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Resumen
Los humanos gastan un tercio de su vida durmiendo; sin embargo, no se conoce a profundidad
las funciones y los mecanismos de este estado. Por ejemplo, se cree que el sueño puede jugar
un papel importante en la homeostasis de la mayor parte de los sistemas fisiológicos en
respuesta a estímulos estresantes. Sin embargo, diferentes tipos y variaciones en los estresores
pueden producir diferentes respuestas en el cerebro. Por tanto, estudiar los mecanismos de
respuesta del cerebro después de estrés repetitivos podría proporcionar algunas direcciones
sobre las estrategias para reducir los efectos negativos de estos estímulos. Los husos del sueño
son un fenómeno electrofisiológico de la interacción de diferentes regiones en el cerebro (como
lo circuitos talamocorticales y el hipocampo). El objetivo de este trabajo es estudiar diferentes
características de los husos del sueño en las ratas y estudiar los cambios en estas después de un
protocolo de estrés repetitivo. En este trabajo se encontró un incremento del sueño total de los
animales después del estrés con pocos efectos en duración, potencia y la frecuencia de los
husos. La probabilidad de co-ocurrencia y la sincronización de fase entre regiones corticales
cambió después del protocolo de estrés. En este trabajo, las diferencias individuales son
descritas y analizadas a la luz de la literatura actual y direcciones futuras son consideradas. No
menos importante, esta es la primera vez que los husos del sueño son estudiados en un
paradigma de estrés controlado.

Abstract
Humans spend one third of their life in sleep; yet, not much is known about the function and
mechanisms under this state. For instance, sleep may play an important role in the homeostasis
of the most physiological systems in response to stressful stimuli. Nevertheless, different kinds
and amounts of stress elicit different patterns of responses in the sleeping brain. Therefore, to
study the mechanisms of response of the brain after repetitive stress might provide some
directions about the strategies to reduce the negative effects of such stimuli. Sleep spindles are
a phenomenon of the interaction of different regions in the brain (such as the thalamocortical
networks and the hippocampus). The aim of this work is to characterize different features of
sleep spindles in rats and study the changes in these features after a protocol of repetitive stress.
An increase in the total sleep time was found together with some changes in power and
frequency of the spindles. Probability of co-occurrence and phase locking values between
cortical regions also changed after repetitive stress. Individual differences are described and
analyzed in the light of the current literature and future directions are considered. Not less
important, this is the first time that sleep spindles are studied in controlled paradigms of stress.
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I. INTRODUCTION

Stress is a problem of contemporary everyday life; for instance, economic and social
environment is affecting the population is such way that it has been associated with many health
problems [1], [2] such as metabolic syndrome [3], obesity [4] and different types of cancer [5],
[6]. Furthermore, some have argued that chronic stress seems to be an important risk factor
related to premature mortality in some countries [7].
Changes in sleep patterns have been widely studied in stressed humans and animal models [8];
particularly, an increase in the duration of REM sleep has been one of the most recurrent results
[9]. Nonetheless, in animal studies different results are obtained with different types of stress
protocols [10]. Furthermore, even though architectural changes in sleep are documented, a
more detailed analysis of the sleep patterns is still needed.
One electrophysiological feature of mammalian sleep are the sleep spindles. They are a brief
burst of waxing and waning shape of electroencephalographic (EEG) activity with frequency
of around 8 to 20 Hz. Spindles are an electrophysiological phenomenon related to the activity
in thalamocortical networks, particularly related to the reticular nucleus of the thalamus [11].
More than one type of spindle is commonly observed depending on their preferential frequency
and topology [12]; in humans, a common classification of spindles is the fast central and slow
frontal spindles [13]; nevertheless, this might differ in some rodent species [12]; other
classifications include up to four types of spindles [14]. In fact, differences in the results of
previous studies might be related to the classification of spindles as well as the method used to
detect them (see discussion). Sleep spindles have been positively related to IQ [13], and some
cognitive abilities [15], but probably the most studied relation between cognitive functions and
spindles is their role in process of memory consolidation [16], particularly in declarative
memory [17].
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The literature of sleep spindles and neurological and/or psychiatric alterations is still in its
infancy. For instance, different results have been reported in depressive children [18], and
adults [19]. Furthermore, an increase in the number and density of spindles in people with
cognitive disabilities has been reported [20], [21]. To date no studies in controlled stress
paradigms have assessed the changes in sleep spindles or its features; nonetheless, two studies
have considered indirect changes in sleep spindles and stress. The first one [22], reported
negative correlations between the number of spindles and the increase in sleep alterations in
subjects with insomnia related to academicals stress. The second one reported a positive
correlation between spindle measures and effective coping strategies for stress in children [23].
Some authors suggest that “the use of spindle density or number of spindles as a sole measure
of spindle activity may underestimate and/or fail to capture regional differences between
groups [of subjects].” [19]. Therefore, the aim of the present study is to characterize multiple
features of sleep spindles in a rat model of repetitive stress.

II. MATERIALS AND METHODS
A. Subjects
All animal procedures were approved by the institutional committee for the care and use of
laboratory animals (Comité Institucional para el Cuidado y Uso de Animales de Laboratorio
(CICUAL)) of the University of Los Andes. Five male Wistar rats (350-500gr, and 60 to 90
days of age), exocriated from the Charles River Institute, were housed in the laboratory of
Neuroscience and Behavior (Laboratorio de neurociencia y comportamiento) of the University
of Los Andes with controlled temperature (22±1°C) and humidity (43%) in cages of 50x45x31
cm and a cycle of 12h:12h light:dark cycles (lights on at 17:00h). All subjects were handled
for 7 days previous to the experiment (1h/day).
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B. Procedure
Experimental procedure is summarized in Fig. 1. First, a stereotaxic surgery took place for
electrodes implantation. After 5 days of recovery, a 10 min open field habituation was
performed. On day 6, sucrose habituation was carried out and a 12h sleep recording was
performed for baseline night. The next day, a first sucrose test was done and immobilization
stress protocol took place for 7 days (1h/day). At day 13 a second open field and 12h sleep
recording was repeated. Finally, on day 14, another sucrose test, plasma sample and an object
recognition codification were performed. At day 15, the experimental protocol ended with the
object recognition recovery test. Three more nights on days 14-16 were recorded (one to assess
memory retrieval) and two more of follow up; nevertheless, the analysis of the nights is out of
the scope of the present work. A detailed description of each part of the protocol is presented
next:

Figure 1. Experimental protocol. Days are showed as d#. Time of the day of experiment is
in italic letters.

