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Abstract

Mast cells (MCs) are tissue resident immune cells that participate in a variety of allergic and other
inflammatory conditions. In most tissues, MCs are found in close proximity to nerve endings of
primary afferent neurons that signal pain (i.e. nociceptors). Activation of MCs causes the release
of a plethora of mediators that can activate these nociceptors and promote pain. Although MCs are
ubiquitous, conditions associated with systemic MC activation give rise primarily to two major
types of pain, headache and visceral pain. In this study we therefore examined the extent to which
systemic MC degranulation induced by intraperitoneal administration of the MC secretagogue
compound 48/80 activates pain pathways that originate in different parts of the body and studied
whether this action can lead to development of behavioral pain hypersensitivity. Using c-fos
expression as a marker of central nervous system neural activation, we found that intraperitoneal
administration of 48/80 leads to the activation of dorsal horn neurons at two specific levels of the
spinal cord; one responsible for processing cranial pain, at the medullary/C2 level, and one that
processes pelvic visceral pain, at the caudal lumbar/rostral sacral level (L6-S2). Using behavioral
sensory testing, we found that this nociceptive activation is associated with development of
widespread tactile pain hypersensitivity within and outside the body regions corresponding to the
activated spinal levels. Our data provide a neural basis for understanding the primacy of headache
and visceral pain in conditions that involve systemic MC degranulation. Our data further suggest
that MC activation may lead to widespread tactile pain hypersensitivity.
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1. Introduction

Mast cells (MCs) are immune cells that play an important role in allergy and anaphylactic
response. In recent years, clinical and preclinical evidence has accumulated to support a
cardinal role for MCs in a host of other inflammatory and functional painful disorders
including inflammatory/irritable bowl disease (Klooker et al., 2010; Wood, 2011), bladder
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pain syndrome/interstitial cystitis (Theoharides et al., 1995) and migraine headache (Levy,
2009). MCs respond to immunological (e.g. IgE) and non-immunological stimuli (e.g.
physical stimuli, neuropeptides, chemokines, stress hormones). Upon their activation by
these stimuli, MCs secrete a plethora of proinflammatory algogenic mediators, primarily
through the process of degranulation (Rao and Brown, 2008). These secreted factors in turn
can activate chemo-sensitive primary afferent nociceptive neurons with receptive fields that
terminate in the vicinity of the activated MCs (Ahluwalia et al., 1998; Barbara et al., 2007;
Greene et al., 1988; Levy et al., 2007). Theoretically, release of algogenic mediators from
activated MCs should promote pain from any tissue where MCs are localized near the
peripheral terminals of chemosensitive nociceptive afferents. Nonetheless, in conditions
associated with systemic MC degranulation, such as MC activation syndrome and systemic
mastocytosis, visceral pain and headache are the prominent pains (Ashina and Ashina, 2005;
Hamilton et al., 2011; Horan and Austen, 1991). While other types of pain have been
reported, particularly in mastocytosis (Hermine et al., 2008) the higher prevalence of
headache and visceral pain related to MC diseases remains poorly understood and may be, at
least in part, due to relatively increased neuroimmune interactions between MCs and
afferents innervating visceral organs (as the source of visceral pain) and the meninges (as
the source of the headache).

Upon inflammation, persistent activation of nociceptors that innervate visceral organs as
well as the meninges can lead to long-term changes in the responsiveness of the second-
order dorsal horn neurons upon which they terminate, a phenomenon termed central
sensitization. Because these central nociceptive neurons also receive convergent input from
cutaneous afferents, this central sensitization can be manifested as pain hypersensitivity in
tissues or body regions that are somatotopically distinct from those becoming inflamed. For
example, persistent activation of colon nociceptive afferents can be manifested as referred
tactile cutaneous hypersensitivity in the lumbosacral region (Verne et al., 2001), a process
likely to occur as a result of viscerosomatic convergence in the lumbosacral dorsal horn.
Similarly, the central sensitization that develops after inflammatory-related activation of
meningeal nociceptors leads to cutaneous hypersensitivity in the ophthalmic dermatome of
the trigeminal nerve (Burstein et al., 2000), due to the sensitization of dorsal horn neurons
that receive overlapping input (meningeal-ophthalmo-somatic convergence).

