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BASIC SCIENCE

Sleep Deprivation and Recovery Sleep Prior to a Noxious Inflammatory Insult
Influence Characteristics and Duration of Pain

Giancarlo Vanini, MD

Department of Anesthesiology, University of Michigan, Ann Arbor, MI

Study Objectives: Insufficient sleep and chronic pain are public health epidemics. Sleep loss worsens pain and predicts the development of chronic pain.
Whether previous, acute sleep loss and recovery sleep determine pain levels and duration remains poorly understood. This study tested whether acute sleep
deprivation and recovery sleep prior to formalin injection alter post-injection pain levels and duration.

Methods: Male Sprague-Dawley rats (n = 48) underwent sleep deprivation or ad libitum sleep for 9 hours. Thereafter, rats received a subcutaneous injection
of formalin or saline into a hind paw. In the recovery sleep group, rats were allowed 24 h between sleep deprivation and the injection of formalin. Mechanical
and thermal nociception were assessed using the von Frey test and Hargreaves’ method. Nociceptive measures were performed at 1, 3, 7, 10, 14, 17 and 21

days post-injection.

Results: Formalin caused bilateral mechanical hypersensitivity (allodynia) that persisted for up to 21 days post-injection. Sleep deprivation significantly
enhanced bilateral allodynia. There was a synergistic interaction when sleep deprivation preceded a formalin injection. Rats allowed a recovery sleep period
prior to formalin injection developed allodynia only in the injected limb, with higher mechanical thresholds (less allodynia) and a shorter recovery period.

There were no persistent changes in thermal nociception.

Conclusion: The data suggest that acute sleep loss preceding an inflammatory insult enhances pain and can contribute to chronic pain. The results
encourage studies in a model of surgical pain to test whether enhancing sleep reduces pain levels and duration.
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Significance

Disrupted sleep is a risk factor for chronic pain. This preclinical study filled a gap in the knowledge by demonstrating that previous, brief sleep
manipulations altered long-term levels and duration of pain caused by a noxious inflammatory insult. Sleep deprivation enhanced cutaneous mechanical
hypersensitivity (allodynia) caused by a subdermal injection of formalin, whereas allowing a sleep recovery period after sleep deprivation significantly
reduced the levels, duration and extension of allodynia caused by formalin. These data lend additional support to the notion that sleep loss can
contribute to chronic pain, suggest that enhancing sleep prior to a noxious insult may protect from the development of chronic pain, and represent the
foundation for future studies to elucidate central mechanisms for sleep-pain interactions.

INTRODUCTION
Sleep disorders are highly prevalent and insufficient sleep is in-
creasingly recognized as a public health problem.! An estimated
50 to 70 million adults in the United States suffer from a sleep
disorder' and 30% of employed adults reported a significantly
shorter sleep duration than the average basal need.” Altered sleep
continuity and sleep architecture are also common in hospital-
ized patients,>* and virtually all patients in the intensive care unit
have severely disrupted sleep.’ Insufficient sleep is associated
with increased morbidity and mortality. Disrupted sleep com-
promises immune function,*® and is linked to poor cardiovas-
cular,>'® metabolic,''* mental health,'*'¢ and pain'"'® outcomes.
Disrupted sleep and pain are prevalent, frequently associ-
ated problems with reciprocal negative effects; pain alters
sleep, and sleep disruption worsens pain perception. The bi-
directional nature of the interaction between sleep and pain
is supported by several studies in animal models of chronic
pain,'”* healthy (pain-free) volunteers,?3* and patients with
different types of chronic pain.***? Importantly, longitudinal
studies suggest that altered sleep during hospitalization for a
traumatic injury or surgery is a risk factor for subsequent de-
velopment of chronic pain.’®#24° Furthermore, a recent meta-
analysis of current literature demonstrated that insomnia
symptoms increase the risk of developing future chronic pain,
and revealed that sleep disturbance is a stronger predictor of
pain than pain is of sleep disturbances."
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Based on the foregoing lines of evidence, the current pre-
clinical study was designed to test two hypotheses concerning
the long-term effect of acute sleep deprivation and recovery
sleep on subsequent pain caused by an inflammatory insult.
The first hypothesis was that acute sleep loss prior to a nox-
ious inflammatory insult worsens post-insult pain levels. The
second hypothesis was that allowing time for recovery sleep
prior to an inflammatory insult diminishes the negative ef-
fect of preceding sleep deprivation on pain levels. To test the
causal relationship between altered sleep and post-insult pain
levels, rats underwent total sleep deprivation, received a sub-
cutaneous microinjection of formalin (a model of persistent
pain),**** and nociceptive levels were assessed during a 21-d
period subsequent to formalin injection.

MATERIALS AND METHODS

Animals, Conditioning, Chemical Suppliers, and Solutions

All the experiments were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals (National
Academies Press, 8th Edition, Washington, DC, 2011) and the
recommendations of the Committee for Research and Ethical
Issues of the International Association for the Study of Pain.*
The procedures using animals were approved by the University
Committee on Use and Care of Animals. Adult male Sprague-
Dawley (Crl:CD®(SD)) rats (n = 48) weighing 250 to 350 g
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at arrival were purchased from Charles River Laboratories
(Wilmington, MA, USA). Rats were group housed in a 12-h
light:dark cycle (lights on at 08:00) with free access to food and
water, and were allowed 7 d after arrival for acclimation to the
novel housing environment. Thereafter, rats were conditioned
to the testing chambers and handled for a minimum of 1 w be-
fore experiments began. Two days prior to the experiments, rats
were individually housed in environmentally enriched cages
until the end of the experimental protocol. Rats were monitored
daily looking for signs of distress or discomfort (i.e., absence
of grooming, feeding behaviors or exploratory activity, immo-
bility, lethargy, scruffy hair, and porphyrin stain), as well as for
early detection of infection in the injection site. Body weight
was measured once per week and individual weight curves
were used to reveal any abnormal deviation from the expected
healthy weight range throughout the experimental period.

Formalin (10%) was obtained from Thermo Fisher Scientific
(Waltham, MA, USA). The formalin solution was diluted to
5% in sterile saline (0.9%; vehicle control) and filtered using a
0.22-um syringe filter (Fisher Scientific #05-713-386) immedi-
ately prior to every series of injections.

Experimental Design

After obtaining baseline measures of mechanical sensitivity
and thermal nociception, rats (n = 38) were randomly assigned
to one of the following four groups in a between-subject study
design: (1) ad libitum sleep + saline, (2) ad libitum sleep + for-
malin, (3) sleep deprivation + saline, and (4) sleep deprivation
+ formalin injection. All experiments began at 08:00. On the
day of the experiment (Figure 1A), rats were either allowed
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to sleep as needed or sleep deprived for 9 h (08:00 to 17:00).
Thereafter (17:00), rats received an injection of formalin or ve-
hicle into a hind paw. Measures of mechanical sensitivity and
thermal nociception were obtained from each rat on day 1, 3,
7, 10, 14, 17 and 21. No additional sleep manipulations were
performed after the injection.

A fifth group of rats (n = 10) was sleep deprived for 9 h (08:00
to 17:00), allowed a 24-h recovery period, and then injected
with formalin (next day at 17:00) into a hind paw (Figure 1B).
Measures of mechanical sensitivity and thermal nociception
were obtained from each rat on day 1, 3, 7, 10, 14, 17 and 21.
No additional sleep manipulations were performed after for-
malin injection. Measures of post-injection nociceptive levels
in these rats were compared to their respective baseline levels,
as well as to the sleep deprivation + formalin group.

