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is one of the striking hallmarks of
the central nervous system. Various behavioral states
and brain regions are associated with oscillatory activity with frequencies ranging from ,1 to .40 Hz and a
spatial coherence ranging from localized clusters of
neurons to the entire cerebral cortex (31, 34). Based on
the electroencephalogram (EEG) characteristics, mammalian behaviors can be classified as wakefulness,
paradoxical sleep (PS), or slow-wave sleep (SWS). SWS
is characterized by a widespread synchronous activity
in the delta (1–4 Hz)-frequency range and by spindle
oscillations in the sigma (11–15 Hz) range. The structures implicated in the generation of these two mutually exclusive rhythms include the thalamus and the
entire cerebral cortex (32). PS is characterized by theta
oscillations (4–12 Hz) that can be observed in several
regions of the limbic system, including the septum
where it is thought to be generated (42, 43). Wakefulness encompasses a variety of behaviors, each with
their characteristic EEG pattern. These vary from
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drowsiness, during which delta waves can intrude, to
exploratory behavior characterized by theta waves and
from quiet wakefulness with eyes closed characterized
by alpha waves (8–13 Hz) to activity during the attention process characterized by gamma waves (.20 Hz;
‘‘40-Hz’’ oscillations). Both PS and wakefulness are
considered activated brain states that share common
EEG characteristics, such as the absence of delta and
spindle activity and the presence of coherent gamma
activity (24). The suppression of delta and spindle
activity is due to the excitatory action of several
ascending activating systems projecting to the thalamus and cortex (33). These systems can increase their
activity during SWS in anticipation of arousal or PS,
indicating their active role in the initiation and maintenance of these states.
Despite the progress in our understanding of the
neurophysiological mechanisms underlying the generation of rhythmic brain activity, their genetic determinants remain mostly unknown. A number of studies
have demonstrated that EEG characteristics are among
the most heritable traits in humans (3). In most of these
studies, alpha and beta rhythms in the waking EEG
were compared in monozygotic (MZ) twins and for some
rare alpha- and beta-EEG variants a simple, autosomal
dominant mode of inheritance was found (30, 45). With
quantitative EEG analysis, an overlap of 84% between
spectral profiles was found within MZ pairs (4). Although several studies assessed genetic determinants
of the amount and architecture of sleep (in humans,
e.g., Refs. 23, 44, 46; in inbred mice, e.g., Refs. 35, 39)
and many studies addressed the genetic determinants
of pathological EEG activity (e.g., seizure activity),
systematic and quantitative studies assessing the genetic contribution to normal rhythmic brain activity
across behavioral states are lacking in mammals, especially in the mouse, which is the mammalian model of
choice for the genetic study of complex behaviors and
higher brain functions. With the recent introduction of
gene targeting and transgenesis techniques, in an
increasing number of studies sleep and EEG in mice
lacking some candidate gene function are being recorded. However, in addition to the many drawbacks
related to the use of these ‘‘knockout’’ mice (15), the
‘‘normal’’ (genetic) range of EEG variables across several inbred strains of mice has not yet been characterized. The aim of the present study was therefore
twofold. A first aim was to characterize the EEG of mice
during wakefulness, PS, and SWS and its spectral
dynamics at transitions between behavioral states. A
second aim was to estimate the genetic variability of
these characteristics by comparing six commonly used
inbred strains. Because, after at least 20 generations of
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Am. J. Physiol. 275 (Regulatory Integrative Comp. Physiol.
44): R1127–R1137, 1998.—The genetic variation in spontaneous rhythmic electroencephalographic (EEG) activity was
assessed by the quantitative analysis of the EEG in six inbred
mice strains. Mean spectral EEG profiles (0–25 Hz) over 24 h
were obtained for paradoxical sleep (PS), slow-wave sleep
(SWS), and wakefulness. A highly significant genotypespecific variation was found for theta peak frequency during
both PS and SWS, which strongly suggests the presence of a
gene with a major effect. The strain distribution of theta peak
frequency during exploratory behavior differed from that
during sleep. In SWS, the relative contributions of delta (1–4
Hz) and sigma (11–15) power to the EEG varied with
genotype and power in both frequency bands was negatively
correlated. In addition, the EEG dynamics at state transitions were analyzed with a 4-s resolution. The onset of PS, but
not that of wakefulness, was preceded by a pronounced peak
in high-frequency (.11 Hz) power. These findings are discussed in terms of the neurophysiological mechanisms underlying rhythm generation and their control and modulation by
the brain stem reticular-activating system.
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sibling mating, inbred strains can be considered as
clones of fully homozygous and genetically identical
individuals, it is possible to estimate both the genetic
(between-strain variability) and environmental (withinstrain variability) contribution to a phenotype. This
study can provide a basis for the integration of neurophysiological and genetic approaches to clarify the
mechanisms underlying rhythmic brain activity during
sleep.
MATERIALS AND METHODS

