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Summary 

Isolated segments of  Amphiuma small intestine bathed in chloride or sulfate 
buffer  generate a greater short-circuit current and a larger change in current in 
response to galactose when the serosal muscle layers are stripped from the 
mucosa. Intact  (unstrapped) segments are not  apparently anoxic since stripped 
segments exposed to serosal N2 for 3 h display normal short-circuit currents but  
a reduced potential  response to galactose, while the presence of  muscle layers 
tends to reduce the short-circuit current but  does not  alter the potential  
response to galactose. Bullfrog small intestine also generates greater short- 
circuit current following removal of the muscle layers. The enhancing effect  of  
stripping appears to be related to removal of  a resistance to ion flow across the 
tissue. 

Introduct ion 

It was noted in initial in vitro experiments with Amphiuma that the serosa 
and smooth  muscle layers could be easily separated from the mucosa by  blunt  
dissection and the resulting stripped segments exhibited electrical behavior con- 
sistent with greater ion transport  capacity than the intact intestine. This obser- 
vation had been reported previously for rabbit  ileum [1] and the explanation 
was advanced that the muscle layers represent a significant barrier to the diffu- 
sion of  oxygen. Alterations in electrical behavior produced by selective 
exposure of  the separate faces of  the epithelia to anaerobiosis tend to support  
this view [2,3] as do measurements of  tissue oxygen consumpt ion [4]. These 
approaches have led to the suggestion that  the absorptive and crypt  cell contri- 
butions to the overall electrical behavior are separate and identifiable [2--4].  

This s tudy documents  the enhancement  of  ion transport  activity following 
removal of  the serosal muscle layers of  Amphiuma and bullfrog small intestine 
and examines the response in Amphiuma in more depth from the view that  
stripped segments exposed to serosal N2 should behave like intact segments if 
the presence of  the muscle layers is a barrier to oxygen diffusion. 



92 

Methods 

Adult  Amphiuma obtained from Carolina Biological Supply (Burlington, 
N.C.) were stored in tap water at room temperature.  Adult  bullfrogs were ob- 
tained from Mogul-Ed (Oshkosh, Wisc.) and stored in tap water. Amphiuma 
were anesthetized in 0.2% chloretone (Parke-Davis and Co.); bullfrogs were 
decapitated.  In both  cases the entire small intestine was excised and the proxi- 
mal one-third just distal to the a t tachment  of  the pancreas was used. The 
excised segment was placed in a dish of  oxygenated buffer  and rinsed through 
with buffer  solution. Either or both of  two protocols  was performed (1) a 2 cm 
length of  intestine was opened along the mesenteric border  (an intact or un- 
stripped segment); (2) a 2 cm length of  intestine was stripped of its serosal 
muscle layers by dissection with fine pointed forceps (a stripped segment). The 
latter operat ion required about  1 min and served to remove the serosa and the 
outer  longitudinal and inner circular smooth muscle as revealed by histology. 
The muscle removed represented 30 -+ 4 (S.E.) % of  the dry weight of  Amphi- 
uma small intestine and 18 -+ 3% of  bullfrog small intestine. Stripped and intact 
segments were mounted  between two halves of a lucite chamber which was 
then filled with the appropriate buffer.  These are referred to as unmatched 
experiments.  In o ther  experiments adjacent segments of  tissue from the same 
animal were placed in separate but  identical chambers. In some experiments 
both segments were stripped; in others only one of  the segments was stripped. 
These are referred to as matched experiments.  In every series an effor t  was made 
to eliminate systematic error  by randomizing with regard to tissue t rea tment  
(stripped vs. intact  when applicable), chamber  assignment and short-circuiting 
electronics. The chambers were nearly identical to that  used by Quay and Arm- 
strong [5] employing an oxygen lift to cont inuously circulate the buffer solu- 
tion. Originally 0.18 cm 2 of  tissue was exposed to the buffer  solution. The 
chamber  was later altered to expose 0.32 cm 2 of  tissue. All experiments were 
conducted  at room temperature .  

The buffer  solutions employed are tabulated in Table I. The pH was main- 
tained at 7.2. When galactose, glucose or valine was added at 10 mM an osmotic 
equivalent of  mannitol  was omit ted  from the bathing solution. 

