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ABSTRACT Electroencephalograms of medial cortex and electromyograms of intercostal
muscles (EMG-icm) were simultaneously recorded in the lizard, Gallotia galloti, during two daily
time periods (at daytime, DTP: 1200–1600 h; by night, NTP: 0000–0400 h), to investigate whether a
relationship exists between the respiratory and cortical electrical activity of reptiles, and, if so, how
this relationship changes during the night rest period. Testing was carried out by studying
interdependence between cortical electrical and respiratory activities, by means of linear and
nonlinear signal analysis techniques. Both physiological activities were evaluated through
simultaneous power signals, derived from the power of the low-frequency band of the
electroencephalogram (pEEG-LF), and from the power of the EMG-icm (pEMG-icm), respectively.
During both DTP and NTP, there was a significant coherence between both signals in the main
frequency band of pEMG-icm. During both DTP and NTP, the nonlinear index N measured
significant linear asymmetric interdependence between pEEG-LF and pEMG-icm. The N value
obtained between pEEG-LF vs. pEMG-icm was greater than the one between pEMG-icm vs. pEEG-
LF. This means that the system that generates the pEEG-LF is more complex than the one that
generates the pEMG-icm, and suggests that the temporal variability of power in the low-frequency
cortical electrical activity is driven by the power of the respiratory activity. J. Exp. Zool. 303A:217–
226, 2005. r 2005 Wiley-Liss, Inc.

INTRODUCTION

The main regions of the vertebrate brain are
functionally subdivided. The functional system
that regulates and integrates respiratory, cardio-
vascular, and somatomotor systems and the
adjustment of central nervous activity in mam-
mals is the common brainstem system (Langhorst
et al.,’83; Rittweger,’99; Lambertz et al., 2000). A
system of similar characteristics has been de-
scribed in different reptilian groups (Naifeh
et al.,’71; Takeda et al.,’86; Douse and Mitch-
ell,’91; Taylor et al.,’99).

Brain-lung interactions in mammals have lar-
gely been investigated using linear and nonlinear
time series analysis techniques. Linear measures
have revealed that EEG parameters change
synchronously with respiration (Pfurtschel-
ler,’76), and that higher centers in the brain affect
the breath-to-breath variability of the respiratory
pattern (Mador and Tobin,’91). Moreover, breath-

ing differs deeply in wakefulness and sleep. Both
frequency and amplitude of respiration decrease
during sleep (Phillipson and Bowes,’86), and the
variability of the breathing pattern decreases
during deep slow-wave sleep and increases during
REM sleep (Tabachnik et al.,’81). It has recently
been demonstrated, using nonlinear measures,
that the EEG correlation dimension (a measure
of the signal complexity) is higher during
REM than during sleep stages I or IV (Burioka
et al., 2001; Sako et al., 2001). Also, respiratory
movement and EEG signals are more regular
during deep slow-wave sleep (stage IV) than
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during other states of consciousness (Burioka
et al., 2003).

Interactions between cortical electrical and
respiratory activities in reptiles have not been
described yet. The presence of olfactory bulb high-
frequency spindles evoked by passage of air
through the nasal cavity, during inspiration or
during sniffing in Caiman sclerops (Huggins
et al.,’68; Verlander and Huggins,’77), has been
reported.

Time series analysis techniques have been
largely used to describe the behavior of many
physiological systems of vertebrates. When these
systems come into operation, they generate com-
plex, chaotic signals, which are a manifestation of
their dynamic properties. The traditional ap-
proach to the analysis of these signals has been
based on the dynamics of linear systems, primarily
through the spectral analysis. As many biological
signals apparently present a chaotic behavior, this
approach has recently been improved with the
introduction of techniques based on the dynamics
of nonlinear systems. Furthermore, both the
linear and the nonlinear approaches allow the
study of the behavior of a given physiological
system, and the relationships between two differ-
ent systems.

