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It is known that the thalamocortical loop plays a crucial role in the encoding of sensory-
discriminative features of painful stimuli. However, only a few studies have addressed the
changes in thalamocortical dynamics that may occur after the onset of chronic pain. Our
goal was to evaluate how the induction of chronic neuropathic pain affected the flow of
information within the thalamocortical loop throughout the brain states of the sleep—wake
cycle. To address this issue we recorded local field potentials (LFPs) — both before and
after the establishment of neuropathic pain in awake freely moving adult rats chronically
implanted with arrays of multielectrodes in the lateral thalamus and primary somatosen-
sory cortex. Our results show that the neuropathic injury induced changes in the number
of wake and slow-wave-sleep (SWS) state episodes, and especially in the total number of
transitions between brain states. Moreover, partial directed coherence — analysis revealed
that the amount of information flow between cortex and thalamus in neuropathic animals
decreased significantly, indicating that the overall thalamic activity had less weight over
the cortical activity. However, thalamocortical LFPs displayed higher phase-locking during
awake and SWS episodes after the nerve lesion, suggesting faster transmission of relevant
information along the thalamocortical loop. The observed changes are in agreement with
the hypothesis of thalamic dysfunction after the onset of chronic pain, and may result from
diminished inhibitory effect of the primary somatosensory cortex over the lateral thalamus.
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INTRODUCTION

Although classically viewed as indicators of sleep—arousal tran-
sitions (McCormick and Bal, 1997), thalamocortical oscillations
are now known to play an important role in the perception of
visual, auditory, and somatosensory stimuli (Jones, 2001; Sherman
and Guillery, 2002; Ribary, 2005; Massimini et al., 2009). Recent
studies have shown that the disruption of this oscillatory activ-
ity in the thalamocortical loop impairs attentional control, affects
the normal processing of sensory information, and disrupts the
recall of previous sensory experiences (Lumer et al., 1997; Wiest
and Nicolelis, 2003; de Labra et al., 2007; Meehan et al., 2008; Ray
etal.,2009). In what concerns pain perception, the functional loop
between neurons of the primary somatosensory cortex and lateral
thalamic nuclei is known for a long time to be fundamental in the
processing of the sensory—discriminative features of painful stim-
uli that are transmitted through the spinothalamic tract (Willis,
2007; Lima, 2008). However, recent studies have proposed a larger
sensory role for thalamocortical oscillations by suggesting that dis-
ruption of their fine balance could be at the onset of neurogenic
pain by a process known as thalamocortical dysrhythmia, in which
slower brain rhythms are produced by a disruption of inhibitory
feedback in thalamic neurons (Llinds et al., 1999). This hypothesis
is supported by the clinical observation that chronic pain patients
have a shift in their EEG spectrum toward lower dominant fre-
quencies (Chen and Herrmann, 2001; Drewes et al., 2008; Walton

etal., 2010). Moreover chronic pain patients display an increase in
EEG power over theta frequency which also supports the neuro-
genic hypothesis of thalamocortical dysrhythmia (Sarnthein et al.,
2006; Bjork et al., 2009; Walton et al., 2010).

It is, however, difficult to assess how critically important are
these thalamocortical changes to the onset of chronic pain symp-
toms, since they also occur in several non-painful neurological
conditions such as epilepsy, Parkinson disease, essential tremor,
tinnitus, and non-painful paraplegia (Jeanmonod et al., 2003;
Hughes and Crunelli, 2005; Sarnthein and Jeanmonod, 2007;
Boord et al., 2008; Kane et al., 2009). Furthermore, these human
studies were based in short recording sessions, and have not taken
into consideration how the disruption of the thalamocortical oscil-
lations might affect the patient’s state of vigilance, which is highly
relevant since chronic pain causes fragmentation of sleep patterns
(Gudbjornsson et al., 1993; Drewes et al., 1995; Jones et al., 1996;
Hagen et al., 1997; Tishler et al., 1997; Morin et al., 1998) while
sleep deprivation exacerbates pain perception (Moldofsky et al.,
1975; Drewes et al., 1997; Lentz et al., 1999; Onen et al., 2001;
Kundermann et al., 2004; Edwards et al., 2008). More importantly,
the human studies cannot solve the conundrum of determining if
the chronic pain is a cause or a consequence of the thalamocortical
dysrhythmia.

Chronic painful conditions are commonly associated with sleep
disturbances (Lautenbacher et al., 2006; Tang et al., 2007). In fact,
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the relationship between pain and sleep appears to be reciprocal:
while pain may interrupt or disturb sleep, poor sleep can also influ-
ence pain perception. However, the influence of sleep disturbances
on pain processing is still poorly investigated. Previous neuro-
physiological studies describing changes in brain oscillations in
animal models of chronic pain during sleep—wake cycle were com-
monly limited to only short periods or single sessions of recording
(Andersen and Tufik, 2003; Kontinen et al., 2003; Monassi et al.,
2003; Keay et al., 2004; Silva et al., 2008), and most of them were
mainly focused in the changes in sleep patterns (Carli et al., 1987;
Landis et al., 1988; Millecamps et al., 2005) without addressing the
changes in brain activity.

On the other hand no animal studies have addressed the
changes in thalamocortical dynamics after the onset of chronic
pain across the sleep—wake cycle, although a few have described
the changes occurring in the thalamocortical loop during acute
painful stimulation or immediately following formalin injection
(Wang et al., 2003, 2004; Huang et al., 2006). Therefore, our
goal was to evaluate how the induction of prolonged neuropathic
pain affected the thalamocortical dynamics. To pursue this goal
we recorded the spontaneous neural activity of freely moving
adult rats using multielectrodes chronically implanted in the pri-
mary somatosensory cortex and lateral thalamus, in long duration
recording sessions — 24 h — performed before and after the induc-
tion of the spared nerve injury (SNI) — model of neuropathic pain
(Decosterd and Woolf, 2000).

MATERIALS AND METHODS

ETHICS STATEMENT

All procedures and experiments adhered to the guidelines of the
Committee for Research and Ethical Issues of IASP (Zimmer-
mann, 1983), with the Ethical Guidelines for Animal Experimenta-
tion of the European Community Directive Number 86/609/ECC
of 24 November of 1986, and were locally approved by national
regulatory office [Direc¢do Geral de Veterindria (DGV), Lisboa,
Portugal].

Twelve adult male Sprague-Dawley rats weighing between 350
and 450 g were used in this study. The rats were maintained on
a 12-h light/dark cycle (light period from 7 a.m. to 7 p.m.), and
given ad libitum access to food and water during the habitua-
tion and the recording sessions. Both habituation and record-
ing sessions started at approximately the same time each day
(7 p.m.).

SURGICAL METHODS

For the surgical implantation of the intracranial multielectrodes
arrays the animals were anesthetized with a mixture of xylazine
and ketamine (10 and 60 mg/kg, respectively, i.m.). Anesthesia
was maintained with small additional injections of ketamine (one-
third of the initial dosage). The depth of anesthesia and paralysis
of the musculature was assessed by regularly testing the corneal
blink, hindpaw withdrawal, and tail-pinch reflexes. After the anes-
thesia induction, each animal received a dose of atropine sulfate
(0.02 mg/kg, s.c.), and 1 mL of serum (sucrose 2% p/v in NaCl
0.9% p/v, s.c.) every hour during the surgery. Core body temper-
ature was measured with a rectal thermometer and maintained at
37°C by means of a homoeothermic blanket system.

The animal’s head was shaved and cleaned using a triple appli-
cation of alcohol (70%, v/v) and betadine. A midline subcutaneous
injection of 0.3 mL of 1% lignocaine (B Braun, Melsungen, Ger-
many) was applied to the scalp for local analgesia. Anesthetized
animals were secured in a stereotaxic frame using ear bars, and a
midline incision was made caudally to the animal’s eyes and end-
ing between ears. The connective tissue was blunt-dissected from
the skull, and the top of the skull was exposed and cleaned using
hydrogen peroxide. After the scalp was excised, holes were drilled
in the skull for microelectrode passage and for implantation of
four to five screws. These screws were used for securing probes
and for grounding purposes. The skull was covered by mineral oil
in order to avoid dehydration during surgical procedure.

Each microelectrode array included eight filaments
(1 array/area) of isonel-coated tungsten wire (35 um diameter;
California Fine Wire Company, Grover Beach, CA, USA) with
impedances varying between 0.5 and 0.7 M2 at 1 kHz, and a ref-
erence silver wire (150 wm diameter; A-M Systems Inc., WA, USA)
for connection with the cranial screws. The microelectrode arrays
were constructed in 4 x 2 architecture (1-2; 3—4; 5-6; 7—8 chan-
nels), interspaced 250-pwm between lines and 400-pm between
columns (Figure 1A; Silva et al., 2010). Only two of the electrodes
per array (channel #3 [medial] and channel #6 [lateral]) were used
for the recording of low-frequency LFPs; all eight electrodes in each
array were used for recording of high frequency spike activity (data
not reported here). The choice of channels was consistent across
the different recording sessions for each animal. We preferred to
use only LFP data because it fits better the inner characteristics of

FIGURE 1 | Electrode construction and location of recordings. (A)
Architecture of a microelectrode array used to record local field potentials
(LFPs). (B) Coronal diagram illustrating the location of the LFPs recording
sites (dark squares) in ventro-posterior-lateral thalamic nuclei (VPL) (left
side) and in primary somatosensory cortex (Sl) (right side). Numbers
represent the rostro-caudal distance (in millimeters) relative to bregma.
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the partial directed coherence (PDC) frequency-based methodol-
ogy (see details in Partial Directed Coherence), and because LFPs
reflect better the “average” neuronal activity in larger volumes of
tissue which is the aim of the current study.

