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During aging there is a decline in sensory nerve function that is associated with reduced neuro-
genic inflammation and poor wound repair. The cellular mechanism(s) responsible for this de-
cline in function with age is not well understood. We previously reported that sensory nerves in
aged rats release sensory neuropeptides preferentially in response to low-frequency (5 Hz) as
compared with higher-frequency (15 Hz) antidromic electrical stimulation, and that low-fre-
quency transcutaneous electrical nerve stimulation accelerates wound healing. The present study
investigates possible mechanisms for this preferential response. Using laser Doppler techniques,
we have measured changes in blood flow in the base of vacuum-induced blisters induced in the
rat hind footpad of young and old animals in response to low-frequency (5 Hz) or high-fre-
quency (15 Hz) electrical stimulation (20 V, 2 ms for 1 minute) of the sciatic nerve. The relative
contributions of the sensory neuropeptides, substance P and calcitonin gene-related peptide
(CGRP), and of N-type voltage-gated calcium channels to the vascular responses were assessed
by using the specific receptor antagonists RP67580, which is 2-(1-imino-2-(2 methoxy phyenyl)
ethyl)-7,7 diphenyl-4 perhydroisoindolone-(3aR, 7aR); CGRPg 3;; and w-conotoxin GVIA (Conus
geographus), respectively. The results showed a greater involvement of substance P at high-
frequency electrical stimulation and of CGRP at low-frequency stimulation. Our finding that
w-conotoxin-sensitive N-type calcium channel function was preserved with age and was only in-
volved in the vascular response to low-frequency electrical stimulation could explain our previ-
ous report demonstrating beneficial effects of low-frequency transcutaneous electrical nerve
stimulation to wound repair in aged animals. The current results have important practical impli-
cations for improving tissue repair in the aged.

UROGENIC vascular responses to antidromic elec-
trical stimulation (ES) of the saphenous and sciatic
nerves have been used extensively as measures of the axon-
reflex phenomenon and sensory nerve activity (1-4). The
activation of primary afferent sensory nerves causes the re-
lease of sensory neuropeptides into the effector site by
means of an axon-reflex mechanism. ES of the peripheral
end of “cut” sciatic nerve can mimic this event of neuro-
genic inflammation. ES causes the influx of calcium ions
(Ca*™) through voltage-operated Ca*™* channels (VOCCs)
in neural tissue, leading to transmitter release from periph-
eral terminals. The entry of Ca*™ is regulated by multiple
types of Ca** channels and neurotransmitter receptors.
Studies in both animals and humans have shown that ag-
ing causes a significant decrease in the efferent functions of
sensory nerves (4-6). This is due, in part, to decreases in
neuropeptide synthesis, content, and release that contribute
to the overall decrease in neurogenic inflammation in old
rats (4). As a consequence of this decline in sensory nerve
activity, there is an associated delay in wound repair in ani-
mals and in the healing of leg ulcers in humans (5,7). One
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report (7) demonstrated that the exogenous application of
sensory neuropeptides could significantly enhance the rate
of cutaneous healing in old rats, hence supporting the notion
that dysfunction of these nerves may be a contributing fac-
tor to the reported delay in wound healing with advancing
age (5,8,9).

Omega-conotoxin (w-CTX), a polypeptide toxin, has
been a useful pharmacological tool with potent and selec-
tive inhibitory effects on N-type VOCCs, which play an im-
portant role in transmitter release in the peripheral nervous
system. Reports have shown that w-CTX blocks the release
of sensory neuropeptides from chick and rat sensory nerves
(10-13). Furthermore, studies have revealed that w-CTX
preferentially inhibits or attenuates sensory neurotransmis-
sion at low-frequency stimulation compared with higher
frequencies (10,14—16). In contrast, Rane and colleagues
(17) have reported that substance P (SP) release from sen-
sory nerves can be inhibited by blocking L-type calcium
channels. From these observations, it seems likely that dif-
ferent calcium channels may selectively and/or differen-
tially release neurotransmitters.
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Because of their role in mediating transmitter release in
neural tissues, N-type Ca** channels have attracted much
attention. This attention has been directed toward responses
in normal young animals, with little or no interest directed
toward the effects of aging. This comes as a surprise, con-
sidering that disruption of neuronal Ca** homeostasis and
influx mechanisms in the aging process are well docu-
mented (18-22). An early study found the pattern of w-CTX
binding in the central nervous system to be similar in young
and old rats (23). This study was followed by subsequent re-
ports indicating that synaptic transmission through w-CTX-
sensitive channels does not change with age (24,25). These
previous studies focused on neurotransmission in the auto-
nomic nervous system. Possible age-related changes in the
release of neuropeptides following activation of w-CTX-sen-
sitive channels in sensory nerves has not yet been examined.
Hence, investigating age-related changes in w-CTX-sensi-
tive channels in sensory nerves may further our understand-
ing of the observed dysfunction in sensory nerve activity of
old animals and humans, and could have important implica-
tions for improving tissue repair with age.

