM sleep, p < 0.05; c, NREM sleep vs REM sleep, p < 0.05.
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Figure 5. Dynamics of gamma activity in the cat.  A. The spectrograms (1-20 Hz) of prefrontal (Pf) and posterior parietal (Pp) cortical recordings and the hypnogram are shown.  During 
W and REM sleep there was weak slow wave activity.  During NREM sleep, delta activity (0.5-4 Hz) was more prominent and there were intermittent episodes of sigma activity (9-15 Hz), 
which correspond to the presence of sleep spindles.  Color calibration of the spectrogram is not shown.  B. Normalized power (NP) of Pf (green) and Pp (red) cortices for low (upper traces) 
and high (lower traces) gamma bands are shown.  C. Normalized z’-coherence (NC) for both gamma bands (30-48 and 52-98 Hz).  D. Power-coherence difference representation (NP-NC) 
shows near zero values for AW and QW, negative values during NREM sleep and inversion to positives values during REM sleep.  All the parameters were analyzed in 10 seconds epochs.  
AW, alert wakefulness; QW, quiet wakefulness; NREM, NREM sleep; REM, REM sleep.
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Figure 6.  Gamma band normalized power (NP), normalized coherence (NC) and their normalized difference during wakefulness and sleep in the cat.  A. Low gamma (lower) and 
high gamma (upper) mean NP of frontal (f) and posterior (p) electrodes. B. NC between both channels f and p are depicted.  C. Power-coherence difference (NP-NC).  The values represent 
the mean ± standard deviation. Repeated measures ANOVA and Tamhane tests.  a, W vs NREM sleep, p < 0.05; b, W vs REM sleep, p < 0.05; c, NREM sleep, vs REM sleep, p < 0.05.

Figure 7.  z’-coherence and power during REM sleep transitions in the rat.  A. Transition into REM sleep.  The graphics depict the mean z’-coherence and power ± standard error for 
30-48 and 52-98 Hz, of 30 transitions of one representative rat.  Data were taken from recordings of primary somatosensory (S1) and secondary visual (V2) cortices. Change of colors and 
the vertical line indicate the phase transition.  NREM sleep episodes are symbolized in green; REM sleep episodes in red.  B. Transition out of REM sleep. The mean z’-coherence and power 
± standard error for 30-48 and 52-98 Hz, of 30 transitions of the same rat are shown.  Red to black transition indicates the end of the REM sleep episode.  The states indicated in black were 
mainly micro-awakenings but some NREM sleep episodes also followed REM sleep.
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The main relationships during W and sleep between gamma power, 
reflecting local or short-range synchronization, and gamma coherence, 
representing distant or large-range coupling, is schematized in Figure 
9. High short (local) and long-range (distant) gamma coupling is 
present during W. In contrast, high local gamma synchronization with 
long-range gamma uncoupling is present during REM sleep. 

Discussion
In the present study, we performed a thorough analysis of gamma 

power and coherence in rat neocortical areas and OB; and we also 
performed a more spatially-limited analysis in the cat. The main result 
of this report is the demonstration in two different animal models 
(rats and cats), that during REM sleep there was a strong local (short-
range) synchronization of the neural population in both gamma (30-48 
and 52-98 Hz) frequency bands, while this synchronization was strongly 
reduced between distant areas. These data suggest that during REM sleep, 
in spite of a local activated state, high-frequency functional interactions 
between different cortical regions are lost (or highly diminished). 

The relationship between local and distant gamma synchronization 
was further explored utilizing the gamma NP-NC function as an 
index (Figures 4 and 6). This index reflects the difference between the 
normalized power (reflecting local or short-range synchronization) and 
normalized coherence (distant areas or long-range synchronization); 
which was close to zero during W, consisted of negative values during 
NREM sleep, while positive values were found during REM sleep. 
Therefore, this index of gamma activity was capable of differentiating 
between W, NREM sleep, and REM sleep both in cats and rats.  

Gamma power and coherence during wakefulness and NREM sleep

It is well established that gamma power and gamma intra-
hemispheric coherence is high during W in cats, rats, and humans [21-
23,25,39,44]. In the cat, gamma band coherence increases during alert 
W; a fact that can be clearly observed in raw recordings [39]. Gamma 
coherence is also high during cataplexy (W with REM sleep atonia) 
induced by carbachol microinjections into the nucleus pontis oralis 
(NPO) of the cat [41]. 