The arrays were oriented rostro-caudally and mounted in the
holder of a hydraulic micropositioner (FHC Inc, Bowdoin, ME,
USA) and subsequently slowly driven (50 pm/min) into the right
primary somatosensory cortex (SI) and right ventro-posterior-
lateral thalamic nucleus (VPL) after dura mater removal. The
following coordinates in millimeters relative to bregma (Paxi-
nos and Watson, 1998) were used to place the arrays: SI (—2.5
rostro-caudal, +2.5 medio-lateral, —1.6 dorso-ventral), and VPL
(—3.1 rosto-caudal, +3.2 medio-lateral, —6.4 dorso-ventral). The
location of the electrodes within SI and VPL was verified by map-
ping the neuronal responses elicited by tactile stimulation of the
correspondent peripheral hindpaw digits receptive field. After the
electrodes reached the correct position, the craniotomy was sealed
with a layer of agar (4% in saline) and they were cemented to
the skull screws by the use of dental acrylic. At the end of the
surgery the animal was transferred to a recovery cage. The analgesic
carprofen (5-10 mg/kg; Rimadyl, Pfizer Animal Health, Lisbon,
Portugal) and the antibiotic amoxicillin (6 mg/kg; Clamoxyl, Pfizer
Animal Health) were administered subcutaneously every 24-h dur-
ing 2-3 days. Rats were allowed to recover for 1 week; after this
week, animals were habituated to the recording chamber in five
sessions of 90-min each in successive days. Behaviors were contin-
uously recorded using a dedicated digital video-tracking system
and synchronized with acquired neural data (CinePlex, Plexon
Inc., Dallas, TX, USA).

Extracellular local field potentials (LFPs) — were recorded from
the implanted microwire electrodes and processed by a 16-channel
Multineuron Acquisition Processor system (16-MAP, Plexon Inc.,
Dallas, TX, USA). LFP signals recorded from the electrodes
were pre-amplified (500 ), band-pass filtered (0.5-400 Hz), and
digitized at 500 Hz.

SPARED NERVE INJURY

Two animal groups were used: one group (n=26) was recorded
before and after the establishment of a peripheral nerve lesion
(here afterward named as SNI-baseline and SNI-surgery sessions,
respectively), while a second group (n=6) was recorded before
and after a SHAM surgery involving similar blunt dissection as the
SNI-surgery but without any nerve lesion (here afterward named
as SHAM-baseline and SHAM-surgery sessions, respectively). SNI
and SHAM-surgery proceedings were implemented according to
the published methodology (Decosterd and Woolf, 2000) in the left
sciatic nerve contralateral to the hemisphere of electrodes implan-
tation. Each recording session lasted 24-h (12/12-h in light/dark
experimental conditions). The animals were placed in the record-
ing chamber with cables connected 30-min before each 24-h
session of LFPs continuous recording that were always initiated
at 7 p.m. (start of dark phase). During the recording sessions the
tethered animals were allowed to move freely in a 45-cm X 45-cm
recording chamber with free access to food and water. Recordings
were performed during two sessions in the baseline period (days-
10 and -2 before surgery, pooled together as baseline recordings)
and in two sessions after SHAM or SNI lesion (with recordings in

day 2 and 10 after surgery. During the analysis of the experimental
data it became clear that the two recordings done at 2 and 10 days
after surgery (both after nerve lesion or sham surgery) did not
significantly differ in any of our analysis; we have therefore used
both recordings as coming from a single “post-surgery” period.

Sensory threshold for noxious stimulation was measured using
von Frey filaments (Somedic, Sweden) as previously described
(Chaplan et al., 1994). Von Frey testing was always performed
during the light phase, 1 h before the beginning of each recording
session. Testing was performed in an elevated chamber with a thin
metallic mesh floor that allowed easy access to the plantar surface
of the hindpaw. Filament series were run from the thinnest to the
widest to detect the filament to which the animal withdraw the
paw in at least 6 of 10 successive applications; we then performed
another two series of 10 stimulations using the same filament
(2-min intervals between sessions) and averaged the number of
positive responses evoked by the three series.

STATEMAP

In order to identify wakefulness and sleep brain states of the rat
circadian cycle, we used the method recently developed by Ger-
vasoni, Lin, Ribeiro, and colleagues (Gervasoni et al., 2004; Lin
et al., 2006). Briefly, this technique splits wakefulness and sleep
states as distinct clusters into a two-dimensional state space map
derived from two LFPs power spectral ratios. These ratios were
heuristically established, and allowed for the best separation of
each brain state based on their spectral features. Each point of the
two-dimensional state space (example in Figure 2A) represents
1-s of ongoing brain activity. The density of points reflects the
relative abundance of the different brain states, and the distance
between two consecutive data points reflects the speed of spectral
changes. Clustering was performed semi-automatically using the
StateMap algorithm (Gervasoni et al., 2004). The slow-wave-sleep
(SWS) cluster was always located on the upper right quadrant
of the StateMap, whereas REM occupied the left quadrants, and
the WK cluster occupied the lower right quadrant. The generated
hypnograms (1-s bins of resolution) were used to calculate the fre-
quency of episodes of each brain state, respective mean duration,
and transitions between them (Figure 2C). The term “episode”
was used to classify the occurrence of a brain state with duration
in the hypnogram longer than 3s.

Six different brain states were identified using the method-
ology described above. The WK state, characterized by theta (6,
4-9Hz) and gamma (y, 30-55Hz) LFPs spectral power (Steri-
ade et al., 1993; Destexhe et al., 1999). During waking state the
animals were involved in exploratory and stereotyped behaviors,
such as locomotion, whisking, eating, drinking, etc. An additional
transient waking state (WT) was characterized by synchronized
rat whisker-twitching and corticothalamic LFPs oscillations at
7-12Hz (Nicolelis et al., 1995; Fanselow and Nicolelis, 1999).
These oscillations have been demonstrated to define a physio-
logical state associated with normal sensory perception (Fanselow
and Nicolelis, 1999; Wiest and Nicolelis, 2003). The REM was
characterized by low cortical LFPs amplitude and high theta and
gamma power state, and the animals were immobile with inter-
mittent whisker and ear twitches (Vanderwolf, 1969; Steriade et al.,
1993). In SWS state, the animals were immobile with eyes closed
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FIGURE 2 | Example of the technique used for statistical classification of
oscillatory patterns according to Principal Component Analysis of the
LFP signals. (A) Two-dimension brain StateMap. Three major clusters

were represented corresponding to waking state (WK), slow-wave-sleep
(SWS) and rapid-eye-movement (REM) states. (B) Power spectrogram of a

SI LFP channel showing the different patterns of signal power oscillations
across brain state episodes transitions. (C) Brain states hypnogram

obtained from two-dimensional state illustrated in panel A. Six different brain
states were coded: WK, SWS, REM, whisker-twitching (WT), M (undefined
movement), and U (transition states). (D) Density plots calculated from
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scatter plots [e.g., (A)], showing the conserved cluster topography

and the relative abundance of the various brain states. Scale from

dark-blue (low-density) to red (high-density). (E) Speed plots representing
the average of spontaneous trajectories within the two-dimensional
StateMap. Stationarity (low speed) can be observed in the three main
clusters (WK, SWS, and REM), whereas a maximum speed is reached
during transitions from one clusters to another. After SNI lesion the velocity
between WK and SWS state episodes increased, suggesting also an
increase of WK/SWS transitions during the neuropathic pain

period.

and had slow regular respiratory movements. The light SWS is
characterized by sleep spindles (10-14 Hz) superimposed to delta
waves (8, 1-4 Hz), while in deep SWS the delta oscillations are
more prominent (Achermann and Borbely, 1997; Destexhe et al.,
1999). Furthermore, SWS state can be followed by a transient inter-
mediate state of unstable oscillations named as U-transition state
(Gottesmann, 1992; Mandile et al., 1996; Vescia et al., 1996). An
additional M state was coded to include all unspecific patterns of
oscillations that are exhibited by the rat. Examples of traces of the
WK, SWS, and REM states are presented in Figure A2 in Appen-
dix. In order to confirm and validate the brain states hypnogram
generated by the StateMap, two different experimenters visually
identified WK, SWS, and REM episodes in the video recordings

using the behavioral characteristics and associated LFP spectral
features as detailed above (see also Figure A1 in Appendix).

Rats spent more time in the awake state during the dark phase
than during the light phase, and, conversely, the rat sleep states
during the light phase are more frequent and longer than in the
dark phase.

SPECTRAL ANALYSIS

Power spectral density and coherence

Power spectral density (PSD) of cortical and thalamic LFPs signals
were calculated between 1 and 50 Hz using the Welch’s method
(MATLAB function), with 512-points fast Fourier transform of
non-overlapping 1-s epochs (Hanning-window). Data is shown
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as the percentage of total PSD within the frequency range con-
sidered (1-50 Hz). In order to determine the spectral coupling
among signals from thalamocortical recorded regions, we have
calculated the correlation coefficient or sometimes referred to as
coherence in the signal engineering community. Coherence (Cyy)
was measured applying the equation mathematically equivalent to
Cy = InyIZ/ (PxPy) where the coherence from two signals, x and
7 is equal to the average cross power spectral density (Py;) nor-
malized by the averaged power spectra of the two signals. Its value
lies between 0 and 1, and it estimates the degree to which phases
at the frequency (f) of interest are dispersed. Cy, =0 means that
phases are dispersed, and high coherence (Cy, = 1) means phases
of signals x and y are identical and the two signals are totally
phase-locked at this frequency. Cross power spectral density was
calculated using the default MATLAB function.

