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ABSTRACT 

Previous studies in thi s laboratory had shown that respiratory 

acidosis (RA) (pH 6 . 95) has no effect on contractile function in 

can i ne tracheal smooth muscle (TSM) tetanized hourly . However , it 

was fe l t that the effect of RA may be a function of the activity of 

the muscle , where an increased activity would be more aki n to the in 

vivo situation . Therefore , the present studies were undertaken to 

determine the effect of RA on the mechanical function of TSM strips 

which were more active , i . e ., tetanized more than just once every hour . 

Isometri c mechanical studies revealed that during RA maximum 

tetanic tension (P ) decreased by 15 . 9\ ~ 1.97 (SE) where TSM strips 
o 

were stimulated tetanically ever y 5 minutes and by 30 . 4% ~ 3 . 5 (SE) 

when tonically contracted and constantly stimulated by a supramaximal 

dose of acetylcholine . 

To elucidate the mechanism by which these reductions came about , 

high K+ and electrophysiological studies were carried out to determine 

if the membrane was invol ved. TSM strips exposed to a high K+ solution 

(143 rnM) showed a significant decrease in maximum tension during RA 

in the order of 13 . 2\ ~ 3 . 2 (SE) . Intracellular microe l ectrodes were 

used to determine the resting membrane potential s (RMP) of normocapnic 

and acidotic TSM strips. The RMP ' s were unaltered . These studies 

indicated the non-involvement of the membrane during RA. 

Energy utilization was then investigated . The tension-time 

integral (TTl) , which has been used as an index of the stable component 
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energy rate, decreased by 24 . 1% ~ 2 . 3 (SE) and 30.4% ~ 3.5 (5E) by 

electrical and pharmacological stimulation respectively . However, 

when the electrical stimulus had been applied at hourly intervals, 

no change was observed in this parameter. These results indicated 

that the energy available to maintain contractile function was 

reduced during increased activity and RA . 

Since force - velocity (F-V) parameters afford a better insight 

into energy utilization , F-V experiments were performed under normo-

capnic and acidotic conditions. These isotonic studies revealed an 

increase in the curvature of the hyperbolic F-V relation of TSM 

strips with reductions in P and maximum velocity of shortening (V 
a max) . 

The values for the asymptotes ~ (in units of force) and ~ (in units of 

velocity) of the hyperbola were reduced by 27.9% + 7. 0 (SE) and 

27 . 0% ~ 6 . 4 (SEl of control values respectively . The product of these 

two constants (a x b) , which has been equated with the stable component 

of maintenance energy rate also , was significantly reduced by 48 . 0% + 

10.6 (SE) confirming the isometric results . 

Excitation contraction coupling may also be affected , however , 

this aspect was not considered in this study . 

To test the possibility that RA lowered the intracellular pH 

(PHi)' which in turn could reduce energy production by interferring 

with the activity of rate - limiting enzymes in energy producing path-

ways (which work optimally at an alkaline pH), the pH. was measured 
1 

using the indicator DMO (S , S- dimethyloxazolidine-2 , 4-dione - 2- C
14

) 



in a method developed by waddell and Butler (1959) . Normocapnic 

T5M strips showed an average pH. of 7.03 + .02 (SE) while strips 
1 -

subjected to RA showed an average pH. of 6.74 + .01 (5E) . These 
1 -

studies also proved that the degree of RA investigated could indeed 

overwhelm the buffering capacity of TSM and alter the normal pH. 
L 

Therefore, assuming that the striated muscle model can be 

applied to TSM , respiratory acidosis impairs contractile function 

by reducing the maintenance energy rate needed to maintain a normal 

contraction . This in turn stems from a reduction in the numbers of 

active force-generating sites in the acidotic muscle as judged by 

the change in the value of the a constant, and in the rates of 

energy-liberating reactions occurring at these sites, as judged by 

the changes in the value of the b constant . RA may not alter mech-

anical parameters by altering the RMP or muscle membrane excitability 

+. . 
as indicated by high K and ultramLcroelectrode studLes. However, 

an extracellular acidosis of a severity which impairs contractility , 

significantly reduces the pH. below normal levels , and may be a 
1 

primary cause in the impairment of contractile function either by 

reducing the ability of the muscle to produce and/or utilize energy 

for contractile purposes. 
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A . GENERAL INTRODUCTION AND STATEr-lENT OF THE PROBLEM 

The bronchial tree, including the trachea, is not merely a 

passive system of ducts through which air flows into the lungs and 

out again. I t is able to control the general and regional distribu

tion of air to the lungs , and this is of particular importance in 

lung disease . I t is therefore of interest to study airway smooth 

muscle with regard to its physiological properties , for it is the 

airway smooth muscle which controls the diameter of the air passages 

and thus the distribution of ventilation . 

The primary method for studyi ng physiological properties of 

any muscle is in terms of its mechanical properties . The methods 

employed in the study of the mechanical properties of smooth muscle 

have been adopted from techniques deve l oped during the course of 

classical studies of the mechanical properties of striated muscles . 

These are the length - tension and force - velocity relationships , which 

quantitate the two major physical functions of muscle , viz ., to stiffen 

and bear weight and to shorten , moving a load through a distance . 

The effect of respiratory acidosis (hypercapnia) on airway smooth 

muscle has not been studied in any great depth although some investiga

tions have been carried out on other muscle preparations . Stephens 

and Chiu (1970), in studying the effects of respiratory acidosis and 

alkalosis on canine tracheal smooth muscle isometric parameter s , found 

no significant changes in the maximum tetanic tension devel oped when 

the trachealis strips, which were subjected to respiratory acidosis 

were tetanized at hourly intervals . However , Wienbeck , Golenhofen 
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Lammel (1972) have shown that high 002 concentrations of 10- 20%, 

which were compensated for by increasing the bicarbonate concentration 

to maintain normal pH , prolonged the activity-free period (decreased 

the minute rhythym) of the spontaneously active taenia col i of the 

guinea- pig , whereas at low CO2 concentrations the activity free 

period was decreased. Interestingly , an increase in the hydrogen ion 

concentration (metabolic acidosis) decreased the activity- free period 

while a more alkaline pH (decreased H+ concentration) p r olonged the 

activity- free interval . It appears therefore , that CO2 is the actual 

agent , rather than pH , for increasing the activity- free period. Stephens , 

Meyers , and Cherniack (1968) reported a decrease in the maximum tetanic 

tension developed by canine bronchial smooth muscle with hypercapnia 

and suggested that the decrease in mechanical function observed may 

have been related to a difference in intracellular pH. The decrease 

in Po observed in bronchial smooth muscle , in light of the fact that 

no decrease in Po was observed in tracheal smooth muscle stimulated 

tetanically at the same rate and subjected to the same degree of 

respiratory acidosis , may be explained by tissue variation and the 

method by which the two muscles were mounted in the baths . The 

bronchial str ips were mounted still attached to their bronchial rings 

with the tunica fibrosa intact thereby rendering the tissue diffusion 

limited. Also the percent muscle in the bronchial tissue is consider

ably lower than in trachealis muscle . Adler , Roy , and ReIman (1965) 

suggested that respiratory acidosis probably r educed intracellular pH 

! 
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to below 7.0 whereas a metabolic acidosis of the same severity had 

no effect on the intracellular pH indicating 002 as the prime factor 

in determining the intracellular pH . 

These observations are consistent with the idea that CO
2 

can 

cross the cell membrane much more easily than H+ ions . Cell membranes 

are relatively impermeable to H+ ions but CO2 can cross the cell 

membrane quite quickly and once inside the cell, can react with intra-

cellular water in the following reaction : 

thus altering the intra-

cellular pH . It is probably the CO2 tension which determines or is at 

least a main factor in the determination of the i ntrace l lular pH 

(caldwell , 1956) . 

Given that RA impairs contractile function , it was suggested 

that the mechanism for such changes is that respiratory acidosis might 

reduce the excitability of the muscle membr ane and that this might account 

for any impaired mechanical function observed (Woodbury , 1965) . speci-

fically , depolarization might result from the accumulati on of hydrogen 

ions intracellularly , and the concomitant effl ux of potassium would 

result in a depolarization block . The resulting depolarization block 

could then account for any impairment in mechanical function observed . 

Other areas in which the impai rment of contractil e function 

may be manifested are excitation - contraction coupl ing and energy 

production and/or utilization . It is the purpose of these studies to 

investigate two of these three areas , specifically the membrane and 
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energy production and/or utilization by studying the mechanics, 

electrophysiology, and intracellular pH with particular reference 

to canine tracheal smooth muscle and the effects of respiratory 

acidosis upon it. 

STATEMENT OF THE PROBLEM 

The author took as his point of departure the evidence that 

respiratory acidosis (P02 550 mm Hg, PC02 110 rom Hg, pH 6 . 95) was 

without any effect on maximum tetanic tension (Po)' the rate of deve -

lopment of tension CdP/dt) and the time to reach Po (tp ) in hourly 
o 

tetanized trachealis muscles (Stephens and Chiu, 1970) . It is appa-

rent that a muscle tetanized once every hour is not undergoing any 

great mechanical activity and that a muscle which was working harder , 

i.e., tetanized more than just once every hour, may show differences 

in the above-mentioned isometric mechanical parameters. The data of 

Wienbeck et al (1972) suggests this is so with respect to overall 

activity in the spontaneously active taenia coli of the guinea pig . 