We have shown previously that meningeal MC activation can lead to persistent excitation of
meningeal nociceptive afferents (Levy et al., 2007). In the current study, our first aim was to
expand our understanding about the potential nociceptive targets of MC degranulation by
examining, using a marker of dorsal horn neural activation (c-fos expression), whether MC
degranulation can also lead to activation of pain pathways that originate in other body
regions. Because neuroimmune interaction between MCs and nociceptive afferents may lead
to central sensitization, our second aim was to determine whether MC degranulation
promotes cutaneous tactile pain hypersensitivity. Our results suggest that MC activation (1)
leads to activation of pain pathways that originate in trigeminal/upper cervical and
lumbosacral-innervated organs, and (2) is associated with development of widespread skin
tactile pain hypersensitivity both within and outside these body regions.

2. Materials and Methods

2.1. Animals

All experiments were carried out using adult male Sprague-Dawley rats (250-350g,
Taconic). Different cohorts of animals were used for each of the studies described below.
Only one pharmacological treatment was applied in each group of animals. Experiments
were approved by the Institutional Animal Care and Use Committee of the Beth Israel
Deaconess Medical Center, the standing committee on animals of the Harvard Medical
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School and were conducted following the guidelines of the Committee for Research and
Ethical Issues of the International Association for the Study of Pain

2.2. Drug administration and MC staining

All drugs were administered while animals were fully awake and lightly restrained.
Systemic MC degranulation was evoked using a single i.p. administration of a sub-
anaphylactic dose of the MC secretagogue compound 48/80 (2 mg/kg, in sterile saline, i.p.,
Sigma) (Levy et al., 2007). To examine the effect of the MC stabilizing agent sodium
cromoglycate (SCG) on 48/80-evoked MC degranulation, animals were injected first with
SCG (10 mg/kg i.p) and 30 min later with 48/80 as above (Levy et al., 2007). In initial
experiments, we did not observe any effects upon administration of SCG alone. In vehicle
control studies, animals were injected i.p with 0.9% saline. For quantitative histological
assessment of MC degranulation, animals were deeply anesthetized 1 hr after 48/80/vehicle
injections and perfused through the ascending aorta with phosphate-buffered saline (PBS)
followed by 4% paraformaldehyde solution, and the dura, bladder and medial dorsal hairy
skin of the hindpaw were removed. To visualize dura and bladder MCs, tissues were stained
as a wholemount preparation for 1 min with an acidified toluidine blue solution (TB, pH 2.4)
(Levy et al., 2007). For evaluation of skin MC degranulation, skin pieces were cryoprotected
in 30% sucrose/PBS solution overnight, then frozen in optimum cutting medium (OCT) and
cut on a cryostat at 15-20 um. The sections were thawed onto slides, air-dried and stained as
above with a TB solution. MC degranulation was evaluated in a blinded manner under X200
magnification in 10 random fields. MCs were considered as degranulated if there was an
extensive dispersion of more than 15 extruded vesicles localized near the cell, or an
extensive loss of granule staining, giving the cell a “ghostly” look.

2.3. C-Fos immunohistochemistry

Two and a half hours after drug treatments animals were deeply anesthetized with sodium
pentobarbital and perfused through the ascending aorta with PBS followed by
paraformaldehyde solution as above. A cervical craniotomy and laminectomy were
performed to expose the brainstem and spinal cord, which were excised as one piece caudal
to the obex. The brainstem and spinal cord were then divided into ~1 cm portions,
cryoprotected overnight in 30% sucrose/PBS and embedded in (OCT) compound.
Transverse 40 um cryostat sections were collected and processed as free-floating for fos
immunohistochemistry. Sections were incubated overnight at 4°C with a polyclonal rabbit
antibody to c-fos (Ab-2, 1:20,000, Calbiochem, San Diego, California). For immuno-
detection, the ABC method was used followed by DAB and 0.02% Nickel sulfate to enhance
staining (Levy et al., 2007). Antibody specificity was tested by omitting the primary
antibody. C-fos immunoreactive dorsal horn cell nuclei were visualized using a standard
upright microscope and counted in every 5th section under X200 magnification. Cell counts
were pooled from the following medullary/spinal levels, VV¢c-C2, C3-C4, C5-C8, T1-T4, T5-
T9, T10-L3, L4-L5, L6-S2, and S3-S5. Given that there was no difference between the left
and right sides, data was averaged from both sides. Data is expressed as mean number of
labeled cell nuclei counted.