1) Stereotaxic surgery: For electrode implantation, one stereotaxic surgery took place at the
beginning of the experiment for each animal. This procedure was performed under
Pentobarbital anesthesia (Penthal® from Invet, 64.8 mg/ml) with a doses of 60mg/kg, via
intraperitoneal injection; previous sedation with Acepromazine (Tranquilan at 1% at doses
of 1mg/Kg) was subcutaneously injected 30 minutes previous to the surgery. Four screw
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electrodes for EEG recording were implanted in frontal (AP: +1 and ML: ±1:5 relative to
Bregma) and posterior (AP: +6 and ML: ±1:5 relative to Bregma) regions of the scalp.
Also, one isolated gold-core wire electrode (< 80µm of diameter) was implanted in the
CA1 hippocampal region (AP: +4:86, ML: +2 and DV: +4:8); surgery pilots (n=5) were
performed to assess the right coordinates of the electrode location for the size of the
animals in the laboratory. Also, two stainless steel wire electrodes were implanted in the
neck muscles to perform a bipolar electromyographic (EMG) recording. Dental acrylic
(Veracril®) was used to fix the electrodes in place. Post-surgical care was performed by
cleaning the wound with Chlorhexidine, followed by Antibiotic (Quinocal, at 5% with
doses of 10mg/Kg) and analgesic (Meloxic® from Provet at 0:5% with doses of 2mg/Kg)
intraperitoneal injection for three days.
2) Object recognition test: Rats have a natural tendency of exploring novel objects. Mumby
et al.,[24] developed a test that uses this feature in order to assess declarative memory in
rodents. In the present study, we used a modified version of the protocol proposed by [24]
and we tested for a 24h delay in memory retrieval in an object recognition tested, one day
after the night post-stress. The results of these procedures are out of the scope of the present
report, but the results are presented in the supplementary materials. The protocol was as
follows: Previous to the experiment, two open field habituation to the experimental
environment took place at days 5 (previous to baseline) and 7 (last day of stress) during
5min at similar hours to the object recognition test (15:50); this was performed in the black
acrylic box of 90x90x50cm where the objects were present in the latter sessions. On day
14, the object codification procedure was performed. The objects and locations used in this
procedure were chosen by experimental pilots with different objects and places. In this
phase of the experiment, subjects were exposed to the same field of previous habituation,
but two identical objects were positioned 10cm away from opposite corners. After a 24h
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delay, the same protocol from day 14 was repeated, but this time one of the objects was
changed. A minimum criterion of 5s of exploration per object was considered in this part
of the experiment. Variables of exploration time (time when the animal had direct contact
with the object) and frequency (number of contacts with the object) were measured and
two exploration indexes (EI) were computed (1) as:
𝐸𝐼 =

𝑉𝑂𝑛𝑒𝑤
𝑉𝑂𝑛𝑒𝑤 + 𝑉𝑂𝑜𝑙𝑑

Where 𝑉𝑂𝑛𝑒𝑤 is the variable (time or frequency) for the new object and 𝑉𝑂𝑜𝑙𝑑 is the
variable for the object presented on day 14. Counterbalanced measures for objects position
were performed across subjects.
3) Sucrose test: Anhedonia is the inability to experience pleasure, or the loss of interest or
satisfaction with pleasant stimulus; it is also a common symptom of depressive animals
[25]. A common method to measure anhedonia in rodents is by measuring the consumption
of previously habituated sucrose solution compared to regular water [26]. Here, we
compared the consumption of water and sucrose solution (at 10%) at days 7 (before the
first day of the stress protocol) and 14 (first day after the stress protocol), @07:00h
following the recording nights. A preference measure proposed by [26] was used in this
study as shown in Eq.2:
%𝑃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =

𝑆𝑢𝑐𝑟𝑜𝑠𝑒 𝑖𝑛𝑡𝑎𝑘𝑒
𝑥100
𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑡𝑎𝑘𝑒

4) Corticosterone measure: On days 7 and 14 @15:00h a sample of blood (800 to 1000µL)
was obtained from the saphenous vein. The plasma was obtained from the blood sample
with a centrifugation process with 4500RPM for 15min. Plasma samples were stored at
20oC until sample processing. In order to measure the corticosterone levels in plasma
(as an index for Hypothalamic–pituitary–adrenal axis function) an ELISA (Kit ELISA
OKEH024545, Aviva System Biology) for corticosterone in plasma with specific affinity
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for rats was done. Samples were diluted at a concentration of 2x with the diluent from the
sample and located next to the standards for fitting and calibration. Incubation was
performed with biotin and avidin during 60min and 45min respectively and washing was
performed with the corresponded buffer between incubations. The TMB substrate (15min)
was added to elicit the chromogenic signal. The chromatographic lecture was done at
450nm where the magnitude of refraction was proportional to the biotinylated
corticosterone in the plates and inversely proportional to the amount of corticosterone in
the samples or standards.
5) Sleep recording: Sleep recording was performed using a commercial Wireless EEG system
(W-Basic-System W16-HS from Multichannel Systems®). The portable Headstage and
battery were kept in a vest (two to three days of habituation to the vest were performed
before the recording). Around 13h of polygraphic recording was accomplished on days 6
and 13 from 16:30h to 5:30h (next day); during this period, the animal was always under
experimental observation in order to record the behavior in a custom-made software
developed in MATLABR that allows both signal and ethogram recording; also, the
experimenter paid attention to the battery level to change it as soon as possible when
needed. Four categories of behaviors were considered in the ethogram registration:


Movement: The animal moves freely in the housing cage, e.g. standing on two legs,
moving the head with open eyes, exploring the cage, and so on.



Grooming: It is the name of the cleaning behavior of the rodents. The animal uses its
frontal legs and teeth to clean their fur and body.



Consummatory behavior: Considers eating the standard food or drinking water. They
are both supplied ad libitum like any other day of the experimental protocol.
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Rest: it is the time when the animal is laying quietly in the home cage either with open
or closed eyes. This time is latter used in the sleep scoring section of the experiment
(see below).

