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Abstract

The undecapeptide substance P is thought to mediate both
vasodilatation and augmented vascular permeability when re-
leased from sensory nerve endings in the skin. Substance P
also induces mast cell degranulation in vitro or in vivo. How-
ever, the extent to which substance P-induced changes in vas-
cular permeability are mast cell-dependent is unclear. We in-
vestigated this issue by injecting substance P and certain re-
lated peptides (substance P,_4, substance P,_;,) into the skin of
genetically mast cell-deficient WBB6F,-W/W" or WCBG6F,-
Sl/SI mice, the congenic normal (+/+) mice, and W/W"’
mice which had undergone selective local repair of their mast
cell deficiency by intradermal injection of IL-3-dependent mast
cells generated in vitro from the bone marrow cells of the
congenic +/+ mice. Substance P induced significant augmen-
tation of vascular permeability and significant cutaneous
swelling when injected into normal mice at doses as low as 2
pmol i.d. Substance P also induced granulocyte infiltration,
although the infiltrates were modest and were seen at doses of
peptide from 5 to more than 20-fold higher than those required
for induction of tissue swelling. The effects of substance P on
tissue swelling, vascular permeability, and granulocyte infil-
tration were virtually entirely mast cell dependent. By contrast,
substance P;_, was inactive in our assays at 25 nmol/site, and
substance P4, induced modest augmentation of vascular per-
meability, which was at least in part mast cell independent.

Introduction

The extent to which mast cells participate in neuropeptide-de-
pendent vascular changes is the subject of considerable current
interest and some controversy. Several findings suggest that
mast cells may importantly contribute to such processes.
Kiernan demonstrated that antidromic electrical stimulation

Portions of this work were presented at the Annual Meeting of the
Federation of American Societies for Experimental Biology, 21 March
1989, and published in abstract form in 1989 [FASEB (Fed. Am. Soc.
Exp. Biol) J. 3:A789.].

Address reprint requests to Dr. Galli, Department of Pathology
Beth Israel Hospital, 330 Brookline Avenue, Boston, MA 02215. Dr.
Arizono’s present address is the Department of Medical Zoology,
Kyoto Prefectural University of Medicine, Kyoto 602, Japan.

Received for publication 16 March 1989 and in revised form 15
May 1989.

(ES)! of sensory nerves induces cutaneous vasodilation and
augmented vascular permeability, and also results in degranu-
lation of cutaneous mast cells (1, 2). Several different neuro-
peptides which can induce alterations in vascular tone and/or
permeability when injected in vivo can also stimulate degran-
ulation of a variety of human and rodent mast cell populations
in vitro or in vivo (reviewed in 3-16). Cutaneous mast cells are
particularly sensitive to stimulation by substance P (4, 5-8,
10-12, 15, 16), which can induce a wheal and flare response
when injected into the skin in doses as low as 10 pmol (4-8,
11). Some neuropeptide-induced vascular changes, e.g., the
flare observed immediately after injection of substance P, are
markedly attenuated by administration of antihistamines (4,
8-11), suggesting that such effects may be mediated by neuro-
peptide-dependent mast cell degranulation. Finally, morpho-
logical studies have documented a very close anatomical asso-
ciation between mast cells and nonmyelinated nerves (17, 18),
which in some studies have been shown to contain substance P
and/or other neuropeptides (19, 20).

Taken together, such evidence implicates mast cells as po-
tentially important intermediaries between neuropeptide re-
lease and local alterations in vascular tone or permeability and
other manifestations of inflammation. However, additional
observations indicate that certain manifestations of neuro-
genic inflammation may occur independently of the mast cell.
Investigation of the effects of H,; antihistamines on the expres-
sion of substance P-induced vascular changes in human skin
indicate that while the flare response is largely histamine-me-
diated, the more prolonged wheal component of the reaction
occurs through a combination of histamine-dependent and
histamine-independent mechanisms (reviewed in 8, 11). And
while some studies indicate that neurogenically stimulated
augmentation of vascular permeability can be blpcked par-
tially by H, and H, receptor antagonists or by depletion of
cutaneous mast cells (21, 22), other studies have not demon-
strated a protective effect of antihistamines in similar systems
(23-25).

Kowalski and Kaliner directly investigated the participa-
tion of mast cells in the cutaneous vascular changes induced by
ES and demonstrated that while prolonged ES did cause de-
granulation of cutaneous mast cells, this response was detect-
able histologically only after significant augmentation of vas-
cular permeability had already occurred (13). They also
showed that disodium cromoglycate (DSCG), an inhibitor of
mast cell degranulation, was not able to interfere with the
augmentation in cutaneous vascular permeability induced by
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ES, and demonstrated that genetically mast cell-deficient
WBB6F,-W/W"® mice and the congenic normal mice
(WBBG6F,-+/+ mice) exhibited no differences in the magni-
tude of vascular permeability responses to either ES or intrave-
nous administration of substance P.? The latter observation is
in accord with studies showing that substance P injected intra-
arterially or intravenously has a rapid vasodilatory effect on
human skin that is not blocked by an antihistamine (pro-
methazine), atropine, or adrenergic blocking agents (26). In
aggregate, this evidence suggests that at least certain aspects of
neurogenic or substance P-induced alterations in vascular
function, and in particular augmented vascular permeability,
may occur by mast cell-independent mechanisms.

To investigate directly the role of mast cells in substance
P-induced alterations of vascular permeability, we injected
substance P directly into the skin of genetically mast cell-defi-
cient WBB6F,-W/W" or WCB6F,-SI/SI¢ mice, the congenic
normal (+/+) mice, and W/W” mice that had undergone se-
lective local repair of their cutaneous mast cell deficiency by
adoptive intracutaneous transfer of growth factor-dependent
mast cells generated in vitro from bone marrow cells derived
from the congenic +/+ mice. In accord with the results of
Matsuda et al. (27), who demonstrated that substance P-in-
duced granulocyte infiltration into subcutaneous air pouches
in the mouse was largely mast cell dependent, we found that
virtually all of the leukocyte infiltration following i.d. injection
of substance P was dependent on mast cells. However, we
found that substance P induced significant augmentation of
cutaneous vascular permeability and tissue swelling when in-
jected intradermally in doses as low as 2 pmol, amounts that
induced no significant infiltration of leukocytes. Virtually all
of the tissue swelling induced by intradermal injection of sub-
stance P was mast cell dependent.

