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Summary. Further investigations about the role of the mitochondria-rich cell (MR 
cell) in hormone-mediated transport regulation in the epithelium of frog skin brought 
the following results : Unlike toad bladder, in frog skin the spontaneous potential difference 
cannot be reversed when Na transport is blocked. A similar situation is obtained when, 
in addition to transport-blockade, one applies a chemical gradient for chloride to the 
epithelium. Under these conditions we found that in the intact preparation as well as 
in the separated epithelium: (i) the reversed current (RC) is linearly related to the number 
of MR cells; (ii) RC is mainly carried by a passive, transcellular chloride flux inwards 
and (iii) RC is sensitive to nor-adrenaline (10-7 N). The beta-blocker propranolol abolishes 
this effect. 

We propose that the MR cells are the sites of transepithelial shunt-path and that 
this chloride flux is transcellular. As it is hormone sensitive, it could be an important 
regulatory instrument for the regulation of overall salt transport (internal shorting). 

The  m i t o c h o n d r i a  r ich or M R  cells have been descr ibed  in the epithe- 

l ium of  the f rog skin ever since 1865 (Rudnef f ,  1865). T h a t  these cells 

cou ld  p lay  a role as h o r m o n e  receptors ,  however ,  was not  recognized  

unti l  a few years ago. S t imula ted  by results of  Jo rgensen  ( Jorgensen  & 

Larsen,  1960) and  Nielsen (1969) s imul taneous  m o r p h o f u n c t i o n a l  survey 

b r o u g h t  evidence that  these cells could  be involved  in a ldos te rone  recep- 

t ion (Vofite etal., 1969; Vofite, H~nni  & A m m a n n ,  1972) possibly by  

the in te rmedia te  role  to synthet ize  and secrete a " p e r m e a s e "  as pos tu la ted  

by, e.g., De  Weer  and  Crabb6  (1965). Subsequent ly ,  the last years  b r o u g h t  

a large a m o u n t  of  re levant  i n f o r m a t i o n  which m a y ' b e  summar i zed  as 

fol lows : 

In 1975 Zeiske and  L i n d e m a n n  r epo r t ed  tha t  the permeabi l i ty  for  

sod ium (PNa) o f  the apical  bo rde r  m e m b r a n e  o f  f rog skin ep i the l ium 

could  be increased by lower ing the p H  of  the outer  ba th ing  fluid f ro m  

7.5 to 5.5. These  results were in line with earlier observa t ions  of  Lea f  

and co l l abora to r s  (Leaf,  Kel ler  & Dempsey ,  1964) tha t  the acidif icat ion 
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of the mucosal fluid in the toad bladder stimulates active sodium trans- 
port. Histochemically it has been shown that in the epithelium of frog 
skin carbonic anhydrase could be found exclusively in MR cells (Rosen & 
Friedley, 1973). Soon thereafter Scott and Sapirstein (1974) demonstrated 
that in enzymatically separated epithelial cells of toad bladder this enzyme 
could be found only in the MR cell fraction. In 1975 our group presented 
data favoring the idea that aldosterone induces carbonic anhydrase in 
MR cells only (Vofite, Thummel  & Brenner, 1975b). In the kidney of 
adrenalectomized mice, Susuki and collaborators (Susuki, Ogawa & 
Inoue, 1974) were able to show that aldosterone stimulates only carbonic 
anhydrase, an effect which can be blocked by various protein synthesis 
inhibitors. Trying to find a common denominator for all these data, 
we tentatively formulated the hypothesis that the natriferic effect of 
aldosterone could indirectly be controlled by pH-dependent  changes of 
PNa across the apical border membrane of the granular cells (Vofite 
et al., 1975b). In the same line a study by Ehrenfeld and Garcia Romeu 
(1976) brought proof  for the secretory nature of these MR cells. Further 
important  although indirect information in this question complex came 
from the Fanestil group in La Jolla. Ludens and Fanestil (1972) demon- 
strated that in urinary bladders of a certain species of toads the sponta- 
neous potential could be reversed when active sodium transport is 
blocked, e.g., by amiloride. They showed that the reversed short-circuit 
current (RSCC) thus obtained is linearly related to the acidification 
of the mucosal bath. They also showed that this effect could be stimulated 
by aldosterone. The idea behind this approach forms, in a broad sense, 
the experimental base for the work we are reporting about in this paper. 