Clinically, ES has been used to improve cutaneous
wound healing. However, most of the ES management strat-
egies utilized in various clinical conditions lack experimen-
tal support or physiological rationale. This is important, par-
ticularly in view of a recent report from our laboratory in
which we showed that aged sensory nerves respond prefer-
entially to low-frequency (5 Hz) antidromic ES compared
with a higher-frequency (15 Hz) one (26). In addition, we
have recently shown that low-frequency (5 Hz) transcutane-
ous electrical nerve stimulation (TENS) improves periph-
eral sensory nerve activation with subsequent acceleration
of wound healing (27). Therefore, this current study was de-
signed to investigate the mechanisms underlying differen-
tial responses of aged sensory nerves to different frequen-
cies of ES and possible involvement of w-CTX-sensitive
VOCC:s in these responses. In addition, the relative con-
tribution of the neuropeptides calcitonin gene-related pep-
tide (CGRP) and SP to different frequencies of ES was
also investigated by using the specific receptor antagonists
CGRPy 3, and RP67580, respectively (see Drugs and Mate-
rials below for the chemical composition of RP67580).

METHODS

Young (3 months) and old (24 months) outbred male
Sprague-Dawley rats were used. Anesthesia was induced in-
traperitoneally with sodium pentobarbitone (60 mg/kg) and
was maintained by supplementary injections throughout the
2-hour duration of the experiment. Body temperature was
maintained at 37°C. Animals were sacrificed by barbiturate
overdose at the completion of experiments. All experimen-
tal procedures were approved by the Royal Melbourne Hos-
pital Research Foundation Animal Ethics Committee and
adhered to International Association for the Study of Pain
guidelines.

Blister Induction

A blister was induced on the hind paw of the anesthetized
rat, using a vacuum pressure of —40 kPa. This induction pe-
riod lasted 30 minutes in young rats and 60 minutes in old

B357

rats. The surface epidermis was then removed and a per-
spex chamber (with inlet and outlet ports) was secured over
the blister base. An initial 20-minute equilibration with
Ringer’s solution (NaCl, 9.0 g; KCl, 0.42 g; CaCl, 0.48 g;
NaHCO; 0.2 g in 1000 ml of dH,O) was allowed before
each experiment, during which time a stable baseline was
established. Ringer’s solution and/or receptor antagonists
were perfused over the blister surface continuously during
the experiment and maintained at 4 ml/h, as in previous ex-
periments (28,29).

Antidromic Stimulation of Sensory Nerve

The sciatic nerve at the midthigh region was carefully ex-
posed and cut. This is a commonly used procedure in which
the distal portion of the cut nerve is stimulated to activate a
local neuroeffector function that mimics a neurogenic in-
flammatory response without activating the afferent pain-
conducting pathway. The distal portion of the cut nerve was
placed over platinum electrodes and immersed in a warm oil
pool formed from the skin flaps of the wound. The elec-
trodes were fixed in such a position that electrical leakage to
adjacent nerve and tissue structures was minimized. Activa-
tion of the sensory fibers was achieved with a Grass stimu-
lator at 20 V, 2 ms for a 1-minute duration at either a 15-Hz
(high) or 5-Hz (low) frequency (different groups of rats
were used to examine the effect of each frequency tested).
These parameters have been previously used to stimulate ef-
ferent C-fiber responses (1,2,26,30) to evoke an immediate
increase in local blood flow. The time elapsed between
nerve section and stimulation was approximately 30 min-
utes, during which baseline blood flow was established and
drug perfusion was carried out prior to stimulation.

