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1 Caffeine has been widely used as a pharmacological tool to evaluate Ca2þ release from the
sarcoplasmic reticulum in isolated smooth muscle cells. However, in nervous tissue this drug also
causes neurotransmitters release, which might cause additional effects when smooth muscle strips are
evaluated. To assess this last possibility, simultaneous measurements of contraction and cytosolic
Ca2þ concentration (using Fura–2/AM) were carried out in bovine airway smooth muscle strips
during caffeine stimulation.

2 A first stimulation (S1, n¼ 11) with caffeine (10mm) induced a biphasic change in cytosolic Ca2þ ,
which consisted of a transient Ca2þ peak (254740 nm, �XX7SEM) followed by a plateau (92713 nm),
and a transient contraction (204.72731.56mg tension mg tissue�1). A second caffeine stimulation (S2)
produced a similar response but these parameters had a different magnitude. The S2/S1 ratios for
these parameters were 0.6970.02, 0.8370.06 and 1.0170.03, respectively. Addition of o-conotoxin
GVIA (1 mm) and tetrodotoxin (3.1 mm) before S2 significantly diminished these S2/S1 ratios
(0.2670.05, 0.2670.09 and 0.6470.11, respectively, n¼ 5, Po0.05), implicating the neurotransmit-
ters release involvement in the response to caffeine. A similar effect (Po0.01) was observed with
atropine (1 mm, n¼ 4), the fragment 4–11 of substance P (SP) (an SP receptor antagonist, 10 mm,
n¼ 5), and with both substances (n¼ 4).

3 We discarded a direct effect of o-conotoxin GVIA (1 mm) plus tetrodotoxin (3.1 mm) or of atropine
(1 mm) plus SP fragment 4–11 on smooth muscle cells because they did not modify caffeine responses
in isolated tracheal myocytes.

4 We confirmed by HPLC that caffeine increased the release of acetylcholine (from 0.4370.19 to
2.0770.56 nm mg tissue�1, Po0.02) in bovine airway smooth muscle strips. Detection of substance P
by ELISA was not statistically different after caffeine stimulation (geometric means before and after
caffeine, 0.69 vs. 1.97 pgml�1mg tissue�1, respectively, P¼ 0.053).

5 We concluded that acetylcholine and tachykinins release are involved in the caffeine-induced
biphasic changes in cytosolic Ca2þ concentration.
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Introduction

Caffeine is a xanthine derivative that enhances the sensitivity

of ryanodine receptor channels to a low intracellular Ca2þ

concentration ([Ca2þ ]i). Due to this effect, caffeine makes that

basal Ca2þ levels become sufficient to induce channel opening

and Ca2þ release from the sarcoplasmic reticulum (SR)

(Pessah et al., 1987). Thus, caffeine has been extensively used

as a pharmacological tool to evaluate Ca2þ release from

isolated excitable cells, including airway smooth muscle cells

(Taniguchi & Nagai, 1970; Rousseau & Meissner, 1989; Nehlig

et al., 1992; Usachev et al., 1993; Bazán-Perkins et al., 2000).

Other caffeine-induced effects, such as adenosine receptor

antagonism (Evoniuk et al., 1987), and phosphodiesterase

inhibition (Beavo et al., 1970; Pauvert et al., 2002) have been

described. These effects might be responsible for neurotrans-

mitters release, as has been found in the brain and in a

pheochromocytoma cell line (Nehlig et al., 1992; Avidor et al.,

1994). Although in a single cell preparation these effects

apparently do not interfere with the SR-Ca2þ release induced

by caffeine, in multicellular preparations such as airway

smooth muscle strips they might be able to modify the final

response, but this last possibility has been scantily investigated.
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British Journal of Pharmacology (2003) 139, 1203–1211 & 2003 Nature Publishing Group All rights reserved 0007–1188/03 $25.00

www.nature.com/bjp



Thus, the aim of the present work was to evaluate the role of

neurotransmitters release in the caffeine-induced mobilization

of intracellular Ca2þ and smooth muscle contraction in bovine

tracheal strips.