Table 1. Time spent in each behavioral state
Mouse
Strain

W

SWS

PS

AK
C
B6
BR
D2
129

52.0 6 0.9*
56.1 6 1.0*‡
59.4 6 1.8†‡
60.1 6 0.9†‡
63.6 6 1.7†
59.3 6 3.1†‡

42.8 6 0.7†
38.7 6 0.9†‡
35.6 6 1.5*‡
33.8 6 1.3*‡
31.3 6 1.8*
34.6 6 3.1*‡

5.0 6 0.2*‡
5.2 6 0.2*†‡
4.8 6 0.3*
6.0 6 0.6†‡
4.8 6 0.1*
6.1 6 0.3†

Values are mean percentages 6 SE (n 5 7) of artifact-free recording
time for amount of wakefulness (W), slow-wave sleep (SWS), and
paradoxical sleep (PS). Time spent in each behavioral states varied
among strains (1-way ANOVA: W, P , 0.005; SWS, P , 0.001; PS,
P , 0.05). AK, AKR/J; C, BALB/cByJ; B6, C57BL/6J; BR, C57BR/6J;
D2, DBA/2J; 129, 129/Ola mice. Mean strain values that significantly
differed from other strains are indicated with a different symbol
(t-test; P , 0.05).
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Animals and housing conditions. Adult male mice from six
inbred strains were used in this study (n 5 7/strain). Five
strains [AKR/J (AK), BALB/cByJ (C), C57BL/6J (B6),
C57BR/6J (BR), DBA/2J (D2)] were purchased from Jackson
Laboratory. The sixth strain, 129/Ola (129), was bred locally.
The age at the day of recording ranged from 71 to 87 days
(range of mean age/strain: BR, 75; B6, 84 days), and body
weight ranged from 24 to 35 g (range of mean weight/strain:
B6, 27; AK, 30 g). Mice were individually housed in polycarbonate cages (31 3 18 3 18 cm) in an experimental room with an
ambient temperature that varied between 23 and 25°C under
a 12:12-h light-dark cycle (lights on at 0800; 90 lx, fluorescent
tube 40 W). Food and water were available ad libitum.
Animals were kept under these conditions for at least 18 days
before the experiment.
Surgery. EEG and electromyogram (EMG) electrodes were
implanted under deep pentobarbital sodium anesthesia (65–
75 mg/kg ip depending on strain). Two gold-plated screws
(diameter 1.1 mm) served as EEG electrodes and were
screwed through the skull over the right cerebral hemisphere
(frontal: 1.7 mm lateral to midline, 1.5 mm anterior to
bregma; parietal: 1.7 mm lateral to midline, 1.0 mm anterior
to lambda). Two other screws were implanted at the same
coordinates over the left hemisphere and were used as anchor
screws. Two insulated stainless steel wires served as EMG
electrodes and were inserted between two neck muscles. The
electrodes, which were soldered to recording leads before
implantation, and the anchor screws were cemented to the
skull. The recording leads were connected to a swivel contact
and animals were allowed 10–14 days of recovery from
surgery and habituation before the experiment.
Experimental protocol and data acquisition. Eight to sixteen animals were recorded simultaneously in one session.
Two to four strains were included in each session in an
attempt to equally distribute the nonspecific (environmental)
variation over strains. In each session, EEG and EMG signals
were recorded continuously for four consecutive 24-h periods.
Data from the second 24-h period, starting at lights on, and 5
min of the third 24-h period (exploratory behavior; see below)
are presented here. The analog EEG and EMG signals were
amplified (2,0003) and filtered. High-pass filter was set at
0.016 Hz (23 dB point), and low-pass filters were set at 45 Hz
(23 dB point) and 128 Hz (240 dB point). Signals were then
analog-to-digital converted at 256 Hz, digitally filtered (FIR
filters; EEG: low pass 25 Hz; EMG: band pass 20–50 Hz), and
stored with a 128-Hz resolution. The EEG signal was subjected to a fast Fourier transformation (FFT) analysis, yielding power spectra between 0.125 and 25.125 Hz, with a
0.25-Hz frequency and a 4-s time resolution. The EMG was
full-wave rectified and integrated over 4-s epochs. These
analyses were performed online and the results were stored
on magneto-optical disks. Acquisition hard- and software
were purchased from Geltron Apparatebau and the Institute
of Pharmacology, University of Zürich, respectively (both
located in Zürich, Switzerland).

