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G l u c o s e  depolar izes  v i l lous  but  not  crypt cell  apical m e m b r a n e  potent ia l  

difference:  a micropuncture  study of  crypt -v i l lus  he terogene i ty  in the  rat 
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Brush-border membrane potentials and fractional resistances have been recorded from enterocytes at 
different points along the crypt-villus axis of rat ileum in vitro. Microelectrode impalements were obtained 
under visual control and brush-border membrane potentials were higher in crypt than in villous cells 
( - 57 + 1.6 against - 50 + 1.6 mV referred to the mucosal side). Replacing mannitol with D-gluCose in the 
mucosal pedusate resulted in a rise in transmural potential difference (0.5 + 0.17 to 1.0 + 0.21 mV (n = 37)) 
and apical membrane potential was depolarized. This occurred consistently only in the upper two-thirds of 
the villus ( - 5 4  + 1.7 to - 4 7  + 2_3 mV (n ffi 17)) and not in crypt cells ( - 5 6  + 2.6 to - 5 7  + 2.4 mV 
(n = 10) or at the crypt-villus junction. The glucose-induced apical membrane depolarization in villous 
enterocytes was blocked by phlorizin, a competitive inhibitor of sodium-dependent glucose uptake ( - 50 + 2.1 
to - 5 3 5 : 2 . 8  mV ( n - 9 )  in the presence of phlorizin and glucose). Transmural resistance, Rt, and 
fractional resistance, Fa, were unaltered by glucose (61 5:3.4 to 61 5:3.5 12. cm 2 (n = 50)) and (0.60 + 0.06 
to 0.57 5:0.06 (n --- 17)). This micro-puncture technique provides direct evidence for functional differentia- 
tion along the crypt-villus axis and indicates that active electrogenic accumulation of glucose is confined to 
villous epithelium. 

Introduction 

It is generally assumed that absorption from 
the small intestine largely occurs on the valh while 
secretion is derived from the crypts but the exa- 
dence upon which this is based is largely or -  
cumstantlal [1] Recent studies have improved our 
understanding of the differentiation of transport 
function of migrating enterocytes m small in- 
testine [2,3] In neonatal and adult intestinal epl- 
thehum rmcropuncture measurements of mem- 
brane potentials were correlated w~th enterocyte 
differentiation and the results have had lmphca- 
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tlons for the site of absorpUon and secreUon along 
the crypt-villus axis [4,5] 

The uptake of glucose across the brush-border 
membrane is linked to Na ÷ entry by an electro- 
gemc actwe transport process [6,7] and this ~s 
associated with a dechne in brush-border mem- 
brane potenual m some epitheha [8-10] We have, 
therefore, exanuned the electrical behavlour of 
individual enterocytes in crypt and vdlus in re- 
sponse to glucose, in order to gain further insight 
into the relationship between Na+-dependent glu- 
cose uptake and enterocyte position on the crypt- 
villus axis The experiments descnbed below were 
carried out prehrmnary to a study on mechanisms 
of secretion in the small intestine, and for tins 
reason the Ileum was chosen as the most ap- 
propriate segment 
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Materials and Methods 

Adult male Sprague-Dawley rats, weighing 
150-200 g and mamtamed  on standard diet with 
free access to dnnklng water, were lolled by cervi- 
cal dislocation A 15 cm length of ileum was 
removed, drawn over a glass rod moistened with 
buffered saline solution, and stripped of its exter- 
nal muscle A small piece of stripped intestine was 
then mounted on a perspex half-chamber The 
tissue was fixed horizontally, with shght stretch- 
lng, mucosal side up, by means of a nng of U H U  
Supalok-3 quick cunng adhesive piped onto a 
sheet of parafi lm covenng the area surrounding 
the central hole in the chamber This central hole 
was covered with a piece of stiff nylon mesh to 
provade adchUonal support  for the tissue The 
chamber was fixed to the stage of a conventional 
Zelss-Jena wacroscope (Mlcrolnstruments, Ox- 
ford) The use of a powerful quick-setting adhesive 
obwated the need for clamping the tissue The 
preparat ion was bathed on both sides by buffered 
sahne solutions of identical composmon at 30 ° C, 
pre-warmed and gassed with 95% 02 /5% CO 2 to 
p H  7 4, and continuously perfused by gravity and 
negative hydrostaUc pressure The choice of tem- 
perature was dictated by the tendency of the pre- 
parat ion to increase mucus production at hagher 
temperatures, the mucus being a handrance to 
Vlsuahzatlon of the rmcroelectrode tip The tissue 
was also apt to deteriorate more rapidly The 
presence of stopcocks anterior to the chamber 
allowed manual solution changes to be carried out 
on either side of the preparation dunng individual 
cell impalements The surface area of the tissue 
exposed to the perfusate solutions was 0 5 cm 2 

