
Biochimica et Biophysica Acta, 692 (1982) 455-461 455 
Elsevier Biomedical Press 

BBA 71432 

A F L U C T U A T I O N  ANALYSIS STUDY OF T H E  D E V E L O P M E N T  OF A M I L O R I D E - S E N S I T I V E  
Na + T R A N S P O R T  IN T H E  SKIN OF LARVAL B U L L F R O G S  (RANA CA TESBEIANA) 

STANLEY D. HILLYARD *, WOLFGANG ZEISKE and WILLY VAN DRIESSCHE 

Laboratorium voor Fysiologie, K. U.L., Campus Gasthuisberg, B-3000 Leuven (Belgium) 

(Received April 15th, 1982) 

Key words: Epithelial transport; Development," Amiloride; Na + channel," Fluctuation analysis," Short-circuit current," (Rana catesbeiana) 

In the presence of the Na + -channel blocker amiloride, the short-circuit current across the skins of bullfrog 
tadpoles in metamorphic stages XIX-XXIV was subjected to fluctuation analysis. The resulting power 
spectra contained a Lorentzian component of which the plateau value (So) decreased while the corner 
frequency ( ~ )  increased as the mucosal amiloride concentration was increased from 0.5 to 24 p M. From the 
linear relationship between the f~ values and the amiloride concentrations it was possible to determine the 
binding (k~t)  and unbinding (kl0)  constants for amiloride to its receptor on the Na + channel. With these 
parameters as well as short-circuit current and S o values, the current through the individual Na + channels ( i )  
was calculated (average 0.58 pA). It did not increase significantly during late metamorphosis. The density of 
Na + channels ( M )  in the apical membrane, on the other hand, increased significantly. It would appear that 
the increase in short-circuit current which occurs at this time is due primarily to an increase in 
amiloride-blockable Na + channels. Unexpectedly, a Lorentzian component could be fitted to power spectra 
in amiloride-treated skins (stages XIX-XXI)  which showed no amiloride-sensitive short-circuit current. 
Moreover, the typical increase in fc with the amiloride concentration did not occur in these animals. 

Introduction 

The potential difference (p.d.) and short-circuit 
current (Is¢) values measured across the skin of 
larval bullfrogs are considerably lower in magni- 
tude than those of the adult [1,2]. Cox and A1- 
varado [2], using techniques to minimize edge 
damage, found that resistance across the larval 
skin exceeded 9 k f l .  cm 2 as compared with 1-5.8 
kf~ • cm 2 in the adult. In addition, a small ls~ was 
observed which corresponded to the net rate of 
Na  ÷ transport  across the larval skin. This ls¢ was 
not inhibited by amiloride, a pyrazine diuretic 
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which blocks Isc across the adult skin [3,4]. Finally, 
1so across the larval skin was greatly stimulated by 
nystatin, an antibiotic which serves as an iono- 
phore to enhance Na  + entry into the epithelial 
cells [5]. It  was concluded that the low I~c and high 
resistance of the larval skin was due to an absence 
of functional Na  ÷ channels in the apical mem- 
branes  and that  the appearance  of these 
amiloride-sensitive channels constituted a final step 
in the development of transepithelial Na + trans- 
port in this species. 

The application of fluctuation analysis to the Is~ 
across adult frog skin by Lindemann and Van 
Driessche [6] has made it possible to determine 
rate constants for amiloride binding to, and unbi- 
nding from, Na  + channels. From these parameters 
it is possible to calculate the density ( M )  of Na  ÷ 
channels (open and blocked) in the apical mem- 
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branes, the current, passing through a given chan- 
nel (i) and the probability that the channels will 
be open for Na ÷ conductance (Po). Thus, the 
macroscopic I~¢ can be analyzed as [6,7]: 

I ~ c = M . i . P  o (1) 

Po is the fraction of channels not occupied by 
amiloride at a given blocker concentration (see 
below). It is equal to unity in absence of amiloride. 

The present study was designed to document 
the increase in I~c which occurs during late meta- 
morphosis (stages XXI-XXIV) and to determine, 
by the use of fluctuation analysis, which of the 
components i or M are responsible for this in- 
crease. 

Methods 

Bullfrog tadpoles (Rana  catesbeiana) in hind- 
limb bud stages I -V [8] were purchased from 
Carolina Biological Supply Co., Burlington, NC 
(stock No. L-1493). Upon arrival, the animals 
were placed in tapwater to which thyroxine had 
been added to give a concentration of 1 mg/1. 