Methods

Study design

In bovine tracheal strips the following experiments were

conducted (Figure 1): (a) Tissues were stimulated with 60mm

KCl for 15min in order to corroborate their viability. (b) After

washing the tracheal strips, and when they returned to basal

conditions (B10min), a first stimulation (S1) with 10mm

caffeine was carried out for 10min. This was considered the

basal response, and we only included tissues showing a good

first response to caffeine defined by the presence of a Ca2þ

transient peak followed by a plateau with oscillations. This

criterion was established because we corroborated that the lack

of oscillations was associated with a low contraction after

caffeine. (c) Because caffeine stimulation depletes the SR-Ca2þ

stores, tissues were stimulated again with 60mm KCl during

30min in Krebs solution containing 2mm Ca2þ in order to

enhance the SR refilling. It has already been shown that a

minimum of 20min is enough to accomplish B75% of the

active SR-replenishment (Bourreau et al., 1991). (d) A second

stimulation (S2) with 10mm caffeine was performed with or

without preincubation with o-conotoxin GVIA (an N-type

voltage-dependent Ca2þ channel blocker) plus tetrodotoxin (a

Naþ channel blocker), or with atropine and/or substance P

(SP) fragment 4–11. The SP fragment 4–11 is an unspecific

drug that blocks both NK1 and NK2 receptors, as it was

demonstrated by its ability to block the tracheal contraction

elicited by substance P (an NK1 agonist) and by eledoisin and

kassinin (two NK2 agonists) (Mizrahi et al., 1984; Tucci et al.,

2001). We corroborated that the concentration of SP fragment

4–11 used in our study (10 mm) significantly displaced to the

right the concentration–response curve to SP (data not

shown). Finally, with the aim to further investigate the role

of the SR in the caffeine response, the same protocol as

described above was carried out in a separate group of tracheal

strips, but with S2 being accomplished in a Ca2þ free medium

(ie, Krebs without Ca2þ and with 0.1mm EGTA).

Additionally, in order to assess whether o-conotoxin GVIA,

tetrodotoxin, atropine, or SP fragment 4–11 have a direct

effect on the smooth muscle cell, their effects on the

intracellular Ca2þ transient peak induced by caffeine were

explored in single myocytes isolated from bovine trachea. In

these experiments, caffeine stimulations (10mm) were accom-

plished approximately 15min apart in each isolated myocyte.

After confirming that two repetitive caffeine stimulations had

the same response, a third one was conducted in the presence

of o-conotoxin GVIA plus tetrodotoxin, or of atropine plus

SP fragment 4–11.

In another set of experiments we explored the effect of SP on

single airway smooth muscle cells and tracheal strips. In these

last tissues, 3.2mm phosphoramidon (a neutral endopeptidase

inhibitor) was used in order to avoid degradation of SP.

Simultaneous measurement of [Ca2þ]i and contraction in
airway strips

Tracheal bovine strips (1–1.5mm wide, 5mm long) obtained

from a local slaughterhouse were dissected free of cartilage,
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epithelium and connective tissue and immersed in Krebs

solution (mm): NaCl 118, NaHCO3 25, KCl 4.6, KH2PO4 1.2,

MgSO4 1.2, glucose 11, CaCl2 2 (unless otherwise specified).

The strips were loaded with the acetoxymethyl ester of fura 2

(Fura-2/AM) by incubating them under protection from light

for 3.5 h at 371C in a shaking bath (54 strokes per min) with

2ml bubbled (5% CO2 in O2) Krebs solution containing 20 mm
Fura-2/AM, 1mm probenecid and 0.01% pluronic F-127.

