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Cortico-pontine theta carrier frequency phase shift across sleep/wake
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Abstract. This study was aimed to explore the sleep/wake states related cortico-pontine theta carrier
frequency phase shift following a systemically induced chemical axotomy of the monoaminergic
afferents within a brain of the freely moving rats. Our experiments were performed in 14 adult,
male Sprague Dawley rats, chronically implanted for sleep recording. We recorded sleep during
baseline condition, following sham injection (saline i.p. 1 ml/kg), and every week for 5 weeks fol-
lowing injection of the systemic neurotoxins (DSP-4 or PCA; 1 ml/kg, i.p.) for chemical axotomy
of the locus coeruleus (LC) and dorsal raphe (DR) axon terminals. After sleep/wake states iden-
tification, FFT analysis was performed on 5 s epochs. Theta carrier frequency phase shift (AD)
was calculated for each epoch by averaging theta Fourier component phase shifts, and the A®
values were plotted for each rat in control condition and 28 days following the monoaminergic
lesions, as a time for permanently established DR or LC chemical axotomy. Calculated group
averages have shown that A® increased between pons and cortex significantly in all sleep/wake
states (Wake, NREM and REM) following the monoaminergic lesions, with respect to controls.
Monoaminergic lesions established the pontine leading role in the brain theta oscillations during
all sleep/wake states.
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Introduction

Neuronal network oscillations in the brain functions, and
neuronal synchrony within the same network or between
interrelated networks, have been extensively investigated
on different oscillation bands (Singer 1993). However, the
exact mechanisms of brain oscillations and synchroniza-
tion of neuronal activity within single or between different
brain structures are not well understood (Penttonen and
Buzsaki 2003).

The hippocampal theta rhythm is the most studied
rhythm in rat. Theta oscillations occur across many brain
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structures, like within the structures of the limbic cortex
(Buzsaki 2002). They are present in the hippocampal and
retrohippocampal areas in the cat, rabbit, and human (Vertes
and Kocsis 1997), and they are considered as a correlate of
arousal, orientation, exploration, attention, learning and
memory, motivational drives, emotions, voluntary move-
ments, the encoding of new information (Vinogradova
1995).

Ascending brainstem synchronizing pathways influence
the electrophysiological and pharmacological properties of
the neocortex, and their functional significance is general-
ized regulation of neocortical activities related to sensori-
motor behavior (Vertes 1982; Bland and Oddie 1998).

It is well known that the pontine cholinergic neurons
of the pedunculopontine tegmental nucleus/laterodorsal
tegmental nucleus (PPT/LDT), as a part of the ascending
brainstem synchronizing pathway (Karashima et al. 2004;
Datta and McLean 2007), play a crucial role in generation
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of rapid eye movement (REM) sleep through reciprocal
interconnection with serotonergic dorsal raphe (DR) and
noradrenergic locus coeruleus (LC) neurons (Hobson et
al. 1975). Inhibitory interaction between these regions are
important in regulating their activity, and the opposite,
reciprocal discharge patterns of the monoaminergic and
cholinergic neurons within pons were proposed to underline
the cyclic appearance of REM sleep (McCarley and Hobson
1975). DR and LC are the main sources of monoamines
in the brain, and their extensive efferents implicate these
structures in a variety of behavioral functions, particularly in
sleep regulation (Lydic et al. 1987), motor (Fenik and Veasey
2003) and respiratory control (Carley and Radulovacki 2003;
Saponyjic et al. 2005).

