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Sarcolemmal vesicles prepared by a new procedure from bovine tracheal smooth muscle were found to have 
a Na-Ca exchange activity that is significantly higher than that reported for different preparations from 
other types of smooth muscle. The exchange process system co-purified with 5'-nucleotidase, a plasma 
membrane marker enzyme, and was significantly enriched (over 100-fold) compared to mitochondria 
(cytochrome-c oxidase) but only slightly enriched (4-fold) compared to sarcoplasmic reticulum 
(NADPH-cytochrome-c  reductase). The Na + dependence of Ca 2+ transport was demonstrated through both 
uptake and efflux procedures. The uptake profile with respect to Ca 2 ÷ was monotonic with a linear v o vs. 
v o • S - t  plot. The resultant K m of Ca 2÷ from the airway sarcolemmal vesicles (20 p M )  was similar in 
magnitude to the K m of cardiac sarculemmal vesicles (30 pM).  Tracheal vesicles demonstrated a Vma x of 
0.3-0.5 nmoi • mg - 1. s - t which is significantly higher than that reported in preparations from other smooth 
muscle types. Furthermore, two processes found to stimulate cardiac Na-Ca exchange, pretreatment with 
either a mixture of dithiothreitol and Fe 2÷ or with chymotrypsin, were ineffective on the tracheal smooth 
muscle. Thus, the Na-Ca exchanger identified in tracheal smooth muscle appears to be different from that 
observed in cardiac muscle, implying that regulation of this activity may also be different. 

Introduction 

The present study on Na-Ca exchange was 
based on an interest in defining the biochemical 
processes involved in the control of contractility in 
tracheal smooth muscle. It  is well known that 
Ca 2+ is involved in tension development in all 
muscle types. In smooth muscle the initial step in 
response to contractile mediators is the rise in 
internal free Ca 2÷ by a combination of influx of 
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external C a  2+ and release of intracellular stores. 
This Ca 2+ then binds calmodulin which activates 
myosin light chain kinase thus leading to phos- 
phorylation of myosin with resultant contraction 
of the actomyosin complex [1]. 

In subsequent relaxation, the free internal Ca 2 + 
levels must be reduced by returning Ca 2+ to its 
place of origin, either the cell exterior or sarcop- 
lasmic reticulum. There are two known sarco- 
lemmal C a  2+ transport  systems for Ca 2 + removal, 
the Na-Ca exchanger and a Ca-pump ATPase. In 
sarcoplasrnic reticulum there is a different Ca- 
pump ATPase which is involved in C a  2+ seques- 
tration. These systems have been well studied in 
cardiac muscle [2-7] but only recently have been 
identified in smooth muscle [8-16] and heretofore 
have not been reported in tracheal smooth muscle. 
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In an attempt to differentiate the relative impor- 
tance of these systems in tracheal smooth muscle 
we began with a study of the Na-Ca exchange 
process. 

A Na-Ca exchange system would be of greatest 
significance in contractile systems which depend 
on external Ca 2+. External Ca 2÷ has been re- 
ported to be an important source of contractile 
Ca 2÷ in airway smooth muscle (for reviews see 
Refs. 17-21) when tissue is challenged with 
leukotrienes [22-25], histamine [22-24,26], acetyl- 
choline [24,26] and potassium [24]. These conclu- 
sions were based on depletion experiments for 
external Ca 2 + and the use of Ca 2 ÷ channel block- 
ers with each of these agonists. Thus, for several 
contractile activators an important role for exter- 
nal Ca 2÷ is implicated in the mechanism by which 
many agents induce contraction in tracheal smooth 
muscle, and the Na-Ca exchange process could 
play an important role in removal of Ca 2+ from 
the intracellular compartment during relaxation. 

We report the isolation of sarcolemmal vesicles 
from a relatively homogeneous preparation of 
bovine tracheal smooth muscle cells. Na-Ca ex- 
change activity has been identified in high quan- 
tity in these vesicles, 10-fold higher than reported 
for rat myometrium [9] and guinea pig intestinal 
smooth muscle [11]. This level of activity implies a 
much more significant role for the Na-Ca ex- 
change system in tracheal smooth muscle than has 
been proposed for these other smooth muscle types 
[27]. In addition, this activity appears to be under 
different control than the Na-Ca exchanger from 
heart. 

Methods 

Cell preparation from tracheal smooth muscle 
Large male bovine tracheae were obtained from 

an abattoir and were kept on ice until use. All cell 
preparation procedures were performed at 0 - 4  ° C. 
Each trachea was cut open on the side opposite 
the fold where the smooth muscle strip was found. 
The smooth muscle was then exposed by careful 
removal of the epithelial layer from the luminal 
surface of the trachea. Then, strips of smooth 
muscle were carefully cut away from the adven- 
titia and placed in a beaker on ice. 

These smooth muscle strips (100 g) were washed 
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once with 200 ml of a Mops-modified Tyrodes 
buffer (155 mM NaC1, 2.7 mM KC1, 1.8 mM 
CaC12. 2H20, 1 mM MgC12 • 6H20, 1 g/1 glu- 
cose, and 5 mM Mops, pH 7.40 adjusted with Tris 
base), resuspended in 200 ml of the same buffer, 
passed through an electric meat grinder, filtered 
through two layers of cheesecloth, and split into 
three portions. These portions were placed in plas- 
tic bags (Tekmar Co., PO Box 371856, Cincinnati, 
OH 45222, U.S.A.) with 200 ml Mops-modified 
Tyrodes buffer and the tissue in these bags was 
homogenized for 20 s in a Tekmar Stomacher, and 
then filtered through one layer of cheesecloth. The 
filtrate was discarded. The remaining tissue was 
agitated again in the Stomacher in 200 ml of 
buffer for 3 × 30 s with 90 s intervals between 
each agitation. Filtrates were collected and ex- 
amined under a light microscope and those filtrates 
with greater than 95% smooth muscle and highest 
cell density were combined. 