Since the tracheal is muscle is perhaps constantly partly contracted 

in vivo, i . e ., has tone (and therefore working harder), experiments 

to test the hypothesis that the effect of respiratory acidosis depends 

on the activity of the muscle were conducted. Trachealis strips 

were subjected to respiratory acidosis and 1) tetanized every 5 

minutes and 2) tonically contracted by a supramaximal dose of acetyl-

choline to obtain a preparation which was constantly active . 
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With reference to elucidating the mechanism whereby any change 

in contractile function was being produced, the experimental plan was 

as follows. 

To determine if respiratory acidosis was affecting in any way 

the muscle membrane , acetylcholine release, or the nerve plexus present 

in trachealis musc l es , high K+ experiments were carried out and an 

ultramicroelectrode study was performed to register resting membrane 

potentials of trachealis muscles subjected to respiratory acidosis . 

Secondly, energy production and/or utilization was investigated 

by purely mechanical means. The tens i on- time integral (TTl), which 

provides an inde x of the stable component of maintenance energy rate 

(Gibbs , Mommaerts, and Ricchiuti, 1967; Sandberg and carlson , 1966) , 

was calculated to account for energy utilization in working muscles . 

A. V. Hil l (1938) has shown that muscl e function is most meaningfully 

studied in terms of i ts force-velocity relationship and that the 

product of his a and b constants showed a similarity in value to 

maintenance energy rates derived from heat measurements. woledge 

(1968) has shown this equality for tortoise striated muscle, also . 

Therefore , force - velocity studies were carried out to confirm any 

findings based on i sometric studies . 

Thirdly, intracellular pH studies were conducted on normocapnic 

and hypercapnic trachealis strips in an attempt to determine if the 

intracellular pH of acidotic muscles could have been lowered sufficiently 

to produce changes in the activity of those enzymes which are involved 

~"'''''':1''=''' 
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in the processes of energy production or utilization. 

B. THE STRIATED MUSCLE MODEL AS THE BASIS FOR MECHANICAL ANALYSES 

Upon the elucidation of the ultra-structure of striated muscle 

through the use of electron microscopic and x-ray diffraction techniques, 

a number of hypotheses have been presented proposing mechanisms by 

which the components of the ultrastructure are able to shorten the 

sarcomere and to develop tension (Davies, 1963; Huxley, 1957; Pringle, 

1967). What is known of striated muscle is that upon release of Ca++ 

stores from the sarcoplasmic reticulum and the binding of this calcium 

to troponin, actin-myosin cross-bridges are able to form. Whether 

these force-generating sites move by thermal oscillation (Huxley, 1957) 

or by changing the angular displacement of the heavy meromyosin head 

of the myosin filaments, (Reedy, Holmes, and Tregear, 1965; Mommaerts, 

1969) these bridges shorten the sarcomere or develop tension depending 

on whether the contraction of the muscle as a whole is isotonic or 

isometric. 

The process of bridge formation is cyclical. Bridges are 

formed and broken constantly upon muscle activation. It has been 

shown that for every bridge formed or broken, one ATP molecule is 

sufficient for the operational cycle of one bridge (Davies, 1963). 

The question of whether ATP participates in the association or dis

sociation of bonds is as yet unanswered. 

I. ISOMETRIC MECHANICS 

Isometric mechanical studies can afford a means of measuring 
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a number of parameters which describe muscle function and give in-

formation as to events at the filamental level of contraction . These 

measurable isometric parameters are the maximum active tension (Fo ) ' 

the rate of tension development (dP/dt) , and the time to reach Po 

(~) . Po is a measure of the number of actin- myosin bridges formed 
o 

during activation and thus is a summation of the tension developed by 

each cross -bridge . The rate of cycling of these cross-br idges , and 

therefore the rate of ATP hydrolysis , can be approximated by dP/dt 

(Buccino et . al ., 1967) . The duration of the active state of a muscle 

may be indirectly meas~~d by tp (Sonnenblick , 1962) . 
o 

Anothe r muscle parameter , which was first explored by Hartree 

and Hi l l (1921) and since has been used in describing cardiac muscle 

funct i on (Sarnoff et . al . , 1958) as well as most other muscle types , 

is the tension- time integral (TTI) . TTI ' s are determined by measuring 

the area under the act i ve tension trace from the initiation of contrac-

tion the point of attainment of max imum tension (Gibbs et . al ., 1967); 

Mommaerts , 1969; Johsis and Duffield , 1967) . This parameter has been 

shown to be an index of the magnitude of the stable component of 

maintenance energy rate for some muscl es . Aubert (1956) has described 

maintenance energy rate in the equation ; 

o a -at 0 
h=he--+h 

~ e., 
where g equals the heat rate produced in an isometric tetanus , and 

the two terms on the right are the labile and the stable maintenance 
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heat rates respectively. The first may represent energy utilization 

by calcium translocation and the second is a time dependent function 

of the tension developed (Woledge , 1971). 

II . ISO'IONIC MECHANICS 

Another method of studying muscle mechanical function is in 

terms of its force - velocity relationship , where , while supporting a 

given load , the maximum velocity of shortening is measured. A.V . 

Hill (1938) has shown , from his work with frog sartorius , that muscle 

function is most meaningful ly studied in terms of its force - velocity 

relationship , in that this re l ationship provi des a better account of 

energy uti l ization of a working muscle . 

Hill had pointed out that the steady or maintenance heat rate 

in frog sartorius had a direct re l ationship to the product of the a 

and b constants (a x b) of his force - velocity equation ; 

(P+~) (V + b) = (p +~) £, 
- 0 

where P represents the load , V the velocity of shortening , Po the 

maximum load which the muscle is just \.U1able to move , ~ a constant 

with \.U1its of force, and b a constant with units of velocity . Hill 

documented this finding as being fortuitous but later investigations 

by woledge (1968) showed that this equality between a x b and main-

tenance energy rate he l d for the much slower tortoise striated muscle 

and suggested t hat this relationship may be fO\.U1d in other muscl es as 

well ; perhaps canine trachea l is also . 

The a constant is i n units of force and its value is dependent 
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upon the number of force - generating sites formed (Hill , 1938); the 

more actin-myosin cross-bridges , the greater the value of a. The 

~ constant has units of velocity and its value is dependent upon 

environmental factors such as temperature and pH which influence 

enzymatic rates . The b constant has been equated with 1) the rate at 

which energy- liberating reactions for contractile purposes occur 

(Hi ll, 1938) and 2) the rate of ATP hydrolysis , where ATP hydrolysis 

indicates the rate of cycling of cross- bridge association and dis -

sociation in isotonically shortening muscle. 

woledge (1968) has also shown that an increase in muscle 

efficiency can be assumed when the force-velocity relationship becomes 

more curved . An increased curvature also indicates a reduction in the 

maintenance energy rate . The curvature of the force-velocity relation 

is determined by alP where a decrease in alP would indicate an in-
- 0 - 0 

creased curvature and therefore an increased efficiency and a decreased 

maintenance energy rate. 

C. SMOOTH MUSCLE 

I. Application of Striated Muscle Mechanical Parameters 

To date , electron microscope techniques and x-ray diffraction 

data have not clearly demonstrated the existence of discrete, ordered 

myosin filaments in mammalian smooth muscle . Therefore, one cannot 

apply with confidence to smooth muscle , the theory that force is 

generated by actin-myosin bridge formation. However, there exists a 

strong qualitative, mechanical similarity between smooth and striated 
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muscles . Both have qualitatively the same stimulus-response (Stephens 

et. a l., 1968) , length- tension, and force - velocity (Stephens, Kroeger 

and Mehta, 1969) relationships, which suggests that force generation 

in airway smooth muscle may have a mechanism similar to that in striated 

muscle . Moreover , data regarding the presence of myosin filaments in 

some smooth muscles are now emerging (Kelly and Rice, 1968; Rice et. 

al. , 1971) . 