It was demonstrated that the systemic selective lesion
of the noradrenergic or serotonergic axon terminals did
not affect the sleep/wake distribution compared with
controls (Saponjic et al. 2007a). Using spectral analysis
and phase shift spectra of the cortical and pontine elec-
troencephalogram (EEG), we have proved that chroni-
cally decreased brain monoamines in freely moving rats
changed synchronization phase shift between sensorimotor
cortical and pontine theta oscillations, and pons became
the leading theta oscillator (Saponjic et al. 2007b; Kalauzi
et al. 2008, 2009). Although a tonically decreased level
of brain monoamines did not induce any disturbance in
sleep/wake distribution, it induced a characteristic mode
of sigma/theta coupling during non REM (NREM) sleep,
suggesting an importance of monoamines in NREM sleep
consolidation (Kesic et al. 2011). All these results suggest
an importance of monoamines in control of sleep spindle
and theta rhythm generators, as well as in the brain theta
oscillation synchronization.

This study was aimed to explore the sleep/wake states
related cortico-pontine theta carrier frequency phase
shift following systemically induced chemical axotomy of
monoaminergic afferents within the brain of freely mov-
ing rats.

Materials and Methods

The experiments were performed in 14 adult, male Sprague
Dawley rats chronically implanted for sleep recording, dur-
ing baseline condition, following sham injection (saline i.p.
1 ml/kg), and every week for 5 weeks following injection
of the systemic neurotoxins. The surgical procedures em-
ployed for chronic electrode implantation, and all details
about systemically induced monoaminergic axotomy (the
monoaminergic lesions) have been previously described
(Saponjic et al. 2007a), and are outlined below.

Prior to surgery and consistently throughout the ex-
perimental protocol, animals were maintained on a 12-

hour light-dark cycle, and were housed at 25°C with free
access to food and water. Principles for the care and use
of laboratory animals in research were strictly followed,
as outlined by the Guide for Care and Use of Laboratory
animals (National Academy of Sciences Press, Washington
DC, 1996).

For the operative procedure animals were anesthetized
with a combination of 80 mg/kg ketamine (Abbot Labo-
ratories, North Chicago, IL, USA) and 5 mg/kg xylazine
(Phoenix Scientific Inc. St. Joseph, MO, USA) by intra-
peritoneal (i.p.) injection. We implanted bilateral parietal
stainless-steel screw electrodes for EEG cortical activity re-
cording (A/P:2.5; R/L: 2; D/V: 1 to bregma), and a twisted-
pair bipolar electrode, fabricated using teflon coated wire
(Medwire, Mt. Vernon, NY, USA) with an uninsulated tip
of 0.5 mm, was stereotaxically targeted into the right PPT
(A/P: -7.80; L: 2; D/V: -7.40) for pontine P-wave record-
ing, and bilateral electromyogram (EMG) wire electrodes
were implanted into the dorsal nuchal musculature to assess
skeletal muscle activity. All electrode leads were soldered to
aminijature connector plug (39F1401, Newark Electronics,
Schaumburg, Illinois, USA), and the assembly was fixed to
the screw electrodes and skull using acrylic dental cement
(Justi, Saslow Dental, Mt. Prospect, Illinois, USA). Scalp
wounds were sutured and the rats were recovered for 2
weeks before experimental recording sessions began. All ex-
perimental recordings were bipolar and began at 9:00 a.m.
and lasted 6 h. EEG activities carried from the connector
plug on the rat head by cable and passed through a sealed
port of the plethysmograph were displayed on a computer
monitor (Experimenter’s Workbench, Datawave Systems,
Longmont, CO, USA), and stored on disk for further oft-
line analysis. After conventional amplification and filtering
(0.1-50 Hz band pass; Grass Model 12, West Warwick, RI)
the analog data were digitized (sampling frequency 100/s)
and recorded using Brain Wave for Windows software
(Datawave System Longmont, CO, USA).

For chemical axotomy of the locus coeruleus (n = 7) we
used DSP-4 (N-(2-chloroethyl)-N-ethyl-2-bromomenzil-
amine, Sigma-Aldrich, MO, 50 mg/kg i.p. in single dose),
and for dorsal raphe axon terminals (n = 7) PCA neurotoxin
(p-chloroamphetamine, Sigma-Aldrich, MO, two i.p. injec-
tions, 6 mg/kg, 24 h apart).

