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Abstract

Spontaneous pain, a major complaint of patients with neuropathic pain, has eluded study because
there is no reliable marker in either preclinical models or clinical studies. Here, we performed a
comprehensive electroencephalogram/electromyogram analysis of sleep in several mouse models
of chronic pain: neuropathic (spared nerve injury and chronic constriction injury), inflammatory
(Freund’s complete adjuvant and carrageenan, plantar incision) and chemical pain (capsaicin).
We find that peripheral axonal injury drives fragmentation of sleep by increasing brief arousals
from non-rapid eye movement sleep (NREMS) without changing total sleep amount. In contrast
to neuropathic pain, inflammatory or chemical pain did not increase brief arousals. NREMS
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fragmentation was reduced by the analgesics gabapentin and carbamazepine, and it resolved when
pain sensitivity returned to normal in a transient neuropathic pain model (sciatic nerve crush).
Genetic silencing of peripheral sensory neurons or ablation of CGRP* neurons in the parabrachial
nucleus prevented sleep fragmentation, whereas pharmacological blockade of skin sensory fibers
was ineffective, indicating that the neural activity driving the arousals originates ectopically in
primary nociceptor neurons and is relayed through the lateral parabrachial nucleus. These findings
identify NREMS fragmentation by brief arousals as an effective proxy to measure spontaneous
neuropathic pain in mice.

INTRODUCTION

Preclinical research on neuropathic pain has relied heavily on mechanical and thermal
stimulus-evoked pain-related behavior. Although it is pertinent to assess pain arising from
normally innocuous stimuli (allodynia) and the exaggerated responses to noxious stimuli
(hyperalgesia), it has limited translational value because the main symptom of patients with
neuropathic pain is spontaneous pain (pain arising in the absence of any external stimulus)
(1-3). Spontaneous pain is triggered by ectopic activation of nociceptive pain pathways
(4-6). Spontaneous pain can be categorized into either persistent “burning” ongoing pain
or paroxysmal “electric shock”—type sensations that typically last only for several seconds
(1, 3, 7). Ongoing pain arises in multiple chronic pain etiologies (inflammatory, diabetic,
or traumatic neuropathic pain) (3, 8-10), whereas paroxysmal pain attacks are more
frequent after peripheral nerve injury (amputation, avulsion, or nerve crushes during invasive
surgeries) (1, 8, 11).

Objectively quantifying the symptom of spontaneous pain in preclinical models has been a
major challenge, which has hampered the mechanistic studies required to develop reliable
diagnostic tools and effective treatments (3, 12). Monitoring behaviors like flinching,
licking, or biting can detect spontaneous pain-related behaviors, but this is challenging
because these events are relatively rare and sporadic (13-16) and can be repressed by other
behavioral activities (17-20). The grimace scale can detect signs of ongoing, sustained pain,
especially during inflammatory (21) and chemotherapy-induced neuropathic pain (22). The
conditioned place preference test is an operant behavioral assay developed to detect relief
of spontaneous tonic (ongoing) pain after nerve injury (23). This assay is helpful to detect
potential analgesic signals, but it cannot quantify pain intensity or identify sporadic pain
attacks, and it can be influenced by drugs with addictive properties.

Another strategy to detect sporadic spontaneous pain-associated events is to monitor
behaviors or physiological parameters directly affected by pain (24). Changes in heart rate,
heart rate variability, pupil dilatation, and sweating can detect pain. Unfortunately, these
readout measures often require a sustained pain input and display relatively low specificity
(12). Chronic pain is also strongly associated with symptoms of depression and anxiety (25,
26). These comorbidities are pertinent clinically, but they tend to develop relatively slowly
(several weeks) after surgery, at least in mice (27).

People with nerve injury report poor sleep quality (28-30), but the exact nature of their
sleep disturbances and the underlying neural mechanisms are now unknown. Because both
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sleep and pain are heavily influenced by environmental and psychological factors that evolve
over time, very few longitudinal polysomnographic (PSG) studies have been performed

in patients with neuropathic pain (31). Short-term, postoperative PSG studies report less
non-rapid eye movement sleep (NREMS) and rapid eye movement sleep (REMS), but
exposure to general anesthetics and postoperative care could confound these studies (32,

33). Similarly, rodent sleep studies yield varying results, possibly because of differences in
species, strains, surgical protocols, and anesthetics used or environmental housing conditions
such as bedding types (table S1). In mice, peripheral nerve injury results in heightened
sensory arousal during NREMS, with more cortico-autonomic arousals and increased
NREMS fragility (34), which may contribute to NREMS fragmentation (35-40) but not

in all cases (34). Changes in total NREMS or REMS amount does appear to depend on the
type of nerve injury performed (see table S1) (35-45).

In short, the nature and origin of the neural signal responsible for neuropathic pain-related
sleep disruptions, including sleep fragmentation, have not yet been characterized. In
addition, which of these sleep disturbances are specific to neuropathic pain is also unknown.

Given that painful peripheral stimuli trigger an arousal from sleep within hundreds of
milliseconds (17, 46) and that nerve injury causes spontaneous ectopic firing of injured
nociceptors (4, 5, 47), which is associated with spontaneous pain (48-50), we investigated
whether neuropathic pain causes pain-induced arousals from sleep in mice and the neural
pathways involved.

