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The vasodilator component of neurogenic inflammation
is caused by a special subclass of heat-sensitive nociceptors

in the skin of the pig
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1. Skin blood flow has been imaged during stimulation of fine nerve filaments containing small
numbers of identified C fibre units. Filaments were dissected from the saphenous nerve of
anaesthetized pigs.

2. Stimulation of filaments containing C heat nociceptor units gave small areas of elevated
blood flow (average increase 96 %, n = 11) restricted to the afferent receptive field. The
extent of the areas of raised blood flow was imaged completely for 8 units. The average

extent of vasodilatation in the direction of greatest spread was 8 mm and the maximum
spread in any unit was 13 mm.

3. Stimulation of C polymodal nociceptor units never caused increases in blood flow7 in or near

their receptive fields.

4. Localized noxious stimuli (55 °C or intradermal injection of capsaicin) caused flare extending
7-15 mm in the same skin region.

5. In agreement with the axon reflex model, spread of flare was restricted to the zone

innervated by the terminals of single C fibre units.

6. It is concluded that the C heat nociceptor units are the major class of afferent involved in the
flare reaction in the skin of the pig. C polymodal nociceptor units do not appear to be
involved in flare in this species. The probable situation in human skin, which is also
innervated by heat nociceptors, is discussed.

Neurogenic inflammation forms part of the tissue response
to injury and may contribute to arthritis (Levine,
AMoskowitz & Basbaum, 1985), migraine (Moskowitz, Brod-v
& Liu-Chen, 1983) and asthma (Barnes, 1989). It is caused
by the release of neuropeptides such as substance P and
calcitonin gene-related peptide (CGRP) (Levine, Fields &
Basbaum, 1993) from the distal terminals of nominally
afferent neurones with their cell bodies in the dorsal root
ganglia and possessing fine, usually C fibre, axons. The
best-known example of neurogenic inflammation is axon-
reflex-mediated vasodilatation (flare) around cutaneous
injuries (Lewis, 1927). It is unknown which dorsal root
fibres cause flare. Aiost authors have assigned the role to
C fibre nociceptors, giving them dual afferent-efferent
functions (Holzer, 1988). Amongst the cutaneous nociceptors
it has been proposed that the capsaicin-sensitive polymodal
nociceptors (Bessou & Perl, 1969) play the major role
(e.g. see Szolcsanyi, 1984). However, little attention has
been paid to the fact that polymodal nociceptors respond to
relatively low pressures that themselves do not produce flare
(Lynn & Cotsell, 1992). We have addressed this question by
stimulating nervre filaments containing identified afferent

units while imaging skin blood flow (Wardell, Naver,
Nilsson & Wallin, 1993). Our results show that, at least in
the pig, a distinctive type of nociceptor, the heat nociceptor
(Lynn, Faulstroh & Pierau, 1995a), is specialized to produce
vasodilatation in the skin.

A preliminary report of these findings has been published
(Pierau, Lynn, Schiitterle & Basile, 1995).

METHODS
C fibre units were recorded from the saphenous nerve in pigs (strain
Deutsches Landschwein; body weight, 12-52 kg) using the same
methods as previously (Lynn et at. 1995a). Following premedication
(azaperone (Stresnil, Janssen, Belgium), 2 ing kg-' I.m.), pigs wvere
anaesthetized with halothane (1 5-2%) in 60% N20 and 40% 02.
The electrocardiogram, rectal temperature and expired CO2 w-ere
monitored continuously. The room temperature was kept between
24 and 26 °C, the pig was covered with paper drapes and a heating
pad wAas swvitched on if necessary to pr-event any fall in
temperature. Under these conditions rectal temperature was stable
between 37 and 37-5 °C throughout the experimeint. Rarely, pigs of
this strain develop a rapid rise in rectal temperature and heart rate
(inalignant lyperthermia). If this occurs, the experiment must be
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immediately stoppe(d and the pigs given Dantrolene by i.m.
injection. In fact, in this particular series we did not have any
ploblelns with imalignianit hvperthermia. \Vith sterile precautions,
the sapIhenous nerve was exposed in the thiglh and one fascicle was
cut ancl separatecl for (lissection into fine filaments. Filaments were

