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SUMMARY

1. After the addition of noradrenaline (final concentration 4 x 10-5 M)
to the inner medium of isolated toad skins, they underwent a depolariza-
tion (inner surface becoming less positive) followed by a hyperpolarization.

2. The dependence of the minimal and maximal levels of the depolariz-
ing and hyperpolarizing phases of the response upon the external con-
centrations of sodium and chloride ions was examined.

3. The experimental data were considered to support the view that the
hyperpolarization was generated by an increase in the sodium to chloride
permeability ratio for the outer barrier of the skin and that the depolariza-
tion resulted from a transient increase in the conductance of transient
shunt pathways in the skin.

4. When the external sodium and chloride ions were replaced by mag-
nesium (or potassium) and sulphate ions, noradrenaline initiated a transient
hyperpolarization. During this hyperpolarizing response the time course
of the change in the skin's conductance resembled that of the skin poten-
tial. The polarity of the response was changed by reversing the chloride
concentration gradient across the skin.

5. The dependence of the maximal level of the hyperpolarizing response
upon the internal potassium concentration was examined.

6. It was concluded that the hyperpolarizing response was generated
partially by an increase in the potassium to chloride permeability ratio
for the inner barrier of the skin and predominantly by the movement of
chloride and accompanying cations through a transient shunt pathway,
probably the active glands.
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INTRODUCTION

Several workers (Schoffeniels & Salee, 1965; Salee & Vidrequin-Deliege,
1967; Lindley, 1969) have shown that noradrenaline accurately mimics
the effect of nervous stimulation on the amphibian skin potential. In
particular, either cutaneous nerve stimulation or the presence of nor-
adrenaline at the inner surface of the toad skin bathed by normal Ringer
solutions produces a cyclic disturbance of the skin potential. The response
consists of an initial depolarization followed by a hyperpolarization.
Moreover, each stimulus initiates a period of glandular secretion and a
transient decrease in the skin resistance.
House (1969b, 1970) has suggested that the initial depolarizing phase of

the response is produced partially by an increase in the chloride per-
meability of the outer membranes of the epithelial cells and predominantly
by ionic movements through a transient shunt pathway in the active skin
glands. In his account of the response the hyperpolarization is generated
by an increase in the sodium to chloride permeability ratio for the outer
membranes. The alternative views of Schoffeniels & Salee (1965) and
Salee & Vidrequin-Deliege (1967) about the nature ofthe electrical response
to noradrenaline and nerve stimulation are largely inconsistent with some
of the experimental evidence of House (1969b, 1970) and Lindley (1969),
and this divergence of opinion has been discussed in detail by House (1970).
The experiments reported in this paper have been designed to examine

the nature of the electrical response to noradrenaline under a variety of
circumstances where the ionic levels in the bathing media have been
altered. The aim of this work was to establish whether or not the responses
recorded in those different conditions were in accord with my previous
accounts of the response to noradrenaline.

METHODS

Experiments were performed on the isolated skin of the toad, Bufo bufo. After the
animals had been killed by cutting the spine and pithing, the abdominal skin was
excised, cleaned of adherences and washed in a volume of Ringer solution. Table 1
gives the composition of Ringer (saline A) and of the other solutions used in this
investigation. All of the solutions were buffered with tris at pH 7-6; an appropriate
volume of acid (HCl for A, B, C, D, E, I, J, K, L, M, N, 0; H2SO4 for F, G, H, P, Q,
R) was added to each solution. Pieces of skin were mounted between Perspex half-
chambers of the type described by Ussing & Zerahn (1951) and the exposed area of
skin was 5.1 cm2. The volumes of solution bathing each surface of the skin were
continuously aerated. The potential difference (p.d.) across the skin was monitored
through polyethylene cannulae, filled with 3 % agar in 3 M-KC1, which were connected
to reservoirs containing Ag/AgCl electrodes placed in 3 m-KC1. The skin p.d. was
registered conventionally as the potential of the inner surface with respect to the
outer surface. The Ag/AgCl electrodes were connected to a Vibron electrometer
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(33 B-2) whose output was coupled to a Devices M 2 recorder. During an equilibra-
tion period each skin was periodically short-circuited by passing current between
Ag/AgCl electrodes which were located in separate reservoirs within each half-
chamber; the reservoirs were connected to the bathing media by cylindrical channels
filled with 3% agar in Ringer solution. Short-circuiting current pulses were applied
for about 5-10 sec and the magnitude of the current was monitored in a micro-
ammeter in the external circuit.
When it was observed that p.d. and short-circuit current were constant, a small