The authors are unaware of any mathematical
tools, either linear or nonlinear, that have been
used until now with the purpose of characterizing
relationships between cortical electrical and re-
spiratory activities in reptiles. For that reason, the
aim of the present study is to carry out research on
lizards, by means of linear and nonlinear signal
analysis techniques, to determine the possible
interdependence between the low-frequency cor-
tical electrical activity–where most of the EEG’s
power is concentrated–and the respiratory activ-
ity. This possible interdependence is analyzed at
two different daily time periods: diurnal (light-
activity-wakefulness) and nocturnal (dark-rest-
sleep), to assess the influence of the degree of
alertness on the relationships between the sys-
tems under study. The study is performed at a
constant body temperature to avoid metabolic
changes related to variations in body tempera-
tures.

MATERIALS AND METHODS

Animals

Eight lizards of the species Gallotia galloti, 9.6 –
12.1 cm in length (snout to vent) and 38.6 – 50.7 g
(mean 42.874.8 g) body mass, from the island of

Tenerife (Canary Islands, Spain) were used. The
lizards were captured in their natural habitat and
kept in terraria under a 12–h light (0800–2000 h;
23711C ambient temperature) – 12–h dark (2000–
0800 h; 20711C ambient temperature) cycle for at
least 15 days before experiments. Water and food
was available ad libitum. The Ethical Committee
of the University of La Laguna approved all
animal procedures described below.

Surgery

The experimental animals were anesthetized
and two pairs of electrodes were implanted using
aseptic techniques, to simultaneously record con-
tinuous EEG and respiratory activity. Lizards
were anesthetized with ketamine hydrochloride/
xylazine hydrochloride solution (80/12 mg/kg, im.;
SIGMA-ALDRICH Co., Madrid, Spain). One 3.5 mm
length stainless steel Teflon coated electrode of 0.5
mm diameter was used as active electrode to
record monopolar EEG. The tip of this electrode
was stereotaxically implanted through a hole
drilled in the skull, so that it made contact with
the surface of the left medial cortex; one stainless
steel screw was secured to the left parietal bone
outside the brain cavity, and served as reference
electrode. The two chronically implanted EEG
electrodes, active and reference, were glued to the
skull with acrylic cement. Two 6 mm length
stainless steel rolled wire electrodes were inserted
subcutaneously on both lateral sides of the thorax
over the ribs, in order to record respiratory
activity through the electromyogram of the inter-
costal muscles (EMG-icm). The activity of inter-
costal muscles of G. galloti, in relation to
breathing, consisted of two bursts of electrical
activity on the EMG-icm, separated by a muscular
resting period of about 260 ms duration (Figure 1).
The bursts correspond to the active expiration
(about 430 ms duration) and active inspiration
(about 340 ms duration) periods characteristic of
the electromyographic ventilatory cycle of this
lizard (De Vera and González,’86). After surgery,
each lizard was housed individually in a tempera-
ture-controlled terrarium (25711C) and allowed
to recover and acclimatize for 5 days before
recordings began.

Experimental protocol

Simultaneous EEG and EMG-icm recordings
were uninterruptedly carried out for two days,
keeping the lizard in a thermostatically controlled
chamber (2570.51C) placed in a room far away
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from any sensorial disturbance. The chamber was
under a 12–h light (0800–2000 h) – 12–h dark
(2000–0800 h) cycle and provided with an electro-
nic mechanism to gradually achieve full brightness
or darkness at the start or the end of the light-
dark cycle, to achieve a sunrise-sunset effect.
Water and food were provided daily at 0900 h
through a special hole in the door’s chamber.
Lizards were free of any restraint other than the
lead wires.

Measurements

During the course of the experiment, EEG and
EMG-icm signals were continuously and simulta-
neously measured by a recording system (Nihon
Kohden RM–85, Tokyo, Japan). The EEG signal
was recorded using a 0.3–s time constant and a 30
Hz high filter, and the EMG-icm was recorded
using a 0.003–s time constant and a 1 kHz high
filter. The analog signals from the recording
system were led to a 14–bit A/D converted card,
controlled by a PC for on-line processing. This
operation was performed by means of a computer
assembler program, which sampled EEG and
EMG-icm signals simultaneously at a frequency
of 100 Hz and 1 kHz, respectively.

Signal analysis

The analysis of the continuous recording of EEG
and EMG-icm signals was restricted to two
different daily time periods: day time period
(DTP: 1200–1600 h) and night time period (NTP:
0000–0400 h). This time selection was made in
order to compare the mean values of the different
parameters studied, corresponding to two clearly
different environmental conditions: light and
activity as opposed to darkness and rest (Molina-
Borja et al.,’86).