Thyroxine was used to accelerate metamorpho- 
sis so that an optimal number of stage XIX-XXIV 
tadpoles would be available during the time-course 
of the study. This solution was changed every 2 or 
3 days and food (Carolina stock No. 16-4760) was 
provided with each change. The animals were kept 
on a 12 h light : dark photoperiod at 21-25°C. 

When rudiments of the front limbs began to 
appear (stages XIX-XX), tadpoles were doubly 
pithed and the ventral skin was removed along 
with the attached abdominal musculature as de- 
scribed by Cox and Alvarado [2]. Similar prepara- 
tions were made at subsequent stages of develop- 
ment such that skins from 17 animals between 
stages XIX and XXIV were studied. 

Skins were mounted between the halves of an 
Ussing-type chamber specifically designed for 
fluctuation analysis [9,10]. Soft sealing rings 
(Sylgard) minimized edge damage and the surface 
area was small to reduce amplifier noise [11 ]. The 
Ringer's solution used in all experiments con- 
tained 115 mM NaCI, 2.5 mM KHCO 3 and 1 mM 
CaC12. The pH was 8.4 at 25°C. After mounting, 
the chamber was placed in a Faraday cage and the 

Ringer's solutions were aerated. The p.d. across 
the skin was damped to zero with the low-noise 
voltage clamp apparatus described by Van Dries- 
sche and Lindemann [11]. Resistance was mea- 
sured periodically by clamping the p.d. to + 10 
mV and dividing this voltage by the difference 
between the current required to clamp the p.d. to 
+ 10 mV and that required to clamp the p.d. to 
zero. All current and resistance measurements were 
normalized to 1 cm 2. Isc and resisitance were moni- 
tored until stable values for both had been ob- 
tained. 

At this point fluctuation analysis was con- 
ducted as follows. The 1~ was initially amplified 
and then passed through a Rockland 850 filter (48 
dB/octave) having a high-pass cut-off at 0.1 Hz 
and a low-pass cut-off at 850 Hz. The output from 
this filter was again amplified and the Isc fluctua- 
tions were sampled under control of an INTEL 
80/30 CPU board while calculations were made 
concurrently with an INTEL 86/12 CPU board. 
For analysis, the fluctuations were digitized and 
three records of 512 points in length were sampled 
simultaneously on separate channels having differ- 
ent sampling rates. The fundamental frequencies 
of these channels were 0.2, 0.8 and 3.2 Hz which 
allowed analysis up to 51.2, 204.8 and 819.2 Hz. In 
order to avoid aliasing, however, the analog signal 
of each channel was filtered with a 36 dB/octave 
low-pass filter having cut-off frequencies of 45, 
180 and 750 Hz, respectively. The power spectra 
from the three channels were calculated with a fast 
Fourier transform routine written in integer arith- 
metics. The spectra of 30-40 records from each 
channel were averaged and plotted together in a 
double-logarithmic plot. The final averaged spec- 
tra were stored on a disc of a PDP 11/34 com- 
puter. 

The spectra were fitted by the sum, S ( f ) ,  of a 
Lorentzian component, S0/[1 + ( f / f c )  2 ] and a 
background noise component, K b / f  ~ [10]. In this 
notation, S O (normalized to 1 cm 2) is the plateau 
value in the lower frequency range and f~ (comer 
frequency) is the frequency at which the spectral 
density is one-half of S o . The spectra shown in 
Figs. 2 and 3 were plotted with a Hewlett-Packard 
7221A plotter. 

In the above manner, I~¢, resistance and power 
spectra were recorded under control conditions 
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(no amiloride) and in the presence of increasing 
amiloride concentrations. 

