
I 9  2 BIOCHIMICA ET BIOPHYSICA ACTA 

B]~A 75~26 

EFFECTS OF EVERSION ON TRANSMURAL ELECTRICAL PROPERTIES  

OF RAT JEJUNUM 

R. l). BAI<I,;[¢,, S. \VATS()N, J. L. LONG :\ND M. J. \VALL 

l)charh,ent qf l)llysiology, (:~zivcrsitv qf Texas 3[cdical IJranca, (;alvcslo~l, ] 'cxas (U.S.A.) 

(Received Augus t  e6th,  1968) 

s UMMARY 

Transmural potential difference, short circuit current, and electrical resistance 
were all appreciably greater when measured from noneverted rat jejunum in vitro 
than from everted jejunum. Everting the small intestine apparently decreases active 
ion transport but increases passive permeability. During the first few minutes of incu- 
bation at 37'  (following preparation at o~), potential difference rapidly declined with 
both everted and noneverted orientations. This decline was caused entirely by a drop 
in net ion fluxes, since during this time electrical resistance either remained constant 
or slightly increased. Adequate interpretation of these results nlust await further 
study. In the meantime it is worth knowing that important transport properties of 
intestine are drastically influenced by the common experimental expedient of eversion. 

INTRODUCTION 

We previously showed that transmural electrical potential difference (PD) 
across rat jejunum is influenced by everting the intestine t. Noneverted segments 
maintained a considerably higher PD i~a vitro than did everted segments. The PD 
recorded from noneverted jejunum in vitro was similar in magnitude to that recorded 
in vivo. Even with everted seginents, transmural PD was fairly high (about 5 mV) 
ilmnediately after warining to 37 ~ (following several minutes at o ° during prepa- 
ration), but this initially high PD was not nmintained; during the subsequent 4 or 
5 rain, the PD declined to a fairly stable value of about z. 4 inV. Noneverted segments 
did not fall as rapidly or extensively as everted segments. 

We'. have further investigated this difference between everted and noneverted 
jejunal seglnents by measuring short circuit current (Ise) and transmural resistance 
(Rm) in addition to PD, hoping to determine if the effect of eversion on PD is caused 
by a change in ion transport, or in tissue resistance, or in both. 

MATERIALS AND METHODS 

We used adult male albino rats from either Cheek-Jones Co., Houston, Texas, 
or Holtzman Rat Co., Madison, Wise. Each rat was fasted 2o-24 h and then aries- 

A b b r e v i a t i o n :  PD, e lect r ical  po ten t i a l  difference. 
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thetized with ether; its small intestine was rinsed with ice-cold Krebs-Ringer  bi- 
carbonate solution and removed by cutting at the radix. After the mesentery was 
cut away, a 6-cm segment of mid-jejunum was tied onto cannulas A and B of the 
apparatus shown in Fig. I. In some experiments the segment was everted with a 
stainless-steel rod before mounting in the apparatus. The inside Ag-AgC1 electrode (C) 
was inserted through upper cannula A and through the intestinal segment until its 
beaded tip was just within lower cannula B. In this position rubber stopper D fitted 
t ightly into the upper eannula. Cannulation was done in a cold room at 2°-5 °. Except  
for a few seconds while being tied to the lower eannula, the segment was completely 
immersed in oxygenated ice-cold Krebs-Ringer  bicarbonate solution. The whole as- 
sembly, secured by lucite block E, was then transferred to 500 ml of oxygenated 
ice-cold Krebs-Ringer  bicarbonate solution in a beaker which was packed in ice. 