placedl on platinumi w ire electrodes an(d fur-ther electrodes were
placed on the whliole neive distally foi stimulation. The con(duction
velocity of recorlde(l unitary potentials was dleterminecd firom the
concltiction delay following nerve stimnulation. Fourteen filamnents
with small numbers of units (1-6) coon(lucting at < 5 nm s-' were
stucliecl. Filaments with large numbers of inexcitable units were not
stuidied xwhilst filaments with nociceptor units weie always
inv-estigated. The sample is therefore biased towTards nociceptors.
The skin was searchedl using light touch, strong pressure, and with
a Peltier thermnode at 10-15 °C andl at 52-55 C. From their
respo)nses, units were classifiecl into affeIent types (Lynn, 1994).
For unlits with cutanleou;s receptive fielis, the identity of unit spikes
was checked by observing latency increases to electrical stimulation
following natural stinulation of the skin (Lynn et at. 1995).
Sensitivity to pressure was assessedI using a set of calibrated,
von Frey-type, bristles (range, 01-245mN (0-01-25 g); diameters,
0 045-0()5 mm). Receptive fields were mappecl with von Frey
bristles exerting 2-5 times threshold force. For heat units,
receptive fields were mapped with a blunt needle approximately
1 mm in diameter that was heated to approximately 55°C
Sensitivity to irritant clhemiiicals was tested by intradermal injection
of 20 Izl of capsaicin or bradykinin. Capsaicin stock solution (1 %,
33 mni) was dissolved in Tween 80 and alcohol and diluted to
0 3-3 pI w-ith saline. BradVkinin (0-1-1 /zM) was dissolxed in
saline.

At the end of an experimnent, the wound was cleaned and the skin
sutured. After a recovery period of at least 1 wseek, some animals
were used for a second experiment on the other leg.
Blood flow images were obtained using a Lisca perfusion imaging
svstemn (Lisca Developments, Linkoping, Sweden) (WAVardell et al.
1993). Scanning rate was 1000 pixels mini' with a resolution of
0-6-1-2 mm pixel-', ancl scans took 1-3 min to complete. Initial
scans wvere made before and during stimulation of the whole fascicle
fiomn which filaments were dissectecl. The region of increased flow
was marked ancl subsecquent scans were limited to this area. Scans
were made immediately before, during, and after filament
stimulation via the irecording electrodes. If previous heat
stimnulation had elevated local blood flow, baseline scans were
irepeated at intervals until the vasodilatation lhad subsided.
Stimulation consisted of 0 5 ins pulses at 1-2 Hz for the duration
of one or two scans, i.e. 1-5 min. Stimulus strength was set at
2 5-20 V for most trials. In two cases, filament threslhold was
determinedc by a mnodification of the collision method (Andrew,
Matthews & Coates, 1996) and was 0 5-0S8 V, so all trials are likely
to have been well above threshold. Spread of stimuli to the rest of
the fascicle did not alppear to occur since the background flux in
areas outside icdentifie(d receptive fields never increased during
sAtimulation.

Afferent receptive fields for units present in filaments were nmalked
with small pieces of black adhesive tape for some control scans.
Images during stimuitilation or iinmediately afterwards were
subtracted from control scans on a pixel-by-pixel basis to give
difference images. \hlere twso successive scans showed the samne
pattern of elevated 1)lood(( flow, these were averaged. In somiie
instances images fioi stuceessive stimulation pemiocls were averaged.
Images ere scaledI as' percentage ab)ov e av-erage b.ackgr ounId,
determinedc by calculating the mean flux for all pixels on the pie-
stimulation scan.

RESULTS
Blood flow responses to stimulation of identified
C fibre units
Twenty-eight identified cutaneous afferent nerve fibres with
conduction velocities either in the C( fibre range (0-6-1 2 m
s-, 23 units) or slightly faster (2-2-4-3 m s-', 5 units) were
antidromically stimulated whilst imaging skin blood flow in
order to establish w-hich types of afferent can cause vaso-
dilatation. The types of units and their properties are given
in Table 1. Eleven units were specialized heat nociceptors
(Lynn et al. 1995a) that fired to noxious skin heating with
high frequency, often in bursts, and with average firing at
> 10 Hz. Firing was delayed by 3-8 s from the start of near
threshold stimuli. Seven heat nociceptor units had no
response to strong mechanical stimulation and four units
fired only to very high forces (von FreY force thresholds,
42-250 mN). Intradermal injection of bradykinin (0 1 AM)
or capsaicin (0 3-3 um) was tested after filament
stimulation on four of the heat nociceptors ancd excited them
all. With one exception, clear increases in skin blood flow
were seen during and immediately after antidromic
stimulation of filaments containing heat units. The
increases were restricted to the afferent receptive fields of
heat units in all but one instance (Figs 1 and 2). The
exceptional unit is shown in the upper part of Fig. 1. An
area of raised blood flow extends approximately 5 mm
down (posterior) from the mapped afferent field. Afferent
firing from the heat unit might have been missed in this
area because heat stimuli there excited high frequency firing
from the sensitive warm thermoreceptor unit wshose field
was immediately adjacent. Regions of increased blood flow
were approximately elliptical in shape, with the largest
extent (diameter) ranging from 5-13 mm (n= 8) and
averaging 8 4 + 2A4 mIn (mean + S.D.). The spread of vaso-
dilatation in the narrowest direction ranged from 4-7 mm
and averaged 5 7 + 1P3 mm. The average increase in blood
flow within the main response area was 96 + 16%
(mean + S.E.M.). This compares xvith increases averaging
140% for stimulation of the whole saphenous nerve. The
area of increased blood flow was usually still present on
scans taken 1-2 min after the end of stimulation, but not
for scans taken at > 3 min.