Preparation of membrane fractions 
All solutions and procedures used in the pre- 

paration of membrane fractions were at 0 - 4 ° C .  
Procedures leading to sarcolemmal membrane 
(plasma membrane) preparation are described be- 
low. Cells were pelleted from the combined filtrate 
by centrifugation at 13000 x g for 30 min and 
resuspended in 300 ml fresh sucrose buffer (250 
mM sucrose, 20 mM Mops, adjusted to pH 7.40 
with Tris base). The suspension was incubated in a 
Parr Nitrogen Cavitation Chamber at 1100 psi for 
15 min and the cells were broken as they were 
slowly released from the chamber. This cavitated 
fraction was termed the crude homogenate. 

The separation of the membrane fractions from 
the crude homogenate was based on procedures 
used by Grover et al. for rat myometrium [28,29], 
rat mesenteric arteries [30], and for canine 
trachealis [31]. The homogenate was centrifuged at 
1000 × g for 10 rain. The resultant supernatant 
was centrifuged at 10000 × g  for 10 min to re- 
move mitochondria. This supernatant was in turn 
subjected to centrifugation at 120000 x g for 45 
rain (Beckman Type 35 rotor) to pellet the remain- 
ing membranes and to remove soluble proteins. 
The 1 2 0 0 0 0 × g  pellet was resuspended in 8% 
sucrose and layered on a discontinuous gradient 
prepared from 30% and 40% sucrose. Four frac- 
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tions were collected after centrifugation at 180 000 
× g for 90 min (Beckman Type 50Ti rotor): the 
interfaces between 8 and 30% sucrose and between 
30 and 40% sucrose, the pellet, and the remaining 
noninterface supernatant. These fractions were di- 
luted at least 3-fold in 160 mM NaC1 solution 
(160 mM NaC1, 20 mM Mops, adjusted to pH 
7.40 with Tris base) and centrifuged at 180000 × g 
for 30 min. 

The resultant pellets were resuspended in the 
160 mM NaCI solution and homogenized with a 
teflon-glass homogenizer. Aliquots (0.25-1.0 ml) 
were placed in 1 mt Nunc cryotubes from In- 
terMed, quick-frozen in liquid nitrogen, and stored 
at - 80 ° C. 

Bovine cardiac sarcolemmal vesicle prepara- 
tions [32] were the generous gift of Dr. John P. 
Reeves. 

Assays for membrane marker enzymes 
5'-Nucleotidase. An assay was developed for 

5'-nucleotidase, a plasma membrane (sarco- 
lemmal) marker, from a combination of the tradi- 
tional 5'-nucleotidase assay [33] and an assay for 
phosphodiesterase which utilized a Dowex column 
procedure for analysis of products [34]. Samples 
were incubated with 1 ml of the reaction mixture 
(5 mM [3H]AMP (New England Nuclear), 100 
mM Tris-HC1 (pH 7.50), 10 mM MgSO4) at 37°C 
for 10 rain. Reactions were stopped by placing the 
tubes in boiling water for exactly 1 rain and then 
the tubes were cooled in ice. Samples were centri- 
fuged for 2 min in a Brinkman Microfuge and 400 
/~1 of each sample were placed on a Dowex col- 
umn to separate the product, adenosine, from the 
reactants. The [3H]adenosine was determined by 
liquid scintillation. 

Each minicolumn contained 1.5 ml bed volume 
of Dowex A1-2X anion exchange resin. Columns 
were prepared by washing with 10 ml H20, fol- 
lowed by 20 ml 1 M HCI. Immediately prior to 
addition of sample, the columns were washed twice 
with 1 ml of 5 mM adenosine in isopropanol/ 
water (1:1), pH 5.0. After the application of the 
400/~1 sample, the [3H]adenosine was eluted with 
three washes of 0.7 ml of the 5 mM adenosine 
isopropanol/water. 

NADPH-cytochrome-c reductase. This enzyme 
was assayed as a marker for endoplasmic reticu- 

lum by a modification of the method described by 
Pederson et al. [35]. Membrane preparations were 
added to 1 ml of the reaction mixture (71.1 #M 
cytochrome c (Sigma, type VIII), 100/~M EDTA, 
1 mM KCN, 50 mM potassium phosphate buffer, 
pH 7.40). The reaction was initiated with the 
addition of 10 #1 of 10 mM NADPH (0.1 mM 
final concentration) and followed by the increase 
in absorbance at 550 nm. Cytochrome c and 
NADPH solutions were made immediately prior 
to use. 

Cytochrome-c oxidase. The assay for this 
mitochondrial marker was based on the procedure 
of Cooperstein and Lazarow [36]. The reaction 
mixture contained 71.1/~M reduced cytochrome c 
(by Na2S204) in 50 mM potassium phosphate 
buffer, pH 7.40. The reaction was initiated by the 
addition of protein and was followed by the de- 
crease in absorbance at 550 nm. 

Protein. Protein was measured by the amido- 
schwarz dye binding method of Schaffner and 
Weissmann [37] as modified by Newman et al. 
[381. 

Na-Ca exchange assay 
Some modifications of previous methods [39] 

for Na-Ca exchange assays were necessary to 
facilitate this study in membranes from tracheal 
smooth muscle. For Na+-dependent Ca 2+ uptake 
experiments, vesicles were preloaded with Na + 
either during formation in 160 mM Na buffer or 
by incubation for 30 min at 37°C in the Na 
buffer. A 2/~1 bead of these vesicles was placed on 
the side in the lower portion of a 12 × 75 mm 
polystyrene test tube. The bead was then mixed in 
with 100 /~1 of reaction mixture (10 /~M 45Ca2+ 
(Amersham) with 160 mM KC1 or 320 mM glycerol 
and 20 mM Mops adjusted to pH 7.40 with Tris 
base) by stirring with a Fisherbrand Touch Mixer 
and the reaction was terminated by addition of 5.0 
ml ice-cold stop solution (1 mM LaC13, 200 mM 
KC1, 5 mM Mops, pH adjusted to 7.40 with 
KOH). In experiments employing a postincuba- 
tion step (see Results), the vesicles were incubated 
with the stop solution on ice for 3 rain before 
collection on a glass fiber filter (Whatman GF/A) .  
The tube was washed again with the termination 
solution and this wash was passed through the 
filter and the filter was then washed with 5 ml of 



the termination solution. The filters were counted 
for 45Ca 2+ by liquid scintillation. 

