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Abstract

Using pharmacological stimulation of sympathetic terminals, the present study examines the role of sympathetic post-ganglionic
neurons in cutaneous wound healing. Effects of local stimulation of sympathetic post-ganglionic neurons with 0.2 mg/kg 6-hydroxy-
dopamine were studied on the healing of full-thickness skin incisions in rats. Epiderma wound healing was measured by a novel
non-invasive quantitative method based on the increasing electrical resistance of healing skin. Derma healing was determined by
measuring wound breaking strength using an Instron Universal Testing device. We report a 35% increase in the rate of epidermal wound
healing (P <0.05, n,= 21, n,=18) and a 43% increase in derma strength (P < 0.05, n,= 13, n.= 10) after 6-hydroxydopamine
treatment. Thus, our results show that pharmacological stimulation of sympathetic post-ganglionic neurons markedly accelerates skin
wound healing at both the epidermal and dermal levels. This is the first study to show that peripheral nerve stimulation and specifically
sympathetic stimulation accelerates cutaneous wound healing. We discuss these results in relation to neurogenic inflammation. © 1999

Elsevier Science B.V. All rights reserved.

Keywords: Sympathetic nervous system; 6-Hydroxydopamine; Wound healing; Breaking strength; Neurogenic inflammation; Skin

1. Introduction

The role of periphera nerves in cutaneous wound heal-
ing is poorly understood. Recent evidence has shown that
peripheral denervation delays cutaneous wound healing
(Engin et al., 1996). It has also been shown that stimula-
tion of sympathetic post-ganglionic neurons promotes neu-
rogenic inflammation (Coderre et al., 1989; Green et al.,
1993a). Since inflammation is a major step in wound
healing (Levenson et al., 1965) and sympathetic post-gan-
glionic stimulation promotes neurogenic inflammation, we
tested the hypothesis that cutaneous wound healing is
accelerated by sympathetic post-ganglionic stimulation.

While numerous studies have looked at neurogenic
inflammation in the skin (Jancso et a., 1968; Chahl,
1988), very few have studied the role of nerves in skin
wound healing (Wexler et al., 1975; Kay and LeWinn,
1981; Kjartansson et al., 1987). However the few studies
which showed that sensory and sympathetic nerves affect
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wound healing were all based on ischemic skin flaps in
which blood supply is limited by a small pedicle connect-
ing the flap. Hence skin flaps emphasize the vasodilatory
aspects of neurogenic effects (Kjartansson et al., 1987). In
contrast, our study examined the influence of sympathetic
nerves on the more common form of wounds, full thick-
ness skin incisions. Since our skin incision model does not
focus on ischaemia, nerve stimulation in our experiments
could be mediating not only vasodilation but other aspects
of neurogenic inflammation such as plasma extravasation
and degranulation of mast cells (Jancso, 1960; Jancso et
al., 1968, 1977; Chahl, 1988).

Neurogenic inflammation was previously considered to
be governed entirely by sensory neurons (Chahl, 1988).
However the sympathetic nervous system has recently
been shown to significantly contribute to this process.
Thus electrical and chemica stimulation of sympathetic
efferents have resulted in vasodilation and increased plasma
extravasation in human and rat skin (Gozsy and Kato,
1966; Blumberg and Wallin, 1987; Lundberg et al., 1989;
Donnerer et al., 1991). Chemical activation of sympathetic
post-ganglionic neurons using low doses of 6-hydroxy-
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dopamine was reported to produce a prolonged increase in
plasma extravasation in skeletal joints (Coderre et al.,
1989; Green et a., 1993a; Green et al., 1994). Also
chemical sympathectomy was found to significantly atten-
uate plasma extravasation in rat skin (Helme and Andrews,
1985; Khalil and Helme, 1989; Green et al., 1993b).
Consequently, since sympathetic post-ganglionic neurons
have been shown to mediate inflammation and since in-
flammation is an important stage in healing, we hypothe-
size that sympathetic post-ganglionic stimulation may me-
diate wound healing.