Single-pulse optogenetic activation of nociceptors triggers brief arousals

We characterized the nature of the sleep awakenings caused by brief, acute nociceptor
stimulation during NREMS, using an optogenetic approach. We crossed mice that

express Cre recombinase under the Na(v)1.8 promoter, a sodium channel expressed in

all medium- (A8) and small-diameter (C) sensory neurons, including nociceptors (51),

or mice expressing Cre recombinase under the transient receptor potential vanilloid

type 1 (TRPV1) promoter, which is restricted to nociceptors (17), with Cre-dependent
channelrhodopsin (ChR2)-tdTomato mice (52). We instrumented the resulting animals for
electroencephalogram/electromyogram (EEG/EMG) recordings and subjected them to a
transdermal 10-ms laser pulse to the hindpaw to trigger a single action potential in a small
number of sensory neurons (Fig. 1A) (17). In awake Na(v)1.8::ChR2 mice, transdermal
photostimulation of nerve terminals triggered nociceptive withdrawal reflexes in a power-
and duration-dependent manner (fig. S1A). The same stimulation applied during NREMS
(at least 20 s of preceding NREMS confirmed by EEG/EMG monitoring) triggered an
arousal (EEG desynchronization associated with an increase in EMG activity; Fig. 1A) with
a latency of 86.9 + 3.9 ms (Fig. 1B). The vast majority of optogenetic stimulations resulted
in a brisk withdrawal reflex of the hindpaw and an arousal lasting on average 5.7 £ 0.6 s
(Fig. 1C) before NREMS resumed. In TRPV1::ChR2 mice, transdermal photostimulation of
the hindpaw during NREMS also elicited a quick arousal, with an average duration of 11.3 +
1.2 s (fig. S1B). Arousals lasting less than 16 s in mice are called brief arousals (53, 54) or
microarousals (55) and occur spontaneously during sleep. The EEG power spectral density
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of brief arousals triggered by optogenetic stimulation of the hindpaw revealed a spectral
profile similar to those occurring spontaneously during the same recording session (Fig. 1D
and fig. S1C). Although 10-ms photostimulation caused a systematic brisk withdrawal reflex
of the hindpaw, this stimulus might not be long or sufficient enough to induce measurable
changes in the fronto-parietal EEG. We therefore applied a repeated train of optogenetic
stimulations (10x in 10 s) during wake and found that it increased the relative EEG gamma
(30 to 100 Hz) power compared with spontaneous wake segments of a similar duration (fig.
S1D). Last, we found that repeated optogenetic stimulations (10-ms pulse every 15 s for

5 consecutive minutes) were required to completely prevent mice from reentering NREMS
(fig. S1E). Shortly after the repeated stimulation train ended, animals quickly returned to
sleep (fig. S1E). Together, these data indicate that a single, acute activation of nociceptors
(even an intense stimulus) elicits only a brief arousal from NREMS rather than a full,
conscious awakening, whereas persistent nociceptor input is required to prevent sleep, alter
the EEG, and cause insomnia-like behaviors.

Peripheral nerve injury causes NREMS fragmentation by brief arousals

Next, we tested whether peripheral nerve injury, which results in brief bursts of spontaneous
activity in injured sensory neurons (4, 5, 47, 50), triggers brief arousals from sleep. Mice
instrumented for EEG/EMG recordings were subjected to the spared nerve injury (SNI)
model, where two distal branches of the sciatic nerve are cut and ligated (Fig. 1E), causing
permanent damage and persistent evoked pain hypersensitivity (fig. S1F) (56). In addition
to the standard scoring of vigilance states (57), we manually identified and flagged all brief
arousals (<16 s; Fig. 1, F to I, and fig. S1G; see Materials and Methods) from NREMS
during the light and dark periods to determine their number, duration, and spectral profile.
The distribution of brief arousals derived from these EEG/EMG activity patterns across 24
hours shows a characteristic circadian pattern with an increase during the dark period (Fig.
1G), when mice are most active and the pressure to sleep is lower. After SNI, the number of
brief arousals increased during both the light (+24 + 4%) and dark (+25 + 9%) periods
compared with baseline (Fig. 1G). In addition, the distribution of wake-from-NREMS
episodes, as a function of their mean duration, showed an increase in very short wake

(<16 s) episodes after SNI (Fig. 1H and fig. S1H) and can therefore serve as a reliable proxy
measure for assessing sleep fragmentation after nerve injury.

Spontaneous brief arousals preferentially occur during the declining phase of an infraslow
(~50 s) oscillation of the EEG sigma (10 to 15 Hz) power (34, 55, 58), a phase proposed
to be a period of “sleep fragility” (58). Consistent with these studies, we observed an
infraslow fluctuation of the EEG sigma power during NREMS, peaking at 0.017 Hz (Fig. 1,
I and J) at baseline with no changes after SNI (Fig. 1, I and J). The onset of flagged brief
arousals clustered around the trough of the 0.02-Hz oscillation, with a mean “preferred”
phase of 140.7 £+ 2.2° at baseline and 138.5 + 2.6° after SNI (Fig. 1J), indicating that

the phase-coupling to the infraslow fluctuation was not altered by the nerve injury. Brief
arousals present a unique spectral profile, distinct from both NREMS or wakefulness (fig.
S1, I and J), with an intermediate arousal degree between NREMS and full wakefulness.
The EEG spectral profile of brief arousals before and after SNI was similar (Fig. 1K and
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fig. S1K). These results indicate that nerve injury severely fragments NREMS sleep by
increasing the occurrence of brief arousals during periods when sleep is fragile.

Because optogenetically induced pain arousals from NREMS were also associated with
paw withdrawals, we coupled EEG/EMG recordings with high-definition video capture

in a separate cohort of mice to monitor subtle behavioral changes occurring during brief
arousals, including those targeted at the injured hindpaw. We found that, after nerve injury,
mice had more brief arousals coupled with a brief lifting of the injured paw (but not licking;
Fig. 1L). Overall, we estimate that about 50% of brief arousals caused by nerve injury are
associated with a subtle paw flinch/lift. These subtle paw flinches were not associated with
global changes in body position, general movement, or body core temperature (fig. S1, M to
P).

The increase in the number of brief arousals after SNI led to fragmented NREMS, as
indicated by shorter and more frequent NREMS episodes, without changing the total amount
of NREMS or its overall circadian distribution (Fig. 2A and fig. S2A). The NREMS spectral
profile, when not interrupted by brief arousals, was also unchanged after SNI (fig. S2B).
Male and female mice subjected to SNI developed NREMS fragmentation by brief arousals
to a similar degree (Fig. 2B and fig. S2C).

