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Abstract

The maturation of the neuromodulatory action of substance P
(SP) was investigated in tracheal smooth muscle (TSM) seg-
ments isolated from rabbits aged 2-24 wk. The tissues were
placed in baths containing Krebs-Ringer solution and con-
tracted with electrical field stimulation (ES) with ES frequen-
cies ranging from 1 to 75 Hz. In tissues > 1 moof age, the ES
frequency-response relationships were progressively shifted in
the presence of a maximally effective neuromodulatory SP
dose (10-7 M) such that by 24 wk of age the mean (±SEM)
maximal tension (T..a) significantly increased from 380.4
(±41.9) to 5023 (±64.2) g/g TSM, and the corresponding
mean (±SEM) log ES frequency producing 50% of T (log
ESTO) significantly decreased from 1.209 (±0.069) to 1.055
(±0.046) Hz. By contrast, relative to methacholine, the direct
contractile effects of SP did not significantly vary with age. In
further analyzing the basis for the above age-related difference
in the neuromodulatory action of SP, we found that the magni-
tude of SP-induced neuromodulation was highly correlated to
the tissue's intrinsic sensitivity to ES. Indeed, after accounting
for the tissue's sensitivity to ES, the effect of age alone on the
magnitude of SP-induced neuromodulation was not statisti-
cally significant. These findings provide new evidence that: (a)
SP-induced neuromodulation of acetylcholine release at the
airway neuromuscular junction is significantly enhanced during
postnatal development; and (b) that the latter age-dependent
action of SP is based on a close coupling of the magnitude of
SP-induced neuromodulation to the tissue's intrinsic sensitiv-
ity to neurally mediated contraction. (J. Clin. Invest. 1990.
85:345-350.) acetylcholine - development - hyperreactivity
neurokinin * trachea

Introduction

The neurokinin substance P (SP)2 is a potent bronchocon-
strictor that has been identified in the vagus nerves (1) as well
as in nerve fibers supplying the airways in both adult and
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immature animals (2, 3). In considering its bronchoactive
properties, there exists compelling evidence that SP, in addi-
tion to its direct effect on airway smooth muscle, may also
modulate the release of acetylcholine (ACh) from cholinergic
nerve terminals supplying the airways (4, 5). Indeed, the con-
tribution of this latter cholinergic component has been identi-
fied in separate studies demonstrating a reduction in the mag-
nitude of SP-induced bronchoconstriction after atropine infu-
sion (6), and potentiation by SP administration of neurally
mediated airway smooth muscle contraction in vitro (4, 7).
These findings, together with recent evidence that the atro-
pine-sensitive component of the in vitro bronchoconstrictor
responsiveness to SP varies during early postnatal develop-
ment in the rabbit (6), raise the consideration that the above
neuromodulatory effect of SP may be age dependent. In view
of the latter, the present study was designed to elucidate the
ontogenetic effect of SP on neurally mediated contractility of
the isolated airway smooth muscle in maturing rabbits. Our
findings herein provide evidence that: (a) the airway neuro-
modulatory effect of SP is significantly enhanced during post-
natal development; and (b) the latter age-related change in the
action of SP is coupled to the underlying intrinsic sensitivity of
the airway tissue to neurally mediated contraction.

Methods

Tracheal smooth muscle (TSM) segments 1 cm in length were iso-
lated from NewZealand White rabbits of varying age after pentobar-
bitol anesthesia (35 mg/kg body wt) and killing by the injection of an
air embolus into a systemic vein. The airway segments were cleaned of
loose connective tissue, placed in a siliconized 14- or 20-ml organ bath
(Harvard Apparatus Co., Inc., S. Natick, MA), and supported longitu-
dinally by firm stainless steel wire triangular supports. Care was taken
to place the membranous portion of the tracheal segment between the
wire supports to maximize the recorded tension produced by the iso-
metrically contracting trachealis muscle. The lower support was at-
tached to a glass hook at the base of the organ bath, and the upper
support was attached with a gold chain to an isometric force transducer
(mooel FT.03C; Grass Instrument Co., Quincy, MA). The latter was
mounted on a rack and pinion clamp so that the resting length of each
TSMsegment could be adjusted. The tissues were bathed in modified
Krebs-Ringer solution (in mM) 125 NaCl, 14 NaHCO3, 2.25 CaCl2:
2 H20, 1.46 MgSO4:7 H20, 4 KCI, 1.2 NaH2PO4:H20, and 4 g/liter
dextrose. The baths were aerated with a 95% 02 and 5% CO2 gas
mixture, and a pH of 7.43±0.03 was established for the duration of
each experiment. The temperatures of the baths were maintained
at 37'C.

