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Abstract
Introduction: Mast cell (MC) activation could establish a positive feedback loop that perpetuates inflammation and maintains pain.
Stabilizing MCs with ketotifen fumarate (KF) may disrupt this loop and relieve pain.
Objective: We aimed to test the effect of treatment with KF in pain assays in mice and in a case series of patients with chronic
widespread pain.
Methods: Theanalgesic effect ofKFwas tested inCD-1mice injectedwith formalin, complete Freund’s adjuvant, or subjected to sparednerve
injury. In addition,wild-type (C57BL/6) andMC-deficient (C57BL/6-KitW-sh/W-sh)micewere injectedwith formalin or complete Freund’s adjuvant
and treatedwithKF. Patientswith chronicwidespreadpain (n5 5; age: 13–16 years) who failed to respond to standard of care participated in a
16-week treatment trial with KF (6 mg/d). Ketotifen fumarate’s therapeutic effect was evaluated using the patient global impression of change.
Results: In the mouse experiments, KF produced dose- and MC-dependent analgesic effects against mechanical allodynia in the
acute and chronic inflammatory pain but not neuropathic pain assays. In the patient case series, 4 patients reported that activity
limitations, symptoms, emotions, and overall quality of life related to their pain condition were “better” or “a great deal better” since
beginning treatment with KF. This was accompanied by improvements in pain comorbid symptoms.
Conclusion: Treatment with KF is capable of reducing established inflammatory-induced mechanical nociception in an MC-
dependent manner in mice, and it may be beneficial for the treatment of chronic pain conditions.
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1. Introduction

Lowbackpain,32 headache,1 vulvodynia,27 irritable bowel syndrome
(IBS),77 temporomandibular disorders,69 and fibromyalgia13 are
examples of chronic idiopathic pain conditions that co-occur with
different types of allergy. Canonically recognized as effectors in IgE-
mediated immediate type I hypersensitivity and in allergic responses
such as asthma, mast cells (MCs) are bone-marrow–derived long-
lived cells21 that release a multitude of mediators immediately upon

activation, aswell as de novo synthesized lipidmediators, cytokines,
and chemokines.49 Of interest to pain are sensory neuropeptides
such as substance P, calcitonin gene-related protein, and histamine
(H1, H2). Located in the central nervous system and in close
proximity to nerve endings and blood vessels, MC mediators could
induce pain by acting directly on nociceptors, by stimulating the
production of other mediators that produce pain, and/or by
activating other cells.26 Conceivably, the activation of MCs could
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establish apositive feedback loop that contributes tomaintain pain in
chronic idiopathic pain conditions. Previous studies of sickle cell
anemia, an inherited disorder characterized by chronic hemolytic
anemia and lifelong pain, support this hypothesis.78 Thus, limiting
MC activation could disrupt this loop and relieve pain. Although
some reports on animal pain models do not support contribution of
MCs in the pathophysiology of pain,11,41,44 the strong association
between allergies and the risk of having or developing different
chronic pain conditions1,13,27,32,77 indicates that activation of MCs
may be relevant at least for a subgroup of patients.

Ketotifen fumarate (KF) is an antiallergic and antihistaminic
agent that inhibits the calcium-dependent degranulation of MC
and noncompetitively blocks histamine at the H1-receptor.25

Previous preclinical studies have shown that pretreatment with
KF is capable of reversing allodynia in acute inflammatory4,46 and
postoperative58 pain models, but those studies failed to in-
vestigate whether such an effect was MC-dependent.

In humans, treatment with KF decreased visceral hypersensi-
tivity and improved intestinal function in patients with IBS.35 There
are also case reports of symptoms improvement, including
abdominal pain, after treatment with KF in eosinophilic colitis and
gastroenteritis,22,64 and a randomized controlled trial showed
beneficial effects of KF on neurofibroma-associated itching and
pain.63 However, a recent study failed to demonstrate the effect
of KF on fibromyalgia pain or overall fibromyalgia symptom
severity, but encouraged future adequately powered randomized
clinical trials using increased doses of KF.3

Chronic widespread pain (CWP) is an idiopathic condition
whose pathogenesis has been largely related to alterations in the
central nervous system, but the involvement of immune cells and
the role of systemic inflammation in this condition are becoming
increasingly apparent.72 Because both inflammatory33 and
neuropathic2,48 components seem to contribute to pathophys-
iology of CWP, we first tested in this study the effect of treatment
with KF on MCs in a series of preclinical pain assays in mice. The
analgesic effect of KF is then further supported by the report of a
series of cases of adolescents with CWP who were treated with
KF and achieved substantial symptom improvements.

2. Methods

2.1. Preclinical study

All experiments adhered to guidelines of the Canadian Council on
Animal Care (CCAC) and were approved by the Downtown Animal
Use Committee at the McGill University. Adult (8–14-week old) mice
of both sexeswereused in all experiments.OutbredCD-1micewere
bred in-house from breeders obtained from Charles River Labora-
tories. C57BL/6J and MC-deficient mice (C57BL/6-KitW-sh/W-sh)
mice were purchased from The Jackson Laboratory (Bar Harbor,
ME). Mice were housed with their same-sex littermates (4 animals
per cage) in standard shoebox cages, maintained in a temperature-
controlled (20˚C 6 1˚C) environment (14:10-hour light/dark cycle),
and fed (Harlan Teklad 8604) and watered ad libitum. Mice were
assigned to experimental conditions in a randomized fashion within
the cage, and investigatorswere blinded to treatment (KF or vehicle).

2.1.1. Drug injection

Ketotifen fumarate was injected intraperitoneally (i.p.) in a volume
of 10 mL/kg physiological saline. Ketotifen fumarate doses were
determined in pilot experiments using a KF dose range of 1.5 to
4.5 mg/kg.

2.1.2. Formalin test

After drug injection, mice were placed on a tabletop within
Plexiglas cylinders (30 cm high; 30 cm diameter) and allowed to
habituate for 30minutes. Then, 20mL of 5% formalin was injected
subcutaneously into the plantar surface of the left hind paw using
a 100-mL microsyringe with a 30-gauge needle. Mice were then
returned to the cylinders, and left undisturbed for 60minutes, with
behaviors recorded using digital video. Videos were later coded
offline, where the first 10 seconds of every minute was monitored
for the presence of licking/biting (positive sample) of the left hind
paw for a total of 60 observations. The “early phase” was defined
as the percentage of positive samples during the first 0 to 10
minutes postinjection of formalin; the “late phase” was defined as
the percentage of positive samples during the period 10 to 60
minutes postinjection. Mice were euthanized within 10minutes of
the cessation of behavioral testing.Within 2minutes postmortem,
both hind paws were severed at the ankle joint. Each hind paw
was weighed on a microbalance to the nearest 0.1 mg. Edema
was expressed as the difference between the hind paw weights
expressed as a percentage of body weight.