We tested this hypothesis by stimulating the sympa-
thetic post-ganglionic neurons with 6-hydroxydopamine, a
highly specific sympathomimetic for post-ganglionic neu-
rons. The effects of 6-hydroxydopamine are concentration
dependent. High doses chemically denervate sympathetic
post-ganglionic neurons while low doses stimulate these
neurons (Thoenen and Tranzer, 1973; Kostrzewa and Ja-
cobowitz, 1974). The present study employed low doses of
6-hydroxydopamine injected locally to stimulate the sym-
pathetic post-ganglionic neurons during the inflammatory
period (i.e., the first 4 days post-operatively) to determine
its effects on cutaneous wound healing.

After making a skin incision, wound healing was moni-
tored for fourteen days using two methods: transcutaneous
electrical resistance for epiderma healing and wound
breaking strength measurements for dermal healing. Hence
this study examines the effect of chemical stimulation of
sympathetic post-ganglionic neurons on epidermal and der-
mal healing of skin incisions.

2. Materials and methods

2.1. Sudies to determine optimal dose of 6-hydroxydopa-
mine

In order to find the optima dose to stimulate the
sympathetic post-ganglionic neurons, anaesthetized rats
(with intact skin) were repeatedly injected subcutaneously
with varying small doses of 6-hydroxydopaminein varying
volumes of vehicle (1% ascorbic acid) in a blind design
(n =9 rats). The doses varied from 0.05 to 4 mg/kg and
the volumes injected varied from 0.25 to 1 ml. Previous
studies have shown that at low doses (< 10 mg/kg),
6-hydroxydopamine causes the release of the large and
small dense core vesicles in the sympathetic post-gan-
glionic neurons terminals (Thoenen and Tranzer, 1973;
Kostrzewa and Jacobowitz, 1974). The endpoint in our
study was the ability of 6-hydroxydopamine to repeatedly
produce localized piloerection, an indicator of sympathetic
stimulation, in the vicinity of the injection (Thoenen and
Tranzer, 1973). The dose and volume which produced the
maximal piloerection with the longest duration was deemed
optimal for the subsequent experiments. This was deter-
mined to be 0.2 mg/kg in 0.1 ml of vehicle.

Moreover, on five rats, 0.2 mg/kg (the optimal dose)
was subcutaneously injected daily for 4 days to rule out
the possibility that 6-hydroxydopamine had chemically
denervated the sympathetic post-ganglionic neurons since
high doses of 6-hydroxydopamine (>50 mg/kg) are
known to cause sympathectomy (Thoenen and Tranzer,
1973). The endpoint was the ability of 6-hydroxydopamine
to produce locaized touch domes (i.e, goose bumps),
another indicator of sympathetic stimulation (Gloster and
Diamond, 1992), in similar regions of the skin on days 0
and 4. The continued production of touch domes on day 4
would indicate that denervation had not occurred.

2.2. Sympathetic stimulation and wound healing

Male Wistar rats (Charles River), weighing 250-400 g,
were housed under a controlled 12-h light cycle with food
and water ad libitum. The rats were randomly assigned
prior to the study into experimental (n= 21) and control
(n=18) groups. The experimental group (6-hydroxy-
dopamine, . ) received subcutaneous injections of low-dose
6-hydroxydopamine (hydrobromide, Sigma, St. Louis, MO)
to activate local sympathetic post-ganglionic neurons while
the control group (vehicle,.) received injections of the
vehicle (1% ascorbic acid). At a dose of 0.2 mg/kg
(determined to be the optimum dose from the piloerection
studies described above), 0.1 ml of freshly prepared 6-hy-
droxydopamine in a vehicle of 1% ascorbic acid was
injected subcutaneously 1 cm lateral to the centre of the
wound on both sides. This was done on a lightly anaes-
thetized anima on days 0, 1, 2, 3 post-wounding. The
injection of 6-hydroxydopamine was administered daily
for the first 4 days post-wounding because it is within this
time period that the inflammatory phase of wound healing
is maximal. Control animals were similarly injected with
the vehicle, 1% ascorbic acid.

2.3. Anaesthesia

Rats were anaesthetized prior to surgery, drug injection,
and skin testing sessions with 1.5 ml/kg of a 1:7:1
cocktail i.p. comprised of Atravet (50 mg/ml aceproma
zine maleate), Rogarsetic (100 mg,/ml ketamine hydro-
chloride) and Rompun (20 mg/ml xylazine hydrochloride),
respectively, and remained anaesthetized for approximately
1 h. All efforts were made to minimize animal suffering, to
reduce the number of animals used, and to utilize alterna-
tives to in vivo techniques, if available.