Sleep Deprivation and Formalin Injection

Total sleep deprivation (i.e., rats were deprived of nonrapid
eye movement [NREM] sleep and rapid eye movement [REM]
sleep) was accomplished by mild auditory and tactile stimula-
tion."” Rats were maintained awake by tapping on the side of
the cage and gently stimulating the whiskers or the tail using
a pencil-sized paintbrush; stimuli were applied every time a
sleep posture was observed. After a 9-h period of undisturbed
sleep or total sleep deprivation, rats were gently restrained and
received a subcutaneous injection (50 pL) of saline (vehicle)
or 5% formalin into the right hind paw. The injections were
performed using a 26-gauge needle inserted into the dorsal
surface between the medial toes and advanced 2 to 3 mm prox-
imally under the skin before formalin was injected.*?#446-48
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Published concentrations of formalin used in rats range
from 1% to 5%.%4¢° The concentration of formalin (5%) used
in this study was selected according to the following criteria:
(1) the variability of the nociceptive response is inversely cor-
related with the dose of formalin,* (2) to date, 5% has been
the only concentration tested for assessing the time course of
late-hyperalgesia (day 1 to week 4) in rat,*>*7 and (3) all the
concentrations within the cited range exert supra-threshold no-
ciceptor stimulation.

Nociceptive Testing

Nociceptive measures obtained from days 1 to 21 post-injection
started between 14:00 and 14:30 and were conducted by an in-
vestigator blinded to the treatment condition. In each group of
rats that started the 21-day protocol, the order of the tests used
for assessing mechanical sensitivity and thermal nociception
was alternated between testing days; the order was reversed
when the next group of rats entered the protocol. This ap-
proach was used to eliminate a potential systematic confound
caused by a repeated sequence of tests performed in all the
rats throughout the study. Rats were allowed 20 to 30 min to
habituate to the experiment chambers before each nociceptive
test. Room temperature and relative humidity were recorded
prior to each testing session. Mechanical sensitivity was as-
sessed using the von Frey test (ascending method) expressed
as the threshold for paw withdrawal in grams.>"* Rats were
placed in individual Plexiglas chambers on an IITC von Frey
mesh stand (Life Science Inc., Woodland Hills, CA, USA). For
each determination, six von Frey filaments (2, 4, 6, 8, 10 and
15 g of pressure) were applied in ascending order to the plantar
surface of the rat hind paw until bent (Touch Test Sensory
Evaluator, North Coast Medical Inc., Gilroy, CA, USA). After
the filament bent, it was held for 5 sec or until a withdrawal
response occurred. The filaments were applied to the central
region of the plantar surface avoiding the foot pads, only when
the rat was standing on all four paws. No stimuli were applied
if the rat was walking, grooming, or sniffing. Each filament
was presented to a hind paw five times with a 30-sec interval
between stimuli. Thereafter, the same procedure was repeated
to stimulate the contralateral hind paw. A response was con-
sidered positive when the hind paw was completely removed
from the platform. If withdrawal did not occur during five ap-
plications of a particular filament, the next filament in the se-
ries was applied. The mechanical threshold was defined as the
lowest tension that evoked at least three responses out of five
applications.

Thermal hyperalgesia was measured using the Hargreaves’
paw withdrawal latency (PWL) method.>* As described in de-
tail previously,” rats were placed in the testing chambers on a
temperature-controlled (30°C) glass floor (IITC Plantar Anal-
gesia Meter, Life Science Inc.). To test for thermal nociception,
a light beam was aimed at the plantar surface of a hind paw.
The light was then switched to active intensity and a timer was
simultaneously started at the onset of the stimulus. As soon
as the withdrawal of the paw away from the heat source was
observed, the light beam and the timer were deactivated and
the latency to withdrawal in seconds was recorded. Four PWL
values were obtained from each paw by alternating the stimulus
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between the hind paws. The PWL in response to the thermal
stimulus was expressed as a percentage change from pre-for-
malin baseline values (percentage of maximum possible effect
[%MPE]¥) using the following equation: %MPE = (post-in-
jection PWL — baseline PWL) / (cut-off time — baseline PWL)
% 100. A cut-off time of 15 sec for the thermal stimulus was
chosen to ensure no tissue damage. Positive or negative %MPE
values indicate, respectively, longer (i.e., decreased nocicep-
tion) or shorter (i.e., increased nociception) latencies relative to
baseline measures.

Statistical Analyses

Statistical evaluation of the data was performed with input
from the University of Michigan Center for Statistical Consul-
tation and Research. Data analyses were performed using Sta-
tistical Analysis System (SAS) version 9.3 (SAS Institute, Cary,
NC, USA) and PRISM v6.0c (GraphPad Software, La Jolla,
CA, USA). All data were tested for normality. Data are re-
ported as mean + standard error of the mean, and P < 0.05 was
considered statistically significant. Differences in mechanical
sensitivity and thermal nociception between ad libitum sleep +
saline, ad libitum sleep + formalin, sleep deprivation + saline,
and sleep deprivation + formalin groups were assessed using a
linear mixed model.

Measures of mechanical threshold in ad libitum sleep + for-
malin versus sleep deprivation + formalin groups (injected
and non-injected paw) were averaged across time (day 1 to
21 post-injection) and differences were assessed using an un-
paired #-test. The synergy index was calculated using the mean
mechanical threshold per group to determine whether there
was a synergistic interaction®* between sleep deprivation
and formalin-induced pain. The index was obtained using the
following equation: S = [RR,, — 1]/ [(RR,, — 1) + (RRy, — 1)],
where RR,, represents the relative risk of both factors (sleep
and formalin) present, and RR,, or RR,, indicate that one factor
is present and the second one is absent.” A synergy index of
1 means no interaction, whereas > 1 means that there was a
synergistic interaction. Differences in the time course of
mechanical sensitivity and thermal nociception, between in-
jected and non-injected paw, in the sleep deprivation/recovery
+ formalin group were evaluated using a two-way analysis of
variance (ANOVA) test. Post hoc tests comparing the means
were adjusted for multiple comparisons using a Tukey multiple
comparisons test. Differences in the time course of mechanical
sensitivity in sleep deprivation + formalin versus sleep depri-
vation/recovery + formalin groups (expressed as percent from
mean baseline values) were evaluated by regression analysis,
and by a two-way ANOVA followed by a multiple compari-
sons Tukey procedure. Last, mechanical thresholds in ad [li-
bitum sleep + formalin, sleep deprivation + formalin, and sleep
deprivation/recovery + formalin groups were averaged across
time and the means were assessed using a one-way ANOVA
followed by unpaired #-tests with Bonferroni correction.

