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SUMMARY 

hnmediately after warming everted sacs of rat jejunum front o ° to 37 '~, the 
translnural potential difference (PD) averages 5.1 mV, a value close to that which can 
be recorded in vivo; however, the PD is not maintained at this level but rapidly 
declines to a relatively steady value of about 1.4 mV. This rapid decline is apparently 
not caused by depletion of energy supplies and is not seen unless the intestine is 
everted. The non-everted sac maintains a PD similar in magnitude to that which can 
be recorded in vivo for a much longer time than does the everted sac, and may be a 
better preparation for certain types of study in vitro. 

INTRODUCTION 

When everted rat jejunum was incubated in vitro, using a mediurn with normal 
Na + concentration but without organic substrate, a transmural electrical potential 
difference (PD) averaging 1. 5 mV, serosal side positive, was recorded by BARRY et al. 1. 
However, when these authors made similar measurements from rat jejunum in vivo, 
a considerably higher PD (mean = 4.7 mV) was recorded 1. LYON .~XD CI~ANE 2 
obtained somewhat larger values (mean := 3.2o mV) with everted sacs of rat jejunum, 
but still not as large as have been recorded i~ vivo (ref. 3; R. D. BAKEIL unpublished 
observations). This discrepancy is also true for rat duodenum 4, a. Since the transmural 
PD is thought to depend principally upon mucosal to serosal Na + transport by the 
epithelial cells 2, it would seem that normal rates of Na + transport are not maintained 
by the everted small intestine studied in vitro. 

In preliminary experiments we noticed that when recording was started soon 
after beginning incubation at 37 °, the PD was fairly high (3-4 mV) but was not 
maintained. It  decreased during the first few minutes to a relatively steady value of 
about 1.5 inV. BARRY el al? have previously made this same observation. It seemed 
that the initial PD immediately after warming to 37 ° might represent more closely the 
PD in vivo. The present report is concerned with this initial PD and with its subse- 
quent decline. 

Abbreviation: PD, potential difference. 
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M E T H O D S  

Male Ho l t zman  ra ts  weighing between ,9  o and 360 g were used. Each ra t  was 
fas ted  for I8--24 h, and  then anes the t ized  with  e ther ;  i ts  small  intes t ine was r insed 
wi th  ice-cold K r e b s - R i n g e r  b ica rbona te  solut ion ~ and removed by cu t t ing  at  the 
radix.  Af ter  cu t t ing  away  the mesentery ,  a 5-cIn segment  of mid - j e junum was ever ted  
and t ied to a glass cannula.  The technique was essent ia l ly  tha t  of CRA.','t~; .\xl) \Vn.sox 7 
as modified by  LYoN AND CRANE 2 for PD measurements .  The serosal solut ion was 
0.5 ml K r e b s - R i n g e r  b ica rbona te  buffer and  the mucosal  solut ion was 8.o ml Krebs  - 
Ringer  b ica rbona te  buffer (pH 7.4). The mucosal  solut ion was gassed with 5 o; CO., 
in O,,. Po lye thy lene  tubes  filled with 3 M KCI in 3 o; agar  led from mucosal and 
serosal solut ions to calomel electrodes.  Potent ia ls  were recorded on a Grass po lygraph  
with a Model 5PI  d.c. preamplifier .  The input  i lnpedance was I .o.  Io"D.  This was 
judged  adequa te  since ident ical  PD's  were ob ta ined  using a Kei th lev  model  6 w B  
e lec t rometer  wi th  an inpu t  impedance  of m H.Q. After  ba lancing  the PD caused by  
e lect rode a symmet ry ,  the  sys tem was ca l ib ra ted  through the source from the 5PI  
preamplif ier .  

The  je junal  segment  was kep t  immersed  in K r e b s - R i n g e r  b ica rbona te  buffer at  
o ° from the moment  of excision until  the KC1 bridges were inser ted;  this usual ly  took 
abou t  9 or io  rain. We recorded at  o ° for I -2 rain, and then quickly  t ransfer red  the  
cannula,  with a t t ached  intest ine,  KC1 bridges,  and  gassing tube  to 8.o ml of mucosal  
solut ion at  37" while recording continued.  In  some exper iments  a small  thermis tor  
(Cole-Parlner 8456 ) was placed in the serosal solut ion;  t empera tu re  was recorded on 
the po lygraph  from a Yellow Springs Model 43TD Tele-Thermometer .  

