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Extract tion. Techniques based on serum-induced alterations in ciliary beat 
have received a great deal of attention as possible C F  genotype 

The purpose of this investigation was twofold: ( I )  to identify and assay systems since first reported by Speck i n  1967 (30). Demon- 
characterize the enzymatic A T P  hydrolysis system of epithelial s t ra t ion  o f the  ci~iotoxic pactor has been based on v a r i o u s  bioassays 
cilia, and (2) to develop a quantitative, biochemical test for the which utilize either cultured rabbit tracheal epithelium ( 12, 13. 30) 
ciliotoxic cystic fibrosis (CF)  factor based on inhibition o f  A T P  oyster gill (4, 5 ) ,  the end point being disruption or 
utilization by ciliary preparations. Our rationale for selecting this respectively, of normal, rhythmic c i l i a r y  beat, ~ ~ ~ ~ h ~ ~ h ~ i ~  o r  
system for C F  factor analysis relates to the tight and essential stasis, as originally reported, takes place only in the presence of  the 
mechanochemical coupling of functioning cilia. Using rabbit tra- CF factor, as found i n  sera from cystic fibrosis homo- and 
cheal epithelium as the a high weight heterozygotes. However. further experience with the bioassays (3. 
( >200,000) ATPase was identified, partially purified, and exten- 9, 28). a double-blind study (36). and slow motion analysis of high 
sively characterized. The properties of this protein were similar to speed ,.inemicrographs of ciliary systems (10) sllggest [hat these 
those observed i n  previous studies o f  others with flagellar and ciliary methods are difficult to reproduce and are not reliable enough for 
dynein (the motility-associated ATPase) isolated from microorga- c l in ica l  use i n  genetic screening (27). l-he techniques, in pact, suffer 
nisms. Analysis of the p H  profile revealed a broad range of high from several disadvantages i n  that  they are qua l i t a t i ve  and 
enzymatic activity between 6.5 and 9. Studies with potential subjective, u t i l i z e  non~omogeneous  test mate r i a l .  are subject to  
cation activators showed that the enzyme is activated equally by seasonal artifacts. and are influenced by a number of additionlll 
either Caa+ or Mg2+ i n  equimolar concentrations. N o  activation variables, such as ion ic  e n v i r o n m e n t ,  p ~ ,  and temperature,  which 
occurred i n  the presence of Zn2+, Na+, H + ,  or Na+ pius K +  and are difficult to control  i n  [he bioassays (1, 3. 19, 28). 
the effect of M g Z +  orCa2+ was not inhibited by Naf,K+, o r b +  1, the past several years. advances from basic i n v e s t i g a t i o n s  
~ l u s  K+.   he enzyme hydrolyzed Mg2+-containing solutions of with microorgan isms  have clarified flagellar and ciliary structure, 
UTP, CTP, and A D P  at 51-54% the rate of A T P d e ~ h o s ~ h o r ~ l a -  metabolism. and enzymology (32). l n  particular, the work o f  
tion, whereas ~ ~ - d e o x ~ - A T P  was hydrolyzed 79% as effectively Gibbons and associates (20 22) has been instrumental in providing 
as ATP. basic insights into the moleculnr mechanisms for ciliary motility. 

Using a newly devised, analytical technique with [y-32PlATP as A, ATPase, somewhat analogous to myosin and referred to as 
the substrate, the A T P  hydrolysis o f  various ciliary preparations dynein, has bee,, demonstrated by that group as wel l  as by others 
from rabbit trachea and oyster gil l (including motile suspensions) (6 -8. 34); further, i t  has been shown that  the e n z y m a t i c  hydrolysis 
was monitored in  the presence of sera from C F  homo- and of  A T P  in various motilc preparations is tightly coupled to. and 
heterozygotes. Reproducible rates of A T P  dephosphorylation aver- reflective of, ciliary metabolism and beat frequency (6-8, 21). 
aging 27 nmol/min/mg protein were demonstrable with homage-  he purpose of this investigation was twofold: ( I )  to identify and 
nates o f  ciliated epithelium. None of the test systems evaluated, characterize the presumed ATP hydrolysis system of epithelial 
however, were capable of demonstrating CF-related differences i n  cilia, and (2) to develop a n  quantitative,  reproducible, 
ATPase activity or ATP utilization. Although these attempts have biochemical test for the c, l io toxic  CF  pactor, since CF sera 
been unsuccessful thus far, the approach described i n  this report reportedly cause either dysrhythmic ciliary beat or stasis, it seemed 
provides an example o f  an objective, quantitative, biochemical reasonable to propose that the rate of ATP hydrolysis by 
assessment of ciliary function. preparations of cilia might be affected by such samples. This 