Transmural  potential difference (V t) was mea- 
sured by means of A g a r / 0  5 tool l-1 KC1 bridges 
in series with paired calomel half cells, and re- 
corded on a hagh tmpedance electrometer with an 
output  to a chart recorder Transmural  resistance 
(R t )  was deternuned from the voltage drop across 
the tissue in response to a hapolar rectangular d c 
(direct current) pulse of 50 /~A and 1 s duration, 
supplied by a constant current pulse generator, 
and was corrected for the resistance of the solu- 
tion between the Agar bridges All electrical 
potential measurements were made under open- 
circuit conditions, and were referred to the mucosal 

side of the preparation The fractional resistance, 
F R, defined as the ratio of the change in brush- 
border (apical) membrane  potential (1I,) to the 
change in Vt, i e A V J A V  t, in response to a single 
current pulse, was determined during cell impale- 
ments Thas allowed the relative resistance of the 
apical membrane to be determined, whale also 
gtvang a good indication of the vahdlty of an 
impalement 

Mlcroelectrodes were manufac tured  f rom 
'kwxk-fil' boroslhcate glass capdlanes of 1 m m  
outer diameter (Clark Electromedical Supphes, 
Reading) pulled on a Campden Instruments hori- 
zontal nucroplpette puller The pipettes were 
back-filled with 0 5 mol/1 KC1, and the resulting 
rmcroelectrodes had a tip resistance of 100-200 
MI2 Impalement  of selected morphologacal re- 
gions of the deum was acbaeved as follows the 
mucosal surface of the tissue was vaewed under the 
macroscope fitted w~th a 40 × water-immersion ob- 
jective to give a total mag.mflcatlon of 500 × As 
the tissue was moderately stretched when mounted 
on the chamber, the crypt opemngs were often 
clearly visible, Nomars lo  optics were avmlable to 
haghhght these and other features The rmcroelec- 
trode tip was guided by means of a motorized 
nucromampulator  (Geb Marzhauser, Wetzlar) 
into the field of xqew Enterocytes at specific re- 
gions on the wUus, whach had a leaf-hke ap- 
pearance when vaewed from above, could be im- 
paled by focussing down onto or beyond the tip of 
the villus, and then brlngmg the electrode tip into 
focus before advancing the electrode into a cell 
The distance travelled by the electrode tip in the 
vertical plane could be assessed from the rm- 
crometer readings on the rmcromampulator  The 
macroelectrode was angled at about 30 ° to the 
plane of the tissue To impale crypt cells, the 
shank of the macroelectrode was guided carefully 
between adjacent vllh, keeping the tip in focus, 
until it lay directly above and close to the opemng 
of a crypt The nucroelectrode was then lowered 
vertically so that the tip entered the crypt opemng 
The cells surrounding the crypt opening were easily 
distinguishable, and could be impaled without 
much difficulty, those withan the crypt, lining its 
lumen, could not be seen From thas regton it was 
possible, nevertheless, to ob tam stable impale- 
ments of relatively long duration 