The signal analysis was carried out only in those
recordings where the typical electromyographic
ventilatory pattern of these animals appeared
clearly and continuously. Moreover, if one EEG
recording and/or one EMG-icm recording exhib-
ited any artifactual alteration due to the animal’s
movements, neither recording was taken into
account for the analysis.

During both DTP and NTP, both EEG
and EMG-icm signals were first analyzed as
1–s duration segments (Figure 1). The results
coming from this analysis were then grouped
every 600 data points, to generate derived
signalsFfrom both EEG and EMG-icmFof 10–
min duration each. By doing this, 24 derived
signals were obtained from every experimental

Fig. 1. Simultaneous signal segments of electroencephalogram (EEG) and electromyogram of intercostal muscles (EMG-
icm). A data window of 1–second duration was moved along the complete recordings, to calculate successive simultaneous values
of power in the low frequency band of EEG, and of variance of the EMG-icm, respectively. The bursts of activity that are seen in
the EMG-icm correspond to the periods of active expiration (AE) and active inspiration (AI) described in the ventilatory pattern
of Gallotia galloti (De Vera and González,’86).
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animal in each one of the two time periods
selected.

Each one of the 1–s duration segments of the
EEG signal were spectrally analyzed using a FFT
algorithm to obtain their power spectral density
function (PSD). In order to perform this analysis,
each signal segment was first linear-trend re-
moved by means of the least squares fit, and cosine
tapered over the first and last 10% of the samples,
to reduce leakage in the spectrum. A total of 49
spectral coefficients with a spectral resolution of 1
Hz were obtained from each EEG spectrum. Each
EEG spectrum was then analyzed by calculating
the cumulative PSD in its low frequency band (LF:
0.5–7.5 Hz); therefore, for each 1–s duration EEG
signal, one PSD value in the low frequency band
was obtained.

Each one of the 1–s duration segments of the
EMG-icm signal were analyzed by calculating
their variance–a measure that is equivalent to
the total PSD of any signal segment (Lynn,’79);
therefore, for each 1–s duration EMG-icm signal,
one variance (power) value was obtained.

The next step consisted of creating derived
power-data signals using the above-mentioned
power values over a period of 10–min. By doing
this, each one of both 10–min duration derived
signals was formed by 600 data points. The power-
data signal derived from the 600 PSD values in the
LF band of EEG spectra was named pEEG-LF.
Similarly, the power-data signal derived from the
600 power values of EMG-icm segments was
named pEMG-icm, and gives a measure of the
lizard’s respiratory activity. Nonstationary signals
were detected, and removed from analysis, using
methods suggested by Schreiber (’97). At this
point, several 600 data point pEEG-LF and
pEMG-icm were ready for linear and non-linear
analysis.

Under the linear systems’ model, the study of
interdependencies between simultaneously re-
corded physiological variables has been tradition-
ally accomplished by using the cross-correlation
or coherence functions. Both functions are
symmetrical with regard to the variables under
study and can only detect linear correlations,
hence presenting serious limitations. In contrast,
the nonlinear approach, which comprises the
calculation of different multivariate nonlinear
indexes, can get around those restrictions. In
effect, these indexes are sensitive not only to
linear and nonlinear interactions, but can also
detect asymmetric interdependencies, in which
the dependence of a given signal on another differs

from the reverse (Schiff et al.,’96; Le Van Quyen
et al.,’98; Arnhold et al.,’99; Quian Quiroga et al.,
2002). Therefore, the nonlinear approach permits
a unique insight into the physiological control
systems, because it can detect directionality in the
information flow between the systems under
study. These indexes can indicate which system
is more active (i.e., more complex or with more
degrees of freedom). This fact can be extended to
propose which one of the implicated systems is
working as the driver of information, that mainly
influences the other, and which one is operating as
the driven response of information, that receives
the influence of the other. This nonlinear char-
acterization of interdependencies in physiological
systems has been recently introduced, mainly in
studies on relationships between different brain
areas in humans (Le Van Quyen et al.,’98,’99;
Arnhold et al.,’99; Quian Quiroga et al., 2000,
2002; Pereda et al., 2001, 2003) and, to a lesser
scale, in reptiles (Pereda et al., 2002).