report describes a study of energy-connected metabolism of cilia Speculation from rabbit tracheal epithelium and oyster gill. Data are presented 
The ciliotoxic cystic fibrosis factor does not disrupt ciliary on ATP hydrolysis by various ciliary preparations i n  the presence 

motil ity by interfering with energy utilization. Other mechanisms o f  ,f serum samples  from normal  subjects and those of the C F  
action which are possible include impairment o f  ATP production, B~~~~~~ of  the relatively large amount  of inorganic 
disturbance o f  ionic constituents essential for normal motility, and phosphorus present i n  serum, which leads to unacceptably high 
alteration in  mucous gland secretion products. A change in  emphasis blank values i n  conventional, colorimetric ATPase procedures, it 
away from the current qualitative, subjective bioassay techniques is was necessary to devise a new, radioisotopic analytical technique 
indicated i n  the interest of developing a clinically useful genetic for this purpose; the procedure is described fully herein, 
screening test. 

MATERIALS A N D  METHODS 
The incidence of  C F  is approximately I in 2.000 live births SERUM SAMPLES 

among Caucasians (14). It follows that about 5% of the Caucasian 
population or approximately 10 million Americans are carriers, Blood was obtained via venipuncture from cystic fibrosis 
emphasizing the importance of a method for heterozygote detec- patients who had been diagnosed unequivocally on the basis of a 
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oositive sweat test and the oresence of both oancreatic insuffi- OYSTER GILL PREPARATIONS 

ciency and characteristic p;lmonary disease.' Parents of these 
patients were utilized as obligate C F  heterozygotes and age- 
matched, normal volunteers were also bled at  the same time. 
Samples were collected and processed in plastic containers and 
sera were tested when fresh. 

RABBIT TRACHEAL PROCEDURES 

Preparation and culture of the rabbit tracheal ( R T )  epithelium 
from weanling New Zealand White rabbits were performed 
following exactly the method of Conover er a / .  (12. 13). Briefly. the 
procedure, which was taught to us by Dr. Conover, entailed aseptic 
removal of the trachea, immediate, thorough washing with basal 
Eagle medium at pH 7.4. and careful removal of the epithelium 
with a freshly sterilized scalpel. Subsequently. the mucosal sheets 
were rinsed with medium, transferred to a sterile watch glass. and 
divided into 15-20 pieces of 2 3 rnmz size. The latter were placed 
in Falcon 30-ml culture flasks and incubated in 3 ml of the above 
medium supplemented with 10% fetal calf serum. 1% 200 mM 
L-glutamine, penicillin (50 u/ml),  and streptomycin (50 pg/rnl). 
Explanted epithelial sheets were incubated at 37" for 1 10 days 
before use. 

Preparation of R T  explant homogenates for measuring ATPase 
activity was carried out as follows: 30 explants were screened for 
active ciliary beat, placed in 3.0 ml of 4" assay mediuni (0.05 M 
Tris-HCI, pH 8.0. 0.30 m M  EDTA), and homogenized with a 
glass-on-glass tissue grinder until an even mixture was obtained for 
immediate use. Minced R T  preparations differed from the homog- 
enates in that explants were minced vigorously with a small 
dissecting scissors in a minimum volume of assay medium before 
dilution to the same protein concentration employed in the 
homogenates. Minced samples were sufficiently fine to permit 
pipetting through 50-100-p1 micropipettes (37). Motile RT prepa- 
rations were prepared identically to explants except that the 
tracheal membrane was divided into sheets of approximately 
8-mm2 size. Each epithelial sheet was weighed and placed in a 
plastic tube for assay. 

FRONT . 