Methods

Mice. Mast cell-deficient mice and the normal (+/+) littermates
((WB/ReJ-W/+ X CSTBL/6J-W*[+)F, — (W/W”, +/+), designated
here WBB6F,-W/W”, +/+), and (WC/ReJ-Sl/+ X CSTBL/6J-SI%/
+)F, — SI/SI4, +/+), designated here WCB6F,(SI/SI¢, +/+) were
purchased from the Jackson Laboratory (Bar Harbor, ME). The skin of
adult WBB6F,-W/W” or WCB6F,-SI/SI¢ mice contains < 1.0% the
number of mast cells present in the skin of the congenic normal (+/+)
mice (28-30). All mice were males and were used at 4-7 mo of age
unless stated otherwise.

Elicitation and analysis of tissue swelling induced by substance P.
Native substance P (substance P,_,), substance P,_4, and substance
P,_,; purchased from Peninsula Laboratories, Inc. (Belmont, CA) were
either solubilized in vehicle immediately before injection or were made
up as stock solutions, frozen at —70°C, then thawed within 2 wk,
diluted, and used immediately. Peptides were solubilized either in
Hanks’ minimal essential medium (HMEM; Gibco Laboratories,
Grand Island, NY) containing 0.47 g/liter piperazine-N, N'-bis [2-eth-
ane sulfonic acid] (PIPES buffer) instead of NaHCO; (HMEM-PIPES),
in Hanks’ balanced salt solution lacking Ca?* and Mg?* (Ca%*/Mg?*-
free HBSS; Gibco Laboratories), or in Ca?*/Mg?*-free HBSS to which
was added 1.3 mM CaCl, (HBSS-Ca?*). Unless stated otherwise, mice
received an injection of peptide (20 ul/site, via a 30 gauge needle)
intradermally into the left ear and an injection of the vehicle of the
peptide (20 ul/site i.d.) into the right (control) ear. All injections and
measurements of ear thickness were performed with the mice under
light ether anesthesia.

The responses in both experimental and control ears were evalu-
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ated by several methods, all of which have been described in detail. Ear
thickness was measured with a micrometer before and at various in-
tervals after injection; swelling was expressed as the increment (A) of
thickness (postinjection value — baseline value) in units of 1074
inch (31).

Assessment of substance P-induced '*’I-fibrin deposition. In some
experiments, an additional sensitive assay of altered vascular perme-
ability was used: extravasation of '2’I-guinea pig fibrinogen ('*°I-GPF)
and deposition of '#I-fibrin (32, 33). At 10 to 30 min before challenge
with peptides, the mice were injected intravenously with '2I-GPF
(usually, ~ 5 X 10® cpm). The swelling responses in peptide-injected
and control ears were measured with a micrometer as described above,
then the mice were killed at 2 h after challenge. A mixture of anticoag-
ulants and antifibrinolytic agents was injected intravenously to impede
further clotting or fibrinolysis during specimen preparation: each
mouse received 0.2 ml of a mixture containing 80 U heparin, 20 ug
D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone, 2 ug e-ami-
nocaproic acid, and 56 U trasylol, all in 0.15 M NaCl (32-34). Immedi-
ately thereafter, the mice were lightly anesthetized with ether and a
sample of retroorbital blood was obtained. These samples, which ex-
hibited no clotting during an observation period of 3 h, were centri-
fuged at 10,000 g at room temperature to prepare platelet-poor plasma
(PPP) for radioactive counting. The mice were killed by cervical dislo-
cation immediately after retroorbital blood had been obtained, and
both ears were amputated and trimmed. A small full-thickness biopsy
of each ear was fixed as described below for histologic studies. The rest
of each ear was then promptly minced into fine fragments in 2 ml1 0.01
M phosphate buffer (pH 7.5) containing a mixture of proteolytic inhib-
itors: heparin (10 U/ml), D-phenylalanyl-L-prolyl-L-arginine chloro-
methyl ketone (5 mg/ml). EDTA (2 mg/ml), e-aminocaproic acid (0.1
M), Trasylol (10 U/ml), 2 mM PMSF, 2 mM iodoacetate, and 2 mM
N-ethylmaleimide (32-34).

The minced ears were then extracted in the buffer by keeping the
tubes for 18 h at 4°C. Each tube was centrifuged (1,000 g for 20 min at
20°C) and supernatant was decanted. The pellet containing the tissue
fragments was resuspended vigorously in 2 ml of the same buffer and
was centrifuged again, as above. The supernatant was aspirated and
pooled with the earlier extract for radioactive counting as the “aqueous
extract.” The pelleted tissue fragments then were suspended in 2 ml
freshly prepared 3 M urea, extracted for 2 h at 37°C, centrifuged (1,000
g for 20 min at 20°C), and the urea soluble supernatant and the urea
insoluble pellet counted for radioactivity in a Tracor Analytic 1185
gamma counter. The '*I-GPF-derived species present in guinea pig
(34) or mouse (32, 33) tissues consisted of a mixture of fibrinogen,
fibrin, and fibrinogen-fibrin degradation products. Fibrinogen, fibrin
monomers, and solubilized fibrin degradation products appeared in
the aqueous extract; fibrin polymers not cross-linked by Factor XIII
appeared in the “urea soluble” GPF extract; and cross-linked fibrin as
well as some early degradation fragments of cross-linked fibrin ap-
peared in the “urea insoluble” residue.

