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Virtually all physiological and behavioral pro-
cesses are controlled by a circadian clock, which in 
mammals is located in the suprachiasmatic nucleus 

(SCN) of the hypothalamus. Classically, the SCN has 
been subdivided into dorsomedial and ventrolateral 
regions, based initially on retinal innervation patterns, 
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Abstract Circadian rhythm disruption (i.e., arrhythmicity) in motor activity is 
an abnormal behavioral pattern. In rats, it can be caused by the lesion of the 
hypothalamic suprachiasmatic nucleus (SCN) and by prolonged exposure to 
constant light (LL). We carried out a comparative study of these arrhythmic 
phenotypes to assess the role of the SCN in the regulation of the motor output 
beyond circadian rhythmicity. Motor activity series were studied in rats that had 
become arrhythmic as a result of 1) LL exposure at 2 light intensities: 300 lux 
(LL300) and 1.3 lux (LL1.3), and 2) SCN lesion (SCNx). The Fourier spectra, the 
fractal Hurst coefficient (H) from the autocorrelation function, and the b slope 
from the power spectral density were calculated in data sections at baseline, 
when the rats were still rhythmic, and later at stages with undetectable circadian 
rhythms. In the LL300 group, high power content was detected at frequencies of 
8 to 4 h (i.e., ultradian). Lower power content for these harmonics was found in 
the LL1.3 group, whereas no dominant harmonics appeared in the SCNx group. 
Independently of the manifestation of circadian rhythm, H values were higher 
and more sustained in time in rats exposed to LL300 but gradually decreased in 
rats exposed to LL1.3. Fractal correlation was found in control DD group but was 
absent in the SCNx group. We conclude that scale-invariant regulation of the 
motor pattern by SCN activity is dependent on light intensity but independent 
of the circadian rhythm output. Adjusting the light intensity by modifying the 
coupling degree between the population of oscillations could affect the dynam-
ics of each individual oscillator in the SCN, making it less predictable.

Key words  circadian, arrhythmic behavior, fractal analysis, scale invariance,
suprachiasmatic
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and later on the observation that these regions are 
defined by phenotypically distinct cell types (Antle 
and Silver, 2005). These subregions differ in their 
cytoarchitecture, connectivity, topography, and histo-
chemistry (Leak and Moore, 2001; Moore et al., 2002). 
Moreover, low-density SCN cultures contain single-
cell neuronal oscillators capable of generating circa-
dian rhythms of electrical activity (Welsh et al., 1995) 
and gene expression (Yamaguchi et al., 2003). Thus, 
intercellular communication mechanisms are neces-
sary in the SCN to act in vivo as a tissue clock with 
coherent circadian outputs. Examples of these mecha-
nisms include voltage-gated Na+ channel–dependent 
action potentials (Yamaguchi et al., 2003) and electri-
cal (Long et al., 2005) and chemical (Maywood et al., 
2006) synapses. 

Most 24-h output rhythms are immediately abol-
ished by lesions in the SCN (SCNx) (Stephan and 
Zucker, 1972; Eastman et al., 1984), resulting in 
arrhythmic behavioral patterns. In rats, arrhythmic-
ity may also develop following chronic exposure to 
bright light (LL), which gradually disrupts the circa-
dian outputs until complete arrhythmicity is reached 
(Eastman and Rechtschaffen, 1983; Depres-Brummer 
et al., 1995). In addition, a single light pulse delivered 
under constant darkness at a specific time of the sub-
jective night has also been reported to result in the 
persistent lack of circadian rhythms in the Siberian 
hamster (Steinlechner et al., 2002) and in Drosophila 
sp. (Winfree, 1971). 

According to these findings, circadian arrhythmic-
ity is a state that can result not only from the absence 
of the SCN clock but also following the manipulation 
of lighting conditions, which can disrupt the func-
tioning of the pacemaker. To date, 2 theories have 
been proposed to explain circadian arrhythmicity: 
1) that light stops a single pacemaker by displacing 
the system towards its singularity (i.e., the point along 
the phase plane at which all circadian phases con-
verge) (Winfree, 1971; Pittendrigh et al., 1981a), and 
2) that mutual coupling is lost in multiple circadian 
oscillators, resulting in scattered individual phases 
(Pittendrigh et al., 1981b). Studies in mice have shown 
that prolonged exposure to LL induces behavioral 
arrhythmicity, which correlates with the desynchroni-
zation of cellular oscillators in the SCN (Ohta et al., 
2005). Based on this, the latter theory explaining circa-
dian arrhythmicity is therefore more likely. 