2.1.3. Complete Freund’s adjuvant–induced mechanical
allodynia

Complete Freund’s adjuvant (CFA; 50%; Sigma) was injected
subcutaneously in a volume of 20mL into the left plantar hind paw
using a 100-mL microsyringe with a 30-gauge needle to create a
chronic inflammatory state. Mice were tested for mechanical
sensitivity of both hind paws using the von Frey test as described
below, before, and 3 days post-CFA injection. Saline or KF was
injected i.p. immediately after the 3-day post-CFA test, and
postdrug injection measurements were taken 30 minutes later.

The up-down method of Dixon10 was used to measure
mechanical sensitivity. Mice were placed on a perforated metal floor

(with 5-mmdiameter holes placed 7mmapart) within small Plexiglas

cubicles as described above, and a set of 8 calibrated von Frey (VF)

fibers (Stoelting Touch Test Sensory Evaluator Kit #2 to #9; ranging

from�0.015g to�1.3 g of force) were applied to the plantar surface

of the hind paw until the fibers bowed, and then held for 3 seconds.

The VF threshold force required to elicit withdrawal of the paw

(median 50% withdrawal) was determined twice at each time point.

2.1.4. Spared nerve injury–induced mechanical allodynia

After testing for baseline mechanical sensitivity on 2 separate

occasions,mice were subjected to a unilateral spared nerve injury

surgery (Decosterd and Woolf, 2000) as adapted for mice

(Shields et al., 2003). We spared the sural territory, so von Frey

fibers (see above) were aimed at the lateral aspect of the hind

paw. Mice were retested for mechanical allodynia on post-

operative day 3 (the earliest time point featuring maximal
allodynia) and then at several time points after drug injection.

2.1.5. Rotarod test

Drug effects on motor coordination were tested using an
accelerating rotarod treadmill (Acceler Rota-Rod 7650, UgoBa-
sile) for mice.18 Mice were placed on the rotarod, which
accelerated from 4 to 40 rpm over a period of 5 minutes, and
the time spent on the rotating drum was recorded for each
mouse. Performance was indicated by the latency to fall from the
rotarod at 30, 60, and 90 minutes after KF injection.
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2.1.6. Histology

Twelve animals (6 females and 6males) were injectedwith CFA (n5
8) or vehicle (SHAM; n5 4). Three days later, glabrous skin from the
site of the intraplantar injection was extracted from SHAM and a
subset of CFA-injected animals (n 5 4). On day 3, the remainder
subset of CFA-injected animals (n5 4) were treated with KF i.p. and
glabrous skin from the site of the CFA injection extracted after 30
minutes. Tissues collected were postfixed in 4% formaldehyde
(obtained from paraformaldehyde) in 0.1 M phosphate buffer, pH
7.4, for 24 hours. Subsequently, skin was stored in 30% sucrose in
PBS, frozen, surrounded by O.C.T. compound (Tissue-Tek,
Torrance, CA), and cut in 16-mm sections using a cryostat (Leica).
Sections were attached to gelatin-subbed microscope slides.

To obtain ametachromatic staining ofMCs, slideswere soaked in
a beaker of tap water for 15 seconds, and then dipped 10 times in
water. Slides were then soaked for 2 minutes in 0.1% toluidine blue
(Fisher BP10710) in 1% NaCl (pH 2.3). Next, slides were dipped 10
times in each of the following solutions in this specific order: distilled
water, another beaker of fresh distilled water, 70% ethanol, 95%
ethanol, 100% ethanol, another beaker of fresh 100% ethanol,
xylene, and another beaker of fresh xylene. Slideswere coverslipped
with Entellan (EMS 14802) mounting medium.

2.1.7. Microscopy and quantification

Bright-field micrographs were obtained using a Zeiss Axioplan 2
imaging microscope with a 63x oil-immersion objective, a high-
resolution color camera, and the Zeiss Zen software version 2.3.
Quantification involved 12 animals and 3 sections per animal.
Two images were obtained per section, for a total of 72 images.
The total number of MCs per unit area was determined from the
images. Results were averaged for each animal group.

2.1.8. Statistical analysis

All behavioral experiments involved the evaluation of the effects of
injuries and treatment on pain behaviors and were analyzed with
repeated-measures analyses of variance as appropriate (Systat v.
13). Post hoc comparisons were made using Systat’s post hoc test
for repeatedmeasureswith Sidak correction.Mast cell degranulation
was analyzed using a two-way analysis of variance and Bonferroni’s
correction. An a criterion of 0.05 was adopted in all experiments.

2.2. Case series

2.2.1. Patient characteristics

Four female and onemale adolescent (13–16 years old) with CWP
and additional pain conditions (ie, IBS, headaches, menstrual

pain, or myofascial pain) presenting for treatment at the Chronic
Pain Service of the Montreal Children’s Hospital were invited for a
treatment trial with incremental doses of KF. Chronic widespread
pain was defined as diffuse musculoskeletal pain in at least 4 of 5
body regions and in at least 3 or more body quadrants (ie,
upper–lower/left–right side of the body) and axial skeleton (neck,
back, chest, and abdomen).52 All patients had diffuse body pain
with amean duration of 3.5 years (range: 0.5–9), overall body pain
average score of 9 out of 10 on the numerical rating scale, and
reported having spontaneous pain crises and sustained pain after
physical activity. Additional patients’ characteristics can be found
in the Supplementary Material (available at http://links.lww.com/
PR9/A106) and are summarized in Table 1.

2.2.2. Eligibility criteria

All patients were following a stable multidisciplinary treatment
plan (including different combinations of pharmacological treat-
ment, supportive psychological therapy, physical therapy, and
nutritional counseling) for at least 8 weeks without reporting
significant symptoms improvements before being invited to
attempt treatment with KF. This includes stable doses of their
medications for at least 8 weeks. Laboratory tests assessing
pregnancy, blood cell count, and liver enzymeswere performed, if
not recently available (ie, within 6 months) in the patient’s charts.