It is well known that unlike toad bladder in frog skin the spontaneous 
potential does not reverse when sodium transport is blocked. All it does 
is to approach zero potential. At this point we have to describe the 
results of some earlier experiments. We had observed that in frog skin 
potential and short-circuit current could be reduced when a chemical 
gradient for chloride is applied to the skin by exchanging inside chloride 
by a nonpermeating anion like, e.g., gluconate. We had also observed 
that skins from winter animals behaved in this respect quite differently 
from skins of summer frogs or animals kept at room temperature. In 
winter skins one observes only a reduction of PD and SCC, whereas 
in summer frogs PD will reverse after application of the gradient even 
without blockade of sodium transport. It is well known that the main 
functional difference between the two kinds of skins, winter and summer, 
is found in the difference in their conductance for chloride and water 
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Fig. 1. Light micrograph of a frog skin epithelium from a winter frog. Low RC or C1- 
influx values. Arrow indicates an MR cell. Magnification 1,400 x 

Fig. 2. Light micrograph of a frog skin epithelium from a spring frog. High RC or C1 
influx values. Note the large number of MR cells, a few extending their neck to the 

subcorneal space. Magnification 1,400 x 
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( K o e f o e d - J o h n s e n  & Ussing,  1973). On the m o r p h o l o g i c a l  side we had  

also observed  a large seasonal  dependence  in the n u m b e r  of  M R  cells 

(see Figs. l and  2). Subsequen t  morphob ioe l ec t r i c  exper iments  in this 

d i rect ion permi t ted  us to demons t r a t e  a l inear re la t ionship  between R C  

(chloride c o n d u c t a n c e  inwards)  and  the n u m b e r  of  M R  cells. In  addi t ion  

we cou ld  show tha t  this chlor ide  c o n d u c t a n c e  reacts to nor -adrena l ine  

in the full p r epa ra t i on  and  the separa ted  epithelium. 

Materials and Methods 

With the exception of the isotope flux measurements (done by Dr. Kristensen in 
Copenhagen) on Rana temporaria, all animals used for this study were Rana eseulenta. 
The frogs were kept in shallow tap water, either in a cold room or at room temperature, 
at least 3 days before used (in order to obtain skins with low and high chloride conductance). 
The experiments were done during the months December to May. 

Abdominal skins were prepared the usual way and mounted in the experimental multi- 
chamber set as reported before (Vofite & H/inni, 1973). The composition of the various 
Ringer's solutions used can be found in Table 1. The preparation of the tissue pieces 
for morphological work was done according to the usual technique for light- and electron 
microscopy (e.g., Vofite, Mollgard & Ussing, 1975a). The procedure for obtaining separated 
epithelia is the one reported by Carasso, Favard, Jard & Rajerison, 1971. 

Experimental procedure to Measure RC 

a. Amiloride method (see Fig. 3). After an equilibration period of 1 hr in symmetrical 
NaC1 Ringer's solution, the inside bathing fluid was replaced by Na-gluconate Ringer's. 
Active sodium transport was blocked subsequently by adding amiloride (10 .4 g) to the 
outside solution. The majority of skins will now reverse their potential and after 15-20 rain 
the reversed current (RC) is measured by short-circuiting PD. 

b. K-Ringer's method. In this experimental series PD reversal is induced by blocking 
sodium transport through substitution of Na + by K + on both sides. An identical anion 
(CI-) gradient as in the amiloride method is created by replacing the inside solution 
by a K-gluconate Ringer's (in the presence of KC1-Ringer's outside). 