Determination of behavioral states. Offline, the animals’
behavior was classified as PS, SWS, or wakefulness, on the
basis of the EEG and EMG. The EEG during PS was
characterized by a regular, low-amplitude theta (5–9 Hz)
rhythm (Fig. 1) and a low EMG. During SWS, the EEG
amplitude was larger and dominated by both delta (1–4 Hz)and theta-frequency components (Fig. 1) and the EMG was
low. Wakefulness was characterized by a higher and variable
EMG and a low-amplitude EEG to which both slower (delta
during drowsiness) and faster (theta during exploratory
behavior; Fig. 1) frequency components could contribute.
States were determined for consecutive 4-s epochs by the
visual inspection of the EEG and EMG signals, which were
displayed on a personal computer screen together with 4-s
values for integrated EMG and EEG power in delta and theta.
Epochs with artifacts in the EEG were identified and omitted
from subsequent analysis and amounted to 2.7 6 0.4%
(mean 6 SE, n 5 42) of total recording time (24 h). In
addition, the EEG spectrum during exploratory behavior was
studied. The analysis was performed over the first 5 min after
a cage change, 3 h after lights-on during the third 24-h
recording period. During this period all animals were engaged in exploratory behavior.
EEG spectral profiles of the behavioral states. For each
behavioral state and animal, a mean EEG spectrum was
obtained by averaging the spectra of all 4-s epochs of a state
in the 24-h recording period. Epochs of which one or both of
the adjacent epochs were of a different behavioral state or
contained an artifact were not included. This criterion was
used to reduce the relative contribution of 4-s epochs containing more than one behavioral state. A total of 9,975 6 259 4-s
epochs met this criterion for wakefulness, 6,469 6 200 for
SWS, and 809 6 31 for PS (mean 6 SE; n 5 42). Thus 80% of
total recording time was used. Two analyses were performed
on the EEG spectra. First, spectra between behavioral states
within and between strains were compared. For this analysis,
differences in the absolute power between individuals were
accounted for as follows. Power density in each frequency bin
and for each state was expressed as a percentage of the mean
total EEG power over all frequency bins and states. This
reference value was weighted in such a way that within each
animal each state contributed with an equal number of 4-s
epochs to the total EEG power over all states. This was
necessary, because the time spent in each state varied with
strain (Table 1). Second, spectral profiles of each behavioral
state were compared among genotypes. For this analysis,
EEG power density in each frequency bin was expressed as a
percentage of the total EEG power for that behavioral state.
In this way, variations in absolute power density within each
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pairwise comparisons, were performed to further evaluate
differences between the levels of the factors analyzed.
RESULTS

The EEG did not only differ markedly among behavioral states but also among strains. This is illustrated
in Fig. 1. The most salient EEG features were the
regular theta rhythm during PS of which the frequency
varied with genotype (e.g., AK vs. BR), the larger
amplitude in SWS compared with PS and wakefulness,
and the different relative contribution of slow (delta)
and faster (theta) frequency components to the SWS
EEG (e.g., D2 vs. C). Because the EEG during wakefulness was highly dependent on the animals’ behavior,
EEG samples are shown for exploratory behavior only.
AK, B6, BR, and 129 displayed a very regular theta
rhythm, whereas that of D2 and C was more irregular
and intermingled with both slower and faster components. These observations were quantified by determining the spectral composition of the EEG by FFT analysis.
Spectral profiles of the behavioral states. Power density differed clearly among states and varied over a
wide range of frequencies (Fig. 2). Apart from the
obvious power differences in the delta- and thetafrequency bands, on which the discrimination into
behavioral states was partly based, the contribution of
higher-frequency components greatly differed. These
state-dependent spectral differences were affected by
genotype (Table 2A). The significant interaction in the
range between 1.1 and 4.6 Hz were largely due to the
low values in SWS for D2 (relative to the values in both
PS and wakefulness) and the relatively large SWS
values in AK (t-test, P , 0.01). Between 5.4 and 6.6 Hz,
strain differences were due to the different theta peak
frequency in PS (see below); PS values for AK and C
were already high relative to values in SWS and
wakefulness, because theta peaked at a lower frequency. The reverse was true in the lower frequencies of
the 7.4- to 11.4-Hz range; here PS power for BR was
still high relative to values in the other behavioral
states because peak frequency in PS was highest for
BR. In addition, in the higher frequencies of the 7.4- to
11.4-Hz range, both AK and D2 displayed high values
in SWS relative to the other two states.
The effect of genotype on EEG was further analyzed
within each behavioral state by expressing the EEG
power density in each frequency bin as a percentage of
the total EEG power for that state (data not shown, but
shape of the spectra as in Fig. 2). In PS, the spectral
profile was dominated by one component only (Fig. 2);
power in the theta range (i.e., 16% of the frequency
range analyzed) accounted for 54% of total power and
differed among genotypes due to higher values in AK
(Table 3). The SWS spectrum was characterized by
important contributions of power in both delta- and
theta-frequency ranges and a less important contribution of the sigma-frequency range (Fig. 2, Table 3). The
relative contribution of delta and sigma power to the
total EEG power in SWS was a function of genotype
(Table 3). In contrast, theta power did not vary. Varia-
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state and animal were accounted for. Because the predominant theta frequency depended on behavior (Figs. 1–4), the
frequency range over which theta power was analyzed varied
accordingly: SWS, 5.5–8.5 Hz; PS, 6.0–9.0 Hz; exploratory
behavior, 7.0–10.0 Hz.
Distribution of peak frequency. The EEG spectral profiles of
PS and exploratory behavior were dominated by one frequency component only, whereas that of SWS was characterized by two (Figs. 2 and 3). To determine the prevailing
frequency of each of these components, the distribution of
peak frequency was calculated. In each of the 4-s epochs
selected for each behavioral state (see above), the frequency
bin with the highest power density was counted. The number
of counts per frequency bin was expressed relative to the total
number of counts. Because in PS the distribution of peak
frequency of the theta component was normally distributed
for all 42 individuals, we assumed that the bimodal distribution in SWS could be approximated by the sum of two normal
distributions, one underlying each frequency component. For
each animal, the sum of the squared differences between the
actual distribution of peak frequency and the sum of two
normal distributions was minimized by systematically varying mean, variance, and amplitude of each normal distribution. The sum of the two amplitudes, and thus the sum of the
two normal distributions, was set to one. The mean peak
frequencies of the two distributions with which the best fit
was obtained were used for further statistical analysis.
Spectral changes at behavioral state transitions. The EEG
changes accompanying a change in behavioral state were
analyzed by automatically selecting clear transitions from
one behavioral state (A) to another (B). The selection criterion was as follows: eight or more consecutive 4-s epochs
scored as A had to be immediately followed by eight or more
consecutive 4-s epochs scored as B. A mean time course of the
power spectrum was constructed by aligning all selected
transitions with respect to the time between the last 4-s epoch
scored as A and the first one scored as B (time 5 0 min in
Fig. 5). Power values were then averaged over corresponding
4-s epochs (first within individuals, then over individuals of
each strain). Only values in epochs scored as A in the 2 min
before or scored as B in the 2 min after the A-B transition
were included in the analysis. Within individual transitions,
values were expressed as a percentage of the mean power
over the 4-s epochs scored as SWS in the 3 min before (SWS to
wakefulness or to PS) or after a transition (wakefulness to
SWS). This analysis was initially performed for all 0.25-Hz
frequency bins between 0.125 and 25.125 Hz. On the basis of
contour plots of EEG power density versus time and frequency, three representative frequency bands were selected
in which changes in power density were similar and most
pronounced but distinct from the other two bands: delta
(1.5–4.0)-, theta (6.0–8.5)-, and a high-frequency (11.0–19.0
Hz) band, which included the spindle frequencies (11–15 Hz).
Before averaging over frequency bins, power in each bin was
expressed relative to the mean SWS power for that bin (see
above) to avoid bins with a high absolute power density
contributing more to the mean. The time course of peak
frequency was analyzed at the SWS-PS transition and was
determined by identifying the frequency bin in which power
density was highest for a given 4-s epoch. Only data from
epochs scored as SWS in the 2 min before or as PS in the 2 min
after the transition were included in the analysis.
Statistics. All main effects of factors ‘‘strain,’’ ‘‘behavioral
state,’’ and ‘‘time’’ at transition (see RESULTS ) on EEG power
density and peak frequency were analyzed by one- or two-way
ANOVA. Whenever main effects reached significance levels
(P , 0.05), post hoc two-sided t-tests, corrected for multiple
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tions in delta and sigma power were negatively and
significantly correlated (r 5 20.83, P , 0.001, n 5 42).
Within strains, similar relationships were found but
reached significance levels only for C (P , 0.05), B6,
and 129 (P , 0.01, n 5 7). Theta power did not
significantly covary with delta or sigma power (theta
vs. delta: r 5 20.22, P 5 0.16; theta vs. sigma: r 5
20.29, P 5 0.07, n 5 42). Wakefulness was the least
homogeneous behavioral state and encompassed a variety of behaviors, ranging from drowsiness to exploratory behavior, which were associated with different
EEG patterns. This large variability is reflected by a
low and broad spectral profile consisting of several
frequency components mainly between 3 and 10 Hz
(Fig. 2). During exploratory behavior all animals displayed a theta-dominated EEG (Figs. 1 and 3), which
was the least regular for D2 and C. This observation is
corroborated by a genotype-specific contribution of
power in the theta range (Table 3).
Distribution of peak frequency. The EEG samples
shown in Fig. 1 already indicate that the theta frequency in PS varied as a function of genotype. Analysis
of the distribution of peak frequency revealed a segregation into three distinct groups (AK 5 C , D2 5 129 5
B6 , BR, t-test, P , 0.0001) of which the individual