Increases in blood flow could not be elicited by stimulation
of any other type of fibre (see Table 1). Nine units of the
polymodal nociceptor type that responded to pressure (force
thresholds, 7-60 mN) and relatively weakly to noxious
heat were present in filaments that were antidromical1v
stimulated. No vasodilatation was detected in their
receptive fields and the av-erage blood flow changed bV only
-1 + 3% (S.E.M.). In several cases heat units and polvmodal
nociceptors were present in the same filaments and clear
vasodilatation was present only in the receptive fields of the
heat units (see examples in Figs 1 and 2). A small number of
other identified afferents were also stimulated as noted in
Table 1. A mechanical nociceptor with no responses to
heating, a warm-sensitive thermoreceptor and two sensitive
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Table 1. Properties of identified C units tested for their ability to increase skin blood flow

Type of afferent

Polvmodal nociceptor
Heat nociceptor
Mechanical nociceptor
AMechanoreceptor
Warm thermoreceptor
Inexcitable

Concluction velocity
(in S1)

tl Av Aiin Max

9
11

1
2
1
4

218 070 43
086 064 1P02
074 -

1 51 081 22
076 -

0 86 0 60 1 23

Mechanical tlhreshold
(inN)

Av Mmin Max

150 66 589
41 6 >245

> 245
055 - -

> 245 -

Receptive field extent
(mnm)

Av AMin AMax

13 9 18
8 6 13

Small
8
8

* Blood flowv increase
in receptive field

(%)

Av Mlin AMax

-0_9 -16 0 15 0
963 1 0 1760
30 -

-60
2 0
No responses visible

* Blood flow as the average in the central zone of receptiv-e fields measured as described in the caption to

Fig. 1. ii, number of afferents; Av, average; AMin, minimum; Max, maximum.

1 cm <40 40-80 80-120 120-160 > 160

Figure 1. Low resolution blood flow images during electrical stimulation of 3 different filaments

Receptive fields of afferent units recorded from the samne filaments are marked by lines. Note that in 2
instances, receptive fieldls consisted of 3 distinct small zones. Vasodilatation was seen within receptive
fields of heat nociceptor units (H), but not poliniodal nociceptors (P) or a w-arm thermoreceptoir Unlit (MV,
upper image). Three diffeience images were averaged for each of the images dlisplayedl. The imiages lhave
been scaled so that colour levels represent fixed p)ercentages above the a-erage baseline level and lhave been
oriented so that proximal is to the right and anterior is at the top.
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slowly adapting mechanoreceptors with axons conducting at
less than 2' 2 m s-' all gave negative results. Four units with
no response from the skin (inexcitable or 'silent' units) were

also stimulated anticdromically while scanning the entire
skin area innervated bv the nerve fascicle. No regions of
elevated blood flow were seen, except in the receptive fields
of heat units that ere present sometimes in the same

filaments and so ere simultaneously stimulated. No
attempt was made tc) further characterize these silent units
as afferent or efferent.

