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Epithelial Na' channels wont incorporated into the plasnla membrane of Xenopus laecis ot)cytcs after micro-injection of RNA 
from hen lower intestinal epitheliunl (colon and coprodcum). The animals were fed either a normal poultry li~t)d whicln contained 
NaCi (ITS), or a similar foot~ devoid of NaCI (LS). Oocytcs were monitored for the expression of amiloride-scnsitive sodium 
channels by measuring membrane potentials and currents. Oocytes injected with poly(A)~ RNA prepared from HS animals or 
non-injected control oocytes showed no detectable sodium currents, whereas oocytes injected with LS-poly(A) * RNA had large 
amiloride-blockable sodium currents. Thesc currents were almost completely saturated by sodium concentrations of 20 mM with 
a K m of about 2.6 mM sodium. Amiloride (10/zM) inhibits the expressed sodium channels entirely and examination of dose 
response relationships yielded a half-maximal inhibition concentration (K,) of 12(1 nM amiloridc. I-V difference curves in the 
prcsencc or absence of sodium or amiloridc (10/.tM) indicate a potential dependence of the sodium transport which can bc 
described by the Goldman equation. When Na 4 is replaced by K' ,  no amiloridc response was detected indicating a high 
selectivity for Na ~ over K +. These results provide strong evidence that intestinal Na* channels arc regulated by dietary salt 
intake on the RNA level. 

Introduction 

One of the characteristics of tight epithelia is the 
presence of amiloride-sensitivc sodium channels in the 
apical membrane. These channels are present in tight 
epithelia from a wide variety of mammalian, amphibian 
and even invertebrate species (for review see Refs. 1 
and 2). They have been well characterized in organs 
such as colon [3], lung [4], urinary bladder [51 and skin 
of frogs [6]. They could also be found in rat collecting 
tubules [7], in trachea of mammals [8], and moreover in 
invertebrate tissues like integument of leeches [9] and 
crab gills [10]. It has been shown that this typical 
epithelial Na + conductance could be modulated by 
mineraicorticoids such as aldosterone [11-14] via an 
increase in the number of active channels in hen lower 
intestine. Basic studies of Choshniak et al. [15] re- 
vealed evidence for regulation mechanisms that are 
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dependent on dietary sodium uptakc. The apical 
sodium permeability of hcn Iowcr intestine varies with 
the amount of NaCi intake [16]. Animals fed with a 
normal or high NaC! diet express nearly no amiloride- 
sensitive sodium channels. Only tissue derived from 
hens raised on a low Na + diet exhibits a high 
amiloride-blockable sodium permeability. 

Asher et al. [17] used these findings to differentially 
express Na + channel activity in Xenopus oocytes. In a 
first stcp they isolated poly(A) +RNA from hen lower 
intestine and coprodeum after feeding the animals with 
different salt diets. The oocytes used were from the 
South-African clawed toad Xenopus iaeris which have 
been well established as an expression system for for- 
eign RNAs (for review see Ref. 18). These giant cells 
proved also suitable for the cxprcs~ion of amiloridc- 
blockable Na + channels from different epithelia as 
reported recently [8,19-21]. After expression in the 
oocytes Asher et al. [17] showed that low-salt diet 
increases the rate of sodium permeability via :,rniJ ,ridc 
sensitive channels by measuring the uptake ox 22Na 

into the oocytes. We now contribute some new electro- 
~ .,ysiological data to their findings using two electrode 
voltage-clamp. 
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Preliminary accounts of this report have been given 
at the fall meeting of the German Physiological Society 
in Freiburg, Germany [22]. 

Materials and Methods 

RNA preparation 
The procedures of animal feeding and poly(A) ÷ 

RNA pr0paration were described earlier [17]. Briefly, 
poly(A)+RNA was prepared from lower intestine 
(colon and coprodeum) from hens (Cobb broilers). 
They were fed either a normal poultry food (NRC 
recommended ration) which contained 0.3% (w/w) 
NaCI (high-sodium diet, HS), or a similar food which 
was devoid of NaCI (low-sodium diet, LS). Four weeks 
after hatching the animals were killed by cervical dislo- 
cation. Colon and coprodeum were removed immedi- 
ately, cut open, and rinsed in a phosphate-buffered 
saline solution on ice. Parts of the tissue were quickly 
lyscd in guanidinium salt solution and treated as de- 
scribed previously (see above). For RNA preparation 
we used either a guanidinium chloride [23], or a guani- 
dinium thiocyanate procedure [24] which both gave 
comparable results. After two passes of the total RNA 
througk an oligo dT column the poyly(A)+RNA was 
stored at - 7 0  C °. 