Pump G 

I I 
i K 

Fig. I. Diagram of appara tus  drawn to scale. A, Upper  glass cannula;  B, Lower glass cannula;  
C, Inne r  Ag-AgC1 electrode; D, Rubber  s topper;  E, Lucite block; F, Outflow tube;  G, Gas inlet 
tube;  H, Glass tube  for insert ing outer  PD electrode; I, Hole in rubber  s topper  for insert ing 
inner  PD electrode ; J, Outer  si lver-silver chloride electrode; K, Lucite rod. The distance between 
the t ips of the upper  and lower cannulae was 4.5 cm. The Ag-AgC1 electrodes were made from 
0.50 m m  diameter  silver wire. The inner electrode was s t ra ight  wi th  a bead of epoxy on its lower 
end and was insulated where it passed th rough  the upper  cannula  (A) and s topper  (D) ; it was 
sealed in the s topper  wi th  latex. The outer  Ag-AgC1 electrode formed a helix about  4.0 cm in 
diameter  and i .o cm between coils; it was insulated over tha t  por t ion adjacent  to lucite rod (K). 
These electrodes were freshly chlorided before each use. 

The lumen of the intestinal segment was perfused with Krebs-Ringer  bicar- 
bonate solution from a roller pump (Holter, model RL 155) via the lower cannula. 
This solution escaped via the upper cannula and outflow tube F; the outlet of the 
latter was placed outside the 5oo-ml beaker at a level just above the solution in 
the beaker, thereby maintaining a very small positive pressure (< 4 cm water) in 
the lumen. The pumping rate was about 1.5 ml/min. At this flow rate the temperature  
of solution entering the intestine equalled that  in the 5oo-ml beaker. The perfusate 
was gassed with 5% CO2 in 02 before it entered the pump. The outside solution in 
the beaker was vigorously gassed with 5 % CO2 in O2 through tube G. 

Electrical measurements were made with techniques similar to those used in 
previous investigations of everted small intestine 2,3. For measuring PD, polyethylene 

Biochim. Biophys. Acta, 173 (1969) 192-197 



I(t4 R. 1). BAKER et al. 

tube s  (PE I9o ) f i l led wi th  3 M KC1 in 3% agar were inserted into  e lectrode  ports  
H and i .  The  t ips  of these  e lectrodes  were p o s i t i o n e d  oppos i te  each other  just  below 
t i le  end of the upper cannula .  The o ther  ends of these e lect rodes  made  contac t  wi th  
calomel  e lectrodes which were connected  t~ a Grass model  5PI  d.c. preamplif ier  
h a v i n g  an input  i lnpedance o f  about  i .  IO ~; ~Q. PD was recorded on one channel  of 
a Grass model  5 po lygraph .  The PD caused bv  e lect rode a s y m m e t r y  was ba lanced  
out  before each exper iment  with both  electrodes in the  same K r e b s - R i n g e r  bicar-  
bona te  solut ion.  The sys tem was ca l ib ra ted  through the source from the preamplif ier .  

l :or  measur ing Isv Ag-AgCI e lect rodes  C and J were connec ted  t,~ ~t vol tage  
d iv ider  in series with a IO ~(2 t)recision resist~w. ( )u tpu t  of the  v~fltage d iv ider  was 
ad jus t ed  to give zero PD, while the  wfltage d rop  across the  IO .(2 res is tor  was recorded 
on a secured channel  of the  t )olygraph throu~zh a second 5 [ ' I  prealnt)lilier. A m{}dified 
H e a t h  recorder  (model EUW-2o)  was used as a serv~ mechanism which m . n i t o r e d  
the  {mtput of the PD preampli f ier  and ad jus t ed  the  v(~ltagt! d iv ider  to pern~it au to-  
marie  claret)in g {)f the Pl )  at Zel'{} (I)l" ot l ler  desi red x'alues). A switching mechanisln 
pr()vided ready  al ternatJ(m between (q)en circuit  and sh(~rt circuit  r ec , ,d ing .  

