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Abstract Dramatic changes in neocortical electroen-
cephalogram (EEG) rhythms are associated with the sleep—
waking cycle in mammals. Although amphibians are
thought to lack a neocortical homologue, changes in rest—
activity states occur in these species. In the present study,
EEG signals were recorded from the surface of the cerebral
hemispheres and midbrain on both sides of the brain in an
anuran species, Babina daunchina, using electrodes con-
tacting the meninges in order to measure changes in mean
EEG power across behavioral states. Functionally relevant
frequency bands were identified using factor analysis. The
results indicate that: (1) EEG power was concentrated in
four frequency bands during the awake or active state and
in three frequency bands during rest; (2) EEG bands in
frogs differed substantially from humans, especially in the
fast frequency band; (3) bursts similar to mammalian sleep
spindles, which occur in non-rapid eye movement mam-
malian sleep, were observed when frogs were at rest sug-
gesting sleep spindle-like EEG activity appeared prior to
the evolution of mammals.
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Introduction

The electroencephalogram (EEG) is characterized by a
frequency range from 0.05 to 500 Hz and shows predict-
able changes during the sleep—waking cycle in mammals
(Buzsaki and Draguhn 2004). Moreover, adjacent EEG
frequency bands presumably generated by distinct neuronal
networks are typically correlated with specific brain
states and predominate during different behavioral states
(Klimesch 1999; Kopell et al. 2000; Engel et al. 2001;
Csicsvari et al. 2003) such as sensory registration, percep-
tion, movement and cognitive processes related to attention,
learning and memory (Klimesch 1999; Basar et al. 2000,
2001; Thut and Miniussi 2009).

In humans the EEG has been manually divided into
broad frequency bands by visual inspection (Nunez and
Cutillo 1995) while for studies in non-human mammals the
EEG band divisions have been defined arbitrarily or deter-
mined empirically based on presumed homologies with the
frequency bands observed in humans (Lancel and Kerkhof
1989; Bakalian and Fernstrom 1990; Grasing and Szeto
1992). In frogs, functionally significant EEG frequency
ranges have been recognized (Smolin 1962; Servit et al.
1965; Hobson 1967a, b; Kostowski 1967; Hobson et al.
1968; Sato 1969; Ono et al. 1980; Blisard et al. 1994)
although only a few studies classified the frequency
boundaries and these were based by default on those
adopted in human studies (Balasandaram et al. 1997,
Aristakesyan and Karmanova 2007). Neurobehavioral
studies have shown considerable differences in rest—activity
patterns among anuran species. The nocturnally active
bullfrog (Rana catesbiana) exhibits neither the electroen-
cephalographic nor the threshold criteria for mammalian
sleep in the laboratory (Hobson 1967a) and remains vigilant
when at diurnal rest in the field. In contrast, tree frogs (Hyla
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squirella, H. cinera and H. septentrionalis) remain immo-
bile with eyes closed and head pointing toward the tips of
leaves when resting by day and exhibit elevated thresholds
to sensory stimulation during resting compared to those in
the active state. Thus, it has been proposed that tree frogs
sleep on the basis of behavioral criteria (Hobson et al.
1968).

EEG phenomena including sleep spindles and slow
waves, such as delta waves, typify non-rapid eye move-
ment (NREM) sleep in mammals (Bjorvatn et al. 1998).
Nevertheless, the properties of the EEG during different
vigilance states in frogs still remain unclear. The problem
is complicated by the fact that although EEG recordings
during active and rest states are available in some anuran as
well as other species these are difficult to compare with
those of mammals including humans due to lack of reliable
methods for identifying the boundaries of EEG frequency
bands.

The present study addresses both issues. First we sought
to determine if a rigorous multivariate approach based on
factor analysis could be used to classify frog EEG fre-
quency bands. Factor analysis has been used successfully
to identify differences in functionally relevant EEG bands
in humans and rats which could not be identified by manual
visual inspection of EEG patterns (Klimesch 1999; Corsi-
Cabrera et al. 2000, 2001). The present study is the first to
apply this method to anurans.

