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Summary. Density and conductance of the Na-site in hen cop- 
rodeum were studied by employing fluctuation analysis of short- 
circuit current at sodium concentrations from 26 to 130 mM. Fluc- 
tuations of current in the frequency range 2-800 Hz were induced 
by triamterene, a reversible blocker of conducting epithelial Na- 
sites. At 130ram Na the site density was 5.8_+l.0gm -2 and the 
site conductance was 4pS. This conductance is equal to that of 
the frog skin (W, Van Driessche and B. Lindemann, 1979, Nature 
(London) 282:519-520). Extrapolation of site density to zero so- 
dium renders a total of 38+_28 sites gm -a, which is compared 
with other estimates for the coprodeum. The site-triamterene as- 
sociation and dissociation constants were 9.5_+0.4 rad sec-1 gM- 
and 255___20 radsec -~ and they were independent of external 
sodium concentration. An analysis of the affinity constant for 
triamterene based on the DC-short-circuit current was found to 
be unrelated to the external sodium concentration and identical 
to that obtained from fluctuation analysis indicating a noncom- 
petitive interaction between sodium and triamterene. Due to the 
oxygen demand of the epithelium we have developed an experi- 
mental method using short data processing times. A new analyti- 
cal approach using integration of the power density spectrum 
proved necessary because of low signal-to-noise ratios. 
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Introduction 

The use of fluctuation analysis was introduced in 
biology in the mid-sixties (Verveen & Derksen, 
1965). Current fluctuation analysis has recently been 
applied successfully to ion transport  phenomena in 
tight epithelia (Lindemann & Van Driessche, 1977; 
Van Driessche & Zeiske, 1980; Lindemann, 1980) and 
leaky epithelia (Van Driessche & GSgelein, 1978). 

The current fluctuation analysis exploits spon- 
taneous conductance changes of random nature at 
equilibrium. The method is nonintrusive and allows 
one to obtain several basic transport  characteristics 
of the epithelium such as the site density, the current 
through a single site and the rate constants for the 
association and dissociation between blocker and 
ion channel. In fact the site current and density may 
be obtained by the variance of short-circuit current 
(I,c) and the Isc. 

Application of current fluctuation analysis in epi- 
theliology is based on reversible blockers for con- 
ductive ion channels in epithelia. One clear example 
is the Na-channel in the apical membrane  of 
sodium-retaining epithelia, such as the kidney corti- 
cal collecting duct, the colon, the urinary bladder, 
the frog skin and the cloaca, as presented here. This 
Na-channel is reversibly blocked by pyrazinoylgua- 
nidine analogs, e.g. amiloride and benzamil, and the 
pteridines such as triamterene (Cuthbert, Fanelli & 
Scriabine, 1979). 

We have studied a Na-retaining epithelium from 
the midport ion of the hen cloaca, the so-called cop- 
rodeum. The coprodeum is easily induced to absorb 
sodium by feeding the hens on a low sodium diet for 
more than 9 days (Choshniak, Munck & Skadhauge, 
1977). The induced Na-transport  seems to be due to 
an insertion of new integral protein molecules, 100 
by 240A, in the luminal membrane  of 20% of the 
coprodeal cells. Possibly these cells also acquire a 
dark, mitchondria-rich cytoplasm (Eldrup, Mollgfird 
& Bindslev, 1979, 1980). 

The present paper deals with the following ques- 
tions. 

The first point concerns the epithelium itself. Is 
the site density in agreement with the numbers ob- 
tained with independent methods and is the site 
current comparable to the current found in other 
epithelia? Site density obtained from the fluctuation 
analysis is contrasted with recent information on the 
number  of induced sodium sites in the coprodeum 
and found to be about fivefold less than densities 
obtained from low-occupancy - displacement studies 
and morphological evidence. The site conductance is 
found to be in agreement with that in the frog skin 
(Van Driessche & Lindemann, 1979). This points to 
a common building-block in the evolution of the 
sodium-retaining mechanism. 

The second question is how affinity constants 
determined from fluctuation analysis are related to 
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affinity constants obtained from concentration-re- 
sponse curves of the short-circuit current in steady- 
state experiments. It has been shown for coprodeum 
(Bindslev, 1979), that sodium in the mucosal me- 
dium in itself acts as a blocker on sodium sites. We 
find that the blocker triamterene reacts very fast 
with sodium sites compared to sodium. Due to the 
different  magnitudes of relaxation times for triam- 
terene and sodium, fluctuation analysis renders an 
affinity constant exclusively reflecting the site-triam- 
terene interaction whereas the concentration-re- 
sponse of I~c reflects the total reaction between site, 
triamterene and sodium. 

The last question is a methodological one. First- 
ly, fluctuation measurements require the absence 
of signals which are inevitably induced by oxygenat- 
ing the tissue. On the other hand oxygenation is 
necessary to maintain tissue function at 37~ in 
warm-blooded animals. Secondly, sources of 'back- 
ground'  fluctuations exist which are not related to 
the action of triamterene on the mucosal membrane. 
These sources produce signals of the same magni- 
tude as those induced by triamterene. In order to 
overcome these technical difficulties, we have used 
short measurement times (20 sec), during which the 
oxygen supply to the tissue is arrested. A new meth- 
od for analyzing the power density spectrum of cur- 
rent fluctuations under these adverse conditions is 
presented. This method employs integration of the 
power density spectra for which reason we have 
named it the 'area'-method. 

Materials and Methods 

Materials 

Hens, Diet, Tissue Handling and ~B-ansport Chambers. Egg-laying 
White Plymouth Rock hens weighing 3 to 4kg were used 
throughout. The hens were given a low-sodium diet 2 to 4 weeks 
prior to experiment. The hens had free access to tap water. The 
diet results in an induction of a short-circuit current of about 
200-300 gA cm-2 in the coprodeum (Choshniak et al., 1977) due 
to an insertion of Na-sites in the luminal cell membrane 
(Bindslev, 1979). The coprodeum which is the mid-portion of the 
cloaca was isolated and stripped to the muscularis mucosae. Four 
to five pieces from the same coprodeum were mounted between 
perspex plates. The exposed area of tissue was 0.63 cm z. The 
mounted plates were inserted as mid-section of the transport 
chamber. One piece of tissue was studied at a time while the 
remaining were kept in oxygenated Ringer's at room temperature. 
The chamber was thermostatically heated to 34~ The half- 
chambers were constructed with large heat capacity so as to keep 
the temperature constant during data sampling where the heating 
was turned off: The half-chambers were open, thus allowing fast 
removal or fast addition of blocker solution. Oxygen was supplied 
and bathing solutions stirred by means of magnetic fleas in the 
bottom of the half-chambers in intervals between the data sampl- 
ing periods. The construction of the chamber allowed a rapid 
interchange of plates mounted with tissue. The chamber was 

placed on a 30-cm cushion of foam rubber, resting on top of a 
vibration-free table. The table was placed in a Faraday cage. All 
connections to the cage were interrupted during data sampling, 
except for the cables for voltage-clamping. The shields of these 
cables were connected to the cage. 