Phase-coherence

Phase—coherence (¢y,) of simultaneously recorded thalamocor-
tical LFPs was evaluated calculating the Hilbert transform of
each LFP segment. The phase angles of each signal segment were
extracted and wrapped between 0° and 360° and displayed as a
rose plot histogram. The whole rose plot (360°) was divided in
60 bins of resolution (6° per bin), with each bin displaying the
respective population percentage. The Rayleigh test of uniformity
(P<0.01) was used to assess the resulting phase distributions
for deviations from the circular uniform distribution. The degree
of phase-locking or phase—coherence was determined calculating
the concentration around the preferred phase in the circular-
distribution, with its value lying between 0 and 1, where ¢, =0
indicates that phase values at a particular frequency range are ran-
domly distributed across the time interval, while ¢, = 1 indicates
that phase values are exactly the same across the time interval.
Phase—coherence values are inversely related to the Rayleigh P-
value, with ¢, =0 standing for uniform distribution. Circular
statistics were calculated according to Fisher (1993).

Partial directed coherence

The PDC measure was used to identify and quantify the infor-
mation flow interactions in the thalamocortical loop. The PDC
method has been described in detail elsewhere (Sameshima and
Baccala, 1999; Baccala and Sameshima, 2001). Briefly, PDC is an
alternative representation of Granger-causality involving multi-
variate processes to uncover direct influences in the frequency
domain. The allied PDC from structure j-th to i-th at frequency \
is defined as:

Y P108)
771']'()0 = )
N - -
> Ay(n) - AR ()
n=1
where,
P
1-3 aij(r) exp(—j2mAr), ifi=j
Aij()\) = pr:l
— 2 ajj(r) exp(—j2mAr), otherwise,

r=1

a;j are multivariate autoregressive coefficients and p is the model
order. Nullity of PDC [1t;;()\) = 0] can be interpreted as absence of

effective connectivity from the j-th structure to the i-th structure
at frequency h and high PDC, near one, indicates strong connec-
tivity between the structures. This can be interpreted as existence
of information flow from brain area j to i.

STATISTICAL ANALYSIS

Neural activity data was processed and validated by offline analysis
using NeuroExplorer 4 (NEX, Plexon Inc., Dallas, TX, USA) and
exported to MatLab R14 Version 2008a (MathWorks, Natick, MA,
USA) for complementary analysis. The PSD, Cyy, ¢, and PDC
parameters were calculated using the same 40 LFPs signal segments
of 10-s per recording session for each of the three more frequent
behaviors (WK, SWS, and REM). These signal segments were ran-
domly selected based on brain states hypnogram generated by the
two-dimensional StateMap, and were verified and validated by
visual inspection of behavior states in the video recordings and
LFP spectral features.

In all analyses the distribution of the data was initially checked
for potential deviations from normality assumptions, in order to
choose the appropriate statistical test to apply. Non-parametric
statistics were used when the Kolmogorov—Smirnov test (with
Dallal-Wilkinson—Lilliefor corrected P-value) revealed deviations
from the normal distribution (P> 0.05, Kolmogorov—Smirnov
test). In this case, we performed non-parametric Wilcoxon signed-
rank test for paired samples, or non-parametric Mann—Whitney
test for unpaired samples. To compare multiple groups, we relied
on the Kruskal-Wallis analysis of ranks (with post hoc Dunn’s test),
which is a non-parametric version of the classical one-way analysis
of variance (ANOVA), and an extension of the Wilcoxon rank sum
test to more than two groups. The level of significance was set as
5% (or P < 0.05).

Under normality assumptions, we used ANOVA to compare
multiple groups. Statistical comparisons between frequency spec-
tra were performed by a two-way ANOVA (groups x frequency
bands) with post hoc Bonferroni test. In this case, and to facil-
itate interpretation of data, we performed separate comparisons
for paired experimental groups [two-way ANOVA-repeated mea-
sures (RM); SHAM-baseline vs. SHAM-surgery and SNI-baseline
vs. SNI-surgery] and for unpaired groups (two-way ANOVA non-
matching; SHAM-baseline vs. SNI-baseline and SHAM-surgery
vs. SNI-surgery). Thus, we are testing four separate comparisons
on our dataset. We therefore need to take care in selecting our sta-
tistical significance level to account for the fact, by chance alone,
we may encounter a favorable significance level simply because
of the number of comparisons that we are conducting. In this
case, we apply the Bonferroni correction. The Bonferroni correc-
tion states that if we test n comparisons on a set of data, then we
should adjust our statistical significance level by a factor of 1/n.
Choosing a standard significance level of P < 0.05 for a single com-
parison, our Bonferroni-corrected significance level in this work
is P < 0.05/4, or P < 0.0125.

The results were expressed as mean + SEM.

HISTOLOGY

At the end of all experiments, the rats were deeply anesthetized
with ketamine/xylazine mixture and the recording site was marked
by injecting DC current (10-20 wA for 10-20s) through one
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microwire per matrix group, marking the area below the elec-
trode tips. Afterward animals were perfused through the heart
with 0.01 M phosphate buffer (pH=7.2) in 0.9% saline solu-
tion followed by 4% paraformaldehyde. Brains were removed and
post-fixed in 4% paraformaldehyde during 4 h and stored in 30%
sucrose before freeze-sectioning into 60 pm sections, and stained
for site identification under the microscope. This technique, in
conjunction with careful notation of electrodes movements dur-
ing implantation, allowed for localization of all recording sites
(Figure 1B).

RESULTS

MECHANICAL STIMULATION THRESHOLDS

All SNI animals developed mechanical allodynia as indicated by
the significant decrease in the mechanical withdrawal stimulus
threshold in the hindpaw ipsilateral to the lesion, but not in the
contralateral paw or in the SHAM-operated control group. In
the SHAM group, no statistical difference was noted between the
control period (SHAM-baseline) and after the surgery (SHAM-
surgery; 16.6 0.7 to 17.3 £ 0.8 g; NS; Wilcoxon test). In the SNI
group, relative to baseline, a large decrease (83.9%) was observed
in the threshold required to induce a paw response to stimulation
with von Frey filaments (17.4 = 1.2 to 2.8 £ 1.2g P < 0.05).

BRAIN STATES AND SPECTRAL CHARACTERISTICS

In order to quantitatively distinguish stable oscillatory episodes
and brain states, we have used the StateMap algorithm (Gerva-
soni et al., 2004; Lin et al., 2006) that maps wakefulness and sleep
states as distinct clusters in a two-dimensional state space derived
from two LFP spectral ratios (Figure 2A). This technique presents
the advantage of clearly distinguishing brain states that shared
common spectral features, such as the theta oscillations observed
during WK and REM episodes (Figure 2B). The three spectral
clusters were clearly visible in two-dimensional state maps, cor-
responding to WK, SWS, and REM 1-s segments (hypnogram of
Figure 2C).

All LFPs data segments with amplitude saturation were dis-
carded from the working dataset (5.86+£0.91% of the total
data per rat). The inspection of intracranial LFP activity con-
firmed that large-power oscillations were present during all brain
states. The spontaneous spectral trajectories (distance between
two consecutive points in the state map per unit of time, 1-
s) that govern transitions between brain states were character-
ized by specific duration patterns in the state maps. The most
frequent transitions occurred between WK — SWS— WK and
WK — SWS — REM — WK episodes (Figure 2C). The speed of
the spontaneous spectral trajectories on the state map can identify
the regions in which little spectral variation exists (light blue area
in Figure 2E) that coincide with the accumulation of points of
the states identified by the algorithm [delimitation on blue (WK),
green (SWS), and red (REM) in Figure 2A and density plot of
Figure 2D], and the regions with fast spectral oscillations (yel-
low area in Figure 2E) that correspond to segments of transitions
between different brain states (e.g., transitions between WK and
SWS state episodes). After the nerve lesion (SNI-surgery vs. SNI-
baseline) the spontaneous spectral trajectories velocity showed an
increase in the WK — SWS — WK transitions during the dark

phase (Figure 2E), whereas in the SHAM animals no differences
were observed (data not presented in the figure). This increase
in velocity can be associated with the increase in the number of
WK-SWS transitions observed after nerve injury.