Second, we sought to identify EEG spectral components
specifically associated with behaviorally defined vigilance
states in a frog species, the music frog (Babina daunchina),
whose rest—activity cycle can be monitored under con-
trolled laboratory conditions and for which extensive
studies of natural behavior have previously been conducted
(Cui et al. 2010). To do this we recorded behavioral data
and multi-channel electrocorticogram (ECoG) signals from
Babina and identified functionally relevant EEG frequency
bands as a function of behavioral state using factor
analysis.

Fig. 1 Electrode placements
and 10 s of typical EEG tracings
during the awake (active) and
resting vigilance states for each
channel after re-referencing to
the average reference. The
intersection of the three dashed
lines in bold in the frog head
denotes the intersection of
suture lines corresponding to
lambda. The bold line in the
lower right of the picture
denotes the period in which
spindles are present
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Materials and methods
Animals

Five male and five female adult music frogs captured from
the Emei mountain area of Sichuan, China, in July 2010
were used in these experiments. Subjects were housed
by sex in two opaque plastic tanks (45 x 35 cm and
30 cm deep) containing mud and water. The tanks were
placed in a room under controlled temperature conditions
(23 £ 1°C) and maintained on a 12:12 light-dark cycle
(lights on at 08:00 h). The animals were fed fresh live
crickets every 3 days. Mean masses were 10.2 + 2.4 g
(mean £ SD), and frogs were 4.6 & 0.3 cm in length at
the time of surgery.

Surgery

All experiments were conducted after September 2010
when the reproductive season ended for music frogs (Cui
et al. 2010). The animals were deeply anesthetized by
intraperitoneal injection of pentobarbital sodium (3 mg/
100 g) and the degree of anesthesia was evaluated through
the toe pinch response.

Four cortical EEG electrodes, composed of miniature
stainless steel screws (¢ 0.8 mm), were implanted on the
frog skull: the left and right sides of the telencephalon and
mesencephalon (R1, R2, R3 and R4), and referenced to the
electrode above the cerebellum (P, the corresponding
electrode pairs were abbreviated as PR1, PR2, PR3 and
PR4, respectively) (Fig. 1). Ten seconds of typical EEG
activity after re-referencing to the average reference during
the waking (i.e. active) and rest periods are shown along
with each placement of the electrodes (Fig. 1). R1 and R2
were implanted bilaterally 2.2 mm anterior to the lambda
(i.e. the point where skull sutures intersect) and 1.5 mm
lateral to the midline, respectively, while R3 and R4 were
implanted bilaterally 2.3 mm posterior to the lambda and
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1.5 mm lateral to the midline. P was implanted 3.9 mm
posterior to the lambda at the midline (Fig. 1). One end of a
formvar-insulated (except at the two ends) nichrome wire
(p 0.1 mm) served as a ground electrode and was fixed
subcutaneously about 5 mm posterior to P.

All electrode leads were formvar-insulated nichrome
wires with one end intertwined tightly around the screws
except for the ground electrode which was fixed subcuta-
neously and directly, and with the other end tin soldered to
the female-pins of an electrical connector (GongZhan,
PHD2004S; DongGuang, China). Electrodes were fixed to
the skull with dental acrylic. The connector was covered
with self-sealing membrane (Paraﬁlm® M; Chicago, USA)
for water-proofing and located about 1 cm above the head
of the animal. For best suspension, six formvar-insulated
nichrome wires were wound together around a pencil to
form a loose spring (Laming 1982). One end of each wire
was tin soldered to the male-pin of the electrical connector;
the other ends were connected to the cable of the signal
acquisition system (Chengyi, RM6280C; Sichuan, China).
The junction points were kept in a box covered with silver
paper and earthed.

Each frog was housed singly for 2 days for recovery
before the following experiments were performed. After
the end of the experiments, all frogs were euthanized by
overdose of intraperitoneal pentobarbital sodium and
electrode localizations were confirmed by injecting hema-
toxylin dye through the skull holes in which the screws
were installed previously.