Solutions, Sodium Channel Blockers and Electrodes. The basic 
Ringer's solution contained (in raM): NaC1 130, MgSO 4 0.5, 
CaC12 0.5, D-glucose 15, and was buffered with 
K2HPOjKH2PO r 2.5, pH 7.4, K§ Lower Na concen- 
trations were obtained by replacing NaC1 with choline-Cl in 
equimolar amounts. 

All studies of current fluctuations were made with the blocker 
triamterene, molwt=253.26, which was kindly supplied by 
Mr. B. Faber, Ferrosan, Denmark. Triamterene was applied from 
a boiling Ringer's solution containing 1 mM triamterene by pre- 
cooling the pipette just before use. Triamterene is rather insoluble 
in aqueous media but we have found spectrophotometrically that 
the maximum triamterene concentration used at 37 ~ (330 mM) 
stays dissolved for one-half hour. The pK~ for triamterene is 6.2 
(Cuthbert, 1976). Thus at pH 7.4 only 6% of triamterene is in the 
protonated form. We have assumed that the protonated triam- 
terene is the functional form of the blocker. Notice that all 
blocker concentrations are given as total concentrations. Amil- 
oride-C1 dihydrate, molwt=302.12 was obtained from Merck, 
Sharp & Dohme, Denmark. Amiloride was used in a concen- 
tration of 100 gM to obtain a complete blockage of sodium- 
carried current. 

Ag/AgCl-electrodes were produced according to a recipe, 
mainly based on the work of Janz and Ives (1968). The in- 
terelectrode potentials were 0.1 mV or less. The resistance of an 
electrode pair amounted to about 1 kf~ for an electrode pair in 
Ringer's solution. Low-resistance voltage electrodes are necessary 
to avoid electrode noise on the input stage of the voltage am- 
plifier. 

The Electrical Set-up. The transepithelial voltage was clamped to 
0 mV by a voltage clamp circuit. The voltage-sensing amplifier 
was designed around a matched pair of low-noise JFET-transis- 
tors as described by VanDriessche and Lindemann (1978). The 
noise of this amplifier, referred to the input stage, was 
14 nV/(Hz) ~ at 10 Hz. The AC-component of the short-circuit 
current above 0.02 Hz was amplified with a gain of 2 x 107 V/A. 
To prevent aliasing and pertubations from signals of low fre- 
quency the signal was passed through a band-pass filter (Krohn- 
Hite model 3750) with settings of 0.8 and 1.2 times the maximum 
and minimum analyzed frequencies. The roll-off at both frequen- 
cies was 24 dB per octave. The filtered signal of current fluc- 
tuations showed typical peak-to-peak amplitudes of 5 to 25 nA. 

The whole voltage-clamp apparatus was powered from a bat- 
tery box in order to avoid presence of any 50 Hz components in 
the signal. 

Experimental Procedure 

Measurement of Power Density Spectra. The filtered signal of 
current fluctuations was fed to a transient recorder (Gould Ad- 
vance OS 4000 and output unit 4002) which samples and stores a 
record of 1024 data points. The data record was transferred 
digitally to a PDP-11/34 computer where the power density spec- 
trum of the data record was calculated, This sequence was re- 
peated a number of times and the power spectra of the individual 
data records were added to provide a mean power density spec- 
trum. The resulting power spectrum consists of 512 data values 
(unit A 2 sec) which give the square of the amplitude of each of 
the frequency components in the signal. The final power spectrum 
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was stored for later analysis. The sequence of data acquisition, 
data transfer and computation of power spectrum was controlled 
by the computer. 

The Actual Experiment. The power density spectrum of the short- 
circuit current fluctuations is affected by addition of a reversible 
blocker. The aim of the experiment is to find the relationship 
between blocker concentration and parameters characterizing the 
power density spectrum. The outcome of a typical experiment is 
ten power density spectra obtained at different blocker concen- 
trations and a continuous record of the DC-short-circuit current. 
The first power density spectrum is measured at zero blocker 
concentration. The experiment is finished with application of 
100 gM anriloride in order to get the level of short-circuit current 
due to pathways other than the blockable sodium sites. This 
spectrum represents a 'background' due to noise processes not 
associated with the action of the blocker. 

Before measurement of power density spectra, the oxygena- 
tion, magnetic stirring and beating were switched off to avoid 
unwanted electrical signals in the AC-short-circuit current. 

It is desirable to obtain as many data records as possible to 
get a well-determined power density spectrum. However, the time 
available for sampling current fluctuations is limited by the oxy- 
gen demand of the tissue. Actual practice is a trade-off between 
these two criteria and depends upon the frequency range suitable 
to study the particular blocker. The time required to Fourier 
transform a data record is around lsec. One data record is 
Fourier transformed while the following is sampled and hence the 
time consumed in processing one data record is 1 sec or the 
record sampling time, whichever is longer. Thus for triamterene 
the frequency range studied was 2-800 Hz and 20 records were 
taken to produce a power density spectrum. 

Preliminary Experiments 

Apical Driving Force. It has been shown for several Na-retaining 
epithelia that the intraeellular potential becomes more depola- 
rized when the electrodiffusional Na-influx is inhibited by 
blockers such as amiloride (Nagel, 1975; Fr/Smter & Gebler, 1977; 
Helman & Fisher, 1977; Schultz, Frizzell & Nellans, 1977; Su- 
dou & Hoshi, 1977). To obtain a measure of the intracellular 
potential upon addition of a blocker, triamterene, we measured 
the transmural resistance and short-circuit current. 

The transmural resistance was measured by superimposing a 
small sinusoidal voltage (less than 1 mV) on the command voltage 
input of the voltage-clamping apparatus. This produces a small 
sinusoidal variation of the short-circuit current proportional to 
the transmural conductance. This variation was measured using a 
lock-in amplifier which is capable of detecting small signals that 
occur synchronously with the sinusoidal input. This method 
yields the true differential - or slope - resistance due to the 
small signal level. 