For  Ca 2÷ efflux experiments, vesicles were 
loaded similarly, but with 4 5 C a 2 + .  Then they were 
diluted into Na+-containing solutions and mea- 
sured for loss of 45Ca2÷. Other modifications for 
specific experiments are listed in the Results sec- 
tion. 

Results 

The separation of smooth muscle cells from 
other tracheal cell types depends on a good tissue 
separation and then on an effective cell sep- 
aration. The tissue separation was effected by the 
careful removal of the epithelium from the surface 
of the smooth muscle and then by the removal of 
the smooth muscle from the underlying adventitia. 
As determined by histological methods, this proce- 
dure resulted in relatively clean strips of smooth 
muscle with low levels of contaminating epi- 
thelium or connective tissue. 

The cells freed from the tissue strips by the 
agitation procedure in the Tekmar homogenizer 
were 95% smooth muscle with less than 5% con- 
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taminating erythrocytes and fibroblasts as ob- 
served through light microscopy. The cells ap- 
peared to sustain some damage as determined by 
visual examination through a light microscope and 
by their uptake of trypan blue. However, they 
were sufficiently intact to require breakage by 
nitrogen cavitation, although relatively high pres- 
sure was necessary (1100 psi), probably because 
smooth muscle cells are relatively small and rigid. 
At this pressure with a 15 rain incubation a few 
cells remained unbroken upon release, but greater 
than 97% were disrupted. 

The distribution of membrane fraction marker 
enzymes in the various fractions generated from 
the separation procedure is described in Table I. 
These data are from one of two preparations for 
which marker enzymes were examined for every 
fraction. Comparison on a step-by-step basis re- 
vealed essentially the same fold purification for 
each marker throughout both preparations. Subse- 
quent preparations have been monitored only by 
Na-Ca exchange activity and protein and follow 
the same pattern as established in Table II. From 
the data in Table I, it can be seen that 
mitochondria, as indicated by cytochrome-c 

TABLE I 

C O M P A R I S O N  OF M A R K E R  E NZ YM E  ACTIVITIES IN M E M B R A N E  FRACTIONS PREPARED F R O M  D I S R U P T E D  
T R A C H E A L  SMOOTH M US C L E  CELLS 

Tracheal smooth  muscle cells were broken through nitrogen cavitation and the membranes  were separated by differential and sucrose 
density gradient centrifugation. This separation procedure was monitored by enzyme activities representative of the membrane  types 
of interest and by Na-Ca exchange activity. The specific activities are reported in this table relative to the specific activities measured 
in the homogenate  derived from nitrogen cavitation. 

Fraction 5 '-Nucleotidase 
(sarcolemma) 

spec. act. 
(nmoi - r ag -  1. min - 1 ) (-fold) 

NADPH-cy tochrome-c  reductase Cytochrome-c oxidase 
(sarcoplasmic reticulum) (mitochondria) 

enrichment spec. act. enrichment spec. act. enrichment 
( n m o l - m g - l . m i n  -1)  (-fold) ( n m o l - m g - l . m i n  -1)  (-fold) 

Homogenate  18.5 1.00 
10 3 × g supernatant  162 8.74 
l0 s × g pellet 3.38 0.18 
10 4 x g supernatant  172 9.31 
10 4 x g pellet 85.4 4.62 
1.2.105 x g supernatant  - 
1.2-105 x g pellet 651 35.2 

Gradient  
pellet 110 5.97 
8 - 3 0 ~  interface 2 073 111 
30-40% interface 1220 65.9 
remaining supernatant  672 36.3 

1.79 1.00 102 1.00 
9.40 5.26 406 3.99 
1.25 0.70 70.3 0.69 
7.69 4.30 40.7 0.40 
6.70 3.75 782 7.67 
0.32 0.18 - - 

14.1 7.89 109 1.07 

7.88 4.40 81.7 0.80 
26.4 14.7 41.4 0.41 
31.7 17.8 134 1.32 
32.7 18.3 133 1.30 
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TABLE II 

P U R I F I C A T I O N  TABLE F OR  Na-Ca E X C H A N G E  ACTIVITY IN M E M B R A N E  FRACTIONS P R E P A R E D  F R O M  DIS- 
R U P T E D  T R A C H E A L  SMOOTH M U S C L E  CELLS 

Purification of the tracheal smooth muscle Na-Ca exchange activity was monitored by measurement  of the specific activity and 
protein in each fraction. 

Fraction Net  spec. act. Total net activity Percent recovery Purification a 
(pmol.  rag-  1. s -  1 ) (nmol.  s -  1 ) from homogenate  (-fold) 

Homogenate  5.42 4.33 100 1.00 
103 x g supernatant  • 25.9 3.17 73.2 4.77 
103 x g pellet 0.52 0.18 4.06 1.10 
10 4 x g supernatant  24.1 1.94 44.7 4.43 
10 4 × g pellet 12.7 0.67 15.5 2.34 
1.2.105 x g supernatant  0.75 0.04 0.83 0.14 
1.2.105 x g pellet 105.7 2.44 56.4 19.5 

Gradient  
pellet 9.8 0.08 1,79 1.81 
8-30% interface 329.2 0.99 22,8 60.6 
30-40% interface 76.5 0.31 7.11 14.1 
remaining supernatant  29.3 0.45 1.03 5.3 

a Purification is with respect to homogenate.  

oxidase, were pelleted in the 104X g centrifuga- 
tion. While some of the marker enzyme activity 
for plasma membrane (5'-nucleotidase) and for 
endoplasmic reticulum (NADPH-cytochrome-c 
reductase) pelleted with the mitochondria, this 
step was very effective in removing mitochondria 
from the greater portion of these other two mem- 
brane fractions. Mitochondria are known to have 
a Na-Ca exchange activity [40] distinct from that 
found in plasma membrane, and for this reason 
the removal of mitochondria was of great impor- 
tance. 