Afterwards, strips were washed for 10–15min with Krebs

solution to remove the dye from the extracellular space. Each

preparation was mounted vertically in the bottom of a 4-ml

polymethacrylate fluorimeter cuvette using a special adaptor

from Photon Technology International (PTI, Princenton, NJ,

U.S.A.). This cuvette was placed in a PTI fluorometer and the

Krebs solution was continuously bubbled with 5% CO2 in O2

and maintained at 371C. The lower end of the strip was fixed

to the adaptor and the upper end was attached to an isometric

force transducer (FSG-01, Experimetria Ltd., Budapest,

Hungary) connected to an analog-digital interface (PTI) via

an EasyGraf recorder (model TA240, Gould Electronics,

Cleveland, OH, U.S.A.). Recordings were stored in a micro-

computer and analyzed using a data acquisition and analysis

software (Felix v1.21, PTI). Preparations were equilibrated for

30min under a resting tension of 1–1.5 g prior to testing. The

special adaptor had two metallic tubes. The first one was used

to add solutions (with or without drugs) to tracheal strips

through syringes mounted in a serial system of three-way

stopcocks. Under these conditions, drugs added to the tissues

always had a uniform concentration. The second tube was

used to remove the solution.

Fura-2/AM loaded in the smooth muscle strips was excited

by alternating pulses of 340 and 380 nm light, and emission

was collected at 510 nm using a fluorometer (PTI). The

fluorescence acquisition rate (B0.8 s�1, [Ca2þ ]i) was calculated

according to the formula of Grynkiewicz et al. (1985). The Kd

of Fura-2 was assumed to be 386 nm (Kajita & Yamaguchi,

1993). The mean 340/380 fluorescence ratios Rmax and Rmin

were obtained by exposing the tissue to 5mm Ca2þ in the

presence of 10 mm ionomycin and in Ca2þ -free medium with

10mm EGTA, respectively. Rmax was 2.49 and Rmin 1.19. The

fluorescence ratio at 380 nm light excitation, in Ca2þ -free

medium and Ca2þ saturated cells (�), was 1.36. With this

procedure, a typical recording of 340/380 in a mirror fashion

was obtained, thus corroborating the appropriateness of the

Ca2þ measurement (Figure 2(a)).

Measurement of [Ca2þ]i in tracheal myocytes

Airway smooth muscle cells were obtained from bovine

trachea as follows. Approximately 200mg smooth muscle

were minced, placed in 5ml Hanks solution (Gibco BRL,

Rockville, MD, U.S.A.) containing 2mg cysteine and

0.05Uml�1 papaine, and incubated for 10min at 371C. The

tissue was washed with Leibovitz’s solution (Gibco) to remove

the enzyme excess, and then placed in a Krebs solution

containing 0.144mgml�1 of a highly purified collagenases and

neutral proteases mixture (Liberase Blendzyme 2, Roche,

Indianapolis, IN, U.S.A.) for B12min until dispersed cells

were observed. This procedure allowed us to obtain cells with

consistent levels of resting [Ca2þ ]i. Cells were then loaded with

0.5 mm Fura-2/AM in low Ca2þ (0.1mm) at room temperature

(22–251C). After 1 h, cells were allowed to settle into a 1.5ml

heated perfusion chamber with a glass cover at the bottom.

This chamber was mounted on a Nikon inverted microscope

(Diaphot 200, Tokyo, Japan) and cells adhered to the glass

were continuously perfused at a rate of 2–2.5mlmin�1 with

Krebs solution (371C, equilibrated with 5% CO2 in O2, pH 7.4)

containing 1.5mm Ca2þ .

Cells loaded with Fura-2 were studied as smooth muscle

strips (see above) with the following differences: Equipment

used was a microphotometer (PTI). Background fluorescence

was automatically determined and subtracted by removing the

cell from the field before starting the experiments. The

fluorescence acquisition rate was 0.5 s�1, [Ca2þ ]i. Rmax and

Rmin were obtained by exposing the cells to 10mm Ca2þ in the

presence of 10mm ionomycin and in Ca2þ -free Krebs solution
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with 10mm EGTA, respectively. Rmax was 7.16, Rmin 0.38, and

� 1.8. Data analysis was performed using Felix v1.21 software

(PTI).