In this study, for analysis of the lesion effects, we included
only recordings from animals that completed the 5-week
post-lesion follow-up period (4 PCA lesioned rats, and 5
DSP-4 lesioned rats).

For the spectral and phase shift analysis we used overall
6-h recordings in control condition and 28 days following
monoaminergic lesions, as a well evidenced time for per-
manently established DR or LC chemical axotomy. Each
lesioned rat was compared with respect to its own control.
Sleep/wake states (Wake, NREM, REM) were identified for
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Figure 1. Analog signals and amplitude spectra from an individual rat in control condition (A) and 28 days following PCA lesion (B).
Upper panels: an example of 5 s epoch of analog cortical (Cortex) and pontine (Pons) EEG signal. Lower panels: mean normalized am-
plitude spectra of the 6 h recordings (4320 epochs of 5 s per each signal and condition) depict the characteristic overlapping of cortical
and pontine spectra in the amplitude of 5-8 Hz band. PCA, p-chloramphetamine.

each 10 s epoch. We extracted all 5 s epochs (4320 epochs
of 5s) from cortical and pontine EEG signals (upper panels
Fig. 1A,B), and the Fourier analysis was performed using
standard FFT routine supplied with MATLAB 6.5. Ampli-
tude spectra were calculated for each 5 s epoch (lower pan-
els Fig. 1A,B) and averaged. In order to calculate the theta
frequency phase shifts, we used our originally developed
procedure, described in all details in Kalauzi et al. (2009),
where we treated each of the two signals in the theta band
as amplitude modulated carrier frequency signals.

Namely, we observed each of the two signals in the theta
band as amplitude modulated carrier frequency sinusoidal
functions:

u(t) = (1+u,,(1))4, sin(w,t + ) (1)

where u,,, represents the modulating waveform; A, w. and
@ stand for the amplitude, circular frequency and initial
phase of the carrier wave, respectively. By expanding the
modulating waveform into Fourier series

u, (t) = ZUmi sin(@,t + ¢,,) )

i=1

Eq. (1) could be rewritten as:

u(t) = A, sin(w,t + D) + 4. sin(w,t + (D)ZUW. sin(@,;t + @,,;)

mi

3)

By transforming each product of sinuses in Eq. (3) into
a sum, we obtain

u(t) = A, sin(w .t + D) + 1 Z Ui {cos[(a)c — W)
2ia @)

t+(1)—gom,~]—cos[(a)c +a)mi)t+q)+(ﬂmi]}

Eq. (4) shows that each EEG oscillation, being charac-
terized by variable amplitude, occupies a frequency band
symmetrically around the carrier frequency w,, usually
coinciding with position of the local band maximum in the
amplitude spectrum. More, this equation shows that initial
phase of the carrier frequency, @, could be calculated by av-
eraging initial phases of Fourier components from the lower
and higher side bands of the modulated signal, symmetrically
around w,. The same is valid if we record two amplitude vari-
able EEG signals with equal carrier frequencies; their carrier
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frequency phase shift (A®) could be obtained by averaging
phase shifts of Fourier components, A® + Ag,,;. Bearing in
mind that phases and phase differences are angular random
variables, amplitude-weighted angular average for calculat-
ing AQ should be applied:

zAliAZi sin(Ag;)
A® =arctan-b—— (5)

Z A4, cos(Ap,)
il

where A; and Aj; stand for amplitudes of the i-th Fourier
component of the two signals (indexed by 1 and 2). As can
be seen from formula (5), carrier frequency phase shift, AQ
is not sensitive to changes of amplitudes of any of the two
signals, since signal attenuation or amplification is directly
proportional to all Fourier amplitudes. Consequently, dur-
ing this analysis, there was no need to track the degree of
amplification or perform signal amplitude calibration.