Administration of Sensory Neuropeptide Receptor
Antagonists and o-CTX (GVIA)

The receptor antagonists for CGRP and SP (CGRPg 3,
and RP67580, respectively) were dissolved in Ringer’s so-
lution and perfused over the blister base (at concentrations
ranging from 0.1 uM to 100 wM) 10 minutes prior to and
throughout the stimulation and poststimulation periods.
Omega-conotoxin GVIA (Conus geographus; o-CTX GVIA)
was dissolved in Ringer’s solution and perfused over the
blister base, at a concentration of 0.1 wM, similar to that
used in other studies involving sensory nerves (31-32), 30
minutes prior to and throughout the stimulation and post-
stimulation periods. Equal perfusion time of Ringer’s solution
(vehicle) was used for control experiments. Sodium nitro-
prusside (SNP; 100 M), a direct-acting smooth muscle va-
sodilator, was perfused at the completion of the experiment
and used to control for variations in smooth muscle reactivity.

Measurement of Cutaneous Blood Flow

A laser Doppler flowmeter probe was positioned verti-
cally over the exposed blister in the hind paw by means of
the perspex chamber. The flux output of the laser Doppler
monitor is a function of the concentration and the velocity
of the red blood cells moving in the tissue penetrated by the
laser light. The changes in relative blood flow (as deter-
mined by changes in red cell flux) following electrical stim-
ulation of the cut sciatic nerve were continuously displayed
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on a chart recorder. Raw data were evaluated by calculating
the area under the stimulation-evoked response curve (in
square centimeters) for a poststimulation period of 20 min-
utes. All measurements were made relative to a stable base-
line obtained prior to nerve stimulation. Results are ex-
pressed as a percentage of the area (in square centimeters)
of the response obtained in the control group of rats. So-
dium nitroprusside, a direct-acting smooth muscle vasodila-
tor, was perfused in all rats for 10 minutes after baselines
were reestablished following the stimulation period, and the
baselines did not differ between control rats and any of the
other acute treatments. The overall duration of the experi-
ment did not exceed 2 hours.

Drugs and Materials

Omega-conotoxin GVIA was purchased from Penin-
sula Laboratories (Belmont, CA). The receptor antagonist
CGRPg 3; was obtained from Auspep (Melbourne, Austra-
lia). RP67580, 2-(1-imino-2-(2 methoxy phyenyl) ethyl)-7,7
diphenyl-4 perhydroisoindolone-(3aR,7aR), was a gift from
Rhone Poulenc Rorer chemicals (Paris, France). These were
all dissolved in Ringer’s solution. Pentobarbitone sodium
(Nembutal) was obtained from Boehringer Ingelheim (Ar-
tarmon, Australia).

Statistical Analysis

Differences in group vasodilatation responses were as-
sessed by using a simple factorial analysis of variance
(ANOVA), and this was followed by post hoc independent
Student’s ¢ tests (significance level of .05). The latter statis-
tical tests were used for the analysis of vascular responses
and basal blood flow between the acute treatments applied
to the rats.

RESULTS

Effect of Different Frequencies of ES on Sensory
Nerve Responses

High-frequency ES of the sciatic nerve in young rats re-
sulted in a biphasic response: an initial transient drop in
blood flow followed by a short-acting vasodilatation re-
sponse (Figure 1A), with an area under the curve (AUC) of
17.2 = 1.0 cm?. Stimulation of the sciatic nerve at 5 Hz re-
sulted in an immediate increase of skin microvasculature
blood flow in young rats. The profile consisted of a main-
tained vasodilatation response (compared with that obtained
at high frequency), lasting 15-20 minutes after cessation of
stimulation (Figure 1B). In young rats, the magnitude of the
AUC measurement for low frequency ES was 18.8 = 1.7
cm? and was not different from that obtained at high fre-
quency.

Effect of CGRP and SP Receptor Antagonists on
Sensory Nerve Responses

The difference in the response profile to low and high
frequencies of ES prompted us to investigate the relative
or quantitative contributions of the sensory neuropeptides
CGRP and SP to those responses. This was achieved by per-
fusing the CGRP and SP receptor antagonists, CGRPg 5, and
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Figure 1. Digitized scan of a typical record of a vasodilatation re-
sponse to A, high-frequency (15 Hz), and B, low-frequency (5 Hz),
electrical stimulation of the sciatic nerve in young rats (with other pa-
rameters being 20 V, 2 ms for 1 minute). At 15 Hz, an initial transient
vasoconstriction is observed, followed by a short-acting vasodilata-
tion. At 5 Hz, an immediate and maintained increase in local blood
flow is observed, following stimulation. Upward arrows indicate the
direction of vasodilatation; vertical lines indicate points of stimula-
tion (and represent associated stimulus artifacts).