Each TSMsegment was equilibrated in the bath for I h, during
which time it was passively stretched on several occasions to a tension
of 6 g, and the bath rinsed with fresh buffer solution. The optimal
resting length for each tissue was determined by assessing its maximal
contractile response to the following standard ES: 8 V, 2-ms pulse
duration, 50-Hz stimulation frequency, and 24.5 mA. The ES was
delivered by a S48D stimulator (Grass Instrument Co.), connected to a
patient stimulus isolation unit (SIU 5; Grass Instrument Co.), and
applied transversely across the tissues by means of parallel platinum
plate electrodes, each 0.3 cm2. After establishing optimal resting
length, the tissues were subjected to varying ES, and noncumulative
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stimulus frequency-response curves were generated by increasing the
stimulus frequency from 1 to 75 Hz. Each stimulus frequency was
maintained until a peak contractile response was attained, and thereaf-
ter the stimulation was terminated to permit - 2 min of recovery time
to elapse between each successive level of stimulation. To assess the
effects of SP on neurally mediated contraction of TSM, the responses
to ES were re-evaluated after the administration of 10-' MSP (Penin-
sula Laboratories, Inc., Belmont, CA). Moreover, in both 24- and
2-wk-old rabbits, ES frequency-response curves were also separately
determined before and after the administration of l0-5 Mof the SP
antagonist, D-Arg', n-Pro2, D-Trp7'9, Leu"-SP (Peninsula Laborato-
ries, Inc.).

To further evaluate the characteristics of ES-induced TSMcontrac-
tion, the following agents were separately examined: (a) tetrodotoxin
(TTX; 4 X 1o-6 M), an inhibitor of neural transmission (Sigma Chemi-
cal Co., St. Louis, MO); (b) atropine sulfate (10-6 M), a muscarinic
cholinergic antagonist (Sigma Chemical Co.); and (c) the cholinergic
agonist, acetyl-fl-methacholine (10-8 to 10-4 M) (Sigma Chemical
Co.). All drug concentrations were expressed as final bath concentra-
tions.

At the end of each experiment, the tracheal segments were blotted
on gauze pads and weighed. The TSMwet weight was then determined
by carefully dissecting free the entire membranous portion of the TSM
segment, and then subtracting the remaining airway segment weight
from that of the originally intact airway segment. All tensions were
normalized for TSMweight, and expressed as grams isometric tension
per gram TSMweight. To characterize the frequency-response curves,
we determined the maximal isometric tension (Tm.) generated by
each TSMsegment, as well as the isometric tensions developed at ES
frequencies producing 25 and 50% of Tma. (i.e., ES25 and ES50, respec-
tively). The individual determinations of ES50 were converted to their
corresponding log values from which the arithmetic means (±SEM) of
the log ES50 values were calculated and used for statistical comparisons
of the data. Where appropriate, statistical analyses were performed
using either the two-tailed t test or analysis of variance using the SAS
general linear models procedure (SAS Procedure GLM; SAS Institute,
Cary, NC), and a P value of < 0.05 was considered significant.