24. Surgery

Anaesthesized rats received a 1-cm full-thickness inter-
scapular incision oriented rostro-caudally which penetrated
the skin and subcutaneous fat down to the panniculus
carnosus muscle. The gaping wounds were not sutured and
hence were left to heal by secondary intention. The healing
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was monitored for the next 14 days by two methods:
transcutaneous electrical resistance and wound breaking
strength measurements.

2.5. Transcutaneous €electrical resistance

A novel method for measuring epidermal healing
(Spence and Pomeranz, 1996) which monitors transcuta-
neous el ectrical resistance was used to quantify the progress
of healing of this wound. This technique of wound healing
measurement is based on the fact that intact skin is rela-
tively impermeable to ions (Edelberg, 1967) and hence has
a much higher electrical resistance than wounded skin
(Spence and Pomeranz, 1996). With healing, the epithe-
lium becomes increasingly impermeable to ions as the
ionic barrier is re-established by the stratum corneum
(Lykken, 1971; Spence and Pomeranz, 1996). As the
wound heals and the ability to pass ionic current through
the wound decreases, Ohm’'s Law predicts that the resis-
tance increases proportionately. Skin incisions were made
and the progress of wound healing was measured by
transcutaneous electrical resistance on days 0, 4, 7, 11 and
14 post-wounding for each animal. Animals were shaved
prior to surgery and on subsequent testing days. Details of
the transcutaneous electrica resistance method have been
published elsewhere (Spence and Pomeranz, 1996). We
give a brief synopsis here as follows.

Transcutaneous electrical resistance was measured us-
ing Ag/AgCl nonpolarizing electrodes. The recording
electrode (length (1) = 3.5 c¢cm, diameter = 0.1 cm) con-
sisted of a Ag/AgCl wire encased in a plastic tube
(1 =35 cm, diameter =0.5 cm) filled with 0.9% USP
sdline. Using a micromanipulator this electrode was gently
applied topically in a perpendicular fashion touching the
surface of the wounds without disrupting the healing pro-
cess. This was applied for 2 min each time and was done
repeatedly on days O, 4, 7, 11 and 14. A cellulose nitrate
millipore filter (Sartorius SM) covering the bottom of the
tube (with 0.1-mm pores) provided a slow but steady
supply of saline to the skin surface. The steady stream of
saline permeated through scabs and scar tissue and allowed
for stable resistance readings within 2 min of applying the
recording electrode to the skin surface.

The reference electrode, a Ag/AgCl plate (I = 3.5 cm,
width (w) = 1 cm, thickness= 0.1 cm), was inserted sub-
cutaneously in the dorsal right hindlimb of the rat prior to
each recording session. The considerable distance of the
reference electrode from the wound site was chosen to
ensure that the current would pass from the recording
electrode through the wound, into the body core, and out
to the reference electrode (i.e., not over the surface of the
skin). Both the recording and reference electrodes were
connected to a HIOKI 3234 Printing Multimeter (Hioki,
Nagano, Japan) to record DC ohmic resistance.

Resistance measures were recorded every 30 s until
stable readings were attained within 2 min. Simple precau-

tions prevented polarization: (a) chloridized electrodes (b)
large electrode surfaces and (c) adequate saline to interface
the electrode and tissues. We tested for electrode polariza-
tion by periodically reversing the leads and never found a
problem. In addition the recording and reference electrodes
were short-circuited before every testing session to mea-
sure the resistance of the system (including the chloridized
Ag €electrodes) which was less than 2 k. Preliminary
results have shown that resistance measures taken on day 0
on afreshly cut wound are 0.3—1 k) higher than the short
out resistance demonstrating that the resistance of the body
core is negligible.

Healing rates were determined from the slopes of a
semi-logarithmic graph of electrical resistance (k) vs.
time (days). Linear regression analysis (by Statsview 1.0)
was used to determine the slope for each animal as exem-
plified in Fig. 1.