RP67580, respectively, over the blister base prior to sciatic
nerve stimulation.

Basal blood flow (BBF) measurements in young rats
prior to ES did not reveal any significant differences caused
by perfusion of the receptor antagonists CGRPg3; and
RP67580 (control perfusion, 2.9 = 0.2 cm; RP67580 perfu-
sion, 3.2 * 0.3 cm; CGRPg 3, perfusion; 2.6 = 0.2 cm). In
addition, perfusion of the receptor antagonists CGRPg 3, and
RP67580 did not have significant effects on SNP-induced
vascular responses (24.1 = 2.9 cm? and 27.0 = 5.1 cm?, re-
spectively). SNP, a direct smooth muscle vasodilator, was
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used as an indicator for smooth muscle reactivity (and
thereby, an internal control for our experiments).

At low-frequency ES, perfusion of CGRPj 37 reduced the
vascular response in a dose-dependent manner. At 0.1 wM,
there was no apparent difference in the vascular response
compared with control levels, with an AUC of 17.5 = 3.1
cm?. The CGRP receptor antagonist at 1-wM concentration
resulted in a significant decrease in the vascular response to
nerve stimulation (AUC, 10.8 * 1.8 cm?; 42.5% decrease,
Figure 2A) compared to control responses. At 10 uM of
CGRPg 3, there was a further decrease with an AUC of
4.2 + 0.9 cm?, which was a decrease of 78% compared to
controls.

Perfusion of the SP receptor antagonist RP67580 at low-
frequency ES also caused a dose-dependent decrease in the
subsequent vasodilatation response. Higher concentrations,
however (relative to concentrations of CGRPg 37), were re-
quired for this effect. RP67580 at 0.1 pM and 1.0 uM did
not alter the vascular response (AUCs of 20.1 * 1.6 cm?
and 18.9 * 2.2 cm?, respectively). At 10 M of RP67580
we observed a 34% decrease (AUC, 12.5 *+ 2.7 cm?), and
following 100-uM perfusion, the vascular response was
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Figure 2. Effect of CGRPg 3; and RP67580 (calcitonin gene-related
peptide [CGRP] and substance P [SP] receptor antagonists, respec-
tively) on neurogenic vasodilatation responses following A, low-fre-
quency, and B, high-frequency, sciatic nerve stimulation in young rats
(20 V, 2 ms for 1 minute at 5 or 15 Hz, respectively). The antagonists
were perfused 10 minutes prior to electrical stimulation (ES). Results
are expressed as mean = SEM of the area under the response curve
(in square centimeters; n = 5-16). The effect of submaximal concen-
trations of CGRPg3; and RP67580 determined from data in A were
used in B. Results are expressed as mean = SEM of the area under the
response curve (in square centimeters; n = 5-11). The asterisks de-
note significant difference (*p =< .05; **p = .001) relative to control.
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significantly reduced by 63% (AUC, 6.9 = 1.7 cm?; Fig-
ure 2A).

Utilizing the submaximal concentrations as best deter-
mined from the above experiment, we then examined the
quantitative contribution of these sensory neuropeptides to
vascular responses obtained to high-frequency (15 Hz) ES.
Perfusion of 1.0 uM of CGRPg_3; prior to and during 15-Hz
ES resulted in a significant decrease in the vascular re-
sponse with an AUC of 9.3 = 1.3 cm? (45% decrease com-
pared with control stimulations; Figure 2B). Perfusion of
RP67580 at a concentration of 10 wM also caused a signifi-
cant attenuation of the vascular response following high-
frequency ES (AUC, 4.9 *= 0.3 c¢cm?, corresponding to a
72% decrease; Figure 2B).

Effect of Age on BBF and on Smooth Muscle Reactivity
BBF was found to be significantly higher in old rats (3.9 =
0.4 cm) compared with young rats (2.9 = 0.2 cm; see Table
1). This may be due to the prolonged period required for
blister induction in old rats compared with that of young
rats (60 and 30 minutes, respectively). The vasodilator re-
sponses to SNP were not significantly different between
young (25.3 * 2.3 cm?) and old (28.5 * 2.3 cm?) rats.

Effect of Age on Sensory Nerve Responses

High-frequency ES of the sciatic nerve in old rats re-
sulted in a significantly reduced vascular response (AUC,
10.5 = 1.3 cm?), a 40% decrease, compared with that of
young controls (AUC, 17.2 = 1.0 cm?; Figure 3).