In the present report, we extend previous data in rats [23], showing 
the cortical extent of gamma power and coherence. As shown in Figure 
3, low and high gamma power is higher in W than in NREM sleep and 

Figure 8.  z’-coherence and power during REM sleep transitions in the cat.  A. Transition into REM sleep.  The graphics represent the mean z’-coherence and power ± standard error 
for 30-48 and 52-98 Hz, of 30 transitions of one representative cat.  Data were taken from recordings of prefrontal (Pf) and posterior parietal (Pp) cortices.  Change of colors and the vertical 
line indicate the phase transition.  NREM episodes are symbolized in green; REM sleep episodes in red.  B. Transition out of REM sleep.  The mean z’-coherence and power ± standard 
error for 30-48 and 52-98 Hz, of 30 transitions of the same cat are shown.  Red to black transition indicates the end of the REM sleep episode.  The states indicated in black were mainly 
micro-awakenings but some NREM sleep episodes also followed REM sleep.  

Figure 9.  Schematic representation of the short and long-range gamma synchronization 
during wakefulness (W), NREM sleep and REM sleep.  The small circles represent neurons 
while large circles represent the areas of the cortex where these neurons are located.  Colors 
of neurons represent the behavioral states (blue, W; green, NREM sleep; red, REM sleep) 
and connecting lines between the circles represent gamma synchronization between distant 
cortical areas.  Short-range (local) and long-range (distant) gamma synchronization occurs 
during W.  During NREM sleep both short and long-range gamma synchronization decrease.  
During REM sleep, while gamma synchronization is present at local level, distant gamma 
coupling is absent.
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exchange of information between olfactory areas and other parts of the 
brain [49-51]. These respiratory potentials in the OB reflect respiratory 
rhythms during W and REM sleep, but not during NREM sleep [52], 
and entrain gamma oscillations in the OB as well as in other areas of 
the brain [11,14,15,53]. 

Our data show that in the OB, the maximum gamma power is 
present during W, decreases during NREM sleep, and increases to 
intermediate values during REM sleep. LG coherence between OB and 
most neocortical areas did not differ across behavioral states (Figure 3 
and Table 2). However, HG coherence between the OB and medial and 
posterior areas of neocortex was higher during W than sleep (Figure 3 
and Table 3).  New studies are needed to shed light in the functional 
interrelation between the OB and neocortical areas during W and sleep.

Gamma coherence and the waking-promoting systems

Cognitive activity and different EEG rhythms are generated by 
the activity of cortical and thalamic neurons, which are reciprocally 
connected [29,54]. Gamma-band rhythmogenesis is also inextricably 
tied to perisomatic inhibition in the neocortex, wherein the key 
ingredient is GABAA receptor-mediated inhibition [12]. However, 
both neocortical gamma power and coherence during W and sleep 
are modulated by the activating or waking-promoting systems of the 
brainstem, hypothalamus and basal forebrain that directly or indirectly 
project to the thalamus and/or cortex [55,56]. By regulating thalamo-
cortical activities, these activating systems produce electrographic and 
behavioral arousal. 

The activating systems decrease their activity during the NREM 
sleep. However, the activity of the various components of these systems 
differs markedly during REM sleep. While most monoaminergic 
systems decrease their firing rate during REM sleep (REM-off neurons), 
cholinergic neurons increase their discharge during this behavioral 
state (REM-on neurons), which contributes to the cortical activation 
[55,56]. Therefore, it is expected that cholinergic REM-on neurons, 
whose soma are located in the mesopontine and basal forebrain region, 
may contribute in the promotion of local gamma synchronization 
(gamma power). In addition, because these cholinergic neurons turn 
on during REM sleep, they should not be critical to the generation of 
gamma coherence (distant coupling), which is absent during this state. 
In fact, systemic muscarinic antagonists do not block gamma coherent 
activity [57].

Noradrenergic, serotonergic and histaminergic neurons that are 
active during W [55,56], may be crucial in promoting gamma coherence 
during this behavioral state. Their lack of activity during REM sleep 
may be involved in the absence of gamma coherence during this state.

Other neuronal systems, such as hypocretinergic and dopaminergic 
neurons that are active during W, as well as GABAergic or glutamatergic 
neurons which are located in the mesopontine reticular formation and 
basal forebrain, may also contribute to the profile of gamma activity 
during W and sleep [55,56]. In fact, Kim et al., [58], highlighted the 
role of cortical-projecting GABAergic neurons of the basal forebrain 
in the generation of gamma oscillations in the EEG [58]. In addition, 
the authors suggest that cholinergic neurons within this area are not 
critical for the generation of these oscillations. 

It is important to note that firing within the gamma band range is 
present in different sites of the reticular activating system, including 
the pedunculo-pontine tegmental nucleus (PPN) [59]. In this area, 
gamma oscillations are modulated by two independent pathways 
related to different Ca2+ channel types which suggests different ways 

REM sleep in most of the neocortical areas and OB. The exemption was 
that low gamma power during W and REM sleep was similar in frontal 
and parietal cortices (Figure 3). 