Testing was stopped on the day that the resistance
surpassed 40 kQ for the following reasons. (1) Histologi-
cal studiesin our lab show that all wound resistances > 40
kQ correlated with an intact stratum corneum, which is
the final result of epidermal wound healing (Spence and
Pomeranz, 1996). Thus, a reading of 40 kQ and one of
1000 kQ would both represent healed wounds with little
difference in their healing. (2) Intact skin, which has never
been wounded, shows resistances of 40 k{) or greater, so
we concluded that the healing curve reached completion

0 2 4 6 A 8 g10 12 14

Fig. 1. Examples of resistance healing slopes. Healing rate as determined
from the slope of the graph of resistance (k) vs. time (days post-wound-
ing). These show typical regression slopes of a 6-hydroxydopamine
experimental rat (closed circles) and vehicle control rat (open circles).
The slope of the experimental rat is 0.27 log k() /day and the slope of
the control rat is 0.20 log k) /day. For this linear regression analysis (by
Statsview 1.0), the resistance (in kQ) on the y-axis were transformed to
log 10 values. The regression coefficients for the experimental and
control regression lines were 0.99 and 0.98, respectively. The dash lines
indicate the number of days required to reach 40 kQ) resistance (1.6 on
the log scale). The experimental rat reached 40 k) at 7.1 days (point A)
while the control rat took 9.6 days (point B).
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when 40 k) was surpassed. (3) Healed skin would cause
plateauing of the healing graphs (see Fig. 1) due to a
celling effect, which interferes with the linear regression
analysis.

Transcutaneous electrical resistance has been validated
in our laboratory using histology (Spence and Pomeranz,
1996), which shows that resistance rises during epidermal
healing and that higher resistances were due to re-estab-
lishment of stratum corneum (formed by the keratin de-
posited by keratinocytes).

2.6. Wound breaking strength

In addition to repeated resistance measurements on each
rat, wound breaking strength was measured once at the end
of the healing period as this was a termina experiment.
Breaking strength is a well known method of evaluating
the extent of the wound's ability to withstand tearing
(Levenson et al., 1965). As opposed to tensile strength
which incorporates the total cross-sectional area of the
wound (good for homogenous industrial materials), break-
ing strength largely measures the strongest layer in a
heterogenous material such as skin. This would represent
the collagen organization in the dermal levels of the skin
(Scott et al., 1985), and hence is a good measure of dermal
healing.

Breaking strength was measured using an Instron Uni-
versal Testing Device (Universal 4200) on days 11 or 15
post-operatively (days 11 and 15 measurements were done
on different animals as this was a terminal experiment). A
4.0 X 0.5 cm (I X w) segment of skin cut perpendicular to
and through the center of the wound was removed from
euthanized animals. The Instron device applied a constant
load under computer control at 10 mm/min until the
sample tore along the line of the healed wound. The
breaking strength was then recorded electronically from
the Instron device in kg.

2.7. Visual evaluation

The wounds were evaluated qualitatively on days 0, 1,
2, 3,4, 7, 11 and 14 to visually monitor the wound's
healing. Photographs were also taken on each of the testing
days using a Nikon Medical-Nikkor camera with a close-up
lens of 2 X to be assessed by blinded observers at the end
of the experiment.

2.8. Contral i.p. study

In 10 rats, a further control was done by giving 0.2 ml
of 0.2 mg/kg 6-hydroxydopamine intraperitonedly (in-
stead of subcutaneously) to rule out systemic effects of the
low dose 6-hydroxydopamine treatment. This would deter-
mine if the effects of 6-hydroxydopamine,, were due to
local stimulation of sympathetic post-ganglionic neurons.
In this control group, transcutaneous electrical resistance

was monitored for two weeks and breaking strength was
measured on day 15 post-wounding.

2.9. Satistical analyses

The results are expressed as means + standard error. An
ANOVA (analysis of variance) followed by the Fisher's
Test was used for the resistance studies as three groups
were compared (6-hydroxydopamine, ., vehicle,., and 6-
hydroxydopamine, ,). Similarly, an ANOVA followed by
the Fisher’s Test was used for the breaking strength studies
to compare five groups (6-hydroxydopamine . day 11
vehicle g g, 11, 6-hydroxydopamine o 4 15, Vehicle g,
day 15 @nd 6-hydroxydopamine, , 4, 15). Significance level
was taken as 0.05.