The transmural resistance consists of the cell resistance in 
parallel with the intercellular shunt resistance. The latter was 
found as the value of resistance at 10 4 ~r amiloride. We assume 
that the cell resistance represents the Na-pathway in the luminal 
cell membrane. This is a somewhat gross approximation at the 
lowest blocker concentration, but probably correct within 30% 
since it is generally found that the serosal cell membrane make 
up 30% or less of the total cell resistance (Fr6mter & Gebler, 
1977; Schultz et al., 1977). The potential across the luminal bar- 
rier is calculated as the product of the short-circuit current and 
the resistance of the Na-pathway measured at amiloride con- 
centrations increasing from 0 to 10 -4 M. 

This procedure applied to 11 tissues rendered an initial cell 
potential (mean + SEM) of 68 • 5 inV. The potential saturated with 

increasing blocker concentration at a value of 111--14mV. At 
cell potentials of this size, the sodium current is approximately 
proportional to the cell potential which justifies the procedure 
used. The amiloride-blockable short-circuit current amounted to 
177_+8 gA cm -2. The shunt resistance was 290_+ 18 f~ cm z and 
the cell resistance at zero blocker concentration was 388_+34f~ 
e m  2, 

Derivation of the Fluctuation scheme 

In  this sec t ion  we first i n t r o d u c e  the  a s s u m e d  cell  

mode l .  W e  then  de r ive  k ine t i c  a n d  f l u c t u a t i o n  re-  

l a t ions  for  a o n e - b l o c k e r  a n d  a t w o - b l o c k e r  system. 

T h e r e a f t e r  we  dea l  w i th  t heo re t i c a l  i m p l i c a t i o n s  o f  

the  d e r i v e d  re la t ions .  

Basic Model  o f  Epithelial Cell 

F o r  the  p r e s e n t  app l i c a t i on ,  the  ep i the l i a l  cell  is 

c o n c e i v e d  to  o p e r a t e  a c c o r d i n g  to the  p i o n e e r i n g  

m o d e l  o f  K o e f o e d - J o h n s e n  a n d  U s s i n g  (1958): so- 

d i u m  enters  t h r o u g h  specif ic  sites in the  m u c o s a l  

m e m b r a n e  d o w n  an  e l e c t r o c h e m i c a l  g r a d i e n t  a n d  is 

p u m p e d  o u t  o f  t he  cell  at  the  b a s o l a t e r a l  m e m b r a n e  

in e x c h a n g e  for p o t a s s i u m  by the  a c t i o n  o f  the  

N a / K - p u m p  (ra t io  3:2). P o t a s s i u m  wh ich  is p u m p e d  

in to  the  cell  c an  leave  by pass ive  d i f fus ion  at  the  

b a s o l a t e r a l  m e m b r a n e .  V o l t a g e  c l a m p  to  ze ro  t rans-  

ep i the l i a l  vo l t age  r ender s  a la rge  n e g a t i v e  p o t e n t i a l  

in t he  c o p r o d e a l  cells (see p r e l i m i n a r y  expe r imen t s )  

a n d  the  cell  N a - c o n c e n t r a t i o n  is m u c h  sma l l e r  t h a n  

tha t  o f  the  m u c o s a l  m e d i u m .  U n d e r  these  c i r cum-  

s tances,  the  s o d i u m  inf lux across  the  l u m i n a l  cell  

m e m b r a n e  is to  a g o o d  a p p r o x i m a t i o n  p r o p o r t i o n a l  

to cell  p o t e n t i a l  a n d  to N a - c o n c e n t r a t i o n  at the  

m u c o s a l  side. 

T h u s  the  r e l a t i o n  b e t w e e n  the  s o d i u m  c o n d u c -  

t ance  gNa, the  shor t - c i r cu i t  c u r r e n t  Is~ a n d  the  cell  

p o t e n t i a l  V~ is a p p r o x i m a t e l y :  

1so = gN. ~ .  (1) 

One-Blocker Kinetics 

T h e  a c t i o n  o f  d iu re t i c  d rugs  l ike  t r i a m t e r e n e  o r  

a m i l o r i d e  is to inh ib i t  s o d i u m  t r a n s p o r t  by rever -  

s ibly b l o c k i n g  the  s o d i u m  en t ry  sites in the  m u c o s a l  

m e m b r a n e .  T h e  a s s o c i a t i o n  a n d  d i s s o c i a t i o n  con-  

s tants  for this p rocess  are  k 1 a n d  k 2. T h e  b l o c k e r  

c o n c e n t r a t i o n  is d e n o t e d  B, the  dens i ty  o f  c o n d u c t -  

ing  (open)  sites N o a n d  of  b l o c k e d  (closed) sites N c. 

T h e  c o r r e s p o n d i n g  k ine t i c  s c h e m e  is 

k~ 
N o + B ,  " Nc. (2) 

k2 

T h e  to ta l  n u m b e r  o f  sites pe r  un i t  a r e a  is N,  

wh ich  equa l s  N o + N  c. T h e  ra te  e q u a t i o n  c o r r e s p o n d -  
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ing to this scheme is 

dNo/dt = - kl  B N  o + k 2 N c (3) 

for which the steady-state solution is 

No = Po N = i / ( 1  + U/Kb) 

N c = Pc N = n (n/Kb)/(1 + S/Kb). (4) 

The affinity constant K b is the ratio k2/k 1. Po and Pc 
are the probabilities for a given site to be in the 
open or closed state. 

The 'elementary' current through an open site is 
denoted i and hence the short-circuit current is 
given as 

Isc=Noi (5a) 

which may be expressed as 

1 
Isc = N i  1 +B/K~" (5b) 

Thus, from a plot of the reciprocal short-circuit 
current versus blocker concentration, i.e. a Dixon- 
plot, one can determine K b as the x-axis intercept. 
As shown in the section 'Preliminary Experiments', 
cell potential, and accordingly i, increase and sa- 
turate with blocker concentration. This augmen- 
tation of current may result in an overestimate of K b 
from Dixon-plots. 

Two-Blocker Kinetics 

It has been shown both for frog skin (Lindemann & 
Van Driessche, 1978) and for the hen coprodeum 
(Bindslev, 1979) that sodium in itself is a reversible 
blocker of the Na-entry site. Thus the Na-influx 
through the mucosal membrane of the coprodeum 
follows a Michaelis-Menten type relation with an 
affinity constant for sodium KNa of about 5 raM. 

Under the simultaneous action of triamterene 
and sodium blockers, Eq. (5) takes the general form 
(see also Segel, 1975): 

1 
I s c = N i  I + N a / K N a + B / K b  +j(Na/KNa)(B/Kb ). (6) 

Here, j = 0  corresponds to competitive kinetics and 
j = l  corresponds to noncompetitive kinetics. In the 
latter case a state exists where both triamterene and 
Na are associated to the site although each one is 
sufficient to block the site. 