Recent studies in rats have shown that an SCN 
lesion not only abolishes both circadian and ultra-
dian rhythms but eliminates the scale-invariant prop-
erties (fractal) of each motor activity (Hu et al., 2007) 

as well as heart-rate fluctuations (Hu et al., 2008). 
Specifically, it was shown that the SCN lesion in rats 
abolished scale-invariant patterns over a period of 
between 4 and 24 h and significantly altered the pat-
terns in less than 4 h. This indicates that the SCN 
participates in a control scheme across a wide range 
of time scales. Scale-invariant patterns are present in 
various physiological processes, such as heartbeat 
(Peng et al., 1995), breathing (Fadel et al., 2004), and 
gait (Goldberger et al., 2002). 

Although the SCN has been proposed as being a 
major control node for the regulation of patterns 
along multiple time scales, the environmental light-
ing modulation of this fractal behavior has not yet 
been assessed to date. In this work, we studied the 
motor activity pattern of rats that had become 
arrhythmic as a result of SCNx or after being exposed 
to chronic LL at 1 of 2 different intensities: 300 lux 
(LL300) and 1.3 lux (LL1.3). We have also included a 
group of rats with normal circadian regulation kept 
under constant darkness (DD). Time series were 
compared using conventional circadian rhythm anal-
yses methods, as well as complex and fractal analy-
ses. Even when subjects did not exhibit circadian 
rhythms, detecting the temporal fractal correlation 
under the different experimental conditions allowed 
us to draw conclusions about the SCN regulation of 
motor activity and the modulation of SCN oscillators 
by light.

MATERIALS AND METHODS

Animals and Behavioral Recording

Four-month-old male Wistar rats (Charles River 
Laboratories, Les Oncins, France) were housed in 
the institution’s animal facilities to allow them to 
acclimatize. They were then kept in isolation in 
transparent 25 × 25 × 12-cm methacrylate cages and 
transferred to sound-proof and temperature- and 
humidity-conditioned (20-22 ºC, 50%-80%) cham-
bers. Animals were fed with food pellets (Panlab 
A04, Barcelona, Spain) and tap water ad libitum, and 
their cages were supplied with wood chippings for 
bedding, which was renewed weekly. The general 
spontaneous motor activity of each animal was mea-
sured throughout the experimental procedures using 
an activity meter that included 2 perpendicular infra-
red beams, which crossed the cage 7 cm above the 
floor. Activity counts were sampled and stored on a 
computer hard disk using time frames of 1 min.
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Experimental Procedure

For control, we used 10 rats with normal circadian 
regulation, exposed to DD conditions (less than 0.5 
lux, red light) for 2 months (DD group). The experi-
mental rats suffered behavioral arrhythmicity as a 
result of one of the following methods:

1) Exposure to constant light (LL): A) Fifteen rats 
were exposed to indirect bright white light from two 
36-W fluorescent tubes (main peaks at 450 nm, 550 nm, 
and 650 nm) of about 300 lux of intensity for approx-
imately 2 months (group LL300); B) Ten rats were 
exposed to indirect dim white light from light-emitting 
diodes (main peak at 470 nm and a wider one at 
570 nm) of about 1.3 lux for approximately 2 months 
(group LL1.3). In both scenarios, a period of approxi-
mately 2 months was necessary to accurate detect a 
persistent lack of a circadian rhythm in the animals.

2) SCN lesion (SCNx): Thirty rats were kept under 
constant darkness (~0.1 lux red lighting, DD) until 
the day of the surgery (approximately 15 days). 
When creating the lesions in the animals, surgery 
was performed under a mix of ketamine (75 mg/kg) 
and xylazine (10 mg/kg) anesthesia. Animals were 
placed inside a stereotaxic instrument (model 900, 
David Kopf Instruments, Tujunga, CA), and the tip of 
the electrode was lowered to the SCN region (–1.3 mm 
posterior to the bregma; 9.2 mm below the skull) 
(Paxinos and Watson, 1998). The electrode transmit-
ted a radio frequency from a lesion generator system 
(model RFG-4A, Integra Radionics, Burlington, MA), 
which damaged the tissue using heat (~90 ºC, 1 min). 
The rats were then moved to the recording chambers, 
where they were kept under DD. 