Airway smooth muscle does not possess twitch characteristics 

and P is measured as the maximum tetanic tension . But a tetanus is 
o 

simply, the summation of a series of twitches , and mechanical para-

meters of a t etanus should qualitatively be similar with those of a 

twitch and differ only in their overall quantit ative effect appl ies to 

tp as well . As cited previously , Sonnenblick (1962) stated that the 
o 

durat i on of the active state of a musc l e may be indirectly measured 

by tp but this applies to a twitch . 
0 , 

be the quantitative summation of twitch 

summation of active state durations . 

tp 
o ' s 

of a tetanus may simpl y 

and thus a quanta l 

Therefore , it may be possible to apply aspects of the striated 

muscle model, cited previously, to canine tracheal smooth muscle i n 

an ana l ysis of the effects of respiratory acidosis on its mechanical 

function , and to explain any inhibitory effect respiratory acidosis 

may induce , in terms of this model . 
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II. Electrophysiology 

A. Membrane-Related Phenomena 

with reference to electrical tetanus experiments, it is 

possible that any reduction observed in P may not be myogenic in 
o 

orinin, but may be due to a diminution of acetylcholine release 

from the nerves in a muscle preparation. Under normal circumstances , 

electrical stimulation is followed by liberation of acetylcholine 

from nerve terminals in canine tracheal smooth muscle, as concluded 

by the fact that atropine blocks 95% of the response elicited by 

electrical field stimulation . Atropine competes with acetylcholine 

at the sites of its muscarinic action (Paton and Payne, 1968) . It 

does not interfere with acetylcholine release or destruction . 

In the present study , the effects of respiratory acidosis on 

canine tracheal smooth muscle mechanical function were determined. 

The question arose as to whether any changes in isometric or isotonic 

mechanical parameters that might be observed were truly myogenic. A 

number of other effects were postulated , including 1) neural effects 

of acidosis; 2) acetylcholine viabi l ity ; and 3) changes in the excit-

ability of the muscle membrane . Effects 1) and 2) could be determined 

directly while 3) could be determined indirectly by subjecting trachea

lis muscles to a high potassium solution containing 10- 8 g/ml atropine , 

and then observing whether changes in isometric tension produced by 

the high K+ sol ution persisted during respiratory acidosis . The high 

K+ solution would eliminate any neural i nfluence by depolar i z ing the 

! 
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nerve plexus and would eliminate any muscle membrane influence in 

the same manner while atropine would block 95% of the effect of 

acetylcholine . Therefore , if tension still decreased, respiratory 

acidosis could only be exerting its effects somewhere in the exci

tation- contraction coupling process beyond the muscle membrane. 

B. Ultramicroelectrodes 

A more direct method would be needed to determine if the 

excitability of the muscle membrane was being affected by respiratory 

acidosis. It has been postulated that acidosis might change the 

excitability of the membrane and that this could account for any 

impaired mechanical function observed (Woodbury, 1965). Depolar

ization might result from the accumulation of hydrogen ions intra

. cellularly , and the concomitant increased potassium conductance 

would result in a depolarization block . This could then account 

for any mechanical impairment . 

The resting membrane potential (RMP) could determine if any 

change in excitability had been produced by respiratory acidosis . 

For this reason an intracellular microelectrode study of trachealis 

muscles under normocapnic and acidotic conditions were performed to 

record RMP ' s. 

III. Intracel l ular pH 

Basically , one must make the assumption that a muscle contains 

two compartments , the intracellular and the extracellular volumes . 

Any change in the pH of the extracellular volume could sufficiently 
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alter the pH of the intracellular volume, to induce changes in 

enzymatic activity and thus energy production or utilization . 

The degree of respiratory acidosis used in these studies reduced 

the extracellular volume pH from 7.40 to 6.95. Therefore, intra-

cellular pH (pH.) determinations during normocapnia and respiratory , 
acidosis were carried out. 

Assuming simply an intracellular and an extracellular space, 

it follows that if a tracer compound, which will not enter the cell 

but will freely distribute itself homogeneously throughout the extra-

cellular space, is used, then one can determine these two volumes. 

It also follows that if a tracer weak acid or base, which will dis -

tribute itself across cell membranes according to pH gradients,is 

used, the pH. could be calculated knowing the extracellular pH (pH ), , e 

Waddell and Butler (1959), in their mathematical formulations, 

considered that a tissue contained intracellular water volume V. and , 
extracellular water volume V . The intracellular phase is contained 

e 

within membranes freely permeable to the undissociated form of a weak 

organic acid or base known as the "indicator compound" (in this case 

5, 5-dirnethyloxazolidine-2 ,4-dione-2-c14 or DI'10). V could be derived 
e 

from the distribution of a substance confined to the extracellular 

water (inulin-H3), and V. from the difference between V and the total , e 

tissue water. Neither the intracellular nor the extracellular tissue 

phases are individually accessible for analysis, but the concentration 

of the indicator compound in the water of the entire tissue (ct) could 

, 
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be determined. By determining, in the incubation medium the pH 

and the concentration of inulin , the extracellular tissue water 

(pH and C respectively) can be derived . Waddell and Butler 
e e 

further assumed that the aqueous phases are homogeneous and that 

the indicator compound will fully equilibrate. Therefore, by 

knowing the pK ' of DMO, the pH. can be expressed in terms of , 
values mathematically derived from measurable quantities using 

the Waddell and Butler equationi 

pK ' DMO+ log 
C

t 
C 

e 
1+ 

V 
e 

v. , 
V 

e 
v . , - 1 

I 

• 
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A. PREPARATION OF TSM STRIPS 

The dorsal aspect of canine tracheal rings are incomplete and 

are closed by the paries membranaceus of which its most posterior layer 

is the musculus transversus tracheae or the tracheal is muscle (Figure 1) . 

Trachealis muscle was obtained from the cervical tracheae of 

mongrel dogs anaesthetized with 30 mg/Kg sodium pentobarbitol by intra-

venous injection . A section of trachea was removed prior to sacrificing 

the dog with an injection of saturated potassium chloride solution. 

The fact that the dags are under light pentobarbital anaesthesia plus 

the fact that the section of trachea can be removed within 5 minutes , 

prevents the muscle t i ssue from becoming hypoxic and allows quicker 

equilibration once the muscle has been mounted in the muscl e bath . 

The anterior aspect of a single tracheal ring was bissected 

and the two cartilaginous ends everted , thus separating the trachea l is 

muscle and the tunica fibrosa and making it particularly easy to 

isolate the muscle without excess handling (Figure 2) . Rectangular 

strips of approximately I cm. in length , 0 .1 to 0 . 2 cm. in width , and 

no more than 0 . 1 em. in thickness , were cut out and placed in a bath 

containing a mammalian Krebs-Ringer bicarbonate solution, the composi -

tion of which is given in Table 1 . Where a h i gh potassium solution was 

used , potassium was substituted for sodium on an equimolar basis in the 

table . These solutions were equilibrated with an oxygen- carbon dioxide 

mixture so as to produce a Po of 600 mm . 
2 

Hg , a Pco of 40 mm . Hg , and 
2 

l 

• 
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Figure I, A Single intact canine tracheal ring 

showing the incomplete Cartilaginous 
ring closed by the Paries membranaceous dorsally. I 
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Figure 2: Photograph of a single tracheal ring 
shown in transverse plane . The cut 
everted tracheal ring is seen. Eversion 
causes the tracheal is and the tunica to 
separate spontaneously . This facilitates 
further dissection of the trachealis muscl e . 
Note that the trachealis muscle is dorsal 
to the tunica and is attached to the e x
ternal aspect of the cartilage . 

" .. ~ 

I 
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TABLE I 

Composition of Krebs - Ringer Solution 

g . /L . mM . 

NaCl 6.72 U5 

NaHC03 2 . 10 25 

NaH2P04 0 . 167 1. 38 

KCl 0 . 187 2 . 51 

MgS04 ' 7H20 0 . 296 2.46 

CaC12 0 . 145 1. 9 1 

DEXTROSE 1. 00 5.56 
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a pH of 7 . 40 at a temperature of 37oC. For respiratory acidosis an 

excess of CO, was introduced so as to maintain a Po of 550 mrn . Hg, , 
a Pca of llO rom. Hg, and a pH of 6.95 . , 

The time from excision of the trachea to the muscles being 

mounted in the bath was always less than 10 minutes with the muscles 

being continuously bathed in oxygenated Krebs - Ringer solution through

out the 10 minutes . 

Trachealis muscle displays certain characteristics which 

enablei one to elicit valid mechanical relationships from it such as 

the length- tension and force-velocity relationships . These charac

teristics are 1) the individual muscle fibres must be paral l el to 

each other (Figure 3) , 2) the major portion of the tissue must be 

muscle , 3) maximum tetanic tension development should be relatively 

independent of length ove r a wide range of muscle lengths , 4) the 

resting tension at the length at which the study is to be carried 

out must be neg l igible, and 5) it must be possible to tetanize the 

muscle . 

B. MECHANICAL STUDIES 

I . Isometric Mechanics 

The experimental set-up for the isometric mechanical studies 

was arranged as shown schematically in Figure 4. The lower end of 

the trachealis muscle strip was attached firmly by 000 braided 

sur gical silk to a hook at the bottom of the bath . The upper end 

was attached by a short length of surgical silk to a Grass FT . 03 

·c,._-!-.-,_ •• ;; 
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• 

Figure 3 : Histol ogical section of the tracheal is 
muscle preparation stained with hema
toxylin- eosin at a magnification of 
X60, showing the parallel arrangement 
of the muscle fibres as deduced from 
the parallel arrangement of the "cigar
shaped" nuclei . 
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SCHEMATIC DIAGRAM OF APPARATUS 

GRASS FORCE 

t 

KREBS-RI 

TRAC H EALI "'---jl-.[~ I 

FORCE 
SENSING 
ELEMENT 

SURGICAL 
SILK 

LECTRODES 

Figure 4 : A schematic representation of the 
apparatus for the isometric mecha
nical studies . (Description in text) . 
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force transducer . The force transducer was mounted on a rack-and-
p\ 

'/ pinion enabling the muscle to be stretched to the opti)lial length 

(La) or to any desired length, and the muscle could be held there 

isometrically. The output of the force transducer was monitored 

on a multichannel Beckman dynograph recorder . 