Signal acquisition was performed with a sampling frequency of 10kHz per channel,
without any kind of analog or digital filtering. All signals were stored and used for latter
analysis. At the end of the sleep recording, all the equipment was stored and the vest was
taken from the animal.

C. Sleep scoring
In this work, a novel procedure and standard for manual sleep scoring in rats is proposed. For
the procedure, a custom-made graphic interface was developed in MATLAB®. Among the
features implemented are:


A comfortable and easy to use interface, that allows to change the amplitude and time
scales and control the visualization grids.



Band-pass filtering for each channel independently.



Wavelet-transform-based spectrogram.



Welch or Fourier spectrum for EEG channels.



Band powers overview across the night.

Furthermore, an easy to use keyboard commands were included to perform the sleep scoring
and navigation in the interface (Examples of some stages are shown in the supplementary
material).
An important difference in the process of sleep scoring from previous studies [12] was the
implementation of a non-specific time window or epochs for sleep scoring. Instead, individual
changes in the electrophysiological patterns across the multivariate universe of the signals (e.g.
spectral, morphological) accounted for the scoring of the sleep stage (easy to use cursors
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allowed to perform such work). We believe that this approach is of great benefit for inter-scorer
agreement and the analysis of sleep dynamics, especially in animals with fast changes in the
electrophysiological activity such as rodents.
Three different sleep stages were included in the procedure, together with two waking
categories (i.e. active and passive wake). The identification rules were as follows: The NREM
sleep was marked whenever the EEG signals showed spindling activity or K-complex; also, in
the presence of slow waves (sometimes hard to observed in the raw signal in rodents, but easy
identifiable in the spectral analysis), also, in this stage, the electromyographic activity was
considered generally lower than in waking. Intermediate state was considered in the presence
of high density sleep spindles in frontal regions together with theta rhythm in posterior ones;
this stage was widely studied by the group of Claude Gottesmann [27], he proposed that in this
phase of transition between NREM to REM sleep there is a similar EEG activity to cerveau
isolé preparations and includes particular cortical and subcortical neuronal activities which
suggest a distinct state compared to REM and NREM sleep [28]. Ultimately, REM sleep was
considered at the presence of posterior and anterior Theta activity without the presence of sleep
spindles and along with a reduction in the electromyographic signal.
Furthermore, a criteria for micro-arousals and twitches were included for sleep scoring, this
variables are seldom used in animal studies, but very important for the continuity of the stage.
Also, these variables have been associated with improvements in theoretical explanatory
models of sleep and might be of importance in the understanding of sleep dynamics [29].
Manual scoring agreement was studied in different animals and nights in order to assess the
reproduction of the procedure, results of this validation are shown in the supplementary
materials for one of the nights evaluated.
Also, an automatic algorithm for sleep scoring was developed and validated. The supervised
support vector machines algorithm obtained an accuracy similar to the inter-scorer agreement
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(> 80%). Nevertheless, in order to be certain about the results of sleep architecture, a manual
scoring for each animal was performed and validated with two experts. Further details are
shown in the supplementary materials.

D. Detection of Spindles
For spindle detection, a rule-based expert system was developed. The principal idea of this
algorithm was to identify as many spindles as possible for consequent visual validation and
scoring of spindles. First, EEG signals were band-pass filtered in a broad sigma frequency band
(6 - 20Hz) using a zero-phase shift Chebyshev-II type filter. Spindles were selected whenever
the RMS (computed in windows of at least four cycles of 7Hz, i.e. 428:6ms) of the filtered
signal surpass a threshold of 0.5 SD over the mean value of the RMS in sleep. If two detected
events were too close in time (up to 100ms), they were merged into a single spindle event,
similar to the criteria proposed by [30]. Spindles were considered if the duration above the
threshold is from 0:4s to 3:5s. After automatic pre-selection, visual validation was performed
for every spindle in each EEG channel (> 25000 spindles were visually inspected). Fig. 2 shows
an example of one detected spindle. All analyses were performed in two groups of spindles
created based on their peak frequencies (i.e. slow spindles: 7 - 11Hz and fast spindles: 11 18Hz). Similar procedures have been used for the detection of sleep spindles in humans [31],
[17], [32] and animal models [33], [34], [35], [30], [12].
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Figure 2. Algorithm for automatic detection of sleep spindles. Raw signal (Top) was filtered
in a wide sigma band (Middle); Mean values between the red lines in the wavelet transform
are showed in the right side of the figure. Lowercase letters show examples of four calculated
features of sleep spindles. (a) Duration, (b) Power, (c) Maximum Amplitude and (d) Peak
Frequency. Right inferior buttons were used for visual validation of spindles.

E. Measures of Spindles
In order to characterize and describe sleep spindles, five different features were included in the
analysis for the whole spindles events detected (Fig. 2).
1) Duration: This measure is a common studied feature in the spindle literature [34]. Here,
duration (in seconds) was considered as the elapsed time where the sigma signal (see
detection of spindles) was above the threshold in the spindle event (Fig. 2).

2) Sigma Power: The signal power (Eq. (3)) in the sigma frequency band was calculated from
the time domain such as:
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𝑃=

2
1
∑ |𝑥(𝑛)|
𝑁
𝑛={𝑁}

Where N is the time for each discrete spindle event detected and x(n) is the filtered signal
in the sigma band (see detection of spindles).
3) Peak Frequency: To get the peak frequency, the mean spectral power was obtained for
each individual spindle using the average of the Gabbor wavelet time-frequency
transformation (Eq.(4)).
𝐶(𝑓, 𝑛) = 𝑥(𝑛) ∗ 𝜓(𝑛, 𝑓, 𝜎)
with a mother wavelet 𝜓 such as:
𝑛

𝜓(𝑛, 𝑓, 𝜎) = 𝑒 2𝜎2

+2𝜋∙𝑓∙𝑛

With the standard deviation for the Gaussian window, 𝜎, set to 4 cycles for each frequency
of f; i.e. 𝜎 = 2/𝑓. The peak frequency was the frequency at the maximum peak in this
power estimation (Fig. 2).
4) Probability of occurrence and phase locking value: One feature related to the interaction
of spindles between regions was included: The phase locking value (PLV)[36]. This
feature is a measure of phase synchronization between two oscillators [37]. The PLV was
calculated for each spindle event detected whenever there was a presence of another
spindle in a different channel. Given a spindle in one channel, the existence of a
concomitant spindle in a second channel was considered whenever more than the 50% of
a spindle was detected in this second channel 250ms around the spindle in the first channel.
For the six pairs of channels (i.e. F1-F2, F1-P1, F1-P2, F2-P1, F2-P2, P1-P2) the PLV was
calculated such that:
𝑃𝐿𝑉 =

1
∑ 𝑒 𝑖(𝜑2 (𝑡)−𝜑1 (𝑡))
𝑡
𝑡={𝑇}
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Where, 𝜑1 and 𝜑2 are the phases from the first and second signal, respectively, during the
spindle time T. The probability of apparition of concomitant spindles were also compared
across subjects between nights.