RESULTS

The injection of formalin caused a typical biphasic response
including nociceptive behaviors such as elevating, licking, and
shaking the injected paw. These pain behaviors (not quantified)
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Figure 2—Persistent mechanical hypersensitivity quantified during 3 w
post-formalin injection. The time course of mechanical sensitivity in the
injected (A) and non-injected (B) paw indicates that, relative to baseline,
an injection of formalin into a hind paw after ad libitum sleep and sleep
deprivation caused persistent bilateral mechanical hypersensitivity.
The line break on the abscissa indicates the time during which all the
interventions (sleep manipulations and subcutaneous injections) were
performed in all groups. Asterisks (*) indicate significant differences
from baseline measures. Pound symbols (#) indicate significant
differences between ad libitum sleep + formalin and sleep deprivation +
formalin groups. The bar graphs show the mean mechanical threshold
for ad libitum sleep + formalin and sleep deprivation + formalin
groups averaged across the 21-d period post-formalin injection. Sleep
deprivation significantly enhanced mechanical hypersensitivity in the
injected (C) and non-injected (D) paws that lasted for up to 21 d post-
injection. Data shown in A-D summarize results from 8 rats in the ad
libitum sleep + saline (green), 10 rats in the sleep deprivation + saline
(blue), 10 rats in the ad libitum sleep + formalin (black), and 10 rats in the
sleep deprivation + formalin (red) group.

lasted up to 60 min post-formalin injection. Thereafter, no
signs of spontaneous pain or distress were observed; rats be-
haved normally including sleeping, feeding, and grooming.
Consistent with previous reports of adverse consequences
after formalin injection,***” mild edema in the injected paw de-
veloped in all rats; the edema resolved within the first 5 days
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post-injection. None of the rats had signs of infection in the
injection site, and all rats showed normal increasing weight
trends during the experimental protocol.

Persistent Mechanical Hypersensitivity Caused by Formalin
Injection was Enhanced by Previous Sleep Deprivation

Figure 2 illustrates the time course of the mechanical threshold
quantified bilaterally during 3 w post-injection. Two-way
ANOVA revealed a significant main group effect in the in-
jected (F = 16.77; df = 3, 238; P < 0.0001) and contralateral
(F =37.72; df = 3, 238; P < 0.0001) limb. Formalin injection
caused bilateral mechanical hypersensitivity that persisted
during the 21-d pain testing period. Figure 2A shows that rela-
tive to the ad libitum sleep + formalin group, sleep deprivation
(+ formalin) caused a significant decrease in the mechanical
threshold (increased mechanical hypersensitivity) in the in-
jected paw on days 3, 7, and 21 post-injection. Figure 2B shows
that relative to the ad libitum sleep + formalin group, sleep
deprivation caused a significant decrease in the mechanical
threshold (increased mechanical hypersensitivity) in the non-
injected paw on days 1, 3, 7, 10, and 21 post-injection. The bar
graphs (Figures 2C and 2D) plot the mean threshold for me-
chanical stimulation averaged across day 1 to 21 and show that
sleep deprivation significantly (t = 3.267; df = 12; P = 0.034, in-
jected paw and t =5.792; df = 12; P <0.0001, non-injected paw)
worsened mechanical hypersensitivity. In the sleep deprivation
+ saline group, there was no significant effect on mechanical
sensitivity that persisted over the course of the testing period.
The synergy index for the injected and non-injected paw was
1.196 and 1.396, respectively, and thus revealed that mechan-
ical sensitivity in the sleep deprivation + formalin group was
greater than the expected from the addition of measures from
the sleep deprivation + saline and ad libitum sleep + formalin
group. Figure 3 shows the time course of %MPE (thermal no-
ciception) in the injected (Figure 3A) and non-injected (Figure
3B) paw. Relative to ad libitum sleep + saline, formalin injec-
tion (ad libitum sleep + formalin) caused a significant increase
in %MPE during days 1 and 3 post-injection. There was no
persistent effect on thermal nociception due to injection or
sleep deprivation.

Allowing a Recovery Sleep Period Before Formalin Injection
Diminishes Post-Injection Pain Levels and Duration

Figure 4 depicts the time course of bilateral mechanical thresh-
olds and %MPE during the 21-day testing period in a group of
rats that underwent sleep deprivation and were allowed a 24-h
recovery period prior to receiving an injection of formalin into
a hind paw. Two-way ANOVA indicated a significant effect
of condition (F = 32.96; df = 7,144; P < 0.0001), time effect
(F =13.48; df = 7,144; P < 0.0001), and condition by time inter-
action (F = 8.89; df =7,144; P <0.0001). Post hoc tests revealed
that, relative to baseline, formalin caused a significant de-
crease in mechanical hypersensitivity in the injected paw that
persisted until day 10 post-injection (Figure 4A). There were
no persistent changes in the threshold for mechanical stimula-
tion in the paw contralateral to the injection side (Figure 4A),
nor bilateral changes in the responses to thermal stimulation
(Figure 4B).
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Figure 3—Time course of thermal nociception in the injected (A) and
non-injected (B) paw during 3 w post-formalin injection. Relative to ad
libitum sleep + saline, formalin injection caused a significant increase in
the percentage of maximum possible effect (%MPE) during days 1 and
3 post-injection. There was no persistent effect on thermal nociception
due to injection or sleep deprivation beyond 3 d post-injection. The
dotted line at 0 %MPE represents baseline (pre-experiment) levels of
thermal nociception. The number of rats (n) per group is the same as
in Figure 2.

Figure 5A shows the time course of ipsilateral (i.e., in-
jected paw) mechanical hypersensitivity in sleep deprivation
+ formalin and sleep deprivation/recovery + formalin groups,
expressed as the mean percent change from baseline levels.
Two-way ANOVA revealed a significant effect of condition
(F = 37.11; df = 1,144; P < 0.0001), time effect (F = 16.85;
df = 7,144; P < 0.0001), and condition by time interaction
(F =7.26; df = 7,144; P < 0.0001). Rats allowed a 24-h interval
(recovery sleep) before receiving a formalin injection had a
shorter time to recovery than those in the sleep deprivation +
formalin group (i.e., not allowed a recovery sleep interval prior
to formalin injection); levels of mechanical hypersensitivity in
the injected paw were significantly lower on days 14 (P =0.001),
17 (P < 0.0001) and 21 (P < 0.0001) post-injection. Regres-
sion analysis indicates that in the sleep deprivation/recovery
+ formalin group there was a significant (F = 44.12; df = 1,5;
P = 0.0012) linear reduction in mechanical hypersensitivity
during the post-injection period. Post-injection time accounted
for 90% (R? = 0.8982) of the variance in mechanical sensitivity.
The slope of the linear regression function for mechanical hy-
persensitivity in the sleep deprivation + formalin group was
not significantly (F = 0.31; df = 1,5; P = 0.6) different from zero.
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Figure 4—Time course of mechanical sensitivity (A) and thermal
nociception (B) quantified during 3 w in a group of rats that underwent
sleep deprivation and were allowed a 24-h recovery period prior to
formalin injection. (A) Relative to baseline, formalin caused persistent
mechanical hyperalgesia in the injected paw (white circles) that lasted up
to 10 d post-injection. There were no persistent changes in mechanical
sensitivity in the non-injected paw (gray circles). (B) There was no
persistent effect on thermal nociception caused by formalin injection
in either paw. The dotted line at 0 percentage of maximum possible
effect (%MPE) represents baseline (pre-experiment) levels of thermal
nociception. Data shown in A and B summarize results from 10 rats.