Drugs previously dissolved at the required concentration in

Krebs solution were added to the perfusion chamber by using

a 60-ml syringe connected to a four-way stopcock system.

Acetylcholine (ACh) and SP detection

For this purpose, bovine tracheal airway smooth muscle strips

(2mm wide, 5mm long) were suspended in 5ml organ baths

containing Krebs solution. Preparations were maintained at

371C, pH 7.4, and bubbled with 5% CO2 in O2. Tissues were

attached to a isometric force transducer (model FT03, Grass

Instruments, West Warwick, RI, U.S.A.) connected to an

analog–digital interface (Digidata 1200A, Axon Instruments,

Foster City, CA, U.S.A.) via a signal conditioner (CyberAmp

380, Axon Instruments). Recordings were stored in a micro-

computer and analyzed using a data acquisition and analysis

software (AxoScope v7.0, Axon Instruments). Preparations

were equilibrated for 30min under a resting tension of 1–1.5 g

prior to testing. Tissues were then stimulated three times with

60mm KCl (lasting 20min each) until maximum stable

responses were obtained. After washing the tissues, they were

incubated for 10min with 140KIUml�1 aprotinin (a protease

inhibitor) in order to improve the recovery of SP (Scott et al.,

1996), the bath liquid was recovered, filtered with acrodisc

syringe filters with 0.2mm nylon membrane (Pall Gelman

Laboratory, Ann Arbor, MI, U.S.A.), and two aliquots were

taken and frozen at �201C. Subsequently, tissues were

incubated again with aprotinin and stimulated with 10mm

caffeine for 10min and the same protocol described above

was followed. Only those tissues in which caffeine induced a

transient contraction with oscillations were included.

ACh measurement One of the sample’s aliquots was

lyophilized with a freeze dry system (model 77520, Labconco

Corporation, Kansas City, MI, U.S.A.) and reconstituted with

100 ml of filtered deionized glass-distilled water. ACh and

choline concentrations in the sample were measured by cation-

exchange HPLC-electrochemical detection method (Potter

et al., 1983). In this technique, an analytic column for ACh

and choline (MF-6150, Bioanalytical Systems, West Lafayette,

IN, U.S.A.), an immobilized enzyme reactor (IMER; Bioana-

lytical Systems) and an electrochemical detector (Coulochem

II, ESA Inc., Chelmsford, MA, U.S.A.) were coupled to the

HPLC (model 9012, Varian Co., Walnut Creek, CA, U.S.A.).

Mobil phase (50mm Tris/NaClO4 plus 1% ProClin reagent,

pH 8.5) was pumped at a rate of 1mlmin�1.

ACh and choline were retained by the analytic column and

separated from each other. The IMER contains two enzymes,

acetylcholinesterase (AChE) and choline oxidase, which

convert the ACh to choline and then to betaine and H2O2,

respectively. Then, H2O2 is oxidized by the platinum electrode

(set at 500mV) of the electrochemical detector producing a

current whose magnitude reflects the amount of ACh in the

sample. Some minutes later, choline is eluted and transformed

by the IMER to H2O2, producing a separated peak that reveals

the amount of choline in the sample. Chromatography data

were recorded and processed with a special software (Star

Chromatography Workstation, Varian Inc. version 4.01).

Concentration of ACh and choline were calculated by

extrapolation of the results with standard curves made just

before the HPLC sample measurements. Injection of progres-

sive ACh and choline concentrations showed that the detection

limit of our HPLC system was B1 nm in a 10 ml sample.

Because ACh released by the tissue is quickly hydrolyzed to

choline, the ACh measurement should ideally have been done

under AChE inhibition in order to avoid its degradation.

However, the addition of 1 mm physostigmine to the organ

bath induced a sustained tracheal contraction, thus interfering

with the transient contraction induced by caffeine. Therefore,

ACh production in the samples was expressed as the sum of

ACh plus choline (nmmg of tissue�1) detected with the HPLC

system.