We then conducted a longitudinal study to investigate the duration of sleep disturbances after
nerve injury and performed EEG/EMG recordings in SNI mice over the course of 7 weeks.
The SNI-induced fragmentation of NREMS by brief arousals was present at 1 week and
continued for at least 7 weeks after SNI (Fig. 2C and fig. S2D), with little interindividual
variability (Fig. 2, D and E). In contrast, SNI did not change the duration or number of
REMS episodes (Fig. 2, F and G), the distribution of wake-from-REMS episodes or the
REMS spectral profile (fig. S2, E and F), indicating that SNI does not disrupt REMS
architecture. Sham procedures, in which the sciatic nerve was exposed but not injured, did
not affect the occurrence of brief arousals or any other sleep-wake parameters when tested
over the same time course as nerve-injured mice (fig. S2, G to J).

Next, we performed a chronic constriction injury (CCI) of the sciatic nerve (59, 60) on mice
implanted for sleep recordings (Fig. 3A). CClI triggers a local inflammation and partial nerve
ischemia that damage most axons and cause neuropathic pain symptoms in rodents. CCl
also fragmented NREMS, with more frequent and briefer NREMS episodes during the light
period, but, during the dark period, NREMS fragmentation was less consistent (Fig. 3A and
fig. S3A). NREMS fragmentation was caused by an increase in very short wake episodes
interrupting NREMS (Fig. 3B). This effect was maximal 5 weeks after CCI and started to
attenuate after 11 weeks (Fig. 3, C and D). During the dark period, CCI animals spent more
time in NREMS, at the expense of wake, compared with baseline (fig. S3, A to C). CCl did
not alter REMS architecture at any of the time points tested (fig. S3, A to C).

Last, to test whether the NREMS fragmentation caused by nerve injury recovers with a
return of normal sensory sensitivity, we used a model of transient neuropathic pain produced
by crushing the sciatic nerve (SNCrush; Fig. 3E). After this procedure, mice displayed

a transient phase of pain-like hypersensitivity to mechanical and cold (4°C) stimuli 2
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to 4 weeks after injury, which returned to normal values at about 5 to 6 weeks after

the injury. SNCrush transiently increased the number of brief arousals and shortened the
average duration of NREMS episodes (similar to SNI and CCl), and this resolved by 5
weeks after injury, when the SNCrush mice recovered normal sensory responses from the
hindpaw (Fig. 3, F to H, and fig. S3, D to F). Together, these results indicate that three
different mouse models of traumatic peripheral nerve injury develop NREMS fragmentation
by brief arousals and that sleep fragmentation coincides with abnormal sensory responses
and resolves when pain-related behaviors subside.

Inflammatory and chemical pain do not fragment NREMS

Next, we tested whether other models of pain hypersensitivity also develop NREMS
fragmentation by increasing brief arousals. We assessed inflammatory pain caused by
intraplantar injection of Freund’s complete adjuvant (FCA; Fig. 4A) or carrageenan (Fig.
4B), as well as by capsaicin (Fig. 4C), and postoperative pain after skin incision of the
plantar surface of the hindpaw (Fig. 4E). There was no change in the average duration

of NREMS episodes and no increase in brief arousals in any of these pain models (Fig.

4, Ato D, and fig. S4, A to F), although animals displayed evoked pain hypersensitivity
across several modalities (Fig. 4, A to D, and fig. S4, A to F). These data reveal that
NREMS fragmentation by brief arousals is independent of evoked pain hypersensitivity and
is specific to post-injury neuropathic pain.

Ectopic activation of injured nociceptors is responsible for NREMS fragmentation by brief

arousals

To identify the neurons responsible for triggering the NREMS fragmentation after nerve
injury, we crossed mice with Cre recombinase—dependent expression of the light chain

of the tetanus toxin (tet-tox) (61) with Na(v)1.8-Cre (Fig. 5A). Expression of the light
chain of tet-tox blocks synaptic vesicle exocytosis and thereby synaptic input to the spinal
cord, which we confirmed by measuring blockade of neuropeptide calcitonin gene-related
peptide (CGRP) release from dorsal root ganglion (DRG) neurons from Na(v)1.8::tet-tox
mice or wild-type (WT) littermates. Both capsaicin (0.5 uM) and KCI (50 mM) triggered
release of CGRP from cultured WT sensory neurons; however, CGRP release was nearly
abolished in Na(v)1.8::tet-tox neurons (Fig. 5A). Behaviorally, Na(v)1.8::tet-tox mice were
viable and displayed a blunted response to noxious stimuli (Fig. 5B), whereas responses to
innocuous stimuli were normal (fig. S5, A to C) (62). At baseline, sleep-wake architecture
was similar in Na(v)1.8::tet-tox mice and their WT littermates (Fig. 5C and fig. S5D).
After SNI, littermate mice developed NREMS fragmentation with an increase in brief
arousals and a decrease in NREMS episode average duration compared with baseline,
whereas Na(v)1.8::tet-tox SNI mice were protected from the NREMS fragmentation (Fig.
5, D and E). These data indicate that sleep fragmentation after nerve injury is initiated

by injured peripheral Na(v)1.8-expressing nociceptors. Next, we crossed mice that express
the diphtheria toxin in a Cre-dependent manner with TRPV1-Cre animals, producing
TRPV1::DTA mice where TRPV1 lineage cells are ablated (63), and found that they too
did not develop NREMS fragmentation after SNI (Fig. 5F and fig. S5E).
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Both Na(v)1.8::tet-tox and TRPV1::DTA mice developed mechanical allodynia to the same
extent as their littermates after nerve injury (fig. S5F) (63), indicating that stimulus-evoked
pain hypersensitivity after SNI is not the likely cause of NREMS fragmentation. To test

this formally, we pharmacologically blocked the spared nociceptor skin nerve terminals

of SNI mice (intact sural and saphenous innervation) and recorded their sleep (Fig. 5G).