Oysters of the Crassosrrra virgirrica strain were obtained fresh 
from the Chesapeake Bay through courtesy of the Maryland 
Department of Natural Resources. Gills, removed by dissection 
using the technique of Bowman, et a / .  (4. 5), were washed with 
filtered sea water, and were demonstrated in all instances to 
possess motile cilia. Minced gill samples and homogenates were 
prepared analogously to R T  preparations except that explant-sized 
squares of gill membrane were substituted for the R T  explants. 
Routine examination of minced gills under light n~icroscopy 
revealed that these samples were invariably niotile. 

ANALYSIS A N D  CHARACTERIZATION OF CILIARY ATPase 

In order to measure ATP hydrolysis in the presence of 
phosphorus-containing serum. a new, radioisotopic procedure was 
devised using [y-32P]ATP and cold, carrier nucleotide. Disodium 
ATP-tetrahydrate and a divalent cation activator (usually Mg2+ or  
C a Z + )  were added in a ratio of 1: 1.5 to a 0.02 M Tris-HCI buffer, 
initially adjusted to pH 8.0, and then retitrated to pH 8.0 after 
addition of the acidic metal-nucleotide. T o  the cold ATP solution 
at  4 m M  concentration, adeno~ine-5'-[y-~~P]triphosphate tet- 
rasodium salt (38) (1.5-3 mCi/nil. 50-lOOCi/mmol) was added to  
provide a specific activity of 2-10 pCi/ml.  Volume changes due to 
addition of the isotope were no more than 0.5% and changes in 
ATP concentration were insignificant. All ATP solutions were 
kept on ice during assay procedures and were stored at -40" 
between usages. 

Homogenates and other preparations of cilia were pipetted into 
5-ml glass conical Pyrex centrifuge tubes. Preincubations were 
performed at the same temperature as the incubation, either at 25' 
or  at 37". Preincubation and incubation times varied from 0 30 
min, and from 10-20 min, respectively, depending on the experi- 
ment. Short  preincubations were employed to allow tubes to 
equilibrate at  assay temperature, and longer preincubations were 
used when potential enzyme modifiers such as C F  sera were being 
tested. Enzymatic reactions were initiated by addition of 50 p1 4 
m M  A T P  solution to bring the total assay volume to 200 pl, and 

=ppi 

A T P - ~ - ~ ~ P  

ORIGIN 0 . . 
Fig. 1. Analysis of ciliary ATPase activity: autoradiography of a cellulose thin layer sheet containing 32P-labeled standards and aliquots of a typical 

incubation mixture (last four samples on the right). 
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were terminated by addition of 50 pl cold 50% trichloroacetic acid 
and placement of the tube on ice. The incubation tubes were 
centrifuged briefly in early studies to remove protein before 
quantitation; however, this step was found to be unnecessary and 
was later eliminated. 

Quantitation was achieved by measurement of 32P1 liberated and 
[y-32P]ATP remaining in the incubation mixture. For this purpose, 
a 2 - 4  aliquot pCi)  was spotted on a 160-pm cellulose 
thin layer sheet. Chromatography was then performed in a solvent 
system developed for optimal separation of ATP and PI. consisting 
of 100 ml n-propyl acetate. 50 ml88% formic acid, and 30 ml H 2 0 .  
R F  values consistently reproduced in this system were 0.08 for 
ATP. 0.18 for pyrophosphate, and 0.51 for PI. as shown in Figure 
I. The [y-32P]ATP and SZPl were localized by autoradiography on 
Kodak NS2T medical x-ray film (39) for a minimum of 16 hr, and 
the radioactive portions transferred to glass scintillation vials 
containing 10 ml Aquasol (40). Samples were counted with a 
Beckman model LS-255 scintillation counter. Percentage of 
hydrolysis of A T P  was calculated from the ratio of counts per min 
of PI  to the total counts per min of ATP + PI spots. Results were 
converted to micromoles of PI per min per mg of protein using the 
A T P  concentration present in this assay and the protein concentra- 
tion as determined by the method of Lowry et al. (25). 

Modifications of the above procedures were necessary in some 
experiments, a s  follows. ( I )  For pH profile studies, Tris-acid 
maleate buffers. 0.05 M, were prepared with pH ranging from 
5.5-9.0. Cilia were homogenized a t  3 times the usual concentration 
in isotonic (0.32 M )  sucrose, then diluted with 2 parts of buffer to 
obtain enzyme homogenate of desired pH. MgATP solutions were 
prepared at  each pH in Tris-acid maleate buffers. (2) Enzyme 
specificity studies with various nucleotides were performed a t  
saturating substrate concentrations, utilizing incubations of I ml 
homogenate and I ml nucleoside phosphate solutions. Aliquots 
were assayed for PI  by the method of Fiske and SubbaRow (18). 
(3) Activation by purified actin (41) was assessed using essentially 
the techniques of Eisenberg and Moos (16). 