Substance P measurement A 1-ml sample was mixed with

1ml trifluoroacetic acid (1%, TFA), shaken, centrifuged at

14,000� g for 15min at 41C (Model Mikro-22-R, Hettich,

Tuttlingen, Germany), and the supernatant was applied to a

chromatography column of Bio-Gel P-2 Gel Fine, 45–90mm
mesh (Bio-Rad Laboratories, Hercules, CA, U.S.A.). These

columns were previously equilibrated with 1ml acetonitrile,

followed by 15ml TFA. After addition of the supernatant to

the columns, they were washed with 20ml TFA, eluted by

applying 3ml of 60 : 40 solution of acetonitrile:TFA, collected

in plastic tubes, and evaporated until dry using a centrifugal

concentrator under vacuum (Speed Vac, model SC110, Savant

Instruments, Holbrook, NY, U.S.A.). Samples were recon-

stituted with 100 ml of buffer protein base with preservatives

(part R80206, R&D Systems, Minneapolis, MN, U.S.A.). SP

concentration was then measured through a competitive

ELISA (catalogue #DE1400, R&D Systems). Samples were

read at 405 nm using a Labsystems Multiskan MS (V.4.0,

Labsystems Oy, Helsinki, Finland). SP concentration was

expressed as pgml�1mg tissue�1 after comparing with standard

curves made with the same kit. The detection limit of the SP

assay was less than 8 pgml�1.

Drugs

Fura-2 acetoxymethyl ester (Fura-2/AM), probenecid, pluro-

nic F-127, caffeine, ionomycin, tetrodotoxin, [D-Pro4, D-

Trp7,9,10, Phe11]-SP (fragment 4–11), methoxyverapamil hy-

drochloride (D-600), acetylcholine chloride, SP acetate salt,

phosphoramidon sodium salt, Trizmas base, and EGTA

(ethylene glycol-bis(�-aminoethyl ether)-N,N,N0,N0-tetraacetic
acid) were obtained from Sigma (St Louis, MO, U.S.A.). o-
Conotoxin GVIA was purchased from Calbiochem (La Joya,

CA, U.S.A.). ProClin was purchased from Bioanalytical

System. Fura-2/AM and ionomycin were dissolved in

dimethylsulfoxide (final concentration 0.025%). In control

experiments, dimethylsulfoxide did not have any effect on the

60mm KCl-induced tracheal strips contraction.

Data analysis

Evaluation of [Ca2þ ]i was done by measuring the peak

response and the averaged plateau (measured from the visually

identified beginning of plateau until the end of the 10-min

record) using a data acquisition and analysis software (Felix

v1.21, PTI), whereas contractile response was evaluated by the

maximum contraction.
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In order to minimize the biological variability, responses to

caffeine under different preincubation conditions were eval-

uated in S2, as compared with their respective basal responses

to caffeine alone (S1). Thus, an S2/S1 ratio was used in all

evaluations. Differences in S2/S1 ratios were evaluated

through one-way ANOVA followed by Tukey’s test. In some

experiments we used paired and nonpaired Student’s t-test.

Statistical significance was set at one-tailed (ACh and SP

measurements) or two-tailed P-value less than 0.05. Data in

the text and illustrations are shown as mean7s.e.m.

Results

The resting [Ca2þ ]i averaged from all strips (n¼ 32) was

10378 nm. In control conditions (ie without preincubation

with other drugs), both the first (S1) and second (S2) caffeine

addition yielded a biphasic change in [Ca2þ ]i, constituted by a

transient Ca2þ peak followed by a plateau with oscillations.