3. Results

3.1. Sudies to determine optimal dose of 6-hydroxydopa-
mine

In the piloerection study designed to optimize the dose,
a 0.2 mg/kg dose of 6-hydroxydopamine was determined
to produce not only the maximal piloerection but also an
effect with the longest duration (30—60 min). Moreover, it
was observed that the touch domes encompassing the same
area could be reproduced after 4 days of repeated injec-
tions with this dose. This indicates that the sympathetic
post-ganglionic neurons were still intact and hence not
damaged by previous 6-hydroxydopamine low dose injec-
tions on days 0, 1, 2 and 3. It should be noted that the
dosage of 6-hydroxydopamine required to produce sympa-
thectomy is > 50 mg/kg (Kostrzewa and Jacobowitz,
1974), which is over 250 times larger than the dose used in
this study for sympathetic post-ganglionic neuronal stimu-
lation.

3.2. Transcutaneous €electrical resistance

Transcutaneous electrical resistance was measured on
days 0, 4, 7, 11 and 14 post-wounding. Regression slopes
were determined for the electrical resistances of each rat
(as exemplified in Fig. 1) to determine the rate of healing.
The mean rate of wound healing for the experimental rats
(6-hydroxydopamine,.; n=21) was significantly greater
than the vehicle slopes (vehicle,; n=18) (0.27 + 0.02
vs. 0.20+ 0.02 log (kQ)/day, respectively; P < 0.05).
Mean regression coefficients were 0.98 for the experimen-
tals and 0.96 for the controls indicating that the healing
slopes were reliable. These healing rates are summarized
in Fig. 2. The results show a 35% acceleration in the rate
of healing at the epidermal level. In addition, the time for
the experimental and control wounds to reach 40 kQ (Fig.
3) was significantly decreased (8.15 + 0.44 vs. 10.68 +
0.69 days, respectively; P < 0.05), resulting in a 2.5-day
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Fig. 2. Sympathetic post-ganglionic stimulation accelerates healing. Com-
parison of mean regression slopes (rates of healing) between low dose
6-hydroxydopamine (exp, cross-hatched bar) and vehicle (control, open
bar) treated rats. The mean regression slopes of the experimenta (n= 21)
and control (n=18) groups are 0.27 log kQ /day+0.02 (SE.M.) and
0.20 log kQ /day +0.02 (SE.M.), respectively. The asterisk indicates
that these slopes are significantly different (P < 0.05). The mean regres-
sion coefficients for experimental and control slopes are 0.98 and 0.96,
respectively.

acceleration in wound healing. Hence low dose 6-hydroxy-
dopamine produced marked acceleration of healing at the
epidermal level.

3.3. Wound breaking strength

Wound breaking strength was measured on days 11 and
15 post-wounding. It was determined to be significantly
greater for the experimental rats (6-hydroxydopamine,,
n = 13) than the vehicle-treated rats (vehicle ., n = 10) on
day 15 (0.67 + 0.07 vs. 0.47 + 0.05 kg, respectively; P <
0.05) but not significantly different on day 11 (0.44 + 0.04
vs. 0.39+ 04 kg, respectively; P <0.05, n=7 for the

12
T
10 4 L
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Days
6
4 ]
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0 |
Exp Control

Fig. 3. Sympathetic post-ganglionic stimulation decreases healing time.
Comparison of mean days to reach 40 k) between low dose 6-hydroxy-
dopamine (exp, cross-hatched bar) and control (control, open bar) treated
rats. The mean days to reach 40 kQ of the experimental (n=21) and
control (n= 18) groups were 8.15 days+ 0.44 (S.E.M.) and 10.68 days+
0.69 (S.E.M.), respectively. The asterisk indicates that these values were
significantly different (P < 0.05). This shows that the experimental group
reached 40 k() 2.5 days faster than the control group.

experimental group and n = 7 for the control group). This
is summarized with histograms in Fig. 4. The results on
day 15 represent a 43% increase in breaking strength
produced by low dose 6-hydroxydopamine over control
values. These results show that 6-hydroxydopamine stimu-
lation of sympathetic terminals accelerates healing at the
dermal level by day 15.

