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NK-1 receptor mediation of neurogenic plasma
extravasation in rat skin
Paul V. Andrews, 'Robert D. Helme & Karen L. Thomas
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Parkville, 3052, Australia

1 Plasma extravasation was induced by electrical nerve stimulation and by perfusion of tachy-
kinins over a vacuum-induced blister base on rat footpad.
2 Stimulation of the sciatic nerve (18 V, 15Hz, 0.5 ms) for 20min produced a significant increase in
the protein content of the perfusate. The response in capsaicin pretreated rats was only 4% of the
control response. This indicates that the electrically-induced plasma extravasation response was
mediated by capsaicin-sensitive sensory fibres.
3 Exogenous perfusion of the mammalian tachykinins substance P, neurokinin A and neurokinin
B and the non-mammalian tachykinins physalaemin, kassinin and eledoisin was used to determine
the tachykinin receptor type mediating the plasma extravasation response. Dose-response curves of
the tachykinins (10-9M-140M) gave a rank order of potency of substance P = phys-
alaemin > eledoisin 2 kassinin > neurokinin B = neurokinin A.
4 In addition, specific agonists of neurokinin receptors were perfused. Perfusion of [Glp6, D-Pro9]
SP6-11 and [Glp6, L-Pro9]SP6-11 demonstrated that the L-Pro isomer was much more potent than
the D-Pro isomer.
5 The rank order of potency and the greater potency of [Glp6, L-Pro9ISP6- over its D-isomer
indicate an NK-1 neurokinin receptor mediates plasma extravasation in rat footpad skin.

Introduction

Neurogenic inflammation is defined as vasodilata-
tion and plasma extravasation that occurs following
electrical nerve stimulation (Jancso et al., 1967). This
response is believed to be mediated by peptides such
as the tachykinins, which are released from primary
afferent nerve terminals (Lembeck & Holzer, 1979).
Electrical nerve stimulation releases substance P
(SP), the first identified tachykinin, and induces
plasma extravasation in a thermal injury blister
model (White & Helme, 1985). We have previously
used a vacuum-induced blister model of inflamma-
tion to demonstrate that neurogenic plasma extrava-
sation can be induced by mechanical, chemical and
thermal stimulation (Andrews & Helme, 1986;
Helme et al., 1986). In the current study we demon-
strate that plasma extravasation can also be induced
by electrical nerve stimulation in the vacuum blister
model, that this plasma extravasation is neurogenic
in nature and that mediation of the response is likely
to occur at a specific tachykinin receptor.

Lee et al. (1982) were among the first to recognize
the nature of multiple receptors for SP, namely, the

'Author for correspondence.

SP-P receptor where all the tachykinins were essen-
tially equipotent and the SP-E receptor where ele-
doison (Ele) and kassinin (Kas) were more potent
than SP and physalaemin (Phy). The SP-E receptor
was subsequently found to be probably the com-
bined effects of two receptors. One of these, the
SP-N receptor, was identified in guinea-pig ileum
when the effects of SP were inhibited by desensi-
tization (Laufer et al., 1985) and the other receptor,
SP-K, was observed after binding studies on rat
brain (Buck et al., 1984). Using rank order of
potency and currently defined terminology, the
receptors can be differentiated into three subtypes as
follows:
NK-1: SP > Phy > NKA > NKB > Ele > Kas,
NK-2: NKA > NKB > Kas > Ele > SP > Phy

and
NK-3: NKB > Ele > Kas > NKA

= Phy > SP (Lee et al., 1986).
Many of the functional studies with neurokinin

receptors have been performed on smooth muscle
preparations in vitro (Regoli et al., 1984; Mizrahi et
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al., 1985) and few have investigated neurogenic
plasma extravasation in vivo. NKA and SP were
almost equipotent in producing plasma extrava-
sation in rat bladder and ureters (Maggi et al., 1986)
whereas Gamse & Saria (1985), who investigated
Evans blue extravasation to intradermal injection of
the tachykinins in abdominal skin of rats, obtained a
rank order of potency NKB > SP > NKA. On the
dorsal skin of the rat, intradermal injection of the
mammalian tachykinins gave similar results, namely
NKB > NKA > SP (Couture & Kerouac, 1987) sug-
gesting NK-3 receptor mediation of the response. On
the other hand, intradermally injected tachykinins in
human skin induce wheal responses with the rank
order of potency SP > NKA > NKB (Devillier et al.,
1986). These authors also demonstrated that in rat
dorsal skin, the rank order for inducing Evans blue
extravasation was SP = NKA > NKB which sug-
gests NK-1 mediation.