Results 

The I~c across the skins of stage XIX-XX 
tadpoles averaged 2.64 + 0.79 /~A/cm 2 (mean _+ 
S.E., n = 4) and was not affected by amiloride in 
the apical Ringer's solution. In five of six tadpoles 
in stages XXI-XXII  the I~ was amiloride-sensitive 
and clearly dependent on the animals' age. All 
eight tadpoles in stages XXII I -XXIV showed 
amiloride-sensitive I~. These currents are plottted 
in Fig. 1 as a function of the ratio of the tail length 
to the total body length. This ratio was chosen 
because metamorphosis in tadpoles treated with 
thyroxine is characterized by a continuous reab- 
sorption of the tail [1,12]. Note that an amiloride- 
insensitive component was consistently found in 
tadpoles that showed amiloride-sensitive Isc. This 
current averaged 3.35 5:0 .20/~A/cm 2 (n = 12) and 
was not significantly different from the amiloride- 
insensitive I~ of the stage XIX-XX animals. Un- 
like Is¢, no systematic variation was observed in 
the resistance across the skin as development pro- 
ceeded. Resistance values ranged from 750 ft .  cm 2 
to 4444 f~. cm 2 with a mean of 2092 + 229 fl- cm 2. 
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Fig. 1. The increase in lsc as a function of tail reabsorption 
(expressed as the ratio, ta i l :body length) during metamorphic 
stages XIX-XXIV.  The open circles refer to skins with no 
amiloride-sensitive l~c while the closed circles represent those 
with amiloride-sensitive l,c. The x designates the amiloride-in- 
sensitive component  of those skins having amiloride-sensitive 
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Fig. 2. A typical power spectrum observed with amiloride (6 
/LM) in the mucosai Ringer's solution along with the linear 
K b / f  a (a) and Lorentzian (b) components  which were fitted to 
the spectrum by a computer  program. 
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Fig. 3. The power spectra obtained without ( - )  and with (lines), 
increasing amiloride concentrations. For clarity, only the fitted 
spectra are shown when amiloride was present. Note the de- 
crease in S o and the increase in f~ as the amiloride concentra- 
tion (i ,  4, 8, 12/zM - numbers  on the curves) was increased. 
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A typical power spectrum, obtained with 6 #M 
amiloride in the mucosal NaC1/Ringer's solution, 
is shown in Fig. 2 along with the K b / f  ~ and 
Lorentzian components which were used to fit the 
spectrum. A series of power spectra obtained from 
one preparation under conditions of increasing 
amiloride concentration is plotted in Fig. 3. Note 
the absence of a Lorentzian component in the 
absence of amiloride, while, in the presence of the 
agent, S o decreases and fc increases as the amiloride 
concentration is increased. When these changes in 
S o and f~ are compared with the decrease in Isc 
produced by amiloride, several observations can 
be made: (1) Both Isc and So decrease in a similar 
way. This is shown in Fig. 4a and b for tadpoles 
RC 22 (stage XXIV) and RC 9 (stage XXI). In RC 
7 (stage XIX), on the other hand, a Lorentzian 
component was observed in the presence of 
amiloride in concentrations above 5 #M even 
though I~ was not amiloride-sensitive. The S0 val- 
ues for spectra from these animals remained fairly 
stable between amiloride concentrations of 5 and 
40 #M. (2) As in the adult frog, fc increases in a 
linear manner up to 30 #M amiloride in the most 
developed (stage XXIV) tadpoles (Fig. 4c). (3) In 
earlier stages, where amiloride-sensitive I~ is pre- 
sent (RC 9 in Fig. 4c), f~ increases linearly only up 
to 10-15 #M amiloride and then 'levels off'. (4) 
Where amiloride-sensitive I~ is not present (RC 7 
in Fig. 4c)f~ is already large at low doses of 
amiloride and does not change markedly with 
increasing amiloride concentrations reaching as 
much 40 #M. 

The blocking action of amiloride on Is~ is de- 
scribed by the reaction: 

k31 
A + R ~ AR (2) 

k l o  

where A is the amiloride molecule and R is the 
amiloride receptor at the Na ÷ channel. This was 
recognized to be a pseudo-first-order reaction [6] 
in which the association proceeds at a rate k~, [A]. 
The apparent rate constant, k~,, is assumed to be 
the product of ko~, the ' true'  rate constant, and the 
partition coefficient, [3, for amiloride at the reac- 
tion site. When the complex AR is formed, a 
reversible closure of the Na + channel occurs with 
the dissociation of AR leading to channel opening. 
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Fig. 4. a. Inhibit ion of I~  by mucosal amilorid¢. Note that 
increasing Isc, in the absence of amiloride ( # A / c m  2, value in 
parentheses), is accompanied by a greater amiloride-sensitive 
component. Tadpoles RC 22 (e e), RC 9 (O O) 
and RC 7 (× - -  × ) were in developmental stages XXIV, 
XXI and XIX, respectively, b. The change in the Lorentzian 
plateau value (So) of power spectra produced by increasing the 
mucosal amiloride concentration, c. The change in corner 
frequency (f~) of the Lorentzian component produced by in- 
creasing the mucosal amiloride concentration. The solid lines 
indicate the linear regression used for determining k~l and kl0. 
The dotted lines connect data points which could not be fitted 
by linear regression. 
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Fig. 5. The effect of development on the binding (k~l)  and 
unbinding (kin)  constants  of amiloride at its receptor site on 
the apical surface of the tadpole skin. The solid line is the 
linear regression of k~)~ vs. the tail : body ratio, while the dotted 
line represents mean value for all k m values. 