The i n e u b a t i , n  medium 1)ctween the two PI)  e lec t r , . l es  con t r i lmted  an appre-  
ciabh! par t  ~)f the  t~)tal resis tance between these electrodes;  therefore,  in ()rdcr t~) 
d e t e r m i n e  t h e  actual  Is(, anti membrane  resistance,  a c<wrec t i on  [()r "so lu t ion  resis- 
t a D c e "  \\ ' i ts Ill&de. l;olh~\ving eacli exper i lnent ,  the in tes t ina l  segment  w a s  len loved,  
and  with tit(! e lectrodes stil l  in p~siti(m, current  was passed tllr~mgh the l ,hebs -Ringer 
b i c a r b , n a t e  solut ion and the potent ia l  (t,~) I) measured.  Trans t luna l  electr ical  resis tance 
(R,,) was es t i ina ted  as f()lh)ws : 

ie,,, -- 1,1)/I. - I'])s/[ s 

where Pl)  ~9)en circuit  po ten t ia l ,  lo  = lneasured current  required to reduce PD 
to zero, P[)s p,>tential drop  acr~)ss incubat ion  medium after  re lnoving intest ine,  
Is  -= current  passed through incuba t ion  medium after  removing intest ine.  

Sh<, t  circuit  curreut  (Is(:) was then  ca lcu la ted  by  d iv id ing  PI)  by  Rm. 
After  flow was es tab l i shed  and a s t e ady  Pl )  at  o '  was recorded,  the ent i re  as- 

s emb ly  was quickly  t ransfer red  to a seelmd 5oo-ml beaker  conta in ing  500 ml of 
o x y g e n a t e d  Krebs  d{inger 1)iearbonate solut ion at 3 7 ' .  This beaker  was immersed  in 
a water  1 ) a t h .  

RESUI£FS 

The iirst few minutes  of a typ ica l  recording are M~own in l:i~. 2. Upon t ransfer  
from o '  to 37 ~, both. PD and Ise r ap id ly  rose as the t empe ra tu r e  r~se. Maxima were 
reached within a minute.  These max ima  were cons iderab ly  higher in nonever t ed  than  
in cver ted  in tes t ine .  

All results  ob ta iued  fl ()Ill • t() {)o nlin itftcr warming  are e,m]piled in l"igs. 3, 4 
a n d  5- PD (lgig. 3) was much higher in n~meverted than in ever ted  in tes t ine  th roughou t  
the  ent ire  hour. PD decl ined sha rp ly  from tile first to the fourth minute  af ter  warming  
in bo th  ever ted  and noneve r t ed  segments ,  but  it  then recovered s l ight ly  in nonever ted  
in tes t ine  t~, l-eae]l it. second peak at about  15 rain and  then fell s tead i ly  dur ing tile 
subsequent  45 rain. Eve r t ed  j e junum showed no second peak but  merely decl ined 
s lowly and  s tead i ly  fr(ml about  5 rain t() 60 rain. These PI)  curves are s imilar  to 
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those obtained earlier using another techniquO except that the second peak with 
noneverted intestine occurred somewhat later in the present experiments and the 
maximum PD with everted intestine was not as great. 

Ise (Fig. 4) was also greater in noneverted than in everted jejunum throughout 
the entire hour. No second peak was observed in Ise from noneverted intestine. There 
was no significant change in Ise after about 20 rain in either noneverted or everted 
intestine. 
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F i g .  2. F i r s t  f e w  m i n u t e s  of  a t y p i c a l  r e c o r d i n g  w i t h  e v e r t e d  j e j u n u m .  U p p e r  t r a c i n g  is P D ,  
l o w e r  t r a c i n g  is lse- T m a r k s  t h e  t i m e  a t  w h i c h  t h e  i n t e s t i n a l  s e g m e n t  w a s  t r a n s f e r r e d  f r o m  o 
t o  37 °. T r a n s f e r  t o o k  n o  l o n g e r  t h a n  2 sec.  R e c o r d i n g  w a s  a l t e r n a t e d  e v e r y  i o  sec  b e t w e e n  o p e n  
c i r c u i t  a n d  s h o r t  c i r c u i t .  A f t e r  t h e  f i r s t  f ew  m i n u t e s  of  m o s t  e x p e r i m e n t s  s w i t c h i n g  w a s  p e r f o r m e d  
a b o u t  o n c e  e a c h  m i n u t e .  T h e  c u r v e d  l i n e s  u s e d  f o 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 h e  l i nes  o n  t h e  c h a r t  p a p e r ,  w h i c h  h a v e  n o t  b e e n  r e p r o d u c e d  h e r e .  T h e  s e r o s a l  s o l u t i o n  w a s  
a l w a y s  p o s i t i v e  w i t h  r e s p e c t  t o  t h e  m u c o s a l  s o l u t i o n  w i t h  e i t h e r  e v e r t e d  o r  nonever t<~d s e g m e n t s .  