In order to isolate the ATPase protein, rinsed epithelial sheets. 
freshly prepared from four rabbit tracheae. were minced and 
homogenized in 0.05 M Tris-HCI. pH 8.0. containing 0.30 m M  
EDTA. After centrifugation at  40.000 x g for 15 min and 
concentration under nitrogen with an Amicon filtration apparatus, 
the sample was subjected to molecular exclusion chromatography 
on a column, 2.4 x 26 cm, of Sephadex (3-200. After analysis of 
ATPase activity and protein concentration, selected fractions were 
electrophoresed on sodium dodecyl sulfate (SDS)-polyacrylamide 
gels according to  the procedures of Fairbanks el al. (17); gels were 
calibrated for molecular weight at  the same time using purchased 
protein standards. 

PREPARATION OF SAMPLES FOR ELECTRON MICROSCOPY 

Samples of rabbit tracheal epithelium or oyster gill were placed 
in 5 ml conical Pyrex centrifuge tubes to which were added 100pl 
4% fibrinogen and, after mixing, 1 drop thrombin solution. 
Portions of the oyster gill were exposed to fresh se r im from 
normal subjects or  cystic fibrosis patients for 45 min at  room 
temperature and then added to other centrifuge tubes and clotted 
similarly. T o  the thrombin-induced clot, 2 ml 3% glutaraldehyde in 
0.1 M sodium cacodylate buffer. pH 7.4, were added. After 5 min. 
the clots were minced in the fixative and retained therein for 0.5 2 
hr before centrifuging and washing free of glutaraldehyde with 
three rinses in 3 ml 7.5% sucrose-cacodylate buffer. Part of each 
specimen fixed 30 min was sectioned in the cryostat and then 
stained with dialyzed iron (35) to demonstrate acid mucosubstance 
or  with the Wachstein-Meisel method (33) to  localize ATPase 
ultrastructurally. The minced clots and cryostat sections were then 
dehydrated through graded alcohols and propylene oxide and 
embedded in Epon. Thin sections that had been stained sequen- 
tially with uranyl acetate and lead citrate, as well as unstained thin 
sections. were examined with an AEI-6B electron microscope. 

TIME (minl 

TEMPERATURE I°Cl 
I C .  

Fig. 2. Effect of incubation time, temperature. and protein concentra- 
tion on MgATP hydrolysis by homogenates of rabbit tracheal epithelium. 

RESULTS 

Characterization of the ciliary A T P  hydrolysis system as 
catalyzed by homogenates of rabbit tracheal epithslium is shown in 
Figures 2-4. Under these assay conditions, linear generation of the 
P ,  product or  initial velocity was therefore maintained for 30 min. 
As illustrated in Figure 2, velocity was proportional to protein 
concentration in the 0.25-4 mg/ml range employed in this system. 
Analysis of temperature variations revealed that the enzyme 
reaches maximal velocity at  about 45", and shows a rapid decline 
in activity above 45". The calculated Q,,, as measured between 27' 
and 37". is 1.7. The pH curve revealed a broad range of high 
enzymatic activity between 6.5 and 9. Studies with potential cation 
activators revealed that the enzyme was activated equally by either 
C a 2 +  or Mg2+ in equimolar concentrations. N o  activation oc- 
curred in the presence of Zn2+ ,  N a + .  K + ,  or  Na+  plus K+ and the 
effect of Mg2+ or  C a 2 +  was not inhibited by Na+.  K', or  Na' plus 
K + .  The activation of the enzyme by Mg2+ followed a hyperbolic 
curve. as shown in Figure 4, with maximal velocity attained when 
the divalent cation concentration equalled the ATP concentration 
in the assay (1.0 mM).  Kinetic studies with MgATP. as sunillla- 
rized in Figure 4, yielded an apparent K, value of 5.7 x lo-' M.  