Assessment of substance P-induced mast cell degranulation and
granulocyte infiltration. In all experiments, samples of peptide-injected
and control (vehicle-injected) ears were obtained after sacrifice and
processed for 1-um Epon-embedded, Giemsa-stained sections (35, 36).
The sections were examined by an observer not aware of the identity of
the individual specimens. The number of dermal mast cells per square
millimeter of dermis was determined (37) and the cells were classified
(at X1,000) as extensively degranulated (> 50% of the cytoplasmic
granules exhibiting fusion, staining alterations, and extrusion from the
cell), slightly to moderated degranulated (10-50% of the granules ex-
hibiting fusion or discharge), or normal (37, 38). We also quantitated
the number of granulocytes present near the injection site, and ex-
pressed the results as granulocytes/mm? of dermis, as previously de-
scribed (37). In Giemsa-stained 1-um Epon-embedded sections, mouse
neutrophils have a polylobed nucleus and small, poorly stained cyto-
plasmic granules, whereas the eosinophils have a bilobed or polylobed
nucleus and larger, refractile, light green granules. In the leukocytic
infiltrates analyzed in this report, > 90% of the cells were neutrophils.
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Mast cell reconstitution. WBB6F,-W/W" mice were repaired of
their mast cell deficiency selectively and locally by the injection of
growth factor-dependent cultured mast cells into one ear (33, 37, 39,
40). We reported that IL-3-dependent, bone marrow-derived,
WBB6F,-+/+ mast cells maintained in suspension culture expressed
phenotypic similarities to mucosal mast cells, but that upon injection
into the peritoneal cavity (39, 41, 42) or skin (33, 37, 39, 40) of
WBB6F,-W/W” mice, these mast cell populations gradually (by ~ 10
wk) acquired multiple phenotypic characteristics of mature “serosal”
or connective tissue-type mast cells present in normal mice. Moreover,
injection of cultured mast cells into one ear of W/W" mice repairs only
the mast cell deficiency of that ear; the mast cell deficiency of other
cutaneous sites or other organs is not affected, nor is there any effect on
the anemia of the W/W" recipients (33, 37, 39, 40). Briefly, bone
marrow cells from WBB6F,-+/+ mice were grown in vitro for 3-5 wk
in Con A-stimulated mouse spleen cell-conditioned medium until
mast cells represented > 95% of the total cells according to staining by
neutral red. Mast cells (0.5 X 10°) in 20 ul of HMEM were injected into
the left ears and 20 ul of medium alone into the right ears. The mice
were challenged by injection of peptides into both ears 10 wk or more
after adoptive transfer of cultured mast cells. In all experiments, we
confirmed histologically that local reconstitution of dermal mast cell
populations had occurred and determined that the W/W”~ mice locally
reconstituted with mast cells remained anemic.

Statistical analysis. The results of ear swelling assays and differ-
ences in mast cell or granulocyte counts were analyzed for statistical
significance (P < 0.05) by Student’s ¢ test (two-tailed), values for left
and right ears in individual mice were compared by the paired Stu-
dent’s ¢ test (two tailed). The results of the '?’I-fibrinogen influx and
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Figure 1. Ear swelling responses (A = postinjection thickness

— preinjection baseline value) in genetically mast cell-deficient
WBBG6F,;-W/W” or congenic normal (+/+4) mice challenged in the
left ear with 1 or 5 nmol of substance P (in 20 u1l HMEM-PIPES)
and in the right (control) ear with HMEM-PIPES (20 ul). Data repre-
sent mean+SEM (n = 6 to 22/point). Significant differences between
values for L (substance P-injected) and R (vehicle-injected) ears are
shown as: *P < 0.05, **P < 0.01, ***P < 0.001. (The biological sig-
nificance of the small differences between L and R ears in W/W”
mice at late intervals after injection of 5 nmol substance P or vehicle
is uncertain.)
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Figure 2. Ear swelling in genetically mast cell-deficient WCB6F,-Si/
S/ mice or congenic normal (+/+) mice challenged in the left ear
with 1 nmol of substance P (in 20 ]l HMEM-PIPES) and in the right
(control) ear with HMEM-PIPES (20 ul). Data represent m+SEM (n
= 6/point). Significant differences between values for L and R ears
are shown as: *P < 0.05, **P < 0.01, ***P < 0.001.

125]fibrin deposition assays were analyzed by the Mann-Whitney U
test (two tailed).
All results are expressed as mean+SEM.

Results

Substance P induces tissue swelling in normal (+/+) but not
genetically mast cell-deficient mice. In the first series of experi-
ments, substance P was injected intradermally (1 or 5 nmol/
site) into the left ears of genetically mast cell-deficient
WBB6F,-W/W” mice or the congenic normal (+/+) mice, and
the vehicle (HMEM/PIPES) was injected i.d. into the right
ears. The swelling reactions were measured 30 min, 1, 2, 4, 8,
and 24 h after injection. In +/+ mice, 1 or 5 nmol of substance
P induced significant swelling responses which persisted for at
least 8 h (Fig. 1). By contrast, no significant responses were
detected in WBB6F;-W/W" mice (Fig. 1). Because the swelling
reactions were largely dissipated by 4 h after injection, most of
the subsequent studies were terminated at this interval.

We next tested WCB6F,-+/+ (normal) and WCB6F,-Sl/
S/ mice, whose mast cell deficiency is the result of a mecha-
nism distinct from that of W/W” mice (28-30). Substance P (1
nmol/site) produced swelling responses in WCB6F,-+/+ mice
(Fig. 2) which were similar to those observed in WBB6F,-+/+
mice (Fig. 1). By contrast, no significant responses were de-
tected in WCBG6F,-SI/SI? mice (Fig. 2).

Substance P augments local extravasation of >’ I-fibrin in
+/+ but not W/W” mice. We previously reported that extra-
vasation of '?’I-fibrinogen and deposition of '?’I-fibrin repre-
sented a very sensitive indicator of augmented cutaneous vas-
cular permeability, which could detect contact sensitivity reac-
tions too weak to be identified reliably by measurements of
changes in ear thickness (32). We therefore used this assay to
evaluate 2-h reactions to injection of substance P in W/W” and
congenic normal mice. The ear swelling responses in these
mice were similar to those shown in Fig. 1, i.e., significant
reactions to substance P occurred in the +/+ but not the
W/W” mice (Table I). In +/+ mice, the total '*’I-fibrinogen-
related counts per minute in substance P-injected left ears ex-
ceeded the values in contralateral control (vehicle-injected
ears) by a ratio of 3.4:1.0; the corresponding ratio for the urea
insoluble ('2’I-fibrin-associated) counts per minute was 6.3:1.0
(Table I). By contrast, the total or urea insoluble '2°I counts per



Table I. Tissue Swelling and '*I-Species Derived from '*I-GPF
after 1.D. Injection of 1 nmol Substance P into Left (L)

Ears or Vehicle into Right (R) Ears of Mast Cell-deficient
W/W" or Congenic Normal (+/+) Mice*

A B P Value
+/+ w/w Avs.B
Ear swelling (A X 107 inch)
1hL 56.8+6.6% 142429 <0.001
R 21.0+3.8 13.6+3.2 NS
2hL 29.2+5.0** —1.8+1.9 <0.001
R 12.6+5.0 —1.2+4.1 Ns!
125.GPF-derived cpm (2 h)
Total cpm
L 15,998+1,132*** 4,344+420 <0.02
R 4,717+£391 4,044+509 NS
L/R 34 1.1
Aqueous soluble cpm
L 3,429+214***  1.769+61* <0.02
R 1,619+55 1,519+112 NS
L/R 2.1 1.2
Urea soluble cpm
L 930£57* 314+20 <0.02
R 466+74 299+59 NS
L/R 2.0 1.1
Urea insoluble cpm
L 8,563+848***  1,138+160 <0.02
R 1,358+224 1,297+155 NS
L/R 6.3 0.9

# 20 min before intradermal challenge with substance P or vehicle,
the mice received '>’I-GPF (4.7 X 10° cpm/mouse i.v.). Ear swelling
was measured with a micrometer at 1 and 2 h after challenge, the
mice were sacrificed at 2 h and the ears processed for analysis of the
amount and pattern of solubility of '>*I-GPF-derived cpm (see
Methods). At the time of sacrifice, the '*’I-cpm in 50 ul PPP
=97,615+13,511 for the +/+ mice and 98,615+4,918 for W/W" mice.
§ Significant differences between values for L and R ears are indi-
cated (* P < 0.05, ** P < 0.01, *** P < 0.001).