Data acquisition

The experiments were performed in a soundproof and
electromagnetic shielding chamber in which the back-
ground noise was 23.0 £ 1.7 dB (mean £ SD) with an
opaque plastic tank (80 x 60 cm and 55 cm deep) con-
taining mud and water. Lights and temperature in the
chamber were maintained as in the home-cages. A video
camera with infrared light source and motion detector was
appended centrally above the tank about 1 m for monitoring
the behavior of the subject from outside of the chamber. In
order to eliminate the effects of digestion on the results, the
subject was not fed during the experimental period.

The procedure for data collection consisted of electro-
physiological and behavioral recordings on two sequential
days. On the first day the subject was placed in the
experiment tank and connected to the signal acquisition
system for habituation; neurophysiological and behavioral
data were collected on the subject on the second day. The
signal acquisition system was set to record continuously
from evening at 20:00 to the following morning at 8:00.
The experimental design was based on the facts that (1)
music frogs remain active all day except for noon and

midnight, with the highest level of activity occurring at
dawn and dusk; (2) the protosleep of fish and amphibians
includes three immobility forms: type P-1, type P-2 and
type P-3, and the P-3 form occurs predominantly during
darkness in amphibians and is the closest equivalent of the
slow wave sleep of birds and mammals (Karmanova 1996).
Band-pass filters, set to 0.16—-100 Hz, were used for EEG
signals with the notch filter of the amplifiers set to elimi-
nate possible interference at 50 Hz. A sampling frequency
of 1,000 Hz was used.

Data processing

EEG data were first re-referenced to an average reference.
Since fish and amphibians are not considered sleep taxa
(Tauber 1974), for the present study the vigilance states of
the frog were divided into two categories: awake (or active)
and rest. Representative and artifact-free EEG segments
(120 s) were selected from the electrophysiological data
acquired on the second day for each state, electrode pair
and subject. In order to ensure the accuracy of factor
analysis, half of the representative EEG segments for the
awake state were selected randomly from the 20:00-21:30
period and the other half were selected randomly from the
6:30-8:00 period. The representative EEG segments for the
resting state were selected from the longest periods
(85 £ 35 min for the nine frogs during 0:00-3:00,
mean + SD) when frogs did not show any spontaneous
movement. This 120-s time window was used to acquire
data for all four channels. In order to obtain clean data, for
the awake state the representative EEG segments were
selected from the sixth second after the end of any move-
ment (i.e. 5 s after the end of any movement) and for
resting state EEG segments were selected in the middle of
the longest period of immobility. Since artifact-free data
could not be obtained for one frog from electrode place-
ments PR3 and PR4, the statistical tests and factor analysis
were based on the data obtained from the other nine frogs.

After band-pass filtering (1-45 Hz) and downsampling
at 512 Hz, a 120-s segment was divided into 60 two-second
epochs for each channel, each of which was detrended (i.e.
the linear trend was removed) using an algorithm which
computes the least-squares fit of the data. Power spectra
with 1.0-Hz resolution were computed by Welch’s method
with the Hamming window. To compare EEG power dif-
ferences among the four channels and between the active
and resting states, the power spectra of all 60 two-second
epochs were first log-transformed and then averaged for
each channel, each state and each frog. These average
values (i.e. one value for each channel, state and frog) were
further analyzed statistically.

Since there are significant differences in EEG power
spectra among various brain regions, especially between
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anterior and posterior areas (Saastamoinen et al. 2007,
Young and McNaughton 2009; Fang et al. 2010), factor
analysis was performed for the telencephalon and the
mesencephalon, respectively, in this study. For each vigi-
lance state and each frog, the log-transformed power
spectra of 60 epochs were averaged between both sides of
each brain region, and then averaged in blocks of 5.

Using these methods, 12 average values were computed
for each state, each brain region and each subject. To
obtain frequencies covariant with each other and extract
broad frequency bands correlated with each state, these 12
values were pooled for all 9 frogs and used for factor
analysis with EEG frequencies as variables and principal
component analysis (PCA) as the extraction method for the
factors. The following criteria were used: the Kaiser—
Guttman criterion (eigenvalues higher than 1 for eigen-
vectors); the scree slope method; factor loading set at 0.55,
i.e. only frequency bands for which the index is above 0.55
are included. Both varimax rotation and promax rotation
were performed. Because there were few differences
between the results obtained from these two methods, only
results based on varimax rotation were reported in the
present paper.