The plateau reached a 37.672.4% of the peak value. These

[Ca2þ ]i responses were accompanied by a transient contraction

(Figure 1). [Ca2þ ]i responses to S2 were always lower than

responses to S1, mainly in the peak, while contraction was

almost the same in S2 and S1. Therefore, S2/S1 ratios of

[Ca2þ ]i peak, [Ca2þ ]i plateau and contraction were 0.6970.02,

0.8370.06 and 1.0170.03, respectively. These responses to

caffeine were relatively homogeneous, as can be observed in

the remaining control groups. In some experiments, D-600

(methoxyverapamil, 30mm), a well-known L-type Ca2þ chan-

nels blocker, greatly decrease the ongoing Ca2þ plateau

induced by caffeine, with abolishment of the oscillatory

pattern (Figure 3). Additionally, combination of 1mm ACh

plus 1mm SP (in the presence of 3.2mm phosphoramidon, n¼ 3)

reproduced the oscillatory pattern observed with caffeine,

which was also abolished by D-600 (Figure 3).

Tissues were preincubated with o-conotoxin GVIA (1 mm)
plus tetrodotoxin (3.1 mm), which would be expected to reduce

markedly neurotransmitter release (Montaño et al., 1988; Johri

& Janssen, 1999). This experimental maneuver significantly

decreased the S2/S1 ratio of the transient Ca2þ peak, Ca2þ

plateau and muscle contraction (Figure 4). The same effect was
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observed when tissues were preincubated with either atropine

(1 mm) or SP fragment 4–11 (10 mm), and the inhibition was

even more evident when these last two antagonists were

simultaneously used (Figures 5 and 6). The removal of Ca2þ

from the external medium significantly inhibited the actions of

caffeine, which only produced a Ca2þ transient peak devoid of

oscillations and a small transient contraction, as is shown in

Figure 7.

In tracheal myocytes the resting [Ca2þ ]i was 82713 nm

(n¼ 6). As is exemplified in Figure 2(b), stimulation with

caffeine produced a Ca2þ transient peak (DCa2þ , 27577 nm,

n¼ 6), which was not modified by o-conotoxin GVIA plus

tetrodotoxin (DCa2þ , 274752 nm, n¼ 3), nor by atropine plus

SP fragment 4–11 (DCa2þ , 313742 nm, n¼ 3).
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Finally, in isolated tracheal myocytes perfusion with 1mm SP

induced a transient Ca2þ peak (DCa2þ , 4987135 nm, n¼ 5)

followed by a plateau (DCa2þ , 112712 nm, Figure 8(a)).

Moreover, through simultaneous measurements in tracheal

strips we corroborated that 1mm SP caused smooth muscle

contraction during the Ca2þ increment in a similar fashion as

the pattern reported for other agonists, that is a Ca2þ peak

(DCa2þ , 206723 nm, n¼ 3) followed by a plateau (DCa2þ ,
148727 nm, n¼ 3), along with a sustained contraction

(0.5170.09 g tensionmg tissue�1, Figure 8(b)). In these last

experiments, tissues were preincubated with 3.2 mm phosphor-

amidon.

The amount of ACh released by bovine trachea strips and

accumulated in the organ bath liquid in a 10-min period was

higher during caffeine stimulation, as compared with control

conditions (0.4370.19 to 2.0770.56 nmmg tissue�1, respec-

tively, Po0.02, Figure 9(a)). Although the amount of SP

released had a tendency to augment after caffeine stimulation,

this increment was devoid of statistical significance (geometric

means, 0.69 vs 1.97 pgml�1mg tissue�1, P¼ 0.053, Figure

9(b)).

Discussion

Caffeine has been widely used as a pharmacological tool to

evaluate Ca2þ release from SR stores in single cell experiments

(Janssen, 1996; Wang & Kotlikoff, 1997; Madison et al., 1998;

Bazán-Perkins et al., 2000). In these conditions, administration

of caffeine produces a [Ca2þ ]i transient peak that rapidly

returns to basal levels in less than a minute (Bazán-Perkins

et al., 2000). This effect of caffeine was corroborated in our

study using single tracheal myocytes. However, using a more

complex experimental biosystem (tracheal smooth muscle

strips), caffeine stimulation induced a biphasic change in

[Ca2þ ]i, constituted by a transient Ca2þ peak followed by a

plateau with oscillations, accompanied by a transient contrac-

tion. Similar responses have been previously observed in

vascular smooth muscle strips, but up to now the mechanisms

involved in the [Ca2þ ]i biphasic changes are unknown

(Watanabe et al., 1992).