volume of a stock solution of noradrenaline was added to the inner bathing medium
and the electrical response was recorded. In each experiment the final concentration
of noradrenaline in the inner medium was about 4 x 10-5 M. All experiments were
performed at room temperature in the range 18-21 'C.

RESULTS

Previous work (House, 1969b) demonstrated that the magnitude, AV, of
the skin depolarization evoked by noradrenaline was given by AV =
V0AR/RX, where V0, R. and AR are the original skin p.d., original skin
resistance and the change in resistance at the minimal level of the
depolarization respectively. Other experimental data (House, 1970)
showed that the subsequent hyperpolarizing phase of the response was
generated by an increase in the sodium to chloride permeability ratio for
the outer barrier of the skin. If that view of the temporal characteristics
of the response is correct then the skin p.d. at the peak of the hyper-
polarization should be more dependent on the external sodium concen-
tration, [Nao], than the original skin p.d. A further expectation is that
the skin p.d. at the minimal level of the depolarizing phase should be
less dependent on [Nao] than the original skin p.d.

Fig. 1 shows the effect of [Na0] on the response to noradrenaline. It is
evident that the dependence of the resting skin p.d. (0) on [Nao] is quite
weak and that the peak values (0) of the skin p.d. after noradrenaline
show a more pronounced dependence on [Nao]. Thus the data in Fig. 1
substantiate the claim (House, 1970) that the outer barrier of toad skin
becomes preferentially more permeable to sodium ions during the hyper-
polarizing phase of the response.
On the basis of the double-membrane model of the frog skin potential

(Koefoed-Johnsen & Ussing, 1958; Ussing & Windhager, 1964) the skin
p.d., V, can be described by

N_Pa[Nao] + P~1Coj] Pi___________ClV RT[n+P 1InPk[Kc]+Pb[Cli]lF~LtP~a[Nac] + Po1[CIO] nPi[KI] + Pi,[ClC]JH (1)

where the superscripts o and i refer to outer and inner barriers, the
subscripts o, c and i- refer to outer, cellular and inner compartments,

308 C. R. HOUSE
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Fig. 1. The effect of external sodium concentration on the response to
noradrenaline. Each point is the mean of ten measurements on ten skins,
+ S.E. Measurements (0, O, 0) of the skin p.d. were made before the
addition of noradrenaline and during the depolarizing and hyperpolarizing
phases of the response (see inset diagram). Estimates (*) of (AR/Ro) were

obtained at the minimum of the depolarizing phase. In each experiment
the skin was bathed internally by saline A and externally by saline A, B,
C or D.
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PNa, PK and PCQ are parameters related to the permeabilities to sodium,
potassium and chloride ions, [Na], [K] and [Cl] are the respective ionic
activities and R, T and F are the gas constant, the absolute temperature
and the Faraday respectively. It can be shown that

aV RT PoNa (2)
b[Nao] -F PoNa[Nao] + PC1[Clc]

aV aV a(ln [Nao])
a[Nao] -(ln [Na0]) O[Naol

_____ ET POja[Nao]it follows that 4(ln Na0]) F Po[Nao]+P[Cl])

Provided that PNa [Nao] < PC, [Cl0], eq. (4) can be rewritten as

a_ RT PNa[Nao] (5)
a(ln [Nao]) F Po [Clc]

Inspection of eqn. (5) reveals that a plot of V against log [Nao] should not
yield obligatorily a linear relationship and for this reason no attempt has
been made to compute regression lines for the data in Fig. 1. Because
[Clv] is an unknown variable it is not possible to use eqn. (5) for quantitative
estimations Of (PNa/P&). The significant increase in a V/a(log [Nao]), which
occurs during the hyperpolarization, over that for the original skin p.d. can
be attributed to an increase in (PONa/PI). Alternatively a reduction in
[Cl0] would produce an increase in the slope but this seems an unlikely
possibility since that change in [Cle], by itself, would not hyperpolarize the
skin significantly.