At zero blocker concentration, the short-circuit 
current is given by 

1 
I~c = N i 1 + Na/KNa" (7) 

The conclusion is that the short-circuit current 
saturates with the Na-concentration, since the site 
current i is nearly proportional to the Na-concen- 
tration at the mucosal side. Therefore, in order to 
estimate the total density N of Na-sites, measure- 
ments must be performed at several mucosal Na- 
concentrations. Furthermore, for the general case 
0 < j <  1, the apparent blocker affinity constant K b, is 
given by 

1 + Na/KNa 
Kb" = Kb 1 +j Na/KN~" (8) 

K b, is independent of sodium concentration for non- 
competitive kinetics ( j= l )  and increases linearly 
with sodium concentration for competitive kinetics 
(j=0). For intermediate cases, K b, varies in a curvi- 
linear fashion. 

Properties of  Current Fluctuations - One Blocker 

When a reversible blocker is added to the mucosal 
membrane, an equilibrium situation arises in which 
the individual sodium channel participates in the 
process of association and dissociation with blocker 
molecules. The unblocked site associates with a 
blocker molecule within a characteristic time of 
1/k 1B and a blocked site stays blocked in a charac- 
teristic time of 1/k 2 before dissociating the blocker. 
The total chemical rate constant for this process 
equals k l B + k  2 (Czerlinski, 1966; Lindemann & 
Van Driessche, 1977). The current through each site 
is switched on and off randomly. These events are 
assumed to be uncorrelated from site to site. The net 
result is that the short-circuit current fluctuates in 
time. The temporal and the amplitude characteristics 
of the fluctuating current may be used to infer the 
properties of the site-blocker kinetics and of the site 
current. 

Current fluctuations are characterized experi- 
mentally by their power density spectrum (unit: 
A 2 sec per cm 2 of tissue). At a given frequency f the 
power spectrum is S( f ) ,  An overall measure of the 
fluctuating short-circuit current is the rms value of 
the signal, the square of which is the variance, 
Vat(I). The variance is related to the (two-sided) 
power density spectrum by the integral 

co 

Var (I) = 2 ~ S ( f )  d f  (9) 
0 

(Although the lower limit of the integral formally is 
at zero frequency, the DC-component of the signal, 
Isc, is not included since the variance refers to the 
AC-component of the short-circuit current only.) 

From first principles, the variance of current 
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fluctuations is related to the microscopic site proper- 
ties by the relation (Hill, 1971) 

V a r ( I ) = N i z  PoP~. (lOa) 

Inserting Eqs. (4) and (5) in Eq. (10a), this may 
be written as 

Var (I) = Isc i(B/Kb)/(1 + B/Kb). (10b) 

Thus simultaneous measurements of Vat(I) and Isr 
at different blocker concentrations make it possible 
to determine the site current and, through Eq. (5b), 
the density of Na-sites. This determination is inde- 
pendent of the particular blocker used since N and i 
are properties of the tissue, not of the blocker. 

The characteristics of the site-blocker reactions 
are brought about in the Lorentzian form of the 
power spectrum characteristic for one-blocker ki- 
netics (Verveen & DeFelice, 1974) 

S ( f )  = Sol(1 + (f/s (11) 

S ( f )  is characterized by the plateau value S o and the 
corner frequency s  The corner frequency is related 
to the association and dissociation rate constants by 
the relation (Verveen & DeFelice, 1974) 

2~f~ = k I B + k 2 . (12) 

Measurement of corner frequencies at various 
blocker concentrations thus serves to determine the 
kinetic constants of the site-blocker interaction. The 
relation between the plateau value S o , the corner 
frequency s and the variance is, by combining Eqs. 
(9) and (tl), 

Var (I) = r~fc S o. (13) 

Properties o f  Current Fluctuations - Two Blockers 

In general, the power spectrum of current fluc- 
tuations due to the action of two blockers may be 
found from the kinetic reaction scheme by using the 
matrix method of Chen (1975). However, this know- 
ledge is not straightforward to use in order to de- 
termine the kinetic constants of the two blockers 
from measured power density spectra. 

For the blockers triamterene and sodium, it is 
possible to simplify matters greatly by using some 
simple experimental facts for the action of these 
blockers on the hen coprodeum. Thus the typical 
corner frequencies for triamterene are from 50 to 
200 Hz corresponding to reaction times site-triam- 
terene in the millisecond range. On the other hand 
the influence of sodium in the power spectrum was 
found to be important only below 1 Hz. The fie- 

quency range employed in the present studies with 
triamterene is from about 2 to 800 Hz. Consequently 
the site-sodium kinetics does not manifest itself in 
the experimental power spectra. 

We shall hence assume that the power spectrum 
consists of essentially a single Lorentzian with a 
corner frequency reflecting the total chemical rate of 
the site-triamterene kinetics according to Eq. (12). 
For the analysis of the short-circuit current the two- 
blocker situation is not the same as the simple one- 
blocker case because this current reflects blocking of 
sites both by triamterene and by sodium. 

It turns out, however, that the results for proper- 
ties of current fluctuations obtained in the one- 
blocker case are still correct for two blockers in 
the formulation summarized below: 

N i  1 
Isc = 1 + Na /KN,  1 + B/Kb, '  (6) 

1 + Na/KNa 
Kb" = Kb 1 + j  Na/KNa'  (8) 

Var(O = G  i(B/Kb)/(1 +B/G), (10b) 

2 z~f~ = k 2 (1 + B/Kb), (12) 

21= i B / K  b 
S~  k 2 (I+B/Kb) - y "  (14) 

The crucial point in the formulation of these 
equations is that the influence of sodium on the 
variance in Eq. (10b) is expressed through the short- 
circuit current. One may say that the slow interac- 
tion between sodium and site is accounted for in 
this way. The form of the power spectrum given by 
Eqs. (11), (12) and (14) is identical to the one derived 
by Lindemann and Van Driessche [1978, Eqs. (13) 
and (14)3 for the case of competitive kinetics and it 
can be shown that this result is valid in the general 
case 0<j__< 1. The condition for this is, as mentioned 
above, that the time constants for site-sodium in- 
teractions are much larger than for the site-triam- 
terene interaction. 