A statistical comparison between the regression function in the
sleep deprivation + formalin group and that one in the sleep de-
privation/recovery + formalin group revealed that both slopes
were significantly (F = 30.72; df = 1,10; P = 0.00025) different.
A one-way ANOVA revealed a significant (F = 4.08;
df = 2,18; P = 0.035) effect of sleep deprivation in mechanical
hypersensitivity post-formalin injection (Figure 5B). Relative
to ad libitum sleep + formalin, the mean mechanical threshold
averaged across days 1 to 21 post-injection was significantly
(t=3.379; df = 12; P = 0.0027) reduced by sleep deprivation.
There was no significant (t = 0.312; df = 12; P = 0.38) differ-
ence in mechanical sensitivity between the ad libitum sleep
+ formalin and sleep deprivation/recovery + formalin groups.
Last, a sleep recovery period prior to formalin prevented the
increase in mechanical hypersensitivity (t = 2.491; df = 12;
P = 0.0142) caused by sleep deprivation (sleep deprivation +
formalin versus sleep deprivation/recovery + formalin).

DISCUSSION

This study showed that a subcutaneous injection of formalin
causes long-lasting mechanical hypersensitivity (i.e., mechan-
ical allodynia, defined as pain evoked by a normally innocuous
tactile stimulus) in the injected limb as well as in sites dis-
tant to the injection site. The data demonstrate that acute total
sleep deprivation preceding a noxious inflammatory insult
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Figure 5—Duration and mean threshold of mechanical hypersensitivity
in rats that underwent sleep deprivation and were allowed a 24-h
recovery period prior to formalin injection. (A) Time course of mechanical
hypersensitivity in the injected paw expressed as mean percent
change from baseline levels. Relative to sleep deprivation + formalin
(black bars), the duration of mechanical hyperalgesia was significantly
shorter in the group that was allowed a recovery period between sleep
deprivation and a formalin injection (gray bars). (B) Mean mechanical
sensitivity averaged across days 1 to 21 post-formalin injection. Sleep
deprivation significantly enhanced mechanical hyperalgesia caused by
a formalin injection. A recovery period after sleep deprivation diminished
nociception by preventing the mean decrease in the mechanical
threshold caused by formalin injection.

significantly worsens mechanical hypersensitivity caused
by formalin; the effect of a single episode of sleep depriva-
tion caused a long-lasting effect. There was a synergistic ef-
fect on post-inflammatory mechanical hypersensitivity when
sleep deprivation preceded the injection of formalin. Last, the
results also showed that a recovery period prior to a noxious
insult diminished mechanical hypersensitivity, which mani-
fested in the injected limb only. The following paragraphs dis-
cuss the importance of sleep in chronic pain, the animal model,
translational relevance and limitations.

Sleep loss is a growing public health concern.! Accumu-
lating evidence indicates that sleep loss is associated with
a wide range of health issues including chronic cardiovas-
cular’® and metabolic disease,'? obesity,”® cancer,”® mental
health disorders,'* as well as chronic pain.”® Chronic pain is
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another major health care problem worldwide,* % with a sig-
nificant economic burden and negative effect on the quality

of life. Several lines of evidence indicate that sleep and pain

have bidirectional interactions. Data from preclinical'®**2%6

and human'7?7:30:31.33.396465 gtydies show that poor sleep quality,
experimental sleep restriction and sleep deprivation enhances

pain. Conversely, a long list of evidence supports the view that

pain disrupts sleep.?!:#243436.66-68 The current study shows

that acute sleep deprivation worsens nociception caused by

a formalin injection (Figure 2), lending additional support to

the interpretation that sleep loss increases pain. Furthermore,
human data suggest that sleep loss is a risk factor for devel-
oping chronic pain.'®>4%4! Figure 2 illustrates the long-lasting

negative impact of sleep deprivation on inflammatory-induced

nociception subsequent to formalin injection. While the me-
chanical threshold in both ad libitum sleep + formalin and

sleep deprivation + formalin group was significantly lower
than their respective baseline levels, measures of mechanical

sensitivity in the ad libitum sleep + formalin group on day 21

showed a trend to recovery (Figure 2). Taken together, these

data suggest that acute sleep loss preceding an inflammatory
insult may prolong the recovery period and potentially con-
tribute to the development of chronic pain. The concept that a

single episode of sleep deprivation can contribute to persistent

allodynia is in line with extensive evidence showing that even

short-term sleep deprivation can alter molecular, cellular, and

network mechanisms that translate into long-term behavioral

changes.®7? Contrary to the detrimental effects of sleep de-
privation, a recovery period from sleep deprivation allowed

prior to formalin injection had a beneficial effect on nocicep-
tive levels and duration. In the group allowed a sleep recovery
period, mechanical hypersensitivity developed in the injected

paw only (Figure 4A), had significantly shorter duration (10

versus 21 days, Figure 5A) and lower intensity than in the sleep

deprivation + formalin group (Figure 5B). Notably, human
data also show that a behavioral intervention used to increase

sleep time in sleepy but otherwise healthy adults can success-
fully reduce pain sensitivity.?® The translational relevance of
the current study is supported by evidence that persistent post-
surgical pain affects 10% to 50% of patients.”* Chronic sleep

problems before surgery are a strong predictor of postopera-
tive pain.” The current study shows that acute sleep loss can
negatively impact the intensity and duration of pain after an
inflammatory insult. Hence, the results reported here under-
score the importance of preoperative sleep management in the
care of surgical patients. These data encourage future studies
extending these findings to a model of surgical pain, investi-
gating the mechanisms underlying the effects of sleep depriva-
tion and recovery sleep on pain, and testing pre-emptive sleep
interventions aimed at improving pain outcomes.

This study used a rodent model of somatic persistent inflam-
matory pain*#¢-4%3 to examine the complex bidirectional in-
teractions between sleep and chronic pain. As described in the
Results section, a subcutaneous injection of formalin causes
a number of nociceptive behaviors that last approximately 1
h, and are classically divided into an early phase and a late
phase. Importantly, the presence of the early phase is key
for development of the late phase. For example, preemptive
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pharmacologic interventions, administration of volatile anes-
thetics, or brain stimulation to cause analgesia performed be-
fore the early phase attenuate or eliminate the late phase.*’”
Thus, the preceding evidence of confounding actions of in-
haled anesthetics precluded the administration of brief general
anesthesia for the injection of formalin in the current study. In
the formalin model, the late phase as well as the subsequent
prolonged allodynia and hyperalgesia mimic the symptoms
of neuropathic pain in humans.**#%4” Fu et al.*’ reported that
nociceptive responses to mechanical and thermal stimulation
remained altered for 3 to 4 w after formalin injection. In the
current study, formalin (ad libitum sleep + formalin) caused bi-
lateral hypersensitivity evoked by mechanical stimulation that
persisted during the 3-w testing period (Figure 2). However,
there were no long-lasting changes in thermal nociception
(Figure 3, day 1 to 21). Relative to the study by Fu et al.,* there
are two methodological differences that may account for the
absence of persistent thermal hyperalgesia in the injected paw
reported here. First, Fu et al.** used a modified hot plate with
the temperature set at 43.8°C, just 0.2°C above the measured
threshold for noxious thermal stimulation. In contrast, the
thermal stimulus in the Hargreaves’ method rises up to 100°C
when switched from idle to active intensity. Thus, the stimulus
delivered with the Hargreaves’ method is likely at the top of
the intensity-response curve. The second difference is that
each study used different behavioral measures (number of no-
ciceptive behaviors* versus latency to paw withdrawal) to as-
sess thermal nociception. The disparity in the results reported
here and those in the study by Fu and colleagues** suggests
that a different test may be needed for identifying changes in
thermal hyperalgesia with the experimental protocol used in
this study. The widespread mechanical (cutaneous) hypersen-
sitivity, without long-lasting changes in thermal hyperalgesia
in the formalin model fits well with the clinical presentation of
many syndromes characterized by chronic centralized pain,”
in which mechanical hyperalgesia is a more consistent finding
than thermal hyperalgesia.””