The constant k m describes the rate of AR dissocia- 
tion. The association and dissociation of amiloride 
and its receptor thus produce fluctuations in the 
number of open Na + channels, and therefore mi- 
croscopic current fluctuations around the macro- 
scopic Isc. The rate of current fluctuations is re- 
lated to k~t[A] and k l 0  in the following equation 
[6]: 

2~rfc = k~), [A] + k,0 (3) 
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For skins with amiloride-sensitive I~ a plot of 2~rf¢ 
vs. [A] provides a linear function in which k~l is 
equal to the slope and k m the intercept. The slope 
was calculated from the linear regression which 
best fit the data for each animal (for stages above 
XXII up to 30 #M amiloride; for stages below 
XXII up to 15 btM amiloride). The correlation 
coefficient ( r )  ranged from 0.98 to 1.00, indicating 
a very good linear relationship. In Fig. 5 it can be 
seen that k~l decreases linearly with the resorption 
of the tail as the animals metamorphose (k~l = 
13.61 ta i l /body + 8.83; r = 0.89, P < 0.01). On the 
other hand, kl0 did not vary with development but 
rather showed a small random scatter around a 
mean value of 11.3 s-  i. 

Once k~, and kl0 are known, the current pass- 
ing through each channel (i) can be calculated 
from the equation: 

 2.L2.S o 
i = ( 4 )  [a] "INa+ 

where INa + is the I~ at a given amiloride con- 
centration minus the amiloride-insensitive current 
[6,13]. The i for each animal was calculated as the 
average value from four amiloride concentrations 
in the range of 0.5 to 5.0/~M. It was found that i 
for a given preparation did not systematically 
change with increasing amiloride concentration. 
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Fig. 6. The effect of  development on (a) the single channel current ( i)  and (b) the density of Na  + channels ( M )  in the apical 
membranes .  The dotted line represents the mean  value for all i values ( =  0.58 4-0.06 pA/channel ) .  The solid line is the linear 
regression of M vs. the ta i l :body ratio, expressed in a semi-logarithmic plot ( M  = - 4 . 1 0  t / b  + 4.68; r = 0.73). 
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Furthermore, i showed no systematic variation 
during development (Fig. 6a) despite the increase 
in amiloride-sensitive 1~c. The average value for i 
was found to be 0.58 + 0.06 pA (n = 12). 

Once i had been calculated it was possible to 
estimate the density of amiloride-blockable Na ÷ 
channels ( M )  from the equation [6,13]: 

2,, (5) 
M =  kl ° i 

The average i value was used in calculating M for 
each tadpole. It can be seen in Fig. 6b that M 
clearly increases with age. For the range of devel- 
opmental stages studies in the present paper, a 
significant correlation between tail reabsorption 
and M is found ( M = - 4 . 1 0  t a i l / body+4 .68 ;  
r = 0.73; P < 0.05). 

Discussion 

Taylor and Barker [1] observed that thyroxine, 
in doses of 10 and 100 mg/ml ,  produced an 
accelerated elevation of p.d. across the skins of 
larval bullfrogs. These animals were quite abnormal 
morphologically with tail length decreasing before 
the appearance of limbs. In this same study, it was 
found that untreated control tadpoles began to 
display elevated p.d. across the isolated skin at 
stage XXI. p.d. values in stage XXI-XXII  tadpoles 
were frequently as high as those in stages 
XXII I -XXV (adult). Assuming that Is¢ increases 
in parallel with p.d. (cf. Ref. 2), the data in Fig. 1 
for our low-dose thyroxine treated tadpoles are 
comparable to the untreated controls of Taylor 
and Barker [1]. In contrast, Cox and Alvarado [2] 
found Is~ in stage XXI-XXIV tadpoles, as a group, 
to be less than 10 # A / c m  2 and did not analyze the 
onset of elevated I~¢ during late metamorphosis. 

Cox and Alvarado [2] did observe much higher 
resistances than were found in the present study. 
The surface area of skin in their Ussing chamber 
was 0.8 cm 2 vs. 0.126 cm 2 in our own and, thus, 
our preparation is more sensitive to edge damage. 
The sealing tings in both studies were soft Sylgard; 
however, Cox and Alvarado [2] used silicone grease 
between the skin and sealing rings and could use 
less pressure in securing the skin between the 
chamber halves. For the calculation of i and M, 

however, errors due to attenuation of the current 
noise by resistances in series with the apical mem- 
brane [14,15] are unlikely, since the apical mem- 
brane resistance by far dominates [2]. 