Oocytes 
The following methods to obtain defolliculated 

oocytes were identical to those described in more de- 
tail previously [25]. Females of the clawed toad Xeno. 
pus laet'is (purchased by Kiihler, Hamburg, Germany) 
were decapitated and small pieces of ovary were incu- 
bated in oocyte Ringer solution (ORi, see below) con. 
taining collagenase (1.5 U/ml, Serva, Germany) while 
shaking gently. After 7 h oocytes were removed and 
washed 10 rain in Ca 2+ free ORi to remove the sur- 
rounding follicular cell layer. Healthy looking full grown 
oocytes (Type V or VI [26]) were injected with 50-nl 
aliquots containing either 12.5 ng HS-poly(A) + RNA or 
LS-poly(A) + RNA using a nanoliter pump (Bacl pier, 
Reutlingen, Germany). Non-injected control oocytes 
al:d injected oocytes were incubated separately for 
s,vcral days at 22°C in ORi containing penicillin (0.08 
raM) and streptomycin (0.03 raM). Three days after 
injection surviving oocytes were selected and used for 
further experiments (for details concerning the injec- 
tion procedures see Ref. 27). Since no differences 
between water injected and non-injected oocytes could 
be seen in pilot experiments, for the present study only 
non-injected oocytes were used as controls. 

Electro~ysiological measurements 
For the electrophysiological measurements single 

oocyte r were placed in a small plexiglass chamber (0.5 
ml volume) and were superfused constantly. Voltage- 

clamp was performed by conventional two-microelec- 
trode techniques [28] bathing the oocytes in ORi (see 
below) which contained 20 mM tetraethylammonium 
(TEA) as well as 5 mM BaC! 2, and l0 #M ouabain to 
block leak currents and the Na+/K÷-ATPase, respec- 
tively [29]. For determination of current-voltage rela- 
tionships, steady state current was measured during the 
last 100 ms of 500 ms rectangular voltage pulses to 
different potentials. These pulses were applied from 
the holding potential at a frequency of 0.25 Hz using a 
voltage-clamp amplifier (NPI TurboTec, Tamm, Ger- 
many) controlled by a personal computer with a CED 
1401 (CED, Cambridge, UK). The software used for 
the performance of current-voltage curves and data 
acquisition was kindly given to us by Dr. W. Schwarz 
(Max-Planck-lnstitute for Biophysics, Frankfurt, Ger- 
many). 

Sohaions 
The composition of the oocyte Ringer solution (ORi) 

was (in mM): 110 NaCL, 3 KCI, 2 CaCI 2 and 5 N-2-hy- 
droxyethylpiperazine-N'-ethanesulfonic acid (Hepes, 
adjusted to pH 7.6). If lower Na ÷ concentrations were 
used, the Na ÷ was replaced by tetramethylammonium 
(TMA). All experiments were performed at room tem- 
perature (22°C to 24°C). 

Statistics 
Results, when not stated otherwise, are expressed as 

means + S.E. 

Results 

Xenopus oocytes have only very small endogenous 
Na + currents as depicted in Fig. IA. When sodium is 
removed from the bath solution the holding current 
decreased only by about 10 hA. In initial experiments 
we evaluated the amount of RNA that was sufficient 
for maximal expression of amiloridc-blockable Na + 
conductances. We found that injection of 12.5 ng RNA 
per oocyte yielded maximal results. The experiments 
were performed three to six days after injection. Under 
our experimental conditions control and non-injected 
oocytes showed resting potentials of about - 4 0  to 
- 5 0  inV. LS-RNA injected oocytes had even lower 
resting petentials near - 3 0  inV. Therefore all oocytes 
were clamped to a holding potential of - 7 0  inV. 

HS-RNA injected oocytes did not express any addi- 
tional sodium conductance and the current trace in 
response to removal of sodium was the same as that of 
non-injected controls. Two different preparations of 
HS-RNA were tested in oocytes from five animals with 
the same negative results. Injection of LS-RNA re- 
sulted in the expression of functional Na + channels in 
the oocyte plasma membrane. After removal of sodium 
the holding current decreased drastically (Fig. 1B). 
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Fig. I. Voltage-chuup recordings from control and RNA-injected 
oocytes. Oocytes were voltage-clamped to -711 mV and the restlltlng 
inward currents registered. After removal of Na '  in the bath solu- 
tion the currents decreased rcvcrsihly hy about Ill nA in control and 
in llS-RNA-injected tmcytes (Fig. IA). Holding current of these 
oocytes in the presence of Na ° is about -3(1 nA. The currcnl 
decrease, however, is too small to apply the same protocol as in Fig. 
IB where, Na* was added successively. The oocyte was injected with 
LS-RNA and holding current was about -15(1 nA at - 7 0  inV. 
Individual current traces from single oocytes of typical experiments 

are shown (five observations in oocytes from three donors). 