Results

Age-related effects of SP on ES-induced tracheal contraction.
SP administration affected the TSMcontractile response to ES
in an age-dependent manner, as exemplified by the records

obtained in the airway segments isolated from representative
24- and 1-wk-old rabbits in Fig. 1. Here, the same electrical
stimulus (5 Hz) was repeatedly applied to both tissues, with
each stimulation lasting -1 min. The 24-wk-old TSMseg-
ment in Fig. 1 A demonstrated reproducible contractions on
three separate occasions of initial (i.e., control) stimulation,
with each contractile response generating 2 g of active ten-
sion. Subsequently, the administration of SP (iO-' M) was
associated with a small transient TSMcontraction that sponta-
neously resolved after -1 min, and the same original resting
baseline tension was re-established. Thereafter (Fig. 1 B) it can
be seen that the magnitude of the ES-induced contractions
were increased to 6 g of active tension. This augmented con-
tractile response to ES was noted to persist for up to 2 h after
SP administration; however, after rinsing the organ bath free
of SP with fresh buffer (Fig. 1 C), the TSM response to ES
reverted to the initial control level obtained before SPadminis-
tration. By contrast, the same experiment conducted in the
l-wk-old tissue failed to demonstrate any SP-induced modula-
tion of the neurally mediated contractions. Indeed, as shown
in Fig. 1 E, after SP administration the TSM contractions
elicited during ES were similar in magnitude to those obtained
both under initial control conditions (Fig. 1 D) and after sub-
sequent rinsing of the organ bath (Fig. 1 F). Moreover, it
should be noted that while maximal potentiation of the ES-in-
duced contractions in older tissues was achieved with an SP
dose of l0-I M (7), in separate experiments conducted on
tissues I wk old, the ES-induced contractions remained
virtually unaffected despite the administration of SP in doses
ofupto 104M.

The pooled data from the groups of 11- and l-wk-old tis-
sues are illustrated in Fig. 2, where for each tissue the isometric
tensions obtained at different stimulation frequencies are nor-
malized to the corresponding control Tmi, generated before SP
administration. In all cases, the frequency-response curves ob-
tained in the presence of SP ( 0-7 M) were generated after
complete recovery of the initial contractile response to the
neuropeptide (i.e., see Fig. 1). For the 1 1-wk-old airway seg-
ments (Fig. 2 A) it can be seen that, relative to the control
relationship, the mean frequency-response curve obtained in
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Figure 2. Effect of SP
(1 O' M) on noncumu-
lative ES frequency re-
sponse relationships ob-
tained in Il-wk-old (A)

B and l-wk-old (B) TSM
segments. Isometric ten-
sions before (open cir-
cles) and in the pres-
ence of SP (solid circles)
are normalized to the
control peak tension

100 (Tm.,) responses to ES.
Bars, Mean±SEM.

the presence of SP was shifted upward, as evidenced by in-
creases in the isometric tensions generated at all frequencies of
electrical field stimulation. Consecutive frequency-response
curves obtained in untreated tissues were highly reproducible
(data not shown). The mean (±SEM) Tma, value for tissues
treated with SP amounted to 502.3 (+64.2) g/g TSM, which
was significantly greater (P < 0.05) than the corresponding
mean control Tman of 380.4 (±41.9) g/g TSM. In addition, the
mean (±SEM) log stimulus frequency producing 50% of Tin,,
(i.e., log ESe) also significantly decreased from 1.206 (±0.069)
Hz to 1.055 (±0.046) Hz after SP administration (P < 0.01),
indicating an increase in airway sensitivity to ES in the pres-
ence of SP. By contrast, in the l-wk-old tissues (Fig. 2 B), SP
administration did not significantly affect the contractile re-

sponses to ES generated over the entire range of electrical field
stimulation.

Effect of age on SP-induced tracheal contraction. In light of
the above age-related differences in the neuromodulatory ef-
fect of SP, we further examined whether the intrinsic airway
smooth muscle contractile response to SP is also age depen-
dent. Accordingly, we evaluated the dose-dependent effect of
SP administration on the end-organ contractile response in
TSMsegments isolated from 2- and 24-wk-old rabbits. Fig. 3
illustrates the cumulative dose-response curves to SP. The
mean (±SEM) Tia,, values for methacholine in the 2- and
24-wk-old airway segments amounted to 1,765±252 and
1,588±108 g/g TSM, respectively. In comparing the 2- and
24-wk-old airway segments, it will be noted that the mean

dose-response relationships to SP were similar. Moreover, at
the highest administered dose of SP (i.e., 3 X 10-6 M), the

Figure 3. Comparison
40 . . w.ofmean noncumulative

X dose-response relation-
3 E 30 24 - Wk-old ships to SP obtained in

24 wk-old (open circles)

20 and 2-wk-old (solid cir-
Ec2 k-old cles) TSMsegments.