I'NS, not significant; P > 0.05.

minute in the substance P-injected or control ears of W/W”
mice were not significantly different (Table I). Indeed, the only
significant difference between values in substance P-injected
(L) and control (R) ears in W/W” mice was the 16% greater
value for aqueous soluble counts per minute in the L ears, a
finding of uncertain biological significance.

Substance P-induced tissue swelling and granulocyte infil-
tration are associated with mast cell degranulation. The mice
whose ear thickness measurements are shown in Fig. 1, were
killed at 4, 8, 24, or 48 h after substance P injection and the
substance P-injected and contralateral control ears were pro-
cessed for 1 um, Epon-embedded Giemsa-stained sections.
The sections were examined as previously described for assess-
ment of the extent of mast cell degranulation and for quanti-
tation of the number of granulocytes per square milliliter of
dermis (37). In WBB6F,-+/+ mice, substance P elicited an
infiltrate of leukocytes which consisted predominantly
(> 90%) of neutrophils with much smaller numbers of eosino-
phils (generally < 5% of total leukocytes). The infiltrates were
detectable 4 h after injection, increased slightly by 24 h, and
had resolved by 48 h (Fig. 3). The reactions were not impres-
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Figure 3. Granulocyte infiltration at sites of injection of 1 or S nmol
i.d. of substance P (L ears, 20 ul/site in HMEM-PIPES) or vehicle
alone (R ears, 20 ul HMEM-PIPES/site) in WBB6F,-+/+ or W/W”
mice. Data represent mean+SEM (n = 3 to 9/point). Significant dif-
ferences between values for L and R ears are shown as: *P < 0.05,
**P <0.0l1.

sive, however, with total leukocyte counts in substance P-in-
jected sites exceeding those in contralateral control ears in-
jected with vehicle by only 5-10-fold. In W/W” mice, 5 nmol
(Fig. 3) or 1 nmol (data not shown) of substance P-induced
amounts of leukocyte infiltration that were not significantly
different from those observed at contralateral control injection
sites.

Substance P induced extensive mast cell degranulation in
+/+ mice, with the highest percentage of mast cells exhibiting
extensive degranulation observed at the 4-h interval
(91.4+1.5% or 69.7+3.4% after injection of 5 or 1 nmol/site,
respectively). A reduction in the number of extensively de-
granulated mast cells seen at sites of substance P injection at
later intervals (e.g., 49.9+£6.8% or 35.6+8.3% 24 h after 5 or 1
nmol/site, respectively), probably reflected partial recovery
from activation. Examination of sites of vehicle injection re-
vealed little or no mast cell degranulation (0.6+0.3% or
1.5+1.5% extensively degranulated 4 h after 5 or 1 nmol/site,
respectively), but a minor population of cells did exhibit slight
alterations of cytoplasmic granule morphology (3.6+1.3% or
7.8+2.2% 4 h after 5 or 1 nmol/site, respectively), perhaps
related to the trauma of injection.

To establish the relationships among doses of substance P
and the extent of mast cell degranulation, tissue swelling, or
leukocyte infiltration elicited, the left ears of additional
WBB6F,-+/+ mice were injected with 8, 40, or 200 pmol of
substance P, the swelling responses were recorded, and the
mice were killed for histological analysis of the ears 4 h after
injection. The data were pooled with those obtained from
those WBB6F;-+/+ mice used in Fig. 3 which were killed 4 h
after injection of 1 or 5 nmol (1,000 or 5,000 pmol) of sub-
stance P (Table II).

In these experiments, substance P elicited a significant
swelling response in +/+ mice when injected at 40 pmol/site,
whereas significant granulocyte infiltration was first observed
at 200 pmol/site. At the various doses of substance P tested
there were strong correlations between the extent of mast cell
degranulation elicited and the tissue swelling (» = 0.96, P
< 0.02) or granulocyte infiltration (r = 0.88, P < 0.05) ob-
served, and also between the amounts of tissue swelling and
granulocyte infiltration (r = 0.96, P < 0.02). Even though a
dose of 5 nmol of substance P produced more extensive mast
cell degranulation than did 200 pmol (91.4+1.5 vs. 53.7+4.6%
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Table II. Tissue Swelling, Granulocyte Infiltration, and Mast Cell Degranulation in WBB6F-+/+ Mice at Sites of Intradermal Injection
of 8-5,000 pmol Substance P (L Ears) or Vehicle Alone (HMEM-PIPES, R Ears)

Dose of substance P
Characteristic of the reaction 5,000 1,000 200 40 8
pmol
Ear swelling at 1 h (L — R, X10~%/inch)* 57.6+4. 2% 55.74£6.5%** 55.0£6.7*** 14.1+3.1** 9.8+5.0
(No. of mice) (€)] (6) ) (10) “4)
Granulocytes/mm? dermis at 4 h¢
L 35.0+7.1* 25.9+3.9** 39.4+7.2%* 4.5+1.6 1.4+0.6
R 7.7£2.6 8.1+2.5 4.5+1.5 5.3+2.6 2.3%1.0
Mast cell degranulation at 4 h®
Extensive (%)
L 91.4+1.5%** 69.71+3.4%* 53.7+4.6%** 4.0+1.3 0.0+0.0
R 0.6+0.3 1.5+1.5 1.4+0.4 2.1+0.8 1.5+0.6
Slight/Moderate (%)
L 5.4%1.1 14.0+1.8 19.0+2.3* 9.6+1. 17.3£5.8
R 3.6+1.3 7.8+2.2 8.6+1.5 6.9t1. 11.9+6.7
None (%)
L 3.241.2%** 16.3£2.6*** 27.34£2.8%** 86.4+2.7 82.7+5.8
R 95.8+1.4 90.7+2.8 90.0%1.5 91.0+1.7 86.6+7.2

# For clarity, the swelling reaction to substance P in each mouse was calculated as the A thickness (1 h postinjection value minus baseline value)
for the substance P injected L ear minus the A thickness for the vehicle injected contralateral control (R) ear, and values are shown as
mean+SEM for each dose. ¢ Significant differences between values for L and R ears are indicated (* P < 0.05, ** P < 0.01, *** P < 0.001).