In contrast to the results on the hyperpolarizing phase of the response
in Fig. 1 the data on the depolarizing phase (ap) show a relatively weak
dependence on [Nao] above [Nao] = 5 mm. At lower values of [Nao],
however, the depolarized potential level becomes apparently more depen-
dent on [Nao] than the original potential. The explanation for this dis-
crepancy is related to the magnitude of (AR/Ro) at low values of [Nao].
Throughout the entire range of [Nao] employed in this study it was
observed that the skin resistance decreased to a minimal value of about
1000 Q cm2 during the depolarization whereas Ro ranged from 1900 Q cm2
at [Nao] = 100 mm to 3400 Q cm2 at [Nao] = 1 mm. Fig. 1 shows the mean
values of (AR/Ro) found in this experiment and it is clear that the magni-
tude of (AR/Ro) increases significantly at [Nao] = 1 mm above the mean
values for the other values of [Nao]. Thus the relatively larger depolarizing
phase at [Nao] = 1 mm is caused by a more effective shunt than that
found at higher values of [Nao].

310 C. R. HOUSE
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The corresponding study of the effect of [Clo] on the response is shown in
Fig. 2. Evidently the toad skin is relatively more permeable to chloride
ions than to the sodium ions under normal conditions, but during the
hyperpolarizing phase (0) of the response the dependence of the skin
p.d. on [Clo] is significantly reduced below that of the original potential.
By performing a similar analysis for [Clo] to that for [Nao] it can be shown
that

8(ln[Cl0]) LT [1 -P~a[Na6c])
a(In POo]F c[CIO]

provided that Pcl[Clo] > P.Na[Naj]. Again no attempt has been made to
compute regression lines for the data in Fig. 2 since the slope aV/a(log [Clo])
is not independent of [Clo]. The significant decrease in aV/a(log [Clo]), which
occurs during the hyperpolarization, from that for the original skin p.d.
can be explained by an increase in (POaI.PO) which is consistent with the
description of the hyperpolarization recorded at different values of [Nao].
It is possible, however, that the decrease in aV/a(log [Clo]) might result
from a decrease in [Na,].
Below [Clo] = 110 mm in Fig. 2 the dependence of the skin p.d. on [Clo]

during the depolarization phase (4) is not significantly different from the
original skin p.d. The relative depolarization, (A V/Vo), observed at

[ClO] = 110 mM
is significantly larger than the relative depolarizations occurring at other
values of [Clo]. The skin resistance measurements, which were made in this
series of experiments, revealed that the minimal resistance in the de-
polarizing phase was dependent upon [Clo]. It was found that Ro ranged
from 1900 Q cm2 at [Clo] = 110 mm to 3600 Q cm2 at [Clo] = 2 mm and
Fig. 2 shows the mean values of (AR/Ro) and, in particular, the increase in
(AR/Ro) which occurs at [Clo] = 110 mm. Thus the relatively larger
depolarizing phase at [Clo] = 110 mm is consistent with the existence of a
more effective shunt relative to that at lower values of [ClO].
The description ofthe depolarizing phase ofthe response to noradrenaline

at different levels of [Clo] and [Na0] is based on the concept that nor-
adrenaline generates a transient shunt in the skin; presumably, the ionic
movements in this shunt pathway are composed of a net influx of chloride
ions and a net efflux of sodium and (or) potassium ions. The separate
experimental determinations of (A V/V0) associated with (AR/R.) are
displayed in Fig. 3 where the open symbols ( 0, A, V, El) and the filled
symbols (0, V, *) refer to the [Nao] and [Clo] experiments of Figs. 1 and
2 respectively. Thus it seems that the relation between (A V/Vo) and
(AR/Ro) is linear provided that [Clo] = 110 mM; however, when