Coherence function

The coherence function (COH) between pEEG-
LF and pEMG-icm was obtained from the ratio
between their smoothed cross and autospectra
(Bendat and Piersol, 2000). Then, the mean COH
value in the frequency band delimited by the
frequency corresponding to the center of gravity of
pEMG-icm spectrum70.01 Hz, was calculated.
The purpose of this operation was to get a
representative single value of COH for each
pEEG-LF/pEMG-icm segments pair analyzed. In
order to test the significance of the actual pEEG-
LF/pEMG-icm COH values, they were then com-
pared with those COH values obtained between
the present pEMG-icm and a 600 data point
shifted pEEG-LF.

Nonlinear interdependence

To calculate the mutual dependence between
both pEEG-LF (X) and pEMG-icm (Y) using
nonlinear methods, it is first necessary to recon-
struct the state spaces of each signal by means of
time-delay embedding (Arnhold et al.,’99; Pereda
et al., 2002).

The calculation of the interdependence between
the two reconstructed state spaces was carried out
assessing the statistical dependence of the state-
space structure of X on that of Y and vice versa
(Quian Quiroga et al., 2002). In order to do this,
the set of nearest neighbors of each reconstructed
vector ~XXi is compared with its set of mutual or
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conditioned neighbors, which are the vectors in its
state-space that bear the same time indexes as the
nearest neighbors of ~YYi. The difference between
both sets of vectors is then quantified by using the
mean squared Euclidean distance to calculate the
index N, defined as:

NðkÞ XjYð Þ ¼ 1

N

XN

i¼1

Ri Xð Þ � R
ðkÞ
i X Yjð Þ

Ri Xð Þ ð1Þ

where Ri (X) is the average squared radius of the
~XXi points cloud, and Ri

(k) (XjY) stands for the
average squared Euclidean distance from ~XXi to its
k mutual neighbors. The index N equals one for
identical signals, whereas for completely indepen-
dent signals it is normally close to zero; moreover,
as Equation (1) is normally asymmetric (i.e., N(k)

(XjY) a N(k) (YjX)), the index N can also be used to
detect asymmetric couplings. In fact, when N(k)

(XjY)4N(k) (YjX), the system that generates X is
said to be more active or complex than the system
generating Y. This is so because the complexity of
the system X results from both its own complexity
and from that introduced by the system Y. Thus,
the system X is considered as the driven response
system, while Y is considered as the autonomous
driver system (Quian Quiroga et al., 2000).
Contrary to other closely related nonlinear inter-
dependence indexes such as the Arnhold index S
(Arnhold et al.,’99), index N is less sensitive to the
difference in the complexity of both analyzed
signals, thus making it especially suitable for the
analysis of signals of different degrees of freedom,
as is the case here (see the Results section).

The statistical significance and nature–linear or
nonlinear–of the interdependence was determined
by using a variant of the surrogate data method
proposed by Prichard and Theiler (’94). In this
variant of Pereda et al. (2001), the index N
between signals X and Y is compared with those
obtained between the original X and n surrogate
versions of Y (n ¼ 19; 95% of significance level).
These surrogate versions share with Y all its
properties, but are completely independent from
X. At the given level of statistical significance, the
value of the index N is due to the interdependence
between X and Y if and only if it is greater for the
original pair than for the other n pairs. To assess
the nature of the interdependence, the value of the
index N for the original pair of signals was
compared with n X-Y surrogate pairs (n ¼ 19;
95% of significance level), where the linear
dependencies between the signals were conserved,
and the non-linear ones were removed. The ratio

of the difference between the original index and
the average for the ensembles of surrogates to the
SD for this ensemble is designated by sb. A sbo2
indicates linear nature. Surrogate signals were
obtained according to the IAAFT algorithm
(Schreiber,’98) by means of the TISEAN package
(Hegger et al.,’99).

From the coherence function alone, it is not
possible to obtain further information about the
way in which two physiological activities interact
with each other. In effect, the function of
coherence per se is unable to detect asymmetries
in the interdependence. However, using the more
recent nonlinear index N to study the interdepen-
dence between two activities, it is possible to see
not only whether this correlation is linear or not,
but also whether it is asymmetrical.