Discussion of  Theoretical Results 

Analysis of the short-circuit current [Eq. (6)] yields 
an apparent affinity constant K b, for blockers in the 
two-blocker case. A study of K b, for triamterene 
versus Na-concentration serves to determine the de- 
gree of competition between sodium and triamterene 
according to Eq. (8), Contrary to this the variation 
of corner frequency with triamterene concentration 
[Eq. (12)] yields the true value of the affinity con- 
stant Kb, i.e. a value which is not obscured by the 
influence of the slow site-sodium kinetics. 
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The site current i may be obtained from Eq. 
(10b). A plot of Var(t)/I~c versus blocker concen- 
tration gives a Michaelis-Menten type curve with a 
saturation value equal to the site current and an 
affinity constant of K b. At zero blocker concen- 
tration, the short-circuit current is given by Eq. (7). 
With the value determined for i, one can hence 
obtain the apparent site density N' at a given so- 
dium concentration: 

N 
N ' -  (7a) 

1 + Na/KNa" 

S o is in practice determined from Var(1) and f~ 
through Eq. (13). Therefore, it does not supply more 
information than already obtained. 

The analysis of the variation of corner frequency 
with blocker concentration is the most direct assess- 
ment of the kinetic parameters because it does not 
depend on the site current and hence is correct 
regardless of variations in cell potential caused by 
the change of mucosal sodium permeability with 
application of a blocker. 

It follows from Eqs. (6) that the short-circuit 
current decreases in a hyperbolic fashion with 
blocker concentration. The fluctuations in the short- 
circuit current, expressed by the variance of Eq. (10b) 
vanish both at zero blocker concentration and at 
very large blocker concentration and have maximum 
values in between. For  a one-blocker system, this 
maximum occurs at a blocker concentration of K b. 

Data Analysis 

In this section we first describe a conventional meth- 
od to obtain parameters from power density spectra 
and second we derive a new method for analyzing 
these spectra, because this new method proved to be 
decisive for the signal analysis due to low signal-to- 
noise ratio in the coprodeum. The new method is 
superior to the conventional and allows one to use 
fewer data records still with better resolution. We 
call this new method the 'area method'.  The site 
density and the site current are found from simul- 
taneous measurements of variance and the 1so. Fi- 
nally the extraction of k a and k 2 from the data is 
dealt with. 

Analysis of Power Density Spectra 

In Fig. 1 is shown power density spectra obtained 
from the hen coprodeum at 34~ The lowermost 
spectrum is the background spectrum obtained at 
the end of the experiment by addition of 100 gM 
amiloride and therefore represents current fluc- 
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Fig. 1. Power density spectra for triamterene-induced fluctuations 
in short-circuit current through the coprodeum when clamped to 
zero transepithelial voltage at 34~ The two upper spectra are 
obtained at triamterene concentrations of 10 and 8011M in the 
mucosal solution. The lowermost spectrum is the background 
spectrum obtained by further addition of 100 gM amiloride to the 
mucosal solution. The spectra are measured at a sodium con- 
centration of 26raN in the bathing solutions. Each spectrum is 
based on 20 data records. The bar indicates the typical scatter of 
data points at high frequencies. The slight roll-off towards lower 
frequencies is due to the high-pass filter cut-off at 2 Hz. 

tuations not related to site-triamterene interactions 
at the mucosal membrane. Additional noise is in- 
troduced when various concentrations of triam- 
terene, 10 and 80 gM in the Figure, are added to the 
mucosal solution (before final addition of amiloride). 
The spectra at zero blocker concentration and at 
100gM amiloride are to a good approximation 
identical and hence the background is practically 
independent of mucosal triamterene concentration. 
It follows that the additional noise is due to the 
action of triamterene at the mucosal membrane. It is 
seen from the Figure, that the triamterene-induced 
noise shifts toward higher frequencies with increas- 
ing triamterene concentration. On the other hand, 
the triamterene-induced noise is not sufficiently 
large to allow a direct identification of corner fre- 
quency fc and plateau value S o of the Lorentzian 
spectrum Eq. (11). Fishman (1973) has solved a simi- 
lar situation for K-channel noise in the squid axon 
membrane by subtracting a background spectrum. 
In the present case, the background spectrum is 
obtained after final addition of 100 gN amiloride. 
This may be subtracted from the spectra obtained 
with triamterene. 
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Although such a procedure is possible in prin- 
ciple, it has serious drawbacks. Notice in Fig. 1 that 
the value of the power density spectrum at given 
frequency is associated with a rather large variation 
of statistical nature. Thus a difference spectrum will 
be determined as the small difference between two 
large quantities. Typically for the hen coprodeum, 
the maximum variance is only 130 to 200~o of the 
variance associated with the background spectrum! 
The statistical error connected with the difference 
will thus at most frequencies exceed the difference 
spectrum. The statistical error may, in principle, be 
brought down to a manageable level by increasing 
the number of data records used to construct a 
single spectrum. This solution is not possible for the 
hen coprodeum since the tissue has a high oxygen 
demand and oxygenation must be turned off during 
data sampling of current fluctuations. 

The 'Area' Method for Analyzing Power Density 
Spectra 

In view of these difficulties, we have devised a new 
and very powerful method of analyzing power densi- 
ty spectra. 

In the following, let us denote by S b the back- 
ground power density spectrum and by S,b the spec- 
trum due to combined background and triamterene- 
induced current fluctuations. The analysis presumes 
that the difference S~b-S b has a Lorentzian shape 
[Eq. (11)] and the question is to determine the char- 
acteristic parameters f~ and S o. 

To do this, we evaluate the accumulated area 
A ( f )  under the power density spectrum up to a 
given frequency f :  

f f 
A ( f ) =  Z S Stb(U ) d f  - 2 S Sb(f) d f  (15) 

0 0 

For a Lorentzian spectrum, integration of Eq. (11) 
yields 

f S~ d f=2Sos  arctg(f/fc). (16) A ( f ) = 2 !  1 +(f/f~)2 

Integration of the power density spectrum is a 
very efficient way to eliminate the influence of sta- 
tistical variations in the difference spectrum. Thus 
instead of fitting the difference spectrum directly to 
a Lorentzian, we fit the integrated difference spec- 
trum to an arctg-curve according to Eq. (16). 