2.2.3. Ketotifen fumarate treatment

Eligible patients were invited to join a 16-week open-label
treatment trial with KF. The consent process was verbal and
annotated in the patients’ charts. Briefly, our team (P.I. and E.V.P.
or V.H.G.C.) explained to patients and their parents or guardians
(1) that they were being invited to attempt treatment with KF
because their individualized treatments plan did not provide
meaningful symptoms improvement, (2) the scientific rationale for
attempting treatment with KF, a medication typically used for the
treatment of asthma,71 and (3) all potential side effects of
treatment with KF (of which the most common are drowsiness
and weight gain71). Our team also explained that the patient
would continue with their individualized treatment plan during the
16-week KF treatment trial and that no new treatments would be
initiated during this period. Importantly, our team also explained
that attempting this treatment was an entirely voluntary decision
and deciding not to try it or to drop the treatment at any point
would have no consequences to their clinical treatment. The
effective oral dose of KF for the treatment of adolescents with
CWP has not been established. Thus, the starting dose (1 mg/d)
was chosen based on the standard treatment dose for
adolescents with asthma. The safety profile of 1 mg/d KF has

Table 1

Clinical characteristics and self-reported pain intensity and pain-related impact before the treatment with KF.

Patient Age Comorbidities Pain
duration
(y)

Pain
intensity
(NRS)

Sleep
disorder

Physical disability
due to pain

Academic
impairment

Admission
due to pain

Mood
disorder

Suicidal due
to pain

1 15 Allergies and cutaneous rush 2 9/10 Yes Yes Yes Yes Yes Yes

2 16 Crohn disease 5 10/10 Yes Yes No No No No

3 16 1 9/10 Yes Yes Yes Yes Yes Yes

4 15 0,5 10/10 Yes Yes Yes No Yes No

5 13 Ehrler Danlos, allergies, and
cutaneous rush

9 8/10 Yes Yes Yes No Yes No

NRS: numerical rating scale (0–10).
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been largely evaluated over the years.71 The maximum thera-
peutic dose (6 mg/d) was defined based on previous studies in
patients with neurofibromatosis, IBS, and eosinophilic gastroen-
teritis.3,7,20,35,63,64 Because KF may cause drowsiness, treat-
ment started at 0.5 mg BID (1mg/d) in the first week of treatment,
1 mg BID (2 mg/d) during the second week, 2 mg BID (4 mg/d) in
the third week, and 3 mg BID (6 mg/d) in the fourth week and
thereafter until completing 16 weeks of treatment. All patients
were contacted every 4 weeks to monitor KF’s therapeutic effect,
effect on comorbid biopsychosocial symptoms, and potential
adverse effects.

Therapeutic effect was evaluated using the patient global
impression of change (PGIC) after 16 weeks of treatment with
KF.47 The PGIC asks: “Since beginning treatment, how would
you describe the change (if any) in ACTIVITY LIMITATIONS,
SYMPTOMS, EMOTIONS and OVERALL QUALITY OF LIFE
related to your painful condition?” Answer options are: 1: No
change (or condition has got worse); 2: Almost the same, hardly
any change at all; 3: A little better, but not a noticeable change at
all; 4: Somewhat better, but the change has not made any real
difference; 5: Moderately better, and a slight but noticeable
change; 6: Better, and a definite improvement that has made a
real and worthwhile difference; or, 7: A great deal better, and a
considerable improvement that has made all the difference.
Evidence of therapeutic effect was defined as options 6 or 7. In
addition to KF’s therapeutic effect, the patients’ report of overall
bodily pain intensity, frequency of pain crises, and number and
dose of other medications taken during the treatment trial were
also annotated.

Comorbid biopsychosocial symptoms were monitored by
asking patients to rate their global improvements in pain, mood,
sleep, and physical function in a scale ranging from 0% to 100%,
where 0% means no change and 100% means completely
normal.

3. Results

3.1. Effect of ketotifen fumarate treatment on different
preclinical pain assays

We first screened the analgesic effect of treatment with KF in a
series of preclinical pain assays in mice. No drug–sex interactions
were noted in any preclinical assay; so in all cases, results
presented below are on data combined by sex.

CD-1micewere injectedwith KF (1.5, 3, or 4.5mg/kg) or saline
followed by formalin. Nocifensive behavior decreased in a KF
dose-dependent manner both at the early (F3,28 5 5.8, P 5
0.003) and late phases (F3,285 11.9, P, 0.001), with the highest
dose resulting in significant reduction both at the early (P5 0.02)
and late phases (P, 0.001) (Fig. 1A). The effect of pretreatment
with KF on paw edema was not significant (F3,285 2.6, P5 0.07,
Fig. 1B) nor did it affect rotarod performance (F3,76 5 1.4, P 5
0.26, Fig. 1C). The highest dose (4.5 mg/kg) was used for all
subsequent experiments.

Mice were then tested for mechanical nociception using von
Frey fibers, given a long-lasting inflammatory injury (CFA), and
retested 3 days later before and 30 minutes after treatment with
KF or saline. Mechanical allodynia was completely reversed by
treatment with KF, but not saline, as demonstrated by the return
of the VF thresholds to baseline level (drug3 repeatedmeasures:
F2,36 5 5.5, P 5 0.008) (Fig. 2A).

For the neuropathic pain assay, mice were tested for
mechanical nociception using von Frey fibers, subjected to
spared nerve injury, and retested for mechanical nociception 3

days after surgery. Mechanical allodynia was not affected by
treatment with 4.5mg/kg KF (drug3 repeatedmeasures: F2,355
0.3, P 5 0.74) (Fig. 2B).

Histological studies revealed that KF treatment significantly
decreased MC degranulation in animals injected with CFA,
confirming that the mechanical allodynia reversal effect of
treatment with KF was MC-dependent (Fig. 2C, D).

The modality specificity of KF’s analgesic effect on animals
suggests that KF may be more useful for the treatment of
widespread muscular pain conditions, such as CWP, rather than
those with a neuropathic component, such as sciatica pain.