Statistical analysis

The statistical analysis of the differences be-
tween mean values of two particular signals’
indexes or parameters in any experimental situa-
tion (DTP or NTP), was performed using a
Student’s t-test for dependent samples or a
Wilcoxon signed rank test, as appropriate. These
tests were also performed to assess significant
differences between the mean values of two
particular signals’ parameters or indexes from
different experimental situations (DTP opposite to
NTP). Statistical analyses were weighted accord-
ing to the number of effective recordings–those
remaining after removing nonstationary ones–
obtained in each experimental animal. Compar-
isons were considered statistically significant if
Po0.05.

RESULTS

Figure 2 shows ten-minute segments of simul-
taneous pEEG-LF and pEMG-icm from lizard L07
during DTP and NTP. The main feature of most
pEEG-LF segments was the presence of very high-
PSD peaks, clearly distinguished from the base
line. These high-power peaks can sometimes reach
values of PSD up to 20 times the mean value of a
particular signal segment. Instead, the main
feature of the pEMG-icm was its irregularity and
the absence of very high-power peaks. Never-
theless, some minor peaks could sometimes be
seen in the pEMG-icm in synchrony with some
very high-PSD peaks in the pEEG-LF.

The mean amplitude value of the pEEG-LF
during DTP was greater (Po0.001) than during
NTP (Figure 3 left). Equally, the mean amplitude
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value of the pEMG-icm during DTP was greater
(Po0.001) than during NTP (Figure 3 right). The
percentage of day/night change of pEEG-LF was
59.7% (median), whereas that of the pEMG-icm
was 24.3% (median). There were statistically
significant differences between both percentages
of change (Po0.001).

The mean coherence value calculated between
pEEG-LF and pEMG-icm during both DTP

and NTP was greater (Po0.001) than the
one obtained between the pEMG-icm and the
shifted version of pEEG-LF (Figure 4). This
indicates a significant coherence between
both signals during the two periods of time
studied. The mean coherence value between both
signals obtained during the DTP was greater
(Po0.001) than the one obtained during the
NTP.

Fig. 2. An example of simultaneous pEEG-LF and pEMG-icm segments from lizard L07 (male, 47.3–g) at the selected DTP
and NTP.

Fig. 3. PSD mean values of pEEG-LF (left) and power
mean values of pEMG-icm (right) calculated at the selected
DTP and NTP. Symbol KKK indicates statistically signifi-
cant differences (Po0.001) of the corresponding parameters’
mean values between DTP and NTP. Error bars correspond to
the standard error of mean. N1 of computed signals ¼ 163.

Fig. 4. Actual and shifted coherence mean values between
pEEG-LF and pEMG-icm calculated at the selected DTP and
NTP. Symbol KKK indicates statistically significant differ-
ences (Po0.001) between actual and shifted coherence mean
values. Error bars correspond to the standard error of mean.
N1 of computed signals ¼ 163.
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The variant of the surrogate data method used
showed that, in both DTP and NTP, the index N
measured significant interdependence between
pEEG-LF and pEMG-icm. It also showed that
the interdependence was of linear nature (Table
1). The mean value of the index N between pEEG-
LF and pEMG-icm was greater (Po0.001) than
that between pEMG-icm and pEEG-LF, in both
DTP and NTP (Figure 5). This result indicates
that there is an asymmetric coupling between both
signals, and that this asymmetry is present both
during DTP and NTP. According to the criterion
stated in the Materials and Methods section, in
both DTP and NTP, the pEEG-LF is more
complex than the pEMG-icm. The asymmetry
found between pEEG-LF and pEMG-icm during
DTP was 12.8 % (median), whereas during NTP it
was 19.7% (median). There were statistically

significant differences between both percentages
of asymmetry (Po0.001).

DISCUSSION

This study has been performed to investigate
the existence of interdependence between the slow
telencephalic electrical activity (assessed from the
EEG of the medial cortex) and the respiratory
activity (assessed from the EMG of the intercostal
muscles) in lizards (Gallotia galloti) during long
time periods, at daytime and nighttime. To do this,
simultaneous computations and comparisons of
successive power spectral values of the low-
frequency EEG and power values of the EMG-
icm signal have been made. These power values
are proportional to the amplitude of the slow
cortical electrical activity and respiration, respec-
tively. Traditional spectral techniques such as the
coherence function, and more modern techniques,
coming from the dynamics of nonlinear systems,
were used to study the interdependence between
both signals.