Successive readditon of Na + led to the former holding 
current again (for details see figure legend). The Na + 
mediated current at a holding potential of -100 mV 
exceeded an average of - 8 0  + l0 nA in LS- 
poly(A)+RNA injected oocytes, in a few batches of 
oocytes sodium mediated currents up to -250 nA at 
holding potentials of -70  mV could be recorded after 
injection of LS-poly(A) + RNA. 

Fig. 2 depicts the relationship between sodium me- 
diated inward current and the sodium concentration in 
the bath solution surrounding the oocyte. The half- 
maximal sodium concentration (Kin) is 2.58 + 0.4 mM. 
The sodium dose response curve also implies that the 
Na+ conductances saturate with an outer Na + concen- 
tration of about 25 mM. Further increase of the sodium 
concentration in the bath solution caused no additional 
rise in current. Applying the same experimctttal proto- 
col to non-injected control oocytes or to HS- 
poly(A) ÷ RNA injected oocytes produced no significant 
effects on clamp current. The responses on sodium 
free medium were too small to be measured. Neverthe- 
less it should be mentioned again that removal of 
sodium in the bath solution resulted in a small current 
decrease in control oocytes while voltage-clamped to 
negative potentials ( - 70 mV). This decrease in current 
was independent of the addition of Ni + (5 mM) indi- 
cating that the Na+/Ca2+-exchanger is not responsible 
for the effect. Due to the presence of ouabain (20 ~M) 
in all solutions the decrease in current cannot be 
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Fig. 2. Dependence on extracellular Na '  concentration. LS-RNA 
injected oocytes were w)ltagc-clamped to -71) mV and the resulting 
currents were measured in the absence and presence of varying 
sodium concentrations. Data represent averages from five oocytes of 
two donors, bars indicate S.E. The solid line was fitted to the 
Michaelis-Menten equation. Control oocytes or HS RNA injected 

oocytes show no detectable response in this experimental protocol. 

mediated by the Na+/K+-ATPase. The resulting slight 
increase of the intracellular sodium concentration dur- 
ing the experiments caused no significant effects. 
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Fig. 3. Current-voltage relationship of the Na +-mediated current 
The oocyte was injected with LS-RNA. I - V  curves were performed 
in the presence (circles) and absence (triangles) of Na ~ (90 raM) in 
the bath solution. Squares show thv calculated difference curve 
between the two curves. The solid line is a fit to the Goldman 
equation [30] (Nap = 90 raM, Naj = 15 raM, PN,, = 4.8.10-" cm/s). 

A typical result out of a set of multiple observations is shown. 
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Fig, 4. Amiloride dose-response curve. Oocytes injected with 12,5 ng 
LS-RNA were voltage-clamped to different holding potentials ( - I(X) 
mV and -50 mV), Increasing concentrations of amiloride were 
added to the hath ~)lution and resulting changes in current were 
measured, Data represent averages from 12 cK~jtes of five different 
donors, bars indicate S.E, The ,~lid line was fitted to the equation: 

k -  K . . .  [S]" / (  ( K, )" +[s]") 

where k repre~nts the rate of inhibition and [S] is the inhibitor 
concentration. The best fit was obtained with n = I, K, -- 120 nM 
amiloride and Kin, x - 100%. The different holding potentials showed 
no significant difference in the resulting dose-response curves, Con- 
trol oocytes or HS.RNA.injccted ~.'ytcs show no responsc to 

amUoride. 

Current-voltage relationships acquired from LS- 
poly(A)+RNA injected oocytes in the presence and 
absence of sodium in the bath solution showed clear 
differences in the resulting curves (Fig. 3). The differ- 
ence between the curves in the presence of sodium and 
in the absence of sodium yielded the current mediated 
by the expressed sodium channels. A fit of the constant 
field equation [30] to the difference data with the 
indicated fit parameters (see figure legend) yielded a 
reversal potential of about + 50 mV as expected for a 
sodium selective conductance. The current-voltage re- 
lationship for the sodium conductance showed slow 
inward rectification at negative membrane potentials. 
HS-poly(A)+RNA injected and control oocytes exhib- 
ited no significant differences in their current-voltage 
relationships with or without sodium. 

in order to evaluate the affinity for amiloride we 
applied different concentrations of this blocker (Fig. 4). 
Oocytes injected with LS-poly(A)+RNA showed high 
affinity for amiloride with a half-maximal blocker con- 
centration (K i) of about 120 nM while with HS- 
poly(A)+RNA and non-injected control oocytes no re- 
sponse to amiloride (up to 100 pM) could be detected. 