Two of the differential centrifugation steps re- 
suited in significant purification of the sarco- 
lemmal vesicles (3-4-fold) compared to homo- 
genate but did not significantly contribute to the 
separation of the major membrane components of 
interest from each other: the first centrifugation 
( 1 0 3 X  g), which removed dense material such as 
nucleii and cellular debris; and the third centrifu- 
gation (1.2.105 x g), which removed soluble pro- 
tein. The 1.2.105 × g  centrifugation was per- 
formed primarily for the purpose of concentrating 
the membranes for application to the gradient. 

In the sucrose density gradient step, most of 
the Na-Ca exchange activity was usually found to 
band in membranes at the top of the 30% level 

(8/30 interface), as shown in Table II. This 8/30 
interface in five different preparations always had 
the highest sarcolemmal marker activity and al- 
ways had the highest Na-Ca exchange activity. A 
40% band (30/40 interface) was also included in 
the usual preparation procedure because some of 
the Na-Ca exchange activity was found here and 
because sarcoplasmic reticulum was at higher levels 
in this fraction. Thus, the 8/30 interface had the 
highest specific Na-Ca activity with the least 
sarcoplasmic reticulum. With respect to the 5'- 
nucleotidase activity (Table I), this fraction was 
enriched over 100-fold in sarcolemma when com- 
pared to the homogenate. Mitochondria were re- 
duced to 0.41-fold of homogenate but sarcop- 
lasmic reticulum was enriched 14.7-fold, which, 
while significant, was less than 15% of the sarco- 
lemmal enrichment. 

The sarcoplasmic reticulum marker NADPH- 
cytochrome-c reductase had its highest activity in 
the 30/40 interface fraction, although substantial 
activity was found in the 8/30 interface, the puta- 
tive sarcolemmal fraction. Both the sarcolemmal 
marker, 5'-nucleotidase, and the Na-Ca exchange 
activity were reduced in the 30/40 interface com- 
pared to the 8/30 interface, indicating reduced 
proportion of sarcolemma to sarcoplasmic reticu- 



him in the 30/40  interface. However, Na-Ca ex- 
change activity in the 30/40 interface was reduced 
to a greater extent than 5'-nucleotidase. This par- 
tial separation of these two activities suggests that 
they may reside in different sarcolemmal subfrac- 
tions. 

The specific activity of Na-Ca exchange was 
highest in the 8 /30  interface fraction (329 pmol .  
mg -1 .  s -1) and was over 60-fold improved com- 
pared to the homogenate (Table II). In addition, 
there was relatively high recovery (approx. 23%) of 
the exchange activity in this fraction, and thus the 
8 /30  fraction was utilized for all subsequent Na- 
Ca exchange characterization. Although the 
calcium uptake assay at 3 s slightly underestimates 
true initial velocities because of the curvature of 
the uptake time course (Fig. 2), these longer time 
points were necessary to achieve enough uptake to 
compensate for the large Ca 2 + binding component 
of the background in the lower specific activity 
crude fractions prior to the gradient separation. 

When using this assay to compare .the fractions, 
the loss in each centrifugation step is only about 
20% when the Na-Ca exchange activities in the 
supernatant and pellet are compared with the 
suspension prior to centrifugation. In comparing 
the Na-Ca exchange activity in Table II with 
5'-nucleotidase in Table I, the exchanger showed 
greater loss in activity at each fractionation step, 
perhaps indicating that the exchanger is a more 
labile protein. Other major losses were in the 
10 4 × g  mitochondrial pellet and at the 30/40 
interface from the gradient. Total protein in the 
8 /30  interface was 3.0 mg compared to 800 mg in 
the initial homogenate. 

The Na-Ca exchange uptake time course is 
significantly curved even at early times and comes 
rapidly to equilibrium after 2-3  min (Fig. 1, left 
panel, open triangles). Even at times above 1 s, as 
shown in Fig. 2 (filled squares), significant curva- 
ture is evident. Thus, in estimating initial veloci- 
ties for characterizing kinetic parameters, it is 
imperative to perform assays at as short a time as 
practicable (usually 1-3 s, as indicated). In Fig. 1, 
the net Na+-dependent Ca 2+ uptake was calcu- 
lated as the difference between the 45Ca2+ uptake 
by Na+-loaded vesicles diluted into 15 #M 45Ca2+ 
solutions which contained either 160 mM KCI 
(open triangles) or 160 mM NaC1 (filled triangles). 
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The Na + is reported to block 45Ca2+ entry via the 
Na-Ca exchange process in cardiac sarcolemmal 
vesicles by acting as a competitive inhibitor when 
present on the outside with 45Ca z+ [39]. Thus 
external Na + should be an effective control for 
non-Na-Ca exchange-mediated transport. 

Because of the known Ca-Ca exchange mode of 
the Na-Ca exchange system, it is not sufficient to 
demonstrate Na ÷ dependence merely by prein- 
cubating vesicles in Na + or K + and then diluting 
them into a solution containing 45Ca2+ in KC1. In 
the K÷-loaded vesicles, indigenous Ca 2÷ could 
exchange for external 45Ca2+. For this reason it 
was necessary to incubate the vesicles in EGTA to 
remove internal Ca 2+. 