10 Isometric tension is ex-
le0 >/pressed as mean±SEM

,percentage of maximal

-10 o9 .7 s contractile response

Substance P Log [M] (Ts,,) to methacholine.

mean (±SEM) contractile responses in the 2- and 24-wk-old
airway segments amounted to 24 (±4.9) and 27.7 (±4.4)% of
the respective Tma, responses to methacholine. Thus, in con-
trast to the above age-dependent differences in SP-induced
neuromodulation during electrical field stimulation, there
were no maturational differences in the direct contractile effect
of SP on the TSMsegments.

Effects of ES on SP-induced neuromodulation. To further
characterize the pattern of'ontogenetic variation in the neuro-
modulatory influence of SP, for each tissue we determined the
SP-induced changes in isometric tension obtained at various
levels of electrical field stimulation. Fig. 4 illustrates the age-
related changes in the mean (±SEM) isometric tensions to ES
obtained in the presence of SP (i.e., l0-7 M), wherein the
measurements are expressed as percentages of corresponding
baseline responses producing 25, 50, and 100% of control Tmax
(i.e., at ES25, ES50, and ES100, respectively). Here, it will be
noted that SP exerted little or no significant neuromodulatory
effect at any level of ES before 4 wk of age. During subsequent
maturation, on the other hand, potentiation of the contractile
responses occurred at all levels of ES, and the latter effect
progressively increased with age.

Effect of TTX on ES-induced contractions. Additional ex-
periments were conducted to evaluate whether the above
neuromodulatory effect of SP represented a selective neurally
mediated action of the neuropeptide over the entire range of
electrical field stimulation. In addressing this consideration,
the effects of SP were determined before and after inhibition of
neural transmission'with TTX (4 X 10-6 M). As illustrated for
a group of 24-wk-old TSMsegments in Fig. 5, after the admin-
istration of TTX, the contractile responses to ESwere virtually
abolished in both the absence and presence of l-7 MSP.
These data demonstrate that the above SP-induced changes in
the contractile responses to ES were dependent on intact
neural transmission.

Effect of SP antagonist on SP-induced neuromodulation.
Wealso examined the receptor specificity of the neuromodu-
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Figure 4. Age-related potentiation of the contractile response to ES
induced by 1o-7 MSP. Data are expressed as mean±SEMpercent-
ages of the corresponding control contractile responses at 25, 50, and
100% of peak isometric tension (i.e., ES25, ES50, and ES100). Note
that potentiation of ES-induced contractions increases with age, and
that the latter age-related effect is more pronounced at lower (i.e.,
ES25) stimulation frequencies. Asterisks denote statistical differences
from control contractile responses to ES: *P < 0.05; **P < 0.01;
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Figure 5. Effect of TTX
on ES frequency-re-
sponse relationships ob-

100 -o- control tained in 24-wk-old air-
--tetrodotoxin a s

o ^ 80 + ttro(4,10M ways. Mean±SEMiso-
c Etetrodotoxn (4x10- S6M) metric tensions beforeC

Mran Sp (lar 7M)F0 60 ( TU. (open squares) and afterID ° TTX administration in
E the absence (solid cir-

20 ,4) cles) or presence (open
0 circles) of SP are nor-

1 3 10 30 100>malized to control peak
ES Frequency (Hz) tension (Tm.) to ES.

latory effect of SP by evaluating its neuromodulatory action in
the absence and presence of the SP antagonist, D-Arg', D-Pro2,
D-Trp7'9, Leu" I-SP. The effects of the SPantagonist are demon-
strated in Fig. 6, which compares the mean noncumulative
frequency-response relationships obtained in 1 l-wk-old tissues
under initial control conditions of baseline stimulation, in the
subsequent presence of 10-7 MSP, and thereafter, with the
addition of 10-' Mof the SP antagonist. As previously noted,
after the administration of SP there occurred potentiation of
the contractile responses obtained at all levels of ES. On the
other hand, 10 min after the subsequent addition of the SP
antagonist, despite the continued presence of SP, the mean
frequency-response relationship was shifted back toward the
initial control position. Thus, to the extent that the neuro-
modulatory actions of SP are reversed by a specific SP antago-
nist, it appears that the enhanced contractile responses to ES
in the presence of SP are mediated by its receptor-specific
binding.