In the experiments in which trachealis strips were stimulated 

tetanically every 5 minutes , paired muscle strips were used . One 

strip acted as a control and it was tetanized under normocapnic 

conditions throughout the entire three hour experiment . The other 

trachealis strips were subjected to control conditions in the first 

hour (pH 7 . 40), respiratory acidosis in the second hour (pH 6.95), 

and were returned to control conditi ons for a third recovery hour . 

Electrical field stimulation was effected by current from a 60 Hz 

source through platinum plate electrodes . The voltage was supra-

maximal and of optimal duration . 

In the tonically contracted preparations , a suprarnaximal dose 

of acetylcholine (10- 4g/ ml ) was injected into the bathing solution . 

This dose of acetylcholine elicited maximum tetanic tension (arbit-

rarily termed Po) ' which he l d constant over a three hour period in 

the control strips . The test trachealis strips were subjected to 

respiratory acidosis in the second hour . 

II . Isotonic Studies 

Trachealis strips were mounted as shown schematically in 

Figure 5. The lower end of the muscle was attached to a Grass force 
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Figure 5 : A schematic representation of the 
apparatus for the isotonic mechanical 
studies. (Description in text). 
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transducer by a short length of surgical silk which passed through 

a mercury seal at the bottom of the bath . The upper end of the muscle 

was connected by another length of surgical silk to an isotonic 

magnesium alloy lever having a lever arm ratio of 20:1 . The after

load stop was then set to maintain Lo when afterloads Were added. A 

Sanborn 7 DCDT displacement gauge was used to register length dis

placement . 

Each trachealis muscle strip acted as its own control . The 

muscle was equilibrated for a first hour, being stimulated tetanically 

and isometrically every 5 minutes under control conditions. The force

velocity relationship was then measured . For the second hour the 

muscle strips were tetanized isometrically every 5 minutes under 

respiratory acidotic conditions before a second force - velocity study 

was performed. A third force-velocity study was carried out on the 

same muscle after it was allowed to recover under control conditions 

for a final third hour. 

A 60 Hz stimulator was connected to the platinum plate electrodes 

and was used to evoke isometric and isotonic responses from the tra

chealis muscles. The outputs of the Grass force and Sanborn displace

ment gauges were recorded on a multichannel Beckman dynograph recorder . 

All data were analyzed utilizing Duncan's new multiple range 

test (1955) . 

C. ELEcrROPHYSIOLOGY 

I . Membrane Related Phenomena 

High potassium experiments were also carried out on isometric 
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preparations (Figure 4) where K+ was substituted for Na+ on an 

equimolar basis in the Krebs - Ringer solution. Atropine, in a 

~ ' 

concentration which blocks 95% of the mechanical activity observed 

with electrical stimulation (10 - 8g/ ml ), was introduced into the 

incubation medium to block any effect that would be seen by ace 

tylcholine stimulation and to eliminate any neural influence . 

Tension was maintained throughout the three hour experiment in the 

control trachealis muscles . The test strips were subjected to 

respiratory acidosis (pH 6 . 95) in the second hour , with the third 

hour being the recovery period. 

II . ULTRAMICROELECTRODE EXPERIMENTS 

--, -

Intracellular records of membrane potentials of tracheal 

smooth muscle cells under normocapnic and respiratory acidotic con

ditions were made by impalement of cells with conventional micro

electrodes (Ling and Gerard , 1949) pu lled from Pyrex capillary tubes 

and filled with 3M KCI solution . Electrodes were se l ected on the 

basis of having impedances between 20 and 50 megohms and junction 

potentials of less than 5 mV (Adrian, 1956) . The floating electrodes 

were mounted on a 3-way rack- and- pinion assembly which facilitated 

smooth and easy manoeuvering over the entire area of the muscle and 

also allowed accurate tip advancement . A schematic diagram of the 

experimental set-up is shown in Figure 6 . 

The experimental area was electrically isolated by a Faraday 

shield . Membrane potentials were amplified by a W. P. Instruments 
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AM"LI~IER LLOSCOPE 
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Figure 6 : A schematic diagram of the experimental 
set up used for making resting membrane 
potential determinations . Resting ten
sion was monitored to assure an equili
brated preparation by a force transducer . 
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model 750 amplifier and simultaneously displayed on a Tektronix R 5103 

N oscilloscope and a Gould Brush Mark 280 recorder. 

Trachealis strips were dissected as previously described for 

mechanical studies , but particular attention was paid to remove all 

the over l ying membranes , l eaving the muscle cells exposed . The strips 

were isometrical l y connected to a force transducer in order to monitor 

mechanical activity and to be sure the muscle preparation was held at 

Lo for optimal conditions . The muscles were perfused with Krebs

Ringer bicarbonate solution equilibrated with gases so as to yie l d 

normocapnic and respiratory acidotic state s . 

The e l ectrode was advanced toward the tissue until a sudden 

step change in potential, as displayed on the recording systems , 

indicated a cell had been impaled. After a series of membrane poten

tial determinat i ons under normocapnic conditions had been taken 

(P02 600 mm . Hg , POO2 40 ffim . Hg , pH 7. 40) , the parti al gas pressures 

we r e altered so as t o produce respiratory acidosis (P02 550mm. Hg , 

Poo
2 

IIOmm. Hg . pH 6 . 95) . A second series of membrane potenti als 

was then taken after one hour ' s incubation under these new conditions . 

The means of the two sampl es of recording were then calcul ated 

and a paired t-test performed to determine any difference . Frequency 

dist r ibutions fo r normo capnic and hypercapnic potentials were pl ott ed 

and the 2 distributions compared using a Chi- square goodness of f i t 

test . 

"" 
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RESULTS 
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D. INTRACELLULAR pH 

Trachealis muscle strips were incubated for 30 minutes at L 
o 

in mammalian Krebs-Ringer bicarbonate solution at 37oC. (essentially 

the same experimental setup as in Figure 4) . The Krebs-Ringer 

solution was bubbled with the normocapnic gas mixture . The incubation 

medium was then changed (10 m1 volume) and the two isotopes (DMO-2-

c 14 and Inulin _H 3) were introduced. The gas mixture was held constant 

for normocapnic conditions (pH 7.40) or else changed to produce res-

piratory acidosis (pH 6 . 95). The muscles were incubated for a further 

45 minutes in the presence of the two isotopes . Izutsu (1972) has 

shown that equilibration of these isotopes takes less than one hour 

and the intracellular pH (pH.), calculated after one hour was not 
1 

significantly different from that calculated after B to 10 hours of 

incubation. 

Inulin _H 3 was obtained from New England Nuclear in powder 

form (7 . 66 mg/vial, M. W. 5000-5500, Sp. Act. 130.5 mei/g). Tb the 

vial 1.00 ml of double distilled deionized (DOD) water was added 

using a 1000 A pipette. The water was preheated to BOoC . to facili-

tate incorporation into solution . The solution was mixed on a Vortex 

for a few seconds . This became the stock solution . From this, 

100 A was removed with a Pedersen lambda pipette and placed in a 

15 ml clean scintillation vial . To this was added 1 . S ml DOD water 

at room temperature using a volumetric pipette and yielding a concen-

tration of 62 . 5 ~Ci/ml . (working stock) . Into 10 mIs of Krebs-

I 
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Ringer, 50 A of the working stock was added. 

DMO_ 2_~4 was obtained from New England Nuclear also in 

ethylacetate solution (Sp. Act . 9.05 mCi/mM, M.W. 129.1, 0 . 05 mCi 

or 0 . 71 mg/0.50 ml ethylacetate) . To the 0.50 ml of solution , 

0 . 50 ml of DDD water was added using a Pedersen lambda pipette , 

yielding a concentration of 50 ~ Ci/ml for the stock solution. 

From the stock solution 200 A was removed and mixed with 600 A DDD 

water in a clean vial to yield a working stock concentration of 

12 . 5 ~Ci/ml. To the Krebs - Ringer solution , 50 A was added. 

After the incubation period , (45 minutes), the trachea1is 

muscle strips were removed from the bath by cutting between the 

ties . They were dipped twice in two companion beakers for a few 

seconds containing Krebs-~nger solution at 37oC. and equilibrated 

with the appropriate gas mixtures (once in each) . This removed any 

unwanted surface isotopes which coul d affect the calculated results 

for pH .. The muscle was then blotted by placing it on filter paper . , 
The paper was folded on top of the muscle and Slight pressure applied. 

This was done three times so as to standardize the blotting procedure. 