values did not overlap (Fig. 4). This finding constitutes
the most significant genotype-specific EEG difference
in this study (1-way ANOVA, F5,36 5 61.0, P 5 1.4216)
Theta frequencies in PS were slightly but significantly
higher (10.20 Hz) in the 12-h dark or active period
compared with the 12-h light period, but this difference
was genotype independent (Table 2B).
The distribution of peak frequency in SWS showed a
clear bimodal distribution in the lower frequencies (,9
Hz; Fig. 4) in five of the six strains (although not
obvious from the mean distribution, the individual
curves for 129 displayed bimodality as well). Analysis of
the distribution of the peak frequency of the theta
component in SWS showed a similar grouping as for
PS, but due to a larger variability and relatively lower
values for 129, the distinction between the slow and
intermediate group was less clear (1-way ANOVA, P ,
0.0001; AK 5 C 5 129 , 129 5 D2 5 B6 , BR; t-test,
P , 0.005) (Fig. 4). The theta frequency was lower in
SWS compared with PS (21.1 Hz), but again this
difference was not affected by genotype (Table 2C). The
delta component of the distribution of peak frequency
varied less with genotype and reached significance
levels only because of lower values for AK (1-way
ANOVA, P , 0.05, t-test, P , 0.05) (Fig. 4).
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Fig. 1. Representative 8-s electroencephalogram (EEG)
samples for paradoxical sleep (PS), slow-wave sleep
(SWS), and wakefulness (W) from 1 animal of each
inbred strain. SWS and PS samples were selected from
the first 2 h of the light period. W samples were taken
from the 5 min after a cage change when all animals
were engaged in exploratory behavior. Horizontal bar, 2
s; vertical bars, 75 mV. Note the difference in frequency
in PS [AKR/J (AK) vs. C57BR/6J (BR) mice] and W
[BALB/cByJ (C) vs. BR mice] and the larger relative
contribution of ‘‘slow waves’’ (,4 Hz) to the SWS EEG
[AK vs. DBA/2J (D2)]. B6, C57BL/6J mice; 129, 129/Ola
mice.
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Table 2. Summary statistics
Factor