The enzyme hydrolyzed Mg2+-containing solutions of UTP.  
CTP.  and ADP at 51 54% the rate of ATP dephosphorylation. 
whereas Mg-deoxy-ATP was hydrolyred 79% as effectivel! as 
ATP. N o  activity was present with respect to hydrolysis of 
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Fig. 3. Effect of pH on ciliary ATPase activity as measured with 
homogenates of rabbit tracheal epithelium. Initial enzyme velocities were 
measured as described in the text. 

p-nitrophenyl phosphate, a measure of nonspecific alkaline phos- 
phatases. Addition of actin to the assay system produced no 
activation. Potential enzyme inhibitors studied include ouabain, 
sodium fluoride,p-chloromercuribenzoate, sodium iodoacetamide, 
and spermidine; none of these influenced enzyme activity in 
concentrations of M.  EDTA in a concentration of M 
completely abolished enzymatic activity. 

Purification to a le-fold degree was achieved using high speed 
centrifugation, Amicon filtration, and molecular exclusion chro- 
matography. The major portion (95%) of the enzymatic activity 
was eluted in the void volume of the Sephadex G-200 column as 
shown in Figure 5. This pattern of elution is consistent with a 
molecular weight of >200,000, as was supported by SDS-gel 
chromatography of fractions 18-24. 

In the minced oyster gill preparations, a linear relationship was 
observed between A T P  hydrolysis and viscosity (Fig. 6). This is 
consistent with the microscopically observable motility of such 
preparations on light microscopy and with literature values on beat 
frequency, as related to viscosity changes brought about by 
increasing concentrations of methylcellulose ( I ) .  

Electron microscopic examination of the minced rabbit trachea 
and oyster gill samples processed for morphologic examination or  
cytochemistry revealed epithelial cells with fine structure of 
normal appearance. The cilia and plasma membrane of the gill 
epithelial cells appeared to be intact, the nuclei disclosed normal 
contour and heterochromatin distribution, and the cytoplasm 
enclosed numerous well preserved mitochondria and profiles of 
endoplasmic reticulum (Figs. 7 and 8). A coat of acid mucosub- 
stance was visualized on the surface of the cilia with the dialyzed 
iron method (Fig. 7). ATPase activity was not evident, possibly 
because of inactivation of enzyme by fixative, but both controls 
and specimens incubated for ATPase showed nonenzymatic lead 
deposits in cisternae of granular reticulum (Fig. 8). No  difference 
was evident in the fine structure of specimens incubated in normal 
serum compared with cystic fibrosis serum, and those exposed to 
cystic fibrosis serum disclosed dialyzed iron staining indicative of 
acid mucosubstance on their surface. 

Results obtained in the presence of C F  sera are presented in 
Table I .  As is evident from the data,  no differences were detected 

in the presence of 50% C F  sera as compared with control sera. 
Both R T  and oyster gill homogenates hydrolyzed ATP at a rate of 
25-30 nmol/min/mg protein, with activation by C a 2 +  being ap- 
proximately equal to Mg2+  in both assay systems. Minced ciliary 
preparations from oyster gill demonstrated ATP hydrolysis rates 
considerably lower than that of the homogenates, as has been 
observed in mechanochemical-coupled flagella (8). The fact that 
no significant differences were observed between C F  and control 
sera in the motile ciliary preparations strongly suggests that the 
cilia were beating normally, since altering the viscosity signifi- 
cantly modifies the amount of A T P  utilized. 

DISCUSSION 

In addition to  basic studies designed to identify and characterize 
the presumed ATP hydrolysis system of epithelial cilia, a major 
objective of this research was to develop a cilia-based, biochemical 
assay for detection of the cystic fibrosis genotype. Such a 
technique would offer several advantages over the current bioas- 
says if it fulfilled our proposed minimal criteria of being objective, 
quantitative, and highly reproducible, and utilizing homogeneous 
or  quantifiable test material. It was postulated that the disruption 
of ciliary beat observed in bioassays may operate on a biochemical 
level either by altering the motility-associated ATPase enzyme in 
cilia or by disturbing A T P  utilization pe r  se. 