Stimulation of the sciatic nerve at 5 Hz in old rats re-
sulted in a vascular response that was similar in both profile
and magnitude (AUC, 17.9 = 1.5 cm?) to that of young rats
(AUC, 18.8 = 1.7 cm?) and was significantly greater than
the response of aged rats at high-frequency stimulation
(Figure 3).

Effect of o-CTX GVIA Perfusion on Sensory Nerve
Responses in Young and Old Rats

A selective inhibitor of the N-type voltage sensitive cal-
cium channels (VSCC), o-CTX GVIA, was used to exam-
ine the contribution of these channels to the vascular re-
sponses. BBF, measured prior to nerve stimulation, was
significantly increased during w-CTX GVIA perfusion in
young rats relative to their controls (see Table 1). Although
old rats exhibited a large increase in BBF during w-CTX
GVIA application, this did not attain significance. The ad-
ministration of w-CTX was without effect on the vasodila-
tor responses to SNP in young (22.8 = 2.0 cm?) and in old
(33.0 = 4.8 cm?) rats.

Table 1. Effect of w-Conotoxin GVIA Perfusion on Basal

Blood Flow
Perfusion Young Old
control 29+0.2 3.9 = 04*
w-conotoxin 4.3 + 0.5% 53+0.8

Note: Basal blood flow is measured in centimeter height, above zero refer-
ence level; GVIA = conus geographus.
*Significant difference relative to control data (p = .05).
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Figure 3. Effects of aging on neurogenic vasodilator responses fol-
lowing high- and low-frequency sciatic nerve stimulation. Electrical
stimulation (ES) parameters were 20 V, 2 ms for 1 minute at high or
low frequency (15 or 5 Hz, respectively). Results are expressed as
mean * SEM of the area under the response curve (in square centi-
meters; n = 5-16). The asterisks denote significant difference (**p =
.001) relative to young control and to old low-frequency groups. No
significant difference was observed between the two young groups or
between the young and old groups at low frequency.

High-frequency ES in young rats during continuous per-
fusion of w-CTX GVIA (0.1 uM) over the blister base re-
sulted in a small but insignificant decrease in the subsequent
vascular response (AUC, 16.4 = 2.1 cm?) compared with
that of young controls (AUC, 17.2 = 1.0 cm?). When this
was examined in older rats, we also observed no significant
change in the blood flow response following 15-Hz stimula-
tion (AUC, 12.8 * 2.2 cm?; Figure 4A) compared with that
of old controls (AUC, 10.5 = 1.3 cm?). At low-frequency (5
Hz) ES, perfusion of w-CTX induced a significant reduction
in the vasodilator response in young rats by 53% (AUC, 8.9 =
1.4 cm?) compared to control perfusions (AUC, 18.8 = 1.7
cm?). In older rats, o-CTX GVIA perfusion in combination
with 5-Hz stimulation also resulted in a significant decrease
of 42% in the vascular response with an AUC of 10.4 =
1.8 cm? (Figure 4B) compared to old controls (AUC, 17.9 =
1.5 cm?).

DiscussioN

Sensory Nerve Responses to Different Frequencies of ES

Sensory nerve-induced neurogenic inflammation has an
important role in the initiation of tissue repair. Delayed
wound healing is a major clinical problem associated with
aging, and we previously provided evidence that the delay
in wound repair correlates with a decline in sensory nerve
activity (4,7). To optimize the efferent response of sensory
nerves with age, we need to understand the changes in the
inflammatory process and its modulation under different
conditions of sensory nerve activation.

The ES parameters used in this study were previously
shown to activate sensory nerves (1,2,4,26,30). Different
response profiles were obtained following high- and low-
frequency ES in young control rats. These differences might
suggest possible quantitative and/or qualitative differential
contribution of sensory peptides and/or differential modula-
tion of neuropeptide release. As a way to clarify this issue,
the relative contribution of the sensory neuropeptides SP
and CGRP to these responses was investigated in young rats.
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Figure 4. Effect of w-conotoxin (CTX) GVIA (0.1 wM) on neuro-
genic vasodilator responses to A, high-frequency, and B, low-fre-
quency, sciatic nerve stimulation (20 V, 2 ms for 1 minutes at 15 or 5
Hz, respectively). The N-type Ca** channel inhibitor was perfused
10 minutes prior to electrical stimulation (ES). Results are expressed
as mean = SEM of the area under the response curve (in square centi-
meters; n = 4-5). The asterisks denote significant difference (*p =
.05, #*p = .001) relative to control data. No significant effect for
»-CTX GVIA was observed at high-frequency ES.