[Clo] < 110 mM
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the values of (A V/V.) deviate from the line of equality. A similar deviation
from linearity was found in skins bathed in sulphate Ringer solution
(Fig. 3, x). The source of the deviations from linearity between (AV/VO)
and (AR/Ro) will be discussed later.
The evidence, which has been presented in this paper, does not indicate

to what extent either the secretion of ions by the skin glands or changes in
the ionic permeabilities of the inner membranes of the epithelial cells
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Fig. 2. The effect of external chloride concentration on the response to
noradrenaline. Each point is the mean of ten measurements on ten skins,
+s.E. Measurements (0, (O, 0) of the skin p.d. were made before the
addition of noradrenaline and during the depolarizing and hyperpolarizing
phases of the response (see inset diagram). Estimates (*) of (AR/Ro) were
obtained at the minimum of the depolarizing phase. In each experiment the
skin was bathed internally by saline A and externally by saline A, F, G
or H.
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NORADRENALINE ON TOAD SKIN

might contribute directly to the response to noradrenaline. For example,
it has been suggested by Koefoed-Johnsen, Levi & Ussing (1952) and
Koefoed-Johnsen, Ussing & Zerahn (1953) that the skin glands actively
secrete chloride ions and if this transport were electrogenic it ought to add
a hyperpolarizing component to the response to noradrenaline. It appears,
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Fig. 3. Relation between the skin p.d. the resistance changes at the mini-
mum of the depolarizing phase of the response to noradrenaline. Each point
represents the results of a single experiment; L1, V, 0, A refer to experi-
ments where [Na0] had the values 1, 5, 20 and 100 mm respectively while,
U, V, 0, A refer to experiments where [Cl0] had the values 2, 7, 27 and
110 mm respectively. In all of these experiments the internal medium was

saline A. Experiments, where the skin was bathed on both sides by sulphate
Ringer (saline P), are denoted by x. The interrupted lines are the lines
of equality between A V/VO and AR/BR.

however, that the peak of the secretary activity occurs during the de-
polarizing phase of the response (Seldin & Hoshiko, 1966; House, 1969a, b;
Lindley, 1969). To establish whether or not the active chloride transport
occurring during glandular activity does generate a hyperpolarization it is
necessary to eliminate external chloride and sodium ions since the influx of
the former is responsible for the initial depolarization while the influx of the
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latter generates the subsequent hyperpolarization. These conditions have
already been studied in earlier work (House, 1970) where the skin was
bathed externally by potassium sulphate Ringer and internally by sodium
sulphate Ringer solutions. Fig. 4A shows the mean results of such an
experiment performed on ten skins; in nine of the ten experiments there
was an initial hyperpolarization (range 0 5-3 0 mV) whereas in the tenth
experiment no initial hyperpolarization occurred. Such a hyperpolarizing
phase might result from an active electrogenic efflux of chloride ions from
the skin glands. I decided to test this view by replacing the internal
sulphate Ringer with normal Ringer to encourage optimal glandular
secretion since Seldin & Hoshiko (1966) have shown that the secretary
response is relatively poor in sulphate Ringer. Fig. 4B shows the results
of those experiments and the initial hyperpolarizing phase of the response
is markedly increased. Unfortunately these data are not clear proof of
electrogenic chloride transport because the hyperpolarization may be
generated by several sources. It might result from an active electrogenic
influx of potassium ions and this view would be compatible with the
mechanism proposed by Salee & Vidrequin-Deliege (1967) for the later
hyperpolarization found in normal Ringer solutions. There are two objec-
tions to that hypothesis. First, if an active influx ofpotassium is responsible
for the hyperpolarization it is difficult to see why the magnitudes of the
responses are so distinctly different in Fig. 4A and B. Secondly, it is still
possible to record the hyperpolarizing response when the external potas-
sium sulphate Ringer has been replaced by magnesium sulphate Ringer
solution (Fig. 4C); the latter Ringer solution (saline R) is potassium-free.
An alternative description of the hyperpolarizing responses shown in