3.2. Contribution of mast cell to ketotifen fumarate’s
antinociceptive effect

To further investigate whether the analgesic effect of KF on
inflammatory-induced mechanical allodynia was due to its

Figure 1. Treatment of CD-1 mice with KF reduces nocifensive behavior in a
dose-dependent manner in the formalin test. Graph displays both early phase
(0–10min post‐injection) and late phase (10–60min post‐injection) nocifensive
behavior, respectively, after 5% formalin injection into the plantar hind paw.
Bars represent mean6 SEM percentage of samples featuring licking behavior
(% positive samples); n 5 6 to 10 mice/dose. *P , 0.05, **P , 0.01, ***P ,
0.001 compared to saline group. KF, ketotifen fumarate.
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action on MC, we assessed nocifensive behavior in response
to injection of formalin and CFA-induced mechanical allodynia
in MC-deficient mice (C57BL/6-KitW-sh/W-sh). In the formalin
test, significant genotype3 drug interactions were observed in
the early phase (F1,47 5 4.6, P 5 0.04) and late phase (F1,47 5
6.2, P 5 0.02). In both phases, no genotype differences in
formalin sensitivity were observed, but KF was found to inhibit
response to formalin test in wild-type but not MC-deficient
mice (Fig. 3). In the CFAmechanical allodynia test, a significant
genotype 3 drug 3 repeated measures interaction was
observed (F2,72 5 3.8, P 5 0.03), such that KF but not saline
reversed mechanical allodynia in wild-type but not MC-
deficient mice (Fig. 4). These findings suggest that KF’s
analgesic effect on inflammatory-induced mechanical allody-
nia is at least partly mediated by MC.

3.3. Effect of ketotifen fumarate treatment in a case series of
patients with chronic widespread pain

All patients were able to achieve KF’s maximum therapeutic
dose (6 mg/d) within 4 weeks. Ketotifen fumarate’s therapeutic
effect was clinically evident after 6 to 8 weeks of treatment,
when patients no longer reported spontaneous pain crisis and
reported initial positive changes on their mood, sleep quality,
physical activity, and school attendance. At the end of 16
weeks of treatment (Table 2), 4 out of 5 patients scored either

6 or 7 on the PGIC. Three patients reported having no more
pain and another 2 reported 50% reduction on their average

pain intensity. Two patients reduced by at least 50% the

number and doses of prior pain medications, and another 3

were completely free of other medications. Four patients

quantified their global improvements in mood, sleep, and

physical function in the range of 60% to 100%. All patients

went back to their normal school activities, including physical

activities at school, and 4 of them were able to return to their

previous competitive sport activities. Notably, all patients

reported being completely or almost completely free of

spontaneous pain crises.
Three patients reported drowsiness during the first 2 to 3

weeks of treatment. One patient had nausea for few days at the

beginning of the treatment and one patient gained 5 kg during the

treatment. There were no other adverse effects reported during

treatment.
One patient is still under treatment with KF and 4 patients

discontinued it 6 months after the end of the trial. Three of them

were free of pain or other symptoms one year after

discontinuing KF. Two patients reported the recurrence of

pain and other symptoms a few months after discontinuing

treatment.
This case series report is in line with our preclinical findings and

encourages future clinical trials to formally assess the effect of KF

for the treatment of nonneuropathic pain conditions.

Figure 2. Treatment with KF reverses CFA-induced mechanical allodynia in CD-1 mice. Mechanical allodynia produced by CFA (A) but not SNI (B) is reversed by
treatment with 4.5 mg/kg KF but not by saline (n5 10 mice/drug). Bars represent mean6 SEM ipsilateral hind paw withdrawal threshold at baseline (BL), 3 days
after CFA (pre-injection; Pre), and 30 minutes post-injection of KF (Post). (C) Degranulation of MCs in CFA-treated animals is prevented by treatment with 4.5 mg/
kg KF (n5 4). Bars represent means6 SEM percent of degranulated MCs 3 days after SHAM, 3 days after CFA (pre-injection; Pre), and 30minutes post-injection
of KF (Post). (D-F) Representative images of toluidine blue–stained skin sections. Red arrows point to degranulated MCs. *P, 0.05, **P, 0.01 as indicated; CFA,
complete Freund’s adjuvant; KF, ketotifen fumarate; MC, mast cell; n.s., not significant; SNI, spared nerve injury.
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3.4. Discussion

Inspired by the highly reported but poorly investigated comorbidity
between different types of allergies and multiple chronic pain
conditions,1,13,27,32,77 we sought out to investigate the effect of
limiting the activation of MCs with KF on nociception preclinically and
to support our preclinical findings with preliminary clinical data. Our
findings show that pretreatment with the MC stabilizer KF reduces
nocifensive behavior in acute formalin inflammatory pain assay in
mice. Furthermore, this is the first report showing that KF reverses
mechanical allodynia even after CFA-induced inflammation develops.
Importantly, the analgesic effect of KF was specific to inflammatory
pain, suggesting that treatment with KF may be better indicated for
chronic pain conditions of nonneuropathic etiology. In addition, our
findings support a direct role for MCs in pain, as KF inhibited the
activation of MCs and its analgesic effect was evident in wild-type but
not MC-deficient mice. Our findings are in line with a previous study
showing that preventing MC activation also ameliorates sickle
cell–induced pain.78 Our findings and others41,44 indicate that MCs
do not account solely for the development of inflammatory-induced
pain, as it developed in bothwild-type andMC-deficientmice. Indeed,
other immune cell types contribute to the development of
inflammatory-induced pain.15,40,74,81 Nevertheless, treatment with
KF reversed inflammatory-induced mechanical pain, suggesting that
limiting MC activation is crucial to resolve the ongoing inflammation
and consequently, the ongoing pain. Thus, the translational value of
our findings is substantial as it suggests that stabilizingMCs inpatients
with ongoing chronic pain conditions may be useful to promote
analgesia.Our hypothesized role forMCs in ongoing chronic painwas
further supported by the case series of adolescent patients with CWP
treated with KF who reported substantial symptom improvements.
However, whether treatmentwith KF is truly beneficial and safe for the
treatment of adolescent or adult chronic pain patient remains to be
investigated in clinical studies using greater scientific rigor (ie,
randomized controlled trials) and is not recommended at this time.

Our findings are consistent with previous studies reporting that
pretreatment with KF reduces acute inflammatory nociception4,46

in rats. Prevention of upregulation of interleukin-6, tumor necrosis
factor alpha, and nerve growth factor (NGF)—mediators whose
role in inflammation and hyperalgesia have been well doc-
umented—17,68 has been suggested as one of the mechanisms
whereby KF inhibits acute inflammatory pain.46 Pretreatment with
KF also reduced acute postoperative hyperalgesia in mice,58 and
its antihyperalgesic effect lasted longer than that of cromoglycate.