I All mice were sacrificed at 4 h after injection for histological assessment of granulocyte infiltration and mast cell degranulation at the injection

sites (see Methods).

extensively degranulated, P < 0.001), these doses elicited simi-
lar amounts of tissue swelling and granulocyte infiltration.
Thus, 200 pmol of substance P was sufficient to elicit a near
maximal response.

Six WCB6F,-SI/SI¢ mice and six congenic normal mice
were also examined 4 h after injection of 1 pmol of substance
P. In +/+ mice, this dose of substance P elicited extensive
degranulation of 73.2+7.6% of the mast cells at the site, com-
pared to 0.5+0.2% for the contralateral vehicle-injected ears (P
< 0.0003). The number of neutrophils in substance P or vehi-
cle-injected +/+ ears was 55.3+9.0 vs. 4.0+1.5/mm? of dermis
(P < 0.002); the corresponding values for substance P- or ve-
hicle-injected ears in SI/SI¢ mice were 2.8+1.5 vs. 3.0+1.3/
mm? (NS).

W/W” mice with adoptively transferred populations of der-
mal mast cells exhibit mast cell degranulation, augmented tis-
sue swelling and vascular permeability, and granulocyte infil-
tration at sites of substance P injection. To evaluate whether
the insensitivity of W/W"” mouse skin to the effects of sub-
stance P reflected this animal’s mast cell deficiency, as opposed
to other consequences of its mutations, we injected the neuro-
peptide into the mast cell-reconstituted (left) and contralateral
control (mast cell-deficient) ears of W/W"” mice which had
received, at least 10 wk earlier, an injection into the left ear of
0.5 X 106 culture-derived mast cells of +/+ bone marrow ori-
gin. Fig. 4 shows that 5 nmol of substance P elicited a swelling
response in the mast cell-reconstituted ears that was signifi-
cantly greater than that in the contralateral mast cell-deficient
ears at all intervals up to 8 h after injection. Indeed, the re-
sponses in mast cell-reconstituted ears of W/W” mice were
quite similar to those elicited when the same dose of substance
P was injected into the ears of congenic +/+ mice (Fig. 1).
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Table III shows the extent of mast cell degranulation, the
swelling responses and the leukocyte infiltration elicited when
various doses of substance P were injected into the mast cell-

5 nmol substance P (to both ears)

120
] Left Ears —
*xx (mast cell-reconstituted)
100 -
Right Ears -----

- mast cell-defici
gg 804 ( cell-deficient)
€
g
»ne
Et x
w3

Figure 4. Ear swelling responses to 5 nmol of substance P injected
i.d. (in 20 ul HMEM-PIPES) into both mast cell-reconstituted left
ears, and mast cell-deficient right ears, of W/W" mice that received
an injection, into the left ear, of 0.5 X 10° culture-derived, IL-3-de-
pendent mast cells of congenic +/+ bone marrow origin > 10 wk be-
fore the experiment (see Methods). Data represent mean+SEM (n

= 7 to 13/point). Significant differences between values for L and R
ears are shown as: *P < 0.05, ***P < 0.001.



Table I11. Tissue Swelling, Granulocyte Infiltration, and Mast Cell Degranulation at Sites of Intradermal Injection of Various Doses
of Substance P into the Left (L) Mast Cell-reconstituted and Right (R) Mast Cell-deficient Ears of W/W"” Mice That Had Been
Locally Reconstituted with Mast Cells Derived from Congenic +/+ Bone Marrow Cells?

Dose of substance P
Characteristic of the reaction 5,000 1,000 200 40
pmol
Ear swelling at 1 h (A X 10™%/inch)
30 min L 123.7+7.5%*¢ 133.5+8.7** 88.0+12.1* 71.8+3.1%*
R 74.2+9.3 66.0£7.0 59.8+9.7 33.5+4.4
L-R 49.5+8.9 67.5£9.4 28.2+9.1 38.3+4.0
1hL 87.2+11.2* 102.5+7.0** 56.8+8.4* 38.8+3.1*
R 39.0+10.2 31.8+6.6 28.6+9.2 10.3+7.1
L-R 48.2+129 70.8+8.8 28.2+6.8 28.5+8.7
2hL 60.7+9.8** 73.5+7.6%* 29.8+7.0* 9.3+5.8
R 18.5+6.7 20.8+5.9 3.8+3.1 —-1.5£5.0
L-R 42.2+9.15 52.8+7.8 26.0+6.1 10.8+3.7
Granulocytes/mm? dermis at 2 or 4 h
L 15.7+3.4** 15.7£5.6 18.8+6.1* 4.9+4.9
R 1.4+0.7 2.5+0.9 1.1+0.8 0.8+0.8
Mast cell (No./mm?)
L 121.9411.2%** 89.0+8.1%* 77.11£9.0** 67.0+£16.5*
R 0.0+0.0 0.3+0.3 1.4+1.0 1.0x1.1
Mast cell degranulation at 2 or 4 h (L ears)
Extensive (%) 86.2+2.5 76.4+2.4 17.2+7.3 10.1£2.4
Slight/moderate (%) 10.9+1.3 12.9+0.9 20.6+4.3 329+34
None (%) 3.0+1.3 10.7£2.3 62.2+10.0 57.0+1.4

* The left ears received an intradermal injection of 0.5 X 10° growth factor-dependent mast cells of +/+ bone marrow origin at least 10 wk be-
fore the experiment (see Methods). Substance P (in HMEM-PIPES) was injected into both ears, the swelling responses were assessed at various
intervals thereafter, and the mice were killed for histological assessment of granulocyte infiltration, mast cell numbers, and extent of mast cell
degranulation in injection sites 2 h (1,000 or 40 pmol) or 4 h (5,000 or 200 pmol) after injection. ¢ Significant differences between values for L

and R ears are indicated (* P < 0.05, ** P < 0.01, *** P < 0.001).

reconstituted and contralateral mast cell-deficient ears of
W/W” mice. As in +/+ mice, a significant swelling response
was elicited in mast cell-reconstituted ears by 40 pmol of sub-
stance P, whereas significant neutrophil infiltration was ob-
served at doses of 200 pmol or more. The table also shows that
the extent of mast cell degranulation increased with increasing
doses of substance P, and that only the left ears of the mice
were mast cell reconstituted. The number of mast cells at sites
of substance P injection in mast cell-reconstituted ears was
~ 50% that in the ears of +/+ mice (mean values of 88 vs. 173
mast cells/mm? of dermis, No. of mice = 22-26).