Fig. 4 is that they are generated by an increase in the potassium per-
meability of the inner membranes of the epithelial cells. Since no satis-
factory evidence for such a change in potassium permeability was found
in earlier work (House, 1970) it was important to establish whether or not
the level of the hyperpolarization was affected by alternations in [K1].
Therefore, the hyperpolarizing response to noradrenaline was recorded in
skins bathed externally by magnesium sulphate Ringer and internally by
salines A, I, J and K (see Fig. 5). Under these conditions the dependence of
both the original skin p.d. (0) and the peak level of the hyperpolarization
(0) on [K1] is relatively weak, but similar. At first glance there is no
evidence, therefore, for an increase in (Pi/Pi); however, if the hyper-
polarization is generated solely by some other mechanism then the
apparent dependence on [K1] ought to have been reduced during the
response. Thus, it seems that a certain component of the response stems
from an increase in (PijP'1). That [K1] is implicated in the response is
also evident from the time courses of the responses of both skin p.d. and

314 C. R. HOUSE
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conductance under the conditions of Fig. 5. The average responses at
different levels of [Ki] have been plotted in Fig. 6. Both the skin p.d. and
the conductance responses decay with similar time courses at each value of
[Ki] and the rates of decay are increased at low values of [KI]. When the
skin is bathed internally by potassium-free Ringer (saline L) the hyper-
polarizing response again decays relatively rapidly to a final value less
than the original skin p.d., whereas the conductance asymptotes towards

A B 1 111

l~~~~~j 11111iXi
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IT111111111171111ITTITTITITI~~111T
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0 10 20 30 0 10 20 30 0 10 20 30
Time (min)

Fig. 4. The electrical responses to noradrenaline in the absence of external
sodium and chloride ions. Each point is the mean of ten experiments on
ten skins, + S.E. Noradrenaline was added to the inner medium at the end
of the fifth minute of the experimental period. A records the effect of
bathing the skins internally by saline P and externally by saline Q.
B records the effect of saline A (internal) and saline Q (external). C records
the effect of saline A (internal) and saline R (external).

its original value (Fig. 7). The relatively low levels of the skin p.d. during
the final phase of the responses in Fig. 7 and Fig. 6 ([K1] = 0-1 mM) may
indicate a decrease in [Kc] which has arisen from an increase in (PjE/Pi 1).

Finally, it might be contended that the hyperpolarizations in Fig. 4B
and C are transient diffusion potentials generated by a passive efflux of
chloride ions and their accompanying cations through the active skin
glands. This view is compatible with the observed identity between the
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time courses of the responses in the skin p.d. and the conductance in
Fig. 6. In order to test whether or not the hyperpolarizing response was
caused by the movement of chloride ions down their concentration gradient,
different chloride gradients were applied across the skin. Fig. 8 shows the
typical results of experiments where skins were bathed internally by
several kinds of chloride Ringers and externally by magnesium sulphate

60
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20-
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01 05 1 5 10

[Ki] (mM)
Fig. 5. The effect of internal potassium concentration on the hyperpolarizing
response to noradrenaline. Each point is the mean often experiments on ten
skins, ± S.E. Measurements (0, *) were made before and at the maximum
of the hyperpolarizing response (see inset diagram). In each experiment the
skin was bathed externally by saline R and internally by saline A, I, J
or K.

Ringer and vice versa. Hyperpolarizing responses were always observed
in the former experiments. When potassium chloride Ringer bathed the
inner surface, however, the response induced by noradrenaline was small
probably because of the similar actions of high [K1] and noradrenaline as
stimulants ofglandular secretion (Seldin & Hoshiko, 1966; House, 1970). In
the experiments where the chloride Ringer bathed the skin's external
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surface, noradrenaline generated an increase in internal negativity probably
due to an influx of chloride ions through the active skin glands. Under
these conditions (sulphate Ringer inside) glandular secretion is somewhat
impaired but certainly not absent (Seldin & Hoshiko, 1966).
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Fig. 6. The effect of internal potassium concentration on the magnitude and
time course of the hyperpolarizing response to noradrenaline. The response
of the skin p.d. (and the skin conductance) is expressed as the size of the
increase in the p.d. (and conductance) above the resting value. Each point
is the mean of ten experiments on ten skins and the data were obtained
during the experiments reported in Fig. 5. The values of [K.] are shown
beside the corresponding curves (Q, 0; 01 mM), (V, V; 0 5 mM),
(A, A; 2.5 mM) and (LI, *; 10 mm).
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Certain experiments were performed on the hyperpolarizing response to