The prolonged duration of the allodynic response, relative to
the relatively short duration (< 5 d) of peripheral inflammatory
manifestations (skin flare, blisters, and paw edema), suggests a
central mechanism. This notion is also supported by the bilateral
nature of mechanical hypersensitivity illustrated in Figure 2, as
well as by evidence showing that central changes in neural excit-
ability underlie the late phase after formalin injection.*6-#74%0.78.
Increased activation of primary sensory neurons caused by in-
tense noxious peripheral stimulation can trigger a long-lasting
increased excitability and synaptic efficacy of dorsal horn
neurons, a phenomenon termed central sensitization.’*8! The
net result of this activity-dependent plasticity is an increased
gain of central nociceptive pathways, causing regional pain hy-
persensitivity that outlasts the duration of the initial stimulus
(Figure 2). Furthermore, electrophysiological studies revealed
that induction of long-term potentiation in spinal nociceptive
neurons induces a long-lasting increase in the excitability of
thalamo-cortical networks.® These data support the interpreta-
tion that sustained nociceptor activation can induce changes in
the excitability of pain pathways at both spinal and supraspinal
levels. Consistent with a role for supraspinal nuclei in the pain
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phenotype, several studies indicate that descending modulation
of spinal mechanisms contribute to maintain central sensitiza-
tion induced by peripheral formalin injection.*®”3%-85 Data from
studies in humans suggest that augmentation of peripheral sen-
sory input by abnormal activation of pain-processing brain areas
is also a common underlying mechanism in several conditions
with centralized pain.”5687

The finding that acute sleep deprivation enhanced post-
formalin nociception (Figure 2) suggests that sleep loss prior
to an inflammatory insult can contribute to chronic pain by
increasing the propensity to develop central sensitization.
Several studies are congruent with the conclusion that sleep
deprivation increases cortical and thalamic excitability.®*
Microdialysis data show state-specific changes in neurotrans-
mitter levels within the spinal cord,” " and sleep deprivation
causes mechanical® and thermal'® hypersensitivity by altering
the neurochemical milieu within spinal sensory regions.”®"
Taken together, the data reviewed above support the hypoth-
esis that sleep deprivation can facilitate and maintain central
sensitization by altering descending (cortico-spinal) and as-
cending mechanisms that process or modulate pain.

Another relevant result from this study was that post-for-
malin levels, extension and duration of mechanical allodynia
were significantly reduced in the group of rats allowed a sleep
recovery period after sleep deprivation (Figures 4A, 5A, and
5B). Sleep deprivation increases neural excitability,%°* and re-
covery sleep is expected to reduce the increase in excitability
brought about by sleep deprivation. However, the magnitude
of changes in post-formalin nociception (Figures 4A, 5A, and
5B) is consistent with the hypothesis that state-specific mecha-
nisms may also limit the development of long-lasting diffuse
allodynia in the formalin model. The brain regions and mecha-
nisms that mediate sleep-induced changes in pain regulation
remain to be elucidated. The ventrolateral column of the peri-
aqueductal gray contributes to regulate states of sleep and
wakefulness,'*"'% and controls spinal nociceptive mechanisms
via projections to the rostral ventromedial medulla.'”*' Fu-
ture research will examine the periaqueductal gray — rostral
ventromedial medulla — spinal cord pathway as a potential
neural substrate underlying the effects of sleep loss and re-
covery on pain.

Limitations and Conclusions

This study was limited by the use of methods that assessed
only the nociceptive component of pain. The present results
encourage future studies using non-reflexive methods for
evaluating sleep,"” cognitive and affective responses to sleep
challenges, pain, and their interactions. Comparisons between
different pain models, extending the testing period until full
recovery will also be critical for testing the effect of sleep on
post-insult pain duration. Another limitation is that the cur-
rent experiments did not examine sex-related differences!'!"?
in the interactions between sleep and post-insult pain. Stress
responses to sleep deprivation vary depending on the method
used to maintain wakefulness."*!'"* Future studies can address
these limitations by including female rats, and determining to
what extent stress plays a role in pain in the current experi-
mental paradigm.
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The results support the conclusion that sleep loss preceding
an inflammatory insult worsens subsequent pain levels and can
increase the susceptibility for that pain to persist. This study
also suggests that enhanced sleep may be beneficial by re-
ducing the intensity and duration of pain that can develop and
persist after a noxious insult. These findings form the foun-
dation for future studies to clarify the mechanisms by which

sleep loss and recovery alter pain. Last, this study provides

additional evidence in support of a link between insufficient

sleep and pathology.

ABBREVIATIONS

ANOVA, analysis of variance

%MPE, percentage of maximum possible effect
NREM, nonrapid eye movement

PWL, paw withdrawal latency

REM, rapid eye movement

SEM, standard error of the mean

REFERENCES

L.

10.

11.

13.

14.

15.

Institute of Medicine, Committee on Sleep Medicine and Research.
Sleep disorders and sleep deprivation: an unmet public health problem.
Washington, DC: The National Academies Press, 2006.

. Short sleep duration among workers-United States, 2010. MMWR

Morb Mortal Wkly Rep 2012;61:281-5.

. Young JS, Bourgeois JA, Hilty DM, Hardin KA. Sleep in hospitalized

medical patients, part 1: factors affecting sleep. ] Hosp Med
2008;3:473-82.

. Venkateshiah SB, Collop NA. Sleep and sleep disorders in the hospital.

Chest 2012;141:1337-45.

. Hardin KA. Sleep in the ICU: potential mechanisms and clinical

implications. Chest 2009;136:284-94.

. Aho V, Ollila HM, Rantanen V, et al. Partial sleep restriction activates

immune response-related gene expression pathways: experimental and
epidemiological studies in humans. PLoS One 2013;8:¢77184.

. Fondell E, Axelsson J, Franck K, et al. Short natural sleep is associated

with higher T cell and lower NK cell activities. Brain Behav Immun
2011;25:1367-75.

. Tobaldini E, Cogliati C, Fiorelli EM, et al. One night on-call: sleep

deprivation affects cardiac autonomic control and inflammation in
physicians. Eur J Intern Med 2013;24:664-70.

. Kim Y, Wilkens LR, Schembre SM, Henderson BE, Kolonel LN,

Goodman MT. Insufficient and excessive amounts of sleep increase
the risk of premature death from cardiovascular and other diseases: the
Multiethnic Cohort Study. Prev Med 2013;57:377-85.

Altman NG, Izci-Balserak B, Schopfer E, et al. Sleep duration versus
sleep insufficiency as predictors of cardiometabolic health outcomes.
Sleep Med 2012;13:1261-70.

Hart CN, Larose JG, Fava JL, James BL, Wing RR. The association

between time in bed and obesity risk in young adults. Behav Sleep
Med 2013;11:321-7.

. Broussard JL, Ehrmann DA, Van Cauter E, Tasali E, Brady MJ.