SLEEP-WAKE CHARACTERISTICS

Brain state episodes

As shown in Table 1 (panel above), there were statistical sig-
nificant differences between experimental groups in the num-
ber of brain state episodes (Kruskal-Wallis test; WK-light phase:
K-W =15.01, P=0.0018, and WK-dark phase: K-W =9.64,
P=10.0219; SWS-dark phase: K-W =9.94, P=0.0191; U-light
phase: K-W =10.38, P=0.0156, and U-dark phase: K-W = 17.97,
P=0.0004). The post hoc comparison of the SNI-baseline group
to the SNI-surgery showed a significant increase in the num-
ber of WK state episodes during the light and dark phases
(291.1 +£19.7 to 383.7£22.1, and 310.3+13.3 to 491.9+31.7,
respectively; Dunn’s test, P < 0.05), while for SWS it was signif-
icant only during the dark phase (241.8 £26.2 to 376.5 4+ 53.0;
P <0.05). In the case of U-transition state episodes, they also
revealed an increase during both recording phases (258.2 4 24.9
to 398.74+16.9, and 318.4+22.5 to 502.9 £ 23.3, respectively;
P < 0.05). The post hoc comparison between SHAM-surgery/SNI-
surgery groups revealed that the number of WK episodes in
SNI-surgery was superior to SHAM-surgery during both light
(383.7+22.1 vs. 303.7+£29.9; Dunn’s test, P <0.05) and dark
phases (491.9 £ 31.7 vs. 312.9 £ 20.9; P < 0.05), while the num-
ber of SWS episodes was superior in SNI group only during the
dark phase (376.5£28.1 vs. 254.1 £23.4; P<0.05). A similar
result was obtained for U-transition episodes during both phases
(398.7£16.9 vs. 286.3 £26.9, and 502.9 =23.2 vs. 312.3 £40.2,
respectively; P < 0.05). In addition, post hoc analysis revealed no
significant differences between SHAM-baseline/SHAM-surgery,
and SHAM-baseline/SNI-baseline sessions.

In terms of the mean duration of each state episode (Table 1,
panel below), there were statistical differences between exper-
imental groups but only for the U-transition state (Kruskal-
Wallis test; light phase: K-W =18.98, P=0.0003, and dark phase:
K-W =15.92, P=10.0012). Post hoc analysis revealed a signif-
icant decrease of the U-transition state episodes mean dura-
tion for SNI-baseline/SNI-surgery (light phase: 25.4+2.4 to
11.6 £ 1.3 s; and dark phase: 23.4 £ 4.2 to 8.3 £ 1.6; Dunn’s test,
P <0.05), and SHAM-surgery/SNI-surgery comparisons (light
phase: 27.8+5.6 to 11.6+1.3s; and dark phase: 28.4+7.9 to
8.3+ 1.6, P < 0.05). In addition, post hoc analysis revealed no sig-
nificant differences between SHAM-baseline/SHAM-surgery, or
SHAM-baseline/SNI-baseline sessions.

Brain state transitions

After the SNI nerve lesion, all rats showed an increase in the num-
ber of state transitions between the more representative brain
states (WK, SWS, and REM), indicating an increase of circadian
pattern fragmentation in these animals (Table 2). ANOVA revealed
significant differences between all experimental groups for WK—
SWS transitions (Kruskal-Wallis test; light phase: K-W =9.98,
P=10.0188, and dark phase: K-W =9.46, P=10.0237), SWS-WK
(dark phase: K-W =13.46, P=0.0037), SWS-REM (light phase:
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Table 1 | The number and mean duration of episodes from the different sleep states to wakefulness are shown for the light and dark phases

(expressed as mean value per period of 12-h).

SHAM

SNI

Baseline (n =6)

Surgery (n=6)

Baseline (n=6) Surgery (n=6)

EPISODE
WK Light 256.3 (23.4) 303.7 (29.2) # 291.1 (19.7) 383.7 (22.1)*
Dark 314.1 (15.2) 312.9(20.9) # 310.3 (13.3) 491.9 (31.7)*
SWS Light 2078 (12.3) 199.1 (23.3) 195.5 (14.2) 177.3 (24.3)
Dark 232.7 (14.2) 254.1 (23.4) # 241.8 (26.2) 376.5 (28.1)*
REM Light 371 (72) 23.4(72) 38.3 (6.0) 22.1(72)
Dark 56.3 (11.0) 58.0 (3.2) 59.1 (11.2) 68.2 (21.2)
WT Light 26.0 (9.8) 15.8 (3.4) 23.4(9.9) 18.8 (3.3)
Dark 19.5 (56.4) 18.2(3.7) 18.3 (6.7) 178 (3.1)
M Light 1.4 (4.3) 6.7 (2.1) 13.6 (4.5) 6.8(2.1)
Dark 21.1(2.4) 13.9 (0.9) 20.8 (3.7) 177 (3.4)
u Light 282.2 (25.9) 286.3 (26.9) # 258.2 (24.9) 398.6 (16.9)*
Dark 316.9 (33.7) 312.3 (40.2) # 318.4 (22.5) 502.9 (23.2)*
DURATION (S)
WK Light 66.4 (15.1) 59.1 (17.9) 61.1 (14.1) 58.4 (15.7)
Dark 61.1 (24.6) 59.9 (15.6) 64.9 (17.1) 44.9 (8.9)
SWS Light 68.8 (26.5) 66.1 (26.6) 65.2 (12.5) 74.3 (16.2)
Dark 473 (23.5) 51.2 (24.5) 49.9 (15.1) 35.4(9.8)
REM Light 34.3(18.2) 276 (14.4) 29.2 (9.8) 31.3 (11.2)
Dark 31.0 (6.7) 28.1(8.8) 23.1(8.8) 26.2 (10.0)
WT Light 6.8 (3.9) 4.0(2.9) 3.3(0.5) 5.8 (1.7)
Dark 5.5(3.7) 5.4 (1.1) 4.3(0.9 2.9(0.3)
M Light 15.2 (10.7) 9.3 (4.8) 10.7 (6.1) 5.7 (2.1)
Dark 79 (2.6) 5.2(2.7) 6.8 (2.4) 74(1.8)
u Light 23.5(2.9) 278 (5.6) # 25.4(2.4) 1.6 (1.3)*
Dark 279 (3.4) 28.4 (79) # 23.4 (4.2) 8.3 (1.6)*

Six different brain states were considered: WK, waking state; SWS, slow-wave-sleep, REM, rapid-eye-movement sleep; WT whiskertwitching, M, undefined move-

ment, U, transition state. Values are expressed as mean (SEM). Statistical differences between study groups indicated by asterisks (*) for SNiI-baseline/SNI-surgery

and cardinal (#) for SHAM-surgery/SNI-surgery comparisons (*/# P < 0.05).

K-W =9.99, P=0.0187), REM-WK (light phase: K-W =9.21,
P=0.0266), WK-U (light phase: K-W =12.13, P=0.0070), U-
WK (light phase: K-W =10.85, P=0.0125, and dark phase: K-
W =11.57, P=0.0090), and REM-U (light phase: K-W = 12.19,
P=10.0068).

When compared SNI-baseline group to SNI-surgery (Table 2,
significance indicated by asterisks symbols), post hoc analysis
revealed an increase of the WK-to-SWS transitions during the light
and dark phases (100.9£9.1 to 173.9£10.9, and 119.2 +24.4
to 201.9 4 32.6, respectively; Dunn’s test, P <0.05), and SWS-
to-WK transitions but only during the dark phase (87.1£11.9
to 168.9 £ 11.2; P < 0.05). Other low-frequency state transitions
such as SWS-to-REM and REM-to-WK increased only during
the light phase (6.5+ 1.4 to 22.44+2.9, and 7.6+ to 45.2 £ 14.1,
respectively; P < 0.05). In addition, all SNI rats showed a signif-
icant increase in the transitions mediated by U-state and WK
states. For example, the WK-to-U transitions increased during the
light phase (126.3 £30.9 to 215.7 +17.1; P < 0.05), while U-to-
WK increased during both phases (134.1 £19.4 vs. 211.4 +21.2,
and 195.1 £29.1 vs. 272.3 £ 8.6, respectively; P < 0.05), and the

REM-to-U transitions increased during the light phase of the
recordings (8.1 & 2.1 vs. 32.1 £5.2; P < 0.05).

Post hoc statistical analysis of the SNI-surgery/SHAM-surgery
groups showed similar differences to those observed when com-
paring SNI-surgery/SNI-baseline (Table 2, significance indicated
by cardinal symbols). In SNI-surgery group, the number of WK-
to-SWS transitions was superior to SHAM-surgery during the
light (173.9 £ 10.9 vs. 97.2 £ 18.5; Dunn’s test, P < 0.05) and dark
phases (201.9 &+ 32.6 vs. 124.4 + 19.9; P < 0.05), whereas for SWS-
to-WK it was significant only during the dark phase (168.9 +11.2
vs. 88.3 £9.3; P < 0.05). Other low-frequency transitions such as
SWS-to-REM and REM-to-WK increased only during light phase
(224£2.9 vs. 6.2+£4.4, and 452+ 14.1 vs. 7.7+ 2.3, respec-
tively; P < 0.05). Transitions mediated by U-state also increased
in SNI-surgery group: WK-to-U transitions during the light phase
(215.21 £17.1 vs. 111.9 £ 22.4; P < 0.05); U-to-WK transitions
during the light (211.44+21.2 vs. 137.7+14.1; P<0.05) and
dark phases (272.3 +8.6 vs. 197.4 +21.3; P <0.05); and REM-
to-U transitions during the light phase (32.1 £5.2 vs. 9.3 £2.2;
P <0.05).
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Table 2 | The number of transitions from the different sleep states to wakefulness are shown for the light and dark phases (expressed as mean

value per period of 12-h).