The antiallodynic effect of treatment with KF on ongoing CFA-
induced inflammatory hypersensitivity had not been assessed
before, but studies have shown this effect in other pain assays.
Treatment with KF 4weeks after radiation-induced injury reduced
colorectal mechanical allodynia in rats.19 Furthermore, treating
rats with visceral hypersensitivity as result of stress with KF
abolished allodynia, indicating that MC may also be implicated in
stress-induced pain.53

The exact mechanisms whereby KF reduces nociception remain
to be understood, and most if not all studies aimed at elucidating
them were done in the context of asthma and allergic disorders. In
these conditions, KF efficacy has been associated with decreased
levels of histamine, tryptase,14,25 tumor necrosis factor alpha,23,54

macrophage-derived chemokines,31 and interleukin-8.56 Most
importantly, KF has MC-stabilizing properties,25 and a relationship
betweenMCand various clinical pain conditions hasbeenpreviously
established.5,6,8,9,16,24,27–29,60,70,75,76 This led to many studies that

Figure 3. Ketotifen fumarate inhibition of formalin test responding is MC-
dependent. Graphs display the early phase (A; 0–10 min post‐injection) and
late phase (B; 10–60 min post‐injection) nocifensive behavior of wild-type
(C57BL/6) and MC-deficient (C57BL/6-KitW-sh/W-sh) mice after 5% formalin
injection into the plantar hind paw; bars (n 5 12–15 mice/genotype/drug)
represent mean 6 SEM percentage of samples featuring licking behavior (%
positive samples). *P, 0.01, ***P, 0.001 as indicated; all other comparisons
not significant. MC, mast cell.

6 C.B. Meloto et al.·6 (2021) e902 PAIN Reports®



demonstrated MCs’ role in preclinical models of different pain
conditions.11 Additional evidence of the role of MC in the
pathophysiology of different pain conditions is providedby preclinical
models of pelvic pain,16,55,65,79 abdominal pain,30 arthritis pain,42

and induced inflammatory pain12 using MC-deficient mice, in which

pain responses were absent or significantly reduced in animals
lacking MCs but restored upon reconstitution with bone
marrow–derived cultured MCs.

Themechanisms underlyingMCs’ contribution to pain seem to
be multileveled. Degranulation of MCs produced long-lasting

Figure 4. Ketotifen fumarate inhibition of CFA-induced mechanical allodynia is MC-dependent. Mechanical allodynia produced by CFA is reversed by treatment
with 4.5 mg/kg KF but not saline (n5 10 mice/drug) in C57BL/6 (A; n5 12–14 mice/drug) but not in MC-deficient KitW-sh/W-sh mice (B; n5 7–8 mice/drug). Bars
represent mean6 SEM ipsilateral hind pawwithdrawal threshold at baseline (BL), 3 days after CFA (pre-injection; Pre), and 30minutes post-injection of KF (Post).
**P , 0.01, ***P , 0.001 as indicated; CFA, complete Freund’s adjuvant; MC, mast cell; n.s., not significant; KF, ketotifen fumarate.

Table 2

Self-reported changes in PGIC (Patient Global Impression of Change), average pain reduction, need for pain medications, physical
function, sleep, and mood after 16 weeks of treatment with KF.

Patient PGIC Pain reduction
(%)

Need for pain
medications

Physical disability due to
pain

Change in sleep
(%)

Change in mood
(%)

Normal school
activities

1 7 100 Yes No 80 90 Yes

2 3 50 Yes Minimal 60 0 Yes

3 6 100 No No 100 90 Yes

4 7 50 No No 80 80 Yes

5 7 100 No No 100 100 Yes
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excitation of meningeal nociceptors, activating central down-
stream pathways leading to hypersensitivity in migraine.37,38

Histamine release from MCs contributed to the development of
symptoms of pelvic pain.43,66 Increased levels of histamine,
serotonin, and tryptase were also implicated in postoperative
pain, and stabilizing MCs prevented this increase and the
resultant allodynia.57,58 Using a preclinical model of vulvodynia,
it was also suggested that increased local nerve density may be
MC-dependent, and treatment with another MC-stabilizer,
cromoglycate, reduced local hypersensitivity.45 Although one
could suggest that the mechanisms underlying MC contribution
to pain may be specific to pain modality, these mechanisms are
more likely to be pleiotropic and stabilizing MCs is likely to have
multiple benefits for pain management.

Controversial evidence exists concerning the MCs’ contribu-
tion to pain. Although the link between NGF and MC activation
has been extensively implicated in different models of hyper-
algesia,36,39,59,67,80 recent studies have shown that selective
depletion of MCs does not reduce NGF-induced peripheral
sensitization in vivo,41,44 nor is NGF capable of activatingMCs, as
they do not express NGF receptors.41 These studies also showed
that CFA-induced mechanical and thermal allodynia41 and
formalin-induced thermal allodynia44 were not different between
selectively MC-depleted and wild-type animals, suggesting that
MCs contribute little to the sensitization of peripheral nociceptors.
The contribution of MCs to pain via its proteases is also
debatable, as they were found not to be essential for acute pain
response in the formalin model.44

Our preclinical findings are supported by a case series of
patients with CWP treated with KF, who achieved substantial
symptom improvement. This is in line with reports of cases of
patients with long-lasting sickle cell anemia pain that improved
after the inhibition of MC activation.50,73 One clinical trial of KF in
adult patients with fibromyalgia has been conducted but did not
find significant changes on pain sensitivity or functional status of
patients receiving 4mg/d KF for 8weeks. The authors speculated
that these results could be explained by an inadequate degree of
MC stabilization, due to a short treatment time or low daily dose,
or simply due to a small sample size.3 Another explanation is that
perhaps not all symptoms presented by patients with CWP can
be treated with KF. Another study has reported that 8 weeks of
treatment with KF at a higher dose (6mg/d) significantly increased
the threshold for rectal discomfort in patients with IBS, decreased
abdominal pain, and improved quality of life.35 Benefits of KF to
neurofibroma-associated pain62,63 have also been reported.
Thus, in our case series, we used a higher dose of KF and for a
longer time than those used in the FM clinical trial.3 Our results
encourage future clinical trials of KF to treat different chronic pain
conditions using well-defined treatment outcome measures, and
indicate that treatment should be carried on for at least 16 weeks
with higher daily doses, possibly 6 mg/d as used in the case
series reported here.