In Fig. 1, experiments with vesicles pre- 
incubated in 50 #M EGTA (filled circles) for 4 h 
showed little change in uptakes compared to con- 
trois (open triangles). This observation, then, 
validates the use of EGTA for Ca 2÷ removal from 
these vesicles. Vesicles preloaded with 160 mM 
KC1 without EGTA incubation showed significant 
45 Ca 2 + uptake above background. This uptake can 
be lowered by a 0.5 h EGTA incubation (filled 
squares) and reduced to near background levels 
(filled triangles) with a 4 h incubation. EGTA 
treatment of Na÷-loaded vesicles (open circles) 
lowered the background level in NaC1 slightly, 
possibly due to removal of residual Ca-Ca ex- 
change even in the presence of 160 mM Na~. 
Further reduction of background was observed for 
EGTA-treated KCl-loaded vesicles diluted into 
NaCI (crosses). This last effect would be expected 
if the external Na ÷ exchanges for 45Ca2+ which 
had entered the vesicles b y  other means. 

Thus, in these experiments with Na~,  K ~- and 
EGTA incubations we have demonstrated un- 
equivocally the Na ÷ dependence of 45Ca2÷ uptake 
in tracheal smooth muscle vesicles. In addition, we 
have shown a Ca-Ca exchange component which 
can be removed by EGTA incubation. 

It was important to establish that the 45Ca2+ 
taken up in Na-Ca exchange experiments actually 
had been internalized and not merely bound to 
the membrane. The Ca 2+ ionophore A23187 is 
known to rapidly transport Ca 2÷ across lipid 
membranes. Thus when Na-loaded vesicles were 
preloaded by Na-Ca exchange with 20/~ M 43 Ca 2 + 
for 2 min and then treated with 1 ml of 2 #M 
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Fig. 1. Left panel. Time course for Na+-dependent Cag + uptake. Net Na+-dependent 45Ca2+ uptake was typically measured using 
tracheal smooth muscle sarcolemmal vesicles which had been preincubated in 160 mM NaC1 (buffered by 20 mM Mops, pH 7.40 
with Tris base) for 1 h at 37°C. These vesicles (3 btl) were then diluted into 200 #1 15/tM 4SCa2+ in either 160 mM KCI (zx) for 
uptake or 160 mM NaC1 (A) for background. Because of residual 45Ca2+ uptake due to the Ca-Ca exchange mode of the Na-Ca 
exchanger when the vesicles were preloaded with KCI, it was necessary to treat these vesicles with EGTA by first washing with 1 mM 
EGTA in KC! and then incubating them at 37 °C with 50 ~tM EGTA in either 160 mM NaCI or KCI. Na-loaded, EGTA-treated 
vesicles were diluted into either KC1 (O) or NaC1 (O) and produced lines similar to the untreated controls. K-loaded vesicles, 
EGTA-treated for 0.5 h were diluted into KCI (I) showing some 45Ca2+ uptake. EGTA treatment for 4 h lowered the 45Ca2+ uptake 
to background when diluted into KC1 (t~) and not surprisingly reduced apparent background when diluted into NaCI (x). Right 
panel. Effect of the Ca 2+ ionophore A23187 on vesicular 4SCa2+ from Na-dependent Ca 2+ uptake. Vesicles preloaded with NaCI 
were diluted into 15/~M 45Ca2+ in KCI and allowed to transport for 2 min, at which time 1 ml 2 #M A23187 in 20 #M EGTA and 

160 mM KCI was added. Vesicles were measured for 4~ Ca 2 + at the times indicated. 

A23187 in 20 /~M E G T A  and  160 m M  KC1, 
vesicle-associated 45Ca2+ dropped  to near  back- 

ground levels wi thin  1 s (Fig. 1, right panel).  In  
this experiment,  then, 45Ca 2+ taken up by the 

N a - C a  exchange process was rapidly released by 
A23187, which indicates that the 45Ca 2+ was actu- 

ally inside the vesicles. 
G iven  these controls,  in  all other experiments  

reported in  this paper,  background  was de- 
terrnined by  d i lu t ion  of the vesicles in to  45Ca2+ 
solut ion in 160 m M  NaC1. Because the uptake  was 
l inear  only for the first few seconds (Fig. 2, left 

panel),  init ial  velocities were estimated from 1 - 3  
s, as indicated in succeeding experiments.  

A n  addi t ional  factor of impor tance  in these 
measurements  of Na-Ca  exchange was that there 
appeared to be a significant  level of 45Ca2+ b ind-  

ing to the vesicles, depending  upon  the assay 
condit ions.  W h e n  the uptake assay was performed 

by di lut ing 3 ~1 160 m M  Na÷-pre loaded vesicles 
in to  solut ion conta in ing  15/~M 45Ca2+ and either 
320 m M  glycerol or 160 m M  KC1, 45Ca2÷ uptake 

was much lower in  K + than in glycerol (Fig. 2, left 
panel).  However,  in a 3 rain pos t incuba t ion  with 
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Fig. 2. Left panel. The effect of the postincubation procedure 
on the time course of Na-Ca exchange uptake. In experiments 
performed without postincubation, Na + (160 mM)-loaded 
vesicles were diluted into 320 mM glycerol (e), 160 mM KCI 
(©) or 160 mM NaC1 (n), and at the times indicated were 
terminated by dilution with 4 ml cold stop solution im- 
mediately prior to filtration through glass fiber filters. For the 
postincubation procedure vesicles were similarly diluted into 
glycerol (I), KC1 (A) and NaCI (v). However after the addition 
of ice-cold termination solution to the reaction tube, the tubes 
were immediately placed in ice for a period of exactly 3 min, at 
which time the vesicles were collected on glass fiber filters as in 
the regular termination procedures. Right panel. Postincuba- 
tion time course. Tracheal smooth muscle sarcolemmal vesicles 
(2 ILl) which had been loaded with 45Ca2÷ were diluted with 4 
ml of La 2+ termination solution, incubated on ice, and col- 

lected by filtration at the times indicated. 

s top  so lu t ion  (4 °C) ,  appa ren t  up take  of  45Ca 2+ 

f rom the glycerol  so lu t ion  was cons ide rab ly  re- 
duced.  This  3 min  t ime was set in an exper iment  
where  the pos t i ncuba t ion  was var ied  f rom 2 s to 
10 rain. There  was a r a p i d  loss of  vesicle-associ-  
a ted  45Ca 2+ for  up to 3 min,  af ter  which t ime 
fur ther  losses leveled off and  became  much  slower 
(Fig.  2, r ight  panel) .  