SHAM

SNI

Baseline (n=6)

Surgery (n=6) Baseline (n=6) Surgery (n=6)

TRANSITIONS
WK-SWS Light 102.7 (14.7)
Dark 125.2 (14.3)
SWS-WK Light 118.1 (16.4)
Dark 89.7 (13.4)
SWS-REM Light 4.5(1.1)
Dark 16.6 (7.4)
REM-WK Light 6.6 (3.9)
Dark 18.6 (17.8)
WK-U Light 122.1 (32.4)
Dark 151.6 (37.1)
U-WK Light 138.1 (25.1)
Dark 199.7 (24.2)
SWS-U Light 89.3 (35.4)
Dark 76.4 (7.8)
U-SWS Light 45.2 (33.4)
Dark 106.7 (29.8)
REM-U Light 75 (3.7)
Dark 29.4 (271)
U-REM Light 76 (6.1)
Dark 34.3 (21.1)

972 (18.5) # 100.9 (9.1) 173.9 (10.9)*
124.4 (19.9) # 119.2 (24.4) 201.9 (32.6)*
119.1 (21.7) 121.0 (14.4) 1569.8 (15.0)
88.3 (9.3) # 87.1 (11.9) 168.8 (11.2)*
6.2 (4.4) # 6.5(1.4) 22.4 (2.9)*
16.1 (9.1) 14.8 (8.1) 156.5 (7.7)

77 (2.3) # 76 (2.8) 45.2 (14.1)*
18.9 (23.2) 15.9 (10.4) 44.8 (2.3)
111.9 (22.4) # 126.3 (30.9) 215.7 (17.1)*
152.7 (39.2) 149.7 (565.1) 248.4 (21.9)
1377 (14.1) # 134.1 (19.4) 211.4 (21.2)%
1974 (21.3) # 195.1 (29.1) 272.3 (8.6)*
94.0 (29.8) 98.1 (31.3) 93.1 (15.2)
74.4 (8.2) 73.5(77) 135.7 (41.1)
41.9(29.1) 54.1(23.4) 95.7 (18.3)
104.1 (22.8) 104.8 (35.7) 148.3 (26.6)
9.3(2.2) # 8.1(2.1) 32.1(5.2)*
31.3 (26.1) 32.4 (16.1) 34.4 (10.2)
5.6 (1.9) 9.2(4.3) 29.3 (4.3)
33.7 (19.4) 34.9 (17.1) 66.7 (10.2)

Values are expressed as mean (SEM). Statistical differences between study groups indicated by asterisks (*) for SNI-baseline/SNI-surgery and cardinal (#) for

SHAM-surgery/SNI-surgery comparisons (*/# P < 0.05).

In addition, post hoc analysis revealed no significant dif-
ferences between SHAM-baseline/SHAM-surgery, or SHAM-
baseline/SNI-baseline sessions across the considered state tran-
sitions.

THALAMOCORTICAL POWER SPECTRAL DENSITY AND COHERENCE
Power spectral density analysis was employed to visualize the
power spectra of LFPs of WK, SWS, and REM brain states across
the studied frequency range (1-50Hz). A qualitative compari-
son of PSD measurements between the thalamocortical LFPs is
shown in Figure 3A-D, comparing both SHAM-baseline and SNI-
baseline with SHAM-surgery and SNI-surgery. The inspection
of PSD confirmed that characteristic power oscillations were as
expected, with a prominent high-power in theta frequency band
(4-9Hz) in WK and REM episodes, and a high-power in delta
band (1-4 Hz) observed during SWS episodes.

The qualitative comparison of the coherence measurements
between the thalamocortical LFPs clearly showed similar values
of coherence activity across selected brain states (Figures 3E,F).
Note however that REM revealed an increase of coherence activity
across gamma frequency band (30-50 Hz) that was not observed
in WK or SWS episodes. We present additional data (see Figure A3
in Appendix) of average PSD and coherence per frequency band.
ANOVA (two-way ANOVA) revealed no differences in these
measurements between experimental groups.

THALAMOCORTICAL PHASE-COHERENCE
As shown in Figure 4A, there were statistical significant differ-
ences between experimental groups in SI-VPL phase—coherence
(1-50Hz frequency range) for WK and SWS brain states
(Kruskal-Wallis test; K-W = 13.28, P=0.0041; and K-W = 12.08,
P=10.0071; respectively), and no differences for REM state (K-
W =3.47, P=0.3243). When compared SNI-baseline group to
SNI-surgery, post hoc analysis revealed a significant enhance-
ment of SI-VPL phase—coherence after nerve lesion (WK: from
0.52 £0.02 to 0.65 &= 0.04; SWS: from 0.61 % 0.02 to 0.69 £ 0.03;
Dunn’s test, P<0.05), and also the comparison of SHAM-
surgery/SNI-surgery groups (WK: from 0.55 4= 0.05 to 0.65 = 0.04;
SWS: from 0.58 £0.04 to 0.69 & 0.03; P < 0.05; Figure 4A). In
addition, post hoc analysis revealed no significant differences
between SHAM-baseline/SHAM-surgery groups for WK, SWS,
and REM brain states. As shown in Figure 4B, the rose plot his-
tograms present a narrow range of phase—coherence in all three
brain states, indicating a high degree of phase synchronization
of SI-VPL LFPs activity; this suggests a broader coordination of
thalamocortical activities after nerve lesion. Indeed, all phase dis-
tributions are significantly non-uniform (P < 0.01, Rayleigh test
of uniformity).

The analyses of mean phase—coherence across frequency
bands are illustrated in Figure 4C. In the case of WK
state, the comparison of SHAM-baseline/SHAM-surgery groups
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FIGURE 3 | Spectral analysis of SI-VPL LFPs channels during WK (blue), within the frequency range analyzed (1-50 Hz) for VPL (A,B) and Sl
SWS (green), and REM (red) states. Data were presented comparing the (C,D) channels. PSD showed that spectral power patterns were conserved
baseline (left side of each panel) and respective SHAM or SNI lesion (right across the experimental groups. (E,F) Coherence between VPL and S|
side). Values are expressed for all animals as mean (=SEM). (A-D) Power LFPs showed similar levels of coherence activity across all experimental
spectral density (PSD) of LFPs normalized by the percentage of total power groups.

revealed no significant differences across experimental groups
[two-way ANOVA-RM: F(j 55) = 1.73, P=0.2182] and interaction
[groups X frequency bands; F(4;5)=0.48, P=0.7479], and
a significant effect across frequency bands [F(4,5) =10.74,
P <0.0001]. In addition, the comparison of SHAM-baseline/SNI-
baseline groups revealed also no significant differences
across experimental groups [two-way ANOVA: F(; 50)=1.56,
P=10.2173] and interaction [F 4 50) = 0.16, P=0.9567], and a sig-
nificant effect across frequency bands [F(4,50) = 7.65, P < 0.0001].
On the other hand, when comparing SNI-baseline/SNI-surgery
groups significant effects were encountered across groups [two-
way ANOVA-RM: F(j;5)=19.30, P=0.0002] and frequency
bands [F(4,5)=3.15, P=0.0314], and no significant interac-
tion effect between these two factors [F(4 5 = 1.55, P=0.2180].
Post hoc analysis revealed a significant increase of the mean

phase—coherence across delta frequency band in the SNI-surgery
group (P<0.0125, Bonferroni test with corrected P-value).
In the case of the comparison of SHAM-surgery/SNI-surgery
groups, ANOVA revealed significant differences across experimen-
tal groups [two-way ANOVA: F(j 59) = 32.49, P <0.0001], and
no differences across frequency bands [F (4 50) =2.13, P=0.0914]
and interaction effect [F(450) = 1.40, P=0.2475]. Post hoc analy-
sis revealed a significant increase of mean phase—coherence
across delta (P<0.0025, Bonferroni test with corrected P-
value) and theta (P<0.0125) frequency bands after nerve
lesion (Figure 4C). In the case of SWS state, the comparison
of SHAM-baseline/SHAM-surgery groups revealed no signifi-
cant differences across experimental groups [two-way ANOVA-
RM: F(175)=0.04, P=0.8346], frequency bands [F4 5 = 1.25,
P=0.3191], as well for the interaction effect [F(425)=0.01,
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circular-concentration distributions are significantly non-uniform (Rayleigh P-value).

P=0.9996]. A similar result were obtained for the comparison
of SHAM-baseline/SNI-baseline groups [two-way ANOVA:
groups F(j 50) = 0.08, P=0.7822, frequency bands F(450) = 0.52,
P=0.7172, and interaction F(450) =0.02, P=0.9992]. On the
other hand, when comparing SNI-baseline/SNI-surgery groups
significant differences were encountered across groups [two-
way ANOVA-RM: F(; 5 =54.79, P<0.0001], and no differ-
ences across frequency bands [F(4,5)=0.48, P=0.7485] and
interaction effect [F(455 =0.71, P=0.5902]. In the case of
the comparison of SHAM-surgery/SNI-surgery groups, ANOVA
revealed significant differences across experimental groups [two-
way ANOVA: F(;50)=21.97, P<0.0001], and no differences
across frequency bands [F(450) =0.58, P=0.6803] and interac-
tion effect [F(450) = 0.34, P=0.8475]. Post hoc analysis revealed
a significant increase of mean phase—coherence across delta fre-
quency band after nerve lesion (P < 0.0125, Bonferroni test with
corrected P-value; Figure 4C).