distinguish between possible active (electrogenic) and passive effluxes of
chloride ions through the skin. It was found that 104 M-2, 4-dinitrophenol
abolished the hyperpolarizing response whereas 10-4 M acetazolamide
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Fig. 7. A comparison between the hyperpolarizing response and the normal
response to noradrenaline. At the time indicated by the arrows noradrenaline
was added to the inner medium. A records a typical hyperpolarizing
response in a skin bathed internally by potassium-free Ringer (saline L)
and externally by saline R. The brief hyperpolarizations on the potential
record were produced by constant current pulses of 20 #uA. B records
the mean values (0) of the skin conductance during hyperpolarizing re-
sponses in ten skins (saline L inside; saline R outside). The average values
(0) of G. and Gi during the normal response to noradrenaline are also
shown. C records the mean values (-) of the skin p.d. during the hyper-
polarizing responses and also those (0) of the normal response. In B and C
each point is the mean of ten determinations on ten skins.

applied to the inner surface had no effect on the response. Since acetazol-
amide is a relatively specific inhibitor ofactive chloride transport in amphi-
bian skin (Erlij, 1971), it is unlikely that the response is due to an active
efflux of chloride ions. It is tempting to conclude, therefore, that the
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hyperpolarization is a transient diffusion potential generated by a passive
efflux of chloride through a shunt element whose activation is dependent
upon the metabolic activity of the tissue. It is difficult to ascribe to any
structure in the skin, other than the glands, such a set of active and
passive properties.

(a) (b)
100 +50 _br

so oLL wijjjjjIll
0 -50 E

100 +50 l

~50 j0.oIL IIIL LI
E l
-6 0 -50
'I (e) (f).E, 100 +50 _

50s 0l

0 -500Lg) -0(h)
100 F +50 _Fl

so 0 I
0 -50

10 min

Fig. 8. The hyperpolarizing responses in toad skins bathed by a variety
of chloride Ringer. In each record noradrenaline was added to the internal
medium at the time indicated by the arrow. In a, c, e and g the external
medium was saline R and the internal media were salines E, 0, M and N
respectively. In b, d, f and h the internal medium was saline R and the
external media were salines E, 0, M andN respectively. The brief deflexions
on the potential records of a-h were produced by constant current pulses
of 100, 100, 20, 40, 20, 40, 10 and 40 ,1A respectively.

DISCUSSION

The action of noradrenaline on the toad skin potential may be inter-
preted in the light of the separate effects which it may exert on the epi-
thelial cells and on the glands.
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Epithelial cells
Certain experimental evidence suggests that noradrenaline increases not

only the permeability of the outer membranes to sodium but also to
chloride ions. Unidirectional fluxes of sodium and chloride ions increase
after treatment with noradrenaline (Bastide & Jard, 1968). Moreover,
certain electrophysiological evidence (House, 1969b, 1970) points to an
initial increase in Po1 during the depolarizing phase of the response
followed by an increase in PO. during the hyperpolarizing phase. Thework
reported here strongly supports the view that (PO,,!PCI) increases to a peak
value which is associated with the hyperpolarizing phase of the response
when the skin is bathed by normal Ringer. With the techniques used in
this study, however, it has not been possible to substantiate the earlier
indication (House, 1969b) that an increase in PO1 occurs during the
depolarizing phase simply because it is difficult to differentiate between
the depolarizing actions of chloride movement through the epithelial
cells as opposed to that through the glands. Nevertheless, since the uni-
directional fluxes of chloride (Bastide & Jard, 1968) remain larger than
normal for periods much longer than the phase of glandular secretion
(House, 1969a, b) it seems necessary to accept the previous evidence
(House, 1969b, 1970) that noradrenaline increases PO1.