Factor analysis

Factor analysis refers to a set of statistical methods used to
detect underlying patterns in the relationships among
numbers of observed variables (Ismail 2008) and is an
extremely powerful tool for reducing multivariate datasets
to fewer underlying dimensions (Hair et al. 1998). Gener-
ally 5-10 subjects per variable are used in most studies
(Kline 1994), although in practice, the adequacy of sample
size can be determined by the Kaiser—Meyer—Olkin (KMO)
test. A minimum KMO score of 0.50 is considered nec-
essary to reliably use factor analysis for data analysis,
while scores over 0.80 are considered to be robust (Hair
et al. 1998). Bartlett’s test of sphericity should reach sta-
tistical significance in order to acquire reliable results.
Although it is often impracticable in animal studies to
meet conditions concerning the ratio of subject numbers to
variable (Kline 1994), an alternative approach is to sub-
stitute samples of EEG for individual subjects. Corsi-
Cabrera et al. (2000, 2001) studied frequency bands of
EEG using channels instead of subjects as inputs in factor
analysis thereby increasing the ratio of data inputs to var-
iable several fold, whereas whether the inputs passed the
KMO test and the Bartlett’s test of sphericity was not
reported (Corsi-Cabrera et al. 2000, 2001). Because the
skull of music frog is too small to implant many electrodes,
the above substitution was not suited for the current study.
Since factor analysis could also be used for defining fre-
quency bands on EEG data based on “n epochs of a single
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subject” (Klimesch 1999), such pooled data derived from
the nine frogs in which 12 average values were obtained for
each subject were used as inputs in factor analysis for each
state and each location.

Statistical analyses

To evaluate differences in power spectra, 3-way within-
subject ANOVA (i.e. 3-way repeated measures ANOVA)
with the factors of ‘state’, ‘frequency’ and ‘electrode
placement’ was employed. Both main effects and interac-
tions were examined. Simple effects analysis would be
applied when the interaction was significant. For significant
ANOVAs, data were further analyzed for multiple com-
parisons using the least-significant difference (LSD) test.
Estimations of effect size for ANOVAs were determined
with partial #? (partial * = 0.20 is a small effect size, 0.50
is a medium effect size and 0.80 is a large effect size)
(Cohen 1992). SPSS software (release 13.0) was utilized
for the statistical analysis and a significance level of
p < 0.05 was used in all comparisons.

Results

EEG power variations among different frequencies,
different electrode placements and different vigilance
states

For EEG power, the results of ANOVA revealed that both
the main effects were significant for the factor ‘state’
[F(1,8) = 15.537; p < 0.05, partial ;12 = (0.660] and the
factor ‘frequency’ [F(44,352) = 328.014; p < 0.001, par-
tial n* = 0.976], respectively; the interaction between
‘state’ and ‘frequency’ was significant [F(44,352) = 1.957;
p < 0.001, partial 172 = 0.197]; and the interaction between
‘frequency’ and ‘electrode placement’ was also significant
[F(132,1056) = 1.664; p < 0.001, partial #*> = 0.172].
Because the two interactions were significant, simple effect
analysis was further applied.

For the factor ‘frequency’, simple effect analysis revealed
that EEG power of a given frequency was significantly lower
than those of smaller frequencies as a whole for each state
and each channel, while it was significantly higher than
those of larger frequencies (p < 0.05).