Mlcroelectrode recordings were judged accepta- 
ble if they fulfilled the followmg criteria (1) abrupt 
negative deflection of the potential on entering a 
cell, (2) estabhshment of a stable potential dif- 
ference equal or more negative than the value of 
the xmtial potential deflection Tlus took from 30 
seconds to more than 3 rmnutes, and may reflect 
the time taken for the membrane to seal around 
the electrode tip It was, therefore, particularly 
important to reject ~mpalements where the mea- 
sured potential difference declined to a value lower 
than the lmual deflecUon, as such ~mpalement 
profiles could result from inadequate seahng, (3) 
the potential difference remalmng stable for at 
least 30 seconds, or subsequently until altered by 
an experimental manoeuvre, (4) the transmem- 
branal potentml deflection due to transmural cur- 
rent pulses &d not dlrmmsh apprecmbly with time, 
wluch rmght m&cate xmpalement damage, (5) 
abrupt return of the potential difference to the 
lmtial basehne value + 1 mV when the rmcroelec- 
trode tip was withdrawn from the cell 

For the acqmsmon of impalements m the pres- 
ence of manmtol, the crypt-vallus axas was arbi- 
trarily sub&vaded into six regions comprising three 
wllus, two crypt and one intermediate region 
These were the tip, nuddle and basal tlurd of the 
vdlus (TV, MV and BV, respectively), the crypt 
(C) and the single layer of cells surroundmg the 
crypt opemng (CS), and finally the crypt-vallus 
junctional region (CVJ) For expenments m which 
manmtol was replaced with D-glucose, results from 
the upper villus regions (TV and MV) were 
amalgamated, as were those from the two crypt 
regions (CS and C) 

Buffered saline solutions contained, m mmol/1 
NaCI, 120, NaHCO3, 20, K2HPO4, 2 4, KH2PO4, 
04, CaC12 2H20, 1 2, MgC12 6H20 , 1 2, and 
manmtol, 10 In glucose-contmnlng solutions, the 
manmtol was replaced by 10 mmol/1 D-glucose 
All chermcals hsted above were of reagent grade 
Phlorlzln ddaydrate was obtained from Sigma 
(Poole, Dorset) 

The means of experimental groups are given 
with their S E and statistical analysis 1s by pmred 
or unpaired Student's ' t '  test, as appropriate 
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Results 

Enterocytes in the six designated regions of the 
crypt-vdlus axis were impaled under wsual control 
and the results of apical membrane potentials and 
fractional resistances for tissues perfused with 
buffered sahne are shown m Table I Apical mem- 
brane potentials (V,) m crypt eplthehal cells 
exceeded those in all other regions by up to 7 mV, 
but the difference was statistically slgmficant only 
between crypt and rind villus The fractional resis- 
tance (FR) values exceeded 0 50 for all regions 
under investigation indxcatmg that the greater pro- 
portion of the transcellular resistance resides m 
the brush-border membrane 

We attempted to assess the effects of D-glucose 
on V~ and F R during single impalements and the 
results are dlustrated in two figures of wluch the 
first shows the responses of the apical and trans- 
mural potential difference m vallus and crypt epi- 
thehum, respectively, to the addition of glucose 
during single impalements (Fig 1) 

Glucose (10 mmol) was introduced m place of 
manmtol first to the mucosal side of the prepara- 
tion A rapid and well-marked depolarization of 
V~ occurred wtuch was apparent occasionally in 
cells at the base of the villus ( -  58 + 2 6 to - 54 + 
3 4 mV, P = n s ), but developed into a consistent 

TABLE I 

D I S T R I B U T I O N  OF  B R U S H - B O R D E R  M E M B R A N E  
P O T E N T I A L S  A N D  F R A C T I O N A L  R E S I S T A N C E S  
A L O N G  THE CRYPT-VILLUS AXIS IN THE PRESENCE 
OF 10 mmol /1  M A N N I T O L  

