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SUMMARY 

In a series of  unselected isolated skins of  Rana pipieH,v in summer,  with a mean 
potent ia l  difference (PD) of  13 mV (5 30 mV), the shor t -c i rcui t  current  equivalent  
was significantly less than net Na + flux. No discrepancy was found in absence of  
chlor ide  (skins bathed in sulfate Ringers ') .  Net CI influx was demons t ra t ed  in CI - 
conta in ing  Ringers" and was oF app rop r i a t e  magni tude  to explain the discrepancy.  
The active t ranspor t  of  Na was quant i ta t ive ly  s imi lar  to wtlues seen in skins of  
higher PD. Compar i son  of  C I -  flux in this s tudy with mean C1- flux and PD values 
from other  series suggests an inverse seasonal  var ia t ion of  C I -  flux and PD. 

INTRODUCTION 

Ussing and co-workers  1,2,4 and Linderholm 3 first presented evidence in isohtted 
frog skin of  Rana lemporaria and Rana esculenta that  Na + is actively t r anspor ted  and 
CI t r anspor ted  passively. Tile t\~llowing findings were presented as p roof  of  passi,~e 
t r anspor t  of  chlor ide:  (1) The flux rat io of  chlor ide was that  expected tk~r a given 
e lec t rochemical  gradient  across the skin:  (2) The short-c i rcui t  current ,  i.e. the elec- 
tr ical  current  across the skin in the absence of  an electr ical  gradient  and with equal 
concent ra t ions  of  ions on both sides of  the skin, was equiwtlent to the net Na  + flux 
or Na ~ current .  It has general ly been assumed in the species Rana pipiens that  chlor ide  
t ranspor t  is also passive since equiwtlence between short-ci rcui t  current  (s.c.c.t and 
net Na  ~ flux has been repeatedly  demons t ra t ed  in isolated skin. 

Jorgensen el al. s demons t ra ted  net inward t r anspor t  of  chlor ide  from an ex- 
ternal solut ion of  low concentra t ion  o |  the ion, against  an e lect rochemical  gradient  
across the skin of  several intact amphib ian  species including R. temporaria and 
R. e.w'ulema s. Experiments  in this labora tory ,  in Jiving anesthet ized R. pipien,v with 
a wide range of  spontaneous  open-circui t  potent ia l  difference (PD), demons t ra ted  
that  the short-circui t  current  was less than net Na + flux in skins with PD values 
below 20 30 mV". Active inward chlor ide  t r anspor t  across the skins of  low PD was 
pos tu la ted  to explain this discrepancy.  Subsequently,  Mar t in  and Curran v found, in 
both R. poUens and R. esculenta, net chlor ide  t r anspor t  inward under shor t -c i rcui t  

Abbreviations: PD, potential difference: s.c.c., short-circuit current. 
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condi t ions  but  only when the concent ra t ion  of  chlor ide  in the media  on ei ther  side 
of  the skin was very low (2 mM). Kris tensen 8 conf i rmed these findings in R. tem- 
poraria. 

In this  labora tory ,  and p robab ly  in many others,  isolated frog skins with PD 
values below 20 mV are not general ly  used for exper imenta t ion .  They are considered 
" p o o r "  skins. It seemed possible that  significant active chlor ide  t r anspor t  or net 
chlor ide  t r anspor t  did exist at these low potent ia l  differences in isolated skin o f  
R. pipiens even with bathing solut ions  of  the NaCI concent ra t ions  usually used ex- 
per imenta l ly  (100-120 mM).  This seemed par t i cu la r ly  likely on the basis of  experi-  
ments in the living anesthet ized frog since at NaCI concent ra t ion  of  113 mM was 
used on both sides of  the skin. The present  s tudy demons t ra t e s  net CI flux inward 
under short-c i rcui t  condi t ions  at at C I -  concent ra t ion  of  115 mequiv/l  in a series o f  
isolated skins of  low PD. Despi te  the low PD the net Na + flux was of  the magni tude  
usually seen in skins of  higher PD. 

M E T H O D S  

Unfed 40 60 g male and female frogs (Rana pipiens) that  were kept in large 
bins with running tap water  were used. A b d o m i n a l  skin was dissected from decapi-  
ta ted frogs and mounted  between Lucite hemichambers .  Tile volume of  the compar t -  
ments  on each side of  the skin was 8 ml and tile skin area  was 1.33 cm 2. Tile general  
design and size of  the chambers  was s imi lar  to that  of  Gonza lez  et all .  In each 
hemicell  a shallow working chamber  is connected,  by inlet and outlet  channeis  o f  
1 mm d iamete r  orifices, to a main reservoir.  The center of  tile orifices is 1 mm from 
the skin. Air  lift c i rculat ion with mois tur ized air  is used in one of  the channels.  Rapid  
c i rculat ion and oxygenat ion is thus obta ined .  However,  all the componen t s  were 
machined into a single Lucite block to avoid leakage problems  and assembly delays.  
The electrolyte  solut ion ba th ing  the skin, a modified Ringers" solution,  had the fol- 
lowing compos i t ion  in m M / l :  NaCI, 110; KCI, 5: NaH2PO 4, 1.3: N a H C O >  4.0. 
The solut ion was adjusted to pH 7.5. In sulfate Ringers" NaCI and KCI were replaced 
with 55 mM N a 2 S O  ~ lind 2.5 mM KeSO a. 