The presence of very high-power peaks in most
pEEG-LF could reflect the existence of time periods
of particularly intense cortical electrical activity of
low frequency. These periods, which can last up to
10 seconds, occur with an arrhythmic pattern, and
are present both during DTP and NTP. The fact
that similar high-power peaks in the simultaneous
pEMG-icm signals are not apparently present, and
that their amplitude decreases during NTP, as also
occurs with the mean amplitude of the pEEG-LF,
could indicate that these peaks are not motion
artifacts but a peculiar characteristic of the low-
frequency cortical electrical activity of lizards.
However, from the data available, which do not
include any independent measure of the animal
movements, it is not possible to ascertain the
precise nature of such peaks.

Both the spectral function of coherence and the
nonlinear index N showed that there is a sig-
nificant linear correlation/interdependence be-
tween the power of the slow telencephalic
electrical activity and the power of the respiratory
activity. The index N, furthermore, showed that
the interdependence found is asymmetrical; the
pEEG-LF vs. pEMG-icm interdependence is great-
er than the pEMG-icm vs. pEEG-LF one.

According to the terminology proposed by
Arnhold and collaborators (’99), this means that
the system that generates the pEEG-LF power
oscillations, probably the rudimentary neocortex,
striatum, and/or thalamic centers, is more active

Fig. 5. Nonlinear index N mean values computed between
pEEG-LF vs. pEMG-icm and between pEMG-icm vs. pEEG-
LF, calculated at the selected DTP and NTP. Symbol KKK
indicates statistically significant differences (Po0.001) be-
tween pEEG-LF vs. pEMG-icm and pEMG-icm vs. pEEG-LF
index N mean values. Error bars correspond to the standard
error of mean. N1 of computed signals ¼ 163.

TABLE1. Mean values of index sb

Inderdependence No.
signals

DTP NTP

pEMG-icm vs.
pEEG-LF

163 0.57 (0.42^0.72) �0.63 (�0.83^�0.43)

pEEG-LF vs.
pEMG-icm

1.33 (1.23^1.43) 0.94 (0.74^1.13)

Valueso2 indicate linear nature of the interdependence.
Numbers in parentheses indicate �95% and +95% con¢dence limits of
the means.
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or complex, than the system that generates the
oscillations in the power of the respiratory
activity–probably the respiratory center of the
brainstem. By interpreting this result in the light
of the dynamics system terminology used by
Quian Quiroga et al. (2000), it can then be
proposed that the rudimentary neocortex, stria-
tum, and/or thalamic centers are driven by the
power oscillations originated in the respiratory
center of the brainstem, through interconnection
with thalamic centers. Evidently, other physiolo-
gical and/or behavioral factors, besides respira-
tion, could also mediate the EEG activity through
other neural connections.

In reptiles, the importance of a brainstem site of
central respiratory rhythm generation, which
integrates afferent inputs from central and per-
ipheral receptors, has been stated in a number of
studies performed in different reptilian groups
(Naifeh et al.,’71; Takeda et al.,’86; Douse and
Mitchell,’91; Taylor et al.,’99). In mammals, the
common brainstem system regulates and inte-
grates respiratory, cardiovascular and somatomo-
tor systems, and the adjustment of central nervous
activity (Rittweger,’99). In addition, the subcorti-
cal origin of slow EEG waves has been suggested
in different studies carried out in mammals: these
waves have been recorded in the ventro-lateral
thalamic nucleus in close time relation with the
activity of deep cerebellar nuclei (Steriade
et al.,’71), in the reticular thalamic nucleus after
disconnection from the cerebral cortex (Steriade
et al.,’87), and in hyperpolarized thalamic neurons
(Steriade et al.,’91).