I{ESUI.TS AND I) ISCUSSION 

A record ob ta ined  in a typica l  exper imen t  is shown in Fig. I. The  PD was 
o.5 mV at  o °. While  the  serosal  t e lnpera tu re  increased to 37 ° the  PD increased,  in two 
phases,  to 4.2 inV. The PD then g radua l ly  decl ined to a re la t ive ly  s t eady  value of 
1.5 mV even though the t empe ra tu r e  remained  at  37 °. This response to warming  was 
cons is ten t ly  observed.  Mean PD values for I6 ra ts  are shown in Table  I. The m a x i n m m  
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F i g .  [ .  T r a n s m u r a l  P D  a c r o s s  c v e r t e d  r a t  j e j u n u m  e f fec t  of  w a r m i n g  f r o m  o"  to  37 % A t  t h e  f i r s t  
a r r o w  t i le  i n t e s t i n e  w a s  q u i c k l y  t r a n s f e r r e d  t o  a n e w  m u c o s a l  s o l u t i o n  a t  3 7 .  T r a n s f e r  t o o k  n o  
l o n g e r  t h a n  5 sec.  4 r a i n  l a t e r ,  I.O m l  of 5 % g l u c o s e  s o l u t i o n  in  I - 2 r e b s - R i n g e r  b i c a r b o n a t e  b u f f e r  
x~as a d d e d  t o  t h e  m u c o s a l  s o l u t i o n  t o  g ive  t i le  f ina l  c o n c e n t r a t i o n  i n d i c a t e d  in t h e  f igure .  P h l o r i z i n  
s o l u t i o n  (I.O ml)  w a s  a d d e d  a t  t h e  l a s t  a r r o ~  t o  g ive  t h e  f ina l  c o n c e n t r a t i o n  i n d i c a t e d .  T h e  c u r v e d  
l i nes  u s e d  fo r  t h e  o r d i n a t e  s c a l e s  i n d i c a t e  t h e  c u r v a t u r e  of  t i le  l ines  o n  t h e  c h a r t  p a p e r  w h i c h  h a ~ e  
n o t  b e e n  r e p r o d u c e d  h e r e .  
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T A B L E  i 

TRANSI~IURAL P I ) *  AT O ° AND AT 3 TIMES AFTER \VARI~IlNG TO 3 7  ° 

o ° After warming to 37 ° 

Peak 4 min 5 min 

E v c r t e d  0 .6  ~ o .o8  5 . I  !- 0. 4 1.6 !: o . I  I .  4 :{~ o . I  

N o n - e v e r t e d  o. 7 :L o .o9  6 .3  - -  o .4  5,5 - -  ° . 4  5 .8 ~ o.4 

* E a c h  v a l u e  is t h e  m e a n  P D  (in mV)  = S .E .  fo r  i 6  a n i m a l s  in e a c h  g r o u p .  

PD, obtained within I rain after transfer to 37 ~, was similar in magni tude to tha t  
recorded in vivo. After 5 min at 37 ° the subsequent decline in PD was very slow. The 
usual effects of D-glucose and phlorizin in the mucosal solutionI, a-~° are also shown in 
Fig. I. D-Galactose had the same effect as D-glucose. 