We used a cocktail of 2% lidocaine/0.5% QX-314 (64, 65) to produce an extended (9

hours) nociceptor-selective blockade in addition to the shorter duration (2 hours) total

nerve blockade produced by lidocaine. Intraplantar injection of 2% lidocaine/0.5% QX-314
did not restore the average duration of NREMS episodes and even slightly increased the
number of brief arousals during full sensory blockade (lidocaine effect covering the first 2
hours), whereas the extended blockade (9 hours) did not change these parameters compared
to vehicle-injected mice (Fig. 5G). We conclude that the neural activity responsible for
NREMS fragmentation after nerve injury is generated by small-diameter nociceptor sensory
neurons [populations expressing Na(v)1.8 and of TRPV1-lineage] and that this does not
require peripheral stimuli (Lido-QX314 results), indicating, instead, that it is a consequence
of spontaneous ectopic activity in injured peripheral sensory neurons. Because a return

of normal sleep continuity coincided with peripheral nerve regeneration and sensory
recovery after sciatic nerve crush (SNCrush results), we suggest that injured nociceptors

are responsible for fragmenting NREMS by brief arousals after axonal injury in a peripheral
nerve.

Using NREMS fragmentation by brief arousals to detect possible analgesic efficacy

To examine whether the sleep fragmentation associated with spontaneous neuropathic

pain is modulated by analgesics, we intraperitoneally administered gabapentin, a first-line
medication for neuropathic pain (66, 67), and found that it dose-dependently decreased the
number of brief arousals during NREMS and increased NREMS episode average duration
in SNI mice (Fig. 6, A and B). At 30 mg/kg, gabapentin did not reduce mechanical
allodynia in awake mice (fig. S6A) and did not cause major sedation, as indicated by
unaltered onset of NREMS and normal sleep amount after drug administration (Fig. 6C).
However, at this dose, NREMS episodes were longer than in non-injured state (see Fig.

6B) during the first 2 hours, suggesting a possible transient sedative/somnolence side effect.
In support of this, EEG power in the gamma band (30 to 100 Hz) was decreased during
both wakefulness and NREMS for 4 hours (fig. S6, C to D) and for 2 hours during

REMS (fig. S6E). Carbamazepine, a sodium channel blocker used to block paroxysmal
pain in trigeminal neuralgia (68), also reduced the number of brief arousals and increased
NREMS continuity (Fig. 6D) without sedation (Fig. 6E) when administered at 5 mg/kg
subcutaneously (sc), a dose that does not relieve stimulus-evoked pain. In contrast, morphine
[1 mg/kg intraperitoneally (ip)] did not normalize NREMS episode duration or the number
of brief arousals in SNI mice (Fig. 6F). The reduction in brief arousals triggered by
neuropathic pain could therefore be a marker of analgesic efficacy specifically for the
spontaneous pain element of this condition.

CGRP-expressing neurons of PB mediate nerve injury—induced brief arousals

To identify the pathway through which spontaneous activity in nociceptors after nerve injury
drives cortical arousal, we genetically targeted the lateral parabrachial nucleus (PB), which

Sci Transl Med. Author manuscript; available in PMC 2025 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Alexandre et al.

Page 8

is both a major relay for ascending nociceptive signals (69) and one where chemogenetic or
optogenetic activation wakes sleeping mice (70). Within this nucleus, CGRP-expressing
neurons are activated by nociceptive inputs (71), and we selectively ablated these PB
neurons by bilaterally microinjecting an AAV coding for Cre-dependent expression of
diphtheria toxin (AAV-Flex-DTA) into the lateral PB of CGRP-CreER mice that express
Cre under the CGRP promoter (Fig. 7A and fig. S7A). To induce recombination, mice
received tamoxifen for 5 consecutive days, starting just before adeno-associated virus (AAV)
microinjections. We confirmed the nearly total deletion of CGRP neurons by counting

the CGRP-positive neurons within the lateral PB (Fig. 7A). After SNI, the PBCCRP-DTA
mice showed no increase in brief arousals, whereas CreER-negative mice displayed the
typical NREMS fragmentation from brief arousals (Fig. 7, B to D), revealing that the
CGRP-expressing neurons of the lateral PB are necessary for driving the fragmentation of
sleep produced by peripheral nerve injury.

DISCUSSION

Peripheral nerve injury fragments NREMS by triggering brief arousals, without reducing
the total amount of sleep. These brief arousals are driven by an input from injured primary
sensory neurons in a peripheral nerve that are then relayed through the CGRP-containing
neurons of the lateral PB, a critical relay of nociceptive information processing (69, 70).
These arousing signals do not require external peripheral input from the injury site and

are likely triggered by brief, spontaneous activity arising ectopically in injured nociceptors.
Such activity causes brief arousals when asleep, and we propose that the number of brief
arousals during NREMS is an objective surrogate of spontaneous neuropathic pain in vivo
that can be used to measure the efficacy of analgesic medications.

Two main types of spontaneous pain have been characterized: ongoing and paroxysmal pain
(3). Their qualitative description, temporal profile, and prevalence depending on chronic
pain etiologies (72, 73) imply that different mechanisms could be involved for each. Our
results suggest that, after nerve injury, NREMS fragmentation by brief arousals is caused

by paroxysmal pain attacks, whereas other assays might be able to preferentially monitor
ongoing pain. Paroxysmal pain is extremely prevalent after severe nerve injury and is almost
always reported in patients with a neuroma (1), and it is much rarer in chronic inflammatory
pain settings. In our experiments, only nerve injury/neuropathic models increased the
number of brief arousals, and these arousals resolved after nerve regeneration and target
reinnervation and in response to carbamazepine, a drug that is clinically effective for
paroxysmal neuropathic pain attacks (47, 74, 75). Second, using an optogenetic approach

to activate nociceptors, we found that a single acute photostimulation caused a brief arousal,
whereas repeated activation (similar to ongoing pain sensation) is required to prevent sleep.
It is possible then that paroxysmal pain causes brief arousals and that tonic, ongoing pain
leads to an insomnia-like situation. Ongoing pain might also be contributing to changes

in other assays like the grimace scale and conditioned place preference. After SNI, there

is an increase in grimace scale score that occurs in the first weeks after surgery, but

not at later, more chronic time points (22) when robust NREMS fragmentation by brief
arousals is still present. Similarly, the establishment of conditioned place aversion requires a
sustained or relatively high frequency painful stimulation, whereas sparse nociceptive inputs
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are insufficient (76). As a result, tests of conditioned place preference are more likely to
capture relief from ongoing or frequent pain rather than detect the sporadic spontaneous pain
attacks that are responsible for sleep fragmentation.