Transmural potential  difference was measured to 0.1 mV with a model  268 
Digitec digital mill ivoltmeter (United Systems, Inc.) or an Orion model  701 
digital pH meter  (Orion Research Inc.) in the mV mode. Current  was passed 
from a bat te  .ry in series with fixed resistors and a ten-turn 1 M~2 potent iometer .  

T A B L E  I 

C O M P O S I T I O N  O F  B U F F E R  S O L U T I O N S  

B u f f e r  C o m p o n e n t  ( m e q u i v . / 1 )  

N + K + Mg 2+ Ca 2+ T r i s  + C1-  SO 2 -  M a n n i t o l  

A m p h i u m a ,  C1-  9 0  

A m p h i u m a ,  S O ~ -  9 0  

A m p h i u m a ,  N a  + f r e e  

Bullfrog, CI 9 9  

B u l l f r o g ,  SO 2 -  1 0 2 . 6  

2 . 5  1 . 0  1 . 8  5 . 0  1 0 3 . 1  - -  2 0  

2 . 5  1 . 0  1 . 8  5 . 0  - -  5 2 . 2  6 5  

2 . 5  1 . 0  1 . 8  9 5  1 0 2 . 0  - -  2 0  

2 . 5  1 . 0  1 . 8  5 . 0  1 1 2 . 1  - -  2 0  

2 . 5  1 . 0  1 . 8  5 . 0  - -  6 0 . 5  7 0  
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The voltage drop across a precision k~2 resistor was displayed on a Digitec 262C 
multimeter and taken as the short-circuit current. Current-passing and potential- 
sensing electronics made contact  with calomel half-cells which, in turn, made 
contact with the chamber solution through bridges of saturated KC1 in 4% agar. 
To insure minimal leakage of KC1 into the bath, current passage was very brief 
(approx. 10 s) and infrequent (every 20 min). 

Prior to killing the animal one or both chambers were assembled and pre- 
equilibrated with the appropriate buffer solution to reduce potential offsets 
and minimize leakage of KC1 into the bath. With the tissue in position the 
buffer was frequently replaced with fresh solution. The current passing through 
the system at zero transmural potential was taken as the short-circuit current 
after correction for solution resistance by the method of Clarkson and Toole 
[6]. The tissue resistance was calculated from the short-circuit current and the 
open-circuit potential. Following the experiment the chambers were reassembled 
and equilibrated with buffer to record the offset of  the potential-sensing elec- 
trodes. 

Results 

Amphiuma 
In vitro segments of isolated Amphiuma small intestine develop a spontane- 

ous transmural potential (~ms) of 1--2 mV, serosa positive when bathed in NaC1 
buffer. As is evident in Fig. 1 for intact segments and those relieved of their 
serosal muscle layers (stripped), after an initial period of equilibration the 
potential and the short-circuit current (Isc) are stable over hours. For the un- 
paired observations in Fig. 1 it is also obvious that  the magnitude of ~m~ I~c 
and the tissue resistance (RT) is related to the presence or absence ")f the 
muscle layers. When the serosal muscle layers are removed the resultant 
stripped segments exhibit a greater ~ms, Isc and lower R w than the intact seg- 
ments. This observation is consistent with the findings of Field et al. [1] that  
isolated segments of stripped rabbit ileum develop greater Is¢ than segments 
with intact smooth muscle layers. Also shown in Fig. 1 is the maximum elec- 
trical response of the tissue when the actively transported but non-metabolized 
sugar galactose (10 mM) was added to the bath after 180 min. There was no 
significant difference in the transmural potential response between stripped and 
intact segments ( P >  0.20) but the I~c response of stripped intestine signifi- 
cantly exceeded (P < 0.05) the response of the intact segments. The increased 
I~¢ response in stripped segments is also in agreement with Field et al. [1]. They 
reported nearly 3-fold increases in current response on addition of 10 mM glu- 
cose. For Amphiuma, sugar-induced changes in tissue resistance did not  occur 
or were small and not  reproducible. For this reason effects of  sugar o n  R w will 
not  be reported. 