P

EEG Frequency

Spectral profiles
A
Strain
State
Interaction

,0.01
,0.01
,0.01

0.6–25.1 Hz
0.6–6.9, 7.1–25.1 Hz
1.1–4.6, 5.4–6.6, 7.4–11.4 Hz

Theta peak frequency
B
Strain
12-h Period
Interaction

,0.0001
,0.0001
.0.5

Strain
Sleep state
Interaction

,0.0001
,0.0001
.0.2

C

Power at transitions
D
Strain
Time
Interaction

,0.0005
,0.0001
,0.0001

delta, theta, high frequency
delta, theta, high frequency
delta, theta, high frequency

Strain
Time
Interaction

.0.6
,0.0001
,0.0001
.0.1

delta, theta, high frequency
delta, theta, high frequency
delta, high frequency
theta

Strain
Time
Interaction

.0.4
,0.0001
,0.0001

delta, theta, high frequency
delta, theta, high frequency
delta, theta, high frequency

E

F

Peak frequency at transition
G
Strain
Time
Interaction

,0.0001
,0.0001
.0.9

Significance levels (P) for the factors in the 2-way ANOVAs
supporting the effects described in RESULTS, where they are referred
to by characters (A–G).

Fig. 2. Mean spectral profiles for SWS (solid lines), PS (short-dashed
lines), and W (long-dashed lines). For 97 consecutive 0.25-Hz bins
between 0.6 and 25.1 Hz, mean power density was calculated by
averaging over all 4-s epochs scored as SWS, PS, or W in the 24-h
recording period. All values were expressed as a percentage of mean
total power for all frequencies and behavioral states (see MATERIALS
AND METHODS ). Within each panel, a thick horizontal line at the 0%
level connects those frequency bins in which power density significantly varied among behavioral states (1-way ANOVA; factor ‘‘state’’
within each strain, P , 0.01, n 5 7/strain).

changes. Therefore, the 2 min before and after each
transition were analyzed separately and the power
values in each period were expressed relative to the
mean power in that period. Spectral dynamics were
summarized by selecting three representative frequency bands: delta (1.5–4.0; Fig. 5, left)-, theta (6.0–
8.5 Hz; Fig. 5, middle)-, and a high-frequency band
(11.0–19.0 Hz; Fig. 5, right).
Before the W-SWS transition, power in all frequencies remained constant and no significant strain differences were observed (Fig. 5). After the W-SWS transition, power increased rapidly in all frequencies, but the
rate of increase was genotype and frequency dependent
(Table 2D). In delta, the 100% level (mean delta power
in SWS in the 3 min after the transition; Fig. 5) was
reached first by D2 and last by C (Table 4). The time
course of EEG power in the remaining two frequency
bands was similar, and the time at which the 100%
level was reached did not differ (difference between
high-frequency and theta band: 1.0 6 1.2 s; P . 0.4,
paired t-test, n 5 42) and was not affected by genotype
(1-way ANOVA, factor strain, P . 0.3). However, the
time at which power in the theta 1 high-frequency
range reached 100% was a function of genotype (Ta-

Downloaded from http://ajpregu.physiology.org/ by 10.220.33.2 on November 23, 2017

The theta frequency during exploratory behavior also
varied among genotypes (Table 3). However, because
D2 now displayed the lowest theta frequency and AK no
longer differed from B6, the genotype distribution of
theta frequency during exploratory behavior clearly
differed from that during sleep.
EEG changes at behavioral state transitions. In addition to the global EEG spectral profiles discussed
above, we also analyzed the EEG dynamics at state
transitions, in particular the transitions from wakefulness to SWS (W-SWS) and from SWS to PS (SWS-PS) or
to wakefulness (SWS-W) (Fig. 5, SWS-W transition not
shown). In general, as discussed above, power density
was higher in SWS compared with PS and wakefulness,
except for theta power in PS (Fig. 5, middle). Also
confirmed with the transition analysis were the genotype-specific differences between power in SWS and W
and between SWS and PS; e.g., the difference in delta
power before and after the W-SWS transition was
clearly smaller for D2 compared with AK (Fig. 5, left).
However, of interest for this analysis is the timing of
the changes in EEG power associated with the state
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Table 3. Relative delta, theta, and sigma power in SWS, theta power in PS, and theta power and frequency
in exploratory behavior
SWS