2.4. Behavioral sensory testing

To test whether MC degranulation leads to cutaneous tactile pain hypersensitivity, animals
were placed in a non-restraining holding apparatus that consisted of a 7.5x24.5 cm
plexiglass tube (Oshinsky and Gomonchareonsiri, 2007). Several small holes (2 mm
diameter) were made along the top and sides of the tube to allow for tactile stimulation at the
various locations. Animals were tested once at baseline (30—60 minutes prior to drug
injections) and then every hour over 4 hours after drug administration. After each of the
hourly testings, animals were returned to their home cage. Prior to baseline testing the rats
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were allowed to acclimatize to the holding apparatus for at least 30 min. In addition, animals
were further habituated to the holding apparatus for 10 min before each of the hourly
testings. To determine whether animals developed an aversive response to light touch (i.e.
dynamic or brush-evoked allodynia), the area tested was stroked using a small soft
paintbrush (2 mm tip size). To examine whether animals developed static (punctuate) tactile
pain hypersensitivity, the skin was stimulated with different von Frey (VF) filaments (18011
Semmes-Weinstein Anesthesiometer Kit) that exert forces of 1.2, 1.9, 3.6, 5.5, 8.5, 11.75
and 15 grams. In each testing session, the areas tested were (in that order), (1) a pericranial
(cephalic) region, which included the midline area just above the eyes and about 1 cm
posterior; (2) an area around the base of the tail (i.e. within the lumbosacral region) (Bon et
al., 2003); (3) the mid-dorsal part of the left hind-paw. In preliminary studies we did not
observe a difference between the responses to stimulation of the right and left hind paws.
The development of tactile pain hypersensitivity was evaluated by employing four
behavioral elements adapted from the work of VVos et al. (Vos et al., 1994) as follows (see
table 1). (1) Detection: the rat turned its head towards the VF filament and the latter was
explored (usually by sniffing); (2) Withdrawal: the rat turned its head away or pulled it
briskly from the VVF filament, had a brisk hind paw withdrawal or moved away from it; (3)
Escape/attack: the rat turned its body briskly in the restrainer or attacked (biting and
grabbing movements) the VF filament; (4) Face/body grooming: the rat displayed at least 3
uninterrupted series of grooming strokes directed to the stimulated area. Starting with the
lowest forces, each VF hair was applied 3 times (intra-trial interval 10 sec) and the behavior
that was elicited at least twice was recorded. In each testing session all the VF filaments
were tested. For statistical analysis, the score recorded was based on the most aversive
behavior noted. The force that elicited a withdrawal response was considered as the pain
threshold (Edelmayer et al., 2009). To evaluate pain behavior in addition to changes in
threshold, for each rat, at each time point, a cumulative response score was determined by
combining the individual scores (04, table 1) for each one of the VF filaments tested.

2.5. Statistical analysis

3. Results

Statistical analyses were conducted using Statview (SAS institute). Data are presented as
means + S.E.M. The level of MC degranulation was analyzed using the Kruskal-Wallis
analysis of ranks. Changes in c-fos expression were analyzed using 2-way ANOVA with
one factor being the treatment and the other being the brainstem/spinal segment. Post hoc
analyses for differences between treatments were conducted using Tukey/Kramer test.
Changes in VF thresholds and cumulative pain scores in response to treatments were
analyzed initially by using non-parametric Friedman test and applying it to all data points.
When this test was significant, post hoc Wilcoxon Signed rank test was applied to determine
the increase in pain behavior onset latency followed by Bonferroni correction to account for
multiple testing. p < 0.05 was considered significant for all initial tests.