Table !. Ion concentrations in the Ringer's solutions used (raM) 

Chloride Potassium Na gluconate K gluconate 
Ringer's Ringer's Ringer's Ringer's 

Na § 113.5 0 113.4 0 
K + 1.88 115.38 1.88 115.38 
Ca 2 + 1.08 1.08 1.08 1.08 
C1 115 115 0 0 
HCO3 2.4 2.4 2.4 2.4 
Gluconate- 0 0 115 115 
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Fig. 3. Illustration of the procedure for obtaining PD reversal in frog skin (amiloride 

method). For details see text 

In the hormone experiments (see Figs. 8 and 9) nor-adrenaline (10-v M) is added to 
the inside solution 15-30 min after reversal of PD. In some experiments the beta-blocker 
propranolol was used inside one hour before adding the hormone (5.4 x 10 -6 M). 

Morphological Evaluation 

From every experimental skin piece removed from the chamber three random squares 
of about 2 x 2 mm diameter were cut, fixed immediately and processed the usual way. 
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The blocks were cut in an ultramicrotome at a right angle to the skin surface. From 
every block three semithin sections (1 Hm thickness) were cut, stained with Toluidine blue, 
and used for MR cell counts. The counts were done by two persons with a light microscope 
at a total magnification of 1200 x ,  and every section was measured with a special device 
at a magnification of 40 x.  The cell counts were expressed in MR cells/mm section length. 

Results 

The first and critical step to do was the definition of the meaning 
and functional description of  the term RC under the experimental condi- 
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Fig. 4. Correlation between reversed current (RC) and chloride influx. Open circles stem 
from experiments with sulfate, full circles from those with gluconate inside 
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Fig. 5. Correlation between reversed current (RC) and nmnber of MR cells (atoll�9 
method). For discussion, see text 

tions described and used in this series. The results of a first set of  experi- 
ments stem from Dr. Kristensen (1977) and were done on skins of R.  tem- 

porar ia  early in winter. Fig. 4 demonstrates the isotope estimation of 

chloride influx plotted vs. spontaneous RC under constant short-circuit 
conditions. One can see two sets of  results: Open circles were done 
with the anion sulfate on the inside, whereas full circles correspond 
to our experimental approach, namely, gluconate Ringer's inside. From 
the linear correlation it comes out clearly that what we measure with 

RC in this experimental set up is, as expected, nothing else than the 
magnitude of  passive chloride influx in the absence of  active sodium 
transport  or, in other words, the transport  independent moiety of anionic 

shunt flux. A l s o - a n d  the next paper of this Symposium (Kristensen, 
1977) will be dealing with this point more in d e t a i l - i t  came out clearly 
from these experiments that the passive chloride influx was in most 
skins drastically reduced after blockade of sodium transport  by amiloride. 
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Fig. 6. Light micrograph of frog skin epithelium fixed under the experimental conditions 
of the K-Ringer's method (KC1-Ringer's outside, K-gluconate-Ringer's inside). Note the 
swollen MR cells as compared to the normal or shrunk granular cells. Magnification 

1,400 • 

We will come back to this point when discussing the experiments in 

which sodium was replaced by potassium. 
Fig. 5 shows the results we obtained from experiments in which we 

plotted RC values of the amiloride method against the corresponding 

M R  cell counts. In spite of a large scatter of points, we found a significant 
correlation between the two parameters.  Two points of insecurity and 

possible error source will be dealt with now. H o w  efficiently does amilo- 
ride block sodium transport  in frog skin, and how can we safely estimate 

the chloride conductance of  every single M R  cell counted? F rom SCC 
estimations and flux measurements  in the literature, amiloride has a 
dose-dependent  efficiency of  about  90-98%. Thus, in the presence of 

a large t ransport-dependent  chloride flux, even a small remaining part 

of this flux could give rise to a large error. Also, the counts could 
be misleading insofar that we simplify the functional state of  the M R  
cells: We assume that they evenly contribute to chloride conductance,  

an assumption which is probably  incorrect. However,  as long as we 
cannot  differentiate shunting from non-shunting M R  cells on a 
morphological  basis we had to look for another approach. Thus, as 
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Fig. 7. Correlation between reversed current (RC) and number of MR cells (K-Ringer's 
method). For discussion, see tex t  

a counter check another series of  experiments was done in which sodium 

t ranspor t  was not eliminated by a drug but by substituting sodium by 
potassium on both sides. By this new procedure the new factor of  depolar- 

ization of  either the transporting cell layer, the M R  cells, or both would 
have to be considered. This situation should in the presence of  a perme- 
able anion call for a cell swelling (Ussing, B iber  & Bricker, 1965). Under  

the experimental situation present in this series (gluconate inside), only 
cells permeable to outside chloride should swell (Koefoed-Johnsen e t  a l . ,  
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(amiloride method) 