Circadian Analyses

Raw data were accumulated in 15-min intervals 
for all the analyses. Double-plotted actograms at mod-
ulo 24 h in parallel with periodograms using the χ2 
method (Sokolove and Bushell, 1978) were calculated 
to determine the absence of circadian periodicity, 
using consecutive data sections with a length of 10 
days (stages for the analyses, si). The scanning range 
for the periodogram was from 1 h to 26 h, and the 
level of significance was p = 0.05, with Bonferroni 
correction for multiple estimations. The criteria used 
to define arrhythmicity were the permanent absence 
of a significant circadian peak (range, 22-26 h) in the 
periodogram along the different stages (Figure 1). 
The use of this criterion implies that we did not use 
for the analysis those animals that, although they 

were arrhythmic, showed a sporadic peak in the cir-
cadian range in some stage. With this criterion (no 
circadian rhythm in none of the 4 stages), we selected 
10 SCNx, 4 LL300, and 4 LL1.3 rats. The baseline for 
each rat was considered the 10 days, at the beginning 
of the experiment, under the same light intensity, in 
which the animals still showed a clear circadian 
rhythm.

In rats with arrhythmicity, a daily serial spectral 
(Fourier) analysis was applied to the first 10-day data 
section. Thus, the spectral decomposition for each 
consecutive 24-h subsection was obtained, which 
allowed us to compose a description of the harmonic 
components along the 10-day section. The spectral 
analysis was calculated with 25 harmonics, with the 
fundamental harmonic (H1) being a rhythm of a 
24-h period. The rhythms of the remaining harmon-
ics (Hi) had submultiple periods of 24/2 h, 24/3 h, 
24/25 h, etc., respectively. In this way, an array of 
ultradian periodicities, from the second 12-h period 
harmonic (H2) to the 25th (H25), of near 1 h was cov-
ered. We obtained the power content (PC) for each 
Hi expressed as the percentage of variance (%Var), 
explained by a given Hi with respect to the total vari-
ance in the time series. Individual power spectra were 
averaged for each group and represented using a gray 
scale in graphic matrixes, structured using harmonics 
(columns) and days (rows) (Figure 2A). In addition, 
the serial PC values corresponding to each Hi were 
averaged for the 10-day section, and then the means 
and standard errors (SEMs) for each group were rep-
resented (Figure 2B). 

Complex and Fractal Analyses

Fractal analysis was performed in all cases with 
individual time series from the consecutive 10-day 
stages. These were included for this analysis, a base-
line stage, s1, when the rats still had a circadian rhythm, 
followed by consecutive stages s2-s5, with clear 
arrhythmicity. In the case of SCNx rats, s1 corre-
sponds to days prior to the lesion. Fractal measures 
were used to calculate the extent of scale invariance 
in the motor patterns. These methods are based on 
obtaining the relationship between the logarithm of 
any statistical feature of the process (F(n)) and the 
logarithm of the scale (n) from which it was obtained 
(Eke et al., 2002). A power-law function indicates 
scale invariance, defined by a straight line on the log-
log plot of F(n) versus scale, yielding F(n)~nα, where 
α is the scaling exponent that quantifies the interval 
correlation in the time series. This analysis was carried 
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out on both the frequency and time domains, by the 
calculation of power spectral density (PSD) and the 
autocorrelation function (Ac), respectively. 

To accurately evaluate the nature of the time 
series (fractional Gaussian noise, fGn, or fractional 
Brownian motion, fBm, and the “color” of the noise), 
the b slope on the log-log plot of PSD was estimated. 
PSD calculated the power content of each harmonic 
in absolute values by taking measurements from the 
fundamental 24-h harmonic to the Nyquist frequency 
(N/2: 30-min harmonic). In this way, estimates for 
the slope of the regression line were done on the 
log(PC) versus log(Hi) relationship (i.e., spectral index, 
b) using the improved version of PSD, lowPSDwe (Eke 
et al., 2000). According to this method, after detrend-
ing and parabolic windowing, the fitting range to 

estimate b uses the whole PSD but excluding fre-
quencies f>1/8 of maximal frequency (equivalent to 
a period of 240 min), indicating fGn noise if –1<b<1, 
and fBm if 1<b<3 (Eke et al., 2000; Delignieres et al., 
2006). 