In the present study, tachykinins (both mamma-
lian and non-mammalian) as well as SP1_9, SP5-1 ,
and the newly described specific agonists D- and
L-Pro isomers of [Glp6, Pro9]SP6-11 (Lee et al.,
1986) were perfused over the blister base on rat
footpad to determine which neurokinin receptor
mediates neurogenic plasma extravasation from
dermal vessels. Preliminary data were presented at
the Substance P and Neurokinins '86 meeting
(Andrews & Helme, 1987).

Methods

Male Sprague-Dawley rats (200-320g) were used;
some had been pretreated as neonates with capsaicin
(50mgkg- ') (Jancso et al., 1977). For all experi-
ments, animals were anaesthetized (sodium pento-
barbitone, 65 mg kg-1, i.p.), a femoral vein catheter
was inserted (for fluid load [1 ml 50g-] and main-
tenance of anaesthesia), and the footpad placed over
a plate heated to 40°C with an aperture opening to a
vacuum pump. With a pressure of -40kPa a blister
was induced in 30min involving separation of epi-
dermis from dermis (Helme et al., 1985). After blister
induction, the blister epidermis was removed,
replaced by a perfusion chamlbr (approximately
1 cm3 capacity) attached to a peristaltic pump (LKB,
Sweden) and the chamber perfused with Ringer solu-
tion at 4 ml h-1, thus superfusing the blister base.
The perfusion chamber was maintained at 37°C with
a heating element in the roof of the chamber. Per-
fusates were collected into an equal volume of cold
2 M acetic acid and stored at - 20°C before they were
analysed for plasma extravasation by a simple
protein assay (Bradford, 1976).

Experiments with electrical nerve stimulation were
performed on normal and capsaicin pretreated rats.

The sciatic nerve was dissected free, cut proximally
and suspended over bipolar platinum electrodes in a
paraffin oil bath formed by raising the skin flaps of
the wound. The nerve was stimulated at 18 V, 15 Hz,
0.5 ms pulse duration (an intensity sufficient to
stimulate 'C' fibres, Yaksh et al., 1980) or 4 V, 15 Hz,
0.5 ms (insufficient to stimulate 'C' fibres maximally)
for 20 min. Perfusates were collected from the stimu-
lated footpad and the opposite footpad control.
Results are expressed as the mean + s.e.mean of the
increased protein content of the stimulated footpad
perfusate over the control footpad perfusate.

Experiments with tachykinin perfusion were per-
formed for two 30 min periods, an initial control
period with perfusion of Ringer solution followed by
perfusion with a tachykinin solution in both normal
and capsaicin pretreated animals. SP, NKA, NKB,
Phy, Kas, Ele, SP1_9 and SP,-,, (Peninsula Labs.,
San Carlos, U.S.A.) were dissolved in Ringer solution
and stored at - 20'C until used. NKB was also dis-
solved in sulpholane (BDH) 1:30 with Ringer solu-
tion. The D- and L-Pro isomers of [Glp6,
Pro9]SP6-11 (kindly donated by Dr L.L. Iversen,
Merck Sharp and Dohme, U.K.) were dissolved in
10% dimethylsulphoxide (DMSO) and diluted to 1%
for perfusion. Plasma extravasation induced by the
tachykinins is expressed as the mean + s.e.mean of
the increased amount of protein in the tachykinin
perfusion perfusate of each animal compared to its
control period. The mean protein concentration of
all the control periods was 32.4pgmlP' + 1.46,
n = 178. The pD2 s for the peptides were calculated
by linear regression analysis (Hays, 1973).

Results

Plasma extravasation induced by electrical nerve
stimulation

One way analysis of variance (Kirk, 1968) revealed
that there were significant differences in the plasma
extravasation (increased protein content above
control) induced by 18V (23.6pgml-' + 6.7; n = 8)
and 4V stimulation (7.6 pg ml- + 2.6; n = 9) and
18 V stimulation in capsaicin pretreated animals
(0.9pgml-1 + 1.2; n = 8) (F2,24 = 7.7665, P =
0.0028). Using the Student-Newman-Keuls multiple
range test each of the three groups was significantly
different from the others at the P < 0.05 level.