In  this same 3 rain per iod,  vesic le-associated 
°SCa2+ was also r educed  when the up take  was 

measu red  f rom KC1 or  f rom the NaCI  b a c k g r o u n d  
(Fig.  2, left  panel) .  In  the presence  of  these ions 
the losses were  cons ide rab ly  less than were found  
in glycerol .  I t  is a lso i m p o r t a n t  to note  that  these 
losses in KCI  and  NaC1 were of  s imi lar  magn i -  
tude.  Our  in t e rp re t a t ion  of  these d a t a  is that  there  
is cons ide rab le  nonspec i f ic  4SCa 2+ b ind ing  to the 
vesicles in the course of  these up take  exper iments ,  

99 

and  tha t  K + and  N a  + can  compe te  with Ca 2+ for  
much  of  this b inding .  The  pos t incuba t ion  of  the 
vesicles in the  s top so lu t ion  reduced  45 Ca2 + counts .  
This  solut ion conta ins  1 m M  La 3+ in 160 m M  
KC1 (pH 7.40 by  20 m M  Mops  ad jus ted  with Tr is  
base)  which effect ively competes  with Ca 2+ b i n d -  
ing in glycerol  and  the res idual  Ca  2÷ b ind ing  in 
KC1 and  NaC1. The  La  3+ is also known to b lock  
Ca  2+ fluxes. Never theless  it  is i m p o r t a n t  to note  
that  even af ter  the pos t incuba t ion ,  exper iments  in 
K + always had  somewhat  lower  appa ren t  45Ca2÷ 

up t ake  than those in glycerol.  In  addi t ion ,  because  
of  high 45Ca2+ binding,  even in K ÷ solut ions,  to 

vesicles f rom those  pur i f i ca t ion  procedures  which 
were ut i l ized before  the sucrose g rad ien t  sep- 
a ra t ion ,  the pos t i ncuba t ion  was used for  compar i -  
son of  N a - C a  exchange  activi t ies in the var ious  
vesicle f rac t ions  f rom the pur i f ica t ion.  However ,  
for  o ther  analyses  involving the 8 / 3 0  in ter face  
vesicles d i lu ted  in to  only externa l  K +, no  pos t in -  
cuba t ion  was pe r fo rmed .  

Assessment  of  N a ~ - d e p e n d e n t  45 _ 2+ Ca i efflux 
(Fig.  3) a l lowed the eva lua t ion  of  exchange phe-  
n o m e n o n  in a way  that  obv ia ted  some po ten t ia l  
a l te rna t ive  in te rp re ta t ions  of the up take  study.  
Vesicles which had  been  washed twice with 320 
m M  glycerol  so lu t ion  and  then p re incuba t ed  with 
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Fig. 3. Na+-dependent Ca 2+ efflux. Sarcolemmal vesicles (4 
#1) which had been preloaded with 40 #M 4SCa2+ in 160 mM 
KCI solution were diluted into 100 #1 of either 160 mM NaCl 
(e) or KC1 (O) containing 100 #M EGTA (to prevent back- 
flux). Net 45Ca2+ efflux (E3) was determined from the subtrac- 
tion of the efflux in the presence of Na + from the efflux in the 

presence of K +. 
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40 /~M 45CaC12 in glycerol solution for 2 h at 
37°C  were diluted into either 160 mM NaC1 
solution or 160 m M  KC1 solution. In both exter- 
nal solutions E G T A  was present to prevent exoge- 
nous Ca 2+ (nonradioactive) from driving 45Ca2+ 
out via Ca-Ca exchange. The postincubation pro- 
cedure was employed at the shorter time points in 
this experiment to prevent potential differential 
effects of Na  t and K ÷ in their competit ion for 
45Ca2+ binding. At longer points additional 
postincubation was not necessary since the pres- 
ence of EGTA should have removed bound vesic- 
ular Ca 2÷. In this case, bound 45Ca 2÷ probably 
resulted from the preincubation procedure to load 
the vesicles with 45 C a  2 + .  Under these assay condi- 
tions Na~ effectively drove 45 A 2÷ Ca i out of the 
vesicles and the net efflux 45 _2+ ( Ca i into Na~ 
subtracted from the efflux into K~-) time course 
was quite similar to the uptake time course. Be- 
cause of the rapidity of the efflux and because of 
the multistep nature of the assay, it was not possi- 
ble to determine initial velocities from single point 
analysis at such time as 3 s. Multiple-point v 0 
determinations were possible but beyond the scope 
of this initial characterization. 

However, for Na+-dependent  45Ca2+ uptake it 
was quite feasible to do initial velocity determina- 
tions based on time points at 3 s. The Michaelis 
plot of net 4 5 C a 2 +  uptake at 3 s time points is 
shown in Fig. 4 with the v 0 vs. v 0 • S -  t plot of the 
same data shown in the inset. The K m for Ca 2÷ 
derived from those points was 19.6/~M and varied 
only slightly from that determined in other tracheal 
smooth muscle vesicle preparations (10-25 /~M). 
The K m values determined for these vesicles were 
well within the range determined for cardiac tissue 
by the same procedures (30 ttM). The maximum 
velocity, 0.33 nmol-  s -  ~ • (mg protein)-  ~ was from 
10 to 50% of the activity that we were able to find 
in bovine cardiac sarcolemmal vesicle prepara-  
tions which were determined concurrently. 