In Fig. 2 is shown a plot of A ( f )  versus fre- 
quency and also a plot of the theoretical best fit 
arctg-curve. The parameters S o and s can be de- 
termined from the experimentally obtained accumu- 
lated area A(f) .  The saturation value of the accumu- 
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Fig. 2. Integral of differential power density spectrum up to a 
given frequency as a function of this frequency. (The integral of 
power density over a frequency interval equals the contribution 
to the variance of current fluctuations in this frequency interval.) 
The experimental curve (heavy line) is determined for a triam- 
terene concentration of 8011M at 26 mM sodium in the mucosal 
bathing solutions. The theoretical curve (thin line) is the arctg- 
curve from Eq. (16) based on integration of a Lorentzian power 
density spectrum. This curve is characterized by the corner fre- 
quency f~ and the variance, Vat(I), shown in the Figure 

lated power density area equals by definition the 
variance, Vat(I). Now since 

A(f~) =Sof  ~ ~z/2 = 1/2 Var(I) (17) 

one finds fc as the frequency where the accumulated 
area assumes one half of the saturation value. S O is 
found from Eq. (13). Figure 2 illustrates a case where 
Var(I) is not reached within the experimentally em- 
ployed frequency range. In this case we consider the 
obtained value of f~ as a first-order approximation. 
If the maximum frequency employed experimentally 
is fmax the second order approximation to Var(I) can 
be found from 

A (fmax)= Var(I) 2/~ arctg(f~ax/fc ) 

by inserting into this the first-order approximation 
to ft. From this value of the variance one can next 
obtain the second-order approximation to ft. Usu- 
ally first- and second-order approximations did not 
for the present experimental material deviate more 
than maximally 30 ~o and further iterations were not 
necessary. 

The area method above is very well-suited to 
automatic numerical computation of Var(I), f~ and 
S O . This is of great practical importance since, for 
the present data material, about 3-400 spectra were 
analyzed. Based upon regression analysis between 
the experimentally determined accumulated area 
A ( f )  and the theoretical arctg-curve, rational criteria 
were used in the evaluation of the goodness of fit 
and boarderline cases were examined on a graphical 
display screen. 
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At frequencies above 300 Hz, the spectra (Fig. 1) 
are dominated by amplifier noise which varies with 
the impedance of the tissue. This contribution to the 
background noise varies with blocker concentration. 
With the values given for cell and shunt resistance 
in 'prel iminary experiments '  it follows that at rea- 
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Fig. 3. Analysis of variance of current fluctuations. The ordinate 
is Var(l)/lsc which has a Michaelis-Menten type dependence upon 
the blocker concentration (full curve) with a saturation value to 
the site current i [cf Eq.(10b)]. The sodium concentration is 
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Fig. 4. Corner frequency, as determined by the area method, as 
function of the mucosal triamterene concentration at 130ram 
sodium concentration. Except for a factor of 2~z, the dissociation 
constant k 2 is found as the y-axis intercept of the straight line 
relationship. The association constant k 1 is the slope of this line. 
The affinity constant, K b for the site-triamterene interaction is 
found as the x-axis intercept of the line 

sonably high blocker concentrations, the tissue im- 
pedance is to an excellent approximation constant 
and hence amplifier noise cancels in the difference 
spectra. At small blocker concentrations, this is not 
quite obtained but the corner frequencies here are 
small and amplifier noise is not important  in the 
region of the spectra which determines ft. 

One should not forget that although the differ- 
ence between a spectrum and the background spec- 
t rum is small at high frequencies, the high-frequency 
region contains much information due to the large 
amount  of data present here. Fig. 2 clearly shows 
that the integrated difference spectrum increases at 
high frequencies such that the information here is 
effectively employed by the area method. Contrary, 
a Lorentzian fit to the difference spectrum would be 
restricted to frequencies below about  100Hz (cf 
Fig. 1). 

The procedure outlined above was successful in 
most cases. The only exceptions were cases in which 
the background spectrum varied with increasing 
blocker concentration, i.e. the variance of current 
fluctuations was significantly different at zero 
blocker concentration and at 100 ~tM amiloride. Such 
cases were discarded. Another  exception were some 
preliminary studies with the blocker benzamil, for 
which the corner frequencies were so low that in- 
teraction with sodium showed up in the spectra. The 
main reason for choosing triamterene as a blocker 
in the present experiments was the wide separation 
of corner frequencies for triamterene and sodium. 

Determination of Site Density from Variance 

In order to determine the apparent  site density and 
the elementary current through the single Na-site, 
we proceed from Eq. (10b). Figure 3 shows a plot of 
the experimentally determined quantity Var(I)/Isc 
versus triamterene concentration. It is seen that the 
data points follow approximately the theoretical 
Michaelis-Menten type of relation with a saturation 
value which, according to Eq. (10b), equals the site 
current i. The apparent site density [Eq. (7a)] is 
then determined from the short-circuit current at 
zero triamterene concentration. 

The site current and density are derived from the 
variance of current fluctuations which in the present 
work is found from numerical integration of the 
power density spectrum and thus involves a fair 
amount  of computat ional  work. But the variance 
may, in principle, be determined from analog 
measurements of the rms-value of the fluctuating 
current and therefore does not require the same 
degree of sophistication as when a computer is em- 
ployed in the experiments. 
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Notice that the site density is a membrane-specif- 
ic parameter whereas the site current is influenced 
by the value of the cell potential and mucosal so- 
dium concentration. 

Determination of Rate Constants k I and k 2 

In Fig. 4 is shown a plot of corner frequency versus 
triamterene concentration. The data follow the 
straight-line relationship predicted from Eq. (12). 
The x-axis intercept gives the affinity constant K b 
characteristic for the site-triamterene interaction. 
The rate constants k 1 and k 2 are, except for a factor 
of 2n, determined as the slope of the line and the y- 
axis intercept. 

The triamterene concentrations used in this 
study were 5, 10, 20, 30, 40, 60, 80, 154 and 290 ~tM. 
The range of concentrations which permitted analy- 
sis of corner frequencies were usually in the range of 
about 10 to 80 or 154 gM since the blocker-induced 
current noise is small at concentrations much smaller 
than or much larger than K b [cf  Eq. (10b)]. 

Results and Discussion 

The following results are derived on the assumption 
that the current through the Na-site is independent 
of the blocker concentration. The blocker is thought 
only to close and open Na-sites as it jumps on and 
off the site. 

Site Current and Site Density in Coprodeum 

Figure 5 shows the variation of the current through 
a single Na-site as well as the variation of the site 
density with the Na-coneentration. Site density here 
means the number of sites per gm 2 that can be 
blocked by triamterene. The site current i increases 
approximately linearly with the Na-concentration. 
In the section on Preliminary Experiments it was 
shown that with increasing concentration of blocker, 
the cell potential drops from about - 7 0  mV to satu- 
ration at about - 1 1 0  mV. The value of i determined 
from analysis of variance thus corresponds to a po- 
tential between these. At 26 mN Na there is a ten- 
dency for the site current to be somewhat higher 
than expected in case the site current was propor- 
tional to the Na-concentration. A pure Na-current 
through the site extrapolates to zero with no Na in 
the bathing media. 