F ig .  3- P D  as  a f u n c t i o n  of  t i m e  a f t e r  w a r m i n g  f r o m  o ° t o  3 7  fo r  e v e r t e d  a n d  n o n e v c r t e d  j e j u n a l  
s e g m e n t s .  A t  al l  t i m e s  t o  a n d  i n c l u d i n g  3 ° r a in ,  e a c h  p o i n t  r e p r e s e n t s  t h e  m e a n  f r o m  17 n o n c v e r t e d  
o r  7 e v e r t e d  s e g m e n t s ;  a f t e r  3 ° m i n ,  e a c h  p o i n t  r e p r e s e n t s  t h e  m e a n  f r o m  9 n o n e v e r t e d  o r  
5 e v e r t e d  s e g m e n t s .  E a c h  v e r t i c a l  l i ne  is t h e  S.1£. of  t h e  m e a n .  P D  v a l u e s  w e r e  a s c e r t a i n e d  f r o m  
t h e  o r i g i n a l  r e c o r d s  a t  I - r a i n  i n t e r v a l s  u n t i l  15 r a i n ,  a n d  a t  5 - r a i n  i n t e r v a l s  t h e r e a f t e r .  W h e n e v e r  
t h e  i n t e s t i n e  w a s  s h o r t  c i r c u i t e d  a t  t h e  d e s i r e d  t i m e ,  P D  v a l u e s  w e r e  e s t i m a t e d  b y  i n t e r p o l a t i n a  
b e t w e e n  a d j a c e n t  o p e n  c i r c u i t e d  p e r i o d s .  
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F i g .  4. S h o r t  c i r c u i t  c u r r e n t  (lse) a s  a f u n c t i o n  of  t i m e  a f t e r  w a r m i n g .  M e a n s  i S .V.  a r e  s h o w u .  
N u m b e r s  of  a n i m a l s  a r e  t h e  s a m e  as  in F i g .  3. W h e n e v e r  t h e  i n t e s t i n e  w a s  o n  o p e u  c i r c u i t  a t  
t h e  t i m e  a v a l u e  f o r  c u r r e n t  w a s  d e s i r e d ,  w e  i n t e r p o l a t e d  b e t w e e n  a d j a c e n t  s h o r t  c i r c u i t e d  p e r i o d s .  
T h e  v a l u e s  s h o w n  h a v e  b e e n  c o r r e c t e d  fo r  s o l u t i o n  r e s i s t a n c e  as  d e s c r i b e d  in  t e x t .  

F i g .  5. T r a n s m u r a l  r e s i s t a n c e  (Rm) a s  a f u n c t i o n  of t i m e  a f t e r  w a r m i n g .  M e a n s  ± S .E .  a r e  s h o w n .  
N u m b e r s  of  a n i m a l s  a r e  t h e  s a m e  as  in  F i g .  3. T h e  v a l u e s  s h o w n  h a v e  b e e n  c o r r e c t e d  f o r  s o l u t i o n  
r e s i s t a n c e  as  d e s c r i b e d  in t e x t .  
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Rm (Fig. 5) was higher in noneverted intestine than in everted intestine through- 
out the entire hour; however, at 2-7 rain and at 6o rain the differences had greater 
than a 5 % chance of being caused by random variation according to " t "  test. With 
everted intestine Rm showed a small increase during the first 2 or 3 rain but then 
remained essentially constant for the rest of the experiment. However, with non- 
everted intestine Rm began to increase at about 6 rain. This increase continued until 
a peak was reached at about 25 rain; thereafter, a steady decrease was observed. 

As indicated by the standard errors, a considerable amount of animal-to-animal 
variation was encountered, especially in the Rm measurements. However, the above 
conclusions were all based on differences which were statistically highly significant. 