Blood flow (flare) responses to localized noxious
stimulation
In order to compare the extent of the flare generated by a

noxious skin stimulus ith the size of the blood flow areas

generated by single unit stimulation, experiments were

carried out to image the skin area around localized skin

injuries. Typical flare reactions are shown in Fig. 3.
Responses were roughly elliptical in shape with the major
axis aligned along the long axis of the limb, although there
wsNere considerable variations in shape (e.g. see flare in right
panel, Fig. 3). Maximum radius of flare, measured from the
edge of the stimulator, ranged from 7 to 11 mm for noxious
heat stimuli (55 °C, 10 s; 7 trials in 3 animiials). Vasodilatation
following intradermal injections of capsaicin spread up to
10-15 mm from the injection site (4 trials in 2 animals).
Flare was always present at full size in the first scan taken
15-90 s after stimulation and was approximately the same

extent in the next scan (1P5-2'5 min). From 3 min, flare
gradually reduced in extent and intensity and by 4-8 min
for heating or 5-20 min for capsaicin responses consisted
only of small areas of dilatation at the stimulus or injection
site.

1 cm

40-80 80-120 120-160 > 160

Figure 2. High resolution blood flow images during stimulation of 4 different filaments
containing 1 (upper right and lower images) or 3 (upper left image) heat nociceptor units
The uLpper left filament also contained a polv mnoclal nociceptor unit (P). The outlines of afferent recepti-e
fields are marked wiith lines and scaling is as in Fig. 1. The upper left image is fiom a single scan (lLring a

stimiulus lasting I min 45 s. The other images are averages of 2 or 3 scans during and 1-2 min afteI
stimulation. The lower left unit had a receptive field that ran on to the lateral surface where it wNas not
possible to scan. Note that flow increases are iestricted to the independently inapped regions of afferent
sensitivity to heating. As in Fig. 1, no blood flow increase is seen in the afferent receptive fielcl of the
polvilnodal nociceptor (upper left image) altlhough ther e clo appear to be small areas of significantly raised
l1oo(( flow outside the afferent receptive fields. The upper left image comes fiomn a single scan ancd for this
meason is iatlher noisy. No i-epeat scans erere possible so the reliability of these scattered regions of increased
flow 0ou1ld not be determined.

<40
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DISCUSSION
By using the novel technique of laser Doppler imaging
together with the stimulation of identified afferent C fibres
in a species with highly responsive skin vasculature it has
been possible to directly assess the contribution of different
types of C fibre to flare. The key finding is that it is the
relatively small number of heat nociceptors that are

involved, not the miore common polymodal nociceptors.
Heat nociceptors form a distinctive group within the C fibre
afferent population in the saphenous nerve of the pig (Lynn
et al. 1995a). They show high frequency, often bursting,
firing in response to skin heating and the onset of firing is
often markedly delayed with near threshold stimuli. In
contrast, polymodal nociceptors respond to skin heating
with relatively low frequency firing, without delay near

threshold, and never in bursts. Heat units may develop a

degree of pressure sensitivity following skin heating (Lynn
et al. 1995a). This was a problem in the present study
where extensive heat testing was often carried out to
delineate the receptive fields of heat units as accurately as

possible. Some units that initially appeared unresponsive to
pressure search stimuli had measurable von Frey thresholds
of 250 mN or less. It is these latter values that are given in
Table 1. Our idcentification has therefore depended on the
pattern of heat responses as well as on the minimal pressure

sensitivity. In addition to differences in responses to heat

and pressure stimuli, several other measures differed
between heat units and polymodals. As noted by Lynn et
al. (1995a) receptive fields of heat units were smaller than
those of polymodals and conduction velocities of heat units
fell in a rather narrow band in the middle of the C fibre
range whilst polymodal units often had faster conducting
axons, occasionally into the very slow A-delta range. As can

be seen from Table 1, the units in this sample also showed
this pattern. Finally, as has been reported briefly (Lynn,
Schiitterle, Pierau, Faulstroh & Basile, 1995b), the axonal
spike duration of heat units tended to be a little greater
than those of polymodal units. In the five filaments in this
study where both heat and polymodal units were present,
the heat units always had the longer spike duration.

The use of laser Doppler imaging enabled us to assess

directly the spatial extent of blood flow increases from
stimulating single C afferents and so to examine directly the
validity of the axon reflex model. The axon reflex model
(Lewis, 1927) predicts that the extent of flare responses

around localized skin injuries will be equal to the spatial
extent of single unit fields. The values of maximum spread
of flare (15 mm) are close to the values for maximum extent
of the zones of increased blood flowv seen on antidromic
stimulation of single heat units (13 mm). It thus appears

that the spread of flare is limited by the spread of the
terminals of single C fibre afferents, as predicted by the