If this picture of the changes in P and Pa1 evoked by noradrenaline is
correct, then we might expect that the changes in those ionic permeabili-
ties ought to be reflected in the changes in the conductance, Gi, for actively
transported sodium ions and in the shunt conductance, G8, respectively.
Fig. 7B displays the estimated time courses of Gi and G, for skins bathed
in normal Ringer solutions; House (1970) obtained GI by subtracting the
shunt conductance from the total skin conductance when the skin was
bathed in sulphate media. G8 has been obtained currently by subtracting
the values of G1 from the corresponding values of (G1+ GC) for skins
bathed in normal Ringer on the assumption that G1 is identical in both
normal and sulphate Ringer. The values of G. obtained are larger than the
corresponding shunt conductances in sulphate Ringer and Gs reaches a
peak value during the depolarizing phase of the response. The fact that G,
is larger than the shunt conductance in sulphate Ringer is compatible with
the belief that chloride ions carry the major portion of the depolarizing
current across skin bathed in normal Ringer. In contrast to the time course
of G,, it is seen in Fig. 7B that Gi does not reach its maximum until a later
stage during the onset of the hyperpolarizing phase (0) of the normal
response (Fig. 7C). The temporal dispersion of GC, and GI, therefore, is
compatible with the changes in PO and PO which underlie the electrical
response to noradrenaline. Since G. includes a contribution from the
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glandular shunt pathway, however, it cannot be regarded as a satisfactory
measure of PO1 alone.
In a previous paper (House, 1969b) the depolarizing phase was

described by the relation, A V/VO = AR/Ro and it was assumed that during
depolarization no change occurred in either the electromotive force, E, of
the active transport system or in Gi. A detailed analysis of the original
simple analogue of the skin p.d., where again E is assumed to remain
constant initially, reveals that the depolarization, AV, will be given by
VoAR/Ro provided that the change in Cs is much larger than Gi. Since the
latter condition is met in skins bathed in normal Ringer but not in sulphate
Ringer, it is clear why the former data ( 0) in Fig. 3 obey A V/Vo = AR/Ro
while the latter values ( x ) do not. Indeed, for skins bathed in sulphate
Ringer it is to be expected that A V/VO < AR/I? since the maximal increase
in shunt conductance is similar to the increase in Gi (House, 1970).
Apart from the alterations in PO. and PO1 which have been proposed in

this paper and in previous work, no other changes in the ionic permeabili-
ties of the outer barrier of the skin seem to be elicited by noradrenaline. In
particular, no evidence has been found for an increase in (PO/PO1) (House,
1969b). Some data in this investigation (Figs. 5 and 6) suggest that nor-
adrenaline produces an increase in (Pi/Pi1); however, more work is required
to clarify the effects of noradrenaline on the inner barrier.

Skin glands
Noradrenaline evokes a brief period of glandular activity and the peak

of this secretary phase is contemporaneous with the depolarizing phase of
the electrical record when the skin is bathed by normal Ringer. At least
part of the depolarization must be attributed to the influx of chloride and
the efflux of sodium and potassium ions through the glandular pathway.
In order to analyse what role the ionic movements through the glands may
play in the electrical response it is necessary to eliminate the effects of

Na a P on the skin p.d. In the present work the possibleincreases in P0 an C0npd ntepeen oktepsil
influxes of chloride (depolarizing phase) and of sodium ions (hyperpolariz-
ing phase) stemming from increases in PO1 and PO, have been abolished by
replacing the external Ringer with either potassium sulphate or magnesium
sulphate Ringer. Under these circumstances the response is transformed
into a transient phase of hyperpolarization and the peak of this new
response occurs at the same time as the minimum of the depolarizing phase
of the original response (Fig. 7 C). Therefore, when the component response
of the epithelial cells to noradrenaline has been removed, the remaining
glandular activity is associated with a relatively rapid hyperpolarization.
The link between the hyperpolarization recorded in Fig. 7A and glandular secre-