3.1. Effect of intraperitoneal administration of 48/80 on dural, skin and bladder MCs

Intraperitoneal administration of 48/80 evoked a prominent MC degranulation in all the
tissues tested (all p<0.05, 48/80 vs. Vehicle). The level of MC degranulation was
comparable between the dura (58+12%), hind-paw skin (69+6%) and bladder (71+13%)
(See, table 2). Prior administration of the MC stabilizer SCG blocked the MC degranulation
in all the tissues tested (p < 0.05, SCG+48/80 vs 48/80). The level of MC degranulation
following SCG+48/80 treatment was not statistically different than following treatment with
vehicle in all the tissues (p > 0.05, SCG+48/80 vs. vehicle)
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3.2 Dorsal horn c-fos expression following intraperitoneal administration of 48/80

Dorsal horn c-fos expression is considered a marker of neural activation, including
nociceptor-induced activation in spinal dorsal horn neurons. However, in spite of the
presumed ability of MC degranulation to cause widespread nociceptor activation,
intraperitoneal administration of 48/80 produced an increase in fos expression in dorsal horn
neurons only at two highly restricted rostrocaudal levels: at the medullary/C2 level, and the
caudal lumbar/rostral sacral level (L6-S2). As Fig 1 depicts, the rostrocaudal distribution of
fos immunoreactivity in the dorsal horn following 48/80 shows no change throughout most
of the length of the spinal cord, except for two large, sharp peaks of labeling at each of these
two levels. Overall, two-way ANOVA revealed significant effects of treatment (F ¢ = 8.11,
p < 0.01), spinal cord level (F 3 ¢ = 22.63, p < 0.001) and interaction (F, 15 = 9.69, p <
0.001). Tukey/Kramer post hoc tests indicated significant increases in the number of dorsal
horn fos-labeled nuclei in Vc-C2 and L6-S2 segments following 48/80 compared to vehicle
and SCG+48/80 treatments (both p < 0.01, Fig 2).

3.3 Development of cutaneous tactile pain hypersensitivity following intraperitoneal
administration of 48/80

To test for possible emergence of dynamic (brush-evoked) allodynia we evaluated whether
animals display a nociceptive/aversive response to lightly brushing the skin after 48/80
treatment. Following MC degranulation, none of the animals displayed aversive responses to
light brushing of the skin, in any of the tested regions. To determine whether MC
degranulation can elicit static (punctuate) tactile pain hypersensitivity, we tested the
responses to tactile stimulation with VF monofilaments. In contrast to the lack of
nociceptive responses to brushing, MC degranulation evoked a widespread decrease in VF
threshold (punctate allodynia) and increase in overall behavioral pain scores. VVF thresholds
at the pericranial (cephalic) region showed a significant decrease over time (p < 0.05, Fig 3
left panel). Post hoc analysis revealed a significant decrease already at 2 hours post 48/80
administration (p < 0.01, 48/80 vs. baseline). At that site, cumulative pain responses showed
a similar increase over time, which were also delayed and became statistically significant at
2 hours post 48/80 treatment (p < 0.01, 48/80 vs. baseline, Fig 3 right panel). Following
vehicle administration there were no changes in pericranial VF thresholds (p = 0.94) or
cumulative pain scores (p = 0.29). In animals were SCG was administered prior to 48/80,
there was neither a decrease in VVF thresholds (p = 0.35) nor an increase in cumulative pain
behavior scores (p = 0.11), indicating that SCG abrogated the effect of 48/80 on both indices
of pain behavior.

Using VF stimulation of the lumbosacral region, at the tail base, we observed a significant
decrease in VVF thresholds over time that became statistically significant at 4 hours after
48/80 treatment (p < 0.01 vs. baseline, Fig 4 left panel). Similarly, cumulative pain behavior
scores also increased with a delay and were significantly increased at 3 hours (p < 0.01 vs.
baseline, Fig 4 right panel). There was neither a decrease in VVF thresholds (p = 0.38), nor an
increase in cumulative pain behavior (p = 0.224) over time in the animals treated with
vehicle. SCG administration prior to 48/80 also inhibited both indices of pain behavior (p =
0.265 for VF thresholds and p = 0.37 for cumulative scores).

At the hind paw, there was also a delayed development of tactile hypersensitivity
characterized by a decrease in VVF thresholds and increased cumulative pain scores. Both of
these indices became significant at 4 hours (both p < 0.01 vs. baseline, Fig 5). Vehicle
treatment neither affected hind paw VF thresholds (p = 0.35), nor cumulative pain scores (p
=0.12). Administration of SCG prior to 48/80 blocked the decrease in VF thresholds (p =
0.12) as well as the increase in cumulative pain scores (p = 0.29).
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4. Discussion