The muscle was placed in a preweighed scintillation vial and the 

- - . ".-. '~"-'-'-'4, 

, 

muscle's wet weight recorded. Previous studies on total muscle water , 

both intracellular and extracellular , showed that 78\ of the total 

I muscle weight was water and this figure was used in all subsequent 

experiments to estimate total tissue water . 

The pH of the incubation medium (medium pH) was measured using 
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a Radiometer pH electrode. A volume of 50 h of the incubation 

medium was withdrawn and placed in a second scintillation counting 

vial. 

To the tissue vial, 300 A of NCS (a tissue solubilizerl 

was added and the vial was heated to SOoC. for one hour to solu-

bilize the tissue. The vial was then cooled to room temperature 

and 20 A of 9 N glacial acetic acid was added to neutralize thermal 

and photoactivation during counting (Herberg , 1958; Vaughan et . al . , 

1957) . 

Finally, 10 mls of s c intillation cocktail \'Ias added to the 

two vials . The tissue cocktail contained 6.0 9 2 , 5 - Diphenyloxazole 

(PPO) per litre toluene . The medium cocktail contained 250 mls of 

ethylene glycol monomethyl ether, 100 mgs 2 , 2' - p - Phenylenebis (5, 

phenyloxazole) or POPOP, and 5 . 65 9 PPO per litre of toluene. The 

vials were then counted for H3 and C
l4 

content in a Phillips scin-

tillation counter for ten minutes each . The counts per minute (CPM) 

were corrected for quenching and efficiency of counting and the re -

sultant DPM's (disintegrations per minute) entered into the Waddell 

and Butler equation as concentrations. 

Once the pH values were calculated, a t-test was used to 

determine any significant difference between the pH. of the two samples . 
1 

1 
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A. MECHANICAL STUDIES 

I. Isometric Studies 

Figure 7 shows the effect of respiratory acidosis on the 

maximum isometric tetanic tension 

strips tetanized every 5 minutes . 

(Po) developed by trachealis 

P is expressed as a percent 
o 

of the maximum tension developed after the first hour ' s equili -

bration under control conditions and is plotted against time. 

In the second hour the test strips were subjected to res-

piratory acidosis and then were allowed to recover in the third 

hour. The open bars represent control strips which were normo-

capnic throughout the experiments , while the solid bars represent 

the test muscles. A statistically significant decrease in Po of 

15 . 9% ~ 1 . 97 (SE) was observed from a mean Po of 10 . 45 g during 

acidosis . Recovery was complete upon reverting to control conditions. 

Figure B shows that the maximum rate of tension development 

(dP/dt) also was significantlY reduced during respiratory acidosis 

by 20 . 5% ~ 4 . 2 (SE) from a mean control value of 1.62 g./sec . 

Statistically, this parameter fully recovered upon returning to 

control conditions . 

The time it took trachealis muscles to attain Po (tp ) during 
o 

acidosis was significantly reduced . The results of the analysis of 

this parameter are shown in Figure 9 . A 14 . 6% + 2 . 07 (SE) decrease 

from a mean control value of 12 . 0 seconds was observed. It is seen 

from Figure 9 that tp was able to fully recover upon reverting to 
o 
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control acidosis control 

1 2 3 
TIME IN HOURS 

Figure 7 : The effect of respiratory acidosis on Po 
of tracheal is strips tetanized every 5 
minutes. The open bars represent control 
strips (n = 7) which were normocapnic 
throughout the experiment . The solid bars 
represent test strips (n = 9) subjected to 
respiratory acidosis in the second hour. 
'!he "control- acidosis - control " superscription 
refers to the solid bars only. standard 
e r ror bar s are shown . 
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control ac idosis control 

1 2 3 
TIME IN HOURS 

Figure 8 : The effect of respiratory acidosis on dP/dt 
of trachealis muscle strips tetanized every 
5 minutes. The open bars represent control 
strips (n = 7). The sol id bars represent 
test strips (n = 9) . The dP/dt values are 
expressed as a percent of the maximum dP/dt 
found after the first hour . (The "control
acidosis-con t rol " superscription again refers 
to the solid bars only) . Standard error bars 
are shown. 

• 
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control acidosis control 
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Figure 9: The effect of respiratory acidosis on 
tp of tracheal is strips tetanized every 
5 ~utes. The open bars represent con
trol strips (n : 7). The solid bars re 
present the test strips (n = 9). The 
values of tp are expressed as a " of the 
maximum tpo °found after the first hour. 
standard error bars are shown . 
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control conditions. 

The magnitude of P developed by an active muscle depends 
o 

on the rate at which energy liberating reactions occur (an index 

of which is dP/dt) and the time over which these reactions proceed 

In terms of this model and in a simplistic approach, P may 
o 

be reduced by either: 1) a decrease in dP/dt with no change in tp 
o 

2) a decrease in tp with no change in dP/dt , or 3) a reduction in 
o 

both of these parameters as is the case in this study. Using an 

analysis similar to that used by Buccino et. al. (1967), these 

results indicate that the rate of energy utilization (as indicated 

by the reduced dP/dt) is impaired under respiratory acidosis . The 

reduced tp suggests that the duration of the active state of the 
o 

muscle is reduced by respiratory acidosis . 

Since the measurements of P were made at single instants 
o 

in time and since these measurements do not provide an index of the 

total energy expended by the muscle during a particular tetanus , 

t ension-time integrals (TTl) were measured by deternQning the area 

under the tetanus curve from the onset of contraction to the point 

of attai nment of P (Gibbs et . al. , 1967 ; Jobsis and Duffield , 1967. 
o 

Mommaerts, 1969). A second reason for carrying out this anal ysiS was 

that if this parameter could be applied to smooth muscle, the TTI 

may serve as an index of the stable component of the maintenance 

,.~ "Y'''' ' 

energy rate of trachealis strips in a given contraction (Gibbs et . al. , 

1967; Sandberg and Carlson , 1966) . 
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control addosis control 

1 2 3 
TIME IN HOURS 

Figure 10 : The effect of respiratory acidosis on the 
tension-time integral in trachealis strips, 
expressed as a percent of the maximum found 
after the first hour. The open bars re 
present control strips (n = 7), the solid 
bars the test strips Cn = 9) which were 
subjected to respiratory acidosis in the 
second hour . Standard error bars are shown. 
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Figure 10 shows the effect of respiratory acidosis on the TTl 

of trachealis strips expressed as a percent of TTl measured i n control 

muscles . A completely reversible but signif icant decrease of 24.1% ± 

2.3 (SE) was observed in acidotic muscles . 

In another series of experiments tracheal is strips were stim

ulated to contract tonically by a supramaximal dose of acetylcholine 

(10 - 4 g/ml) . The maximum isometric tension elicited by the drug 

(termed Po) remained constant throughout the duration of the experiments 

in the control muscles . Po and TTl were measured during normocapnia 

and respiratory acidosis . Figure 1 1 shows that a 30 . 4% ± 3 . 5 (SE) 

decrease in Po from a mean control value of 16 . 30 9 was observed 

during acidosis . An identical change in TTl also occurred. These 

effects were fully reversed upon reverting to control conditions . 

Figure 12 shows the effect of respiratory acidosis on TTl in 

trachealis muscles stimulated at hourly (Stephens and Chiu, 1970) , 

5 minute and zero minute intervals , the last being obtained by constant 

stimulation with acetylcholine . It can be seen from this graph that 

the more the trachealis strips undergo contractile activity , the more 

susceptible they are to the effects of respiratory acidosis . The 

relationship is linear as assessed by linear regression analysis and 

a goodness of fit test. 

II . Force-Velocity Studies 

Hill (1938) and Woledge (1968) , working with frog sartorius 

and tortoise muscle respectively , have pointed out that the steady 
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Figure 11: The effect of respiratory acidosis on Po 
of trachealis strips contracting tonically 
in response to a supramaximal dose of acetyl 
choline . The open bars represent the control 
strips (n: 7) , the solid bars, the test 
strips (n = 7) which were acidotic in the 
second hour . Po is expressed as a percent of 
the maximum after the first hour control period . 
Since Po and TTl yield the same graphical analy
sis in a maintained tetanus, this graph also 
shows the effect of respiratory acidosis on the 
TrI . 
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o 5 60 

INTERVAL BETWEEN STIMULATIONS IN MINUTES 

Figure 12 : The relationship between TTl during 
respiratory acidosis and the degree 
of mechanical activity (tonic contrac
tion with acetylcholine (n = 7) , tetan
ized every 5 minutes (n = 9), and hourly 
tetanized trachealis strips (n : 7) . 
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component of maintenance heat rate "happens to be equal" to the 

product of the a and b constants of Hill ' s hyperbolic force - velocity 

equation ; 

(P +~) (V + £.) ". (Po + ~) £. 

where P represents load , V the velocity of shortening , P the maximum 
a 

load which the muscle is just unable to move , ~ a constant with units 

of force , and £. a constant with units of velocity . Force- velocity 

experiments were carried out therefore, to confirm the conclusion 

arrived at on the basis of analysis of TTl , viz . , that maintenance 

energy rate was reduced in respiratory acidosis , and to obtain a 

further insight regarding the mechanism by which acidosis manifests 

itself in canine tracheal smooth muscle . 