The rationale for selection of the ATP hydrolysis system is as 
follows. ( I )  It is reasonable to assume that pronounced disturb- 
ances in the general function of a tissue such as cilia, which utilizes 
large amounts of energy, could operate on a biochemical level by 
altering formation or  use of the ultimate energy source, ATP. (2) 
The studies of Gibbons et al. (20 22) and of Brokaw and Benedict 

Fig. 4. Effect of Mg2+ concentration and MgATP concentration on 
ciliary ATPase activity. Initial enzyme velocities were measured as 
described in the text. A final ATP concentration of ImM was employed in 
the MgZ+ activation studies. 
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Fig. 5. Sephadex G-200 column chromatography of a partially purified protein preparation from rabbit tracheal epithelium. Fractions were eluted 
with 0.05 M Tris-HC1, pH 8.0, and analyzed for protein and ATPase activity as described in the text. Void volume for the column employed was 29 
ml as determined with blue dextran, a solution of which eluted coincidently with the peak of ATPase activity. 

VISCOSITY (cP at 2 0 °  C) 

Fig. 6 .  Effect of increasing viscosity on ATP utilization by minced 
oyster gill preparations. Incubations with motile cilia preparations 
were performed at 20" in sea water containing 0,0.05, 0.10,0.15,0.20, and 
0.25% methylcellulose to increase viscosity and reduce beat frequency in a 
linear fashion (1, 7). Viscosity values for methylcellulose solutions ex- 
pressed in centipoise units (cP) were taken from the literature (7). 

(6-8) have demonstrated clearly that in beating flagella and cilia, 
motility and A T P  hydrolysis are tightly coupled by the enzyme 
dynein, a high molecular weight ATPase. Therefore, it would be 
strongly suspected that alterations in motility, particularly ciliosta- 
sis, would alter A T P  utilization. (3) Although not established 
unequivocally, current evidence from several groups indicates that 
Ca2+-activated ATPases are abnormal in cell preparations from 
C F  homozygotes and in other systems exposed to fluids from such 
patients (1 1, 23). 

Therefore, in search of an ideal, quantitative biochemical assay, 

we sought to investigate ATP hydrolysis by cilia in the presence of 
C F  and normal sera. T o  accomplish this, because of the high 
inorganic phosphorus content of serum which made small changes 
in P, undetectable calorimetrically, it was necessary to devise a 
new, routine analytical technique using [y-32P]ATP. The proce- 
dure developed in this study permitted us to measure ATP de- 
phosphorylation reproducibly in as many as 100-200 samples/day 
and provided sufficient sensitivity. Two basic approaches were uti- 
lized to assess C F  sera: in the first, nonmotile preparations of the 
cilia were used to assay ciliary ATPase; in the second, motile cili- 
ary suspensions, prepared by mincing oyster gill, were evaluated to 
determine the rate of ATP utilization for beating. 

In the nonmotile assay system, a protein which hydrolyzed ATP 
was isolated from homogenates of rabbit tracheal epithelium. T o  
characterize this ciliary ATPase, isolated for the first time in this 
investigation, considerable basic information was gathered experi- 
mentally, as shown in Figures 2-5 and as summaried in Table 2. 
Several lines of evidence strongly suggest that this protein 
represents the motility coupled (dynein) ATPase, as opposed to a 
nonmuscle myosin, a membrane-associated enzyme (e .g . ,  Na/K 
ATPase), or a nonspecific alkaline phosphatase (see Table 2). 
Properties of dyncins include high molecular weight, activation by 
Mg2+ and Ca2+  but not Na+  or  K+, compliance with classic 
Michaelis-Menten kinetics with K, values in the range of 
10-5-10-3 M,  broad pH optima between 7 and 9, relative 
nucleotide nonspecificity, insensitivity to ouabain, resistance to 
sulfhydryl inhibitors, low nonspecific alkaline phosphatase activ- 
ity, lack of activation by muscle actin, and localization in the arms 
of the outer doublets of the cilia (6-8, 20-22, 32, 34). In addition, 
the abundance of the enzyme in the R T  epithelium preparations 
supports the view that the enzyme is the motility-related ATPase, 
since in other axonemal systems, dynein has been shown to  
constitute the majority of the soluble protein and up to  84% of the 
ATPase activity (8, 32). In contrast to dyneins, membrane- 
associated Na /K "pump" ATPases are activated by monovalent 
cations, inhibited by cardiac glycosides, notably ouabain, and are 
highly specific with respect to nucleotide substrates (29). 
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Fig. 7. Minced oyster gill tissue stained with dialyzed iron. This micrograph reveals fine electron opaque deposits indicative of acid mucosubstance 
coating the surface of the cilia (arrows). The cilia, cytoplasmic membranes, basal bodies, mitochondria (M), and nucleus (N) appear normal in structure. 
x 15,000. 