3.4. Visual evaluation

It was quite obvious by visua examination that the
experimental wounds had healed faster than the control
wounds based on the rate of disappearance of the fibrin
clot and the healed appearance of scar tissue. By day 11,
all 21 experimental wounds had lost the fibrin clot and had
become scar tissue; whereas, eight of the 18 control wounds
still had evidence of afibrin clot. As these were subjective
observations, no statistics were analyzed.

3.5. Control i.p. studies

Another separate study was done to determine whether
the low-dose 6-hydroxydopamine was working via a local-
ized mechanism involving the sympathetic terminals (i.e.,
was not a systemic or ganglionic effect). The 0.2 mg/kg
6-hydroxydopamine dose injected subcutaneously (6-hy-
droxydopamine,.; n=21) locally near the wound had
significantly greater wound healing rates and breaking

0.8 5 *
0.7 4

Breaking 0.6 4
Strength (kg) ¢ 5 1 I

0.4 3 \
0.3 1

0.2

—t

0.1 4

Exp Control Exp Control

Day 11 Day 15

Fig. 4. Sympathetic post-ganglionic stimulation increases breaking
strength. Comparison of mean breaking strengths between low dose
6-hydroxydopamine (exp, cross-hatched bar) and vehicle (control, open
bar) treated rats on days 11 and 15 post-surgery. The mean breaking
strengths of the experimental and control groups on day 11 were 0.44
kg+0.04 (SE.M.) and 0.39 kg+0.04 (SE.M.), respectively. Day 15
mean breaking strengths for experimentals and controls were 0.67 kg+
0.07 (SE.M.) and 0.47 kg+0.05 (SE.M.). As indicated by the asterisk,
day 15 mean breaking strengths between experimentals and controls was
significantly different (P < 0.05) but day 11 results were not significantly
different (P < 0.05). The experimental and control groups consisted of 13
and 10 rats, respectively, on day 15. There were seven rats in each group
on day 11. Different rats were used in day 11 and day 15 studies as these
were terminal experiments.
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strengths than when it was injected intraperitoneally (6-hy-
droxydopamine, ,; n= 10) during the same 4-day period
on a separate group of rats (P < 0.05, ANOVA). The
mean values were as follows: healing rates were 0.27 +
0.02 logkQ)/day for the s.c. rats vs. 0.21+ 0.01 log
(kQ)/day for the i.p. rats and day 15 breaking strengths
were 0.67 + 0.07 kg for the s.c. rats vs. 0.53 + 0.03 kg for
the i.p. rats. In addition, compared to vehicle s.c.-treated
rats, the i.p. administration had no significant effect on
wound healing a the epidermal and derma levels
(vehicle,,; n=18). The i.p.-treated group showed the
same wound healing slopes as the control rats (P < 0.05).
Similarly the mean day 15 wound breaking strength of the
i.p.-treated rats was not significantly different from vehicle
s.c.-treated rats (P < 0.05). These results rule out the
possibility that the low dose 6-hydroxydopamine had sys-
temic effects and is consistent with its well known local
stimulatory effects on sympathetic terminals (Kostrzewa
and Jacobowitz, 1974). The mean regression coefficient
for the 6-hydroxydopamine; , animals was 0.98.

4, Discussion

This study demonstrates that the local activation of
sympathetic post-ganglionic neurons accelerates the rates
of cutaneous wound healing at both the epiderma and
dermal levels. First, we found a 35% increase in the rate of
cutaneous wound hedling at the epidermal level for the
sympathetically-activated animals. This translates to an
approximately 2.5-day difference between the rates of
wound healing between experimental and control animals.
Second, we found that the extent of dermal healing for the
experimental group was significantly greater than that of
the control group: on day 15 post-wounding there was a
43% increase in the wound bresking strength of the sym-
pathetically-activated animals as compared to controls.
Thus, locally injected low dose 6-hydroxydopamine accel-
erates skin wound healing on both the epidermal and
dermal levels. The fact that intraperitoneal injections did
not affect wound healing ruled out systemic effects sug-
gesting the mobilization of solely local mechanisms in the
subcutaneous injection experiments.