Time (s)

Time (s)

0 100 200 300

0

100

200

300

400

500

600

[C
a2+

]i 
(n

M
)

Caffeine

W

Substance P

0

100

200

300

0

2

4

6

0 100 200 300 400

C
on

tr
ac

tio
n 

(g
)

Substance P

[C
a2+

]i 
(n

M
)

a

b

Figure 8 Effect of SP (1 mm) on the [Ca2þ ]i in single airway smooth
muscle cells (a) and in the contraction and [Ca2þ ]i in airway smooth
muscle strips (b). Tissues were preincubated with 3.2 mm phosphor-
amidon (inhibitor of neutral endopeptidase).

0

1

2

3

4

5

A
C

h 
(n

M
 m

g 
tis

su
e-1

)

Control Caffeine

Control Caffeine

S
P

 (
pg

 m
l-1

m
g 

tis
su

e-1
) a

0.01

0.1

1

10

*

a

b

Figure 9 Effect of 10mm caffeine on the ACh and SP release (in a
10-min period) from bovine airway smooth muscle strips. *Po0.02,
aP¼ 0.053.

L.M. Montaño et al ACh and tachykinins in caffeine response 1209

British Journal of Pharmacology vol 139 (6)



While the relaxing phase of the transient response has been

attributed to cAMP accumulation produced by the caffeine-

induced phosphodiesterase inhibition, the contraction phase

has been largely attributed to the Ca2þ released from SR

stores (Watanabe et al., 1992). However, in the present study

we found evidences that neurotransmitters, such as ACh and

tachykinins, are involved in the contraction and in the [Ca2þ ]i

biphasic changes. Firstly, we found indirect data suggesting the

involvement of neurotransmitters in the caffeine responses, as

follows. (1) The removal of the extracellular Ca2þ notably

inhibited the caffeine-induced muscle contraction and turned

the biphasic Ca2þ changes into a small transient peak. This

observation would imply that the mechanism of action by

which caffeine induced a biphasic increase in the [Ca2þ ]i and

muscle contraction is mainly mediated by the external Ca2þ ,

and not solely due to SR Ca2þ release. (2) The addition of

ACh plus SP to tracheal strips was able to reproduce the

oscillatory pattern observed with caffeine, and D-600 abol-

ished it in both experiments. (3) Incubation of tracheas with

two toxins able to decrease neurotransmitter release (o-
conotoxin GVIA and tetrodotoxin), notably diminished the

biphasic [Ca2þ ]i response to caffeine, with a reduction of the

smooth muscle contraction.

Secondly, we were able to identify through pharmacological

tools that neurotransmitters released by caffeine corres-

ponded to ACh and tachykinins, since their respective

antagonists (atropine and SP fragment 4–11) significantly

reduced the caffeine-induced responses. Moreover, combina-

tion of both antagonists caused a stronger inhibition of these

responses, including the abolishment of [Ca2þ ]i oscillations.

Therefore, our results indicate that in tracheal tissue

caffeine induced the release of ACh and tachykinins and that

these neurotransmitters were responsible for the major part

(470%) of the [Ca2þ ]i increment and muscle contraction. In

addition, it was evident that the biphasic nature of the

[Ca2þ ]i response to caffeine was fully dependent on these

neurotransmitters.

Thirdly, we found a significant increment in the release of

ACh in the organ bath liquid after caffeine stimulation of

bovine tracheal strips, confirming that this drug induced the

release of this neurotransmitter.