Brush-border membrane  potenuals (V a) and fractaonal resis- 
tances (FR) were recorded from six arbararfly &wded crypt- 
wllus regions as shown The values of V a and Frt represent 
steady-state deternunations m the presence of 10 m m o l / l  
manmtol  Stat~sucal comparison was by unpaared Student 's 
' t  '-test rind villus differs from crypt (Va) at P < 0 005 P = n s 
for all other paired groupmgs Number  of observations in 
parentheses 

v~ (mV) Fa 

Vdlus tip - 5 0 + 3  1 (14) 0 5 7 + 0 0 4  (14) 
Mad wllus - 50 + 1 6 (42) 0 55 + 0 03 (42) 
Base villus - 52 + 2 1 (20) 0 54 + 0 04 (19) 
Crypt-villus junct ion - 5 4 + 2 3 ( 1 5 )  0 5 8 + 0 0 4 ( 1 4 )  
Crypt opening - 5 2 + 2 8 ( 1 8 )  0 6 0 + 0 0 4 ( 1 7 )  
Crypt - 5 7 5 : 1 6 ( 1 7 )  0 6 2 + 0 0 3 ( 1 7 )  
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FIg 1 Effect of 10 retool/1 D-glucose on aptcal membrane potenual (V a) and transmural potenual difference (I/t) m vallus and crypt 
epltheha dunng single unpalements Glucose was added lsosmoucally m exchange for manmtol truttally to the mucosal perfusate (m), 
dunng the impalement of a crypt cell glucose was added subsequently to the serosal perfusate (s) The btpolar deflecUons m V. and V t 
represent the voltage changes ehc~ted by b~polar DC current pulses used m the deternunaUons of Ussue resistance (Rt )  and fracUonal 

resistance ( F  R) Potenual d~fferences are gwen m mV, wath the polarity referred to the mucosal side 

observauon only m the maddle tlurd and Up vdlus 
areas ( - 5 4 + 1 7  to - 4 8 + 2 1  mY, P < 0 0 0 1 )  
Glucose was then subsUtuted for manmtol on the 
serosal side but produced no further change (Fig 

2) We have as yet no explanation for the com- 
paratively wide scatter of unsumulated apical 
membrane potenuals from wUus eplthehal cells as 
against potentmls recorded from crypt ep~thehum 

TABLE II 

EFFECT OF D-GLUCOSE ON BRUSH-BORDER MEMBRANE POTENTIALS IN FOUR CRYPT-VILLUS REGIONS 

The results show the mean values + S E of the observauons shown m&vldually m Fig 2, including ad&tlonal observaUons on the 
effects of mucosal glucose on upper xallus membrane potentials, and bdateral glucose on potenUals from all four regions of the 
crypt-villus axis The three ranks of data represent staUsUcal comparison by paared Student's ' t '  test, m which the sequenual effects 
of mucosal glucose, bdateral glucose and a final post-glucose period are compared to the ]mtml glucose-free control values 

Upper vdlus Base villus Crypt-vallus juncuon Crypt 

Control - 54 + 1 7 (17) - 58 + 2 6 (7) - 63 + 1 8 (5) 
10 mM glucose (m) - 48 + 2 1 (17) - 54 + 3 4 (7) - 63 + 1 3 (5) 

P < 0 0 0 1  n s  n s  
Control - 52 + 2 5 (7) - 57 + 2 4 (8) - 55 + 3 8 (7) 
10 mM glucose (m + s) - 46 + 3 3 (7) - 51 + 3 4 (8) - 56 + 3 3 (7) 

P < 0 0 2  n s  n s  
Control - 55 + 3 0 (8) - 55 + 2 6 (6) - 53 + 4 7 (5) 
Post-glucose (manmtol) - 524- 2 5 (8) - 53 + 2 2 (6) - 56 + 4 4 (5) 

n s  n s  a s  

- 5 6 + 2 6 ( 1 0 )  
- 5 7 + 2 4  (10) 

n s  

- 5 8 + 2  7 (9) 
- 5 9 + 2  7 (9) 
a s  

- 5 8 + 3  8 (7) 
- 5 8 + 3  5 (7) 