In the case of REM state, the comparison of SHAM-
baseline/ SHAM-surgery groups, SHAM-baseline/SNI-baseline,
and SHAM-surgery/SNI-surgery revealed no significant dif-
ferences across experimental groups [two-way ANOVA-RM:
F(1.25)=0.64, P=0.4323; and two-way ANOVA: F(y s0) = 1.04,
P=0.3124; F(150) =1.97, P=0.1664; respectively] and interac-
tion effect [groups X frequency bands, two-way ANOVA-RM:
F(45 =0.05, P=0.9952; and two-way ANOVA: F459) = 0.08,
P=0.9884; F(450)=1.16, P=0.3378; respectively], and a sig-
nificant effect across frequency bands [two-way ANOVA-RM:
F(425)=9.51, P<0.0001; and two-way ANOVA: F4 50) =9.40,
P <0.0001; F(4,50) =2.85, P=0.0330; respectively]. In addition,
when comparing SNI-baseline/SNI-surgery groups no statistical
differences were encountered across experimental groups [two-
way ANOVA-RM: F(j 5 =1.13, P=0.2977], frequency bands
[Fa25 =2.17, P=0.1013], as well for the interaction effect
[Fa2s) = 1.15, P=0.3024].
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THALAMOCORTICAL PARTIAL DIRECTED COHERENCE

The changes of thalamocortical information flow in SHAM and
SNI animals before and after surgery were determined by PDC
analysis. Figure 5A shows the averaged PDC between SI cor-
tex and VPL thalamic nuclei during WK, SWS, and REM states
selected using the two-dimensional cluster technique described
above. The qualitative comparison of the data suggests that, in the

SNI-surgery group, the amount of information flow from VPL-
to-SI and from SI-to-VPL decreased in both directions indicating
that less information was transmitted in the thalamocortical loop
after peripheral sciatic nerve injury. In addition, the decrease in
the descending direction (from cortex to thalamus) was smaller
when compared to the ascending direction (from thalamus to
cortex).
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FIGURE 5 | Information flow between the two recorded regions were averaged PDC across frequency bands revealed a significant decrease of
determined by partial directed coherence (PDC) analysis during WK information flow for both directions at all frequency bands. Frequency bands:
(blue), SWS (green), and REM (red) states. (A) The amount of information delta (8, 1-4 Hz), theta (6, 4-9 Hz), alpha (a, 9-15 Hz), beta (8, 15-30 Hz), and
flow in ascending (VPL:to-Sl) and descending (SI-to-VPL) directions did not slow-gamma (y, 30-50 Hz). Comparison of SNI-surgery groups in respect to
show significant differences for SHAM-lesion animals, while decreased SNI-baseline (plus symbols), and to SHAM-surgery (cardinal symbols). Values
significantly for SNI group after peripheral nerve lesion, indicating that less are expressed as mean + SEM. +/# P < 0.0125, ++/## P <0.0025, +++/###
information was processed in the thalamocortical circuit after lesion. (B) The P <0.0002 (Bonferroni test with corrected P-value).
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In order to detail the thalamocortical information flow
across frequency bands, we calculated the averaged PDC
per range of frequencies (Figure 5B). ANOVA was per-
formed to measure the differences in the averaged PDC
across experimental groups. In the case of the thala-
mocortical ascending direction (VPL-to-SI), the compari-
son of SHAM-baseline/SHAM-surgery groups, and SHAM-
baseline/SNI-baseline revealed no significant differences across
experimental groups [two-way ANOVA-RM: WK F; »5) = 2.65,
P=0.0746; SWS F(y,5)=2.67, P=0.0691; REM F(j 5, =0.73,
P=10.4006; and two-way ANOVA: WK F(j 59) = 0.01, P=0.9706;
SWS F(150) = 1.94, P=0.1703; REM F; 50)=0.79, P=0.378%
respectively] and interaction effect [groups x frequency bands;
two-way ANOVA-RM: WK F(4,5 =2.07, P=0.3442; SWS
F(4)25) =0.50, pP= 0.7290; REM F(4,25) =0.36, P= 0.8356;
and two-way ANOVA: WK F(450)=0.17, P=0.9526; SWS
F(450) =0.10, P=0.9817; REM F 4 50) = 0.11, P= 0.9778; respec-
tively], and as expected a significant effect across frequency
bands [two-way ANOVA-RM: WK F4,5)=11.87, P <0.0001;
SWS F(4.25) = 24.66, P < 0.0001; REM F(4 55) = 10.85, P < 0.0001;
and two-way ANOVA: WK F(450) =12.09, P<0.0001; SWS
Fla50)=6.07, P=0.0005 REM F(450=11.06, P<0.0001;
respectively]. On the other hand, when comparing SNI-
baseline/SNI-surgery groups significant differences were encoun-
tered across experimental groups [two-way ANOVA-RM; WK
F(125)=85.33, P<0.0001; SWS F(j,5 =725.00, P<0.0001;
REM  F(j 25 =362.60, P<0.0001], frequency bands [WK
F(425 =8.79, P<0.0001; SWS F(415) =4.78, P=0.0053; REM
F(4,5) =4.72, P=0.0056], and no interaction effect between these
two factors [WK F(4 25 =0.73, P=0.5787; SWS F(4,5)=0.39,
P=0.8168; REM F (4,5 =1.48, P=0.2378]. Post hoc analysis
revealed a significant decrease of PDC activity across all fre-
quency bands after nerve lesion [WK: delta (P < 0.0025), theta
and alpha (P<0.0002), beta and gamma (P<0.0125); SWS
and REM: all bands (P < 0.0002); Bonferroni test with corrected
P-value; Figure 5B]. The comparison of SHAM-surgery/SNI-
surgery groups revealed significant differences across experimental
groups [two-way ANOVA; WK F(; 50y = 110.70, P < 0.0001; SWS
F(1,50) = 202.30, P<0.0001; REM F(; 50) =273.50, P < 0.0001]
and frequency bands but only for SWS and REM state
[Fa,50) =5.17, P=0.0015; F(150)=9.90, P<0.0001; respec-
tively], and no interaction effect between these two factors. Post hoc
analysis revealed a significant decrease of PDC activity across all
frequency bands after nerve lesion [WK: theta (P < 0.0002), delta,
alpha, beta, and gamma (P < 0.0025); SWS and REM: all bands
(P < 0.0002); Bonferroni test with corrected P-value; Figure 5B].

In the case of the thalamocortical descending direc-
tion (SI-to-VPL), the comparison of SHAM-baseline/SHAM-
surgery groups, and SHAM-baseline/SNI-baseline revealed no
significant differences across experimental groups [two-way
ANOVA-RM: WK F(1,25) =1.12, P=0.3006; SWS F(1,25) =0.76,
P=0.0620; REM F(j »5) = 1.93, P=0.1704; and two-way ANOVA:
WK F150) =220, P=0.0701; SWS F(150)=0.51, P=0.4780;
REM F(j50) =1.88, P=0.1767; respectively] and interaction
effect [two-way ANOVA-RM: WK F(4,5)=0.21, P=0.9319;
SWS F45)=0.07, P=0.9912; REM F(4,5)=1.03, P=0.4116;
and two-way ANOVA: WK F(450)=0.39, P=0.8133; SWS

F(4,50) = 0.16, P=0.9559; REM F 4 50) = 0.12, P=0.9731; respec-
tively], and a significant effect across frequency bands but only for
WK and REM states [two-way ANOVA-RM: WK F(455) = 3.54,
P=10.0203; REM F (4 55) = 7.20, P < 0.0001; and two-way ANOVA:
WK F(450) =7.17, P=0.0001; REM F(450) = 16.36, P < 0.0001;
respectively]. On the other hand, when comparing SNI-
baseline/SNI-surgery groups significant differences were encoun-
tered across experimental groups [two-way ANOVA-RM; WK
F(125) = 257.20, P<0.0001; SWS F(j 5 =158.90, P<0.0001;
REM F(175)=304.10, P<0.0001] and frequency bands but
only for WK and REM state [F(4,5)=5.98, P=0.0016, and
F(4,5) =7.54, P < 0.0001, respectively], and no interaction effect
between these two factors. Post hoc analysis revealed a signifi-
cant decrease of PDC activity across all frequency bands after
nerve lesion [WK, SWS, and REM: all bands (P < 0.0002); Bon-
ferroni test with corrected P-value; Figure 5B]. In addition, the
comparison of SHAM-surgery/SNI-surgery groups revealed sig-
nificant differences across experimental groups [two-way ANOVA;
WK F(1 50) = 133.60, P < 0.0001; SWS F(; 50) = 66.76, P < 0.0001;
REM F; 50) = 340.90, P < 0.0001] and frequency bands for WK
and REM states [F(450) =6.01, P=0.0005, and F450)=6.79,
P=0.0002, respectively], and no interaction effect. Post hoc analy-
sis revealed a significant decrease of PDC activity across all fre-
quency bands after nerve lesion [WK: delta and beta (P < 0.0025),
theta, alpha, and gamma (P <0.0002); SWS: delta, beta, and
gamma (P <0.0125), theta and alpha (P < 0.0025); REM: all
bands (P < 0.0002); Bonferroni test with corrected P-value;
Figure 5B].