Since SP has been identified in nerve terminals supplying
the airways in both mature and newborn animals (3), we con-
sidered the possibility that the lack of any observed neuro-
modulatory effect in the tracheal segments isolated from
young rabbits may be due to the release of endogenous SP
established during the course of the initial (i.e., control) ES (4,
8). In this connection, it could be argued that any potential
effect of exogenously administered SP may have been masked
by the endogenous release of the neuropeptide during ES (4).
In addressing this issue we examined the effects of the SP
antagonist on the frequency-response relationships obtained in
TSMsegments isolated from 2-wk-old rabbits. As illustrated in
Fig. 7, the administration of the SP antagonist (10-5 M) did
not appreciably affect the frequency-response relationship to
ES. Thus, it appears unlikely that any significant release of SP

120 ' nt control ' Figure 6. Effect of SP
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malized to control peak tension (Tma,) to ES. Bars, Mean±SEM.
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Figure 7. Comparison
of mean frequency-re-
sponse relationships to
ES obtained in 2-wk-old
TSMsegments before
(open circles) and after
(solid circles) adminis-
tration of the SP antag-
onist.

had affected the initial contractile responses to ES in these
immature airways.

Interaction of ESsensitivity and age on SP-induced neuro-
modulation. In a recent study we found that the administra-
tion of SP does not influence the underlying cholinergic re-
sponsiveness of adult TSMto an administered cholinergic ago-
nist (5). This finding suggested that the augmented contractile
response to ES in the presence of SP is attributed to an en-
hanced presynaptic release of AChestablished during electrical
field stimulation (7). In view of the latter, together with the
above observations, we questioned whether our observed age-
dependent changes in the neuromodulatory effect of SP are
related to the underlying sensitivity of the tissues to ES. Ac-
cordingly, we evaluated the relationship between the degree of
SP-induced neuromodulation and their corresponding base-
line sensitivity to ES (i.e., ES50 values) obtained before SP
administration. This relationship is demonstrated for all the
airway segments studied in Fig. 8, where the degree of neuro-
modulation for each tissue is expressed in terms of the percent-
age change in the magnitude of its contractile response ob-
tained to the same ES50 level of stimulation after the adminis-
tration of SP. It can be seen that for all the airways studied, the
magnitude of SP-induced neuromodulation was closely re-
lated to the baseline ES50 values, indicating that the neuro-
modulatory effect of SP is enhanced in tissues that are intrin-
sically less sensitive to ES (i.e., having higher ES50 values). To
the extent that this relationship encompasses the data obtained
from rabbits of varying age, as well as rabbits of the same age
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Figure 8. Relationship between the degree of TSMsensitivity to ES
(i.e., ES50 values) and the degree of SP-induced neuromodulation
from tissues of all ages. Isometric tension (mean±SEM) is expressed
as percentage of change from control ES50 response.
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depicting considerable variability in their intrinsic sensitivity
to ES (e.g., 24-wk-old animals), this finding suggests that the
neuromodulatory effect of SP is closely coupled to neural stim-
ulation, rather than to age per se. Indeed, as shown in Table I,
after accounting for the interaction of age, the relationship
between ES50 and the magnitude of SP-induced neuromodu-
lation remained highly significant. On the other hand, after
accounting for the effect the tissue's sensitivity to ES, the age of
the TSMsegment and the magnitude of SP-induced neuro-
modulation were no longer significantly related.

Discussion

SP is a neurokinin that has been localized in unmyelinated
fibers innervating the airways in various species including man
(1-3). In assessing this physiologic role in regulating airway
function, SP has been shown to enhance vascular permeability
(9), increase mucous production (10, 11), alter epithelial cell
ion transport (12), and elicit airway smooth muscle contrac-
tion (2, 5, 13). Collectively, these actions support the notion
that SPmay play a central role in mediating neurogenic airway
inflammation in response to vagal stimulation with electrical
(4, 7) as well as mechanical and chemical stimuli (14).