n s  
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Fig 2 Effect of  urn- and bilateral glucose on brush-border 
membrane  potentials along the crypt-villus axas Each group of 
observations represents individual impalements  from four des- 
lgnated regJons upper and base vallus, crypt-villus junction,  
and crypt The values recorded d u n n g  a single impalement  in a 
maxLmum four-stage sequence are joined by unbroken hnes 
The first and last stages represent control periods d u n n g  wluch 
the preparation was bathed on both sides by buffered HC O 3 
sahne contmmng 10 mmol /1  manmtol  During the second 
stage manmtol  was replaced with 10 m m o l / l  D-glucose on the 
mucosal side, and during the tlurd stage glucose was present on 
both sades Va, apical membrane  potentml, G, glucose ad- 
dmon ,  m, mucosal  side appllcaUon, m + s, mucosal  plus serosal 

side apphcatlon 

It is for this reason that Ftg 2 shows the results of 
individual tmpalements wtth serve as their own 
controls 

In contrast to the effects in villus epithehal 
cells, glucose applied either to the mucosal or 
subsequently the serosal aspect of the tissue had 
no slgmflcant effect on V a in the crypt regions 
where V a m the absence and presence of glucose 
was - 5 6 + 2 6  mV and - 5 7 + 2 0  m V ( P = n s )  
respectively, or at the crypt-villus junction ( -  63 
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+ 1 8  to - 6 3 + 1 3  mV, P = n s )  (Fig 2, Table 
II) 

Luminal glucose caused a rise m transeplthehal 
potential difference from 0 5 4- 0 17 to 1 0 + 0 21 
mV, P < 0 001, becoming more positive with re- 
spect to the mucosal reference (Table III) The rise 
m V t, however, was always much smaller than the 
depolarization of V. (AV t 0 5 mV against AV a 6 
mV, Tables II and III), suggesting a parallel de- 
polarization of the basolateral membrane poten- 
tial (Vb) most hkely brought about by the effects 
of electrical coupling via the very low resistance 
extracellular shunt pathway With glucose subse- 
quently present in both mucosal and serosal per- 
fusate solutions, no further modlficatton in the 
rise m V t was observed When glucose was finally 
washed out by manmtol-contaimng perfusate on 
both stdes of the ttssue, V t slowly returned to- 
wards prestimulated values, but remained shghtly 
elevated, at the point at wluch V a had returned to 
tts prestimulated level (Table III) 

The effects of glucose on transmural resistance 
(R t) were neghgtble (63 + 5 0 f2 cm 2 before, and 
65 + 5 5 a2 cm 2 after glucose, P = n s ,  Table III), 
making a change m the extracellular shunt con- 
ductance an unhkely posstblhty, smce in a leaky 
epithehum the transeplthellal conductance wdl be 
deterrmned cluefly by the extracellular conduc- 
tance 

TABLE III 

EFFECT OF 10 mmol /1  D-GLUCOSE ON T R A N S M U R A L  
POTENTIAL D I F F E R E N C E  (V t) A N D  T R A N S M U R A L  
RESISTANCE (R t) 

V t and R t (means + S E )  in the presence of glucose on the 
mucosal  side and thereafter on both sides of the tissue are 
compared to values m control medium contmmng manmtol  
Pre- and post-glucose control values are hkewlse compared as 
in Table II StaUstlcal comparison is by parred Student 's ' t '  
test Number  of observations m parentheses 

V t (mV) R t (J2 cm 2) 

Control (manmtol)  0 5 + 0 17 (37) 61 + 3 4 (50) 
+ 10 m M  glucose (m) 1 0 + 0  21 (37) 61 + 3 5 (50) 

P < 0 0 0 1  n s  
Control 0 4 + 0 27 (17) 63 ± 5 0 (26) 

+ 10 m M  glucose ( m +  s) 0 9 + 0 3 0 ( 1 7 )  65_+55(26)  
P < 0005 n s  

Control 0 7 + 0 30 (12) 65 + 5 6 (22) 
Post-glucose (manmtol)  1 1 -]- 0 32 (12) 66 + 6 2 (22) 