For the factors ‘electrode placement’ and awake (active)
state, simple effect analysis showed that the EEG power of
PR1 was significantly higher than those of PR2, PR3 and
PR4 for 1, 3, 12-13, 17-23 and 25-26 Hz (p < 0.05;
Fig. 2a); EEG power of PR1 was significantly higher than
that of PR2 and PR3 for 2 and 44 Hz (p < 0.05; Fig. 2a);
EEG power of PR1 was significantly higher than that of
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PR3 for 7, 28 and 45 Hz (p < 0.05; Fig. 2a); EEG power
of PR4 was significantly higher than that of PR2 for
1-2 Hz (p < 0.05; Fig. 2a), while EEG power of PR4 was
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Fig. 2 Means and standard deviations of EEG power spectra for the
four electrode locations during the awake (a) and rest (b) states,
respectively. For a given frequency, asterisk denotes that EEG power
for PR1 was significantly higher than those for PR2, PR3 and PR4
(p < 0.05), filled star denotes that EEG power for PR1 was significant
higher than those for PR2 and PR3 (p < 0.05), open star denotes that
EEG power for PR1 was significant higher than those for PR3 and
PR4 (p < 0.05), open triangle denotes that EEG power for PR1 was
significant higher than that for PR3 (p < 0.05), filled triangle denotes
that EEG power for PR1 was significant higher than that for PR4
(p < 0.05), while the filled square denotes that EEG power for PR4
was significant higher than that for PR2 (p < 0.05). Only the data
from 1 to 15 Hz were shown for a better demonstration. PRI, PR2,
PR3 and PR4 the four electrode pairs

Fig. 3 Means and standard
deviations of EEG power
spectra during the awake and
rest states for PR1 (a), PR2 (b),
PR3 (c) and PR4 (d),
respectively. Asterisk denotes
that EEG power during the
awake state was significantly
higher than during the rest state
for a given frequency

(p < 0.05). Only the data from 1

significantly higher than PR3 for 21-23, 26, 28 and
44-45 Hz (p < 0.001; Fig. 2a).

For the factor ‘electrode placement’ and rest state,
simple effect analysis showed EEG power of PR1 was
significantly higher than those of PR2, PR3 and PR4 for
3 Hz (p < 0.05; Fig. 2b); EEG power of PR1 was signifi-
cantly higher than that of PR3 and PR4 for 7 and 12 Hz
(p < 0.05; Fig. 2b); EEG power of PR1 was significantly
higher than that of PR3 for 8-9 Hz (p < 0.05; Fig. 2b),
while EEG power of PR1 was significantly higher than PR4
for 13 Hz (p < 0.001; Fig. 2b).

For the factor ‘state’, EEG power during the awake state
was significantly higher than during rest for 2, 4-6, 8,
16-34 and 3645 Hz in PR1 (p < 0.05; Fig. 3a), for 2-6, 8,
17-25, 27-29, 31-33 and 36-42 Hz in PR2 (p < 0.05;
Fig. 3b), for 2-8, 17-34 and 36-45 Hz in PR3 (p < 0.05;
Fig. 3¢), and for 2-6, 8, 15-34 and 3645 Hz in PR4
(p < 0.05; Fig. 3d).

EEG frequency bands for different states

Both varimax rotation and promax rotation were performed
for factor analysis in the current study. Because there were
few differences between them, the results based on varimax
rotation were reported only. Factor analysis showed that
there were four independent factors or eigenvectors for the
awake state accounting for 90.557 and 82.245% of the
total variance for the telencephalon and the mesencepha-
lon, respectively, and three eigenvectors for the resting
state explaining 89.407 and 82.523% of the total variance
for the two brain regions, respectively (Tables 1, 2).
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Table 1 Results from factor

analysis of EEG power for 1 to State KMO test Bartlett’s test Eigenvector Bands (Hz) % of Variance
45 Hz (Telencephalon) Awake 0955 10,226.010 1 16-45 53.470
2 5, 9-17, 20-21 19.914
3 6-8, 14 9.600
4 1-4 7.573
Rest 0.957 10,831.502 1 6-8, 17-45 50.194
2 6-7, 11-14, 16-17, 19 21.735
3 1-5, 9-10, 15 17.478
:r?;;;iiz Olicgglct}s Ifro(ivrzrf?‘(c)ioi o State KMO test Bartlett’s test Eigenvector Bands (Hz) % of Variance
45 Hz (Mesencephalon) Awake 0946 8,095.148 1 17-45 45.517
2 5, 9-17, 19-22 19.865
3 6-8, 13-14 8.917
4 1-4 7.946
Rest 0.952 8,206.559 1 7, 17-45 46.366
2 1-6, 8-11, 15-16 21.507
3 12-14 14.650

Consequently, the EEG bands identified by means of factor
analysis were different for each physiological state.