Coherence for high gamma during W was higher than during 
NREM sleep and REM sleep across all the combinations of cortical loci. 
However, low gamma coherence differences between W and NREM 
sleep varied between different cortices (Figure 4) [23]. 

Gamma power and coherence during REM sleep

In the present report, we demonstrated in rats and cats that gamma 
coherence reached a nadir during REM sleep. In the rat, high and low 
gamma coherence decreased in most combinations of electrodes in 
comparison to W and NREM sleep (Figure 3). However, the power in 
this frequency band increased compared to NREM sleep. This power-
coherence relationship was also readily observed in the dynamic 
analysis (Figures 2 and 5), as well as in the transition into and out REM 
sleep (Figure 7 and 8).

This result is in accordance with the results of our previous analyses 
in cat [39] and rat [23]. Interestingly, gamma coherence is also lost 
during REM sleep induced by carbachol microinjections into the NPO 
of the cat [41].

In preliminary studies in human newborns, cortical gamma 
coherence was almost absent during REM sleep [45]. The demonstration 
that there is a reduction in gamma coherence between different 
cortical regions during REM sleep was also shown in adult humans 
[20,33,46]. In addition, Voss et al. (2009) demonstrated that gamma 
coherence during lucid dreaming was intermediate between W and 
REM sleep [33]. 

As with other EEG rhythms, gamma oscillations remain remarkably 
conserved in mammals irrespective of brain size [47]. The decrease in 
gamma coherence during REM sleep in rats, cats and humans, indicates 
that during this behavioral state there is a decrease in the capacity for 
integration across different cortices within this high frequency band, 
despite high local activity at these frequencies.

A recent study demonstrated that scalp fronto-temporal electrical 
stimulation in the lower gamma band (≈40 Hz) during REM 
sleep influences ongoing brain activity and induces self-reflective 
awareness (a feature of W) in dreams (i.e., lucid dreams), while 
other stimulation frequencies were not effective [32]. Thus, the data 
support the concept that synchronous long-range oscillations of ≈40 
Hz are an electrophysiological pattern of activity that is indicative 
of attentive wakefulness. On the contrary, the reduction in gamma 
coherence during REM sleep together with increased local gamma 
activity (accompanied by a decrease in low frequency activity), may 
underlie the unique pattern of REM sleep mentation, i.e., dreams 
[17,18,48]. During NREM sleep the decrease in local and a small 
reduction in distant gamma coupling accompanied by an increase in 
low frequency oscillations (delta waves) and sleep spindles, may be the 
neurophysiological foundation for the reduction or absence of oneiric 
activity during deep NREM sleep. Interestingly, Siclari et al., (2017) 
have demonstrated that reports of dream experience in either REM 
sleep and NREM sleep were associated with decreases in delta power 
and increases in gamma power (25-50 Hz) mainly in posterior cortical 
regions [48].

Gamma power and coherence in the OB during W and sleep

It is well established that local slow field potentials in the OB are 
associated with breathing, and these oscillations would aid in the 
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of modulating waking and REM sleep [60,61]. This subcortical gamma 
activity possibly contribute to “bottom up” neocortical gamma activity 
during W and REM sleep [62].

Local and distant gamma coupling relationship

The NP-NC index clearly shows that short and long-range gamma 
synchronization is deeply modified across behavioral states; this fact 
is illustrated in the model presented in Figure 9. As discussed above, 
this electrophysiological phenomenon could be related to the cognitive 
features that characterize W, NREM sleep and REM sleep. Moreover, 
NREM sleep and REM sleep dream content, and different drugs or 
processes that affect cognition, must all modify the NP-NC index. We 
hypothesize that dissociative drugs such as ketamine, or psychiatric 
conditions such as psychosis, will also increase the index values as in 
REM sleep. Finally, this NP-NC index, that signals the presence of 
REM sleep, should be applied to confirm the absence of REM sleep in 
aquatic mammals, that for its obligate swimming behavior during sleep 
do not have REM sleep atonia [63-65]. 

Conclusions
During REM sleep, despite a locally activated EEG, there is 

uncoupling of gamma frequency oscillations between distant 
neocortical sites. In spite of regional variations, this gamma activity 
pattern extends, in rats, from the posterior cortices to the OB. Therefore, 
although local gamma coupling is similar to W, functional interactions 
among different cortical area, which are critical for cognitive functions, 
are radically different during REM sleep. Since this feature is conserved 
in rats, cats and likely in humans, we consider that this short-range 
gamma coupling along with gamma long-range uncoupling during 
REM sleep is a defining trait of REM sleep in mammals.
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