The hump in the PD curve following warming was not  blocked by lO -4 M 
phlorizin in both mucosal and serosal solutions, although, of course, tile response to 
actively t ranspor ted sugars was prevented. Neither was the hump consistently affected 
by ~o ~ 5I ouabain in the serosal solution. Curiously, we also could not detect any 
consistent effect of ouabain on the s teady potential or on the glucose-induced potential,  
a result which is inconsistent with previous observations on rat je junum u , r ' .  Four  
different sources of ouabain were employed:  Signla, Calbiochem, Nutrit ional Bio- 
cheinicals, and Lilly. Only the last preparation, which was from the same manu-  
facturer 's  lot as tha t  used by LYo.x- AXD CRAXE H (I. LYON, personal communication) 
and for which we thank Dr. J. M. McQuIRE of the Lilly Research Laboratories,  
resulted in occasional inhibition of the PD, especially noticeable when the je junum 
was not everted. The other preparations either had no effect or caused a small transient  
increase in PD. Digitoxin at a concentrat ion of IO -4 M in the serosal solution also 
failed to iuhibit the PD. Insensi t ivi ty of t ransport  processes in rat  small intestine to 
cardiac glycosides has been reported previouslyIa-l'L 

The possibility tha t  this transient elevation in PD is an artifact caused perhaps 
by asynchronous warming of the KC1 bridges has been ruled out by testing dead 
intestine (boiled for zo sec) and rat diaphragm, neither of which produced any  PD 
upon warming. However,  everted rabbit  gall bladder, also an asymmetr ic  epithelial 
membrane with low resting PD, showed a response to warming similar to tha t  of 
everted rat jejunum. 

The rise in PD with warming would be expected froin the effect of tempera ture  
on the Na + pump and on energy supply. But  the reason for the rapid drop in PD 
while the temperature  remained constant  is not  obvious. A ready explanation is tha t  
the gut  runs low on fuel. But  the PD can be immediately  restored by  adding an 
actively t ransported sugar to the nmcosal solution even if the sugar is not  metaboliz- 
able. Furthermore,  if the decline in PD is caused by  depletion of fuel supplies, the 
cycle should not be repeatable. Fig. 2 shows tha t  when the intestine was transferred 
back to o ° for 2 min and then returned to 37 °, a second response was obtained. A 
third response is also shown in Fig. z. In six experiments done according to the routine 
shown in Fig. z, the first, second and third peaks averaged 6.2, 2.2, and 1.6 nW, 
respectively. The durat ion of exposure to o ° between I rain and 15 rain had no 
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appreciable influence on tile magni tude  of the second response. If tile second response 
were caused bv recuperation of energy supplies at o ° (which seems unlikely'), or by 
accumula t ion  of Na + in the epithelial cells at o '~, the second response should be 
dependent  on dura t ion  of exposure t(~ the cold solution. We conclude that  sufficient 

0' w ~ c w w 

Fig. 2. Transmural PD across everted rat jejunum effect of repeated warming and cooling. The 
segment was quickly transferred to a warm (37'-') mucosal solution at \V and transferred to  a cold 
(o") mucosal solution at C. An artifact appears in the record at the moment of each transfer as the 
outer electrode loses contact with mucosal solution. 

fuel is available at 37 ° to produce a PD well above that  which is actual ly maintained.  
Second and third responses could not be obtained if the nmcosal solution were gassed 
with 5 °o CO,, in N 2 instead of O.~ througllout  the experiment  or if io -a M 2,4-dinitro- 
phenol was present in the incubat ion  medium. Therefore, the response to warming 
was dependent  upon oxidative metabolism. These metabolic inhibitors had little or 
no effect as long as the intest ine was main ta ined  at o °, and the first response to 
warming took place even in the presence of anoxia or dinitrophenol.  

If the failure of everted gut  to main ta in  a normal  PD is not  caused t)3: depletion 
of fuel supply, it might be caused by absence of glucose at the t ranspor t  site in the 
brush borders, glucose which lnight normal ly  arrive at tha t  site in a retrograde fashion 
from the vascular system. However, BARI~V el al. ~ showed that  a very high concentra-  
t ion was necessary for glucose in the serosal solution to increase the PD appreciably,  
and  this effect was blocked by mucosal phlorizin. Since phlorizin does not decrease the 
PD recorded in vivo ~, we  conclude that  main tenance  of a higher PD in vivo than 
in vitro is not  due to endogenous glucose. 