The CGRP receptor antagonist (CGRPg 3;) caused a dose-
dependent decrease in the blood flux response to 5-Hz nerve
stimulation, with 1 uM and 10 wM inducing approximately
42.5% and 77% inhibition, respectively. This is in accord
with the previous results of Escott and Brain (33) obtained
with rat saphenous nerve and trigeminal ganglion stimula-
tion (34) and confirms the role of CGRP in neurogenic va-
sodilatation. Similar results using CGRPg 3; concentrations
of 1-10 wM were also obtained by Kurosawa and col-
leagues (35) by looking at meningeal blood flow following
ES at 5-10 Hz (see Figure 2A).

At the same frequency of ES, the SP receptor antagonist
was found to be less effective in inhibiting the vasodilator
response. Perfusion at 10 wM caused a 34% decrease in the
subsequent vascular response, compared with 77% obtained
with CGRPg3; at a similar concentration. Increasing the
concentration of RP67580 by tenfold only resulted in a 63%
inhibition, still neither as potent nor effective as CGRPyg_3; at
lower strengths. Hence, our data using specific receptor an-
tagonists suggest that the vascular response to low-fre-
quency ES involves a greater release of CGRP.

With the use of submaximal concentrations of the peptide
receptor antagonists (1 uM and 10 uM for CGRPg 3; and
RP67580, respectively), the relative contribution patterns of
the two neuropeptides to the vascular response was altered
with high-frequency ES. RP67580 was very effective at in-
hibiting the vascular response at this frequency with a 72%
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decrease. The CGRP receptor antagonist, in contrast, re-
sulted only in a 45% inhibition (Figure 2B). These results sug-
gest that SP has a relatively greater contribution to the vas-
cular response at higher frequencies of nerve stimulation.

The difference in the relative contribution of SP and
CGRP to the vascular responses obtained at high and low
frequencies of ES may explain the different vascular re-
sponse profiles obtained for these frequencies. Although
CGRP appears to have an equal contribution at the two fre-
quencies examined, it has been reported that SP can termi-
nate an existing CGRP-induced vasodilator response (7,36).
This would suggest that with higher frequency stimulation,
where there is a greater role for SP, we can expect a shorter
or “interrupted” vasodilator response to CGRP, whereas the
response obtained for low frequency would be more pro-
longed or “ongoing.” This statement indeed appears to cor-
relate well with the actual response profiles observed (see
Figures 1A and 1B).

Effect of Age on BBF, Smooth Muscle Reactivity, and
Sensory Nerve Responses

In the current study, BBF was found to be significantly
higher in old rats compared with young. This may be due to
the prolonged period required for blister induction in old
rats compared with young (60 and 30 minutes, respec-
tively). It was previously reported that the aged stratum cor-
neum provides qualitatively inferior barrier activity (37).
Hence, the attenuation of transudation processes in older
skin is most likely responsible for the delay in blister forma-
tion. The longer exposure period of the skin in the old rat
hind limb during the induction process may result in a
greater increase in mediator release at the blister site, and
thus contribute to the higher BBF observed in these animals
(see Table 1).

Perfusion of the nitrovasodilator SNP showed no change
in smooth muscle reactivity with age or with drug perfusion.
This suggests that any differences observed in sensory
nerve responses between young and old animals cannot be
attributed to alterations in vascular smooth muscle reactiv-
ity. Although many investigators have reported that aging is
associated with marked structural and functional changes in
the vascular system—for a review, see Dohi and colleagues
(38)—in vivo studies in rats and humans demonstrate that
the responses induced by SNP are unaffected by aging
(4,39,40).

The vascular response to high-frequency ES in old rats
was significantly reduced compared with that of young rats
(Figure 3). This finding follows the general trend reported
by Khalil and colleagues (4) in which older animals show
diminished sensory nerve responses to antidromic stimula-
tion. In that report, the authors used prolonged 15-Hz stimu-
lation to show a significantly delayed and smaller vascular
response compared to the young (other parameters being 10
V, 0.5 ms for 30 minutes). The latter study, when taken to-
gether with the current data using high-frequency ES in old
rats, suggests that the decline in aged sensory nerve function
can be highlighted when utilizing high-frequency ES of
these nerves. The reported defects in neuropeptide release
mechanisms associated with aging (4) may partly account
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for the observed reduction in vasodilator responses of old
rats in response to high-frequency nerve stimulation.