III. RESULTS
A. Sleep architecture
No significant differences in the percentage of time expended in each sleep stage were found
between the nights before and after repetitive immobilization stress (Fig. 3). Nevertheless, an
increase in the total relative sleep time was found after the stress protocol (Mean ± standard
deviation for PRE: 0:63 ± 0:08, POS: 0:68 ± 0:07. p=0.047).

Figure 3. Mean (bars) and standard deviation (lines) of sleep percentage in three sleep stages
and two waking states before (PRE) and after (POS) 7 days repetitive immobilization stress.
Inter: intermediate state. PW: Passive Wake. AW: active wake.

B. Spindles: Inter-subject differences
First, the median value for each feature in the nights before and after the stress protocol for the
five subjects were compared.
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1) Number of spindles: A reduction in the number of frontal slow spindles, in particular in
the left frontal electrode (Mean ± standard deviation for F1: PRE: 319 ± 99, POS: 259
± 95. F2: PRE: 277 ± 95, POS: 234 ± 73. Fig. 4.A). On the contrary, a significant
increase in the frontal spindles was found when comparing the number of the fast
spindles across subjects (Mean ± standard deviation for F1: PRE: 369±117, POS: 570
± 118. F2: PRE: 338 ± 97, POS: 581 ± 114. See also, Fig. 4.B). There was No significant
differences were found in the number of posterior spindles (Fig. 4).

Figure 4. Mean (bars) and standard deviation (lines) of
the number of spindles in sleep time in the nights before
and after the stress protocol. (A) Slow spindles. (B) Fast
spindles. Significant differences are show such that (*) p
< 0:05 and (**) p < 0:01. F1: Left frontal. F2: Right
frontal. P1: Left posterior. P2: Right posterior.

2) Duration: No differences were found for spindle duration across subjects between the
nights before and after repetitive immobilization stress (Fig. 5).
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Figure 5. Mean (bars) and standard deviation (lines) of the
duration of spindles in the nights before and after the stress
protocol. (A) Slow spindles. (B) Fast spindles. F1: Left
frontal. F2: Right frontal. P1: Left posterior. P2: Right
posterior.

3) Sigma power: After stress, non-significant trends of power increase in the sigma
frequency band were found for the frontal channels together with a reduction in this
variable in the posterior channels (significant for right posterior fast spindles. See
Fig.6). Raw values are shown in Table I.
Channel
F1
F2
P1
P2

Fast
PRE
3.48 ± 2.05
3.74 ± 1.23
1.09 ± 0.45
1.33 ± 0.15

POS
4.23 ± 1.61
4.86 ± 1.62
1.02 ± 0.34
1.14 ± 0.15

Slow
PRE
3.52 ± 2.08
3.79 ± 1.29
1.00 ± 0.41
1.27 ± 0.14

POS
4.17 ± 1.55
4.80 ± 1.67
0.97 ± 0.33
1.11 ± 0.17

Table I. Mean ± standard deviation of the sigma power values in
μV² x104
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Figure 6. Mean (bars) and standard deviation (lines) of the
sigma Power of spindles in the nights before and after the
stress. (A) Slow spindles. (B) Fast spindles. F1: Left frontal.
F2: Right frontal. P1: Left posterior. P2: Right posterior.
Significant differences are show such that (*) p < 0:05.

4) Peak Frequency: An increase of frequency was found for both slow and fast spindles.
Furthermore, a significant increase of the peak frequency was found in the left frontal
channel for fast spindles (Fig.7.B). Raw values are shown in Table II.

Channel
F1
F2
P1
P2

Fast
PRE
13.4 ± 0.58
13.4 ± 0.62
12.4 ± 0.31
12.4 ± 0.14

POS
13.4 ± 0.49
13.4 ± 0.48
12.4 ± 0.22
12.4 ± 0.18

Slow
PRE
8.87 ± 0.27
8.90 ± 0.32
9.02 ± 0.37
9.13 ± 0.33

POS
9.00 ± 0.25
9.07 ± 0.25
9.05 ± 0.36
9.20 ± 0.27

Table II. Mean ± standard deviation of the peak frequency in Hz.
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Figure 7. Mean (bars) and standard deviation (lines) of the
peak frequency of spindles in the nights before and after the
stress. (A) Slow spindles. (B) Fast spindles. F1: Left
frontal. F2: Right frontal. P1: Left posterior. P2: Right
posterior. Significant differences are show such that (*) p <
0:05.

5) Probability of co-occurrence: The probability that two spindles co-occur in time in two
different channels were computed. This probability was significantly reduced for the
slow spindles; this was significant for the channel pairs F1-F2, F1-P1, F2-P1 and P1P2 (Fig.8.A). Raw values are shown in Table III. The opposite tendency was found for
fast spindles (Fig.8.B). There was a significant increased for the interhemispheric
frontal regions for fast spindles (Fig.8.B).
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Figure 8. Mean (bars) and standard deviation (lines) of the
probability of two channels to exhibit spindles in the same
period. (A) Slow spindles. (B) Fast spindles. F1: Left frontal.
F2: Right frontal. P1: Left posterior. P2: Right posterior.
Significant differences are show such that (*) p < 0:05 and (**)
p < 0:008 (Bonferroni correction [38] for 6 different
comparisons).
Channel
F1-F2
F1-P1
F1-P2
F2-P1
F2-P2
P1-P2

Fast
PRE
0.34 ± 0.04
0.09 ± 0.01
0.10 ± 0.02
0.10 ± 0.02
0.12 ± 0.04
0.10 ± 0.01

POS
0.51 ± 0.04
0.13 ± 0.03
0.18 ± 0.05
0.13 ± 0.02
0.19 ± 0.06
0.11 ± 0.03

Slow
PRE
0.29 ± 0.06
0.08 ± 0.01
0.08 ± 0.02
0.08 ± 0.02
0.09 ± 0.02
0.19 ± 0.03

POS
0.23 ± 0.05
0.06 ± 0.03
0.08 ± 0.03
0.06 ± 0.02
0.08 ± 0.03
0.15 ± 0.02

Table III. Mean ± standard deviation of the Probability of
cooccurrence.