We also evaluated '2’I-fibrinogen extravasation and '?’I-fi-
brin deposition in mast cell reconstituted and contralateral
mast cell-deficient ears injected with 1,000 pmol of substance
P (Table 1V). Significantly more total, aqueous soluble, urea
soluble, and urea insoluble (cross-linked fibrin-associated)
counts per minute were present in mast cell-reconstituted than
in mast cell-deficient ears.

Effect of Ca’* on the cutaneous mast cell degranulation and
tissue swelling elicited by substance P. Studies of the effects of
substance P on isolated rat peritoneal mast cells indicate that
mast cell degranulation by substance P does not require extra-
cellular calcium and actually is inhibited by levels of extracel-
lular calcium in excess of 0.1 mM (43). In addition, many
previous evaluations of the effects of intradermal substance P
were based on analyses of the peptide injected in Ca?*-free
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vehicle (4-8, 11). We therefore compared the responses of
WBB6F,-+/+ mice to injections of low doses of substance P
solubilized either in HBSS lacking Ca?* and Mg?* (—Ca®*) or
in HBSS with 1.3 mM Ca?* (+Ca?"), the same concentration
of Ca?* present in the HMEM-PIPES used in our other exper-
iments.

Swelling reactions to 8 or 40 pmol of substance P adminis-
tered without Ca?* were significantly greater than those elic-
ited by the same doses given in medium containing 1.3 mM
Ca?* (e.g., at 8 pmoly/site, 21.6+2.7 X 107* inch with Ca** vs.
40.3+5.5 without Ca?*, P <0.02). Notably, however, ““control”
swelling responses in right ears injected solely with medium
lacking Ca?* and Mg?* were also slightly, but in several in-
stances significantly, greater than those in ears injected with
medium containing 1.3 mM Ca?* (e.g., 9.9+2.1 vs. 25.3 + 5.2
X 10~* inch with or without Ca?*, respectively, P < 0.02). As a
result, when the intensity of the reactions to substance P were
expressed as the difference between values in L (substance
P-injected) and R (vehicle-injected) ears, most of the compari-
sons between the swelling reactions elicited in the presence or
absence of 1.3 mM Ca?* failed to achieve statistical signifi-
cance. In fact, at 2 pmol of substance P, the swelling reactions
1 or 2 h after injection of substance P (L ears) were signifi-
cantly (P < 0.05) greater than those in vehicle-injected (R) ears
when Ca?* was included in the injectate (L-R = 6.4+2.2 or
3.6+1.0 X 107 inch, at 1 or 2 h, respectively), but did not
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Table IV. Tissue Swelling and '%°I-species Derived from '*I-GPF afier Intradermal Injection of 1 nmol Substance P into the Left (L) Mast
Cell-reconstituted and Right (R) Mast Cell-deficient Ears of W/W" Mice That Had Been Locally Reconstituted with Mast Cells

Derived from Congenic +/+ Bone Marrow Cells*

(A) L ears (B) R ears P Value,
(mast cell-reconstituted) (mast cell-deficient) L/R Avs.B
Ear swelling (A X 10~* inch)
1h 102.5£7.0 31.8+6.6 3.2 <0.005
2h 73.5+£7.6 20.8+5.9 35 <0.007
125].GPF-derived cpm (2 h)
Total cpm 23,340+3,041 10,061£1,161 2.3 <0.02
Aqueous soluble cpm 5,482+603 3,015+218 1.8 <0.01
Urea soluble cpm 1,387+120 558+68 2.5 <0.003
Urea insoluble cpm 11,181+2,115 3,200+486 3.5 <0.03

* The left ears of these four mice received an intradermal injection of 0.5 X 10¢ growth factor-dependent mast cells of +/+ bone marrow origin

at least 10 wk before the experiment (see Methods). 20 min before challenge of both ears with substance P in HMEM-PIPES, the mice received
125.GPF (4.7 X 10¢ cpm i.v.). Ear swelling was measured with a micrometer at various intervals after challenge, the mice were killed at 2 h, and
the ears were processed for analysis of the amount and pattern of solubility of '>I-GPF-derived cpm (see Methods). At the time of sacrifice, the
125].cpm in 50 1 PPP = 80,847+6,408 cpm. The histological findings in these mice are included in Table IIL

achieve statistical significance when Ca?* was omitted (L-R
=0.1+36 or 2.4+2.5 X 10™* inch at 1 or 2 h, respectively).
This result reflected the larger control reactions in right ears
injected with Ca®*-free as opposed to Ca®*-containing vehicle.

Histological analysis indicated that mast cell degranulation
at sites of injection of substance P was greater when the neuro-
peptide was injected in medium lacking Ca?*, but that control
sites injected with Ca?*-free vehicle alone also exhibited more
mast cell activation than did corresponding control sites in-
jected with medium containing 1.3 mM Ca?*. For example, in
the L ears of mice injected with 8 pmol substance P, the values
for extensively degranulated mast cells were 2.1+0.6% (+Ca?**)
vs. 16.2+4.0% (—Ca®*), P < 0.005, while the values for vehi-
cle-injected R ears were 0.8+0.4% (+Ca?*) vs. 4.8+1.3%
(—Ca?"), P < 0.02. Little or no neutrophil infiltration occurred
at sites of injection of 2, 8, or 40 pmol of substance P, whether
or not the vehicle contained Ca’>* (mean values = 0.2-9.3
granulocytes/mm? of dermis at 4 h in substance P-injected
ears, NS vs. values for contralateral vehicle-injected ears).

Assessment of the activity of peptides structurally related to
substance P. Studies of rat peritoneal mast cells in vitro indi-
cate that the basic amino acid residues in the NH,-terminal
sequence of substance P are essential for its ability to cause
histamine release, but that binding of substance P to the mast
cells is dependent on the COOH-terminal portion of the mole-
cule (8, 43, 44). Thus, substance P,_, was substantially less
active than native substance P,_;, in releasing histamine from
rat peritoneal mast cells, whereas the COOH-terminal hepta-
peptide or octapeptide (substance P,_;;) was inactive in this
assay system (8, 43, 44). By contrast, substance P,_, was inac-
tive in doses up to 12.5 nmol/site when tested for its ability to
induce alterations of vascular permeability (a wheal) in human
skin, whereas substance P,_;, had 40% of the activity of sub-
stance P,_,, in this system (8). The latter result indicates that
while substance P,_,, is inactive as a histamine-releasing agent
when tested against purified rat peritoneal mast cells in vitro, it
is able to induce alterations in vascular permeability when
administered to human skin in vivo.