In our experiments, theta carrier frequency phase shifts
(A®) were obtained, for each of the corresponding number of
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epochs, by integrating Fourier component phase shifts in the
range 4.2-8 Hz, and plotted, according to procedure explained
above, and in Kalauzi et al. (2009). Carrier frequencies for
all rats were in the range 5.2-6.8 Hz. Mean values of carrier
frequency phase shifts, mean AQ, calculated from each histo-
gram, were then transformed into corresponding time delays
for each theta carrier frequency cfy by applying formula tp =
(mean A®)/(cfy x 360°). In angular statistics, phase locking
between two oscillations is significant if standard deviation
of their phase difference falls below a critical value. Angular
significances for theta carrier AQ locking, at probability level
D, were estimated by comparing values of the detected angular
standard deviations (SD A®) with their equivalents for ran-
dom angles (for 4320 epochs the significantly critical, at the
level p < 0.05, was SD A < 44.67 deg).

Results

We formerly detected (Kalauzi et al. 2009) significant AQ
locking between cortical and pontine theta carrier fre-
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Figure 2. Individual examples of the cortico-pontine theta carrier frequency phase shift histograms per 6 h of sleep recording (Total), and in
each sleep/wake state during 6 h of sleep recording (Wake, NREM, REM). White: control histogram. Black: 28 days after PCA lesion. Number
of detected epochs (n) for each state, the angular AQ mean, and its corresponding standard deviation are indicated in the upper left/right corner
of each. ADcy pons » theta carrier frequency phase shift; n(A®cy pons), number of epochs having ADcy pons within each histogram bin.
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quency in 6/9 rats, determined for each rat in the range
5.2-6.8 Hz, in both conditions (control and lesion), and
an augmentation of the theta carrier phase shift towards
pons leading in phase compared to cortex. Here we have
followed A® across differentiated sleep/wake states for
these six animals. Individual examples of A® histograms
per 6 h of recording, in total time (Total), and extracted
per each sleep/wake state (Wake; NREM; REM) in control
condition (white histograms), and 28 days following le-
sion (black histograms) are presented on Fig. 2 (for PCA
lesion) and Fig. 3 (for DSP-4 lesion). Sleep/wake states
differentiated A® have shown that in control condition in
3/6 rats cortical theta preceded pontine, while in 3/6 rats
it was the opposite in all sleep stages (Wake, NREM and
REM) (Fig. 4). Following lesion, pontine theta leaded in
4/6 rats during Wake, in 5/6 rats during NREM and REM
sleep. When we compared Wake, NREM and REM group
mean AQ values by Friedman ANOVA test we evidenced
a significant lesion induced leading pontine theta with
respect to control condition for all sleep states (6/6; X2 =
21.90, p <0.0006). Control group A® means were: for Wake
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13.38 + 40.26 deg; for NREM 19.88 + 37.24 deg; and for
REM 13.83 + 41.73 deg. Lesion group A® means were: for
Wake -42.22 + 57.65 deg; for NREM -42.88 + 38.86 deg;
and for REM -37.75 + 54.24 deg. Therefore, positive AQ
(cortex leading in phase) in control rats changed its sign,
signifying that pons became the leading structure in all
states and in both lesions. There was no significant dif-
ference between state related group A® means in control
(z=-0.41, p = 0.68), and lesion conditions (z > -0.41, p >
0.22), but the group A® means of separate Wake, NREM
and REM in lesion condition were significantly different
with respect their control values (z = 2.04, p = 0.04). All
individual values of control and lesion mean A® for Wake,
NREM and REM are depicted on Table 1.