6) Phase locking value: Phase-locking values for both kinds of spindles were increased
for inter-hemispheric frontofrontal and fronto-posterior pairs of channels (significant
17

for F1-F2, F1-P2, F2-P2) but the opposite effect was found for the inter-hemispheric
posterior pair, also for both slow and fast spindles (Fig.9). Raw values are shown in
Table IV.

Figure 9. Mean (bars) and standard deviation (lines) of the
phase locking value for sigma frequency in six channel pairs
for concurrent events. (A) Slow spindles. (B) Fast spindles.
F1: Left frontal. F2: Right frontal. P1: Left posterior. P2:
Right posterior. Significant differences are show such that (*)
p < 0:05 and (**) p < 0:008 (Bonferroni correction [38] for 6
different comparisons).
Channel
F1-F2
F1-P1
F1-P2
F2-P1
F2-P2
P1-P2

Fast
PRE
0.83 ± 0.04
0.44 ± 0.04
0.41 ± 0.05
0.43 ± 0.03
0.47 ± 0.06
0.82 ± 0.07

POS
0.90 ± 0.04
0.44 ± 0.03
0.46 ± 0.05
0.45 ± 0.02
0.50 ± 0.06
0.78 ± 0.03

Slow
PRE
0.88 ± 0.05
0.46 ± 0.06
0.43 ± 0.07
0.47 ± 0.08
0.48 ± 0.07
0.87 ± 0.08

POS
0.94 ± 0.02
0.51 ± 0.07
0.51 ± 0.08
0.50 ± 0.08
0.56 ± 0.05
0.80 ± 0.11

Table IV. Mean ± standard deviation of the phase locking value.
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C. Spindles: Intra-subject differences
Some types of stress protocols could be used to produce symptoms of depression such as
anhedonia [26]; nevertheless, around 30% of the subjects in a regular stress protocol fail to
express symptoms of anhedonia [25]. This phenomenon has been associated with individual
differences related to the interaction of both genetic and environmental factors [39].
Accordingly, comparing variables in a group of stressed animals might reduce the statistical
power due to a problem of individual heterogeneity. Therefore, we also compared the computed
features of sleep spindles for every subject independently (distributions and raw values can be
found for every subject in the supplementary material).
1)

Duration: When comparing spindle duration in each subject, there was not a common
result between them; for instance, one of them showed an increase of duration in the right
posterior electrode for fast spindles, but a reduction in slow spindles for left frontal and
right posterior channels (Fig. 10). A second one, showed an increase in duration in the
frontal derivations for fast spindles. Finally, a third subject showed a reduction for fast
spindles in the right frontal electrode and in both frontal electrodes for slow spindles.

Figure 10. Significant changes in duration for all the subjects.
F1: Left frontal. F2: Right frontal. P1: Left posterior. P2: Right
posterior. Significant differences are show such that (*) p <
0:05, (**) p < 0:01 and (***) p < 0:001.
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2)

Sigma power: Regarding the sigma power, two subjects exhibited a similar pattern of
increase in spindle amplitude for both frontal and left posterior regions and both types of
spindles; also, these subjects showed a reduction of sigma power in the right posterior
electrode for both fast and slow spindles; furthermore, in this pair of subjects, there was
an opposite result in the right posterior electrode (one showed a significant reduction and
the other showed an increase). A second group showed also a significant increase of sigma
power in right frontal electrodes (in the left one, one subject showed a significant increase
and the other one a reduction in slow spindles) and a reduction of power in both posterior
electrodes. Finally, one subject showed an overall and significant reduction of power in
both types of sleep spindles (Fig. 11).

Figure 11. Significant changes in sigma power for all the
subjects. F1: Left frontal. F2: Right frontal. P1: Left posterior.
P2: Right posterior. Significant differences are show such that
(**) p < 0:01 and (***) p < 0:001.

3)

Peak frequency: Fast spindles frequency was increased in frontal regions across four
subjects (also one of them showed an increase in the right posterior electrode). Except for
one increase in right posterior frequency in slow spindles, no differences in this type of
spindles were found in these four subjects. Instead, in the fifth subject, a significant
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reduction of peak frequency in both frontal and left posterior channels were found for fast
spindles; this animal also showed an increase in peak frequency of slow spindles (Fig. 12).

Figure 12. Significant changes in peak frequency for all the subjects.
F1: Left frontal. F2: Right frontal. P1: Left posterior. P2: Right
posterior. Significant differences are show such that (*) p < 0:05, (**)
p < 0:01 and (***) p < 0:001.

4)

Phase locking value: Inter-hemispheric synchronization was increased in the frontal
regions across all subjects in both fast and slow spindles; the opposite effect (a significant
reduction) in PLV was found in the inter-hemispheric posterior concurrent spindles (Fig.
13). Also, two subjects showed an increase of all PLV related to frontal electrodes in both
types of spindles. Two more subjects showed individual patterns of significant results (Fig.
13).

21

Figure 13. Significant changes in phase locking value for all the subjects. F1: Left
frontal. F2: Right frontal. P1: Left posterior. P2: Right posterior. Significant differences
are show such that (*) p < 0:05, (**) p < 0:01 and (***) p < 0:001.

D. Corticosterone and anhedonia
Fig. 14 summarize the results in corticosterone and sucrose preference. A non-significant
increase in both variables were found after 7 days of the immobilization stress protocol.

Figure 14. Corticosterone levels and sucrose preference before (PRE)
and after (POS) 7 days repetitive immobilization stress.