DISCUSSION 

The rapid decrease in PD during the first few minutes after warming rat jejunum 
to 37 ° could be caused by a decrease in [se, or in Rm, or in both. The present experi- 
ments demonstrate this early drop in PD to result entirely from a drop in Ise. During 
this time Rm remained constant with noneverted segments and actually increased 
slightly with everted segments. 

During the entire hour PD, Ise, and Rm were all higher when the jejunum was 
not everted than when it was everted. Since PD = Ise" Rm, the difference in PD was 
caused partly by a difference in /se and partly by a difference in Rm. CHALFIN, 
•OOPERSTEIN AND HOGBEN 4 and TIDBALL e¢ a[.  5 have previously found small intestine 
to be more permeable when everted than when not everted. Therefore, the decreased 
electrical resistance of everted intestine was expected. The decreased short circuit 
current of everted intestine is a new finding and implies an effect on ion transport. 
Transport of Na ~ across everted rat jejunum in the absence of sugar accounts for 
essentially the entire short circuit current a. In noneverted jejunum either transmural 
Na + transport is increased or transport of some other ion becomes appreciable; a 
decision on this point must await isotope flux studies. 

After roughly I5 or 2o rain there was little, if any, further change in Ise for 
the remainder of the hour with either everted or noneverted segments. The slow 
decline in PD observed during this time with noneverted segments was caused entirely 
by a decrease in Rm. This result may be of some practical application. Those investi- 
gators who like to ice-down the intestine during preparation before incubation at 37 ° 
should expect a few minutes of instability during recovery from the cold. The period 
from 2o rain to 6o rain with noneverted intestine or from as early as 5 rain to 6o rain 
with everted intestine should be ideal for studying various influences on ion transport 
and relating ion transport to short circuit current. 

With everted segments transmural resistance remained nearly constant from 
3 rain to 6o nfin. During this period changes in PD were proportional to changes 
in Ise. In such a circumstance APD values may be sufficient to characterize the effect 
of some agent on ion transport if this agent itself has no influence on Rm. LYOX 
aXD CRANF~ 6 used this approach in studying the effect of sugars on ion transport. 
With noneverted segments transnmral resistance was not constant. Changes in PD 
did not parallel changes in /se. Even though Ise became reasonably stable in non- 
everted segments after about 2o rain, PD was not stable, and it would not be possible 
to follow changes in ion transport just by measuring changes in PD. The obvious 
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instability of the noneverted preparation detracts from its usefulness. However, since 
it does generate more current than the everted intestine and produces a PD of similar 
magnitude to that recorded in vivo 1, it may be a desirable preparation for some 
purposes. 

NUTBOURNE 7 has shown that very small hydrostatic pressure differences between 
inside and outside of frog skin influence short circuit current; an increased pressure 
on the outside increased short circuit current, while increased pressure on the inside 
had the opposite effect. It might be argued that the difference in short circuit current 
demonstrated here between everted and noneverted intestine is a similar phenomenon. 
However, we doubt this interpretation in the case of rat intestine because, when we 
changed the luminal pressure over a range of about IO cm of water by elevating or 
lowering the outflow tube, only very small effects were observed on Ise and PD. The 
latter were presumably streaming potentials, but they often lasted only a few seconds 
and were never over a few tenths of a millivolt. NUTBOURNE ~ found no effect on 
short circuit current by merely bulging frog skin mechanically without a hydrostatic 
pressure difference. But in the case of intestine, it seems likely that the direction of 
curvature of the mucosa may be the important factor. Experiments similar to those 
of NUTBOURNE would be necessary to prove this point. 

Explanations for the greater short circuit current and electrical resistance of 
noneverted intestine are necessarily highly speculative and will not be indulged in 
extensively here. But it is possible that the brush border of noneverted intestine is 
more permeable to Na + than is that of everted intestine, making it easier for Na + 
to gain access to Na + pumps at the lateral and basal plasma membranes. The greater 
Rm of noneverted intestine could be accounted for if the permeability to ions other 
than Na + (e.g., CI-) were decreased. Isotope flux studies would be necessary to 
evaluate these ideas. 
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