DISCUSSION

In this study we report how the induction of chronic neuropathic
pain affects the circadian patterns of thalamocortical oscillatory
activity and the bidirectional flow of information between the
cortical and thalamic somatosensory areas; for this we contrasted
before- and after-pain sessions of 24 h of continuous recording
of neurophysiological activity in freely moving rats chronically
implanted with intracranial multielectrodes. The few previous
neurophysiological studies describing changes in brain oscilla-
tions in animal models of chronic pain used whole-brain EEG
scalp activity with poor spatial resolution; furthermore, they were
commonly limited to only a few hours of recording (Landis et al.,
1989; Palma et al., 2000; Tokunaga et al., 2007) or to a single ses-
sion of 24h of recording (Andersen and Tufik, 2003; Kontinen
et al., 2003; Monassi et al., 2003; Keay et al., 2004; Silva et al.,
2008). In fact, several studies dealing with pain-induced arousal
changes focused on the description of behavioral alterations in the
sleep cycle without any neurophysiological recording (Carli et al.,
1987; Landis et al., 1988; Millecamps et al., 2005). Therefore, in
contrast with the many clinical reports in humans that have used
multichannel EEG, MEG, and intracranial recordings in an effort
to address the spatial origins of brain oscillations (Sarnthein et al.,
2006; Stern et al., 2006; Boord et al., 2008; Drewes et al., 2008;
Sarnthein and Jeanmonod, 2008; Bjerk et al., 2009; Walton et al.,
2010), almost no information exists from animal models on how
chronic pain affects the functioning of the thalamocortical loop,
since the only studies addressing this issue were limited to acute
pain stimulation (Wang et al., 2003, 2004; Huang et al., 2006).
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CHRONIC PAIN DISRUPTS THALAMOCORTICAL FLOW OF INFORMATION
The most significant finding in the present study is that the
onset of neuropathic pain causes a rapid and dramatic decrease
in the thalamocortical flow of information as measured by PDC
(Sameshima and Baccald, 1999; Baccala and Sameshima, 2001);
this decrease was observed across all the brain states of the
wake—sleep cycle, in spite of the lack of alterations in other thal-
amocortical features such as the frequency power spectrum and
spectral coherence. PDC is a bidirectional frequency domain rep-
resentation of the concept of Granger-Causality that measures
how a time series x(n) causes another series y(n), if knowledge
of x(n)’s past significantly improves prediction of y(rn). Hence,
the thalamocortical PDC reflects how much of the cortical fre-
quency space is temporally dependent on the thalamic LFP, and
vice-versa.

The use of PDC analyses is growing in literature (Winterhalder
et al., 20065 Sato et al., 2009); it has been validated in real neuro-
physiological data (Fanselow et al., 2001; Wang et al., 2003, 2004,
2008; Winterhalder et al., 2005; Huang et al., 2006) as well as
in several theoretical studies using simulated data (Sameshima
and Baccald, 1999; Baccala and Sameshima, 2001; Schelter et al.,
2006a,b; Takahashi et al., 2010), to demonstrate expected changes
in brain networks that other less complex methods had failed to
identify. As examples, PDC was able to uncover dopaminergic-
dependent changes in connectivity between visual and motor
areas in Parkinson patients that were undetectable by traditional
spectral analysis (Tropini et al., 2011), and it was used to iden-
tify the directionality of widespread oscillatory brain interactions
during visual object processing in the recognition of familiar vs.
unfamiliar objects (Supp et al., 2007).

In what concerns thalamocortical processing of nociceptive
information, PDCs have been calculated only in acute pain studies,
in which it was shown that immediately after formalin injection
the flow of information is maximal from cortex to the thalamus
but that the direction of maximal information flow is reversed after
1h (Huang et al., 2006); more recently, the same research group
showed that noxious heat stimulation significantly increased the
flow of information from SI cortex to ventral posterior thalamus,
while in the ascending direction the flow of information decreased
or remained unchanged, demonstrating for the first time that
during pain processing the primary somatosensory cortex has a
prominent role over the activity of thalamic neurons (Wang et al.,
2007). This observation is in agreement with previous studies
that have proposed that the descending corticothalamic projec-
tion could amplify noxious inputs of interest while simultaneously
inhibiting other irrelevant information in order to improve input
selectivity and detection (Rauschecker, 1997; Suga et al., 1997,
2000).

Our current results seem to suggest that the descending pathway
remains functionally stronger than the ascending pathway raising
the possibility that the cortex is still exerting an inhibitory role over
the thalamus; this is in agreement with several studies indicating
thalamic hypoactivity after prolonged pain conditions (Iadarola
et al., 1995; Apkarian et al., 2004; Garcia-Larrea et al., 2006;
Sorensen et al., 2008). Moreover, our calculation of information
flow across states of the wake—sleep cycle is also in agreement with
the observed disruption of default-mode network connectivity

that is also observed in chronic pain patients (Baliki et al., 2008;
Cauda et al., 2009).

CHRONIC PAIN CHANGES THALAMOCORTICAL PHASE-COHERENCE
Our results show that after nerve injury there was an increase in
thalamocortical phase—coherence during episodes of awake — WK
— and SWS, while at the same time there was a decrease in the
flow of information between cortex and thalamus. Notably, all the
differences that were observed at 48 h following the induction of
chronic neuropathic pain were also observed in the recordings per-
formed 10 days afterward, suggesting that these changes have fast
onset and endure while the pain symptoms persist. In contrast to
the change in thalamocortical phase—coherence, power spectrum,
and spectral coherence were unaltered throughout all frequency
bands which was not expected given that several human studies
have shown an increase in spectral power and coherence in pain
patients, specially at theta frequencies (Sarnthein and Jeanmonod,
2008; Ray et al., 2009; Walton et al., 2010). The most probable
reason for this discrepancy between previous human studies and
the present results is the fact that we have performed pre- vs. post-
pain intracranial recordings of LFPs from the lateral thalamus
and somatosensory cortex while similar human studies used non-
invasive whole-brain recording techniques in which patients were
compared to a control population. These human recordings com-
prise brain sources such as frontal areas that are known to be highly
relevant to the increase in theta power and coherence (Sarnthein
et al., 20065 Stern et al., 2006). In fact, when recorded simultane-
ously, the peaks of activity differ between EEG and LFPs with the
EEG having maximal frequencies at the theta range and thalamic
LFPs at the faster alpha range (Sarnthein and Jeanmonod, 2008).
Moreover, the few human studies made with intracranial thalamic
recordings are commonly based on medial areas and not on the
lateral thalamus (Sarnthein et al., 2006; Sarnthein and Jeanmonod,
2008).

On the other hand, several studies have also shown evidence
for not only a more desynchronized thalamic activity (Kane et al.,
2009),butalso reduced EEG power spectra in chronic pain patients
(Boord et al., 2008). It is also interesting to note that other studies
using animal models of pain have also failed to observe an increase
in EEG power (Landis et al., 1989; Kontinen et al., 2003).

CHRONIC PAIN DISRUPTS THE BRAIN STATEMAPS

After the induction of the SNI model of neuropathic pain, the
number of WK and SWS episodes increased whereas their mean
duration remained the same; the increase in SWS occurred during
both the dark and the light phases of recording, while the increase
in WK episodes occurred only in the dark phase of the recording.
Our observation of an increase in WK episodes is in agreement
with published data from different chronic pain models that have
also showed an increase in the percentage of time allocated to
alertness episodes during the pain period (Carli et al., 1987; Landis
et al., 1988, 1989; Andersen and Tufik, 2003; Monassi et al., 2003;
Keay et al., 2004). However, our observation of an increase in SWS
episodes is in contrast to previous observations that have reported
either a decrease (Carli et al., 1987; Landis et al., 1988; Andersen
and Tufik, 2003; Monassi et al., 2003; Silva et al., 2008), or no
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alteration in SWS episodes after induction of chronic pain (Mil-
lecamps et al., 2005). We also did not observe differences in REM
episodes, which is in agreement with previous findings (Monassi
et al., 2003), while other reports showed either a decrease (Carli
etal., 1987; Landis et al., 1989) or an increase (Andersen and Tufik,
2003; Schutz et al., 2003) in the time spent in REM.

It must be noted that our statistically based classification of
brain states according to intracranial LFPs (Gervasoni et al., 2004)
is inherently distinct from traditional wake-sleep EEG/EMG clas-
sification, with increased sensitivity to short duration transitional
episodes and the ability to discriminate brain states based on
higher frequencies than what is typically possible using scalp EEG.
Therefore, direct comparison with previous studies is not entirely
possible, particularly because the literature differs widely on the
duration of the recording periods.

Transitions between the three more frequent states (WK, SWS,
and REM) also increased after peripheral nerve injury. Our data
showed an increase of WK — SWS transitions (in light phase),
SWS — WK (in light and dark phases), and of low-frequency tran-
sitions such as SWS— REM and REM — WK during the light
phase. In literature, similar results were published in several clin-
ical chronic pain studies (Drewes et al., 1998; Lentz et al., 1999;
Peyron et al., 2004; Lautenbacher et al., 2006). Apart the more
frequent transitions, also the U-transition episodes that mediate
state transitions increased after nerve lesion, namely WK — U
and U— WK. These changes are probably related to the sig-
nificant increase in the amount of U episodes that occurs after
nerve lesion. Some studies in the literature report a similar short
duration transition state called TS that was firstly described in
the rat (Gottesmann, 1992; Benington et al., 1994), and spo-
radically observed during the transition between SWS and REM
episodes. Mandile and co-workers using high temporal resolu-
tion computational methods for the EEG pattern analyses also
identified this type of oscillation during the transitions between

SWS — TS — WK (Mandile et al., 1996; Vescia et al., 1996), how-
ever with a longer duration compared to the transition observed
between SWS — TS — REM.

A final note should be given on the inherent impossibility of
teasing apart the strictly somatosensory effects from the indirect
effects of pain. However, it may be argued that the non-specific
effects are also intrinsic to the full neuropathic syndrome, to the
extent that teasing them is almost impossible, if not senseless.
Although we cannot rule out that the observed changes in sleep
patterns or in thalamocortical connectivity may result from phys-
ical or motivational changes in locomotion patterns, we cannot
dismiss that even those changes were triggered by the neuropathic
model.