E. Correlations between corticosterone and spindles measures
The difference in corticosterone was not correlated with fast spindles number, duration, power
or peak frequency for any channel (Fig. 15). Differences in corticosterone are significantly
correlated with the duration of slow spindle in posterior channels after the stress (and previous
to stress in the left posterior electrode).
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Figure 15. Correlations between difference corticosterone and spindles measures for (A)
slow and (B) fast spindles. F1: Left frontal. F2: Right frontal. P1: Left posterior. P2: Right
posterior. Significant differences are presented such that (*) p < 0:05
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IV. DISCUSSION
A. Spindle detection
In this study, a simple but conservative algorithm for spindle detection was developed, but also
a custom made graphic interface was implemented to manually accept or reject the detected
spindles. This approach, although time expensive reduces the false negative and false positive
events in the detection. We believe that this final visual inspection might be of importance for
every subject independently because individual changes in the sleep patterns (See below) might
produce different results in the detection. In fact, different approaches have been used to detect
and study spindles (See for example Table V) which could have an impact in the observed
results as well as the inclusion (or not) of different kinds of spindles that could go from one
[22], [40] to up to four [14].

B. On the changes in sleep architecture
In this study, an overall increase in total sleep time was found, nevertheless, no differences in
NREM, Intermediate or REM sleep were found. This result points out to the question of which
sleep stage is more related to the increase in sleep time. This result is in line to previous [41]
data of our group in a multiple-sclerosis animal model where also an increase in sleep was
found. Changes in sleep in stressed subjects have been previously related to a sleep rebound,
particularly in REM sleep[42], a result that has been understood as an adaptive response to
stress[39]; Nevertheless, this result could be depended on the type of stressors; for instance,
avoidable and unavoidable electric shocks produces an increase in total sleep time as well as
REM sleep, but not in NREM; whereas cold exposure produces a pattern of increase in NREM
sleep and total sleep time; finally, immobilization stress and REM sleep deprivation show an
increase in NREM, REM and total sleep times [10]. Nonetheless, with repetitive stress
paradigms (particularly immobilization stress) the sleep rebound is reduced over time [43].
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Filter (Hz)

Envelope type

Merging
time (ms)

Min time
(ms)

Max
time (s)

Threshold

Channels

Reference

Specie

Kim et al., [12]

8 - 18

Hilbert (Gaussian
smoothing)

< 300

400

2

2.5 and 5.5 SD

32 cortical

Cerebellum

Mice

Phillips, et al.,[30]

8 - 18

Interpolation of
rectified signal

< 100

500

2

2.5 and 3.5 SD

Motor and
Visual Cx

Cerebellum

SpragueDawley Rats

Eschenko, et
al.,[33]

12 - 15

RMS(100ms
window)

NP

500

NP

2 SD

Prefrontal Cx

NP (Skull)

SpragueDawley Rats

Gardner, et al.,[35]

6 - 18

Envelope (NP) of
the rectified signal

500

400

3

2 and 3.5 SD

mPFC and
nRT

NP

SpragueDawley Rats

NP

Wistar

Study

Barthó, et al.,[34]

300 (T1)
Thalamus
and 100
NP
1.5 and 2.5 SD
and SS-Cx
(T2)
Table V. Comparison of methods for spindles detection based on thresholds of filtered signals
NP: Not presented.
Cx: Cortex.
RMS: root mean squared
SS-Cx: somatosensory cortex.
mPFC: medial prefrontal cortex.
nRT: nucleous reticularis thalami.
7 - 20

Envelope (NP) of
the filtered signal

300

25

Also, the classification of sleep stages in this work only accounted for a broad NREM stage
and not differed between light and deep NREM phases as it has been proposed in the rat [44].
Sleep spindles are a hallmark of light stages of sleep, a phase also known for the smaller
presence of rhythms with lower frequency that have been also related to different homeostatic
processes [45]. The increase in the number of spindles in our subjects could be associated with
changes in the overall architecture within the NREM sleep. To test this hypothesis, further
analysis of different rhythms (such as delta and slow waves) is subject of future work.
In the literature, changes in sleep patterns after immobilization stress protocols are widely
different [9]; for instance, contrary to the regular increase in sleep time [43], [46], some studies
report a reduction in the sleep time with this paradigm [47]. Others, instead, have found a time
depended results for different hours of the day or night [48], [49], or depended of individual
differences across subjects [50].