PS

Exploratory Behavior

Mouse
Strain

Delta

Theta

Sigma

Theta

Theta

Frequency

AK
C
B6
BR
D2
129

26 6 1*
26 6 2*
23 6 1*†
19 6 1†‡
14 6 1§
19 6 2‡

26 6 1
25 6 1
27 6 1
26 6 1
28 6 1
27 6 1

13 6 0†‡
13 6 1‡
13 6 1‡
16 6 1*†
18 6 1*
15 6 1†‡

63 6 1*
52 6 2†
54 6 2†
55 6 2†
50 6 2†
54 6 2†

57 6 1*
36 6 2†
54 6 2*
52 6 4*
32 6 2†
50 6 2*

8.2 6 0.1†‡
7.9 6 0.2‡
8.7 6 0.1*†
8.9 6 0.1*
7.9 6 0.1‡
8.5 6 0.2*†

ble 4). For AK, C, BR, and D2, it rapidly increased and
tended to initially overshoot the 100% level, whereas
for B6 and 129 power slowly approached that level (e.g.,
AK vs. 129; Fig. 5). For B6, D2, and 129, the time at
which the 100% level was reached did not differ between delta power and power in the theta 1 highfrequency range (Table 4).
The time course of delta and high-frequency EEG
power during SWS before the SWS-PS transition varied with genotype (Table 2E). In the minute before PS
onset, prominent and frequency-specific changes were
observed (Fig. 5). First, power in the high-frequency

Fig. 3. Spectral EEG profiles for exploratory behavior are shown. For
97 consecutive 0.25-Hz bins between 0.6 and 25.1 Hz, mean power
density was calculated by averaging over 75 4-s epochs after a cage
change (n 5 7/strain). All values were expressed as a percentage of
mean total power. Filled and open circles are used in alternation to
better distinguish between strains. In addition, the curves of each
strain are offset by 10%.

range started to increase at 239 6 2 s (I), directly
followed by an increase in theta power (234 6 1 s; II).
At 226 6 1 s, delta power started to decrease (III),
whereafter high-frequency power peaked (216 6 1 s;
IV) and subsequently abruptly declined. Theta power
peaked at PS onset (4 6 2 s; V). This sequence was
highly reproducible, and the timing of the five successive events significantly differed (paired t-test, P ,
0.0001, n 5 42; II-I: 5.2 6 1.2; III-II: 7.7 6 1.4; IV-III:
10.4 6 0.9; V-IV: 11.9 6 1.8 s) and some of these events
were affected by genotype due to a delay in D2 (1-way
ANOVA, factor strain: events I, II, IV: P , 0.01; event
III: P . 0.05; event V: P . 0.3). Interestingly, these
events were specific for the SWS-PS transition and
were not observed at the SWS-W transition (data not
shown), at which, to a large extent, the time course of
EEG power was reversed to that at the W-SWS transition. Also after the transition, the time course of power
within PS varied with genotype (Table 2F). First deltaand later high-frequency power reached a low and
constant level after the transition (Fig. 5). However,
due only to the relative high initial values for B6 (t-test,
P , 0.01) in both frequency bands, the first three or
four epochs varied among strains (Fig. 5). In the
theta-frequency range, after reaching peak values at
the transition, power decreased to values comparable
to those in SWS. Except for AK, where theta power
already decreased before PS onset (theta peaked at
213 6 4 s) and, as a consequence, in the first four
epochs, the relative values for AK (relative to all PS
theta values) were lower compared with other strains
(t-test, P , 0.01) (Fig. 5).
Peak frequency started to increase before PS onset
(232 6 1 s; Fig. 6) and coincided with the start of the
increase of theta power (see above). However, the time
course of theta power and frequency clearly differed
thereafter (Figs. 5 and 6). The changes in peak frequency were remarkably similar among strains (Table
2G) and, after correcting for the genotype differences in
absolute frequency, genotype affected frequency only in
occasional epochs before the transition, largely due to
high relative values for D2 (t-test, P , 0.01) (Fig. 6).
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Values are mean power in 3 frequency bands 6 SE (n 5 7) as a percentage of total electroencephalogram (EEG) power (5100%) in SWS, PS,
and exploratory behavior, respectively, except for mean frequency during exploratory behavior, which is in Hz (n 5 7). In SWS, delta (1.5–4.0
Hz) and sigma (11.0–15.0 Hz) power varied among strains (1-way ANOVA, P , 0.01), whereas theta (5.5–8.5 Hz) power did not. Theta power in
PS (6.0–9.0 Hz) and during exploratory behavior (7.0–10.0 Hz) did vary among strains (1-way ANOVA; PS: P , 0.01; exploratory behavior:
P , 0.001). Mean theta frequency during exploratory behavior varied among strains (1-way ANOVA, P , 0.0001). Mean strain values that
significantly differed from other strains are indicated with a different symbol (t-test; EEG power: SWS, PS: P , 0.05; exploratory behavior:
P , 0.001; EEG frequency in exploratory behavior: P , 0.005).
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DISCUSSION