External K + transported inside by the iono- 
phore valinomycin will result in an inside positive 
potential. To determine the effect of this induced 
potential on Na-Ca exchange in the tracheal 
smooth muscle vesicles, Na+-loaded vesicles were 
diluted into solutions with and without valinomy- 
cin in the presence of 15 /~m aSCa2+ in 160 mM 
KC1 or 320 mM glycerol (Fig. 5). While uptake in 
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Fig. 4. Ca 2+ dependence of Na-Ca exchange. Bovine tracheal 
smooth  muscle sarcolemmal vesicles (3 V1) preloaded with 160 
m M  NaC1 were diluted into 100/~1 of 160 m M  KCI containing 
the indicated levels of 45Ca~+. Reactions were terminated at 3 
s with no postincubation. Inset: linear transformation (v o vs. 
%.S -1) of Ca 2+ uptake data (Vma ~ = 0,33 n m o l . m g - l . s - 1 ;  

K m = 1 9 . 6 / t M  Ca 2+). 

the presence of K~- without valinomycin was less 
than that observed in glycerol, the addition of 
valinomycin stimulated Ca 2÷ uptake significantly 
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Fig. 5. Effect of valinomycin and K + on Na+-dependent  Ca 2+ 
uptake into sarcolemmal vesicles from tracheal smooth muscle. 
Control time courses of Na-Ca exchange activity were de- 
termined by diluting 3/~1 of 160/~M NaCl-loaded vesicles into 
100/zl  of 160 m M  KCI (El), 320 m M  glycerol (O),  or 160 mM 
NaC1 (O). The effect of 1 m M  valinomycin (from a 2 m M  
solution in Me2SO ) was determined in these same solutions: 

KC1 (v), glycerol (z~) and the NaCi background ( i ) .  



in the membranes assayed in K +. In glycerol there 
was no significant effect of valinomycin. 

These observations suggest that the tracheal 
smooth muscle exchanger may be electrogenic. 
Valiomycin added in the presence of external K ÷ 
would cause a flow of K ÷ into the vesicles re- 
suiting in a net influx of positive charges. In the 
presence of this inward flow of positive charge, 
influx of Ca 2÷ was stimulated in exchange for 
Na +. Thus Na + must balance the flux of two 
positive charges from Ca 2÷ and the additional 
postive charges from the valinomycin-dependent 
K ÷ influx, implying that more than two Na ÷ 
exchange for each Ca 2÷. This effect cannot be due 
to valinomycin alone since valinomycin has no 
effect on Na-Ca exchange in glycerol. 

There are certain procedures known to mod- 
ulate the activity of the exchanger in cardiac 
sarcolemmal vesicle preparations. Two procedures 
which appear to have some specificity for the 
exchanger and which markedly increase uptake 
activity are pretreatment with chymotrypsin [41] 
and pretreatment with a dithiothreitol and Fe z+ 
mixture [42]. Tracheal smooth muscle and cardiac 
vesicles were compared for relative stimulation 
under both of these procedures. The cardiac muscle 
sarcolemmal vesicles were prepared by the method 
of Kuwayama and Kanazawa [43] according to the 
modification of Slaughter et al. [32]. Vesicles from 
tracheal sarcolemma were prepared by a proce- 
dure similar to the method used with cardiac 
tissue which employed a 70 mM Tr i s /H2SO 4 
buffer (pH 7.4) containing 250 mM mannitol in- 
stead of the sucrose buffer described in this 
manuscript (see Methods). The specific activity 
and recovery of Na-Ca exchange activity did not 
differ significantly from that using the sucrose 
buffer. 

For  the chymotrypsin procedure, vesicles in 160 
mM NaCI solution were pretreated with a final 
concentration of 0.1 m g / m l  chymotrypsin for 30 
rain at 370C and the chymotrypsinization was 
terminated with phenylmethylsulfonyl fluoride at 
a final concentration of 1 mM. Vesicles were 
placed on ice and assayed for Na+-dependent 
45Ca2+ uptake in the conventional manner. 
Cardiac vesicles were assayed for 1 s and smooth 
muscle vesicles for 3 s, at 10 /~M Ca 2+. This 
treatment with chymotrypsin had negligible ef- 
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fects on the level of activity of the exchange 
system from tracheal smooth muscle (0.09 vs. 0.07 
nmol .  s -1 .  (mg vesicle protein)-1). In contrast, in 
heart, over l l - fo ld  stimulation of activity at 10 
#M 45Ca2+ was observed (3.7 vs 0.32 nmol .  s -1 • 
(mg vesicle protein)-  1). 

In a similar experiment, vesicles in 160 mM 
NaCI solution were preincubated with af ina l  con- 
centration of 1 mM dithiothreitol and 1 #M FeSO 4 
for 15 min at 37°C and assayed immediately for 2 
s uptakes. The net 45Ca2+ uptake in smooth muscle 
vesicles showed no changes with the dithiothreitol 
plus Fe 2÷ treatment (0.33 vs. 0.40 nmol - s  - a .  (mg 
protein) -1) while heart vesicles were stimulated 
over 2-fold (1.2 vs. 0.56 n m o l .  s - 1 .  (mg 
protein)-1). In addition, no stimulation was ob- 
served by either chymotrypsin treatment or di- 
thiothreitol plus Fe 2 ÷ treatment applied to tracheal 
smooth muscle vesicles prepared by the original 
procedure in this paper. 

Discussion 

Two significant separations had to be accom- 
plished to effect the preparation of sarcolemmal 
vesicles from tracheal smooth muscle cells and 
allow the study of Na-Ca exchange in these 
vesicles: (a) the smooth muscle cells had to be 
isolated from other cell types in the trachea, and 
(b) the sarcolemmal membranes had to be sep- 
arated from other intraceUular membranes. The 
cell separation was of paramount importance be- 
cause many other cell types in surrounding tissue 
also depend on external Ca 2+ for function, espe- 
cially secretory cells found in the epithelium which 
might be expected to have Ca2+-transporting sys- 
tems similar to those in smooth muscle. Similarly, 
Ca2+-transport systems might be expected to be 
found in other organdies of tracheal smooth 
muscle, the mitochondiral Na-Ca exchange being 
the most significant in relation to this study. How- 
ever by the procedures described in this paper, a 
smooth muscle preparation of good purity (over 
95%) and a sarcolemmal vesicle preparation greatly 
enriched compared to mitochondria were obtained 
which permitted this study of Na-Ca exchange 
activity. 