C. On the spindles features
In our study sample, the number of fast spindles increased after the repetitive immobilization
stress protocol, mainly frontal areas. Instead, the opposite effect was found for slow spindles,
also in the frontal regions. This finding is opposite to previous results [41] of a demyelination
rat model from our laboratory, in which fast spindles were reduced and slow spindles increased
after cuprizone intake which produces a toxic effect in oligodendrocytes. Changes in sleep
spindles have been previously related to alterations in the homeostatic regulation of sleep [40],
an idea supported by multiple studies that positively correlates spindles density with different
cognitive abilities [15]. Furthermore, the increase in the number of spindles has also been
associated with an exaggerated response to irrelevant stimuli [40].
The literature around the density and duration of spindles is very variable. For instance, an
increase in the number of sleep spindle has been previously associated with learning disabilities
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[20], mentally delayed subjects [21], [51], and in children with hypothyroidism [52] or women
(but not men) with major depression [19] where the result has been associated with an increase
in the compensatory mechanisms for cognitive impairments in these subjects. On the other
hand, a reduction in sleep spindles has been widely replicated in patients and animal models of
schizophrenia [53]; a result also similar to children with early depression [18].
In the present study, a nonsignificant increase of power in frontal regions and overall spindle
frequency (significant for fast spindles in the left frontal electrode) is observed; also, a
reduction tendency of spindle power was found in posterior spindles (significant for fast
spindles in right posterior electrodes). Again, a contrary result was found with our previous
findings in our previous study of multiple sclerosis [41]; in the latter, a reduction in spindle
frequency was found after demyelination. About these variables, the literature has also showed
different results; for instance, a reduction in sigma power has been related to more sleep
problems in stressed subjects [22], subjects with schizophrenia [53], [54], and adults with
epilepsy [55]; instead, an increase in spindle amplitude (which is also related to power) is
reported in subjects with mental retardation [20] and adult women (but not men) with major
depression [19]. Also, in the case of spindle frequency, the literature is even more variable,
probably due to methodological differences on the spindle detection (such as the frequency for
spindle filtering). A reduction in spindle frequency has been found in adult subjects with
epilepsy [55] and in animal models of this pathology [14], a result not reported in children with
the same condition [56]. Others instead, fail to identify frequency changes in other conditions
such as schizophrenia [30].
In this study, an increase in the PLV was found whenever the frontal electrodes were involved;
at the same time a reduction in this variable was found for the posterior interhemispheric
comparison (P1-P2). An increase in the phase synchrony measured with this same variable is
probably the most important result in our previous study of multiple sclerosis [41].
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Nonetheless, Kim et al.,[12] used a similar measure [57] study the phase coupling between
spindles in anterior and posterior cortical sites to different thalamic nuclei (ventrobasal and
reticular nuclei) but not between cortical regions; in the mentioned study, a greater coupling
between anterior spindles and reticular nucleus was found, likewise, a larger phase coupling
between posterior spindles and ventrobasal nucleus was described. These results support the
well described idea that specific nuclei in the thalamus projects to specific sites in the cortex
[58] and that these thalamo-cortical networks are involved in the production of spindling
oscillations [11].
Further studies related to coupling of spindles oscillations analyze the relation between
different brain activities (like hippocampal ripples) and the sleep spindles [59], [60], or
neuronal spikes [61]. The study of phase synchronization variables of spindles could be a
valuable tool in understanding normal an abnormal neural phenomenon, for instance, coupling
of hippocampal ripples to sleep spindles is reduced in animal models of psychiatric disorders
such as schizophrenia [30]. Another way to study EEG synchronization is spectral coherence,
a measure that has been previously compared in cortical spindles across regions; an example
is the study of Wamsley et al.,[62] who found a reduction of the spindle coherence in subjects
with schizophrenia compared to controls; nevertheless, coherence values were small even for
control subjects, no specific values for independent pair of channels were reported. Another
study from Gottseling et al., [63] explored the spindle coherence in subjects that suffered
hemispheric strokes; a reduction in both intrahemispheric and interhemispheric coherences
were reported in these subjects compared to controls.

D. On local and global spindles
Differences between spindles types have been reported, yet some studies rather analyzed a
single type of spindles [40]. One of the most common differentiation is a dichotomic
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classification on slow frontal and fast posterior spindles, a result widely reported in humans
[64]; nonetheless, Kim et al.,[12] found the opposite trend in mice; also, Sitnikova et al.,[65]
found a slow posterior and fast posterior spindles trend, but they considered the possibility of
an effect related to the epilepsy rat model used in the study. Others have proposed a different
approach and included up to four different categories of spindling events [14]. The relevance
of these approaches is the differential generation mechanisms proposed for different spindles
types [12], [66]. In the present study, we assessed this issue based on the probability of cooccurrence of spindling patterns between channel pairs and the phase locking in these events;
here, we found that both slow and fast fronto-frontal spindles (F1-F2) might occur with greater
probability, a result also true for slow posterior inter-hemispheric spindles (P1-P2); also, a
greater PLV were found for these contrahemispheric pairs (both F1-F2 and P1-P2). These
results support the idea of local mechanisms of generation of spindles [12]. Terrier and
Gottesmann [66] observed that posterior EEG activity (particularly theta and spindles)
resemble the one in the dorsal hippocampus, and propose the possibility of a volumetric
conduction of EEG activities between these regions; to date, our data supports the idea of
possible differential mechanisms of generation, but the analysis of hippocampal signal
coupling with cortical EEG might help to test this hypothesis.

E. Individual heterogeneity and limitations
In this study, heterogeneous patterns of results were found between subjects (e.g. Figures 10,
11, 12 and 13), this heterogeneity might account for the non-significant differences betweensubjects comparisons such as the ones observed in power (Fig. 6) or peak frequency (Fig. 7).
Individual changes have been also the object of discussion in previous reports on sleep spindles
[40] but also in sleep changes after stress protocols [50] and particularly in the relation between
spindling features and stress [22]. As previously mentioned, results in sleep architecture is very
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depended on the type of stressor [10], [9], and in the case of immobilization stress, the effects
of protocol duration [9], number of repetitions [43] and time before sleep might produce
different effects in the results.
In this study, individual differences in corticosterone levels and sucrose intake could also
support the non-significant changes after the stress protocol (Fig. 14), and also could be
associated with the lack of correlations (regardless the significant correlations between slow
spindle duration and corticosterone levels in Fig. 15) between behavioral and quantitative
measures of sleep spindles (Fig. 15). Moreover, the corticosterone levels in plasma samples
were out of the range for the standard concentrations in the ELISA kit, a limitation that might
also account for the lack of differences in this measure.
Foguel et al., [40] were also concerned about the unexpected results of spindling activity related
to test performance in their study. Some of the considerations from this study might also play
a role in our results. For instance, changes in the environment could lead to differential effects
on sleep architecture [67], [68]; in this study, only a two-days habituation to the recording cage
was included; therefore, individual differences in the studied variables might be related to the
exposure to this new environment. In addition, sleep spindles were sensible to individual
differences in the circadian period of the animal [69], [66], a result also true for architectural
differences in sleep after stress protocols [48], [49]. Furthermore, Dang Vu et al.,[22] found
that changes in spindling activity in stressed human subjects with insomnia were limited to the
initial part of the night. In this study, full night recordings were performed and the analysis was
still limited to the whole recording period, the inclusion of different part of the nights or even
sleep cycles in the animals are subjects of current analysis (some preliminary approaches are
shown in the supplementary materials).
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V. CONCLUSIONS
The study of sleep spindles is of growing interest in sleep neuroscience [70], [13], [64],
possibly because of their relation with memory consolidation [71], [72]. Nevertheless, there is
a wide (and variable) literature in sleep changes related to stress. Also, with the exception of
[22] study on insomnia related to academic stress and Mikoteit et al., [23] study about coping
strategies for stressful situations in kindergarten children, this is the first time that sleep
spindles have been studied in a controlled stress protocol.
In this study, novel methods and tools for sleep scoring and spindle selection were developed
and evaluated. Custom-made software, together with the use of open source codes are highly
recommended for EEG data analysis (e.g. [73], [74]). In fact, custom made software has been
also developed and recommended for the study of sleep spindles [12].
An increase in total sleep time was present in our subjects after the stress protocol, but the
expected increase in REM sleep was not significant. Nevertheless, a wide range of results are
reported in the literature of sleep architecture after stress which suggest a high dependency and
variability depending on the stress protocol and individual differences in the subjects. Different
features of sleep spindles were analyzed. In fact, this study is the first one in including the
phase locking value of spindles between different cortical regions. Significant differences were
found that suggest the existence of differential mechanisms or generators between spindles
types but also changes in these mechanisms after stress.
Finally, heterogeneous results were found between subjects, in behavioral, biological and
electrophysiological data. This result could be associated with possible limitations in the
experimental protocol but also, and more important, with the increasing evidence of individual
factors affecting the output of the results in stress and sleep studies [40], [22]. A lot of work is
still needed to elucidate the mechanisms of sleep and the rhythms of the brain. For instance,
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the inclusion of sleep cycles in animal studies as well as measures such as coupling between
different EEG rhythms might help to understand specific network changes after stress.
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SUPPLEMENTARY MATERIAL