Following this, Ac was calculated to determine the 
time correlation within each series, which allowed us 
to know the extent to which the value of a given 
event depends on previous values (i.e., memory of 
the process). To achieve this, the correlation coeffi-
cient was obtained using data lags from 1 to N/2 in 
the consecutive stages. The Hurst coefficient (1>H>0) 
was calculated from the first value (r1) of the autocor-
relation function using the formula H = (log2(r1 + 1) 
+ 1)/2, deduced from the equation r1 = 22H–1 – 1 (van 
Beek et al., 1989) as described in Eke et al. (2002). The 

Figure 1. Actograms double plotted at modulo 24 h of representative rats showing circadian arrhythmicity in LL300, LL1.3, and SCNx 
groups. One rat from the DD control group is also represented. Graphs at the top correspond to the baseline stage (s1), when animals 
were still rhythmic, while those at bottom show the first 10-day stage (s2) with no dominant circadian period. Scale was defined from 
zero to the 95% percentile of data maximum. Graphs below actograms correspond to χ2 periodograms of the data above, showing the 
%Var calculated for a range from 1 to 26 h. The line depicts significance level (p = 0.05) for the statistical estimation of periods. Note that 
significant circadian peak (about 35 %Var) in the DD group is out of graph scale.
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closer H is to 1, the 
longer is the memory 
of the process. In gen-
eral, positive correla-
tion corresponds to 
values of H ranging 
from 0.5 to 1. H = 0.5 
denotes no correlation 
at all and corresponds 
to a pure Gaussian 
process (random white 
noise). When H < 0.5, 
the signal shows anti-
correlation. The point 
at which correlation 
fell below the limit of 
statistical significance 
in the log-log plot (tc) is 
also reported, which 
offers an estimation of 
the correlation time 
(i.e., the memory of the 
process). In addition, 
H was calculated for 
the difference series 
(yi = xi – xi–1) to confirm 
the Gaussian nature of 
the time series. This 
was achieved by check-
ing for a reduction of H 
of approximately 0.5 in 
the difference series (y) 
when compared with 
the original raw data 
(Eke et al., 2000). 

To describe the time-dependent changes, H was 
calculated and reported in 4 consecutive stages 
(a total of 40 days with arrhythmicity) for all the 
groups. We also included the previous correspond-
ing paired value, which was obtained when the 
animal still had a circadian period (Figure 3). tc and 
b were reported only for this first stage and the fol-
lowing one lacking this rhythmicity. All the values 
were reported as mean ± SEM. Multiple-variable 
ANOVA (MANOVA) was used to assess which Hi 
PC variable significantly differed between the 
groups. A 2-way ANOVA was used to compare 
fractal measures, with the stages (si) and groups as 
factors. A Tukey test, applied to either equal or 
unequal samples, was used for post hoc compari-
sons. Differences were considered significant at 
p < 0.05. 

Figure 2. Daily spectral decomposition obtained with the Fourier analysis in time series. (A) Each 
graph corresponds to the mean graphic matrix of each group, obtained by averaging the serial analysis 
of the first 10-day stage lacking circadian period, for each animal. Matrixes represent PC values (%Var) 
of the successive 25 harmonics (columns) calculated for each consecutive day (rows). Each harmonic is 
indicated by the corresponding period expressed in hours (top of each graph). Values are represented 
on a gray scale, with black being the highest (10 %Var). (B) Mean ± SEM PC values of the harmonics 
calculated for the whole 10-day segment for each group. Note that scale for PC in the DD group is trun-
cated to include H1 = 20 %Var.