In the vesicle subfractionation on the sucrose 
gradient there was a predominant partitioning of 
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sarcolemma into the 8/30 interface and of the 
sarcoplasmic reticulum into the 30/40 interface. A 
comparison of 5'-nucleotidase and Na-Ca ex- 
change activities in these two gradient fractions 
revealed a differential between these two presuma- 
bly sarcolemmal proteins. The Na-Ca exchange 
activity was markedly reduced in the 30/40 inter- 
face fraction to less than 25% of its activity in the 
8/30 interface, while 5'-nucleotidase was only re- 
duced by half. This observation suggests that the 
8/30 fraction may contain a higher portion of a 
certain subfraction of the plasma membrane in 
which the Na-Ca exchange system resides. 

The curved time courses observed in Figs. 1 
and 3 for net uptake and efflux through Na-Ca 
exchange are most likely due to differing phenom- 
ena. In uptake, the most likely interpretation is 
that as internal 45Ca2+ rises quickly to fill the 
small space inside the vesicles, back fluxes rapidly 
rise and become nearly equal to influx after 2 min. 
In the efflux experiments backflux should not 
have been a problem because of the EGTA in 
external solutions. Thus, the curvature was prob- 
ably the loss of transport rate with decreasing 
internal free Ca 2t concentrations. 

The high levels of vesicle-associated 45Ca2+ in 
the presence of external Na t in background esti- 
mates for uptake experiments on the purification 
fractions before the sucrose gradient indicated that 
substantial amounts of 45Ca 2+ had been bound to 
these fractions. The main reason for development 
of the postincubation assay for smooth muscle 
vesicles was to reduce this high binding of external 
Ca 2t, making it possible to compare specific Na t- 
Ca 2+ exchange activities among various experi- 
ments. 

In the valinomycin experiment, the implication 
of electrogenicity is that the tracheal smooth 
muscle exchanger has a stoichiometric ratio of 
greater than 2Na+ :Ca 2t. Such a stoichiometric 
ratio would mean that the exchanger would be 
functioning to drive Ca 2t out of the cells under 
most normal ionic concentrations and polarized 
conditions (see Reeves and Hale [44], Reeves [45], 
Eisner and Lederer [46] and MuUins [47] for com- 
plete discussion of the significance of stoichiomet- 
ric ratios on the direction of flux for Na-Ca ex- 
change). However, this idea awaits establishment 
of the exact stoichiometric ratio in smooth muscle, 

although it is now reasonably probable that the 
ratio in heart is 3Nat :Ca 2+ as established by 
Reeves and Hale through thermodynamic per- 
turbation methods [44]. 

While basal kinetics for Na-Ca exchange in 
both heart and smooth muscle appear similar, 
pretreatments with either chymotrypsin or di- 
thiothreitol and Fe 2+ fail to stimulate smooth 
muscle exchange under conditions which cause 
marked stimulation of cardiac Na-Ca exchange. 
These stimulation procedures are quite different 
from each other and while chymotrypsin may be 
somewhat less specific, the dithiothreitol and Fe 2+ 
procedure could be indicative of a more signifi- 
cant difference in the way the Na-Ca exchange 
activity may be controlled in different tissues. 

The role and even the existence of the Na-Ca 
exchanger in smooth muscle has been the subject 
of considerable debate. A.K. Grover, who did the 
pioneering work in plasma membrane isolation 
and in showing Na-Ca exchange activity from 
several smooth muscle types, assessed the signifi- 
cance of Na-Ca exchange compared to the sarco- 
lemmal Ca2+-ATPase activity [27]. Comparing 
these activities from rat myometrium [9] and 
guinea pig intestinal smooth muscle [11], he re- 
ports maximal initial rates of 2-4 #mol .g  - l -  
rain -1. These rates are only 20-60% of Ca 2+- 
ATPase activity in these same membranes and for 
this reason he states that ATP-dependent Ca 2t 
efflux is the major pathway for cellular Ca 2t 
extrusion. Grover's experiments [9,11] were per- 
formed at time points of 1 min, well after the 
region of linearity. It is possible that the actual 
Na-Ca exchange activity in those tissues would be 
much higher if measured at short time points. For 
kinetic analyses, our experiments on trachealis 
Na-Ca exchange were performed at short time 
points (3 s) to approximate true initial velocities as 
closely as possible, and the resulting Vm~ x was 30 
#mol-g-~" rain -1 in the same units, or roughly 
10-times greater. These data, then, would indicate 
a considerably larger role for the exchange system 
in tracheal smooth muscle, possibly to rapidly 
reduce tension by pumping Ca 2t out of the cell. 
However, the high exchange activity by itself, cou- 
pled with the physiological evidence for utilization 
of external Ca 2t in response to K +, histamine, 
leukotrienes and acetylcholine [17-26], implies that 
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an  impor t an t  c o m p o n e n t  of tracheal smooth 

muscle cont rac t ion  and  relaxat ion may  be mod-  
ula ted through movements  of Ca 2+ across the 

sarcolemma. 
In  summary,  the studies described in  this paper  

have lead to the ident i f icat ion of a Na-Ca  ex- 
change process in  sarcolemmal vesicles prepared 

f rom tracheal smooth muscle. This activity is pre- 
sent  in significant  amoun t s  and  may have a role in 
the movemen t  of Ca 2+ out  of the smooth muscle 

cell dur ing  bronchodi la t ion .  The tracheal ex- 
changer  has different  properties from the cardiac 
exchanger, suggesting that  regulat ion of this activ- 
ity in  the two cell types is under  differential  
control ,  Thus  knowledge of the physiological 

mechanisms  by  which the exchanger in tracheal 
smooth  muscle may be activated may  have appli- 
ca t ion  in  the deve lopment  of un ique  bronchodi la-  

tors for the t rea tment  of pu lmona ry  dysfunctions.  
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