For  PD measurements ,  matched Corning  calomel  e lec t rodes  were placed in 
the reservoir.  The c i rcula tory  channels  conta in ing the Ringers '  solut ions  served as 
Ringer br idges to tile skin. Carbon  electrodes,  connected by Ringer agar  bridges, 
were used to short-c i rcui t  the skin "~. The skin was cont inuous ly  shor t -c i rcui ted by 
an autom'at ic  device which consists  of  a s imple circuit,  using three opera t iona l  am- 
plifiers and a power supply.  This c i rcui t ry  is to be described elsewhere. The short-  
circuit  current  and PD were recorded on aq Ester l ine-Angus  recorder  (model  E1124E). 
This is a multi-cha, nnel dot  recorder  (set l \ ) r  six channels)  which conta ins  at cus tom- 
made au tomat i c  switching device connected to relays in the shor t -c i rcui t ing system 
so that the open-circui t  potent ia l  differel:ce can be recorded 30 s of  every 6 rain. 
Thus, up to six pieces of  skin can be s tudied at one l ime.  

At the beginning of  each exper iment ,  S~'C1 or 2eNa was added  to tile inside or 
outs ide  solutions.  Influx and outflux measurements  were begun at tile end of  I h. 
Tile measurements  were made in the convent iona l  manner  by removing samples  from 
the two fluid compar tmen t s .  3~'C1 was counted  in at l iquid scint i l la t ion spec t rometer  
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~2 using a liquid scinti l lator in naphtha lene-d ioxane .  - Na was counted in an auto- 

g a m m a  spectrometer .  

RESULTS 

The studies were perl\)rmed between May 15 and August  15, 1971. With rare 

exception, the isolated skin of  the animals received in the several different shipments 

from Steinhilber Inc. of  Oshkosh,  Wisconsin, had potentials  below 25 mV. The range 

in skins used in this study was 5-30 inV. This is a wtlue taken 1.5 h after mount ing  

the skin. 
22Na unidirectional  influx and outflux measurements  were perl\~rmed on paired 

pieces of  skin from the same animals (Table IA). In each pair net flux was calculated 

as well as the short-circuit  current  equiwtlent on the influx experiments ,  for the I-h 
flux period. The skins in chloride Ringers" had a net flux which was 0.67,uequiv:cm 2 

per h greater than the s.c.c, equivalenl .  When treated as paired data  this difl'erence 

was statistically signilicani (P<0.02) .  In the absence of  C1 (sulfate Ringers ')  there 

was no discrepancy between the net Na + flux and s.c.c, equivalent .  
This lack of  equivalence is not explained by the error  inherent in short-circuit ing 

low resistance membranes.  The lowest and mean d.c. resistances in the series in 

Table IA were 114 and 319(-2!cm 2, respectively. This figure is calculated fronl the 

short-circuit  current and PD at the mid-point  of  the flux period. Assuming a specific 

resistance of  the layers of  the Ringers" solution between the potential  probes equal 
lo that  of  100 mM NaCI and to be 2 mm thick (see Methods) it can be shown thai 

the approximated  greatest and mean errors in the s.c.c, equivalent  were - 1 8  and 
_ 6 o , ,  respectively~O.ll. Yet, the mean s.c.c, equiwtlent was actually 30°(, lower than 

lhe net Na + flux. 
In Table IB are the CI -  flux wtlues. In lhe first series of  18 influx and outl]ux 

experiments,  which were performed during the same period as the Na  + flux studies 

TABLE 1 

Na F AND CI- FLUX IN FROG SKINS OF LOW POTENTIAL DIFFERENCE 

All values are expressed as/teqt.lJvlcm ~ per h clnd represent the mean ± S.E. for the nl.lmbCr (N} 
indicated. P refers to strident t test comparing CI- irlflux and outllux. Values greater than 0.05 
are considered not significant (N.S.). 

N l~dtu.v 

(A) Sodium Jtux 
Chloride Ringers 16 2.85+0.29 
Sulfate Ringers 9 1.85_+0.25 

(B) Chh)ride /htx* 
Chloride Ringers 18 4.24+0.61 
Chloride Ringers 60 4.71 ±0.31 

N OtajhLv ,'\"et f lux  ,~.c.c. F 
Cqltll,~l[¢,tl[ 

_._oN 0.57_+0.14 " *'' +0.29 1.59±0.12 
0.55±0.10 1.30±0.20 1.29+0.20 

8 3.48 ± 0.67 0.75 b 
61 3.75 ±0.30 0.96 - <0 

* Tile series of 18 CI-- influx and 18 outflux were perfornaed conconaitantly with the Na 
llux studies in Series A. The series of 60 inttux and 61 outflux pools the first series of 18 influx 
and outflux, respectively, with all other studies performed between May 15 and August 15, 1971. 
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in Table IA, there was a mean difference of 0.75/*equiv/cm 2 per h. The CI- influx 
and outflux difference was not statistically significant but was quite close to the value 
of the discrepancy between s.c.c, equivalent and net Na + flux. 