Figure 3. Mean ± SEM values of the Hurst coefficient obtained 
for each group calculated separately for all the consecutive 
stages. Dotted line separates the stage (s1) when the rats still 
manifested a circadian period, from the stages with sustained 
arrhythmicity (except for control DD group, which was always 
rhythmic).
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group but to a lesser extent. In con-
trast, a flattened spectra lacking any 
dominant harmonic was seen in the 
SCNx group, while the control rats 
under DD conditions showed a typi-
cal spectrum with a high PC of 24 h, 
together with unusual harmonics 
caused by the squared waveform. 

The 24-h harmonic was clearly 
diminished in the 3 arrhythmic 
groups, and no differences were 
observed between them. These 
changes were also seen in the mean 
spectra obtained from the serial 

analysis (Figure 2B). The results of the MANOVA 
analysis revealed significant differences in the PC 
between the 4 groups (p < 0.001), which were greatest 
in the following harmonics: H1 (p < 0.001, DD v. all 
groups); H2 (p < 0.01, LL300 v. SCNx); H3 (p < 0.001, LL300 
v. SCNx; p < 0.05, DD v. SCNx); H4 (p < 0.001, LL300 v. 
SCNx and DD; p < 0.05, LL1.3 v. SCNx); H6 and H8 (p < 
0.001, LL300 v. SCNx and DD); H5 (p < 0.001, LL300 v. 
SCNx; p < 0.05 v. DD); H7 (p < 0.001, LL300 v. SCNx; p < 
0.05 v. DD); and H9 (p < 0.05, LL300 v. SCNx; p < 0.001 v. 
DD). These results indicate a higher ultradian band for 
LL300 versus SCNx (from 12-3 h), while no differences 
were observed below the 2.6-h frequency. 

Fractal Analyses

All b values obtained in the lowPSDwe analysis were 
lower than 1, indicating that the motor activity series 
could be considered as fGn (Table 1). Thus, H was 
calculated directly from the Ac function applied to 
the raw data. The fGn nature of the process was also 
confirmed by the fact that H calculated from the dif-
ference series had values of approximately 0.5 units 
below those found in the raw data (Table 1).

The H coefficient obtained from Ac changed over 
time in a different way depending on the experimen-
tal conditions (Figure 3). Firstly, rats maintained in 
LL300 conditions maintained the same high values as 
the baseline, even when they still had circadian 
rhythmicity (s1) towards the end of the protocol (s5). 
In contrast, H values obtained from the LL1.3 group, 
which were also arrhythmic, gradually decreased 
over time. Rats that were exposed to SCNx showed 
an abrupt drop from the baseline H values (s1,) as 
soon as they became arrhythmic (s2). Finally, a stable 
H value was observed in free-running rats with 
endogenous circadian regulation (DD group) during 
all stages. The 2-way ANOVA analysis produced 

The experimental protocols used here were 
approved by the Institutional Animal Care and Use 
Committee of the University of Barcelona, in agree-
ment with the recommendations of the Federation of 
European Laboratory Animal Science Associations.

RESULTS

Circadian Analyses

Double-plotted actograms at modulo 24 h shows 
data section at baseline (s1) and the following with 
confirmed lack of a circadian rhythm in animals from 
each group (s2). This arrhythmicity is demonstrated 
both in the actogram and by the absence of a signifi-
cant circadian peak in the periodogram, normally 
found in the control DD group (Figure 1). Despite 
this, visual inspection of the actograms revealed dif-
ferent temporal patterns when comparing arrhyth-
mic rats. Clustered activity bouts were seen in the 
LL300 lux group. In contrast, more diffused bouts 
were seen in the SCNx group. Rats from the LL1.3 lux 
group showed, to the same extent, an intermediate 
phenotype with respect to the LL300 and SCNx 
groups. 

A spectral breakdown of the time series in the 
range of 24 h to approximately 1 h revealed clear dif-
ferences among the groups. Figure 2A shows the 
mean power spectra calculated for consecutive 24-h 
periods in each group. Greater PC values represent a 
higher percentage of variance associated with the 
harmonics. A marked band of ultradian frequencies, 
from approximately the third to the sixth harmonic 
(8-4 h), was observed in the LL300 group, which was 
sustained throughout the 10-day period (Figure 2A). 
In addition, harmonics from the fourth to the sixth 
(6-4 h) were present in the serial analysis of the LL1.3 

Table 1. Fractal analysis obtained from lowPSDwe (b spectral index) and Ac (H and tc).