We estimate that peripheral nerve injury triggers a pain-associated brief arousal every 6
to 7 min of NREMS, which is in line with the temporal spontaneous activation profile of
individual sensory neurons observed in imaging studies (50). These brief arousals are not
associated with behaviors like licking of the hindpaw or escape behaviors, suggesting that
they are more sensitive than the more complex pain-associated motor behaviors evoked in
awake mice and that the short cortical activation time that they trigger is insufficient to
recruit conscious/cognitive structures.

Our results suggest that episodes of paroxysmal pain after nerve injury are the main driving
mechanism for NREMS fragmentation, and, therefore, measuring the rate of brief arousals
within NREMS could be a helpful marker of this type of pain. Further, our results imply
that a profiling of the exact nature of sleep disturbances in chronic pain states might
represent a powerful diagnostic readout for different spontaneous pain symptoms, which
would complement quantitative sensory testing of evoked pain (3).

The fragmentation of NREMS by pain-induced brief arousals could contribute to several
other comorbidities in patients with neuropathic pain. In humans, experimental sleep
fragmentation (by acoustic startle every 2 min) without sleep loss is associated with
complaints of next day sleepiness, a negative mood, decreased mental flexibility, and
difficulty sustaining attention (77), which are also major complaints from patients with
neuropathic pain (30). Furthermore, experimental sleep fragmentation is sufficient to
dampen hedonic capacity in healthy individuals (78), another major comorbidity present
with neuropathic pain. NREMS disruption from spontaneous nociceptor activation may
contribute then to several major comorbidities of chronic neuropathic pain.

We found that the neural activity responsible for triggering brief arousals arises
spontaneously in Na(v) 1.8-positive and TRPV1-lineage sensory neurons after injury and
does not require input evoked in intact afferents by peripheral stimuli. Because a return

of normal sleep continuity coincided with peripheral nerve regeneration and sensory
recovery after sciatic nerve crush, we suggest that injured nociceptors are responsible for
fragmenting NREMS by brief arousals after axonal injury in a peripheral nerve. There

are three anatomical sites where ectopic action potential can be generated: the site of the
nerve injury (79), in DRG cell bodies (50), or presynaptic central terminals within the
spinal cord. Peripheral nerve injury causes a sprouting of sympathetic fibers within the
DRG, which is associated with a spontaneous firing of clusters of sensory neurons and
pain-related behaviors in awake animals (50). In the same study, spontaneous firing also
occurred in some injured neurons independent of sympathetic sprouting. This DRG neuron
activation profile is in line with the triggering of brief arousals by a small number of axons
when recruited by transdermal optogenetic stimulation (17). Another possible source of
the ectopic activation of injured sensory neurons is the site of injury, where axotomized
axons form a neuroma (79), which is often a source of abnormal axonal firing. Injured
fibers can locally overexpress sodium channels; increase production of several factors that
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increase excitability, such as tetrahydrobiopterin (60, 80, 81); and attract immune cells,
including macrophages, T cells, and natural killer cells, which can promote excitability (82—
84). Determining the possible involvement of any or all these factors in the generation of
spontaneous neuropathic pain can now be assessed by monitoring the rate of brief arousals
during NREMS.

Last, our experiments identify CGRP-expressing neurons in the lateral PB (PBCCRP) as

a critical relay through which nerve injury drives brief arousal from NREMS. The PB is
a major target for spinal nociceptive—specific projection neurons from lamina I (69), and
it is activated by a wide range of nociceptive stimuli (85, 86). Activation of excitatory
neurons within the lateral PB of naive mice is sufficient to cause a place aversion (87)
and their inhibition reduces pain-related responses (87). PBCCRP neurons are involved in
several components of pain behavior in awake mice, including escaping from a noxious
stimulus and forming an aversive memory (the driving mechanism for conditioned place
aversion) (88). PBCCRP_ablated mice show deficits in reacting to a noxious heat source
and in developing conditioned place aversion, and the activation of these neurons promotes
aversion (88). PBCCGRP neurons are activated by parabrachial dynorphin-positive neurons
that are directly innervated by nociceptive spinal neurons (89). PBSCRF neurons can drive
cortical arousals from sleep through their projections to the basal forebrain and lateral
hypothalamus (70) contributing to brief arousals during sleep.

Our data suggest that the anatomical pathways responsible for NREMS fragmentation

after nerve injury are the same nociceptive pathways that trigger spontaneous pain in

awake animals. Whether generating a conscious pain sensation requires neural circuits only
activated when awake remains unknown. The spectral analyses indicate that a brief input
from injured nociceptors causes arousal, but the return to sleep is quick (less than 16 s) and
may occur before any triggering of conscious pain perception. For example, in people, pain-
induced arousals lasting less than 1 min are not remembered the next day (46). Similarly, in
one study of patients with trigeminal neuralgia, paroxysmal attacks were described by bed
partners as producing agitated sleep rather than full awakenings remembered by the patients
(90). However, even if these nociceptive episodes might not be experienced as conscious
pain, they seem to increase the incidence of pain-related nightmares in patients with chronic
pain (91).