In considering its bronchoactive properties, there exists
substantial evidence that the airway contractile response to SP
is attributed to both its direct action on airway smooth muscle
and, at least in both rabbit and ferret airways, its potentiation
of ACh release from cholinergic nerve terminals (4, 6, 7). The
present findings demonstrated that the latter neuromodulatory
action of SP is age dependent. In this regard, we found that SP
exerts little or no effect on the contractile response to ES of
TSMsegments isolated from rabbits < 1 moof age; however,
beyond this age the magnitude of ES-induced contraction is
progressively enhanced in the presence of SP. Qualitatively,
these observations are in general agreement with our earlier in
vivo study, where we found that the bronchoconstrictor re-
sponse to SP in maturing rabbits includes an atropine-sensitive
component that progressively increases during the course of
early postnatal development (6). Moreover, in this previous
study we also observed that the net in vivo bronchoconstrictor
response to SP involving the relatively larger airways (i.e., as-
sessed in terms of changes in respiratory conductance) does

Table I. Interaction of ES50 and Age
on SP-induced Neuromodulation

Source Interaction DF Sumof squares F value PR> F

Age None 2 4,829 12.16 0.0004
ES50 With age 1 16,128 81.20 0.0001
ES50 None 1 20,076 101.08 0.0001
Age With ES50 2 880 2.22 0.1351
ES50 * Age 2 35 0.09 0.9158

Interaction of age and tissue sensitivity to ES (i.e., ES50 values) on
the magnitude of SP-induced neuromodulation in TSMsegments.
Magnitude of SP-induced neuromodulation is expressed as percent-
age change from control ESmresponse. Data analysis is based on the
SASgeneral linear models procedure where DF is the degree of free-
dom, F is the F-test value, and PR> F is the statistical probability
(i.e., P value) that the interaction is random.

not systematically vary with age. This finding is in further
accord with the present in vitro observations demonstrating
that the end organ contractile response to SP in TSMdoes not
vary with age. Thus, taken together, our earlier in vivo findings
and the present in vitro observations indicate that, whereas the
airway neuromodulatory effect of SP is age dependent, the
direct contractile response of airway smooth muscle to the
neuropeptide (at least involving the larger airway) is not age
related.

To elucidate the basis for the observed age-related changes
in the neuromodulatory effect of SP, several considerations
were addressed. Regarding the tissue selectivity of action of SP,
we examined whether the augmented ES-induced contractions
in the presence of SP were nonselective to neuronal stimula-
tion and included a direct action on the airway smooth mus-
cle. In addressing this possibility we found that pretreatment
with the neurotoxin, TTX, ablated the contractile responses to
ES obtained either in the absence or presence of SP. These
findings, coupled with earlier evidence that the enhanced ES-
induced airway contraction in the presence of SP is choliner-
gically mediated indicate that the age-dependent differences in
the effect of SP on ES-induced contraction were due to an
action of the neuropeptide on cholinergic neural elements (i.e.,
neuromodulation), rather than influencing any nonspecific
changes in TSMcontraction due to ES per se.