We quantitated the effects of substance P,_, or substance
P,_1; on cutaneous mast cell degranulation, tissue swelling,
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and leukocyte infiltration after injection of these peptides into
the skin of WBB6F;-+/+ mice. As shown in Table V, sub-
stance P,_4 had no detectable activity when administered at a
dose of 25 nmol. By contrast, substance P,_;, produced signifi-
cant tissue swelling responses in both W/W” and congenic +/+
mice. At each dose of substance P,_;, tested, swelling responses
were greater in +/+ than in W/W" mice. However, these dif-
ferences did not achieve statistical significance. On the other
hand, substance P,_;, elicited significantly more granulocyte
infiltration in +/4+ mice than in W/W” mice, an effect that
may have been related to the slight mast cell activation ob-
served at sites of injection of this agent in +/+ skin. Based on
comparison with data obtained when substance P,_;; was in-
jected in Ca?*/Mg**-free medium, 5 nmol of substance P,_,
produced an amount of mast cell degranulation (18.4+2.6%
extensively degranulated) and tissue swelling (34.6+5.9 X 10~*
inch at 1 h) roughly the same as that elicited by 40 pmol of
substance P,_;, (18.8+4.7% extensively degranulated mast
cells, swelling of 44.8+6.7 X 10~*at 1 h).

Discussion

We found that virtually all of the tissue swelling, augmentation
of interstitial '*’I-fibrin deposition, and leukocyte infiltration
that followed intradermal injection of substance P into mouse
skin was mast cell-dependent. Indeed, injection of up to 5
nmol of substance P into the skin of genetically mast cell-defi-
cient W/W” or SI/SI mice produced effects which were little
or no different than those observed after injection of vehicle
alone. By contrast, injection of as little as 2 pmol of substance
P into +/+ mice induced significant cutaneous swelling. Thus,
normal mice are at least 1,000-fold more sensitive to the vas-
cular permeability-enhancing effects of substance P than are
the congenic mast cell-deficient mice.

Two lines of evidence support the conclusion that the sub-
stance P-induced tissue swelling and leukocyte infiltration ob-
served in our study were largely mast cell-dependent. First,
when various doses of substance P (8-5,000 pmol) were tested
in WBB6F,-+/+ mice, there was an excellent correlation be-
tween the extent of mast cell degranulation at the sites of in-



Table V. Tissue Swelling, Granulocyte Infiltration and Mast Cell Degranulation in WBB6F-W/W" or +/+ Mice at Sites of 1.D.

Injection of Substance Py_y (SP,_4) or Substance Py_;; (SPy;1)}

Agent
Charsterisic of the reacion ey 3 5 S
dose, nmol
Ear swelling at 1 h (L — R, X10™* inch)}
+/+ 1.3+£3.8 40.0+6.4*! 34.615.9%* 21.4+£3.2**
w/w> ND 24.2+5.6* 26.8+4.4** 13.6+4.0*
Pvalue, +/+ vs. W/W”* — NS' NS NS
Granulocytes/mm? dermis at 4 h#*
+/+ 0.4+0.4 17.3£4.9 24.3+7.2 25.9+5.2
w/w» ND¥ 1.9+1.4 1.6£1.0 ND
P value, +/+ vs. W/W” —_ <0.02 <0.02 —_
Mast cell degranulation at 4 h¥#
(+/+ mice)
Extensive (%) 0.7£0.7 24.5+3.1 18.4+£2.6 17.4+3.7
Slight/moderate (%) 8.6+2.2 12.1+£2.3 17.0£2.6 19.4+1.7
None (%) 90.7+£2.2 63.4+5.0 64.6+4.6 63.2+4.5

* Left ears received substance P;_, or substance P,_, in Ca**/Mg2*-frec HBSS, right ears received Ca?*/Mg?2*-free HBSS. ¢ For clarity, the
swelling reaction to substance P in each mouse was calculated as the A thickness (1 h post injection value minus baseline value) for the sub-
stance P injected L ear minus the A thickness for the vehicle injected contralateral control (R) ear, and values are shown as mean+SEM for
each dose. ! Significant differences between values for L and R ears are indicated (* P < 0.05, ** P < 0.01, *** P < 0.001). 'NS, not signifi-
cant, P> 0.05. ¥ All mice were sacrificed at 4 h after injection for histological assessment of granulocyte infiltration and mast cell degranula-
tion at the injection sites (see Methods). Values shown are for L (peptide injected) ears. ¥ ND, not done.

jection and the tissue swelling (r = 0.96, P < 0.02) or granulo-
cyte infiltration (r = 0.88, P < 0.05) observed at those sites.
Second, when substance P was injected into both the mast
cell-reconstituted and contralateral mast cell-deficient ears of
the same W/W" mice, the reactions were always significantly
greater in the mast cell-reconstituted ears. This was true even
though the substance P injection sites in ears locally reconsti-
tuted with mast cells contained only ~ 50% of the mast cells
present in corresponding sites in +/+ mice. Thus, the experi-
ments in W/W” mice locally reconstituted with mast cells ac-
tually may have underestimated the potential contribution of
mast cells to these reactions in normal mice.

We found that the effects of substance P on cutaneous
vascular permeability occurred sooner and at lower doses of
peptide than did effects on leukocyte infiltration. Moreover,
the intensity of leukocyte infiltration induced by substance P
was quite modest compared to that seen with other stimuli,
and even this weak effect required injection of large amounts
of substance P. For example, the number of neutrophils at sites
of WBB6F;-+/+ skin injected 24 h previously with 5 nmol of
substance P was 46+10/mm? a value that was only ~ 10
times that in the contralateral control ears injected with vehi-
cle and only ~ 1.2% of the value at similar sites treated epicu-
taneously with 10 ug phorbol 12-myristate 13-acetate (PMA)
(37). By contrast, the tissue swelling attributable to 5 nmol
substance P (1 h after challenge in WBB6F,-+/+ mice) was
~ 40% that induced by PMA (6 h after challenge, reference
37). Thus, even though the cutaneous granulocyte infiltration
that follows intradermal injection of substance P, like that
observed by Matsuda et al. in the tissue surrounding subcuta-
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neous air pouches injected with the peptide (27), was largely
mast cell dependent, this represented a relatively weak effect of
the peptide compared with its ability to augment vascular per-
meability.