For the telencephalon and the awake state, as shown in
Table 1, the KMO test of sampling adequacy for all vari-
ables was 0.955. Similarly, the Bartlett’s test of sphericity
was 10,226.010 with significant levels of p < 0.0001. Both
the Kaiser—Guttman criterion and the scree slope method
(Fig. 4a) yielded four independent broad bands for the
awake state: a delta band from 1 to 4 Hz, a theta band from
6 to 8 Hz that covaried with frequency 14 Hz, an alpha
band from 9 to 17 Hz that covaried with 5 Hz and fre-
quencies from 20 to 21 Hz, and a beta band from 16 to

45 Hz (Table 1). The gamma band could not be identified
as an independent eigenvector for the awake state.

For the mesencephalon and the awake state, the KMO test
was 0.946 (Table 2). The Bartlett’s test was 8,095.148 with
significant levels of p < 0.0001. Both the Kaiser—Guttman
criterion and the scree slope method (Fig. 4c) yielded four
independent broad bands for the awake state: a delta band
from 1 to 4 Hz, a theta band from 6 to 8 Hz that covaried
with frequencies 13—14 Hz, an alpha band from 9 to 17 Hz
that covaried with 5 Hz and frequencies from 19 to 22 Hz,
and a beta band from 17 to 45 Hz. Similarly, the gamma
band could not be identified for the awake state either.

Fig. 4 Scree plots derived from a (b)
the scree slope method for the 407( ) 40
awake (left) and rest (right) il
30 A 30
states, a and b for the
telencephalon, ¢ and d for the 20 1 20 -
mesencephalon
10 A 10 -
0 01
40 {(€) 404(d)
S 30 S 301
g g
S 20 A < 20
o [}
2 2
W10 W10+
0 0
e ——————
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45

Component Number
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For the telencephalon and rest, the KMO test was 0.957,
while the Bartlett’s test was 10,831.502 with significance
level of p < 0.0001. The Kaiser—Guttman criterion identi-
fied four independent broad bands in which one band
included only two components. The combination of the
Kaiser—Guttman criterion and the scree slope method
(Fig. 4b), however, showed that three independent factors
could be identified by factor analysis for rest: a slow band
from 1 to 5 Hz that covaried with frequencies from 9 to
10 Hz and 15 Hz, an intermediate band from 11 to 14 Hz
that covaried with frequencies from 6 to 7, 16 to 17, and
19 Hz, and a fast frequency band from 17 to 45 Hz that
covaried with 6-8 Hz (Table 1). The gamma band was not
identified as an independent eigenvector for rest.

For the mesencephalon and rest, the KMO test was
0.952, while the Bartlett’s test was 8,206.559 with signif-
icance level of p < 0.0001. The Kaiser—Guttman criterion
identified four independent broad bands in which one band
included four discrete components. The combination of the
Kaiser—Guttman criterion and the scree slope method
(Fig. 4d), however, showed that three independent factors
could be identified by factor analysis for rest: a slow band
from 1 to 6 Hz that covaried with frequencies from 8 to
11 Hz and 15 to 16 Hz, an intermediate band from 12 to
14 Hz, and a fast frequency band from 17 to 45 Hz that
covaried with 7 Hz (Table 2). Similarly, the gamma band
was not identified for rest either.

Discussion

Four-channel EEG recordings on both sides of the telen-
cephalon and the mesencephalon were obtained during the
awake (active) and rest states and analyzed by means of
factor analysis for the telencephalon and the mesencepha-
lon, respectively, in the present study. Although there are
some differences between the results obtained from the
telencephalon and the mesencephalon, four EEG bands in
the awake state and three including sleep spindle compo-
nents (12—14 Hz) in the rest state were recognized. These
EEG phenomena distinguish the two vigilance states but
differ from EEG patterns in humans and other mammals.