Fig. 4 also depicts that 10/zM of the inhibitor in the 
bath solution was sufficient to block the expressed Na + 
channels completely. The K i measured is consistent 
with the values measured in the intact epithelium [16]. 
This high affinity for amiloride indicates strongly that 
the Na+-mediated current found in LS-poly(A)+RNA 
injected oocytes is the Na + channel described for the 
native epithelium of hen coprodeum [11]. The rheo- 
genic Na+/Ca2+-exchanger,  the electroneutral  
Na +/H +-exchanger and some calcium channels are 
also effected by amiloride, but only when applied in 
higher concentrations of about 1 mM. These concen- 
trations are two orders of magnitude higher than those 
we used for this study so blocker interactions with the 
above mentioned transport systems can be neglected. 
By comparing the K i values measured at different 
holding potentials we found no potential dependence 
of the amiloride efficacy. 
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Fig. 5. Current-voltage relationships of the amiloride-sensitive Na '  
current. Injected oocytes were voltage-clamped from - 150 mV to 60 
mV in steps of 10 mV for 500 ms and currents were measured during 
the last 100 ms of the pulse. Shown are the difference curves in the 
presence and absence of amiloride (10 pM) in the medium bathing 
the oocyte. Values are averages (±  S.E.) of 5-8 oocytes of three 
different animals. (A) ! - V  difference curve of oocytes injected with 
HS-RNA. (B) ! - V  difference curve of oocytes injected with LS-RNA. 
The solid line represents a fit of the Goldman equation [30] (Na o = 90 

raM, Na, = 15, PNa = !.9" 10 -6 cm/s).  
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Fig. 6. Selectivity of the Nil + transport. A LS-RNA injected t)t)cyte 
was voltage-clamped as described oh(we. Na '  in the bath solution 
was replaced by K +. Resulting I - Y  curves show no difference with 
and wilhoul amiloride (10 uM). Shown is a typical experiment with a 

single oocyte. 

The amiloride-sensitive current could be resolved by 
the difference of current-voltage relationships recorded 
in the presence and absence of the blocker. HS- 
poly(A)+RNA injected oocytes and control oocytes 
showed no response to amiloride (10/.tM); the differ- 
ence curve is close to zero (Fig. 5A). Fig. 5B shows 
curves in the presence and ab:;ence of amiloride (10 
~M) from oocytes injected with LS-poly(A) + RNA. The 
difference curve can also be fitted to the Goldman 
equation [30] yielding comparable results as mentioned 
above (see figure legeqd). 

The ion selectivity of the expressed channel for 
sodium was evaluated by replacing sodium by potas- 
sium in the bath solution and testing the ability of 
amiloride to inhibit currents under both experimental 
conditions. When Na + was replaced by K + the 
amiloride induced change on the clamp current disap- 
peared over the whole voltage range (Fig. 6). Current- 
voltage relationships with high K + concentrations in 
the bath solution showed no difference indicating high 
selectivity of the expressed conductance for Na + over 
K +. Thus sodium, but not potassium can enter the 
ooc~te through the amiloride-sensitive pathway ex- 
pressed after injection of LS-RNA. 

D i s c u s s i o n  

High amiloride-sensitive sodium mediated currents 
can be detected in Xenopus oocytes two or three days 
after injection of RNA purified from colon and co- 
prodeum of hen which were fed a low-salt diet. This 
result coincide with findings in the native epitheliu~,t 
from hen lower intestine [11-13,16]. Amiloride-blocka- 
ble sodium permeabilities can be found only in tissue 
derived from hens raised on low-salt diet. When ani- 

mals are fed a normal NaCi containing diet no 
amiloride-sensitive Na ÷ permeabililies can be de- 
tected. 