A linear relationship between the brain and the
lungs has also been reported in humans (Burioka
et al., 2003) by calculating the approximate
entropy (a measure of system complexity) of
respiratory movement and EEG signals during
different stages of consciousness. That study takes
into consideration the possibility of the involve-
ment of nonlinear dynamic processes in the
coordination between brain and lungs, because
the change in complexity of respiration depends in
part on the complexity of the EEG. Moreover, in
that study a linear relationship between brain and
lungs was found, and it was explained by con-
sidering the existence of an independent third
system (e.g. brainstem systems including that of
the cholinergic system (Lydic,’96)) affecting both
the brain and the lungs. These results from the
present study can neither affirm nor reject the
existence of that third system. However, as stated
above, evidence suggests the existence of two

asymmetric interdependent systems, so that the
low-frequency cortical electrical activity is driven
by the respiratory activity. Moreover, it was found
that the characteristics of the interdependence
between cortical electrical and respiratory activ-
ities remain during NTP. This finding means that
the underlying physiological process that governs
the interdependence under study is also active
during NTP, thus being independent of the day-
night clock.

It seems that the alert state of lizards modulates
the amplitude of pEEG-LF peaks, since during
NTP they are of lower amplitude than during
DTP. In fact, at night the absence of light can
reduce the alert’s threshold, although the meta-
bolic demands must be similar during DTP. This
must be so because the lizards are at the same
temperature during DTP as during NTP. Support-
ing this argument is the fact that the DTP/NTP
change in pEEG-LF is considerable (approxi-
mately 60%), in comparison to the DTP/NTP
change in the respiratory power (around 24%).
In relation to the DTP/NTP change in pEEG-LF, a
number of authors have reported that the EEG’s
amplitude of reptiles decreases as the activity is
reduced, and is maximal during alert waking and
minimal at rest (Tauber et al.,’68; Luttges and
Gamow,’70; Flanigan et al.,’73; Hartse and Re-
chtschaffen,’82; Ayala-Guerrero et al.,’88; Hui-
trón-Reséndiz et al.,’97; Nicolau et al., 2000). In
contrast to mammals, the increase of EEG’s
amplitude during alert periods has also been
reported in fish (Enger,’57; Schad and Weiler,’59;
Barthelémy et al.,’75; Shapiro and Hepburn,’76;
Bullock and Corwin,’79; Laming,’80) and amphi-
bians (Segura and De Juan,’66; Hobson,’67;
Colombo et al.,’72; Huntley et al.,’78; Laming
and Evert,’84). Therefore, rejecting the idea that
the high-power peaks in the pEEG-LF signals are
motion artifacts, it can be said that the time
periods corresponding to the appearance of high-
power peaks in pEEG-LF found in Gallotia during
the DTP, could correspond to alert periods, where
there is great sensory stimulation and/or complex
behaviors are taking place. Power peaks of the
pEEG-LF signals during the NTP decrease by
approximately 60%, signifying much reduced
nighttime stimuli or complex behaviors.

In conclusion, the respiratory activity variations
of G. galloti appear to drive the dynamic activity of
its rudimentary neocortex, striatum, and/or tha-
lamic centers. In addition, the state of alert of the
animal contributes fundamentally to modulation
of the power of the pEEG-LF signal.
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Steriade M, Dossi RC, Núñez A. 1991. Network modulation of
a slow intrinsic oscillation of cat thalamocortical neurons
implicated in sleep delta waves: cortically induced synchro-
nization and brainstem cholinergic suppression. J Neurosci
11:3200–3217.

Tabachnik E, Muller NL, Bryan AC, Levison H. 1981. Changes
in ventilation and chest wall mechanics during sleep in
normal adolescents. J Appl Physiol 51:557–564.

Takeda R, Remmers JE, Baker JP, Madden KP, Farber JP.
1986. Postsynaptic potentials of bulbar respiratory neurons
of the turtle. Respir Physiol 64:149–160.

Tauber ES, Rojas-Ramı́rez J, Hernández-Peón R. 1968.
Electrophysiological and behavioral correlates of wakeful-
ness and sleep in the lizard, Ctenosaura pectinata. Electro-
enceph Clin Neurophysiol. 24:424–433.

Taylor EW, Jordan D, Coote JH. 1999. Central control of the
cardiovascular and respiratory systems and their interac-
tions in vertebrates. Physiol Rev 79:855–916.

Verlander JM, Huggins SE. 1977. Computer analysis of the
electroencephalographic activity of the caiman olfactory
bulb. Electroenceph Clin Neurophysiol 42:829–834.

L. DE VERA ET AL.226