This study has important limitations that should be discussed.
The development of lineage progenitors into mature MCs is
dependent on the growth stem cell factor binding to its receptor,
Kit. The mouse strain used here (KitW-sh/W-sh) carries a mutation
that leads not only to selective reduction of Kit expression and
consequently, MC deficiency, but also to other abnormalities
related to the altered Kit expression on progenitor populations of
other immune cell lineages. Hence, the validity of this mouse
strain to distinguish unequivocally the contributions of MCs to a
given phenotype from the pleiotropic functions of Kit in other cell
lineages is debatable.34 A stabilizing effect of KF on the release of
mediators secreted by neutrophils51 and eosinophils61 has also

been detected under some conditions, although this effect is
evidently stronger in MCs. Thus, we cannot completely rule out
that the analgesic effect of KF observed here might be partly
mediated by its effects on other cell types. Finally, our preclinical
findings are supported by a case series of CWP adolescents
treated with KF who achieved clinical improvements. However,
the reliability of such narrative studies is limited, and randomized
clinical trials are warranted to further support KF’s efficacy for the
treatment of painful conditions.

In conclusion, stabilizing MC with KF before and after
inflammation develops reduces acute nocifensive behavior and
reverses mechanical allodynia, respectively, in a Kit-dependent
manner. Combined with the report of a case series of patients
with CWP who achieved important clinical improvements after
treatment with KF, our findings support a role for MC in
musculoskeletal pain and encourage future clinical studies aimed
at testing KF’s efficacy in reducing pain in multiple nonneur-
opathic chronic pain conditions. They also encourage the
development of new and more efficient therapeutics that limit
the activation of MC in a selective manner.

Disclosures

The authors have no conflicts of interest to declare.

Acknowledgments

The authors would like to acknowledge Manon St. Louis for her
collaboration in the histological study. CBM reports receiving the
Catherine Bushnell Fellowship in Pain Research during part of the
conduct of the study. VB acknowledges a doctoral studentship
from the Louise and Alan Edwards Foundation. LD reports a grant
from the Canadian Excellence Research Chairs (CERC) Program
(http://www.cerc.gc.ca/home-accueil-eng.aspx, CERC09), a
Pfizer Canada Professorship in Pain Research and a CIHR
funding grant SCA-145102 for Health Research’s Strategy for
Patient-Oriented Research (SPOR) in Chronic Pain. The other
authors have no conflicts of interest to declare.

Appendix A. Supplemental digital content

Supplemental digital content associated with this article can be
found online at http://links.lww.com/PR9/A106.

Article history:
Received 15 May 2020
Received in revised form 16 November 2020
Accepted 18 December 2020

References

[1] Aamodt AH, Stovner LJ, Langhammer A, Hagen K, Zwart JA. Is
headache related to asthma, hay fever, and chronic bronchitis? The
Head-HUNT Study. Headache 2007;47:204–12.

[2] Amris K, Jespersen A, Bliddal H. Self-reported somatosensory symptoms
of neuropathic pain in fibromyalgia and chronic widespread pain correlate
with tender point count and pressure-pain thresholds. PAIN 2010;151:
664–9.

[3] Ang DC, Hilligoss J, Stump T. Mast cell stabilizer (ketotifen) in
fibromyalgia: phase 1 randomized controlled clinical trial. Clin J Pain
2014;31:836–42.

[4] Anoush M, Mohammad Khani MR. Evaluating the anti-nociceptive and
anti-inflammatory effects of ketotifen and fexofenadine in rats. Adv Pharm
Bull 2015;5:217–22.

[5] Barbara G, Stanghellini V, De Giorgio R, Corinaldesi R. Functional
gastrointestinal disorders and mast cells: implications for therapy.
Neurogastroenterol Motil 2006;18:6–17.

8 C.B. Meloto et al.·6 (2021) e902 PAIN Reports®

http://www.cerc.gc.ca/home-accueil-eng.aspx
http://links.lww.com/PR9/A106


[6] Blanco I, Beritze N, Arguelles M, Carcaba V, Fernandez F, Janciauskiene
S, Oikonomopoulou K, de Serres FJ, Fernandez-Bustillo E, Hollenberg
MD. Abnormal overexpression of mastocytes in skin biopsies of
fibromyalgia patients. Clin Rheumatol 2010;29:1403–12.

[7] Bolukbas FF, Bolukbas C, Uzunkoy A, Baba F, Horoz M, Ozturk E. A
dramatic response to ketotifen in a case of eosinophilic gastroenteritis
mimicking abdominal emergency. Dig Dis Sci 2004;49:1782–5.

[8] Bornstein J, Cohen Y, Zarfati D, Sela S, Ophir E. Involvement of
heparanase in the pathogenesis of localized vulvodynia. Int J Gynecol
Pathol 2008;27:136–41.

[9] Bornstein J, Goldschmid N, Sabo E. Hyperinnervation and mast cell
activation may be used as histopathologic diagnostic criteria for vulvar
vestibulitis. Gynecol Obstet Invest 2004;58:171–8.

[10] Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL. Quantitative
assessment of tactile allodynia in the rat paw. J Neurosci Methods 1994;
53:55–63.

[11] Chatterjea D, Martinov T. Mast cells: versatile gatekeepers of pain. Mol
Immunol 2015;63:38–44.

[12] Chatterjea D, Wetzel A, Mack M, Engblom C, Allen J, Mora-Solano C,
Paredes L, Balsells E, Martinov T. Mast cell degranulation mediates
compound 48/80-induced hyperalgesia in mice. Biochem Biophys Res
Commun 2012;425:237–43.

[13] Choi CJ, Knutsen R, Oda K, Fraser GE, Knutsen SF. The association
between incident self-reported fibromyalgia and nonpsychiatric factors:
25-years follow-up of the Adventist Health Study. J Pain 2010;11:
994–1003.

[14] Craps LP. Immunologic and therapeutic aspects of ketotifen. J Allergy
Clin Immunol 1985;76:389–93.

[15] Dai SP, Hsieh WS, Chen CH, Lu YH, Huang HS, Chang DM, Huang SL,
Sun WH. TDAG8 deficiency reduces satellite glial number and pro-
inflammatory macrophage number to relieve rheumatoid arthritis disease
severity and chronic pain. J Neuroinflammation 2020;17:170.