 β H	 tc	(min)

 s1 s2 s1 s2	 s1 s2

LL300 -0.55 ± 0.06 -0.45 ± 0.04 0.81 ± 0.01 0.82 ± 0.02 68.3 ± 9.6 70.8 ± 5.0
n = 4
LL1.3  -0.53 ± 0.08 -0.51 ± 0.08 0.79 ± 0.01 0.77 ± 0.01 52.6 ± 3.4 45.1 ± 2.4
n = 4
SCNx -0.38 ± 0.04 -0.05 ± 0.03 0.71 ± 0.02 0.59 ± 0.02 41.9 ± 2.0 26.6 ± 1.1
n = 9
DD -0.50 ± 0.04 -0.59 ± 0.05 0.74 ± 0.01 0.72 ± 0.02 46.5 ± 1.9 43.9 ± 3.5
n = 9

Values are expressed as the mean ± SEM calculated for the groups in stage s1 (when all rats still 
exhibited a circadian period) and in s2 (when all rats, except DD, showed no circadian rhythm).
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statistically significant differences for the stage (p < 
0.001), the groups (p < 0.001), and the stage-group 
interaction (p < 0.001). While the stage effect did not 
influence the H values in the LL300 or DD groups, it 
produced significant differences in the LL1.3 group 
(p < 0.01), which were higher for s1 versus s4 and s5 
(p < 0.05) and for s2 and s3 versus s5 (p < 0.05). In addi-
tion, in the rats exposed to SCNx, the H coefficient 
was statistically different (p < 0.001); it was higher for 
s1 (p < 0.01) versus the remaining stages. 

When comparing groups within the stages, we 
found significant differences between the groups (p < 
0.001). LL300 had significantly higher values of H than 
SCNx in all stages (p < 0.001) and was significantly 
higher than DD in s1, s3 (p < 0.001) and s2, s4 (p < 0.01). 
LL1.3 had higher values than SCNx in s2, s3, s4 (p < 
0.001), and s5 (p < 0.01), while DD was higher than 
SCNx in s2, s3, s4 (p < 0.001). Comparable results were 
found for tc values describing the time of correlation 
(Table 1). The 2-way ANOVA revealed significant dif-
ferences in the stage (p < 0.05) and group (p < 0.001) 
comparison. Although stage alone resulted in signifi-
cant differences only for SCNx (p < 0.001), the analysis 
for the influence of groups resulted in significant dif-
ferences in s1 (p < 0.001), with LL300 being higher than 
SCNx and DD (p < 0.001), as well as in s2 (p < 0.001), in 
which LL300 was higher than in other groups (p < 0.001). 
Both LL1 and DD were higher than SCNx (p < 0.001).

lowPSDwe analysis produced negative b slope val-
ues, which demonstrated the 1/f fGn noise in all 
groups (Table 1). The 2-way ANOVA analysis for 
stage, group, and their interaction revealed signifi-
cant results (p < 0.05, p < 0.001, and p < 0.001, respec-
tively). Specific effects for stage were found only in 
the SCNx group (p < 0.001). Groups were statistically 
different within s2 (p < 0.001); the highest values 
found were for LL300, LL1.3, and DD compared to 
SCNx (p < 0.001). 

DISCUSSION

Here, we studied the motor activity patterns of 
rats exhibiting behavioral arrhythmicity, with the 
aim to demonstrate the involvement of the SCN in 
the regulation of activity patterns in the short time 
scale and the ultradian range. The Hurst index 
depended on the presence of SCN regulation and 
light intensity. Our results indicate the role played by 
SCN in causing time correlations in short time scales 
(around 1 h). Our results also show that in nonle-
sioned rats, this role appears to be independent of the 

SCN circadian output because following the loss of 
functional circadian regulation (LL), the time correla-
tion was sustained and modulated by light. Thus, the 
dynamics of time correlation must be related to the 
light intensity used.

The main ultradian frequencies (periods from 8 h 
to 4 h) were observed in intact rats with arrhythmic-
ity under LL conditions. Because SCNx animals did 
not show ultradian components, it is possible that 
SCN activity is responsible for the ultradian pattern, 
as suggested by Hu et al. (2007). The present work 
also shows that ultradian components in arrhythmic 
rats were higher under LL300 conditions than LL1.3. 
Theoretically, there are 2 possible explanations for the 
emergence of ultradian components: 1) a single fre-
quency process with a stable phase (producing a peak 
in the spectra), and 2) multiple circadian oscillators 
with intrinsically different periods, the phases of 
which are unevenly distributed throughout the day. 