Impaired insulin signaling in human adipocytes after experimental
sleep restriction: a randomized, crossover study. Ann Intern Med
2012;157:549-57.

Moraleda-Cibrian M, O’Brien LM. Sleep duration and body mass
index in children and adolescents with and without obstructive sleep
apnea. Sleep Breath 2014;18:555-61.

Ohayon MM. Determining the level of sleepiness in the American
population and its correlates. J Psychiatr Res 2012;46:422-7.

Lee YJ, Cho SJ, Cho IH, Kim SJ. Insufficient sleep and suicidality in
adolescents. Sleep 2012;35:455—-60.

SLEEP, Vol. 39, No. 1, 2016

140

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

Okun ML, Kline CE, Roberts JM, Wettlaufer B, Glover K, Hall M.
Prevalence of sleep deficiency in early gestation and its associations
with stress and depressive symptoms. ] Womens Health (Larchmt)
2013;22:1028-37.

Edwards RR, Almeida DM, Klick B, Haythornthwaite JA, Smith MT.
Duration of sleep contributes to next-day pain report in the general
population. Pain 2008;137:202—7.

Cremeans-Smith JK, Millington K, Sledjeski E, Greene K,
Delahanty DL. Sleep disruptions mediate the relationship between
early postoperative pain and later functioning following total knee
replacement surgery. J Behav Med 2006;29:215-22.

. Vanini G, Nemanis K, Baghdoyan HA, Lydic R. GABAergic

transmission in rat pontine reticular formation regulates the induction
phase of anesthesia and modulates hyperalgesia caused by sleep
deprivation. Eur J Neurosci 2014;40:2264-73.

Sutton BC, Opp MR. Sleep fragmentation exacerbates mechanical
hypersensitivity and alters subsequent sleep-wake behavior in a mouse
model of musculoskeletal sensitization. Sleep 2014;37:515-24.

Sutton BC, Opp MR. Musculoskeletal sensitization and sleep: chronic
muscle pain fragments sleep of mice without altering its duration.
Sleep 2014;37:505—-13.

Hakki Onen S, Alloui A, Jourdan D, Eschalier A, Dubray C. Effects of
rapid eye movement (REM) sleep deprivation on pain sensitivity in the
rat. Brain Res 2001;900:261-7.

Schutz TC, Andersen ML, Silva A, Tufik S. Distinct gender-
related sleep pattern in an acute model of TMJ pain. J Dent Res
2009;88:471-6.

Landis CA, Levine JD, Robinson CR. Decreased slow-wave and
paradoxical sleep in a rat chronic pain model. Sleep 1989;12:167-77.

Muncey AR, Saulles AR, Koch LG, Britton SL, Baghdoyan HA, Lydic
R. Disrupted sleep and delayed recovery from chronic peripheral
neuropathy are distinct phenotypes in a rat model of metabolic
syndrome. Anesthesiology 2010;113:1176—85.

Onen SH, Alloui A, Gross A, Eschallier A, Dubray C. The effects

of total sleep deprivation, selective sleep interruption and sleep
recovery on pain tolerance thresholds in healthy subjects. J Sleep Res
2001;10:35-42.

Roehrs T, Hyde M, Blaisdell B, Greenwald M, Roth T. Sleep loss and
REM sleep loss are hyperalgesic. Sleep 2006;29:145-51.

Roehrs TA, Harris E, Randall S, Roth T. Pain sensitivity and recovery
from mild chronic sleep loss. Sleep 2012;35:1667-72.

Haack M, Sanchez E, Mullington JM. Elevated inflammatory markers
in response to prolonged sleep restriction are associated with increased
pain experience in healthy volunteers. Sleep 2007;30:1145-52.

Ablin JN, Clauw DJ, Lyden AK, et al. Effects of sleep restriction and
exercise deprivation on somatic symptoms and mood in healthy adults.
Clin Exp Rheumatol 2013;31:S53-9.

Azevedo E, Manzano GM, Silva A, Martins R, Andersen ML, Tufik

S. The effects of total and REM sleep deprivation on laser-evoked
potential threshold and pain perception. Pain 2011;152:2052-8.

Smith MT, Klick B, Kozachik S, et al. Sleep onset insomnia symptoms
during hospitalization for major burn injury predict chronic pain. Pain
2008;138:497-506.

Odegard SS, Omland PM, Nilsen KB, Stjern M, Gravdahl GB, Sand

T. The effect of sleep restriction on laser evoked potentials, thermal
sensory and pain thresholds and suprathreshold pain in healthy
subjects. Clin Neurophysiol 2015;126:1979-87.

Call-Schmidt TA, Richardson SJ. Prevalence of sleep disturbance and
its relationship to pain in adults with chronic pain. Pain Manag Nurs
2003;4:124-33.

Marin R, Cyhan T, Miklos W. Sleep disturbance in patients with
chronic low back pain. Am J Phys Med Rehabil 2006;85:430-5.

Morin CM, Gibson D, Wade J. Self-reported sleep and mood
disturbance in chronic pain patients. Clin J Pain 1998;14:311-4.

Sleep History Impacts Post-Formalin Pain—Vanini



37.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

SLEEP, Vol. 39, No. 1, 2016

Goforth HW, Preud’homme XA, Krystal AD. A randomized,
double-blind, placebo-controlled trial of eszopiclone for the
treatment of insomnia in patients with chronic low back pain. Sleep
2014;37:1053—-60.

Smith MT, Finan PH, Buenaver LF, et al. Cognitive-behavior therapy
for insomnia in knee osteoarthritis: a double-blind, randomized, active
placebo controlled clinical trial. Arthritis Rheumatol 2015;67:1221-33.

Alsaadi SM, McAuley JH, Hush JM, et al. Poor sleep quality is
strongly associated with subsequent pain intensity in patients with
acute low back pain. Arthritis Rheumatol 2014;66:1388—-94.

Castillo RC, MacKenzie EJ, Wegener ST, Bosse MJ, Group LS.
Prevalence of chronic pain seven years following limb threatening
lower extremity trauma. Pain 2006;124:321-9.

Finan PH, Goodin BR, Smith MT. The association of sleep and pain:
an update and a path forward. J Pain 2013;14:1539-52.

Fu KY, Light AR, Maixner W. Long-lasting inflammation and long-
term hyperalgesia after subcutaneous formalin injection into the rat
hindpaw. J Pain 2001;2:2—11.

Ren K, Dubner R. Inflammatory models of pain and hyperalgesia.
ILARJ 1999;40:111-8.

Bannon AW, Malmberg AB. Models of nociception: hot-plate,
tail-flick, and formalin tests in rodents. Curr Protoc Neurosci 2007,
Chapter 8, Unit 8.9.

Zimmermann M. Ethical guidelines for investigations of experimental
pain in conscious animals. Pain 1983;16:109-10.

Mochizucki D. Serotonin and noradrenaline reuptake inhibitors in
animal models of pain. Hum Psychopharmacol 2004;19 Suppl 1:S15-9.

Dubuisson D, Dennis SG. The formalin test: a quantitative study of the
analgesic effects of morphine, meperidine, and brain stem stimulation
in rats and cats. Pain 1977;4:161-74.

Vaccarino AL, Chorney DA. Descending modulation of central neural
plasticity in the formalin pain test. Brain Res 1994;666:104—8.