Theta oscillations. The most prominent findings concern hippocampal theta. The predominant theta frequency in PS varied with genotype, and three clear
groups could be distinguished. The highly significant
effect of genotype, which could explain over 80% of the
total variability among strains, strongly suggests the
presence of a gene with a major effect on theta frequency. This gene may be involved in a variety of
factors modulating theta frequency. First, differences
in brain temperature might have contributed. Although
24-h temperature values for inbred mice are not available, inferences can be made from the relationship
between temperature and theta frequency obtained in
Djungarian hamsters. For this species a Q10 of 2.3 (i.e.,
with a 10°C increase, theta frequency increases 2.3fold) was reported (10). With this value, the differences
in theta frequency observed in the present study can be
translated into expected temperature differences, which
were compared with published values. The Q10 effect
clearly underestimates the dark-light difference [observed: 0.2 Hz, expected: 0.3°C, reported for mice: 1°C
(36)] and overestimates the PS-SWS difference [observed: 1.1 Hz, expected: 2.3°C, reported for Djungarian hamsters: 0.2°C (9)] and, most likely, also the
expected temperature difference between strains [BR
vs. C; observed: 1.5 Hz, expected: 2.5°C]. Therefore,

temperature probably does not underlie the genotypespecific differences in theta frequency.
Second, the neurophysiological mechanisms regulating theta frequency might be genetically determined.
Although several regions of the limbic system have the
intrinsic capability to display theta-like activity, the
septum is crucial for the expression of hippocampal
theta in the intact animal (42, 43). The medial-septum/
diagonal-band complex contains continuously bursting
neurons that can be regarded as endogenous pacemakers. With increasing (nonoscillatory) excitatory input
from the brain stem reticular formation (RF), the
interburst interval of these pacemaker cells decreases
and hippocampal theta frequency increases (6, 17, 25,
27, 41). Thus the excitatory input from the brain stem
RF to the septum might vary with genotype, thereby
affecting theta frequency. This could also explain, rather
than temperature, the 1.1-Hz PS-SWS difference in
theta frequency, because during SWS the excitatory
input from the brain stem is decreased relative to PS
(33). During exploratory behavior, the genotype-specific
theta frequency distribution observed in sleep disappears. This suggests that only during sleep, when
external sensory input and information processing is
reduced, the background level of brain stem excitation
is genotype dependent. The variation in theta frequency might, however, originate from any other mecha-
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Fig. 4. Top: mean relative frequency distributions of
peak frequency in PS (left) and SWS (right). In each 4-s
epoch scored as PS or SWS, frequency bin in which
power density was maximum was counted. Filled and
open circles are used in alternation to better distinguish
between strains (n 5 7/strain). In addition, curves of
each strain are offset by 5 (PS) or 2% (SWS). Bottom: for
PS (left), mean peak frequency in each animal was
based on individual frequency distributions. Individual
peak frequencies are indicated by circles. Horizontal
error bars connect 6 2 SEs. For SWS (right), frequency
distribution was assumed to result from 2 distinct
frequency components: 1 in the delta-frequency range,
another in the theta range. To determine mean peak
frequency of each component, the sum of 2 normal
distributions was fitted to individual peak frequency
distributions (see MATERIALS AND METHODS ). q, s, Individual peak frequencies in the delta and theta range,
respectively.
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nisms implicated in its generation. Also, factors such as
hippocampal size and anatomy, which vary among
strains (2, 8, 29, 47), and PS ‘‘quality’’ (e.g., density of
phasic events) might shape theta.
In the SWS EEG, clear theta activity was present
and its relative contribution was as important as delta
activity. Theta activity in SWS and PS seems to be of
the same origin, because their frequencies share the
same strain distribution in mice and the same Q10 in
Djungarian hamsters, a rodent of comparable size (10).
Table 4. Duration of the increase in EEG power
after the W-SWS transitions
Mouse
Strain

Delta

Theta 1 High
Frequency

AK
C
B6
BR
D2
129

27 6 4*†‡
37 6 3*
27 6 5*†‡
18 6 4†‡
14 6 2‡
34 6 7*†

7 6 1‡
17 6 3*†
24 6 3*
8 6 1‡
13 6 3†‡
36 6 2*

Mean time interval 6 SE (n 5 7) in s between SWS onset (0 s) and
the time at which delta and theta 1 high-frequency power reached
the mean level in SWS varied among strains (1-way ANOVA, delta:
P , 0.01; theta 1 high-frequency band: P , 0.0001). Mean delta and
theta 1 high-frequency power in SWS (100% level in Fig. 5) was
calculated over the 3 min after SWS onset. Mean strain values that
significantly differed from other strains are indicated with a different
symbol (t-test, P , 0.01).