tion might be that there is an active electrogenic efflux of chloride ions. Although no
15-2
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direct measurements of ionic effluxes from the skin glands have been made, it is
possible to estimate the upper magnitude of the secretary flux. Seldin & Hoshiko
(1966) have estimated that there may be as many as 7-6 x 103 glands per cm2 in frog
skin and that each gland may produce a maximal secretary volume of 4 x 106 Itl.
Thus the maximal secretary volume from unit area of frog skin will be about 3 x 10-2
ul. and, if this secretion is isotonic, then the quantity of anion, say chloride, secreted
will be 3 x 106 m-equiv. According to Seldin & Hoshiko (1966) the secretary volume
from the glands does not increase significantly after 120 sec, and, therefore, the
maximal efflux of chloride would be 0 09 Fl-equiv. cm-2 hr- (equivalent to a short-
circuit current of 2*4 ,tA cm-2). Such a secretion of chloride, if it were purely electro-
genic and if the shunting introduced by the accompanying cation were insignificant,
would produce a hyperpolarization of 2-4 mV across a skin resistance of 1000 L2 cm2.
Therefore, provided that secretion is primarily an electrogenic efflux of chloride ions,
then glandular activity might generate under optimal conditions a hyperpolarization
of a few millivolts. The relatively large hyperpolarizations recorded in Figs. 4, 6, 7
and 8 are apparently well above the upper limit which is likely to stem from an
active electrogenic transport of chloride ions by the glands. Lindley (1969) has
reported that the lumen of skin glands becomes positive with respect to the inner
surface of the skin during glandular secretion. Until more evidence becomes available
on this point and about the ionic components of the secretion it is necessary to
express considerable doubt about not only the expected size but also the direction of
the glandular electromotive force.

The electrogenesis of the hyperpolarizing response (Figs. 4, 6, 7 and 8) is
not resolved definitely although certain conclusions can be drawn about its
nature. First, the polarity of the response can be altered by reversing the
direction ofthe chloride gradient across the skin (Fig. 8). Secondly, although
the response is dependent upon the metabolism of the tissue it is not
reduced in magnitude by a specific inhibitor of active chloride transport.
Thirdly, the time course of the p.d. is closely matched by that of the
conductance (Fig. 6); indeed, both are similar to the time course of
glandular secretion recorded volumetrically in Bufo bufo skin (unpub-
lished work) and in Xenopus skin (House, 1969a, b). Also the estimated
time course of the changes in 6. resembles that of the skin conductance
during the response (Fig. 7B). Finally, the response is not dependent
directly upon the presence of external potassium or internal sodium ions;
however, it does require the presence of chloride ions. Thus I envisage that,
when the glands are activated by noradrenaline, they offer a transient
leak pathway which is occupied predominantly by chloride ions. The
efflux of chloride and concomitant cations generates a diffusion potential
across the skin such that the inside becomes positive with respect to the
outside.
The existence of the hyperpolarizing response probably explains the

origin of the discrepancy between (A V/VO) and (AR/RX) which was observed
in Fig. 3 for the experiments where [Clo] was altered. Invariably it was
found that AV/V. < AB/R0 when [Clo] < [Cl1]. Under the circumstances,
where a chloride concentration gradient exists across the tissue, the level
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of depolarization will depend not only on the efflux of sodium and potas-
sium down the electrical gradient, but also on the movement of chloride
down its electrochemical gradient. For example, consider the experiments
where [Clo] = 2 mm (Fig. 2). If the skin becomes very permeable to
chloride ions during the initial phase of the response, then the skin p.d.
will move towards a higher value which will oppose partially the shunting
effect of sodium and potassium movements on the p.d. Therefore, the
actual change in skin p.d. will be less than Vo AR/R..
My experimental evidence indicates that the active skin glands them-

selves do not generate an observable component in the potential response
to noradrenaline. Despite the absence of an unambiguous signal of ionic
secretion from the glands, an electrical index of glandular activity is
apparent when a chloride concentration gradient exists across the skin and
external sodium ions are absent. That response may prove to be a useful
electrical tool for analysing some of the characteristics of glandular
secretion in amphibian skin.
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