The foregoing basic studies permitted us to develop a potential 
assay for the hypothetical C F  factor with analyses being carried 
out at  p H  8.0 in the presence of 25-50% fresh serum. Ciliary 
preparations were preincubated in the presence of sera at  room 
temperature or  at  37' for 30 min. Numerous ATP hydrolysis test 
systems were developed, characterized, and then evaluated in the 
presence of C F  and control sera. The systems employed the 
following materials: ( I )  homogenized explants of rabbit tracheal 
epithelium; (2) homogenized oyster gill; (3) intact rabbit tracheal 
epithelium (results not shown); (4) minced rabbit tracheal epithe- 
lium (results not shown); and (5) minced oyster gill. None of these 
systems demonstrated differences in ciliary ATP hydrolysis in the 
presence of C F  sera. In particular, it was surprising that the 
minced oyster gill assay system failed to respond to C F  sera since 
the oyster cilia in this preparation retained motility as assessed by 
three characteristics: ( I )  observable ciliary beat under the light 
microscope, (2) predominance of intact cilia on electron micros- 
copy, and (3) a linear relationship between ATP hydrolysis and 

viscosity, suggesting intact coupling between ATP utilization and 
motility (raising the viscosity to slow ciliary beat decreased ATP 
hydrolysis proportionately as depicted in Fig. 6). Since ATP 
dephosphorylation by minced oyster gill suspensions in the pres- 
ence of C F  sera is unaltered, it is quite probable that the cilia were 
beating normally despite the presumed presence of the C F  factor. 
Thus, it is apparent that monitoring ATP utilization by beating 
cilia fails to demonstrate the C F  ciliotoxic factor. 

From the observation that C F  serum neither influences ciliary 
ATPase activity nor diminishes ATP utilization by beating cilia, it 
is reasonable to conclude that the C F  factor does not act on the 
level of energy utilization. Other possible mechanisms of action 
which might warrant investigation include: ( I )  interference with 
A T P  production by the abundant mitochondria in the supporting, 
basal cytoplasm of ciliated surfaces (see Fig. 7)  (support for this 
mechanism comes from the studies of Bargman and Weisz (2) on 
mitochondria1 preparations); (2) alteration in the important ionic 
constituents of ciliated cells and surfaces leading to a less favorable 
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Fig. 8. Minced oyster gill tissue incubated in Wachstein-Meisel substrate for localizing ATPase. This sample shows well preserved mitochondria (M) 
and other cellular structures. Although reaction product demonstrative of ATPase is not evident in this micrograph, presumably because of fixative 
inactivation, fine electron opaque deposits are present in cilia (short arrow) ,  in collapsed (long arrow)  or dilated profiles of endoplasmic reticulum, and in 
nuclear envelope at the bottom. Such deposits which were observed equally in controls incubated in substrate lacking ATP reflect sites with lead affinity, 
x 25.000. 
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Table 1. EfSect o f  serum1 on ciliary ATP hvdrolj~sis2 

Serum sample No. MgATP CaATP 

Homogenized rabbit tracheal explants 
Control 
Heterozygote 
Cystic fibrosis 

Homogenized oyster gill 
Control 
Heterozygote 
Cystic fibrosis 

Minced oyster gill (motile, coupled cilia) 
Control 
Heterozygote 
Cystic fibrosis 

' Each assay was performed in the presence of 50% fresh serum. 
ATP dephosphorylation data a r e  expressed as nanomolcs of P, liberated per min per mg of protein (mean + SEM). 
MgATP hydrolysis was not measured in the presence of serum with minced oyster gill preparations. 