As stated previously the data of Fig. 1 is from unpaired tissues. Since it is 
possible that  batches of animals respond differently adjacent segments of  intes- 
tine from the same animal were compared, one stripped, the other left intact. 
The difference in ~ms and I~c (stripped minus intact) is plotted in Fig. 2 for 
these paired observations. Obviously, over the 3 h interval the difference in ~m~ 
was very nearly zero. In this regard there is a difference from the unpaired ob- 
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Fig. 1. T i m e  course  of  t r a n s m u r a l  po t en t i a l  ( ~ m s ) ,  shor t -c i rcu i t  cu r r en t  (Isc)  and  tissue res is tance ( R T ) i n  
unpa i r ed  s egmen t s  of  A m p h i u m a  small  in tes t ine  b a t h e d  in chlor ide  b u f f e r  w i th  (o) or  w i t h o u t  (()) 
a t t a c h e d  serosal  musc le  layers .  Bars indica te  peak  response  to 10 mM galactose  +S.E. The  n u m b e r  of  
e x p e r i m e n t s  is in pa ren theses .  

servations of Fig. 1. The Isc , however, is much higher in the stripped segments 
over 3 h and the Ise response to galactose is also greatly increased. Finally, the 
transmural potential response to galactose was identical in the adjacent seg- 
ments. On these points there is agreement with the unpaired experiments that  
the removal of serosal muscle layers elevates the basal, unstimulated Isc and the 
galactose-induced A/sc. 

To determine whether the effect depended on chloride this ion was replaced 
with sulfate without  effect on the response. For the unpaired experiments in 
Fig. 3 the polarity of  the intact segments was serosa negative and was reversed 
by stripping. The direction of the Isc was reversed accordingly but the magnitude 
of the current was much below that  observed in chloride buffer. The resistance 
of  the tissue was quite high in intact segments (Fig. 3) and considerably 
reduced by stripping. The galactose-induced A ~ / m s  w a s  not  different (P > 0.2) 
in the two series, however, the AIsc was different (P < 0.01). In summary, the 
removal of the serosal muscle layers elevates the basal Isc and the galactose- 
induced AIsc in chloride or sulfate buffer. Since the short-circuit current is a 
measure of  the net transport of  ions by the tissue it follows that  stripped seg- 
ments have a greater ion transport capacity. 

It has been proposed that  the increased transport capability of stripped intes- 
tine results from enhanced oxygen availability to the epithelia from the serosal 
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[4] found levels of oxygen consumption in mucosal scrapes and stripped seg- 
ments of  rabbit ileum exceeded that  of intact segments. 

If the proposal is applicable to Amphiuma small intestine then replacement 
of oxygen in the serosal compartment  of stripped tissues should reduce ~ms 
and Isc to values observed with intact tissues. This was examined in two ways. 
In one series stripped segments were oxygenated normally until the electrical 
parameters stabilized. Then the serosal solution was gassed with N:. As seen in 
Fig. 4 for four pieces of tissue incubated in sulfate buffer and one in chloride 
buffer, serosal N2 produced either no change in ~ns or small, sometime tran- 
sient, increases or decreases. Addition of 10 mM galactose at 180 min in the 
SO~- experiments caused an increase in Isc of 17.4 ± 3.9 pA/cm 2 well within the 
normal response to this sugar (e.g. Fig. 3). Therefore, exposing the serosa to N2 
for 30 min does not  mimic the intact segment with regard to its basal or sugar- 
stimulated electrical characteristics. Since it is possible that  the different behav- 
ior of stripped an intact segments results from more prolonged anoxia, stripped 
segments were incubated in C1- buffer and exposed to oxygen on the mucosal 
side and N2 on the serosal for 3 h (Fig. 5). Comparing the basal ~ms and Isc 
with tissue exposed on both sides to 02 (Fig. 1) there is no difference in these 
electrical parameters as a result of the serosal N2 exposure. On the other hand 
there is a significant reduction in the potential response (P < 0.01) although 
not  the current response ( P >  0.05) when galactose is added at 180 rain. 
Serosal N2 did not  apparently alter the basal electrical characteristics but 
reduced the normal effect of the sugar galactose. Comparison of these unpaired 
experiments may be misleading. Therefore, the basal potential and its response 
to galactose was examined in paired tissues from the same animal, one exposed 
on both sides to oxygen, the other exposed to serosal N2. In Table II (a) the 
response to galactose is listed after 3 h of serosal N2 for the two conditions. In 
this most important  series the paired tissues matched very well, i.e. the basal 
~ms at 180 min in the individual experiments did not  vary by more than 0.1 
mV. Thus galactose response was significantly reduced (P < 0.01) by serosal N2 
in agreement with the previous data. It is also demonstrated in Table II (b, c 