[16] Done JD, Rudick CN, Quick ML, Schaeffer AJ, Thumbikat P. Role of mast
cells in male chronic pelvic pain. J Urol 2012;187:1473–82.

[17] Dray A. Tasting the inflammatory soup: the role of peripheral neurones.
Pain Rev 1994;1:153–71.

[18] Dunham NW, Miya TS. A note on a simple apparatus for detecting
neurological deficit in rats and mice. J Am Pharm Assoc 1957;46:208–9.

[19] Durand C, Pezet S, Eutamene H, Demarquay C, Mathieu N, Moussa L,
Daudin R, Holler V, Sabourin JC, Milliat F, Francois A, Theodorou V,
Tamarat R, Benderitter M, Semont A. Persistent visceral allodynia in rats
exposed to colorectal irradiation is reversed by mesenchymal stromal cell
treatment. PAIN 2015;156:1465–76.

[20] Finn DF, Walsh JJ. Twenty-first century mast cell stabilizers. Br J
Pharmacol 2013;170:23–37.

[21] Fodinger M, Fritsch G,Winkler K, EmmingerW,Mitterbauer G, Gadner H,
Valent P, Mannhalter C. Origin of human mast cells: development from
transplanted hematopoietic stem cells after allogeneic bone marrow
transplantation. Blood 1994;84:2954–9.

[22] Freeman HJ. Longstanding eosinophilic gastroenteritis of more than 20
years. Can J Gastroenterol 2009;23:632–4.

[23] Galatowicz G, Ajayi Y, Stern ME, Calder VL. Ocular anti-allergic
compounds selectively inhibit human mast cell cytokines in vitro and
conjunctival cell infiltration in vivo. Clin Exp Allergy 2007;37:1648–56.

[24] Goetsch MF, Morgan TK, Korcheva VB, Li H, Peters D, Leclair CM.
Histologic and receptor analysis of primary and secondary vestibulodynia
and controls: a prospective study. Am J Obstet Gynecol 2010;202:614
e611–618.

[25] Grant SM, Goa KL, Fitton A, Sorkin EM. Ketotifen. A review of its
pharmacodynamic and pharmacokinetic properties, and therapeutic use
in asthma and allergic disorders. Drugs 1990;40:412–48.

[26] Gupta K, Harvima IT. Mast cell-neural interactions contribute to pain and
itch. Immunol Rev 2018;282:168–87.

[27] Harlow BL, He W, Nguyen RH. Allergic reactions and risk of vulvodynia.
Ann Epidemiol 2009;19:771–7.

[28] Heatley RV, Denburg JA, Bayer N, Bienenstock J. Increased plasma
histamine levels in migraine patients. Clin Allergy 1982;12:145–9.

[29] Henderson WA, Shankar R, Taylor TJ, Del Valle-Pinero AY, Kleiner DE,
Kim KH, Youssef NN. Inverse relationship of interleukin-6 and mast cells
in children with inflammatory and non-inflammatory abdominal pain
phenotypes. World J Gastrointest Pathophysiol 2012;3:102–8.

[30] Hoogerwerf WA, Gondesen K, Xiao SY, Winston JH, Willis WD, Pasricha
PJ. The role of mast cells in the pathogenesis of pain in chronic
pancreatitis. BMC Gastroenterol 2005;5:8.

[31] Hung CH, Li CY, Lai YS, Hsu PC, Hua YM, Yang KD. Discrepant clinical
responses and blood chemokine profiles between two non-steroidal anti-
inflammatory medications for children with mild persistent asthma.
Pediatr Allergy Immunol 2005;16:306–9.

[32] Hurwitz EL, Morgenstern H. Cross-sectional associations of asthma, hay
fever, and other allergies with major depression and low-back pain
among adults aged 20-39 years in the United States. Am J Epidemiol
1999;150:1107–16.

[33] Ji RR, Nackley A, Huh Y, Terrando N, Maixner W. Neuroinflammation and
central sensitization in chronic and widespread pain. Anesthesiol 2018;
129:343–66.

[34] Katz HR, Austen KF. Mast cell deficiency, a game of kit and mouse.
Immunity 2011;35:668–70.

[35] Klooker TK, Braak B, Koopman KE, Welting O, Wouters MM, van der
Heide S, Schemann M, Bischoff SC, van den Wijngaard RM,
Boeckxstaens GE. The mast cell stabiliser ketotifen decreases visceral
hypersensitivity and improves intestinal symptoms in patients with irritable
bowel syndrome. Gut 2010;59:1213–21.

[36] Kritas SK, Saggini A, Cerulli G, Caraffa A, Antinolfi P, Pantalone A, Frydas
S, Rosati M, Tei M, Speziali A, Saggini R, Pandolfi F, Conti P.
Neuropeptide NGF mediates neuro-immune response and
inflammation through mast cell activation. J Biol Regul Homeost Agents
2014;28:177–81.

[37] Levy D, Burstein R, Kainz V, Jakubowski M, Strassman AM. Mast cell
degranulation activates a pain pathway underlying migraine headache.
PAIN 2007;130:166–76.

[38] Levy D, Kainz V, Burstein R, Strassman AM. Mast cell degranulation
distinctly activates trigemino-cervical and lumbosacral pain pathways
and elicits widespread tactile pain hypersensitivity. Brain Behav Immun
2012;26:311–17.

[39] Lewin GR, Rueff A, Mendell LM. Peripheral and central mechanisms of
NGF-induced hyperalgesia. Eur J Neurosci 1994;6:1903–12.

[40] Liu L, Karagoz H, Herneisey M, Zor F, Komatsu T, Loftus S, Janjic BM,
Gorantla VS, Janjic JM. Sex differences revealed in a mouse CFA
inflammation model with macrophage targeted nanotheranostics.
Theranostics 2020;10:1694–707.

[41] Lopes DM, Denk F, Chisholm KI, Suddason T, Durrieux C, Thakur M,
Gentry C, McMahon SB. Peripheral inflammatory pain sensitisation is
independent of mast cell activation in male mice. PAIN 2017;158:
1314–22.

[42] Lopes F, Graepel R, Reyes JL, Wang A, Petri B, McDougall JJ, Sharkey
KA, McKay DM. Involvement of mast cells in alpha7 nicotinic receptor
agonist exacerbation of freund’s complete adjuvant-induced
monoarthritis in mice. Arthritis Rheumatol 2016;68:542–52.