Non-injected oocytes or oocytes injected with RN.', 
from animals on a normal diet show no significant 
sodium currents. The presence of amiloride, an in- 
hibitor known to be highly specific for Na + channels in 
submicromolar doses evokes absolutely no response in 
those oocytes. LS-poly(A)+RNA induces the expres- 
sion of Na + conductances which are characterized by 
high sensitivity to amiloride. This fact is demonstrated 
by the half-maximal blocker concentration (K~) of about 
120 nM. The value is in accordance to the findings of 
Asher et al. [17] although their Ki for amiloride is 
slightly lower than 100 nM and I p,M amiloride is 
sufficient for total inhibition of 22Na+ uptake while in 
our experiments this blocker concentration inhibits only 
about 811 percent of total Na + current. Our results 
demonstrated that the amiloride block is voltage inde- 
pendent. Therefore these small discrepancies might bc 
due to the lower Na + concentrations in the solutions 
Asher et al. [17] used. The amiloride inhibitable cur- 
rent induced in LS-RNA injected oocytes can be de- 
scribed by the constant field equation :30] as depicted 
in Fig. 5. 

Our findings are also consistent with the results 
derived from native tissue of hen coprodeum [11] using 
a Ussing chamber to measure short-circuit currents 
and the inhibitory effect of amiloride on it. The affinity 
for extracellular Na + with half-maximal Na ÷ concen- 
tration of 2.58 mM is also in good accordance with the 
values measured in native epithelia. Bindslev et al. [16] 
found in hen coprodeum that 5-7 mM sodium on the 
apical side is sufficient to half saturate short-circuit 
current. 

Removal of extracellular sodium results in a small 
reduction of the holding current in voltage-damped 
non-injected oocytes and in HS-poly(A) + RNA injected 
oocytes. However this decrease of current is several 
orders of magnitude smaller than the decrease that can 
be observed in oocytes injected with LS-poly(A) ÷ RNA. 
To describe the entry of Na + through channels located 
in the apical membranes of a variety of epithelia one 
can use the constant field equation [30]. This equation 
considers electrodiffusional processes and was used to 
analyse our data from current-voltage relationships. 
Data flom LS-RNA injected oocytes match very well 
with the predictions of the Goldman equation: They 
are non-linear and show small inward rectification at 
negative holding potentials, and the reversal potential 
lies close to +50 mV. The sodium mediated current is 
identical with the amiloride-sensitive current. This be- 
comes obvious by comparing the results shown in Fig. 3 
and Fig. 5. These results taken together confirm the 
expression of the amiloride-blockable Na + channel 
from hen lower intestinal epithelia. 
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These channels are also characterized by a high 
selectivity for Na + over K +. In oocytes injected with 
LS-poly(A)+RNA this selectivity is also detected. 
Potassium ions cannot enter the cell through the ex- 
pre.~ed amiloride-blockable channels as demonstrated 
when Na + is replaced by K + in the bath solution. 
When K + is the main ion in oocyte bathing solution 
amiloride fails to induce any detectable effect on the 
holding current. Difference curves in the presence of 
Na + and when Na + substituted by K + are close to 
zero indicating high selectivity for Na + over K +. 

RNA extracted from animals fed a low-salt diet 
seems to bear nucleotide sequences that are coding for 
the amiloride-sensitive Na + channel while RNA from 
animals on a high NaCi diet seems to lack this informa- 
tion. However two alternative explanations worth con- 
sidering were that ~ t h  RNA prepa,ations, HS-RNA 
and LS-RNA, contain nucleotide sequences that are 
able to induce expression of functional Na + channels 
into the tx~/tc plasma membrane, but in addition, 
HS-RNA induces expression of a rcgulatory protein 
with inhibitory effects cither on the translation or the 
function of the Na ÷ channel. This hypothesis can be 
tested by co-injection of both RNA preparations into 
the same cell. After injection of a mixture of both 
RNA's functional Na ÷ channels could be detected as 
rcported by Asher et al. [17]. 

A second hypothesis which was also tested by Ashcr 
et al. [17] is that LS-RNA could bear the information 
for a gene regulatory protein which could activatc an 
endogenous amiloride-scnsitivc Na* conductancc in 
the oocyte. However, when they applied Actinomycin 
D after injection of LS-RNA in order to inhibit tran- 
scription of endogenous t~vte -DNA they found func- 
tional Na + channels. 

Taken together all these findings provide strong 
evidence that a low-salt diet causes the formation of 
active Na ÷ channels in hen colon and coprodeum and 
that the information for these channels is present in 
the RNA of these cells, Intestinal cells from hens 
raised with normal NaCI diets lack this information, 
They could have other ways for Na + uptake, e.g., 
sodium cotransport systems for amino acids or other 
substrates which will be a subject for our future stud- 
ies, 
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