Our study has limitations. Brief arousals occur spontaneously during NREMS, and our
spectral power analyses of EEG recordings did not identify a specific signature for brief
arousals caused by nociceptive stimulation. We demonstrated the increase in brief arousals
caused by nerve injury originates in sensory neurons, but we cannot determine which
individual brief arousal is caused by pain. Future studies aiming at identifying such possible
features within the EEG to label specifically pain-induced brief arousals are needed to
move toward validation of a reliable marker for spontaneous pain. We found that both
Na(v)1.8::tet-tox and TRPV1::DTA mice are protected against NREMS fragmentation after
nerve injury, but the exact nature of the sensory fibers involved and whether the same fibers
contribute to NREMS fragmentation over time are not yet known. Last, no PSG studies
have been carried out on patients with traumatic neuropathic pain to test for an increase or
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abnormally high number of brief arousals and how this correlates with their sleep and pain
complaints.

In conclusion, our findings causally link a specific sleep disturbance with spontaneous
ectopic activity in nociceptors after nerve injury, an input that also generates spontaneous
pain. Sleep disturbances, moreover, increase pain sensitivity, reduce opioid analgesic
potency, and delay recovery (57, 92-95). Our results suggest that those changes in injured
nociceptors that drive spontaneous pain are major drivers of sleep disruption rather than
increases in sensitivity to peripheral stimuli in intact afferents. Therefore, measuring brief
arousals during NREMS after nerve injury could be a useful marker of the paroxysmal
spontaneous activity in nociceptors that triggers spontaneous pain and a valuable method

for evaluating the efficacy of therapeutic interventions for managing paroxysmal neuropathic
pain to improve the quality of life in patients.

MATERIALS AND METHODS

Study design

The major goal of this study was to characterize the sleep disturbances caused by peripheral
nerve injury in mice and determine the neural pathways involved. All mice were implanted
for EEG/EMG recordings, and they were monitored for their sleep and pain behaviors
before and after induction of a painful condition. Sleep-wake behaviors in various models of
neuropathic pain were analyzed at different time points, up to 11 weeks after nerve injury.
We also analyzed sleep-wake behaviors in models of inflammatory and chemical pain to
test the specificity of the phenotype to neuropathic pain. For gain-of-function studies, we
used mice with Cre recombinase—dependent expression of channelrhodopsin crossed with
Na(v)1.8-Cre or TRPV1-Cre animals. For loss-of-function approaches, we used mice with
Cre-dependent expression of tet-tox or diphtheria toxin [Na(v)1.8-Cre, TRPV1-Cre, and
CGRP-creER]. Last, we used pharmacological approaches to perform skin nerve silencing
or systemic administration of clinically relevant drugs.

For experiments involving transgenic mice, randomization was achieved at weaning time:
Mice were separated on the basis of their sex and placed in their new home cage, and

only cages with a mixed representation of transgenic mice and their littermates were used
for behavioral experiments. All experiments used at least two independent litters and were
duplicated. Behavioral assays and genotyping were performed by different experimenters.
For experiments involving regular C57BL/6J mice, animals were housed for at least 1 week
for acclimation in their new home environment before enrolling them in experiments. Mice
were then randomized into specific experimental groups. For pharmacological experiments
using sleep readouts, mice were first injected with vehicle and then with increasing doses of
a compound. There was at least 1 week washout between injections. For experiments using
pain readouts, mice were treated only once with vehicle or drug. The person performing
surgeries was blind to the genotype of mice or their experiment allocation. The persons
performing pain or sleep analyses were blind to the treatment or experimental group. For all
EEG/EMG recordings, a preliminary automatic scoring was visually inspected and corrected
as needed by trained and blinded experimenters. In addition to the standard scoring of
vigilance states (wake, NREMS, and REMS), we manually tagged brief arousals from

Sci Transl Med. Author manuscript; available in PMC 2025 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Alexandre et al.

Statistics

Page 12

NREMS. Animals with inferior or poor EMG signals were excluded from the brief arousal
analysis (indicated in table S2). Sample size was chosen on the basis of our previous
experiments using similar assays and the literature. The exact numbers of mice used in each
study are indicated in the respective figure legends, and all statistical tests are detailed in
table S2. All procedures were approved in advance by the Institutional Animal Care and Use
Committees of Johns Hopkins School of Medicine, Beth Israel Deaconess Medical Center,
Boston Children’s Hospital, and Harvard Medical School and were performed in accordance
with the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals.

Statistical analysis was performed using Prism version 10.2.0 for Windows, GraphPad
Software (La Jolla, CA, USA). Data are expressed as means + SEM unless otherwise stated.
Data were checked for normality using the Shapiro-Wilk method to decide for parametric
statistics. Paired or unpaired student’s #tests were used to determine significance between
two groups as appropriate. Comparison between more than two groups, i.e., for nerve
injury time-course (SNI, SNCrush, and Sham), drug (gabapentin) conditions, or multiple
time bins, were analyzed by one- or two-way analysis of variance (ANOVA) with repeated
measured when appropriate. In the case of significance, ANOVA analysis was followed

by the appropriate multiple-comparisons tests. £< 0.05 was considered significant. When
normality was violated, nonparametric post hoc tests (Mann-Whitney tests for unpaired and
Wilcoxon tests for paired) were used. Circular statistics were done using the CircStat for
Matlab toolbox. For complete statistical analyses, refer to table S2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Acute activation of nociceptors causes brief arousals during NREM S,
(A) Left: Schematic representation of the experimental protocol to trigger transdermal

activation of nociceptive fibers during NREMS using a 400-um-diameter optical fiber.
Right: Representative EEG and EMG traces showing an arousal triggered by nociceptive
optogenetic activation in a Na(v)1.8::ChR2 mouse. The dashed line represents the 10-ms
photostimulation, and the red box highlights the arousal. TTL, transistor-transistor logic.
(B) Latency of arousal triggered by optogenetic activation of Na(v)1.8-positive fibers in
Na(v)1.8::ChR2 mice (7= 54 trials in four mice). (C) Duration of arousals triggered by
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nociceptive optogenetic activation in Na(v)1.8::ChR2 mice. Blue dashed line indicates the
median; purple dashed lines represent 25th and 75th quartiles. (D) EEG power spectral
density during spontaneous (/7= 35) and optogenetically induced (/7= 38) arousals in
Na(v)1.8::ChR2 mice. (E) Schematic representation of the SNI model. (F) Representative
EEG and EMG traces showing a brief arousal (BA). The duration of a BA was determined
by the duration of the EMG activation. In blue, NREMS; in red, BA. (G) Left: Hourly

rate of brief arousals (number per minute of NREMS) across 24-hour period; and right:
computed over the light and dark periods before (BSL) and after SNI in C57BL/6J wild-type
(WT) mice. (H) Distribution of wake (W) episodes originating from NREMS as a function
of their duration, determined by traditional scoring (4-s epoch), before (BSL) and after