In this study, both LL groups showed ultradian 
components in the serial Fourier analyses (Figure 2A), 
although this was not the case in the global periodo-
gram (Figure 1). This clearly indicates the presence of 
ultradian components within each day but with a 
day-to-day phase instability. This could indicate that 
they are not attributable to a single ultradian process. 
The second theory is therefore more plausible. It is 
important to differentiate between 2 types of circa-
dian activity in the SCN: one at the cellular level, 
whereby each oscillator exhibits a circadian rhythm, 
and the other type of activity is found at the general 
(tissue) level, whereby oscillators are synchronized. 

The SCN tissue is composed of a network of cell-
autonomous neuronal oscillators, whereby the peri-
ods are distributed throughout a 24-h period (Welsh 
et al., 1995; Herzog et al., 1998). A regulatory role of 
light in SCN network interactions (coupling) has 
been suggested by various authors (Díez-Noguera, 
1994; Honma and Honma, 1999; Quintero et al., 2003). 

In the present study, we confirm that scale-invariant 
motor patterns were immediately abolished by SCNx, 
which was previously demonstrated by Hu et al. 
(2007). Arrhythmicity in SCNx animals resulted in a 
flattened spectrum together with uncorrelated (ran-
dom) noise, which was sustained in time. Because 
random noise prevailed in SCNx motor activity out-
put, we can interpret the noise as the read-out of 
a large number of nonlinear interactions, coming 
downstream along the SCN from motor neural effec-
tors. In addition, we have demonstrated that H values 
show stable scale-invariant patterns under normal 
circadian regulation under DD conditions.
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However, it is important to note that in contrast 
with results found for the SCNx-elicited arrhythmic-
ity, rats that became arrhythmic under LL conditions 
maintained scalar time correlation, even when the 
circadian activity was disrupted. This indicates that 
although the fractal SCN regulation overlays circa-
dian rhythmicity, it can be separated from the circa-
dian output under LL conditions. Indeed, it has been 
reported that observed differences in the amount of 
fractal noise may indicate different degrees of inter-
actions between underlying physiological processes 
(Eke et al., 2002). 

The mechanism by which LL produces arrhyth-
micity is not yet completely understood. After 50 days 
in LL, PER2 protein levels were constantly elevated 
throughout the cycle, suggesting that light might act, 
inhibiting some mechanisms that normally degrade 
mPer2 (Muñoz et al, 2005). On the other hand, moni-
toring Per1 within individual SCN neurons revealed 
that the rhythm disruption is due to desynchrony 
among neurons that sustain circadian oscillation 
(Ohta et al., 2005). Additionally, several experimental 
models have pointed to a SCN multioscillator regula-
tion of motor output in the rat (Nakamura et al., 2001; 
de la Iglesia et al., 2004). Thus, ultradian activity may 
result in an emergent pattern of desynchronized cir-
cadian oscillators, showing a given degree of cou-
pling based on lighting conditions. However, the 
circadian system is actually more complex than a 
network of oscillators in the SCN because it also 
includes the interaction with other peripheral oscilla-
tors (Schibler, 2009). Thus, interaction of the SCN 
with other non-SCN neuronal sites receiving light 
input must also be considered. For instance, neuronal 
oscillators in the retina interact continuously with the 
SCN to determine the free-running period, but not 
rhythmicity, of locomotor activity (Yamazaki et al., 
2002). It could be that the fractal correlation would be 
altered by the disruption between the SCN and other 
non-SCN neuronal sites. Moreover, we cannot disre-
gard that other mechanisms related with light per-
ception in the animal may also be responsible for the 
scale invariance properties. We do not know the extent 
of damage in the optic chiasm due to the lesions, 
which could produce that this group received less 
amount of light, making it different from the rest of 
the animals. 