When we analyzed the group mean AQ® differences
between control and lesion conditions (Fig. 5) for all
sleep/wake states, we have found the highest group mean
A difference value in NREM sleep (Wake - 55.6 +20.30
deg; NREM - 62.8 + 37.33 deg; REM - 51.6 + 19.22 deg),
but we did not evidence this difference as statistically
significant ()(2 = 3.0, p < 0.22). All individual AQ differ-
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Figure 3. Individual examples of the cortico-pontine theta carrier frequency phase shift histograms per 6 h of sleep recording (Total) and
each sleep/wake state during 6 h recording (Wake, NREM, REM). White: control histogram. Black: 28 days after DSP-4 lesion. Number
of detected epochs (n) for each state, the angular A® mean, and its corresponding standard deviation are indicated in the upper left/right
corner of each histogram.
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Figure 4. Sleep/wake state related mean of the cortico-pontine theta carrier frequency phase shift A® values (left column) and their
corresponding angular standard deviations (right column) for each of the six analyzed animals (individual rats are presented as different
symbols), in control and lesion condition. Solid lines: DSP-4 lesion rats; dashed lines: PCA lesion rats. Bold line in the middle of the
upper and lower left panels: group mean + SD. Negative A® corresponds to pons leading ahead of cortex.

ences between control and lesion conditions are depicted
on Table 1.

Discussion

Our results have shown that tonically decreased level of
brain monoamines, caused by systemically induced chemical
axotomy of the noradrenergic efferents of LC, and seroton-
erigic efferents of DR, in freely moving rats, increased theta
synchronization phase shift between sensorimotor cortex
and pons, and pons became a leading theta oscillator, gener-
ally across all sleep/wake states.

Our previous studies demonstrated that tonically de-
creased level of brain monoamines did not change sleep/wake
states distribution during 6 h of sleep recording (Saponjic et

al. 2007b), but it is expressed as an altered strength and mode
of coupling between sigma and theta oscillations within
the sensorimotor cortex, particularly with an emerged new
“mode” of cortical sigma/theta oscillations coupling during
NREM sleep (Kesic et al. 2011). These results suggested an
important role of monoamines in NREM consolidation, and
in control of the sleep spindle and theta rhythm generators.
Also, loss of monoaminergic signaling altered the carrier
frequency phase shift between sensorimotor cortical and
pontine theta oscillations (Kalauzi et al. 2009), and pons took
a leading theta oscillatory role, showing that monoamines
play an important role in the freely moving rat brain theta
synchronization.

Hippocampal theta rhythm, in addition to other physi-
ological functions, may be considered as a tonic REM sign,
alongside with increased EEG activity and muscle atonia.
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Table 1. Lesion-induced changes of cortico-pontine theta carrier frequency phase shift (A®) and corresponding time delays (tp) during

Wake, NREM and REM state

State Group cfy (Hz) mean AD (deg) Adc - ADL fp (ms) AtO (ms)
control lesion (deg) control lesion
RO5 (PCA) 6.8 -43+24.1 -473+34 43.0 -1.7 -19.3 17.6
RO7 (PCA) 6.8 68.7 £ 39.0 26.7 +41.8 42.0 28.1 10.9 17.2
Wake R11 (PCA) 6.6 51.8 £45.3 11.9+44.7 39.9 21.8 5.0 16.8
R04 (DSP-4) 5.2 -354+435 -127.7 £44.1 92.3 -18.9 -68.2 49.3
RO6 (DSP-4) 6.6 15.6 +32.7 -35.2+32.1 50.8 6.6 -14.8 214
R14 (DSP-4) 6.0 -16.1 +37.2 -81.7 +44.1 65.6 -7.5 -37.8 30.3
RO5 (PCA) 6.8 -1.6 £ 30.4 -47.5+13.2 45.9 -0.65 -19.4 18.7
RO7 (PCA) 6.8 57.3+37.2 19.4 £ 435 37.9 23.4 7.9 15.5
NREM R11 (PCA) 6.6 31.1+44.1 —45.5+44.7 76.6 13.1 -19.1 32.2
R04 (DSP-4) 5.2 -20.2 £43.5 -33.1+45.3 12.9 -10.8 -17.7 6.9
RO6 (DSP-4) 6.6 66.7 +44.7 -48.4+17.8 115.1 28.1 -20.4 48.5
R14 (DSP-4) 6.0 -14.0 £ 29.8 -102.2 £43.0 88.2 -6.5 -47.3 40.8
RO5 (PCA) 6.8 -16.9+17.2 -51+74 34.1 -6.9 -20.8 13.9
RO7 (PCA) 6.8 87.1 +24.6 53.2+41.2 33.9 35.6 21.7 13.9
REM R11 (PCA) 6.6 31.7+ 435 -26.6 +42.4 58.3 13.3 -11.2 24.5
R04 (DSP-4) 5.2 -12.9+39.5 -75.9 + 46.4 63.0 -6.9 -40.5 33.6
R06 (DSP-4) 6.6 16.9 +25.2 -219+ 155 38.8 7.1 -9.2 16.3
R14 (DSP-4) 6.0 -22.9 +37.8 -104.3 £43.0 81.4 -10.6 -48.3 37.7