SNI. (1) Representative EEG and EMG recordings (30 min) under (left) baseline conditions
and after (right) SNI procedure. Shown (top to bottom) are EEG spectrogram, raw EEG
waveform, filtered and integrated EMG trace, filtered and normalized EEG sigma (10 to 15
Hz) power, and color-coded vigilance states. Brief arousals are in red, NREMS in light blue,
REMS in dark blue, and wake in black. (J) Left; EEG power spectral density of the sigma
power (10 to 15 Hz) during NREMS and (right) histograms of the phase angle values of

the 0.02 Hz-fluctuation at brief arousal onset before (BSL) and after SNI. (K) Normalized
EEG power spectral density during brief arousals before (BSL) and after SNI. Shading areas
represent SEM. (L) Left: Schematic drawing of a paw lift occurring during brief arousals
recorded by video combined with EEG/EMG recordings, and (right) quantification of paw
lifts during brief arousals before (BSL) and after SNI. For all panels, data are presented as
means + SEM [7=4 Na(v)1.8::ChR2 mice; 7= 12 WT SNI mice for sleep analyses and
n=5WT mice for EEG + paw video analyses]. Circles overlaid on the bar in histograms
represent data from each individual animal. * £ < 0.05 in comparison with baseline (BSL).
For analysis of variance (ANOVA) values and post hoc test; please refer to table S2.
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Fig. 2. Peripheral nerveinjury fragmentsNREM Sin mice.
(A) Left: NREMS episode mean duration; center: number; and right: amount, per 2-hour

bins before (BSL) and 1 week after SNI. (B) NREMS episode duration in % of BSL

after SNI in male and female WT mice (/7= 7 males and 11 females). (C) Distribution of
wake episodes originating from NREMS during the light period as a function of duration,
determined by traditional scoring (10-s epoch), before (BSL) and after SNI. (D and E)
NREMS episode average duration (D) and number (E) during the light and dark periods at
BSL and at different time points after SNI. Each row of the heat maps shows data from one
mouse. Average absolute values represented on top and individual data shown as heatmap
below (in % of own BSL). (F and G) REMS episode average duration (F) and number (G)
during the light and dark periods at BSL and at various times after SNI. Average absolute
values represented on top, and individual data shown as heatmap below (in % of own BSL).
Data are presented as means £ SEM (7= 8 C57BL/6J WT mice for time-course analyses,
n=7 males and n= 11 females for sex analysis). Circles overlaid on the bar in histograms
represent data from each individual animal. *£< 0.05 in comparison with baseline. For
ANOVA values and post hoc tests, refer to table S2. w, weeks.
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common sciatic nerve without blocking epineural vascularization (CCI) and assessed for 11
weeks. Left: NREMS episode mean duration; center: number; and right: amount, per 2-hour

bins before (BSL) and 5 weeks after CCI. (B) Distribution of wake episodes originating

from NREMS during the light period as a function of duration, determined by traditional
scoring (5-s epoch), before (BSL) and after CCI. (C and D) NREMS episode average
duration (C) and number (D) during the light and dark periods at BSL and at different time
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points after CCI. Each heatmap row shows data from one mouse (/7= 7 mice). Averaged
absolute values represented on top and individual data shown as heatmap below (in % of
own BSL). (E) Far left: Mice were instrumented for EEG/EMG monitoring and assessed for
baseline sleep and pain behaviors, then the common sciatic nerve was crushed (SNCrush),
and animals were assessed for 7 weeks. Left: NREMS episode mean duration; center:
number; and right: amount, per 2-hour bins before (BSL) and 2 weeks after SNCrush.

(F) Distribution of wake episodes (W) originating from NREMS during the light period

as a function of duration, determined by traditional scoring (10-s window), before (BSL)
and (top) 2 and 3 weeks or (bottom) 5 and 7 weeks after SNCrush. (G) Left: Punctate
mechanical allodynia thresholds assessed by von Frey filaments; and right: cold hyperalgesia
assessed by acetone paw test after SNCrush. (H) Left: Brief arousal rate. Right: NREMS
episode average duration before (BSL) and at different time points after SNCrush. Time
points where pain hypersensitivity is present are highlighted in red. Data presented as means
+ SEM (all mice are C57BL/6J WT; n=7 CCI, n=7 SNCrush for sleep analyses, and
=10 mice for SNCrush pain behaviors). Circles overlaid on the bar in histograms represent
data from each individual animal. *~ < 0.05 in comparison with baseline. For ANOVA
values and post hoc test, refer to table S2.
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(A to D) Left: Mechanical pain hypersensitivity; center: NREMS episode average duration;
and right: distribution of wake episodes originating from NREMS as a function of duration
during the light period (FCA, CARR, and INC) or for 3 hours (after cap injection) in mice

after: (A) intraplantar FCA injection (20 pg in 10 pl); (B) intraplantar carrageenan (CARR)
injection (1% in 10 pl); (C) intraplantar injection of capsaicin (1 pg in 10 pl); (D) plantar

skin incision (INC) of hindpaw. Data presented as means + SEM (all mice are C57BL/6J

WT, n=6 FCA, n=6 CARR, n=5 capsaicin, and 7= 4 plantar incision). *£< 0.05 in

comparison with baseline (BSL) for inflammatory models. *£< 0.05 in comparison with
sham animals for the incisional model. For complete statistical analyses (ANOVA values and
post hoc test), refer to table S2. d, days.
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Fig. 5. The neural activity responsible for NREM S fragmentation by brief arousals originates
ectopically in sensory neurons.