A second reason for doing force - ve l ocity studies arises from 

the fact that Sonnenblick (1965) has shown , for cardiac muscle , that 

with a decrease in Po ' brought on by various agents , V may remain 
max 

at its original value , or may be altered in a decreasing or incr easing 

direction . Sonnenbl ick then goes on to state that a change in the 

velocity coor dinates of this relation may then be used to define a 

change in the contractile state of the muscle . Since V and b give 
max 

indications of the rate with which chemical energy is converted to 

mechanical energy at the force - generating sites in the contrac t ile 

element (Sonnenblick , 1962) , and since the present study with tracheal 

smooth muscle is concerned with the conversion of chemical to mechanical 

energy , a study of its force - velocity relationship was necessary . 
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Figure 13: Data from a typical experiment showing 
the effect of respiratory acidosis on 
the force - velocity curve of tracheal is 
smooth muscle (representative of 6 
experiments). The solid lines are the 
hyperbolic relationship and its linear 
transformation for a normocapnic muscle. 
The broken l ines represent the hyperbol ic 
force -velocity curve elicited from a tra
cheal is strip subjected to respiratory 
acidosis . Note the increased curvature 
of the relation with acidosis along with 
reductions in P and V . The constants 

o ma~ a and b were al so reducea as calculated 
f r om the linear transformations . 
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The results from a typical experiment are shown in Figure 13. 

Force- velocity curves elicited under control and acidotic conditions 

were hyperbolic and their linear transformations , 

(Po - P) IV: PI£. + ~, 

yielded straight lines . Both Po and V are significantly reduced 
max 

in respiratory acidosis . An increase in the curvature of the force-

velocity relation is also observed . 

From the slopes and intercepts , the values of a and b were 

calculated; these in turn were used to calculate a x b and V since 
--- max 

Vmax equals (Po£.)/~. 

Table 2 summarizes the effects of respiratory acidosis on the 

force-velocity constants . The a constant is reduced by 27 . 9% ~ 7 . 0 

(SE) of the original control value . The b constant shows a 27 . 0% + 

6 . 4 (SE) reduction . These changes are statistically significant . 

P and V , according to paired t-tests were also significantly 
o max 

reduced during acidosis . 

According to Hi ll (1938) and woledge (1968) , the product of 

the a and b constan t s (~) is an index of the stable component of 

maintenance energy rate in some muscles . Respiratory acidosis pro-

duced a 48.0% ~ 10 . 6 (SE) reduction in this parameter in tracheal is 

muscles. This was statistically significant and conf!rrned the results 

I of the isometric studies . All changes observed in the parameters 

studied were reversible . 

The increased curvature of the force-velocity relat ion f o r 
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control acidosis recovery 

241.6 172.2 206·3 
.! (g/em' ) 

±54·5 ±30.6 ±J7.8 

·081 .059 .070 
b (IJ .ee) 

± .009 - ± .007 ± .007 

.259 ·235 .248 
Vmax (V·ee) 

±.029 ± .024 ±.021 

20.99 10.38 14.91 
a x b 

±5.86 ±2.33 +3.17 

681.8 626.3 695.6 

Po (9/em' ) ±71.7 ±66.2 ±81.3 

.336 .268 .292 
.!Ill, ± .046 ±.027 ±.042 

Table 2: The effects of respiratory acidosis on the 
force-velocity constants of trachealis 
smooth muscle . Al l parameters showed reversible 
reductions during acidosis . The constant ~, 
which has been used as an index of the stable 
component of maintenance energy rate shows the 
largest reduction . (N '" 6) . 
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acidotic trachealis muscles suggested a reduction in the constant 

!fP
o

' This parameter was significantly reduced by 21 . 8 ' + 9 . 5 (SE) 

indicating that increased curvature was present. 

B. ELECTROPHYSIOLOGY 

I. Membrane Related phenomena 

With reference to the isometric tetanic experiments, it i s 

possible that the reduction in Po observed may not be myogenic in 

origin but due to an acidotic diminution of acetylcholine released 

from the nerve plexus in the preparation. Under normal circumstances , 

electrical field stimulation works by liberating acetylcholine from 

the nerve endings as concluded by the fact that atropine blocks 95% 

of the response observed during electrical stimulation . To determine 

whether the effects of respiratory acidosis were myogenic or neural, 

trachealis muscles were mounted in a high K+ (143 roM) solution con

taining 10-8 g/ml atropine . If the effect was neural , no decrease 

in Po would be observed during respiratory acidosis. 

Tension, elicited by the high K+ solution, held constant 

(mean tension: 9 . 6 g.) until respiratory acidosis was introduced 

(Figure 14). A 13 . 2% + 3 . 2 (SE) decrease was observed which was 

statistically significant and totally reversib l e upon reverting to 

control conditions . This suggests that respiratory acidosis is pro

bably affecting the muscle directly. 

II . Effect of Respiratory Acidosis on RMP's 

Since it has been postulated that acidosis might alter the 

, 
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control acidosis recovery 

TIME IN HOURS 

Figure 14 : The effect of respi r atory acidosis on 
the tension developed by tracheal is 
muscl es tetanized by a high K+ solution 
in the presence of 10- 8 g/ml atropi ne . 
The open bars represent control strips 
(n = 3) , the solid bars the test strips 
(n = 6) which wer e sub j ected to respira
tory acidosis in the second hour . Tension 
is expressed as a pe r cent of the maximum 
fowd afte r the first hour ' s control period . 
Standard error bars are shown . 
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excitability of the membrane and that this might account for the 

impaired mechanical function observed (Woodbury, 1965). Intra

cellular studies were performed in order to record resting membrane 

potentials and thus provide evidence regarding this possibility. 

A typical intracellular recording is shown in Figure 15 . 

The criteria by which the success of an impalement was discerned 

were that 1) the impalement was indicated by a sharp drop in potential, 

2) the potential attained remained steady for several seconds , and 

3) when the microelectrode was withdrawn, the original baseline was 

unchanged . This recording (Figure 15) met all 3 criteria . A sudden 

drop in potential can be observed. The RMP remained steady for 10 

seconds and the original baseline was reached when the electrode was 

withdrawn . 

Due to the extremely small size of trachealis cells , (2-5 microns 

in diameter), one cannot impale these cells easily . In this case 

(Figure 15), before a good record of a membrane potential determination 

could be obtained, a number of attempts were required before the elec

trode would stay inside the cell for any length of time . The small 

"blips" observed before the actual recorded potential drop had occurred , 

probably represent the electrode passing through, or quickly impaling 

and withdrawing from a cell. 

The resul ts of this study are summarized in Figure 16. For 

73 impalements of 6 normocapnic tracheal is strips, a mean RMP of 

-44.1 mV ± 0.4 (SE) was observed . For 56 impalements of 6 respiratory 

'" 
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OscillOscope recording of a TSM 
membrane potent ial 

...... ~ '1-0 mV 

I - - -50mV 

1-10 sees -1 

Figure IS: A typical recording of the determination 
of a RMP of a trachealis muscle cell . 
Note the sudden drop in potential , the 
potential being held steady for 10 seconds 
and the return to origin baseline when the 
ultramicroelectrode was withdrawn . 
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Distribution of TSM Membrane Potentials 

normocapnia 
N " 73 

i = 44.144 t 0.385 SE 

~ 

o hypercapnia 
tJ :: 56 

X = 44.348 t 0·546 SE 

MEM. POT. IN mV 

Figure 16: A histogram comparison of the RMP ' s 
recorded from trachealis muscle cells 
in a normocapnic and a respiratory 
acidotic (hypercapnic) environment . 
The distributions of both sets of data , 
according to a Chi-square goodness of 
fit test , were the same . 

......... -' ... ' 
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acidotic trachealis strips , a mean potential of - 44.3 mV ± 0 . 5 (SE) 

was observed. A paired t-test on the means of individual experiments 

showed no difference with a t - value of 0 . 042 . The distributions of 

both sets of data, according to a chi- square goodness of fit test , 

were the same . 

C. INTRACELLULAR pH 

After the tissue and medium scintillation vials were counted 

for their tritium (H3) and carbon - 14 (CI4 ) content , the values , 

in decays per minute (DPM) , were entered into the equation first 

described by Waddell and Birtler (1959) . 

pHi; pK ' D»O + l09 ill: ~+ -~;) - ~:J ~o (pHe - pK ' 0",1 +l}J 
Figure 17 is a pl ot of intracel lular pH (pH i ) ' as determined 

f r om the waddel l and Butl er equation , versus the pH of the incubation 

medium. For a mean medium pH of 7. 37 ± 0 . 02 (SE) and a POO2 of approxi 

ma t e ly 40 mm . Hg , t he mean pHi was 7. 03 ± 0 . 02 (SE . Wi th respir atory 

acidos i s , for a mean medium pH of 6.94 ± 0 . 005 (SE) and a Poo2 o f 110 

mm . Hg , thenean PHi was 6 . 74 ± 0 . 01 (SE) . These val ues were s i gnific-

a nt l y different as assessed by a t - test . These results confirm that 

an extracel lular respiratory acidosis , of a severity which i mpairs 

con t racti l ity , significantly reduced the pHi to below normal l evels 

in tracheal smooth muscle . 