A major finding of this study was that intraperitoneal administration of the MC
degranulating agent 48/80, at a sub-anaphylactic dose, provides a unique nociceptive
stimulus that selectively activates dorsal horn neurons that receive input from trigeminal/
upper cervical and lower lumbar/upper sacral-innervated areas. The lack of 48/80-evoked
fos labeling in dorsal horn segments that receive their major input from somatic nociceptors
such as the lumbar and cervical enlargements strongly suggests that MC degranulation does
not activate somatic nociceptors (i.e. originating in the skin, muscle or joints). Although our
finding cannot conclusively pinpoint the tissues that are responsible for the dorsal horn fos
labeling, we propose that MC degranulation provides a nociceptive stimulus that is selective
for a specific subset of tissues, which are represented anatomically by the two very narrow
levels along the trigeminal/spinal cord dorsal horn where fos labeling was observed. We
suggest that the major tissues that are likely to contribute to this selective fos expression are
the intracranial dura and the pelvic visceral organs, in particular the bladder and colon.

We have shown previously that dural MC degranulation as well as various MC constituents
including serotonin, histamine, prostanoids and tryptase (via the activation of protease-
activated receptor 2) can activate trigeminal nociceptors that innervate the intracranial dura
mater (Zhang et al., 2007; Zhang and Levy, 2008). The rostral peak of fos observed after
MC degranulation (at Vc/C2) has a similar transverse and rostrocaudal distribution to that
produced by dural stimulation (Strassman et al., 1994). Furthermore, this rostral peak of fos
labeling is greatly reduced in animals that had received a prior surgical procedure to locally
degranulate the dural MC population and thus reduce the dural effects of the subsequent
administration of the degranulating agent (Levy et al., 2007). While MC degranulation
might potentially lead to the activation of other trigeminal-innervated tissues, the fos
distribution we observed was primarily restricted to the areas that receives ophthalmic input
(i.e. ventrolateral region), and so cannot be explained by activation of nociceptive afferents
that innervate for example intraoral tissues such as the tongue (Strassman et al., 1994;
Strassman and Vos, 1993). Activation of ophthalmic innervated areas such as the cornea or
nasal mucosa afferents is also unlikely to account for the fos distribution we observed
because corneal and mucosal stimulation-evoked fos does not extend so far caudally as that
following MC degranulation (Anton et al., 1991; McCulloch and Panneton, 1997; Strassman
and Vos, 1993). Taken together, this evidence suggests that the intracranial dura mater is the
primary trigeminal tissue that can account for the rostral peak of fos distribution we
observed following MC degranulation.

Visceral afferents can also be excited by MC mediators (Barbara et al., 2007) and MC
degranulation has been implicated in mediating visceral pain hypersensitivity (Anton et al.,
2001; Coelho et al., 1998; Ohashi et al., 2008). Importantly, noxious stimulation of afferents
innervating the urinary bladder (Birder and de Groat, 1992) as well as the proximal
(Martinez et al., 1998) and distal colon (Lanteri-Minet et al., 1993) leads to increased c-fos
expression in the dorsal horn primarily at the lumbosacral level. Our finding of 48/80-
evoked increased c-fos expression in this dorsal horn region is therefore consistent with the
activation of visceral afferents that innervate the bladder and colon by MC degranulation.

MC-related mediators, including histamine, 5-HT (Davis et al., 1993) and TNF-a (Sorkin et
al., 1997) have been shown to excite somatic nociceptors in animal models. It was thus
surprising that despite the extensive MC degranulation seen in the skin following 48/80
treatment there was no increase in c-fos expression in dorsal horn segments that receive their
major input from somatic nociceptors. What might account for this discrepancy? One
possible explanation is that deep trigeminal (e.g. meningeal nociceptors) and visceral
afferents (i.e. bladder/colon nociceptors) have higher chemosensitivity than cutaneous
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nociceptors and that the level of MC-related activation of somatic nociceptors is not
sufficient to activate dorsal horn neurons. Of note is a study showing that 48/80 — evoked
cutaneous MC degranulation in humans does not lead to overt pain (Drummond, 2004).
Such a differential responsiveness of somatic and visceral nociceptive afferents to MC
mediators might explain the higher prevalence of headache and visceral pain in conditions
that are associated with systemic MC degranulation. Our data thus supports the view that the
mechanisms underlying somatic and visceral pain are different (Cervero and Laird, 1999).
Our findings are also congruent with the notion that trigeminal nociceptive afferents that
innervate deep tissues, such as the meninges, have similar nociceptive properties as visceral
nociceptive afferents and that headache and visceral pain share similar nociceptive
mechanisms. Taken together, while MC activation may play an important role in mediating
headache and visceral pain, their contribution to somatic pain may be less relevant as
evidenced by both clinical work as well as the current study.