Plasma extravasation induced by exogenous
tachykinins

Exogenous SP induced plasma extravasation at a
threshold of 10-8M and produced maximal plasma
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Figure 1 The dose-response curves for plasma
extravasation induced by perfusion of the mammalian
tachykinins (substance P (SP) 0; neurokinin A (NKA)
0; NKB A). Points are the mean results from 4
animals (s.e.mean shown by vertical bars) except for; SP
8(6) 7(6) 6(10); NKA 6(6) 5(6) 4(10); NKB 4(6). Number
of animals in parentheses.

extravasation (85 ugml-1 + 8.5) at 10- 5M (Figure 1).
N- and C-terminal analogues of SP were also tested.
SP1_9 at 10- M was inactive in inducing plasma
extravasation. SP5_-11 at the same concentration
induced plasma extravasation although it was less
active than SP (61.5 pgml-1 + 6.5 and
85.5 pg ml -1 + 12.0 respectively) (Figure 2).
SP (10-7M) was also perfused in rats that had

been pretreated with capsaicin. There was no differ-
ence between the normal and capsaicin pretreated
animals in their response to SP (normal:
73.3ygml-1 + 15.45; capsaicin: 82.OpgmlP' +
7.43; n = 6 in both groups).
NKA and NKB were equipotent and more than

an order of magnitude less potent than SP. Because
NKB is not fully soluble in Ringer solution it was

SP SP5-11 SP1 9

Figure 2 The plasma extravasation response induced
by perfusion of substance P (SP), its C-terminal ana-
logue (SP,-,,) and its N-terminal analogue (SP1_9),
each at a concentration of 10-5M. Columns are the
mean from 4 animals; vertical bars show s.e.mean.
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Figure 3 The dose-response curves for plasma
extravasation induced by perfusion of the non-
mammalian tachykinins (physalaemin 0; kassinin 0;
eledoisin A). Points are the mean from 4 animals; verti-
cal bars show s.e.mean.

also dissolved in sulpholane in an attempt to
increase its solubility, however the ability of NKB
(10-6M) to induce plasma extravasation was not
altered (36.5 pgml- + 7.0 and 48.0Opgmml + 12.0;
n = 4 in both groups).
The non-mammalian tachykinins induced plasma

extravasation at similar potencies to their mamma-
lian homologues (Figure 3). Phy was the most potent
and Kas and Ele were equipotent and about an
order of magnitude less potent than Phy. Table 1 is a
list of the pD2 s for the peptides obtained from their
dose-response curves.

Plasma extravasation induced by the D and L-Pro
isomers of [Glp6, Pro9]SP6-11

The L-Pro9 isomer of [Glp6, Pro9]SP6 11 induced
plasma extravasation into the perfusate with a
potency about an order of magnitude less than SP.
The D-Pro9 isomer was much less active with plasma

Table 1 pD2 s for the tachykinins in inducing a
plasma extravasaipn response in the blister base

Peptide pD2 (95% confidence limits)

SP
NKA
NKB
Phy
Ele
Kas

6.93 (7.40 - 6.45)
5.57 (6.92 - 4.22)
5.60 (6.55 - 4.65)
6.90 (7.70 - 6.10)
6.39 (7.32 - 5.46)
6.25 (8.79 - 3.71)

SP, substance P; NKA and NKB, neurokinin A
and B; Phy, physalaemin; Ele, eledoisin; Kas,
kassinin.
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Figure 4 The dose-response curves for plasma
extravasation induced by [Glp6, L-Pro9]SP6_11 (0)
and [Glp6, D-Pro9]SP6.11 (0). Points are the mean
from 4 animals; vertical bars show s.e.mean.

extravasation activity only towards the mm concen-
tration range (Figure 4).

Discussion

Neurogenic plasma extravasation in the vacuum
blister model

In the past, neurogenic inflammation in the skin was
induced by noxious chemical stimulation with
mustard oil and xylene (Jancso et al., 1967) and the
plasma extravasation response measured as accumu-
lated Evans blue dye in the skin. Neurogenic plasma
extravasation has also been quantified following
electrical nerve stimulation (Jancso et al., 1967;
Lembeck & Holzer, 1979; Morton & Chahl, 1980).
In animals that had been treated as neonates with
capsaicin, a neurotoxin that selectively destroys
unmyelinated nerves in the primary afferent nerve
pathway, electrically induced plasma extravasation
does not occur thus implicating involvement of small
diameter 'C' fibres of the primary afferent nerve in
the response.