Given the identification of SP-containing nerves in the im-
mature lung (3), we also considered the possibility that endoge-
nous stores of SP may have been released during the initial
course of ES-induced airway contraction and, thereby, ob-
scured any potential neuromodulatory action of exogenously
administered SP in the younger tissues. In this connection, the
recent observation by Sekizawa and associates that an SP an-
tagonist can diminish ES-induced contractions of isolated fer-
ret trachea (4), suggests that endogenous SP may play a neuro-
modulatory role in these tissues. Accordingly, we examined
the effects of an SP antagonist on ES-induced TSMcontrac-
tions obtained in groups of 2- and 1 l-wk-old rabbits. Weob-
served that in the presence of the SP antagonist: (a) the neuro-
modulatory effect of SP was effectively inhibited in older tis-
sues; and (b) the ES-induced contractile responses were
unaffected in younger (i.e., 2-wk-old) tissues. These findings
respectively demonstrate that the observed neuromodulatory
effect of SP in the older tissues was receptor specific, and that
the absence of any SP-induced neuromodulation in the
younger tissues was probably not related to any prior release of
endogenous SP established during the initial course of electri-
cal field stimulation. Moreover, to the extent that in the
1 l-wk-old tissues there was virtually no difference between the
initial control contractile responses to ES and those obtained
in the combined presence of SP and the SP antagonists, our
findings further suggest that SP is also not released in these
relatively older tissues in amounts sufficient to influence the
initial (i.e., control) contractile responses to ES. In this con-
nection, however, it should be emphasized that the above im-
plied absence of endogenous SP release in sufficient quantity
to affect TSMcontractility to ES in vitro may not accurately
reflect the endogenous neuromodulatory contribution of the
neuropeptide in vivo or under conditions of altered peptidase
activity (4).

In further analyzing the basis for the age-dependent
changes in the airway neuromodulatory effect of SP, we found
that the magnitude of SP-induced neuromodulation was
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highly correlated to the tissues' intrinsic responsiveness to ES,
as reflected by their control ES50 values. Of significance, this
close relationship encompassed the data obtained from rabbits
of varying postnatal age, as well as those obtained from rabbits
of the same age depicting considerable individual variability in
their intrinsic sensitivities to ES. In light of this finding, we
statistically evaluated the relative interactions of age and the
baseline ES50 values with the degree of SP-induced neuromod-
ulation using the SAS general linear model. After accounting
for the interaction of age, we found that the relationship be-
tween baseline ES50 and the degree of SP-induced neuromod-
ulation remained highly significant. On the other hand, after
correcting for the interaction of ES50, the effect of age alone on
the magnitude of SP-induced neuromodulation was not statis-
tically significant. Thus, this analysis suggests that our ob-
served age-related change in the neuromodulatory action of SP
is attributed to differences in the tissues' intrinsic sensitivities
to neural stimulation, rather than their age per se. In general,
our younger tissues displayed a relatively greater intrinsic sen-
sitivity to ES (see also reference 15) and, accordingly, these
tissues depicted a lesser degree of SP neuromodulation. Of
interest, this reciprocal relationship between the degree of SP-
induced neuromodulation and intrinsic sensitivity to neural
cholinergic stimulation has been previously documented in
other neuromodulatory systems. For example, the stimulatory
neuromodulatory effect of ACh on dopamine release from
nigrostriatal dopaminergic neurons has been shown to be in-
versely related to the intrinsic level of activity in the dopamin-
ergic nerves (16). In this regard, it has been speculated that in
the peripheral and central nervous systems, the dependence of
the action of a neuromodulator on the degree of intrinsic activ-
ity in the effector neuron may represent a local feedback mech-
anism that serves to adjust the level of neurotransmitter release
under various physiological conditions (17). Notwithstanding
the latter, the contribution(s) of other potential mechanisms
underlying our observed age-related changes in the airway
neuromodulatory action of SP remain to be identified, includ-
ing maturational differences in the local degradation of the
neuropeptide (4, 18), the type and density of airway neuronal
SP receptors (19), and/or the calcium-dependent ACh release
by SP (20, 21).

In conclusion, this study was concerned with assessing the
maturation of the neuromodulatory action of SP on the con-
tractile response of rabbit TSMto electrical field stimulation
and elucidating the age-dependent mechanisms underlying its
neuromodulatory effect. Our results demonstrated that: (a) SP
does not exert any appreciable neuromodulatory action in
TSMisolated from rabbits < 1 moold; (b) during subsequent
maturation, however, the TSMcontractile response to ES be-
comes progressively potentiated in the presence of SP; (c) the
latter augmented contractile response to ES in the presence of
SP is selectively dependent on neuronal stimulation, and is
attributed to a receptor-specific action of the neuropeptide;
and (d) the magnitude of the neuromodulatory effect of SP is
closely coupled to the tissues' intrinsic responsivity to neural
stimulation, a feature that accounts for the apparent age-re-
lated difference in the airway neuromodulatory action of SP.
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