Activation of primary afferent nociceptors that innervate deep tissues, such as visceral
organs and the meninges, can lead to the development of referred cutaneous hypersensitivity
(Bon et al., 1996; Burstein et al., 1998). The development of skin hypersensitivity in
response to visceral and intracranial pathologies has been attributed to the activation and
ensuing central sensitization of second-order dorsal horn neurons that receive convergent
input from afferents that innervate deep and somatic tissues. In agreement with the
neuroimmune interaction between dural MCs and meningeal nociceptors and the resultant
activation of trigeminal dorsal horn neurons to which meningeal nociceptors project (Levy
et al., 2007), we observed in this study development of cephalic tactile hypersensitivity. This
behavioral response developed with a delay that resembles the time course of the trigeminal
central sensitization after noxious stimulation of meningeal nociceptors (Burstein et al.,
1998) and the emergence of cephalic pain hypersensitivity in humans during a migraine
attack (Burstein et al., 2000). The magnitude of decrease in threshold following
intraperitoneal administration of 48/80 was larger than previously described following local
administration of inflammatory mediators to the cranial meninges (Edelmayer et al., 2009),
which could be explained by the much more widespread action throughout the dura mater of
the systemically administered agent.

Similar to the effect of dural MC degranulation on trigeminal pain processing, we propose
that activation of lumbosacral dorsal horn neurons by local neuroimmune excitatory
interaction between pelvic visceral nociceptors and the adjacent MCs was responsible for
the cutaneous tactile pain hypersensitivity we observed at the tail base; an area innervated by
afferents that also terminate on dorsal horn neurons at the lumbosacral level. It is noteworthy
that delayed pain hypersensitivity at the tail base was also seen in a model of bladder
inflammation (Bon et al., 1996). Whether activation of bladder and/or other visceral
afferents by local MC degranulation contributed to the development of cutaneous tactile
pain hypersensitivity over the lumbosacral area will require further testing.

In the current study we also observed delayed development of tactile pain hypersensitivity at
the hind paw. This pain behavior developed despite the lack of dorsal horn neuronal
activation in the lumbar region, the area that receives major nociceptive input from the hind
paw. Given the lack of lumbar dorsal horn neural activation and, therefore, the likelihood
that central sensitization did not develop in these dorsal horn neurons, what might be the
mechanism that mediated the hind paw tactile hypersensitivity? One possibility is a delayed
sensitization (increased responsiveness) of mechanosensitive skin nociceptors by MC
mediators. We have shown recently that a number of MC mediators, in addition to exciting
meningeal nociceptors, can also promote an increase in their mechanosensitivity (Zhang et
al., 2007; Zhang et al., 2010; Zhang and Levy, 2008). However such immune mediator-
evoked nociceptor sensitization, as seen in our previous studies as well as in other studies
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that specifically tested hind paw skin nociceptors (Martin et al., 1988), develops much more
rapidly (30-60 min) than the tactile hypersensitivity we noted after 48/80 treatment (3—4
hrs). In addition, behavioral pain hypersensitivity that arises after sensitization of skin
nociceptors is also relatively fast (within 30-60 min) (Taiwo and Levine, 1992). Taken
together, it is likely that other mechanisms played a role in mediating the hind paw
hypersensitivity.

Activation of meningeal nociceptors can lead to delayed cutaneous tactile pain
hypersensitivity in the hind paws (Edelmayer et al., 2009). The development of such extra-
cephalic pain hypersensitivity has been attributed to sensitization of 3rd order thalamic
nociceptive neurons that receive convergent input from the cranial meninges and extra-
cephalic skin including the hind paw (Burstein et al., 2010). An additional explanation has
been provided by Edelmayer et al. (Edelmayer et al., 2009) who suggested the involvement
of yet another supraspinal mechanism, activation of pain-facilitating processes in the rostral
ventromedial medulla (RVM). The mechanisms that mediate the development of extra-
segmental pain hypersensitivity in response to meningeal nociception are unlikely to be
unique given that bladder (Jaggar et al., 1999) as well as colon inflammation (Cameron et
al., 2008; Zhou et al., 2008), both of which activate lumbosacral dorsal horn neurons, also
give rise to a delayed hind paw pain hypersensitivity. Finally, the alternative hypothesis may
also be considered that the extended cutaneous pain hypersensitivity we observed is
mediated, at least in part, through the action of MC degranulation on the CNS, including
breaching of the blood brain barrier (Esposito et al., 2001) and the activation of resident
CNS immune cells, such as microglia.