We believe that the results of our experiment can 
be better explained in terms of constant light reduc-
ing the degree of coupling between the population of 
oscillators. We can suppose that, under constant 
bright light, the interactions between the oscillators 

should be reduced, leaving the oscillators to run 
relatively undisturbed by the influence of their 
neighbors, and consequently, the behavior of each 
oscillator should be rather predictable. This could 
explain why the fractal analysis revealed high time 
correlation (predictability) under LL300, while motor 
patterns under LL1.3 and DD showed lower correla-
tion values. 

In the case of DD, we can assume that because 
strong interactions between oscillators are present, 
due to a high degree of coupling, that the behavior of 
each oscillator is less predictable (more chaotic) 
because it is strongly influenced by others. This explains 
why H had the lowest values under DD conditions. 
LL1.3 showed intermediate values of H, which could 
be because the coupling among the oscillators should 
be between the other 2 groups. It is also apparent in 
LL300 and LL1.3 that although the system showed a 
circadian rhythm under s1 and not under either s2 or 
the other stages, H did not change between s1 and s2, 
indicating the same oscillator interactions in both 
stages. Thus, fractal structure is due to the interaction 
between the network of circadian oscillator that 
affects the functioning of each individual oscillator. 
Although most of our results and literature evidence 
seem to favor the short-term regulation of motor 
activity produced by the network properties among 
the oscillators in the SCN, we cannot forget that light 
may act directly or indirectly in other structures of 
the circadian system. 

We can therefore speculate that the circadian 
rhythm in s1 occurs when the interaction between the 
oscillators is very low, due to the inhibiting coupling 
effect of light; however, due to the oscillators’ inertia, 
their phases are still not spread. It is also remarkable 
that, although H values are sustained in the LL300 
group, and in the DD group, they decrease over time 
in group LL1.3. We suggest that in a state of intermedi-
ate coupling, the coupling among oscillators may 
increase slightly over time, and thus, their functional-
ity becomes less predictable. Indeed, under LL condi-
tions, s1 actually corresponds to a transient state, 
whereby the oscillators are still in phase but already 
with low coupling. Although absent from our assess-
ment, the duration of the transient stage could pro-
vide information about the inertia of the oscillators.

The fractal nature of ultradian rhythms has been 
discussed previously with regard to the activity of 
the SCN pacemaker (Lloyd and Lloyd, 1993) and 
more generally in other biological systems (Losa 
et al., 1997; Brodsky, 2006). On one hand, to produce 
scale-invariant patterns from multiple ultradian 
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fluctuations, a scalar distribution of amplitudes must 
be generated by such activity, which is statistically 
unlikely if these oscillations are independent (point-
ing to uncoupled circadian oscillators). However, we 
found that the H coefficient featured a time-dependent 
process below 1 h (tc), which did not seem to be 
related to ultradian components, as has been previ-
ously suggested for human activity (Hu et al., 2004). 
Indeed, ultradian regulation below 2.6 h was not 
observed in this work.

The aim of the fractal approach was to demon-
strate the presence of scale-invariant features (i.e., 
internal correlation or memory) in a detailed record 
of temporal variations of a physiological parame-
ter (Eke et al., 2002). Moreover, previous simula-
tions have indicated that rather than simple 
superposition of independent controlling factors 
(Hausdorff and Peng, 1996), temporal scale invari-
ance can be generated by a network of feedback 
interactions among control nodes that operate 
along different time scales (Bak et al., 1987; Basu 
et al., 2004). Thus, a fractal analysis could be useful 
in understanding the complexity of physiological 
functions, particularly in this work for studying 
SCN output regulation.

In summary, we analyzed both the ultradian and 
the short time scale regulation characterizing motor 
activity patterns. A useful framework was designed 
by studying such patterns under different circadian 
conditions. The following conclusions can be drawn: 
1) the presence of the SCN is important for the short 
time range regulation of motor activity; 2) rather than 
stochastic, arrhythmic patterns under LL, conditions 
maintain a temporal structure, both at the ultradian 
frequencies and along short time scales (~1 h); 3) scale-
invariant regulation seems to depend on the light 
intensity modulation of the SCN activity but is inde-
pendent of the circadian output; and 4) the degree of 
interaction between the oscillatory elements of the 
SCN could be involved in this modulation process, 
modifying the spontaneous, predictable function of 
the single oscillators.
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