In the present study neurogenic plasma extrava-
sation was quantified for the first time in an 'on-line'
system using the vacuum induced blister model. The
neurogenic nature of the plasma extravasation was
evident from the lack of a response in capsaicin
pretreated animals when the sciatic nerve was stimu-
lated at 18 V, 15 Hz, 0.5 ms, a stimulation intensity
that did produce significant plasma extravasation in
normal animals and from the small plasma extrava-
sation response when the sciatic nerve of normal
animals was stimulated at 4 V, 15Hz, 0.5 ms. Stimu-
lation at 4V has been shown to stimulate only A.

and AP fibres (Yaksh et al., 1980) and no plasma
extravasation was observed at this stimulus intensity.
However, it is possible that stimulation at 4V is still
able to excite some 'C' fibres and thus account for
the small but significant increase in plasma extrava-
sation that was observed.
The vacuum blister model has previously been

shown to be appropriate for studying neurogenic
inflammation to physiological noxious stimuli
(Andrews & Helme, 1986; Helme et al., 1986) and
now we have shown that non-physiological electrical
nerve stimulation also induces neurogenic plasma
extravasation in this model. This neurogenic
response is mediated through capsaicin-sensitive
primary afferent neurones that have been shown to
contain a number of peptides including the tachy-
kinins (Jancso et al., 1981). It is likely that these sub-
stances mediate their responses through different
receptors. We have therefore attempted to determine
which neurokinin receptor is responsible for neuro-
genic plasma extravasation in rat footpad skin.

Tachykinin-induced plasma extravasation

In the current study the tachykinins, both mamma-
lian and non-mammalian, induced plasma extrava-
sation in a dose-dependent manner. The tachykinins
were active in the range of 2 pmol to 200 nmol
peptide perfused. This amount of peptide is compar-
able to studies where plasma extravasation in skin
was induced by intra-arterial infusion (Lembeck &
Holzer, 1979) and intra-dermal injection (Foreman et
al., 1983; Gamse & Saria, 1985; Devillier et al., 1986;
Couture & Kerouac, 1987) but is more potent than
intravenously administered SP (Saria et al., 1983).
SP was also perfused over the blister base of

animals that had been pretreated with capsaicin as
neonates. In these animals the plasma extravasation
response was no different from that, of normal
animals. This indicates that the tachykinin-induced
plasma extravasation response occurs independently
of the primary afferent nerve pathway as had earlier
been shown with the wheal response to SP in
capsaicin-desensitized human skin (Anand et al.,
1983; Foreman et al., 1983) and with local adminis-
tration to the rat nasal mucosa (Lundblad et al,,
1983) and rat tracheal mucosa (Lundberg & Saria,
1983).
The SP-induced plasma extravasation was shown

to be mediated by an interaction of the C-terminal of
the peptide with its receptor. An N-terminal ana-
logue of SP had no plasma extravasation inducing
activity. This verifies previous work in human skin
where an N-terminal analogue was inactive in indu-
cing wheal (Foreman et al., 1983). The common C-
terminal of the tachykinins would suggest that they
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should all induce a plasma extravasation response
and this was found to be the case.
The rank order of potency of the tachykinins in

inducing plasma extravasation was
SP . Phy > Ele . Kas > NKB > NKA. Previously,
binding studies have demonstrated rank orders of
potency of agonists to inhibit radiolabelled-SP
binding in brain tissues of:

SP > Phy > NKA = Kas = Ele > NKB
(Buck & Burcher, 1986)

SP > Phy > NKA > NKB 2 Ele 2 Kas
(Lee et al., 1986)

SP > Phy > NKA > Ele > Kas > NKB
(Quirion, 1985).

These orders of potency have been used to classify
receptors of the NK-1 type where SP is the most
potent agonist. On this basis, it could be suggested
that plasma extravasation in rat footpad skin is
mediated by an NK-1 receptor.