Validity of EEG factor analysis for anurans

Some significant differences in EEG power spectra were
found among various brain regions, especially between
antero-posterior ones (Fig. 2). This is consistent with the
idea that EEG properties differ along the antero-posterior
and left-right axes of the brain in anurans as well as humans
and other mammals (Saastamoinen et al. 2007; Young and
McNaughton 2009; Fang et al. 2010). Because of these
differences, the averaged EEG power spectra between both

sides of the telencephalon and between both sides of the
mesencephalon might be more suited for factor analysis. In
the present study, 12 values averaged in blocks of 5 for the
telencephalon or the mesencephalon were submitted to
factor analysis as inputs and passed the KMO test and
Bartlett’s test of sphericity. In addition, the outputs of the
factor analysis conducted here for Babina resembled results
of other studies on frogs (Smolin 1962; Hobson 1967a, b;
Kostowski 1967; Sato 1969; Ono et al. 1980). Taken toge-
ther these results support the idea that factor analysis is a
useful tool for studying EEG phenomena in anuran species.

EEG frequency bands for different vigilance states

For the awake state, four EEG bands were extracted from
both the telencephalon and the mesencephalon for Babina
by factor analysis, and there were few differences between
the two brain regions. These bands are similar to the energy
distribution in the EEG in R. tigrina (Balasandaram et al.
1997) although different from the energy distribution in
human EEG bands in the awake state, especially in fast
frequency band (Merica and Fortune 2004; Thut and Mini-
ussi 2009). For rest, three EEG bands were extracted from
both the telencephalon and the mesencephalon by factor
analysis that correspond most closely to immobile patterns
previously designated catatonia type (P-2) and catalepsy
type (P-3) in frogs (Aristakesyan and Karmanova 2007).
For the Babina awake state, EEG frequencies from 1 to
5 Hz were grouped into a single broad band termed delta
which corresponds to the predominant frequency range
observed in the forebrain of Rana nigromaculata (Sato
1969). Furthermore, this band is also consistent with the
range of slow wave activity obtained in humans (Corsi-
Cabrera et al. 2000) and rats (Corsi-Cabrera et al. 2001) by
factor analysis. Frequencies from 6 to 8 Hz were defined as
the theta band which, as in mammals, has been associated
with the spontaneous rhythmic activities of the hippocampus
in frogs (Servit et al. 1965) with peaks of power spectra
between 5 and 9 Hz (Ono et al. 1980). The 5-8 Hz fre-
quency band is predominant in tree frogs, H. septentrionalis,
during waking (Hobson et al. 1968) while the normal pattern
of activity of the telencephalon in R. esculenta, consists
mainly of energy in the 4-8 Hz band (Kostowski 1967).
The alpha band in active Babina is the 9—17 Hz band
and appears similar to the main EEG component of the
active state in other frog species (Smolin 1962; Hobson
1967a). Factor analysis identified fast frequencies
(17-45 Hz) as a beta band, consistent with the rhythmic
waves in the 15-40 Hz EEG frequency range typically
manifest in response to olfactory stimulation in frogs and
toads (Hobson 1967b). No gamma band was identified in
Babina as an independent band. This may reflect the fact
that no counterpart to the mammalian neocortex has been
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identified in amphibia thus resulting in simpler EEG pat-
terns (Ono et al. 1980). In addition, because the frequency
of theta band depends on body temperature with cold water
reducing the frequency in rats (Whishaw and Vanderwolf
1971; Pan and McNaughton 1997), the differences in fre-
quency patterns in anurans could, then, depend in part on
the fact that their brains will be at a much lower temper-
ature than homeotherms.

For the telencephalon, the theta band covaried with
frequency 14 Hz, while the alpha band covaried with fre-
quencies from 20 to 21 Hz. For the mesencephalon, the
theta band covaried with frequencies 13—-14 Hz, while the
alpha band covaried with frequencies from 19 to 22 Hz.
Because phase synchronizations may occur for harmonic
frequency relationships (Pletzer et al. 2010), these covari-
ations of the theta and alpha bands with other frequency
bands might be the effect of harmonic frequency relation-
ships rather than EEG functional binding.