Abbott FV, Franklin KB, Westbrook RF. The formalin test: scoring
properties of the first and second phases of the pain response in rats.
Pain 1995;60:91-102.

Maione S, Marabese I, Oliva P, et al. Periaqueductal gray matter
glutamate and GABA decrease following subcutaneous formalin
injection in rat. Neuroreport 1999;10:1403-7.

Leem JW, Willis WD, Chung JM. Cutaneous sensory receptors in the
rat foot. J Neurophysiol 1993;69:1684—-99.

Pitcher GM, Ritchie J, Henry JL. Paw withdrawal threshold in
the von Frey hair test is influenced by the surface on which the rat
stands. J Neurosci Methods 1999;87:185-93.

Smith SB, Crager SE, Mogil JS. Paclitaxel-induced neuropathic
hypersensitivity in mice: responses in 10 inbred mouse strains. Life
Sci 2004;74:2593—-604.

Hargreaves K, Dubner R, Brown F, Flores C, Joris J. A new and
sensitive method for measuring thermal nociception in cutaneous
hyperalgesia. Pain 1988;32:77-88.

Hayes RL, Katayama Y, Watkins LR, Becker DP. Bilateral lesions
of the dorsolateral funiculus of the cat spinal cord: effects on basal
nociceptive reflexes and nociceptive suppression produced by
cholinergic activation of the pontine parabrachial region. Brain Res
1984;311:267-80.

Richardson DB, Kaufman JS. Estimation of the relative excess risk
due to interaction and associated confidence bounds. Am J Epidemiol
2009;169:756—60.

Loomba R, Yang HI, SuJ, et al. Synergism between obesity and
alcohol in increasing the risk of hepatocellular carcinoma: a
prospective cohort study. Am J Epidemiol 2013;177:333—-42.

Lou P, Chen P, Zhang P, et al. Effects of smoking, depression, and
anxiety on mortality in COPD patients: a prospective study. Respir
Care 2014;59:54-61.

Andersson T, Alfredsson L, Kallberg H, Zdravkovic S, Ahlbom

A. Calculating measures of biological interaction. Eur J Epidemiol
2005;20:575-9.

141

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

Hakim F, Wang Y, Zhang SX, et al. Fragmented sleep accelerates
tumor growth and progression through recruitment of tumor-
associated macrophages and TLR4 signaling. Cancer Res
2014;74:1329-37.

Institute of Medicine (US) Committee on Advancing Pain Research,
Care, and Education. Relieving pain in America: a blueprint for
transforming prevention, care, education, and research. National
Academies Press, Washington, DC, 2011.

van Hecke O, Torrance N, Smith BH. Chronic pain epidemiology and
its clinical relevance. Br J Anaesth 2013;111:13-8.

Huang CT, Chiang RP, Chen CL, Tsai YJ. Sleep deprivation
aggravates median nerve injury-induced neuropathic pain and
enhances microglial activation by suppressing melatonin secretion.
Sleep 2014;37:1513-23.

Raymond I, Nielsen TA, Lavigne G, Manzini C, Choiniere M. Quality
of sleep and its daily relationship to pain intensity in hospitalized adult
burn patients. Pain 2001;92:381-8.

Kundermann B, Hemmeter-Spernal J, Huber M T, Krieg JC,
Lautenbacher S. Effects of total sleep deprivation in major depression:
overnight improvement of mood is accompanied by increased

pain sensitivity and augmented pain complaints. Psychosom Med
2008;70:92—-101.

Silva A, Andersen ML, Tufik S. Sleep pattern in an experimental
model of osteoarthritis. Pain 2008;140:446-55.

Dubrovsky B, Raphael KG, Lavigne GJ, et al. Polysomnographic
investigation of sleep and respiratory parameters in women with
temporomandibular pain disorders. J Clin Sleep Med 2014;10:195-201.

Khoury S, Chouchou F, Amzica F, et al. Rapid EEG activity during
sleep dominates in mild traumatic brain injury patients with acute pain.
J Neurotrauma 2013;30:633—41.

Palchykova S, Winsky-Sommerer R, Meerlo P, Durr R, Tobler 1. Sleep
deprivation impairs object recognition in mice. Neurobiol Learn Mem
2006;85:263-71.

Le Marec N, Beaulieu I, Godbout R. Four hours of paradoxical sleep
deprivation impairs alternation performance in a water maze in the rat.
Brain Cogn 2001;46:195-7.

Graves LA, Heller EA, Pack Al, Abel T. Sleep deprivation selectively
impairs memory consolidation for contextual fear conditioning. Learn
Mem 2003;10:168-76.

Abel T, Havekes R, Saletin JM, Walker MP. Sleep, plasticity and
memory from molecules to whole-brain networks. Curr Biol
2013;23:R774-88.

Kehlet H, Jensen TS, Woolf CJ. Persistent postsurgical pain: risk
factors and prevention. Lancet 2006;367:1618-25.

Chouchou F, Khoury S, Chauny JM, Denis R, Lavigne GJ.
Postoperative sleep disruptions: a potential catalyst of acute pain?
Sleep Med Rev 2014;18:273-82.

O’Connor TC, Abram SE. Inhibition of nociception-induced spinal
sensitization by anesthetic agents. Anesthesiology 1995;82:259—66.

Williams DA, Clauw DJ. Understanding fibromyalgia: lessons from the
broader pain research community. J Pain 2009;10:777-91.

Greenspan JD, Slade GD, Bair E, et al. Pain sensitivity risk factors
for chronic TMD: descriptive data and empirically identified domains
from the OPPERA case control study. J Pain 2011;12:T61-74.

Chen HS, Li MM, Shi J, Chen J. Supraspinal contribution to
development of both tonic nociception and referred mirror
hyperalgesia: a comparative study between formalin test and bee
venom test in the rat. Anesthesiology 2003;98:1231-6.

Porro CA, Cavazzuti M. Spatial and temporal aspects of spinal cord
and brainstem activation in the formalin pain model. Prog Neurobiol
1993;41:565-607.

Woolf CJ. Central sensitization: implications for the diagnosis and
treatment of pain. Pain 2011;152:S2-15.

Melzack R, Coderre TJ, Katz J, Vaccarino AL. Central neuroplasticity
and pathological pain. Ann N'Y Acad Sci 2001;933:157-74.

Sleep History Impacts Post-Formalin Pain—Vanini



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Sanoja R, Taepavarapruk N, Benda E, Tadavarty R, Soja PJ. Enhanced
excitability of thalamic sensory neurons and slow-wave EEG pattern
after stimuli that induce spinal long-term potentiation. J Neurosci
2013;33:15109-19.

Lee MC, Zambreanu L, Menon DK, Tracey I. Identifying brain activity
specifically related to the maintenance and perceptual consequence of
central sensitization in humans. J Neurosci 2008;28:11642-9.

Ossipov MH, Lai J, Malan TP, Jr., Porreca F. Spinal and supraspinal
mechanisms of neuropathic pain. Ann N'Y Acad Sci 2000;909:12-24.

Suzuki R, Dickenson A. Spinal and supraspinal contributions
to central sensitization in peripheral neuropathy. Neurosignals
2005;14:175-81.

Gracely RH, Petzke F, Wolf JM, Clauw DJ. Functional magnetic
resonance imaging evidence of augmented pain processing in
fibromyalgia. Arthritis Rheum 2002;46:1333—43.