On the other hand, PGO (ponto-geniculo-occipital) waves
represent the most important REM phasic sign, although
a number of other phenomena may be simultaneously
detected (muscle twitches, breathing and heart rate fluctua-
tions, rapid eye movements). Before and during REM phase,
a group of neurons in the pontine tegmentum is subject to
a phasic activation, causing the appearance of the electro-
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Figure 5. Sleep/wake states related differences of the mean A®
values, between control and lesion conditions, for the same group
of rats depicted in two left panels at Fig. 4.

physiologically detectable PGO waves (or corresponding P
wave at the pontine level). Glutamatergic neurons of locus
subcoeruleus are thought to be the P wave generator (Datta
et al. 1998; Datta and Mac Lean 2007). Projections of this
nucleus include PPT, hippocampus, amygdala, enthorinal
and visual cortex (Datta et al. 1998). Within these, PPT is
significant as a part of the ascending brainstem hippocampal
synchronizing pathway, while its projection to dorsal hip-
pocampus has been pharmacologically proven (Datta 2006).
During REM phase, a positive correlation was found between
P wave activity and hippocampal theta waves (Karashima
et al. 2004, 2005, 2007). In order to explain detected phase
locking between hippocampal theta rhythm and the P waves
during REM sleep in rats, Karashima et al. (2004) offered
three hypotheses: P wave and REM generators control theta
frequency and amplitude; theta wave generator controls P
wave and REMs densities; both theta wave dynamics and
P wave and REMs densities are controlled by some other
common mechanisms.

Since all REM phasic phenomena, such as the muscle
twitches, respiration and heart rhythm surges and P waves,
tended to occur simultaneously, Karashima et al. (2004)
hypothesized that they are all linked to one common phasic
event generator in the brain. On the bases of his study which
was in agreement with other studies (Datta and Patterson
2003; Saponjic et al. 2003), PPT was suggested as a pos-
sible pontine reticular formation structure influencing the
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dynamics of the phasic events, as well as the hippocampal
theta waves.

In our former study we have found (Kalauzi et al. 2009)
the significant cortico-pontine theta carrier frequency
phase shift locking, and a systemic monoaminegic lesion
induced pontine leading role in the brain theta oscil-
lations. Our present study evidenced that the angular
phase shift increase fell in the range of 27.1-86.9 degrees
(57.37 + 24.44 deg), corresponding to temporal delay in
the range of 14.5-40.2 ms (25.30 + 10.54 ms) across the
population.

We have shown that this monoaminergic lesion induced
theta carrier frequency phase shift (A®) increase between
pons and cortex is generalized, and non specific for any
sleep/wake state (Wake, NREM and REM; Fig. 5). Still, al-
though not significant, the monoaminergic lesions (lesion of
the brain LC and DR afferent systems) induced the highest
group mean AQ difference during NREM sleep, probably
due to lesion induced more frequent NREM/REM transi-
tions. Although in this study we did not differentiate the
transition states during sleep, the NREM/REM transitions
are states with predominance of the phasic theta versus tonic
theta oscillations, and are characterized with an increase
of P wave densities, particularly clustered P waves, whose
intrinsic frequency corresponds to theta frequency oscilla-
tions (Datta and McLean 2007), and could additionally yield
higher NREM A difference.
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