[43] Lv J, Huang Y, Zhu S, Yang G, Zhang Y, Leng J, Bo J, Liu D. MCP-1-
induced histamine release from mast cells is associated with
development of interstitial cystitis/bladder pain syndrome in rat models.
Mediators Inflamm 2012;2012:358184.

[44] Magnusdottir EI, Grujic M, Roers A, Hartmann K, Pejler G, Lagerstrom
MC. [EXPRESS] Mouse mast cells and mast cell proteases do not play a
significant role in acute tissue injury pain induced by formalin. Mol Pain
2018;14:1744806918808161.

[45] Martinov T, Glenn-Finer R, Burley S, Tonc E, Balsells E, Ashbaugh A,
Swanson L, Daughters RS, Chatterjea D. Contact hypersensitivity to
oxazolone provokes vulvar mechanical hyperalgesia in mice. PLoS One
2013;8:e78673.

[46] Massaad CA, Safieh-Garabedian B, Poole S, Atweh SF, Jabbur SJ,
Saade NE. Involvement of substance P, CGRP and histamine in the
hyperalgesia and cytokine upregulation induced by intraplantar injection
of capsaicin in rats. J Neuroimmunol 2004;153:171–82.

[47] McGrath PJ, Walco GA, Turk DC, Dworkin RH, Brown MT, Davidson K,
Eccleston C, Finley GA, Goldschneider K, Haverkos L, Hertz SH,
Ljungman G, Palermo T, Rappaport BA, Rhodes T, Schechter N, Scott
J, Sethna N, SvenssonOK, Stinson J, von Baeyer CL,Walker L,Weisman
S, White RE, Zajicek A, Zeltzer L, PedImmpact. Core outcome domains
andmeasures for pediatric acute and chronic/recurrent pain clinical trials:
PedIMMPACT recommendations. J Pain 2008;9:771–83.

[48] Momi SK, Fabiane SM, LachanceG, Livshits G,Williams FM.Neuropathic
pain as part of chronic widespread pain: environmental and genetic
influences. PAIN 2015;156:2100–6.

[49] Moon TC, Befus AD, Kulka M. Mast cell mediators: their differential
release and the secretory pathways involved. Front Immunol 2014;5:569.

[50] Murphy M, Close J, Lottenberg R, Rajasekhar A. Effectiveness of imatinib
therapy for sickle cell anemia and chronic myeloid leukemia. Am J Med
Sci 2014;347:254–5.

[51] Nagy L, Orosz M. Effect of Zaditen on serum neutrophil chemotactic
activity in exercise-induced asthma. Respiration 1985;47:21–3.

[52] Nicholas M, Vlaeyen JWS, Rief W, Barke A, Aziz Q, Benoliel R, Cohen M,
Evers S, Giamberardino MA, Goebel A, Korwisi B, Perrot S, Svensson P,
Wang SJ, Treede RD, Pain ITftCoC. The IASP classification of chronic
pain for ICD-11: chronic primary pain. PAIN 2019;160:28–37.

6 (2021) e902 www.painreportsonline.com 9

www.painreportsonline.com


[53] Nozu T, Miyagishi S, Nozu R, Takakusaki K, Okumura T. Repeated water
avoidance stress induces visceral hypersensitivity: role of interleukin-1,
interleukin-6, and peripheral corticotropin-releasing factor.
J Gastroenterol Hepatol 2017;32:1958–65.

[54] Ockenga J, Rohde F, Suttmann U, Herbarth L, Ballmaier M, Schedel I.
Ketotifen in HIV-infected patients: effects on body weight and release of
TNF-alpha. Eur J Clin Pharmacol 1996;50:167–70.

[55] Ohashi K, Sato Y, Kawai M, Kurebayashi Y. Abolishment of TNBS-
induced visceral hypersensitivity in mast cell deficient rats. Life Sci 2008;
82:419–23.

[56] Ohtani T, Aiba S, Mizuashi M, Kawamoto Y, Tagami H. Evaluation of the
efficacy of antihistamines using human monocyte-derived dendritic cells
stimulated with histamine. J Am Acad Dermatol 2003;49:234–42.

[57] Oliveira SM, Drewes CC, Silva CR, Trevisan G, Boschen SL, Moreira CG,
de Almeida Cabrini D, DaCunha C, Ferreira J. Involvement of mast cells in
a mouse model of postoperative pain. Eur J Pharmacol 2011;672:88–95.

[58] Oliveira SM, Silva CR, Ferreira J. Critical role of protease-activated
receptor 2 activation by mast cell tryptase in the development of
postoperative pain. Anesthesiology 2013;118:679–90.

[59] Pearce FL, Thompson HL. Some characteristics of histamine secretion
from rat peritoneal mast cells stimulated with nerve growth factor.
J Physiol 1986;372:379–93.

[60] Pepper A, Li W, Kingery WS, Angst MS, Curtin CM, Clark JD. Changes
resembling complex regional pain syndrome following surgery and
immobilization. J Pain 2013;14:516–24.

[61] Podleski WK, Panaszek BA, Schmidt JL, Burns RB. Inhibition of
eosinophils degranulation by Ketotifen in a patient with milk allergy,
manifested as bronchial asthma—an electron microscopic study. Agents
Actions 1984;15:177–81.

[62] Riccardi VM. Mast-cell stabilization to decrease neurofibroma growth.
Preliminary experience with ketotifen. Arch Dermatol 1987;123:1011–16.

[63] Riccardi VM. A controlled multiphase trial of ketotifen to minimize
neurofibroma-associated pain and itching. Arch Dermatol 1993;129:
577–81.

[64] Rosas Vargas MA, Moncayo Coello V, Garcia Cardenas E, Valencia
Mayoral P, Sienra Monge JJ, del Rio Navarro BE. Eosinophilic colitis. A
report of two cases with non conventional treatment [in Spanish]. Rev
Alerg Mex 2004;51:231–5.

[65] Rudick CN, Bryce PJ, Guichelaar LA, Berry RE, Klumpp DJ. Mast cell-
derived histamine mediates cystitis pain. PLoS One 2008;3:e2096.

[66] Rudick CN, Schaeffer AJ, Klumpp DJ. Pharmacologic attenuation of
pelvic pain in a murine model of interstitial cystitis. BMC Urol 2009;9:16.

[67] Rueff A, Mendell LM. Nerve growth factor NT-5 induce increased thermal
sensitivity of cutaneous nociceptors in vitro. J Neurophysiol 1996;76:
3593–6.
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