I
<40 40-80 80-120 120-160 >160 1 cm

Figure 3. Blood flow images of flare responses in the saphenous area of the pig following heat
stimulation (left image) or intradermal injection of capsaicin (right image)
Images are scaled as percentage above baseline flowv as in Figs 1 and 2. The edge of the lheat thierimiode
(approximately 8 mm }by 2 mm) at 55 °C was pressed on the skin for 10 s and the scan wras taken fioml 20 to
80 s after removal of the thermode. The region contactedl by the thermode (markedl by the rectangle) is
initially less dilated, although in later scans a lar-ge blood flow increase wvas seen. The surroundling area
shio\\ws greatly elevatecl blood flow up to 11 mmni fiom the edge of the stimulus in the antero-proximnal
directioni. For the riglht image, capsaicin (20 ,tl, 300 y.\i) was injectecl intradermally and the scan taken
from 25 to 95 s later. The injection site is markecl bv a circle. Again, blood flow is greatly increased around
the injection site, spreading up to 15 mm in the postero-pioximal direction. WVitlh these stimuli, visible
flare responses wvere piesent that matched closely the region of vasodilatation detected in the scans.
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axon reflex model (Lewis, 1927). In fact, these results
provide the first diIrect confirmation of this model. An
unresolved question is whether individual terminals are
both afferent and effeient in function or whether theIe are
separate afferent ancl efferent terminals (Szolesanyi, 1988;
Lisney & Bharali, 1989). The close similarity of most
afferent and efferent fields wvould be consistent witlh
terminals with a dual function, but would also occur if
separate afferent ancd efferent terminals were intermingled.
So the data presented here cannot definitely resolve this
question. It does appear, however, that the cascade scheme
proposed in the past to explain the spread of flare (Lembeck
& Gamse, 1982; Lynni, 1988) can be discounted. In the pig,
the branching of single C fibres can clearly account for the
spread of flare. In man, flare spreads rather further and
riecent microneurograplhy data indicate that the afferent
fields of single C fibres can be equally extensive (Schmidt,
Schmelz, Forster, Ringkamp, Torebjork & Handwerker,
1995).

The results of stimulating afferent fibres fit well w-ith
previous observations that flare can only be produced by
very strong pressure stimuli, stimuli that will begin to
excite a few heat units. Moderate pressure stimuli, on the
otlher hand, that will excite most C polymodal nociceptors,
do not cause flare (Lynn & Cotsell, 1992), and, as shown by
the present results, neither do C polymodal nociceptors
cause vasodilatation when stimulated directly.
Heat nociceptors aire found in significant numbers in
primates wahere they comprise 6% of C afferents in hairy
skin in man andc 7 % in monkeys (Baumann, Simone, Shain
& LalIotte, 1991; Schmicdt et al. 1995). This class of afferent
has received relatively little attention in the past, but
clearly more detailed examination is required to determine
whether they play a similarly dominant role in generating
the excellent flare responses present in primate skin. Also,
the possible role of heat nociceptors in other facets of the
neurogenic inflammatory response, such as increased
vascular permeability (Jancso, Jancso-Gabor & Szolcsanvi,
1967) and leucocyte adhesion (Smith, Barker, Morris,
AIacDonald & Lee, 1993) needs to be investigated. These are
important issues since if the heat nociceptors do turn out to
be the keyN neurones involved, then it opens up the
possil)ility of controlling pathoplhysiological inflammatory
processes, e.g. those proposed to be involved in arthritis, in
a highly selective manner. For example, it might be possible
to knock out pro-inflammatory actions of heat nociceptors
whilst leaving the important afferent functions of poly-
modal nociceptors intact.

One reason for the limited information on heat nociceptors
is that they are extremely uncommon in the rat (Lynn &
Carpenter, 1982; Fleischer, Handwerker & Joukhader,
1983), a species used for many studies on nociceptors and on
neurogenic inflammation. For studies involving cutaneous
vasodilatation the pig may be a more appropriate species
than the rat since pig skin has large vascular responses to

injury, more like those in human skin. Rat skin, on the
other hand, showTs relatively small vascular reactions to
injury and does not have flare around skin injuries (B. Lynn
& B. Cotsell, unpublished observations). However, antidromnic
vasodilatation is seen in rat skin (Lembeck & Holzer, 1979)
and single unit stimulation has shown that C polymnodal
nociceptors can increase microvascular permeability
(Kenins, 1981; Bharali & Lisney, 1992). So, although in the
pig a major role for Clheat units is indicated, in the rat the
C polymodal nociceptors, or at least a sub-group of them
mwith1 lowT mechanical sensitivity, must be involved in the
generation of antidromic vasodilatation.
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