Previous work indicated that substance P-induced mast
cell degranulation did not require extracellular calcium and
was inhibited when levels of extracellular calcium exceeded
0.1 mM (8, 43, 44). We found that substance P induced signifi-
cantly greater swelling and mast cell degranulation when in-
jected into mouse skin at 2, 8, or 40 pmol/site in Ca**-free
medium than in medium containing 1.3 mM Ca**. However,
we also found that Ca?*-free medium itself caused slightly, but
significantly, more swelling than did the same medium con-
taining 1.3 mM Ca?*. Moreover, histological analysis indi-
cated that the latter effect probably reflected slight mast cell
degranulation at sites of injection of Ca?*-free medium. While
the mechanism responsible for the higher level of nonspecific
mast cell activation observed at control sites injected with
Ca?*-free medium is not clear, this phenomenon may obscure
detection of very weak reactions elicited by low doses of sub-
stance P or other agents injected in vehicles lacking Ca?*.
Thus, we detected a weak but significant response to 2 pmol of
substance P injected in Ca?*-containing medium, but did not
detect a significant response to the same dose of substance P
administered in Ca?*-free medium.

In accord with previous studies in other species (8, 43, 44),
we found that the NH,-terminal tetrapeptide of substance P,
substance P,_4, had no significant ability to augment cutane-
ous vascular permeability. Nor did it induce significant cuta-
neous mast cell degranulation when injected at 25 nmol/site, a
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dose > 3,000 times higher than the amount of substance P,_,,
(8 pmol/site) required to elicit significant mast cell degranula-
tion. When the COOH-terminal octapeptide substance P4,
was tested, it induced augmented vascular permeability in
both mast cell-deficient and congenic +/+ mice, suggesting
that the ability of this peptide to induce a wheal in human skin
(8) may be at least in part a mast cell-independent effect. How-
ever, the peptide did induce more granulocyte infiltration in
+/+ than in W/W" mice, and modest but significant mast cell
degranulation was detected at injection sites.

The fact that the intradermal injection of substance P,_;;
resulted in degranulation of cutaneous mast cells when tested
at doses similar to those which did not induce degranulation of
rat peritoneal mast cells in vitro (8) is of interest. However, we
do not feel that this finding should necessarily be considered a
contradiction of the relationships between the structure of
substance P-related peptides and their abilities to activate mast
cells that were established on the basis of in vitro studies. First,
substance P,_;, was substantially less potent in inducing mast
cell degranulation than was the native peptide. 1 nmol of sub-
stance P,_;, induced approximately the same amount of mast
cell degranulation as 8 pmol of substance P,_;, (17.4%3.7 vs.
16.2+4.0% extensively degranulated) and increasing the dose
of substance P,_;, to 25 nmol resulted in little additional effect
(24.5+3.1% extensively degranulated). By contrast, substance
P,_,, at 0.2 or 5 nmol/site induced extensive degranulation of
53.7+4.6 or 91.4+1.5% of mast cells. Second, the in vivo sys-
tem we used would not be able to distinguish between direct
activation of cutaneous mast cells by substance P and related
peptides, whether by receptor-mediated or other mechanisms,
as opposed to indirect activation of mast cells as a result of
other local changes (e.g., complement activation) induced at
sites of peptide injection. Such indirect mechanisms of mast
cell activation may have been triggered in association with or
as a result of the ability of substance P,_,; to augment vascular
permeability independently of the mast cell.

Similarly, the results presented here are not incompatible
with evidence that important mast cell-independent effects of
substance P or other neuropeptides can be observed under
different circumstances. For example, Kowalski and Kaliner
showed that ES can induce an apparently mast cell-indepen-
dent augmentation of vascular permeability in the rat which is
detectable immediately (within a few minutes) after stimula-
tion (13). The procedure employed in our study is not well
suited for identifying neuropeptide-dependent changes in-
duced within a few minutes of challenge, since the intradermal
injection of 20 ul of fluid itself causes an increase in ear thick-
ness during this interval. Kowalski et al. also showed that
W/W” and +/+ mice exhibit indistinguishable alterations in
vascular permeability in response to intravenous substance P.?
This observation is compatible with the finding that the vaso-
dilatory effects of intraarterial substance P in human
skin (26), unlike the effects induced by intradermal adminis-
tration of the peptide (4-8, 11), are not inhibited by antihista-
mines. Taken together with our results, these findings indicate
that the extent to which the vascular effects of substance P are
mast cell-dependent may be critically influenced by the route
of administration of the peptide. For example, intravenous or
intraarterial administration favors direct interactions with vas-
cular endothelial cells, whereas intradermal injection facili-
tates interactions with interstitial elements such as mast cells.
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In fact it should be emphasized that our experiments, like
many previous reports, specifically evaluated the effects of the
intradermal injection of substance P and related peptides, not
the release of peptides from endogenous sources. While our
results certainly are consistent with the possibility that some of
the local consequences of substance P release by peptidergic
nerves are mast cell dependent, they by no means prove that
this is so. Identifying the extent of the mast cell’s actual con-
tributions to the local consequences of endogenous neuropep-
tide release in various tissues and organs represents a poten-
tially important but difficult challenge for future work. Indeed,
it should be appreciated that the reactions induced by sub-
stance P and other neuropeptides that can activate mast cells
are likely to be under complex regulatory control in vivo. The
effects observed in particular organs or tissues will depend on
such factors as the concentration of endogenous neuropeptide
that might be achieved in the immediate vicinity of its release,
the proximity of mast cells to sites of neuropeptide release, the
sensitivity of that particular mast cell population to activation
(directly or indirectly) by neuropeptide-dependent mecha-
nisms, and the local distribution and activity of enzymes capa-
ble of degrading the neuropeptides (45, 46). Many (perhaps all)
of these factors exhibit considerable species and anatomical
variation (reviewed in 8, 14-16, 46, 47).

Nevertheless, our findings indicate that virtually all of sub-
stance P’s ability to elicit cutaneous swelling and leukocyte
infiltration upon intradermal injection into mouse skin is mast
cell dependent. This result, taken together with evidence indi-
cating that human cutaneous mast cells are particularly sensi-
tive to stimulation by substance P (4, 5-8, 10-12, 15, 16),
suggests that the wheal component of the response to intrader-
mal injection of substance P in human skin might represent a
mast cell-dependent effect of the peptide, not a direct action of
substance P on the vasculature. Thus, even though antihista-
mines are much more effective in blocking the flare, rather
than the wheal, induced by intradermal substance P (4, 8-11),
this might simply reflect the relative importance of histamine
release, as opposed to other consequences of mast cell activa-
tion, in these two components of the response (11, 15, 16).
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