Studies in bovine and other mammals have reported the

presence of different types of innervation in the trachea

(Cameron & Kirkpatrick, 1977). A large network of para-

tracheal ganglia with positive staining to ACh have been

located in the dorsal surface of the membranous portion of the

trachea (Baker et al., 1986; Baluk & Gabella, 1989). SP-

immunoreactive fibers emerging from the vagus nerve, along

with sympathetic nerve fibers, are also present within the

trachea wall (Baluk & Gabella, 1989). During experiments

using tracheal smooth muscle this neuronal component is

usually left intact, and its functionality is easily disclosed by

electrical field stimulation (Baker et al., 1993; Matera et al.,

1997; Sommer et al., 1997). On the other hand, it is now well

documented that caffeine induces release of brain neurotrans-

mitters such as serotonin, dopamine and noradrenaline

(Nehlig et al., 1992). This last effect has been postulated to

be mediated via the activation of ryanodine Ca2þ channel

receptors at the SR (Avidor et al., 1994), and also by an

increment of cAMP after caffeine-induced phosphodiesterase

inhibition (Beavo et al., 1970). In this last regard, several

studies support that ACh and SP are released when cAMP

levels are experimentally increased (Blusztajn et al., 1992;

Kopp et al., 2002). Additionally, at least in the hippocampus

where ACh release is under tonic inhibitory control by

adenosine, caffeine promotes ACh release, although this effect

is achieved through its A1 receptor antagonism (Carter et al.,

1995).

All the above-mentioned studies fully agree with our

findings, thus providing further support to our conclusion

that caffeine causes ACh and SP tachykinins release from

neuronal endings in the bovine airway smooth muscle. As far

as we know, this is the first report of such an effect of caffeine

in this tissue.

The specific tachykinin involved in the caffeine response is

still unclear. In our pharmacological experiments we found

that a mixture of ACh and SP added to bovine tissues

reproduced the pattern of [Ca2þ ]i response to caffeine (see

Figure 3), suggesting that SP could be one of the tachykinins

involved. However, we were unable to demonstrate a caffeine-

induced increment of this neuropeptide in the organ bath

fluids. One possible explanation to these results is that caffeine

might be inducing the simultaneous release of tachykinins

other than SP, such as neurokinin A. The simultaneous release

of SP and neurokinin A has been well documented (Canning &

Fischer, 2001), and both neurotransmitters are capable of

producing smooth muscle contraction via NK1 (mainly SP)

and NK2 (mainly neurokinin A) receptors (Barnes, 2001).

Thus, it is likely that neuropeptides such as neurokinin A

partially account for the effect of caffeine, although its actual

release remains to be demonstrated.

We were able to demonstrate that [Ca2þ ]i oscillations

observed in tracheal strips stimulated with caffeine were

dependent on extracellular Ca2þ , since blockade of L-type

Ca2þ channels by D-600 abolished them, and they were not

observed during incubation in Ca2þ -free medium. Moreover, a

combination of ACh and SP reproduced such oscillatory

pattern, and the blockade of these two neurotransmitter

receptors eliminated it. Altogether, these results suggest that

ACh and/or tachykinins are responsible for the oscillations

induced by caffeine.

We confirmed that SP is able to induce a sustained

contraction due to an intracellular Ca2þ increment.

Recently, a biphasic [Ca2þ ]i response induced by caffeine

was described by Ethier et al. (2001) in bovine airway smooth

muscle single cells. These authors concluded that SR Ca2þ

ATPase activity is the main mechanism involved in the

sustained plateau phase. However, this Ca2þ plateau was a

rather small response reaching only 1.9% of the peak response,

much lower than the 37.6% observed in our study in smooth

muscle strips. Thus, in our study the involvement of the SR

Ca2þ ATPase activity in the generation of the plateau, if any,

seemed to be minimal.

On the other hand, in single tracheal smooth muscle

cells we corroborated that none of the drugs used to avoid

neurotransmitters release or to block muscarinic or

tachykinins receptors had a noticeable effect on the caffeine-

induced responses, thus discarding that changes observed in

our study could be due to a direct effect on smooth muscle

cells.

We concluded that in bovine tracheal strips caffeine releases

ACh and tachykinins, thus making this drug an unsuitable

pharmacological tool to evaluate Ca2þ release from SR in this

tissue.
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