3 -  

2 -  

100 150 200 250 

TIME ('min.) 

F i g .  4 .  r e s p o n s e  o f  tPms  to  s e r o s a l l y  a p p l i e d  n i t r o g e n  a d d e d  a t  1 5 0  m i n  t o  t i s s u e s  b a t h e d  in s u l f a t e  b u f f e r  
(o )  o r  a t  1 2 0  r a i n  in  c h l o r i d e  b u f f e r  (o) .  
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T A B L E  II 

E F F E C T  O F  M U C O S A L  O R  S E R O S A L  N 2 ON T H E  T R A N S M U R A L  P O T E N T I A L  ( ~ m s )  A N D  T H E  

R E S P O N S E  T O  G A L A C T O S E  ( A ~ m s )  IN P A I R E D  T I S S U E S  

n is t h e  n u m b e r  o f  e x p e r i m e n t s .  

E x p e r i m e n t a l  p r o t o c o l  C o n t r o l  E x p e r i m e n t a l  

~ m s  A ~ m s  ~ m s  A ~ m s  n P 

(a) Sc rosa l  N2 ,  3 h 1 .4  ± 0.1 3 .5  ~ 0 .2  1 .5  ± 0.1 2 .3  ± 0 .2  4 < 0 . 0 1  

(b) Se ro sa l  N2 ,  2 h 1 .8  ± 0 .5  2.7 ± 0 .5  1 .7  ± 0 .5  2.1 + 0 .8  4 ) 0 . 2 5  

(c) M u c o s a l  N 2,  3 h 1.3 ± 0 .2  3 .0  ± 0 .5  1 .4  ± 0 .3  2 .3  ± 0 .5  6 ) 0 . 1 0  

(d)  M u c o s a l  N2 ,  2 h 1 .2  ÷ 0 .2  2 .4  + 0 .3  1.3 + 0 .4  2 .0  +- 0 .3  4 ) 0 . 2 5  

and d) that  no significant decline in response is produced by a 2 h N2 exposure 
in either chamber or a 3 h N2 exposure in the mucosal chamber. It is also ob- 
vious from Table II that  serosal N2 did not  alter the basal ~ms in agreement 
with previous data (Fig. 5), and so would not  be expected to alter Ise. 

Only when both mucosal and serosal compartments are gassed with N2 is 
there a dramatic effect on the basal and sugar-stimulated potential and current. 
This is illustrated in Fig. 6 with two typical experiments in C1- buffer. In the 
first (open circle) both mucosal and serosal compartments were gassed with N2. 
The addition of galactose produced a steady, elevated potential difference 
which was rapidly reduced when the mucosal compartment  was also gassed 
with N2. These results indicate the mechanisms responsible for maintaining the 

3 -  

2-  
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TIME (HRS.) 
Fig .  5. E l e c t r i c a l  p a r a m e t e r s  o f  A m p h i u m a  i n t e s t i n e  b a t h e d  in  c h l o r i d e  b u f f e r  a n d  e x p o s e d  to  se rosa l  N 2 

(¢~) o r  b a t h e d  in  o x y g e n a t e d  Tr i s  • c h l o r i d e  b u f f e r  (~.). T h e  ba r s  i n d i c a t e  t h e  r e s p o n s e  t o  g a l a c t o s e  o f  t he  

t i s sues  e x p o s e d  t o  N 2. 
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Fig .  6.  T i m e  c o u r s e  o f  r e s p o n s e  o f  p o t e n t i a l  in  t w o  s e p a r a t e  e x p e r i m e n t s  in  A m p h i u m a  in w h i c h  t he  t i s sue  

was  e x p o s e d  o n  o n e  o r  b o t h  s ides  t o  N 2 a n d  t h e  r e s p o n s e  t o  10  m M  g a l a c t o s e  r e c o r d e d .  

basal potential difference and for the galactose-stimulated potential difference 
are oxidative in nature. 