At a lower frequency of stimulation, however, there was
no difference in the subsequent vascular response as mea-
sured in the blister base of young and old rats (Figure 3).
This observation might contradict the general notion that
sensory nerve activity is impaired with age. It is possible,
however, that there is a redundancy in aged sensory nerves
that becomes apparent at this frequency of stimulation, and
that allows the aged sensory nerve to produce an equivalent
response to young sensory nerves.

In an attempt to understand the mechanisms underlying
age-related differential responses at high and low frequen-
cies of ES, we investigated the role of w-CTX-sensitive
channels in these responses. These experiments arose from
reports that showed that w-CTX-sensitive channels are pre-
dominately active at low frequencies of activation (10,14-16).

In this study, it was found that w-CTX GVIA signifi-
cantly inhibited the vascular response of young and old rats
at low frequency, but was without effect at high-frequency
ES. Hence, w-CTX-sensitive VOCCs appear to play a role
in releasing sensory neuropeptides from peripheral nerve
terminal endings at low frequency in our model. We further
suggest that the involvement of these channels remains in-
tact with age, thus contributing to the near-normal response
obtained in older rats following low-frequency ES. The ob-
servations in these 24-month-old rats parallel those of
Dooley and colleagues (23), who demonstrated no change
in w-CTX GVIA binding sites in the central nervous system
of 18-month-old rats.

As in young rats, o-CTX GVIA perfusion at higher-fre-
quency ES in old rats did not alter the vascular response.
This indicates that neuropeptide release during high-fre-
quency nerve stimulation occurs via mechanisms that do not
involve w-CTX-sensitive VOCCs, and it further supports
the earlier reports of predominant activation of N-type cal-
cium channels at low-frequency ES (10,14-16). A role for
L-type calcium channels in this instance could be a possibil-
ity, considering the report by Rane and colleagues (17)
demonstrating SP release from sensory nerves can be inhib-
ited by blocking L-type calcium channels. This proposition
is further supported by our data demonstrating SP has a
greater contribution to the sensory nerve-evoked vasodilator
response at high-frequency ES (see Figure 2B).

It was observed that perfusion of w-CTX GVIA in young
rats significantly increased BBF prior to ES, whereas there
was a strong trend for an increase in old rats. It should be
mentioned that VOCCs have also been characterized in
sympathetic neurones (41-45). It is reasonable to postulate
that blockade of the N-type Ca** channels could cause inhi-
bition of noradrenaline (NA) release from sympathetic
nerves (which is the major determinant of vascular tone),
leading to this increase in local blood flow. That the in-
crease in BBF in old rats did not reach statistical signifi-
cance could be related to a reduction in sympathetic control
of vascular tone with age (46). This then raises the question
that ®-CTX GVIA might also inhibit NA release from sym-
pathetic fibers upon nerve stimulation. This is highly un-
likely considering that such an action would have resulted
in an enhancement of the vascular responses rather than the
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inhibition observed following w-CTX GVIA perfusion. We
have recently demonstrated that sympathetic fibers play an
important role in modulating sensory nerve function and
that blockade of sympathetic neurotransmitter action or re-
lease increases neurogenic vasodilator responses under sim-
ilar experimental conditions (26).

Conclusions

In conclusion, the current results demonstrate that there is
a differential qualitative and quantitative contribution of
sensory neuropeptides at the two frequencies examined,
with SP and CGRP playing more important roles at high
and low frequencies of ES, respectively. The data demon-
strate that aged sensory nerves preferentially respond to
low-frequency ES. The results also suggest that w-CTX-
sensitive channels are involved in peptide release at low-
frequency ES but not at high-frequency ES. That the func-
tion of N-type VOCCS is preserved with age and that these
channels play a large role in peptide release at low fre-
quency might explain the ability of the aged sensory nerve
to generate a near-normal response at a low level of activa-
tion. This study provides a physiological rationale with
an understanding of the cellular and molecular basis for
the previously demonstrated beneficial effects of low-fre-
quency electrical stimulation to wound repair in aged ani-
mals. The current results therefore could have important
clinical and practical implications for improving tissue re-
pair in the aged.
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