As stated in Section 1, the effects of 6-hydroxydopa-
mine are concentration dependent: high doses cause chemi-
cal sympathectomy (Thoenen and Tranzer, 1973;
Kostrzewa and Jacobowitz, 1974), whereas low doses are
sympathomimetic. In an another study by our group, where
high doses of 6-hydroxydopamine were used to cause
sympathetic denervation, cutaneous wound healing was
attenuated, indicating that the sympathetic post-ganglionic
neurons are necessary for normal cutaneous wound healing
(Kim et al., 1998). Taken together, the results of our two
studies (acceleration of healing by 6-hydroxydopamine
stimulation and inhibition of healing by 6-hydroxydopa-

mine sympathectomy) are the first to suggest that sympa-
thetic post-ganglionic neurons play arole in the regulation
of wound healing.

The failure to see dermal effects on day 11 is consistent
with past studies which showed that there is a net loss of
collagen from 7 to 14 days due to rapid remodeling (Scott
et al., 1985). Hence we only saw effects on day 15 and not
on day 11 but this requires further studies on later days.

We did not use histology in this study and preferred
transcutaneous electrical resistance for several reasons.
First, in a previous study the transcutaneous electrical
resistance method was validated by histology (Spence and
Pomeranz, 1996). Second, problems with histology arose
from difficulties encountered in fixation and cutting of the
stratum corneum which was frequently destroyed in the
processing of skin. Hence differences between experimen-
tal and control groups were difficult to show because of
these serious artefacts. In contrast, the transcutaneous elec-
trical resistance method was used in vivo where these
artefacts were not encountered. And third, transcutaneous
electrical resistance was a more objective quantitative
method than histology.

In addition, transcutaneous electrical resistance has sev-
eral advantages. It is non-invasive, reliable, and direct.
Moreover, it gives a dynamic picture of healing allowing
for repeated measurements over time in a given animal.

4.1. Neurogenic inflammation

Since sympathetic post-ganglionic stimulation promotes
neurogenic inflammation and inflammation is important
for wound healing, we propose that sympathetic post-gan-
glionic stimulation may accelerate cutaneous wound heal-
ing by increased neurogenic inflammation.

There is an apparent paradox in sympathetic neurogenic
inflammation because the principal sympathetic neuro-
transmitter, noradrenaline, is usually thought to be a vaso-
constrictor which should inhibit inflammation. However,
the sympathetic terminals in the skin also contain proin-
flammatory peptides and purines which may promote in-
flammation by non-vasoconstrictory mechanisms (Gozsy
and Kato, 1966; Coderre et al., 1989; Green et al., 1993a).
In addition to noradrenaline, the other principle neurotrans-
mitters present in the sympathetic terminals in the skin are
neuropeptide Y, adenosine A2, and adenosine triphosphate
(Schotzinger and Landis, 1990). Although neuropeptide Y
has been shown to be a vasoconstrictor (Lundberg et al.,
1982; Gibbons, 1992), Adenosine triphosphate and A2
have been shown to promote vasodilation, as well as,
plasma extravasation (Chahl, 1977; Green et a., 1991;
Robson and Heggers, 1992). More interestingly, activation
of sympathetic post-ganglionic neurons causes the de novo
synthesis of prostaglandin E2 a potent pro-inflammatory
mediator (Cooper and Malik, 1985; Malik, 1988; Gonzales
et al., 1991; Sherbourne et al., 1992), as well as, a
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stimulator of collagen synthesis and epidermal keratiniza-
tion (Robson and Heggers, 1992).

5. Conclusion

In conclusion, the present results demonstrate that low
dose 6-hydroxydopamine, when locally injected subcuta-
neously in rat skin, markedly enhances cutaneous wound
healing of full-thickness incisions at the epidermal and
dermal levels. Sympathetic post-ganglionic stimulation re-
sulted in acceleration of epidermal and derma healing.
Epidermal healing was 35% faster and dermal healing was
43% faster than control rats. Thisis the first paper to show
a beneficia effect of periphera nerve stimulation in inci-
sional wound healing, and more specificaly, the accelera-
tion of healing by sympathetic stimulation.
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