1973). Figure 6 illustrates the microscopic evaluation of this problem. 
One can see that the transporting cell layer looks either normal or even 
slightly shrunk (sometimes similar to the situation observed after adding 

amiloride). The only clearly swollen cells are the MR cells and apparently 
only if they have contact with the outside bathing solution. Figure 7 
depicts the results of the MR cell counts plotted v s .  RC under this 
new situation: K-Ringer's on both sides, chloride substituted by glucon- 
ate on the inside. A highly significant linear correlation is found between 
the two parameters, the higher the measured reversed current (passive 

chloride influx) the more MR cells are found. One should also note 
that the RC values measured with the K-Ringer's method are substan- 
tially higher than the ones with the amiloride method. We will come 
back to this point in the discussion. 

Once the correlation between chloride influx and MR cells was estab- 
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Fig. 9. Identical experiment as Fig. 8, however, depicting the effect of nor-adrenaline of 
frog skin as compared to the separated epithelium 

lished, it seemed attractive to test the effect of hormones on the reversed 

current. The rationale behind this stems from the established facts that 

M R  ceils are secreting cells (glandular cells), that aldosterone can pro- 
mote them to secrete carbonic anhydrase, and that in the epithelium 

of toad bladder the same hormone stimulates proton secretion in parallel 

to RSCC. Thus, it seemed logical to test, besides aldosterone, the action 

of  hormones usually controlling glandular secretion, the ones of  the 
adrenergic and cholinergic groups. The first hormone applied was nor- 
adrenaline. Figure 8 represents the protocol  of  a typical experiment. 

Two pieces of the same skin were prepared in two separate chambers. 
Both were submitted to the usual procedure for PD reversal. It should 

be mentioned that with both methods, the amiloride and the K-Ringer 's  
method, one gets qualitatively the same response. In one chamber  nor- 
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adrenaline (10 -~ M) is added to the inside bathing solution. Whereas 

the control piece remains at a stable RC value, this parameter is drasti- 
cally increased in the hormone-treated preparation. In order to check 
that this effect of the hormone has nothing to do with stimulation of 
the skin glands other than MR cells, we repeated the same procedure 
with pieces of separated epithelia as compared to whole skin. The proto- 

col of a representative experiment is shown in Fig. 9. The response of 

RC to nor-adrenaline in the epithelium might be quantitatively reduced, 
however, it is clearly there and in the same direction. 

All separated epithelia were checked morphologically and in no sec- 
tion could we ever find a single remaining skin gland. It should be 
mentioned that this described effect on RC can be fully blocked by 
the beta-blocker propranolol. 

Discussion 

On the basis of reported results we can formulate a few statements: 
1 Under the experimental conditions described, the reversed current is 

carried by a passive inwards chloride flux across the epithelium of the 
frog skin. 

2 This reversed current is linearly related to the number of MR cells. 
3 This reversed current is sensitive to nor-adrenaline. 

4 This reversed current is submitted to large seasonal variations. 
Sticking strictly to these statements, we may be allowed to discuss 