A linear relationship of site current and Na- 
concentration was found for the frog skin (Van 
Driessche & Lindemann, 1979). The current through 
the site in the coprodeum is comparable to that of 
the frog skin. At 130 mM Na the site-conductance is 
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Fig, 5. Experimentally determined density of Na-sites on the mu- 
cosal membrane N and the current through a single site i as 
function of sodium concentration in the external solutions. The 
curves show mean and SEM based on 7 to 16 observations at each 
concentration 

4 pS in the coprodeum based on an estimated in- 
tracellular potential of - 8 0  mV. The corresponding 
value in the frog skin is 5.5pS at l l 0 m N  Na. The 
agreement between the two conductances seems to 
indicate that the fundamental processes for the 
transfer of sodium ions are the same in these two 
epithelia. 

The site density increases as the Na-concen- 
tration is reduced. A reduction of the Na-concen- 
tration from 130 to 26 mN increases the site density 
by a factor of 2.7. The site density is assumed to 
follow the Na-concentration in a hyperbolic fashion, 
as given by Eq. (7a). A nonlinear least-squares fit to 
the data points yields a KNa of 32_+ 22 mM Na and a 
maximal site density of 38_+28 gm -1. The large 
standard deviations on the data points are primarily 
due to huge interanimal variations. This is therefore 
a rather inaccurate determination of KNa and of the 
density at zero Na-concentration, but experiments at 
Na-concentrations lower than 26 mN could not be 
resolved due to a small signal level at the lower Na- 
concentrations. 

The short-circuit current, equal to N o i, follows an 
MM-type kinetic as determined by transmural flux 
measurements (Lyngdorf-Henriksen, Munck & 
Skadhauge, 1979) and by influx of Na across the 
luminal cell membrane in coprodeum (Bindslev, 
1979) with a KNa of 6 and 5mM Na. Thus there 
seems to be a discrepancy between the KNa de- 
termined from flux measurements and the present 
one, but in recognition of the large standard de- 
viation on KN~ it is premature to go into a dis- 
cussion of this discrepancy. 

The density of sodium sites in the coprodeum 
has been evaluated by two other methods. The num- 
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bers of specific binding sites per btm 2 has been de- 
termined for 3H-benzamil at low occupancy, 1 nM, in 
the absence of Na. This resulted in seven specific 
binding sites for benzamil in the coprodeum from 
hens on a low Na diet, whereas there were no such 
sites in coprodea from hens on a high Na diet 
(Cuthbert, Bindslev, Skadhauge & Edwardson, in 
preparation). 

A rough estimate of the site density at full oc- 
cupancy may be obtained by extrapolation. The site 
density comes out to be between 175 and 350 ~tm -2 
at zero Na. This value may be compared with the 
density obtained from fluctuation-analysis of 38 +__28 

2 gm 
Studies comparable to these have been carried 

out on frog skin. From binding-displacement studies 
with amiloride and benzamil Cuthbert  (1973) and 
Acheves, Cuthbert  and Edwardson (1979) obtained 
400 and 130 gm -2 and VanDriessche and Lin- 
demann (1979) measured around 15 sites gm -2 by 
fluctuation-analysis using amiloride, all at zero Na- 
concentration. The densities of Na-sites in the cop- 
rodeum are thus of the same order of magnitude as 
in the frog skin. 

For the coprodeum a third estimate for the num- 
bers of Na-sites may be obtained based on mor- 
phological studies. In freeze-fracture there appear  
new characteristic in t ramembraneous particles with 
a rod-shaped form, 100 by 240 A, in the luminal cell 
membrane  of the coprodeum when birds are given a 
low Na diet. These rod-shaped particles span the 
apolar domain of the plasma membrane  and may 
well be the Na-channel  (Eldrup et al., 1979, 1980). 
Although these authors did not state a number  for 
the density of rod-shaped particles, we have made an 
order-of-magnitude estimate of the particle density 
to about  300 btm-z. 

The simplest explanation for the different den- 
sities of the three estimates of Na-sites in the cop- 
rodeum is that a great deal of the inserted rod- 
shaped particles in the luminal cell membrane  are 
inactive even when the concentration of Na  is 
lowered toward zero and that benzamil also binds 
to some or most of these inactive sites. 

Triarnterene Rate Constants as Functions 
of Na- Concentration 

The association and dissociation rate constants for 
the interaction between site and triamterene, k~ and 
k 2, are shown in Fig. 6 as function of the Na-con- 
centration in the bathing solutions. 

Both rate constants are nearly independent of 
the Na-concentration. This was expected since the 
two rate constants are considered as representing 
exclusively the interaction between the site that sees 
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Fig. 6. Variation with sodium concentration of association rate 
constant k 1 and dissociation rate constant k 2 for the site-tri- 
amterene interaction at 34 ~ Data are mean and SEM based on 7 
to 8 observations 

triamterene and the triamterene molecule, such that 
k 1 and k 2 for this reversible reaction are not modi- 
fied by sodium. Constant fit to kl and k 2 gives 
k~=9,5_+0.4radsec lgM-~ and k2=255+_20rad 

- 1  
s e c  

Only in cases where two blockers have rate con- 
stants of comparable magnitude will changes in the 
concentration of one blocker interfere with the 
determination of the rate constants for the other 
blocker. Such an interference was discovered for Na  
and benzamil in the coprodeum. The two blockers 
both  have corner frequencies in the 1-Hz range (Chris- 
tensen & Bindslev, unpublished). 

In the coprodeum k a for triamterene is inde- 
pendent of changes in the Na-concentration. The 
same independence of the Na-concentrat ion of k 1 
was found in the frog skin for amiloride 
(Van Driessche & Lindemann, 1979). The weak de- 
pendence of k 2 for triamterene in the coprodeum on 
changes in Na-concentrat ion could be due to a 
change in the surface properties as the sodium ion is 
replaced by choline ions. In contrast to this a rather 
steep dependence was found in the frog skin for k 2 
for amiloride on the Na-concentration. However, 
this determination was rather uncertain 
(Van Driessche & Lindemann, 1979). 

In this connection where the purpose is to de- 
termine ' pu re '  t ransport  parameters it may be 
stressed that the fluctuation analysis also elegantly 
circumvents the problems related to unstirred water 
layers. 
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K b as a Function of the Na-Concentration 

The ratio k2/k I gives K b based on current fluc- 
tuation-analysis, Kb(fc ), which is the true affinity 
constant for triamterene. The gb(fc  ) is shown in 
Fig. 7 as a function of the Na-concentration and 
found to be essentially independent of the Na-con- 
centration, Kb(f~) = 30.8 _+ 2.4 gM. 