Table 2. A TPase from rabbit tracheal explants: The 
moti1it.v-associated ciliarjl (dynein) ATPase 

Evidence 
1 .  Abundance 
2. High molecular weight of purified ATPase 
3. Activation by Mg2+ or Ca2+ but not Na+ or K t  
4. Apparent K, for MgATP (5.7 x lo-' M )  
5. pH profile 
6. Relative nucleotide nonspecificity 
7.  Ouabain insensitivity 
8. Resistance to sulfllydryl inhibitors 
9. Low nonspecific alkaline phosphatase activity 

10. Lack of activation by actin 

milieu for beating (15, 24) (such an effect would concur with the 
findings of Mangos et al. (26) and others (31) on the "sodium 
transport inhibitory factor" present in some fluids of C F  patients); 
( 3 )  disturbance of the polyanionic, mucous surface coat demon- 
strated in Figure 8, or stimulation of excessive mucus expulsion by 
adjacent goblet cells, as has been observed upon addition of sera to 
ciliated epithelium (5, 28) (this mechanism would perhaps be in 
keeping with observations on the mucous secretions of CF pa- 
tients (14)). 

In conclusion, we are in agreement with the position (27) that at  
the present time there is no clinically reliable method based on 
ciliary assays for identifying C F  heterozygotes. Although our 
attempts to develop a biochemical assay for the C F  factor have 
thus far been unsuccessful, this study provides an example of an 
objective, quantitative, analytical technique. We suggest t h a ~  a 
change in emphasis away from the current qualitative, subjective 
bioassay techniques is indicated in the interest of developing a 
clinically useful genetic screening test. 

SUMMARY 

An analytical technique based on ATP hydrolysis by prepara- 
tions of cilia was developed in the hope that it would provide a re- 
liable assay for the cystic fibrosis genotype. In the course of the 
study, a new procedure was devised for measuring enzymatic 
dephosphorylation of ATP. In addition, a method for preparing 
pipettable suspensions of motile cilia was developed and ciliary 
ATPase or  dynein was isolated, partially purified, and extensively 
characterized Multiple ciliary preparations from rabbit tracheal 
epithelium and oyster gill were evaluated with respect to ATP 
hydrolysis in the presence of normal, CF ,  and C F  heterozygote 
sera with no differences being detected. 
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Extract 

As age is a determinant of cardiac refractory periods, this 
communication describes changes of refractory periods in an 
age continuum of infants, children and adults, 7 months through 77 
years. Seventy patients with evidence of normal A-V conduction on 
scalar electrocardiogram were included. The patients were divided 
into six age groups: < 2  years, 3-5 years, 6 1 0  years, 11-15 years, 
16-30 years, and >30 years. Extrastimulus technique was used to 
determine refractory periods in sinus rhythm or at longest cycle 
length assuring atrial capture, then at shorter cycle lengths. Cycle 
lengths (CL)  for each age group were divided into ranges: CL,,  
1,000-600 msec; CL,, 599-460 msec; CL,, <459 msec. Refractory 
periods at the three CL's within each age group were determined. 
Full recovery times of the A-V node within groups of children were 
determined. Statistical significance of the data was found by 
analysis of variance. The younger group tended to have shorter 
values than the older groups (F < 0.05-0.001). 

Speculation 

These changes with age apparently reflect maturation of the 
conduction system and may explain the differences in susceptibility 
to and electrophysiologic manifestations of various arrhythmias in 
infants, children, and adults. 

Standard cardiac catheteriration studies have contributed much 
to understanding hernodynamic and myocardial functions in 
pediatric patients. Recent advances in clinical intracardiac electro- 
physiology have lead to better understanding of normal and 
pathologic atrioventricular conduction, primarily in adu!ts (5, 6, 
23, 24, 26). There is limited intracardiac electrophysiology data 
available for children (1-4, 21, 22). DuBrow el a/. (7) recently 
demonstrated shorter atrial and A-V nodal refractory periods in 
juveniles compared with adults at  similar heart rates. This paper 
will expand our previously reported observations by examining 
cardiac refractory periods in multiple age groups. 

MATERIALS AND METHODS 

PATIENT SELECTION 

Studies were performed in 70 patients, whose ages ranged from 
7 months through 77 years, during diagnostic cardiac catheteriza- 
tion. Only patients with evidence of normal A-V conduction on 
scalar electrocardiogram were included (sinus rhythm, normal P-R 
interval. and narrow QRS).  Clinical status, electrocardiographic 
diagnosis, and intracardiac electrogram intervals were reported 
previously (5, 7, 26). Three additional children meeting the above 
criteria were included: two 8 year olds, one with a ventricular 
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