For the rest state, three EEG bands were extracted from
the mesencephalon by factor analysis: a slow band
(1-11 Hz), an intermediate band (12-14 Hz) and beta band
(17-45 Hz). For the telencephalon, there were also three
corresponding EEG bands; however, theta band (6-8 Hz)
was covaried with beta band (17-45 Hz). It has long been
argued that fish and amphibians do not sleep and that the
first appearance of true sleep occurred in reptiles (Tauber
1974). In contrast, the protosleep of fish and amphibians
includes three forms that have been termed by Karmanova
(1996) as: immobility of the catalepsy type (P-1) that
occurs only at the day time; immobility of the catatonia
type (P-2) observed at the twilight and night time; and
immobility of the catalepsy type (P-3) recorded predomi-
nantly during darkness (Karmanova 1996). In the P-2 state,
the power of delta and theta waves increases gradually in
the frog, R. temporaria (Aristakesyan and Karmanova
2007). In Babina, factor analysis groups delta and theta as
the same eigenvector for the mesencephalon suggesting
that this coordinated EEG pattern is specifically associated
with rest. Theta band was covaried with delta and alpha
bands in the mesencephalon, while this band was covaried
with beta band in the telencephalon (Tables 1, 2). This
difference is most likely a reflexion of the anatomical and
functional differences between the telencephalon and the
mesencephalon. There exist two alpha rhythm patterns
(Merica and Fortune 2004) and one is associated with the
sleep state and is grouped by the same eigenvector with
delta and theta for the rest state in Babina.

Sleep spindles during the Babina rest state

EEG power spectra during the awake state were signifi-
cantly higher than those during rest for both slow wave and
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fast wave activities (Fig. 3). These results are consistent
with previous studies showing that high voltage slow
waves during the awake state are more prominent than
during rest (Hobson 1967a; Hobson et al. 1968) and that
high-frequency EEG components are inhibited substan-
tially during rest periods at and during the night (P-2)
(Karmanova et al. 1987). Of particular interest, the inter-
mediate band consisting of 12—-14 Hz waves identified in
the resting state resembles the sleep spindles of humans
(Rechtschaffen and Kales 1968).

Slow wave activity and spindle activity have been
considered orthogonally independent activities on the basis
of the mutual exclusivity of the occurrence of sleep spin-
dles and delta oscillations recorded intracellularly (Merica
and Fortune 2004). Moreover, previous studies have shown
that each expiration is followed by spindle-like waves in
both frogs and toads (Segura and De Juan 1966; Hobson
1967a, b; Hobson et al. 1968; Hoffmann and Menescal De
Oliveira 1990; Hoffmann et al. 1994), a phenomenon
believed to reflect complex olfactory-evoked potentials
engendered by stimulation of the olfactory mucosa by
transpired air (Hobson 1967a, b). Since the frequencies of
these spindle-like and respiration-related waves are below
12 Hz and since a prominent 12-14 Hz EEG component
has not been identified in the awake state when much
higher respiratory rates occur, it seems reasonable to
hypothesize that 12—14 Hz oscillations constitute a primary
rest/sleep pattern in frogs. In mammals, sleep spindles are
one feature of NREM sleep. Thus the occurrence of this
EEG signal in frogs with similar spectral properties in the
resting state may reflect a primitive pattern of brain activity
in the non-active state which appeared in ancestral
amphibians.

In summary, factor analysis using averaged EEG power
spectra derived from the telencephalon and the mesen-
cephalon for two vigilance states in Babina indicates that:
(1) EEG frequency bands in the frog are different from
those in humans and rats including results based on factor
analysis, especially in the fast frequency band; (2) there are
four EEG bands in Babina during the alert, active state and
three prominent EEG bands including one spectrally sim-
ilar to mammalian sleep spindles during rest. These results
suggest that at least some EEG properties of NREM sleep
may have been present in ancestral amphibians.
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