Harris RE, Sundgren PC, Craig AD, et al. Elevated insular glutamate
in fibromyalgia is associated with experimental pain. Arthritis Rheum
2009;60:3146-52.

Shouse MN. Sleep deprivation increases thalamocortical excitability
in the somatomotor pathway, especially during seizure-prone sleep or
awakening states in feline seizure models. Exp Neurol 1988;99:664-77.

Huber R, Maki H, Rosanova M, et al. Human cortical excitability
increases with time awake. Cereb Cortex 2013;23:332-8.

Vyazovskiy VV, Olcese U, Cirelli C, Tononi G. Prolonged wakefulness
alters neuronal responsiveness to local electrical stimulation of the
neocortex in awake rats. J Sleep Res 2013;22:264-71.

Placidi F, Zannino S, Albanese M, et al. Increased cortical excitability
after selective REM sleep deprivation in healthy humans: a
transcranial magnetic stimulation study. Sleep Med 2013;14:288-92.

Kreuzer P, Langguth B, Popp R, et al. Reduced intra-cortical
inhibition after sleep deprivation: a transcranial magnetic stimulation
study. Neurosci Lett 2011;493:63—6.

Winters BD, Huang YH, Dong Y, Krueger JM. Sleep loss alters
synaptic and intrinsic neuronal properties in mouse prefrontal cortex.
Brain Res 2011;1420:1-7.

Bettendorff L, Sallanon-Moulin M, Touret M, Wins P, Margineanu I,
Schoffeniels E. Paradoxical sleep deprivation increases the content of
glutamate and glutamine in rat cerebral cortex. Sleep 1996;19:65-71.

Lai YY, Kodama T, Siegel JM. Changes in monoamine release

in the ventral horn and hypoglossal nucleus linked to pontine
inhibition of muscle tone: an in vivo microdialysis study. J Neurosci
2001;21:7384-91.

Kodama T, Lai Y'Y, Siegel JM. Changes in inhibitory amino acid
release linked to pontine-induced atonia: an in vivo microdialysis
study. J Neurosci 2003;23:1548-54.

Taepavarapruk N, Taepavarapruk P, John J, et al. State-dependent
changes in glutamate, glycine, GABA, and dopamine levels in cat
lumbar spinal cord. J Neurophysiol 2008;100:598—608.

Wei H, Zhao W, Wang Y X, Pertovaara A. Pain-related behavior
following REM sleep deprivation in the rat: influence of peripheral
nerve injury, spinal glutamatergic receptors and nitric oxide. Brain
Res 2007;1148:105-12.

Wei H, Gong N, Huang JL, et al. Spinal D-amino acid oxidase
contributes to mechanical pain hypersensitivity induced by sleep
deprivation in the rat. Pharmacol Biochem Behav 2013;111:30-6.

Vanini G, Torterolo P, McGregor R, Chase MH, Morales FR.
GABAergic processes in the mesencephalic tegmentum modulate
the occurrence of active (rapid eye movement) sleep in guinea pigs.
Neuroscience 2007;145:1157-67.

Sastre JP, Buda C, Kitahama K, Jouvet M. Importance of the
ventrolateral region of the periaqueductal gray and adjacent
tegmentum in the control of paradoxical sleep as studied by muscimol
microinjections in the cat. Neuroscience 1996;74:415-26.

Verret L, Fort P, Gervasoni D, Leger L, Luppi PH. Localization of
the neurons active during paradoxical (REM) sleep and projecting to
the locus coeruleus noradrenergic neurons in the rat. ] Comp Neurol
2006;495:573-86.

SLEEP, Vol. 39, No. 1, 2016

103. Hsieh KC, Gvilia I, Kumar S, et al. c-Fos expression in neurons
projecting from the preoptic and lateral hypothalamic areas to
the ventrolateral periaqueductal gray in relation to sleep states.
Neuroscience 2011;188:55-67.

104. Kaur S, Thankachan S, Begum S, Liu M, Blanco-Centurion C,
Shiromani PJ. Hypocretin-2 saporin lesions of the ventrolateral
periaquaductal gray (VIPAG) increase REM sleep in hypocretin
knockout mice. PLoS One 2009;4:¢6346.

105. Sapin E, Lapray D, Berod A, et al. Localization of the brainstem
GABAergic neurons controlling paradoxical (REM) sleep. PLoS One
2009;4:¢4272.

106. Ossipov MH, Dussor GO, Porreca F. Central modulation of pain.
J Clin Invest 2010;120:3779-87.

107. Benarroch EE. Periaqueductal gray: an interface for behavioral control.
Neurology 2012;78:210-7.

108. Porro CA, Cavazzuti M, Galetti A, Sassatelli L, Barbieri GC.
Functional activity mapping of the rat spinal cord during formalin-
induced noxious stimulation. Neuroscience 1991;41:655-65.

109. Keay KA, Clement CI, Matar WM, Heslop DJ, Henderson
LA, Bandler R. Noxious activation of spinal or vagal afferents
evokes distinct patterns of fos-like immunoreactivity in the
ventrolateral periaqueductal gray of unanaesthetised rats. Brain Res
2002;948:122-30.

110. Leys LJ, Chu KL, Xu J, et al. Disturbances in slow-wave sleep
are induced by models of bilateral inflammation, neuropathic,
and postoperative pain, but not osteoarthritic pain in rats. Pain
2013;154:1092-102.

111. Mogil JS. Sex differences in pain and pain inhibition: multiple
explanations of a controversial phenomenon. Nat Rev Neurosci
2012;13:859-66.

112. Page GG, Opp MR, Kozachik SL. Reduced sleep, stress
responsivity, and female sex contribute to persistent inflammation-
induced mechanical hypersensitivity in rats. Brain Behav Immun
2014;40:244-51.

113. Koolhaas JM, Bartolomucci A, Buwalda B, et al. Stress revisited:
a critical evaluation of the stress concept. Neurosci Biobehav Rev
2011;35:1291-301.

114. Wodarski R, Schuh-Hofer S, Yurek DA, et al. Development and
pharmacological characterization of a model of sleep disruption-
induced hypersensitivity in the rat. Eur J Pain 2014;19:554—66.

ACKNOWLEDGMENTS

For expert assistance the author thanks Mary A. Norat, Sarah L. Watson,
Kriste Nemanis, John P. Imperial, and Linda Liu from the Department

of Anesthesiology, University of Michigan, and Kathy Welch, MA, MPH
(Center for Statistical Consultation and Research, University of Michigan,
Ann Arbor, MI). The author thanks Dr. George Mashour and Dr. Daniel
Clauw from the Department of Anesthesiology, University of Michigan for
their critical review of the manuscript.

SUBMISSION & CORRESPONDENCE INFORMATION

Submitted for publication March, 2015

Submitted in final revised form June, 2015

Accepted for publication June, 2015

Address correspondence to: Giancarlo Vanini, MD, Department of
Anesthesiology, University of Michigan, 7433 Medical Science Building I,
1150 West Medical Center Drive, Ann Arbor, MI 48109-5615; Tel: (734) 615-
5272; Fax: (734) 764-9332; Email: gvanini@umich.edu

DISCLOSURE STATEMENT

This was not an industry supported study. This study was supported by the
Department of Anesthesiology, University of Michigan. Dr. Vanini has
indicated no financial conflicts of interest.

Sleep History Impacts Post-Formalin Pain—Vanini