Taken together these results contradict the proposal that  the presence of the 
muscle layers produces a relative hypoxia in the transporting cells of Amphiuma 
since gassing with serosal N2, which should also produce anoxia in the same 
loci, does not  lower the basal Isc, but does lower the ~ms response to galactose. 
The presence of muscle layers has the opposite effect, lowering the basal Ise but 
not  altering the galactose-induced potential. The effect of serosal N2 on Amphi- 
uma intestine is opposite that  reported in rat jejunum. Baker et al. [2] and 
Munck [3] have reported that  gassing intact segments with serosal N2 lowers 
the basal ~ms and Isc but does not  influence the response to actively transported 
solutes. It was suggested that  the basal potential difference may be dominated 
by crypt cell ion transport processess more susceptible to serosal N2 by virtue 
of  their proximity to that  compartment;  more distant villous absorptive cells 
responsible for sugar transport would not  be exposed to N2 and the electrical 
correlates of sugar absorption would occur in full. Clearly this explanation 
would not  apply to Amphiuma since the villous sugar absorptive process is 
affected by serosal N2 at least as deduced by the electrical measurements while 
the basal transport processess are not. It is more likely that  for Amphiuma and 
rat the basal and sugar-stimulated processess are separate, distinct and fully 
exposed to N2 but differentially sensitive. The results with Amphiuma suggest 
the need for caution in the assignment of basal electrical behavior to one or 
another cell type in the epithelium. 

These data do confirm the conclusion of Baker et al. [2] that  the basal 
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potential difference and sugar-stimulated potential difference are manifesta- 
tions of  different processess since, in Amphiuma, the former is not influenced 
by serosal anoxia while the latter is reduced. 

In further comparison with rat jejunum, mucosal anoxia for 3 h falls to sig- 
nificantly reduce the response to galactose in Amphiuma as seen in Table II 
while short exposures of  the mucosal surface of rat jejunum seriously depresses 
the electrical response to sugars [2] or amino acids [3] and the uptake of 
galactose across the brush border [7].  Like all mammalian preparations 
studied, the transmural potential difference and the response to sugars depends 
on the presence of  sodium since, as seen in Fig. 5, replacement of  sodium with 
Tris reduced the spontaneous transmural potential to zero. Addition of  galac- 
tose after 3 h in this series of  four experiments, elevated ~ms insignificantly 
(0.1 + 0.1 mV). 

Bullfrog 
The above results are not unique to Amphiuma. As seen in Fig. 7 for un- 

paired segments of  bullfrog intestine in chloride buffer, removal of  the serosa 
and muscle layers elevates the short-circuit current and the response to galac- 
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F i g .  7 .  T i m e  c o u r s e  o f  t h e  e l e c t r i c a l  p a r a m e t e r s  in u n p a i r e d  s e g m e n t s  o f  b u l l f r o g  s m a l l  i n t e s t i n e  b a t h e d  in 
c h l o r i d e  b u f f e r  w i t h  ( e )  or  w i t h o u t  ( ) )  a t t a c h e d  m u s c l e  l a y e r s  Bars  i n d i c a t e  t h e  p e a k  r e s p o n s e  t o  ga lac -  
t o s e .  
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tose (10 mM) while lowering the tissue resistance. These results were confirmed 
in paired adjacent segments. 