some implications. As the results presented stem from an experimental 
preparation in the zero transport position, we are not going to discuss 
the effect of nor-adrenaline on the active sodium transport system. They 
are however, relevant in connection with the observations of House 
(1969) who found the hormone to increase chloride conductance of the 
frog skin epithelium. As already suggested by Garcia-Romeu and Ehren- 
feld (1975) and Alvarado, Dietz and Mullen (1975), chloride influx is 
composed of two separate fractions, the sodium transport dependent, 
amiloride sensitive one, and the transport independent moiety which 
can be demonstrated only under disequilibrium conditions. Now we have 
to ask the question, "Why are we measuring two different values of 
chloride influx with RC under two conditions in which sodium transport 
is abolished: RC with Amiloride as transport blocker and RC in the 
presence of K-Ringer's as sodium substitution?" The main functional 
difference is found in the magnitude of chloride conductance under the 
two conditions : small with Amiloride, large with K-Ringer's. Confronting 
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critically these two situations, the crucial point will have to be looked 
for in the physiological effect exerted on the cells contributing potentially 
to passive chloride flux inwards, either the transporting granular cells 
(first living cell layer) or the MR cells, both being in contact with the 
outside bathing fluid. In the K-Ringer's experiments we find an obvious 
swelling of the MR cells with no change, or rather a shrinking, of the 
granular layer. The depolarizing condition in high K-Ringer's seems 
to increase chloride conductance through these MR cells only. This would 
then mean that even in highly permeable spring epithelia the apical 
membrane of the granular, transporting cells is virtually impermeable 
to chloride and that all chloride shunt goes through the MR cells. In 
the amiloride blocked preparation chloride conductance is much smaller, 
however still (admittedly with less good correlation) connected to the 
number of MR cells. This increased resistance to chloride flux with amilo- 
ride could be due to a hyperpolarization of the transporting cell layer 
(cell shrinking) in the absence of trespassing sodium. If on the other 
hand we accept the MR cells to be the site of shunt path, the difference 
would easily be understandable : With Amiloride a relatively high chloride 
resistance due to a normal cell polarity of the MR cells, a situation, 
however, drastically altered by the depolarizing condition in high K- 
Ringer's. Also, if all shunt would flow through the MR cells this would 
mean that also the transport dependent moiety would have to take that 
way. Thus, RC in K-Ringer's would somehow also be a measure (at 
least a limiting value) for the total shunt conductance, including the 
sodium transport dependent part. It ensues that a strict separation of 
transport dependent and independent chloride conductance becomes 
purely dogmatic and rather unrealistic. 

If we recall some of the statements already made-- the  linear relation 
between RC and the number of MR cells; the swelling and shrinking 
phenomena under K-Ringer's; and the RC response to nor-adrenaline 
in the skin and separated ep i the l ium-a  satisfying explanation can only 
be found on the basis of a transcelluiar shunt path through the MR 
cells. It seems obvious that these cells can contribute to RC (or chloride 
conductance) only when in open contact with the chloride containing 
outside solution, a situation found in leaky spring and summer skins. 
Thus, it also seems clear that this situation can be forced by stimulating 
these cells to secrete (nor-adrenaline effect). This would also go along 
with the observation of Whitear (1974) that nerve endings in the epithe- 
lium proper are found in the vicinity of MR cells only. It could also 
be a clue as to why heavy metals seem in their early effect mostly 
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to change parameters of passive conductance (Koefoed-Johnsen et  al., 

1973) and that, e.g., silver is precipitated almost selectively at the secretory 

pole of  these same cells (Whitear, 1972). 

An interesting question in this context is also: What  role could these 

cells have as regulatory organs of seasonal transport  adaptat ion in general 
and shunt conductance specifically? The potential importance of a hor- 

mone controllable shunt conductance in connection with the overall reg- 

ulation of asymmetric salt t ransport  by way of partial internal short 

circuiting has been mentioned before (Lindemann & Vofite, 1976). Fi- 

nally, it is tempting to look for a correlation between RC described 

in this paper and the spontaneous RSCC of, e.g., toad bladder. RSCC 

is a true short-circuit current under equilibrium conditions and thus 

may be a good measure of active proton extrusion. In our preparation 

this active side seems to be absent unless there exists an electrically 

silent or strictly electroneutral underlying transport  process; this, how- 

ever, would not be measurable by RC nor would it contribute to this 

current. Thus, so far RC and RSCC have the only common denominator  

in that  very likely they are connected to the functional role of the M R  
cells. And these cells in both tissues exhibit striking similarities as hor- 

mone receptors, as synthetising and secreting cells. If  in addition they 

turn out to be the key to a hormone controllable shunt conductance, 

a new, fundamental ,  and potentially important  role of these specialized 

cells might help to shed more light into parts of epithelial transport  

regulation. 
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