(A) Top: Genetic construct to produce Cre recombinase-dependent expression of tet-tox and
(bottom) CGRP protein amount quantified by ELISA from supernatant of cultured sensory
neurons from Na(v)1.8::tet-tox mice (Tg) and littermates (Lm) exposed to capsaicin or KClI
(n= 4 mice per group). HBSS, Hanks’ balanced salt solution. (B) Left to right: Behavioral
responses of Na(v)1.8::tet-tox mice and littermates to calibrated forceps (7=7 Lmand n
=8 Tg), pinprick (n=9 Lm and n= 6 Tg), laser heat (7= 13 Lm and n=12 Tg), and
intraplantar injection of capsaicin (1 pg in 20 ul; 7=7 Lmand n=7 Tg), respectively. (C)
NREMS amount per 2-hour bins over 24 hours in naive (baseline conditions) Na(v)1.8::tet-
tox and littermate mice (7=6 Lm and n=4 Tg). (D) Far left: Na(v)1.8::tet-tox mice
(silenced A& and C-fibers) were subjected to SNI surgery. Left, center: Distribution of wake
episodes originating from NREMS during the light period as a function of duration before
(BSL) and after SNI in Na(v)1.8::tet-tox mice and littermates. Right: Brief arousal rate (per
min of NREMS) expressed in % of baseline (dashed line) after SNI in Na(v)1.8::tet-tox
mice and littermates (7= 6 Lm, n=4 Tqg). (E) Left: NREMS episode duration; and right:
amount in % of baseline (dashed line) after SNI in Na(v)1.8::tet-tox mice and littermates (7
=6 Lmand n=4Tg). (F) Left: TRPV1-Cre mice were bred with fl-STOP-fI-DTA mice to
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produce animals with TRPV1-lineage ablation, which underwent SNI. Center: Distribution
of wake episodes originating from NREMS during the light period as a function of duration
before (BSL) and after SNI in TRPV1::DTA mice; and right: NREMS episode duration

in % of baseline (dashed line) after SNI in TRPV1::DTA mice (n=15). (G) Intraplantar
injection of 2% lidocaine and 0.5% QX-314 (10 pl was performed to block nerve terminals
in the skin of SNI mice instrumented for EEG/EMG monitoring, and vehicle control. Left:
Brief arousal rate and NREMS episode average duration in SNI mice after injection of 2%
lidocaine/0.5% QX-314 or vehicle. Insets: Results for 6 hour after injection (7=5 veh and

5 lido-QX). Dashed line represents the NREMS episode duration before injury (BSL). Data
are presented as means + SEM. Circles overlaid on the bar in histograms represent data from
each individual animal. *~< 0.05 in comparison with baseline. #£< 0.05 in comparison
with littermates. For complete statistical analyses (ANOVA values and post hoc test), refer to
table S2.
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Fig. 6. Pharmacologic and genetic restoration of sleep continuity in SNI mice without causing
sedation.

(A and B) (A) Brief arousal rate and (B) NREMS episode duration in 2-hour bins in SNI
mice treated with vehicle or gabapentin (3 to 30 mg/kg ip). Dashed line represents the brief
arousal rate before injury (BSL). (C) Left: NREMS latency; and right: NREMS amount
averaged over 4 hours after injection in SNI mice of vehicle or gabapentin (3 to 30 mg/kg
ip). (D) Left: Distribution of wake episodes originating from NREMS as a function of
duration; center: rate of brief arousals during the first 4 hours; and right: NREMS episode
average duration in 2-hour bins after injection of carbamazepine (5 mg/kg sc) in SNI mice.
Dashed line represents the brief arousal rate at baseline. (E) Left: NREMS onset latency;
and right: total NREMS amount during the first 4 hours after injection in SNI mice treated
with vehicle or carbamazepine (5 mg/kg sc). (F) Left: Brief arousal rate; and right: NREMS
episode duration for 2 hours after injection of morphine (1 mg/kg ip) in SNI mice. Data
presented as means + SEM (all mice are C57BL/6J WT; n= 7 for gabapentin, n=>5 for
carbamazepine, and 7= 5 for morphine). All pharmacological injections were performed
at 12:00 p.m. Circles overlaid on the bar in histograms represent data from each individual
animal. *~ < 0.05 in comparison with vehicle. For complete statistical analyses (ANOVA
values and post hoc test), refer to table S2.
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Fig. 7. Ablation of CGRP-positive neuronsin thelateral PB prevents NREM S fragmentation
after nerveinjury.

(A) Left: Genetic construct of the AAV-Flex-DTA vector used for bilateral microinjections
into the PB of CGRP-CreER mice or WT littermates; center: histological validation of
CGRP-positive neuron deletion; and right: quantification of CGRP-positive neurons within
the lateral PB. Scale bar, 50 um (7= 3 mice per group). BF, bright field; Scp, superior
cerebellar peduncle. (B) Left, center: Distribution of wake episodes originating from
NREMS during the light period as function of duration; and right: rate of brief arousal

2 weeks after SNI as a percentage from baseline in WT littermates and PBCCRP-DTA. (C)
Left: NREMS episode average duration; and right: amount expressed in % of baseline in
PBCCRP_DTA and Lm mice 2 weeks after SNI. (D) NREMS episode number expressed as %
of baseline in PBCCRP-DTA and control mice 2 weeks after SNI. Data presented as means +
SEM (n=7 PBCCRP_DTA and 7= 7 control Lm). Circles overlaid on the bar in histograms
represent data from each individual animal. *£< 0.05 in comparison with vehicle. For
complete statistical analyses (ANOVA values and post hoc test), refer to table S2.
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