Studies in vitro have demonstrated release of hista-
mine from mast cells by SP and its N-terminal ana-
logues (Devillier et al., 1985) but not with NKA or
NKB (Devillier et al., 1986). Thus it is possible that
the greater potency of SP over NKA and NKB is
due to mast cell-derived histamine. However, the C-
terminal dependence of the plasma extravasation in
this study suggests that histamine is not involved in
the response and antihistamine treatment did not
affect the plasma extravasation induced by SP in this
model (Andrews & Helme, 1987).
More recent studies from our laboratory have

examined SP-induced plasma extravasation in more
detail with 10min perfusate collections (Khalil &
Helme, 1989). It was observed that there is
histamine-independent plasma extravasation early in
the stimulatory period and histamine is involved
only in the later stages. Thus a significant proportion
of the SP-induced plasma extravasation measured in
the current study is histamine-independent and the
potency difference between SP, NKA and NKB is
due to neurokinin receptor activation. To date, the
effect of other mast cell mediators on the response
has not been examined in this model.
The order of potency observed in the present

study contrasts with two previously published
studies (Gamse & Saria, 1985; Couture & Kerouac,
1987) which demonstrated an order of potency
NKB > SP > NKA to intradermal injections in rat
skin suggesting NK-3 receptor-mediation of the
response. Another study (Devillier et al., 1986)
observed a rank order of potency of SP = NKA >
NKB in rat skin and SP > NKA > NKB in human
skin which is more equivalent to the results of the
current study.

Solubility was not found to be a factor affecting
the different potencies of NKB. A 1:1 solution of sul-

pholane in water dissolved NKB for in vitro experi-
ments (D'Orleans-Juste et al., 1985) however
sulpholane induced plasma extravasation from the
blister base at this concentration. A 1:30 solution
had no activity of its own and, while increasing the
solubility of NKB, had no effect on plasma extrava-
sation. NKB dissolved in 12.5N acetic acid or 0.1%
trifluoroacetic acid has the same effect as NKB dis-
solved in water (Couture & Kerouac, 1987).

Use of selective agonists to differentiate receptors

In the current study, the receptor type mediating
plasma extravasation was investigated further using
specific neurokinin receptor agonists, the D-Pro and
L-Pro isomers of [Glp6, Pro9]SP6-11 (Lee et al.,
1986) which have different D-Pro/L-Pro ratios of
their EC50s on the different neurokinin receptors.
The ratios on NK-1, NK-2 and NK-3 receptors are
about 100, 0.001 and 0.1 respectively. The [Glp6,
Pro9]SP6-11 analogues were used to ascertain which
neurokinin receptor mediated inositol phospholipid
hydrolysis in hamster bladder (Bristow et al., 1987)
and with smooth muscle contraction of the guinea-
pig ileum, rat vas deferens and rat portal vein
(Iversen et al., 1987).

In the current study the D-Pro/L-Pro ratio of
[Glp6, Prof]SP6-11 could not be determined as it
was not possible to produce a full dose-response
curve for the D-Pro isomer due to the high concen-
trations of the peptide that would have been
required. However, the L-Pro isomer was signifi-
cantly more potent than the D-Pro isomer in indu-
cing'plasma extravasation in rat skin. This is highly
suggestive that an NK-1 type neurokinin receptor
mediates the response in rat footpad vessels. As there
are no selective tachykinin antagonists available this
is the most conclusive evidence that can be produced
to distinguish receptor types. The Gamse & Saria
(1985) and Couture & Kerouac (1987) studies did
not use selective agonists and thus lack this confir-
matory evidence. However, the reason for the differ-
ent findings remain unproven.

It should also be noted that the major critical dif-
ference in receptor differentiation between the
studies is the greater potency of NKB over SP.
Although NKB has been measured in the spinal cord
of rats, its concentrations in the spinal roots and
dorsal root ganglia are 35-40 times less than SP
(Ogawa et al., 1985). NKB has not yet been demon-
strated in nerve fibres in the periphery and conse-
quently it would seem to be unlikely that it hag a
major role in the peripheral function of the primary
afferent nerves. Taken together with the present
results, which are suggestive of an NK-1-mediated



THE NEUROKININ RECEPTOR IN INFLAMMATION 1237

response, the involvement of an NK-3 receptor in
the plasma extravasation response in rat footpad
skin is therefore doubtful.

We wish to acknowledge the National Health and Medical
Research Council of Australia and the Sandoz Foundation
for Gerontological Research for their support of this study.
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