The work of CHALFIN, COOPERSTEIN AND HOGBEN 16, showing bullfrog intest ine 
i,t vitro to be more permeable when everted than  when not everted, suggested that  
eversion per se rather  than  relnoval from the animal  may lead to failure of the PD. 
Consequently,  experiments  were run without  evert ing the je junal  segment. Typical  
results are shown in Figs. 3 and 4, and average PD values for 16 rats are shown in 
Table I. Dur ing  warming the PD increased in two phases to a max imum which 
averaged 6.3 inV. I t  then often decreased slightly but  usual ly recovered so that  it 

~ 7 °  

2 I rain 
o L - 2 /  ,'° , 

3 7  ° ~ ~  

2 0  

l 0  

Fig. 3. Transmural PD across non-everted rat jejunum--ettect of warming from o ° to 37 °. 

Fig. 4- Transmural PD across non-everted rat jejunum -effect of warming from o ° to 37 ~'. This 
example illustrates the two-phase rise in PD during warming better than the example in Fig. 3 
and also shows the second peak sometinms observed. 
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sometilnes reached a second peak at about 5 min after warming. The PD was signifi- 
cantly higher than with everted jejunum at the peak and especially at 4 and 5 rain 
after warming, and resembled, much more closely, the normal PD found in vivo. The 
PD then slowly declined, but even after 3o rain it was still 3 or 4 times greater than 
with everted gut. When the non-everted intestine was cooled back down to o °, the 
PD dropped to under I inV, but with subsequent rewarnfing to 37 ° the PD was 
completely restored to its previous value. TIDBALL el al. iv have found the non-everted 
rat intestinal sac to utilize 02 almost as rapidly as the everted sac; apparently the 
nlucosa still receives as much 02 even though the mucosal solution is not directly 
oxygenated. The marked difference in PD between everted and non-everted jejunal 
segments was confirmed using a technique in which the inner solution was con- 
tinuously circulated and oxygenated. 

When non-everted segtnents were used, ripples always appeared in the PD 
record after the serosal solution reached 370 (Figs. 3 and 4). These ripples were 
synchronous with intestinal contractions and could be stopped promptly by adding 
ouabain (IO -4 M) to the serosal solution. 

When segments were everted, but then immediately turned back to their 
normal orientation, the PD was maintained at values nearly as high as those found 
with non-everted segments. Therefore, the failure of everted gut to maintain a normal 
PD is not mainly the result of trauma during the eversion process, but is associated 
with the state of being everted. 

As stated above, bullfrog intestine is more permeable when everted than when not 
everted~% TIDBALL AND CASSIDY have confirmed this observation* and have extended 
it to rat small intestine ~: in which the equivalent pore radius was found to be enlarged 
when the gut was everted' .  These observations suggest an explanation for the failure 
of everted intestine to maintain a normal PD. Perhaps the permeability to ions, and, 
therefore, the transnmral electrical conductivity, increases after everted intestine is 
warined to 37 °. An increase in transmural conductivity would tend to dissipate the 
PD by internal short circuiting. Experiments are now in progress to measure short 
circuit current and transmural conductivity. These results will be reported later, but 
it is already apparent from these studies that transmural conductivity of everted 
jejunum does not increase while the PD is failing, but remains relatively constant. 
So another explanation must be found. 

Perhaps the simplest hypothesis is that, when everted jejunum is warmed, 
the permeability of the epithelial brush borders to Na + is decreased. Consequently the 
intracellular Na ~ concentration diminishes as the Na + pump, located at the basal and 
lateral borders of the epithelial cells, extrudes Na +. As intracellular Na + concentration 
decreases, the pump slows with a decline in PD. The brush border of non-everted 
jejunum, either in vivo or in vitro, according to this hypothesis, has a relatively high 
perineability to Na + so that the pump is continually supplied with adequate Na ~ to 
maintain a high PD. Other possible explanations, involving transport of other ions, 
e.g., C1 , could be formulated. 

In conclusion, the everted rat jejunum seems to develop changes in ion transport 
during relatively brief maintenance at 37 °. The non-everted intestine may, for some 
purposes, be a better preparation in vitro. 

* C. S. TIDBALL AND M. 31. CASSID¥, personal  communica t ion .  
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