METHODS
Sleep scoring
Examples of the three sleep stages used are presented in the figures 1-S, 2-S, and 3-S. The
graphic interface has an easy-to-use environment which allow the user to observe different
information of the signals. For instance, a zero-phase shift Chebyshev-II band-pass filtering
could be performed for any two frequencies within the Niquist band of the signal. Also, the
interface allows to change the amplitude and time scales and control both X and Y grids. The
wavelet transform spectrogram is shown in the bottom of the page. The power spectrum with
both FFT and Welch approaches could be presented in the right side of the interface together
with the dynamics of different frequency band powers (delta, theta, beta, gamma, sigma, and
theta/beta power ratio) as well as the EMG standard deviation.
An automatic algorithm for sleep scoring was proposed based on support vector machines
(SVM) with a Gaussian kernel. The LibSVM toolbox for MATLAB® was used for this purpose
[1]. First, power and coherence features were calculated from the EEG channels; likewise, the
standard deviation of the EMG was also included (18 features). A first search for c (from -52
to 152 in paces of 2) and g (from -152 to 102 in paces of 2) parameters was performed. The
boundaries for both parameters were empirically defined. A second grid search was performed
around the higher values in the training and validation phase; it was done in steps of 0.2 around
each data point. For training, 30% of the data was used and 5 fold surrogates were performed
for training.
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Figure 1-S. Example of 20 seconds of NREM sleep in the graphic interface developed. Note
the activity in the delta and sigma frequency band, the presence of sleep spindles (red circle)
as well as K-Complex (Green circle). A band-Pass filtering was performed for EEG (0.1 to
25 Hz) and hippocampal (150 to 250 Hz) channels as well as the EMG channel (5-100 Hz).
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Figure 2-S. Example of 20 seconds of intermediate state of sleep in the graphic interface
developed. Note the frontal spindles (red circle) and the posterior theta activity. A band-Pass
filtering was performed for EEG (0.1 to 25 Hz) and hippocampal (150 to 250 Hz) channels
as well as the EMG channel (5-100 Hz).
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Figure 3-S. Example of 20 seconds of REM state of sleep in the graphic interface developed.
Note the theta activity in EEG and Hippocampal channels and the reduced
electromyographic activity. A regular twitch is observed in the middle of the page. Raw data
(without Band-Pass filtering is presented in this example.
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RESULTS
Sleep scoring
Figure 4-S shows an example of inter-scorer agreement between two trained experts and the
accuracy for sleep stage classification with the automatic algorithm for one experimental night.
Note the similarity between the results.

Figure 4-S. Mean results for inter-scorer agreement for
sleep stages and the accuracy the automatic procedure
compared to both human scorers. S1 and S2 are the scorers.

Object recognition test
Figure 5-S presents the results for preference indexes measured for times and frequencies of
exploration for two different experts. A positive linear correlation in the measures of both
scorers was found (Time: p=0.0019; r=0.99. Frequency: p=0.0061; r=0.97).
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Figure 5-S. Preference index for exploration times and frequencies of the novel object.
Individual differences in the studied features for sleep spindles
Figures 6-S -10-S show individual distributions of duration, peak frequency, sigma power and
phase locking value for each subject. significant differences could be found in the original
document.

CURRENT AND FUTURE WORK
Cross frequency coupling between delta and sigma activity
Sleep spindles have been previously associated with specific phase coupling with slow waves
[2] and delta activity [3]. Cross frequency coupling between sleep spindles and delta activity
has been studied using the analytical signal of the band-pass filtered signals at sigma (7-11 Hz
or 11-18 Hz depending on the type of spindle) and delta (1-4Hz). To do this, a phase space is
created using the the instantaneous amplitude of the sigma activity and the phase from the delta
signal. The CircStat toolbox[4] was used to calculate the mean vector in this space for each
spindle; Then, a circular dist is created based on the phase and amplitudes of the vectors and
unimodal distrubution for circular data was tested using the Rayleigh test from the same
statistic package. An example of this analysis applied to a representative channel of one of the
subjects is shown in Fig. 11 Note the significant phase synchronicity in the spindles previous
to the stress protocol, and the dilution of this phenomena after the protocol.
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Figure 6-S. Individual distribution for duration (s), Peak frequency (Hz), Power ( V2x104)
and PLV for Subject 1.
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Figure 7-S. Individual distribution for duration (s), Peak frequency (Hz), Power ( V2x104)
and PLV for Subject 2.
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Figure 8-S. Individual distribution for duration (s), Peak frequency (Hz), Power ( V2x104)
and PLV for Subject 3.
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Figure 9-S. Individual distribution for duration (s), Peak frequency (Hz), Power ( V2x104)
and PLV for Subject 4.

50

Figure 10-S. Individual distribution for duration (s), Peak frequency (Hz), Power
( V2x104) and PLV for Subject 5.
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Figure 11-S. Example of phase coupling between sleep spindles and delta
activity. Blue arrows in the left are the mean vectors for each spindle for one
subject. The red line is the mean vector for the total number of spindles (in
other words is the grand average coupling vector for that channel for one
subject). The right side of the figure shows the circular distribution of mean
spindling amplitude in a delta cycle. The significance values under the
distributions is the p value for the Rayleigh test for circular normality.
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