In summary, our data suggests that MC degranulation is a unique nociceptive stimulus that
likely excites selectively deep tissue nociceptors that originate in the intracranial meninges
and visceral organs and that this nociceptive activation leads to development of tactile pain
hypersensitivity that is mediated by spinal and supraspinal nociceptive processes and
potentially through MC degranulation - evoked CNS neuroinflammation. Activation of
intracranial and visceral afferents following MC degranulation may explain why conditions
associated with MC degranulation give rise primarily to headache and visceral pain.
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Figure 1.

Medullary and spinal c-fos expression following intraperitoneal administration of 48/80. On
the left panel are camera lucida reconstructions of the anatomical locations of fos-IR nuclei
at the medullary/cervical (Vc/C1,) and spinal cord levels following MC degranulation with
48/80. Each drawn section plots the location of fos-IR cells from 3 consecutive, alternate, 40
um sections. Note the high of level fos-IR in the medullary/C1 and sacral dorsal horn levels.
On the right are representative high magnification photomicrographs demonstrating c-fos IR
in the medullary dorsal horn and S1 spinal segment from animals treated with 48/80 (areas
correspond to the boxes on the camera lucida views on the left).
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Figure 2.

Histogram comparing the number (mean £ SEM) of dorsal horn fos-IR cells throughout the
length of the medullary and spinal dorsal horn from animals receiving 48/80 (n=7), vehicle
(saline, n=5) and SCG 30 minutes prior to 48/80 (n=5). * p < 0.05 Tukey/Kramer post-hoc
tests 48/80 vs. saline or SCG+48/80.
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Figure 3.

MC degranulation - evoked cephalic tactile pain hypersensitivity. Withdrawal thresholds
(left panel) and cumulative nociceptive pain scores (right panel) to VF stimulation of the
scalp skin of 48/80 (n=9), vehicle (n=7) and SCG+48/80 (n=7) treated animals. Note the
decrease in VVF threshold at 2—4 hrs and increased pain scores at 3—4 hrs after MC
degranulation with 48/80. * p < 0.01 Wilcoxon Signed Rank test.
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Figure 4.

MC degranulation - evoked tactile pain hypersensitivity at the lumbosacral dermatomal
region (tail base). Withdrawal thresholds (left panel) and cumulative nociceptive pain scores
(right panel) to VVF stimulation at the tail base of 48/80 (n=9), vehicle (n=7) and SCG+48/80
(n=7) treated animals. Note the delayed decrease in VF threshold and increase in pain scores
4 hrs after MC degranulation with 48/80. * p < 0.01, Wilcoxon Signed Rank test.
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Figure 5.

MC degranulation - evoked hind paw tactile pain hypersensitivity. Withdrawal thresholds
(left panel) and cumulative nociceptive pain scores (right panel) to VF stimulation of the
hind paw of 48/80 (n=9), vehicle (n=7) and SCG+48/80 (n=7) treated animals. Note the
delayed decrease in VF threshold at 4 hrs and increase in pain scores 3-4 hrs after MC
degranulation with 48/80. * p < 0.01, Wilcoxon Signed Rank test.
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Effects of intraperitoneal administration of vehicle (saline), 48/80 and 48/80 following sodium cromoglycate
(SCG+48/80) on the level of mast cells degranulation within the intracranial dura mater, bladder and hind paw

skin.

Degranulation level (%)

Treatment  Duramater (n=4) Hind paw skin (n=4)

Bladder (n=5)

Vehicle 16+7 12+3
48/80 58+12™# 696™#
SCG+48/80 2316 28211

185

71+13™#
319

*
p < 0.05, Kruskal-Wallis test, 48/80 vs. vehicle,

#p < 0.05 48/80 vs. SCG+48/80.
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