In Fig. 7 is also shown K b, determined from Eq. 
(5) in plots of 1/Is~ against the blocker concen- 
tration. This affinity constant is denoted K b,(I). The 
potential across the luminal cell membrane increases 
as the triamterene concentration is increased and 
this transmembrane potential constitutes the major 
driving force for Na transport across the luminal 
membrane. As demonstrated in the section Preli- 
minary Experiments this driving force is not con- 
stant. The driving force increases as the Na-sites are 
blocked. Therefore there will be a tendency to re- 
duce the 1/Isc at higher blocker concentrations and 
to obtain too high values for Kb,(I ) [see Eq. (5)]. 
This may be the explanation for the higher mean 
values for Kb,(I ) compared with Kb(f~ ) as seen in 
Fig. 7, although the difference is not statistically sig- 
nificant. 

The Kb,(I ) of the Na-concentration is found to 
be weakly dependent on the Na-concentration, 
Kb,(1)=(22.6 +_O.8) + Na(0.21+_O.11 ). Independence 
of the Na-concentration for Kb,(I ) has probability 
less than 0.005. The weak dependence of Kb,(I ) on 
the Na-concentration means that there is close to 
noncompetitive kinetics for sodium and triamterene. 
Thus there seems to be a physical separation of the 
blocker-site for triamterene from the blocker-site for 
Na itself. 

The consistency of the K b determined by the two 
methods is also taken as an indication of the re- 
liability of the current fluctuation analysis, since for 
noncompetitive kinetics as found for the coprodeum 
these two Kb'S should be identical. 

Noncompetitive kinetics has also been found for 
the interaction between Na and amiloride in the 
coprodeum (Cuthbert et al., in preparation) as well as 
for several species of frogs and toads (Benos, Man- 
del & Balaban, 1979). The only exception is the skin 
of the European frog (Rana temporaria) which has a 
strong competition between Na and amiloride at the 
blocking site for the Na-channel (Cuthbert & Shum, 
1974; Benos et al., 1979). 

Benos, Mandel and Simon (1980) have estab- 
lished evidence for a physical separation of the Na- 
and the amiloride-blocking-sites in the bullfrog skin 
which has noncompetitive kinetics. In this frog skin 
a sulfhydryl-group may be involved at the Na-block- 
ing site and an amino-group at the blocking site for 
amiloride. 
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Fig. 7. Variation with sodium concentration of the affinity con- 
stant Kb(fc ), derived from analysis of corner fi'equencies and of 
the affinity constant Kb,(I), derived from analysis of the short- 
circuit current. Kb(f~ ) reflect the site-triamterene interaction 
whereas Kb,(I ) reflect the site-sodium-triamterene interaction. The 
data are mean and SEM based upon 7 to 18 observations 

Principal Differences Between K b, (1) and Kb(f~ ) 

The two affinity constants Kb,(I ) and Kb(f~) may 
differ. In the case of two blockers, 1/Isc as a function 
of the blocker concentration will yield an apparent 
affinity constant. The affinity constant for a blocker 
determined from Isc is dependent on the rate con- 
stants for all the partial processes around equilib- 
rium in the reaction scheme for the interaction of 
the present blockers with the Na-site. Contrary the 
current fluctuation-analysis yields in the present case 
the true affinity constant for triamterene. 

When the concentration of Na is altered the 
determination of the true K b for triamterene by fluc- 
tuation-analysis may nevertheless be affected in var- 
ious ways of which we shall mention three. Firstly, if 
the corner frequencies for the two blockers are in 
the neighborhood of each other there will be an 
interference with the assessment of the rate con- 
stants for triamterene by rate constants for Na. This 
possibility is ruled out in the present results for the 
coprodeum, since the corner frequencies for Na- 
blockade are less than 1 Hz (Christensen & Bindslev, 
unpublished) and the corner frequencies for triam- 
terene are around 50 to 275 Hz. Interference is a 
possibility in the frog skin study by Van Driessche 
and Lindemann (1979) because amiloride has corner 
frequencies much closer to those of Na, about 
10Hz. Secondly, surface characteristics of the epi- 
thelium such as the surface charge density could be 
altered by replacing Na with another cation which 
in turn might affect the rate constants. Changes in 
the surface charge seem to interfere with the amil- 
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o r ide  ra te  c o n s t a n t s  in the  bu l l f rog  sk in  (Benos  et al., 

1980). Th i rd ly ,  the  ra te  c o n s t a n t s  o f  t r i a m t e r e n e  

c o u l d  be  i n f l uenced  d i rec t ly  at  the i r  b locke r - s i t e s  by 

the  c a t i o n  tha t  subs t i tu tes  for Na ,  o r  as a last  poss i -  

b i l i ty  by a c h a n g e  in the  c o n c e n t r a t i o n  o f  Na .  These  

th ree  las t  poss ib i l i t i es  c o u l d  e x p l a i n  the  w e a k  de-  

p e n d e n c e  o f  /% for t r i a m t e r e n e  on  changes  in the  

N a - c o n c e n t r a t i o n ,  s h o w n  in Fig.  7. 

H i g h  N a  Die t  Birds  

C o p r o d e a  f r o m  bi rds  o n  a h i g h  N a  d ie t  h a v e  low I~c 

a r o u n d  7 ~tA cm - 2  (Bindslev ,  1979). T r i a m t e r e n e  o r  

a m i l o r i d e  does  n o t  inc rease  the  cu r r en t  f l uc tua t ions  

in t he  f r e q u e n c y  b a n d  2 - 8 0 0  Hz.  T h e  b a c k g r o u n d  

p o w e r  dens i ty  s p e c t r u m  is the  s a m e  as in the  cop-  

r o d e a  f r o m  hens  o n  a l ow N a  d ie t  a n d  b o t h  are  

s ign i f i can t ly  r e d u c e d  by  1 0 - 4 M  o u a b a i n .  T h e  back -  

g r o u n d  no i se  is thus  m o s t  l ike ly  due  to an  ion ic  

g rad ien t ,  k e p t  by  the  ( N a / K ) - A T P a s e  p u m p ,  tha t  

d i ss ipa tes  t h r o u g h  a pass ive  leak.  T h e  ion ic  g r a d i e n t  

m a y  the re fo re  cons i s t  o f  a p o t a s s i u m  c o n c e n t r a t i o n  

difference.  

Very competent design and construction of the electrical set-up 
was performed by Mr. S. Christoffersen. Machinist K.J. Sorensen 
assisted during the development of the transport chamber. We 
appreciate the skilled technical assistance of lab-tech. 
B. Sondergaard. This work was supported by the NOVO foun- 
dation. 
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