In summary, our results showed that peripheral nerve injury
(SNI) induces a clear reduction of the amount of information
flow and an enhancement of phase synchronization between the
lateral thalamus and the primary somatosensory cortex. Our find-
ings also demonstrate wake—sleep cycle disturbances, namely in
the number, duration and transitions between brain state episodes.
As previously suggested (Llinds et al., 2005; Walton et al., 2010),
one possible explanation is that these changes may be caused by
the unmasking of cortical descending inhibitory mechanisms that
regulate the thalamic balance between continuously amplification
of nociceptive information and suppression of non-nociceptive
information.
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FIGURE A1 | Comparison of the efficiency in states detection waking state (WK, blue), slow-wave-sleep (SWS, green), and
between the StateMap algorithm selection vs. visual inspection rapid-eye-movement (REM, red). No statistical differences were
of the video recordings and spectral bands. Brain states are encountered between both methodologies of detection (Mann-Whitney test,
expressed as percentage of the total recording time during the light and P < 0.05). The determinations are expressed for all animals as mean
dark phases in the SNI group (filled bars) and in the SHAM-group plotted for (ESEM).
Sl
X
= VPL
Sl
(2
= VPL
(7))
Sl
= sl P it it A Mo b Mid
VPL
% A i v i M, P Aty
>
E
05s
FIGURE A2 | Oscillations on intracranial local field potentials ventro-posterior-lateral thalamic nuclei (VPL, blue trace). Raw
(LFPs) recorded in one session during the dark phase recordings representing 5-s of ongoing LFP activity recorded during a waking
(SHAM-baseline period) simultaneously in the primary state (WK) episode, slow-wave-sleep (SWS), and rapid-eye-movement (REM)
somatosensory cortex (Sl, black trace) and in the states.
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FIGURE A3 | Spectral analysis of SI-VPL LFPs channels during WK (blue),
SWS (green), and REM (red) state episodes across frequency bands.
Frequency bands: delta (8, 1-4 Hz), theta (8, 4-9 Hz), alpha (o, 9-15Hz),

beta (B, 15-30 Hz), and slow-gamma (y, 30-50 Hz). Each point represents

the mean value within the frequency band. Experimental groups were
represented: SHAM-baseline (continuous black line), SHAM-surgery

(black line-dotted), SNI-baseline (continuous color line: WK (blue), SWS
(green), and REM (red), and SNI-surgery (color line-dotted). (A) Left

column represents the power spectra density (PSD) measurements across
frequency bands for the two recorded areas (ventro-posterior-lateral thalamic
nuclei, VPL and primary somatosensory cortex — Sl). Analysis of variance
revealed no differences across experimental groups
[(SHAM-baseline/SHAM-surgery) —VPL: WK F(; .5 = 1.61, P=0.1874, SWS
Fu25=0.27 P=0.6081, REM F ;.5 =0.41, P=0.5271; and SI: WK

F25 =371, P=0.0538, SWS F; 5 =3.04, P=0.0934, REM F ;.5 = 1.34,
P=0.2588; (SHAM-baseline/SNI-baseline) — VPL: WK F(; 50 =2.24,
P=0.0989, SWS F(;5,=0.10, P=0.7552, REM F, 5, =0.02, P=0.8800; and
SIEWK Fii50=0.46, P=0.4993, SWS F(;5=0.19, P=0.6683, REM
Fs0=0.76, P=0.3900; (SNI-baseline/SNI-surgery) — VPL: WK F; ,5 = 1.86,
P=0.4147, SWS F; 25 =0.25, P=0.6237 REM F, ;5 =0.08, P=0.7753; and
SIEWK Fi5 = 1.63, P=0.2281, SWS F .5 =1.72, P=0.4266, REM
F25=0.21, P=0.6500; (SHAM-surgery/SNI-surgery) - VPL: WK F; 50 = 0.76,
P=0.3880, SWS F(;5,=23.43, P=0.0698, REM F ;50 =0.01, P=0.9999; and
SI: WK F ;50 =3.35, P=0.0732, SWS F; 50 =1.58, P=0.6673, REM

F 50 =0.40, P=0.5288] and interaction [(SHAM-baseline/SHAM-surgery) —
VPL: WK F 5 =2.74, P=0.0510, SWS F .5 =0.75, P=0.5652, REM

8 0 o B ¥
Frequency Bands

Fuzs =129, P=0.3009; and SI: WK F,,5 =0.69, P=0.6073, SWS
Fu25 =074, P=0.5693, REM F .5 =2.42, P=0.0750;
(SHAM-baseline/SNI-baseline) — VPL: WK F 55 = 2.66, P=0.0701, SWS
Fusy=0.33, P=0.8566, REM F 5, =104, P=0.3979; and SI: WK
Fusn=0.80, P=0.5339, SWS F s, =0.88, P=0.5407, REM F 50 =2.44,
P=0.0590; (SNI-baseline/SNI-surgery) — VPL: WK F .5 = 1.93, P=0.3969,
SWS F25 =0.60, P=0.6686, REM F ;.5 =1.15, P=0.3561; and SI: WK
Flu.5=0.81, P=0.56322, SWS F .5 =197 P=0.1294, REM F .5 =0.34,
P=0.8449; (SHAM-surgery/SNI-surgery) = VPL: WK F 50 = 2.23, P=0.1003,
SWS Fis0=0.69, P=0.5992, REM F ;50 = 1.45, P=0.2703; and SI: WK
Fsy=0.45, P=0.7730, SWS F s =2.20, P=0.0823, REM Fys 5, = 0.26,
P=0.9030], and as expected an effect across frequency bands
[(SHAM-baseline/SHAM-surgery) — VPL: WK F 425 =459.20, P < 0.0001, SWS
Fu2 =185.40, P<0.0001, REM F . =381.80, P<0.0001; and SI: WK
Fl25 =33710, P<0.0001, SWS F.5 =239.10, P<0.0001, REM
Fu25=293.80, P<0.0001; (SHAM-baseline/SNI-baseline) - VPL: WK
Fusy=542.90, P<0.0001, SWS F s, =83.05, P<0.0001, REM
Fusy=183.30, P<0.0001; and SI: WK F 50 =274.40, P<0.0001, SWS
Fusy=244.50, P<0.0001, REM F 5, =255.60, P<0.0001;
(SNI-baseline/SNI-surgery) - VPL: WK F,,5 =272.80, P<0.0001, SWS
Fu2=91.82, P<0.0001, REM F ., =67.83, P<0.0001; and SI: WK
Flazs =270.40, P<0.0001, SWS Fy 5 = 172.50, P<0.0001, REM
Fu2 =165.10, P<0.0001; (SHAM-surgery/SNI-surgery) — VPL: WK
Fusn=358.20, P<0.0001, SWS F 5, =246.40, P<0.0001, REM
Fusy=163.10, P<0.0001; and SI: WK F 50 =296.80, P<0.0001,
SWS Fs0 =189.80, P<0.0001, REM F 450 =244.40, P<0.0001].
(Continued)
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FIGURE A3 | (Continued)

(B) Right column represents the thalamocortical VPL=SI coherence activity.
Analysis of variance revealed no significant differences across experimental
groups [(SHAM-baseline/SHAM-surgery): WK F, ,5 =0.21, P=0.6524, SWS
Fiz5=0.25, P=0.6202, REM F 5 =0.12, P=0.7314;
(SHAM-baseline/SNI-baseline): WK F ;5 =0.11, P=0.7419, SWS
Fus0=0.31, P=0.5815, REM F(; 50, =2.26, P=0.1388;
(SNI-baseline/SNI-surgery): WK F; 5y =0.62, P=10.4378, SWS F; ;5 =0.50,
P=0.4882, REM F; ,5 =0.20, P=0.6553; (SHAM-surgery/SNI-surgery): WK
Fuso =211, P=0.1530, SWS F, 5, =0.27 P=0.6026, REM F ;5 =3.87,
P=0.0544], frequency bands [(SHAM-baseline/SHAM-surgery): WK

Flazs =1,64, P=0.1956, SWS Fy.5 = 0.43, P=0.7844, REM F 5 =0.90,
P=0.4783; (SHAM-baseline/SNI-baseline): WK F 5, =0.58, P=0.6721,
SWS F 450 =0.66, P=0.6208, REM F 50 =0.63, P=0.6431;

(SNI-baseline/SNI-surgery): WK F 25 =0.32, P=0.8626, SWS
Fu2s=0.51, P=0.7284, REM F .5 =0.46, P=0.7675;
(SHAM-surgery/SNI-surgery): WK F 50 =0.97 P=0.4346, SWS
Fusy=0.51, P=0.7293, REM F 5, =0.55, P=0.7006], and

interaction effect [groups x frequency bands;
(SHAM-baseline/SHAM-surgery): WK F ;.5 =0.09, P=0.9851, SWS
Fu25=0.08, P=0.9879, REM F . =0.21, P=0.9295;
(SHAM-baseline/SNI-baseline): WK F 50, =0.15, P=0.9613, SWS
Fusy=0.05, P=0.9956, REM F s, =0.11, P=0.9784;
(SNI-baseline/SNI-surgery): WK F 425 =0.16, P=0.9560, SWS F 4,5 =0.17,
P=0.9508, REM F ;5 =0.32, P=0.8607; (SHAM-surgery/SNI-surgery): WK
Fusy=0.13, P=0.9718, SWS Fi,5,=0.11, P=0.9779, REM F 5, =0.48,
P=0.7508]. The determinations are expressed for all animals as mean
(£SEM).
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