The power spectra in stage XXIII -XXIV 
tadpoles and the calculated values of i and M are 
very similar to those obtained from adult Rana 
esculenta [6] and from rabbit colon [13]. In stage 
XXI-XXII  tadpoles the binding constant k~ was 
found to be larger, as seen in Fig. 5, and decreased 
with development. This observation may be ex- 
plained by a greater partition coefficient for 
amiloride in the apical membranes of the epithelial 
cells of stage XI -XXII  tadpoles. It is also possible 
that the membrane environment of the Na ÷ chan- 
nel changes with metamorphosis in such a way 
that the intrinsic rate constant, k01, would depend 
on the age of the tadpole. 

In contrast to the relatively constant values for 
i, M is seen to increase significantly with develop- 
ment, as does 'the amiloride-sensitive I~c. The vari- 
ability in values for M, calculated from Eqn. 5 
arises largely from the imprecision associated with 
the determination of k~0 (since the plot of 2~rf 
versus amiloride concentration intersects the 
ordinate very close to zero) and of INa + at amiloride 
concentrations well above K m (the Michaelis con- 
stant for amiloride inhibition of Isc); see also Ref. 
13. We therefore have to limit ourselves to a 
semi-quantitative view when comparing the age- 
dependence of M and INa" 

Within the limits of fluctuation analysis we 
have demonstrated that the increase in amiloride- 
sensitive Isc in developing tadpoles correlates with 
an increase in the number of amiloride-blockable 
channels, as suggested earlier by Cox and A1- 
varado [2]. The presence of a Lorentzian compo- 
nent in the power spectra in skin of stage XIX-XX 
tadpoles treated with amiloride (Fig. 4b, c) shows 
that an amiloride-binding site is present prior to 
the appearance of amiloride-sensitive Isc. In a re- 
lated study, Hillyard et al. [16,17] have shown that 
amiloride and benzimidazolylguanidinium, an 
amiloride analogue known to stimulate Is¢ in the 
adult skin [18], both induce a Lorentzian compo- 
nent in the power spectrum of stage X-XIX 
tadpoles and produce small but only transient 
increases in I~. It was hypothesized that an em- 
bryonic Na ÷ channel exists which may give rise to 



the  ami lo r ide -b lockab le  channe l  la te r  in develop-  
ment .  In  add i t ion ,  spon taneous  Loren tz ian  compo-  
nents  could  be  obse rved  in power  spec t ra  ob ta ined  
wi th  K ÷ as the p r i m a r y  ca t ion  in the mucosa l  
R inger ' s  so lu t ion  with  skins f rom stage X - X I X  
tadpoles .  This  noise was seen in absence  of 
ami lo r ide  or  benz imidazo ly lguan id in ium but  could  
be  much  enhanced  by  these agents,  while the re- 
spect ive  corner  f requencies  decreased.  This  is op-  
pos i t e  to the  behav iour  expected  f rom b locker  
noise  and appea r s  at very large ami lor ide  con- 
cen t ra t ions  (see Fig. 4c) only  in the younges t  
tadpoles .  The  Loren tz ian  c o m p o n e n t s  for bo th  
N a  ÷ and  K ÷ could  be abol i shed  by  add ing  the 
wel l -known K ÷ - c h a n n e l  blockers ,  Ba 2÷ or  te t ra-  
e t h y l a m m 0 n i u m  to the mucosa l  Ringer 's .  Since 
Ba 2+ is also known  to b lock  the apica l  K + chan-  
nel  in adu l t  Rana temporaria skin [10] it  was 
specu la ted  tha t  the non-select ive  embryon ic  chan-  
nel  m a y  be  a c o m m o n  precursor  for bo th  N a  ÷ and 
K ÷ channels  in the  apical  membranes .  F luc tua t ion  
analys is  has  therefore  been a useful  tool  for quan-  
t i fying the presence  of  ami lo r ide -b lockab le  N a  ÷ 
channels  and  may  be  of  great  help  in invest igat ing 
any  d i f fe ren t ia t ion  which may  occur  in the em- 
b ryon ic  deve lopmen t  of  epi thel ia l  N a  ÷ and  K ÷ 
channels .  
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