·. __ •.. _." ... -
• 
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INTRACElLULAR pH - DMO METHOD 

• • 

• 'lo 
• • • 

•• 
· 0 • , 

6.8 6.9 7.0 7.1 7.2 7.3 7.4 7.5 
pH of medium 

Figure 17: A plot of intracellular pH values calculated 
from the Waddell and Butler equation versus 
the medium pH which was varied by altering 
CO2 partial gas pressures . The solid squares 
are for normocapnic conditions. The solid 
circle s are for respiratory acidotic conditions. 
'!he open symbols are the means of each group. 
Normocapnia PHi 7.03 ~ 0.02 (SE). Respiratory 
acidosis pH. 6 . 74 + 0.01 (SE). , -
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A. JUSTIFICATION FOR THE MECHANICAL ANALYSIS 

The present studies documented the effect of respiratory 

acidosis on the mechanical properties of tracheal is smooth muscl e 

and investigated the mechanism in terms of its effect on energy 

utilization, electrophysiology and intracellular pH . The major 

assumption made is that tracheal smooth muscle may be viewed in 

terms of a striated muscle model for mechanics. The arguments for 

this assumption have been presented in the introduction (section C, 

subsection I) . The major conclusion drawn is that , in vitro , res

piratory acidosis of a degree severe enough to impair contractile 

function appears to do so by reducing the maintenance energy rate 

available to canine trachealis muscle to maintain a tetanus. 

In studies presented here , conclusions were drawn about 

energy utilization from purely mechanical parameters . No heat 

studies were performed . Conclusions about maintenance energy rates 

of striated muscles (Hartree and Hill, 1921; woledge, 1968), were 

drawn from heat studies by measuring the heat produced by a muscle 

during its activation , maintenance of tension , and relaxation with 

thermopiles . Canine trachealis muscle , however , does not lend itself 

to easy heat measurements because o f its length and overall size . 

The heat values that could be obtained from such a study would a lmost 

totally be within the noise level of the most sensitive thermopile 

such as Hill has used (1965) . 

Another drawback of heat determinations in trachealis muscle 

i 
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is the fact that this muscle cannot be made to twitch substantially 

(unpublished data) and all heat studies would have to be performed 

under tetanic stimulation which requires approximately 12-15 volts 

for an average duration of 10 seconds . The heat of stimulation would 

be much greater than the heat of contraction again rendering heat 

measurements beyond the limitations of any thermopile used to date . 

Mechanical and thermal studies on striated muscle have been 

shown to have a close relationship (Hill , 1938 ; woledge , 1968) . To 

carry out the present analysis of mechanical parameters, it is assumed 

that tracheal smooth muscl e mechanics would show the same relation-

ship to heat studies as striated muscles do , if it was possibl e to do 

heat determinations on this smooth muscle preparation. 

B . MECHANICAL STUDIES 

I. Isometric Mechanics 

The changes in Po observed with altered gas concentrations 

can probably be explained by some alteration in the operation of the 

contractile mechanism in tracheal smooth muscle. Analysis of the 

isometric tetanic tension data reveals that the reduction in Po is 

associated with reductions in both dP/dt and tp during respiratory 
max 0 

acidosis . 

The reduction in dP/dtmax (which corresponds to a reduction 

in the intensity of the active state) indicates that the rate of 

cycling of force- generating sites (ATP hydrolysis) is being reduced 

(Buccino et . al . , 1967; Sonnenblick , 1962). Langer (1968) has pointed 
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out that dP/d'tmax is an index of the mean dP/dt provided the sigmoid 

isometric tetanic curve is symmetrical about its inflection point. 

The reduction in tpo could result from an increase in the free 

ca l cium concentration which has been shown to initiate the uptake of 

Ca:f+ by microsomes more rapidly (Weber et. al., 1966). The increased 

ca++ concentration could be resulting from increased solubility of 

ca++ with decreased pH , 

The possibility that energy flux and the stable component of 

the maintenance energy rate could be related to the tension-time 

integral was first studied by Hartree and Hill (1921) for skeletal 

muscle. Sarnoff et . al . (1958) were the first to consider that oxygen 

consumption could be linked to the tension- time integral (TTl) in 

cardiac muscle . Jobsis and Duffield (1967) and Jobsis (1968) have 

demonstrated a significant corre l ation between the TTl and energy 

consumption in striated muscle . Also, the TTl and the stable component 

of maintenance energy rate have been equated (Gibbs et. a1. 1967; 

Mommaerts , 1969; JObsis and Duffield, 1967). Therefore, TTl ' s were 

measured for trachea1is muscles under normocapnic and respiratory 

acidotic conditions, on the premise that trachealis maintenance energy 

rates may be indicated by TTl ' s also . The TTl for acidotic tracheal is 

strips was significantly reduced which suggests that the stable compo

nent of maintenance energy rate is similarly reduced. 

II. Isotonic Mechanics 

Further inSight into the reduction in the maintenance 
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energy rate by respiratory acidosis was Obtained from force - vel ocity 

e xperiments on acidotic t r achealis muscles . The constants a and b 

were signi ficantly reduced during r espiratory acidosis as were P 
o 

and V Using Hill ' s interpretat i on of the functional significance 
max. 

of ~ (1938) , it is concl uded that aci dosis leads t o a quantitative 

func t ional l oss of force - generating s i tes i n the muscle . Using his 

interpretation of the functional significance of ~, it is concluded 

that the rate at which energy- liberat i ng reactions for contractile 

purposes occur , is reduced. This supports the conclusions drawn from 

the isometric mechanical studies. 

Aubert ' s heat r a t e equation states that , 

R = Rae - at + ~ 

where R is equal to the total maintenance heat rate during an isometric 

tetanus , and the two terms on the right are the labile and the stable 

maintenance heat r ates r espectively (Aubert , 1956) . The former may 

represent energy utilization by cal ci um translocation and the lat ter 

is a time independent function of the tension deve l oped (Woledge , 1971) . 

As mentioned previously , the steady or maintenance heat rate was found 

to possess a close relati onship to the product of the ~ and b constants 

of Hill ' s force-velocity equation . Wo l edge (1968) proceeded further 

by saying maintenance heat rate and a x b were equal . Since a x b may 

represent maintenance energy rate in smooth muscl e also , these va l ues 

were calculated and found to be signi f icantly reduced in acidoti c 

tracheal is muscles . 
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woledge (196B) has suggested three ways in which increases 

in the curvature of the force- velocity relation of muscle might 

arise , thus altering mechanical parameters . First of all , acto-

myosin bridges may persist , thereby passing into a configuration 

such that they exert an opposing force . The effect would be 

greatest with small loads, for which the majority of the oppos i ng 

force is internal, and least with large loads for which the internal 

opposing force is small . The result would be an increased curva-

ture of the force-ve l ocity re l ation and an increase in vrnax . 

Secondl y , bridges may form when not fully "extended" on their 

individual tension-length curves . Woledge suggested that this might 

reduce the total rate of bridge formation, again increasing the 

curvature of the force-velocity relation . The number of bridges 

formed at any veloci ty would be reduced , but at very low velocities 

the effect would be small since the number of bridges formed would 

be nearly maxima l . This would tend to increase P . 
o 

However , force - velocity curves of respiratory acidotic trachea-

l is muscles showed significant decreases in V and P . Therefore , 
max 0 

woledge ' s third possibility seems to be a major possibility to account 

for the increased curvature of the force - velocity relation of tracheal 

smooth muscle. woledge suggests that the acto- myosin bridges break 

prematurely before performing the maximum possible works. This would 

have l ittle effect on the tension exerted near V , where most of 
max 

the bridges would cross the zero of their length- tension curve; but 

, 
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at low velocities there would be a reduction in the average force 

e xerted per bridge . woledge suggests that this might also increase 

the curvature of the force- velocity relation and would reduce the 

maintenance heat rate . Since an increase in the curvature of the 

force - velocity relation was observed in tracheal is muscles (verified 

by a decrease in !fPo ) ' it would seem likely that acidotic tracheal is 

muscles would have an increased efficiency . 