Discussion 

In contrast to intact (unstripped) segments of mammalian small intestine, 
which suffer a dramatic decline in transport activity over 1 h, unstripped seg- 
ments of  Amphiuma and bullfrog small intestine are both capable of sustaining 
a short-circuit current over several hours. Thus it was surprising that  removal of 
the muscle layers would enhance the ion transport capacity of the tissue. Pre- 
sumably, these amphibian preparations are less dependent  on oxidative metab- 
olism and would thereby be less dependent  on a supply of oxygen. It has 
already been demonstrated that  exposing the serosal side of the tissue to N2 
does not  mimic the presence of the muscle layers. Clearly, for these prepara- 
tions, stripping the muscle layer must elevate the short-circuit current by 
another means. The most direct means would be by elevating the tissue conduc- 
tance, that  is, by reducing the resistance to the flow of ions that  have been 
transported across the basolateral membrane into the subcellular tissue. A 
model which accounts for these observations is shown in Fig. 8 and is a form 
of the equivalent circuit proposed by Armstrong et al. [8] but modified to 
include a series resistance, Rmu, the resistance of the serosal muscle layers. The 
solution to this circuit is given in Eqns. 1 and 2 where the transmural potential 
(~ms) is related to the mucosal and serosal membrane potentials (electromotive 
forces Em and Es) , a junction potential (Ej) in parallel with the cellular elements, 
membrane resistances Rm and Rs, and the resistance of the junction (Rj). Ej is a 
diffusion potential across the tight junction which develops as a consequence 
of ion transport into the lateral intercellular spaces [8]. The transmural poten- 
tial (Eqn. 1) is seen to be independent of the presence of Rmu in agreement 

~ms = [(Es --Em)Rj --Ei(Rm + Rs)]/R,r (1) 

E s - - E  m + E i [ 1  - -  (R m + R s + Rj)/Rj] 

Ise = R m + R s + Rm~(R m + R s + Rj)/Rj (2) 

with the data from Amphiuma (Fig. 2) and bullfrog (Fig. 7). On the other hand 

Rm Em Es Rs 

m 
A 
w 

Rmu 
$ 

F i g .  8 .  E q u i v a l e n t  c i r c u i t  f o r  i n t a c t  A m p h i u m a  s m a l l  i n t e s t i n e  ( s ee  t e x t  f o r  a d e s c r i p t i o n ) .  
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Rmu has a dramatic effect on the short-circuit current (Eqn. 2). If, for example, 
(Rm + R s ) / R  i = 5, approximating that  reported for isolated rat [14] and rabbit 
[15] small intestine, then Eqn. 2 reduces to 

is,~ = E s - -  E m - -  5E~ (3) 
5 + 6Rmu 

Since removal of the muscle layers nearly doubles Ise (Figs. 1 and 7) Rmu must  
have a relative value of about 1, i.e. nearly equal to the equivalent resistance of 
R m + R s in parallel with Rj. 

In contrast to intact segments of bullfrog small intestine which develop a 
higher transmural potential in sulfate buffer [5] replacement of chloride with 
sulfate in stripped segments of Amphiuma has little effect (cf. Figs. I and 3) in 
keeping with observations in the turtle [9]. Since at the same time the Isc is so 
much higher in chloride buffer it would appear that  chloride facilitates net Na + 
transport. This could occur if sodium and chloride enter simultaneously into 
the absorptive cell by means of a carrier in the mucosal membrane. Such a 
mechanism has been proprosed for amphibian [5] and mammalian [10] small 
intestine. Active chloride accumulation by absorptive cells has been demon- 
strated in Amphiuma small intestine [ 11] which suggests that  the carrier utilizes 
the energy of the Na ÷ gradient for uphill C1- transport. Subsequently, the Na ÷ 
would be tranported across the basolateral membrane by an energy-dependent 
mechanism. 

The effect of prolonged serosal anoxia to reduce the response to galactose 
deserves further comment .  Mucosal N: is without  effect on the electrical char- 
acteristics of Amphiuma intestine suggesting that  the sugar response does not  
depend on oxidative mechanisms at the mucosal membrane of the absorptive 
cell. Observations in bullfrog [12], rabbit ileum [13], and Amphiuma (White, 
J.F., unpublished) indicate that  sugars depolarize the mucosal membrane. This 
probably occurs solely by increasing mucosal Na ÷ permeability. The passive 
entry of Na + is followed by intracellular events which require metabolic energy 
to transport sodium from the cell. It is this latter active transport step which 
must be susceptible to prolonged exposure to N2. Gradual inhibition of baso- 
lateral Na ÷ transport would lead to elevation of cellular sodium and a reduction 
of the electrical response to galactose as the sodium gradient is dissipated. 
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