In contrast, the main delta frequency varied less and its
strain distribution pattern did not parallel that of
theta, which underscores that these two oscillations
originate from different sources. In larger mammals,
theta activity during SWS is only observed at the
hippocampal level (e.g., 14, 22, 37). This might relate to
cortical thickness [only 1 mm in mice (13)], because it
determines the distance of the recording electrodes to
the hippocampus and, possibly, also the relative contribution of slow waves to the SWS spectra, which can
‘‘mask’’ hippocampal theta. The latter effect was supported by the present study; the strain with the smallest cortex (D2) also had the smallest relative delta
power, and the opposite was true for AK and C (28).
During exploratory behavior in mice, theta appeared
fast and regular in some and slower and more irregular
in others. Although all animals were engaged in continuous exploratory behavior during the recording period,
slight differences in activity could have gone unnoticed
and might have contributed to this difference. Especially spells of immobility, which were not quantified,
can affect theta (40). Thus, even in a seemingly homogeneous behavior, subtle variations might result in pronounced EEG differences. This point can be of relevance in the study of genetic factors underlying
learning and memory in which theta oscillations play
an important role (7, 19, 26).
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Fig. 5. Dynamics of EEG power at behavioral state transitions are shown. Time course of EEG power in the delta
(1.5–4.0; left)- and theta (6.0–8.5 Hz; middle)-frequency range and in the range between 11.0 and 19.0 Hz (right) at
the transition between W to SWS and from SWS to PS. All 4-s values were expressed as a percentage of the mean
power of all 4-s epochs scored as SWS in the 3 min after the W-SWS transition or in the 3 min before the SWS-PS
transition (100%). Only data for the 2 min before and after each transition are shown. Transitions at time 0 are
indicated by vertical solid lines. Filled and open circles are used in alternation to distinguish between subsequent
strains. In addition, the curves for each strain are offset by 50%. Black horizontal bars at the bottom of each panel
indicate 4-s epochs in which EEG power differed among strains (1-way ANOVA; P , 0.01; n 5 7/strain). On average,
22.4 6 1.9 W-SWS and 33.6 6 3.9 SWS-PS transitions contributed to the mean transition curve in each animal
(n 5 42).
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Delta and spindle oscillations. Whereas theta oscillations are a network property of the limbic system, delta
and spindle oscillations during SWS are generated in
the thalamocortical network (32, 34). Synchronized
EEG activity during SWS depends on a reduced excitatory input from the upper brain stem, posterior hypothalamus, and basal forebrain, which project to the
entire cerebral cortex and thalamus (33). With decreasing excitatory input, the membrane potential of thalamocortical neurons hyperpolarizes and their firing patterns change from a tonic single-spike firing mode,
characteristic of wakefulness and PS, to a rhythmic

burst-pause pattern, characteristic of SWS. The interburst interval is a function of the degree of membrane
hyperpolarization. At intermediate levels of hyperpolarization (i.e., at the early stages of sleep), spindles
appear, which, as sleep progresses and thalamocortical
neurons become more hyperpolarized, are replaced by
slower, delta oscillations (34). This scenario, in which
the presence of either oscillation precludes the presence of the other, is confirmed by observations at the
EEG level in humans and cats (1, 11, 21). In the present
study large genotype differences were found between
the relative contribution of power in the delta and
sigma range to the SWS EEG. Moreover, delta and
sigma power were negatively correlated, which corroborates the hyperpolarization hypothesis and suggests a
common genetic basis. Consistent with this hypothesis
and our initial argument to account for differences in
theta frequency, the delta-sigma balance might also be
a function of a genotype-specific background level of
brain stem excitation during SWS. If these levels
remain relatively high, hyperpolarization of thalamocortical neurons is less pronounced, favoring the presence
of spindles over delta oscillations. Alternatively, because the SWS amount was genotype dependent (Table
1), an increased sleep pressure, which augments delta
and suppresses sigma power (5, 11, 21), might have
played a role. However, this cannot explain the present
results. On the contrary, the strain with the least
amount of SWS (D2) displayed the lowest delta and
highest sigma power, whereas AK and C, which slept
the most, displayed the highest delta and lowest sigma
power. It is more likely that D2, in general, has a higher
level of excitability, reflected by less and more shallow
(lower delta and higher sigma power) and more fragmented (data not shown) SWS.
EEG dynamics at state transitions. The analysis of
the time course of EEG activity at state transitions
might be instrumental in revealing genotype differences in the neurophysiological mechanisms underlying behavioral state control. At the W-SWS transition,
important genotype differences were observed. Highfrequency power, which included the spindle frequency
range, peaked just after SWS onset in AK but not in B6
and 129. In these two strains the time course of
high-frequency power resembled that of delta power.
Delta power did not differ among these three strains.
Thus, at least at the macroscopic level of the EEG,
observations in some strains confirm data from other
mammals (1, 11, 21) and support the hyperpolarization
hypothesis, whereas in other strains the relationship
between delta and sigma is less clear. Possible strain
differences in thalamocortical synchronizing mechanisms, however, have to be addressed at a neuronal
level. Other genotype differences concern the rate of
increase of delta power after SWS onset, which might
be related to a smaller W-SWS difference in delta power
(D2) and to differences in sleep pressure (20).
The SWS-PS transition was invariably accompanied
by a pronounced peak in high-frequency power and a
decrease in delta power just before PS onset and a peak
in theta power at PS onset. These changes in EEG
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Fig. 6. Dynamics of peak frequency at the SWS-PS transition are
shown. Frequency bin with the largest power density was determined
in each 4-s epoch scored as SWS in the 2 min before the transition or
as PS in the 2 min after the transition. Values were then averaged
over transitions within each animal and over animals within each
strain (34 transitions/animal, 7 animals/strain). Filled and open
circles are used in alternation to distinguish between strains, and the
curves for each strain are offset by 2 Hz. Horizontal bars at bottom
indicate 4-s epochs in which peak frequency differed among strains
(1-way ANOVA; P , 0.01; n 5 7/strain) after expressing all values
relative to the frequency at the transition to compensate for strainspecific differences in absolute frequency [1-way ANOVA, P , 0.0001;
frequency at time 0 (Hz); AK (5.9 6 0.1) 5 C (6.1 6 0.1) , D2 (6.8 6
0.3) 5 B6 (7.0 6 0.2) 5 129 (7.1 6 0.2) 5 BR (7.3 6 0.1); t-test,
P , 0.05, n 5 7/strain].
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