III . Muscle Efficiency 

Woledge (1971) has provided another approach by which 

one now can view muscle with respect to its mechanical analysis 

muscle efficiency . This approach was used in this study for tracheal 

smooth muscle . The efficiencies of trachealis strips were calculated 

using the formula, 

EOONOMY '" (PoLo)/a x b 

where economy is interchangeable with efficiency by definition (Bozler , 

1930). The economy of tracheal is muscles during respiratory acidosis 

was found to increase tp 201 . 0' ± 32 . 6 (SE) . This indicated that 

during respiratory acidosis , the maintenance energy rate was reduced 

but that the economy was increased . It also suggested that this 

increase in economy was an attempt , by the muscle, to reduce mechanical 

dysfunction . However , this compensati on was not fully reached , thus 

the persistence of r eductions in isometric and isotonic parameters . 

woledge (1971) has shawn also , that the slower a muscle is , 

the more efficient it becomes . Trachealis strips, under respiratory 

, 
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acidosis , were in fact slower muscles as indicated by reductions in 

dP/dt isometrically , and b and V ,isotonically , thereby support-
max max 

ing the notion of increased efficiency . 

Another term , which has been proposed by Polissar (1954) , for 

determining the effectiveness of a muscle is the Preparedness-

Delivery Quotient or PDQ . The PDQ is defined as the heat rate of 

keeping the muscle in a state of preparedness in relation to the 

ma ximum rate at which the muscle can deliver work . It is represented 

by the equation, 

Po;;! = (a x b) / (maximum power) 

The maximum power was .calculated for trachealis force-

velocity relations during normocapnia and respiratory acidosis and the 

PDQ ' S were then determined. Trachealis muscles showed a 37 . 5% + 11.8 

(SE) decrease in their PDQ value during acidosis , indicating that the 

muscles were not prepared to deliver that amount of energy which would 

have been needed to produce a given amount of work . This suggests a 

biochemical basis for the impaired mechanical function observed in the 

isometric and isotonic studies . 

Calculations of economy and PDQ , showed that the changes in-

duced by respiratory acidosis were reversed on returning to control 

(normocapnic) conditions. 

C. ELECTROPHYSIOLOGY 

The high potassium experiments with atropine blocked trachealis 

muscles tend to negate the hypotheses that respiratory acidosis is 
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affecting the nerve plexus present in tracheal is muscle or that the 

release of acetYlcholine from the nerve terminals and subsequent 

effect on the muscle membrane is being affected by respiratory acidosis . 

These experiments indirec t ly rul e out the hypothesis that there is a 

production of a depolarization block also, which affects the membrane 

excitability , since respiratory acidosis produced a significant 

decrease in Po of K+ induced contr actures of tracheal i s muscles . If 

any of these hypotheses were upheld , one might observe Po to remain 

unchanged . 

Tension recovered t o control values upon returning to control 

conditions . This observation indicates that the reduced tension was 

not decremental with time alone and since the membrane effects were 

eliminated by the high K+ solution, it follows tha t respiratory aci 

dosis is exerting its effect at some myogenic active process . 

Intracellular microelectrode studies were also carried out to 

indirectly determine if the excitability of the membrane was being 

impaired by respiratory acidosis and that this might account for the 

impaired mechanical function Observed (Woodbury, 1965) . An alteration 

in the excitability of the membrane may manifest itself in a change 

in the resting membrane potential (RMP) . The ultr amicroelectrode 

technique demonstrated that the RMP and thus probably the excitability 

of the membrane was unalte r ed . This method gave a more direct result 

than that i nferred from the high K+ experiments . 

The altered mechanical properties and reduced maintenance 
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energy rates inferred in the mechanical studies therefore, must be 

the result of respiratory acidosis acting at some level of the 

contraction sequence distal to the excitation of the membrane . 

D. INTRACELLULAR pH 

Carbon dioxide, in contrast with many other acidic substances 

including hydrogen ions , can easily penetrate into tissues and alter 

their intracellular pH (pH . ) (Caldwell, 1956). Since such a high , 
partial pressure of CO2 was used to produce respiratory acidosis 

110 rom Hg, pH 6 . 95), it was felt that the pH. should be deter, 
mined to see if respiratory acidosis, of a degree severe enough to 

impair contractile function , was causing an intracellular acidosis. 

The results indicate that the pH. of the trachealis muscles does , 
become more acidic with respiratory acidosis. The values obtained for 

the pH. of trachealis muscles under normocapnic and respiratory acidotic , 
conditions agree with those reported by others for rat diaphragm 

(Roos, 1971; Heisler and piiper, 1972) and for canine skeletal muscle 

(Waddell and Butler, 1959), and suggest similar buffering capacities. 

It is not the extracellular H+ concentration (the pH per se) 

which directly influences the pH. , but , the P CO 
2 

Although the pH. , 
of trachealis muscles subjected to a metabolic acidosis using HCl or 

by reducing the bicarbonate concentration has not yet been determined, 

the bulk of evidence from the literature and indirect evidence from 

unpublished experiments indicates that the pH. would remain at normo, 
capnic levels . Waddell and Bates (1969) have shown that intracellular 
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water is very sensitive to acidification from increasing tensions 

of CO
2 

but when highly ionized acids or bases such as HCI or NaHC0
3 

are added to the extracellular water , there is negligible direct 

effect on the pH of the intracellular water. Adler et. al . (1965) 

have shown that metabolic acidosis, above a pH of 6.9 , has no dis-

cernible effect on cell pH . However, respiratory acidosis reduces 

the pHi to below 7.0. 

In some early and unpublished experiments from this laboratory, 

it was found that a metabolic acidosis to a medium pH of 6.95 using 

HCI or lactate had no effect on P or maintenance energy rates (as 
a 

indicated by TTl's) of trachealis muscles which indicates that no intra-

cellular acidosis was being produced, if one considers that the primary 

effect of respiratory acidosis is to lower the pH. and that this 
" 

decreased pH. produces the impaired contracti l e function observed in , 
this muscle preparation. 

E . BIOCHEMICAL AND ENZYMATIC IMPLICATIONS 

The reductions in isometric and isotonic mechanical parameters 

observed during respiratory acidosis may be related to reductions in 

energy stores , or reductions in the rates of energy production or utili-

zation, which are probably secondary to alterations in activities of 

enzymes which mobilize energy from the stores for muscular contraction . 

Rate limiting enzymes such as phospharylase ~ kinase and phos-

phofructokinase, which are concerned with energy production, may have 

altered activities when changes in the pH of the intracellular 

i 
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environment occur . Danforth (1967) has shown that alkalosis acti-

vates , while acidosis inhibits both of these enzymes in frog sar-

torius muscle . 

Energy utilization may also be impai r ed . If Woledge ' s (1968) 

third possibility for contractile inefficiencies (premature breaking 

of the actin- myosin bridges) , can be applied to canine tracheal smooth 

muscle , i t may be then that actin- myosin ATPase activity is elevated 

by respiratory acidosis . An increased activity in this enzyme would 

cause ATP to be split at an increased rate , the bridges to break pre-

maturely , and , according to woledge , reduce the maintenance energy 

r ate . An increase in dP/dt , ~, or V however , would not necessarily 
max 

be seen with s uch an inefficiency . 

F . GENERAL CONCLUSIONS 

Respiratory acidosis , in canine trachea l smooth muscle, 

manifests itself in mechanical dysfunction . Isometrically , reductions 

are seen in P , dP/dt, tp , and the tension- time integral , the last-
e e 

named serving as an index of the stable component of maintenance 

energy rate . It has been shown also that the degree of mechanical 

impairment is related to the degree of mechanical activity . Iso-

tonically , the force - velocity relations of trachea l is muscles show 

an i ncreased curvature (as indicated by a reduction in alP ) with - e 

reductions in P I V , a , b and a x b , where a x b has been shown o max -

to be equal to the stable component of the maintenance energy rate 

also . The increased curvature of the force- velocity re l ation indicates 
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an increased efficiency but a reduced maintenance energy rate . 

The high potassium and intracellular micro-electrode 

studies have revealed that the effects of respiratory acidosis 

are purely myogenic and that the nerve plexus , acetylcholine , or 

muscle membrane excitability may not be affected by this physio-

logical disorder. 

Intracellular pH studies have revealed that an increase in 

the P
CO 

of the bathing medium produces an intracellular acidosis 
2 

which may be severe enough to inhibit enzyme activities related to 

energy mobilization - energy used in maintaining a contraction . 

All of the present studies indicate that the maintenance 

energy rate is one of the targets for respiratory acidosis . There-

fore, heat studies should be performed to confirm this conclusion , 

however , trachealis muscle does not lend itself to an easy analysis 

of heat production with the sensitivity of the thermopiles used 

today due to i ts overal l size and the fact that significant heats 

cannot be e l icited from this preparation . 

This publication asks more questions than it answers , expec-

ially dealing with biochemical parameters . What is the effect of 

++ 
r espiratory acidosis upon the free Ca content of tracheal is smooth 

muscle? What is the effect upon CP-ATP and ADP - AMP content? What 

i s the effect of the decreased intracellular pH, found in muscles 

under acidotic conditions, on enzyme activities, particularly actin-

myosin ATPase , phosphofructokinase , and phospharylase b kinase? 

I 
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And, with reference to the intracellular pH, to what degree does 

the lactate concentration contribute to the intracellular acidosis 

produced? To arrive at a more complete analysis of the effect of 

respiratory acidosis of tracheal smooth muscle, these questions 

must be answered. 
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