The second series consists of all Cl-  flux studies performed during the 3-month 
period mentioned above including the 18 influx and outflux studies done at the time 
of the Nit + flux measurements. The pooled results yield a net influx of 0.96 #equiv/cm z 
per h. There is a significant difference between the Cl-  influx and outflux in this case. 

DISCUSSION 

These experiments show a lack of equivalence between sfiort-circuit current 
and net Na + flux in a series of isolated skins of R. p i p i e n s  with low PD values 
(generally below 25 mV). This is similar to previous findings in living anesthetized 
R. p i p i e n s  6. The discrepancy is not present in the absence of CI-  (sulfate Ringer's). 
It is reasonably well explained by the demonstration of net chloride transport inward 
of appropriate magnitude, as originally postulated for the living frogs. 

As mentioned, in this laboratory, skins of low PD are often considered "poor"  
and are not usually used for isolated skin experiments. However, the magnitude of 
net Na + flux in these experiments with low PD skins is comparable to values generally 
found for skins of higher PD 12'13 so that they certainly cannot be considered "poor"  
in terms of sodium transport. Selection of frog skins with higher PD for experi- 
mentation probably explains why this phenomenon of net CI-  flux inward under 
these conditions has not previously been reported. 

Table II shows mean values of CI-  flux consisting of pooled influx and outflux 
measurements in each of three other series performed earlier in this laboratory at 
other times of the year. These mean values and the infux and outflux means, respec- 
tively, from Table IB are presented in Fig. 1 in relation to season. The mean PD was 
lowest in summer, rose in fall to a peak in winter and fell again in the spring. This 
is approximately the same seasonal relationship reported by Huf et  al. ~5 for two 
sequential years (1955 and 1956). The CI-  flux seasonal relationship is inverse to 
the PD. 

In a small number of experiments by Koefoed-Johnson et  al. ~ both unidirec- 
tional CI- influx and outflux, respectively, in the open-circuit state seemed to ap- 
proximate an inverse correlation with the skin PD. This relationship wits explained 
by the equivalent circuit model for frog skin assuming that C1- flux is predominantly 

TABLE l[ 

MEAN Cl- FLUX AND PD IN THREE OTHER SERIES IN ISOLATED FROG SKIN 

Each series includes both influx and outflux experiments in approximately equal numbers. 

Source hwluslve dates N CI-.flu.v PD 
Olequiv/cm 2 per h) (m V) 

Unpublished Oct.-Nov. '69 20 0.73 +_ 0.10 24 + 1.7 
Unpublished Jam-Apr. '69 23 0 37 ± 0.09 32 + 2.6 
Ref. [ 4 Nov. '67-Feb. '68 19 0.33 + 0.06 50 _+ 4.3 
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passive. Increased shunting of the electromotive force associated with active sodium 
t ransport  by chloride, the major  passive ion present, produces a decreased skin PD. 

The study reported here differs in that all fluxes were perl\~rmed at zero electro- 

chemical  potential  gradients, except for brief interwds of  open-circuit  condi t ions Ik~r 
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Fig. . Relat ionship of  CI f lux and PD lo season in four  >erics o f  isolated f rog skins, fhe mid 
points of the time interval of each series are used. Mean CI hlllux and otltl]tlX are plotted sepa- 
rately for data from Table lB. The three series from Table II are mean vahles for influx and 
outf[ux, pooled. 

the PD measurements.  Thus, t h e C I  tlux in ei ther direction (except for thcre la t i~ci '~  

small port ion of  " 'active" CI influx such as shown in this study) is a measure of  

passive partial ionic conductance of  Cl (ref. 3). The d a t a m  Fig. 2 suggests that the 

passive C1- conductance is high in summer,  decreases in fitlt and winter a rd  increasc~ 
again in spring. ]t is possible that active chloride transport  exists at all CI con- 

ductance levels but at higher PD values is too small to be easily detected by the 

short-circuit  current technique. For instance, if the mean CI -  flux ratio in this stud\ 

(1.241 existed when the mean CI inllux is, c.£. 0 . 2 5 / m q u i v c m  e per h. the net (1 

flux would be 0.05/mquiv.  Tills net llux or ion current would be only 2.5",, of ~t 

representative active sodium transport  or short-circuit  current \ulue oF 2.0/mqui\.  'cm: 

per h and easily be within methodologic  error. 

The magnitude of  unidirectional CI flux and net ilux in this study wa~, similar 

to the findings in the South American frog, Leptodact) ' lzl .s ocul/atu.s t¢'. as was the 

PD range (5 -30 and 10 4(1 mV, respectively). Whether  this chloride t ransport  ,%:stem 

is similc:r to that in the South American frog and 'o r  the system described b \  Martin 
and Curran 7 in skins of  R. pipit,#ls exposed to Imx concentra t ions  of  (1 remains, to 

be invesl igaled. 
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