P < 0 0 0 5  n s  
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T o  d e m o n s t r a t e  tha t  the  e f fec t  of  V~ a n d  V t 

a t t n b u t e d  to  g lucose  was  n o t  an  a r t i f ac t  o f  the  

m e c h a n i c a l  c h a n g i n g  of  so lu t ions ,  the  m u c o s a l  o r  

serosa l  p e r f u s a t e  was  o c c a s i o n a l l y  swi t ched  to a 

so lu t i on  ~dent~cal m c o m p o s i t i o n  A p a r t  f r o m  an  

o c c a s i o n a l  smal l  t r a n s i e n t  f l u c t u a t i o n  in V. the re  

was  n o  s ign i f i can t  e f fec t  o n  V. o r  V t T h e  c h a n g e s  

m V a were  r ead i ly  reversxble o n  r e t u r n  to non 'a-  

na l ly  g lucose - f r ee  c o n d l u o n s  (F ig  2 a n d  T a b l e  I I )  

F r a c t i o n a l  r e s i s t ances  were  s~nular to  those  de-  

t e rmaned  m the  lmt l a l  p r e s e n c e  o f  10 m m o l / 1  

m a n m t o l  ( T a b l e  I), a n d  were  n o t  s l g m f i c a n t l y  

m o d i f i e d  by  D-g lucose  sugges t ing  tha t  N a + - c o u  - 

p i e d  g lucose  u p t a k e  ac ross  the  ap ica l  m e m b r a n e  is 

n o t  m e d m t e d  t h r o u g h  e l ec t rod f f fus lve  1on m o v e -  

m e n t  T h e  b igges t  c h a n g e  o c c u r r e d  m e n t e r o c y t e s  

f r o m  the  v i l lous  t ip  regaon, w h e r e  F R fell  f r o m  

0 7 1 _ + 0 0 8  to  0 6 5 _ + 0 0 7  a f te r  the  a d d l U o n  o f  

g lucose  (n  = 7), b u t  the  c h a n g e  was  n o t  s ta t is t i -  

ca l ly  s ign i f i can t  

E x p e r i m e n t s  w e r e  t h e n  p e r f o r m e d  to d e m o n -  

s t r a t e  tha t  the  e f fec t s  o f  g lucose  o n  V a a n d  V t a re  

r e l a t ed  to the  s t lmula t~on of  an  e l e c t r o g e m c  t rans-  

p o r t  p roces s  r e v o l v i n g  N a + - d e p e n d e n t  g lucose  up-  

t a k e  across  t he  b r u s h - b o r d e r  m e m b r a n e  as the  

l m t m l  s tep In  these  e x p e r i m e n t s  e n t e r o c y t e s  f r o m  

the  rrnddle  r e g i o n  o f  the  w l lu s  w e r e  i m p a l e d  a n d  

the  t issues s u b s e q u e n t l y  e x p o s e d  to  g lucose  (10 

m m o l / 1 )  o n  the  m u c o s a l  s ide V a was  r e d u c e d  

f r o m  - 5 4 _ + 1 7  m V  to - 4 7 + 2 3  m V  ( n = 1 7 )  

a n d  V t b e c a m e  m o r e  p o s l t w e  by  0 5 m V  m the  

p r e s e n c e  o f  g lucose  A f t e r  the  changes  m V a a n d  V t 

h a d  peaked ,  the  m h l b t t o r  o f  a c t w e  g lucose  up take ,  

p h l o n z l n  d l h y d r a t e  (10 -4  m o l / 1 ) ,  was  a d d e d  to  

the  m u c o s a l  p e r f u s a t e  Ph lonzan  h a d  no  s lgmfl -  

c a n t  ef fec t  on  V. o r  V t m the  absence  o f  g lucose  

V a was  - 4 3  + 0 9 m V  m m a n m t o l  Rangers,  a n d  

- 4 2  + 4 2  m V  af te r  a d d i t i o n  o f  1 0 - 4 m o l / l  

phlonz_an (n  = 4), P = n s .  whale V t was.  r espec-  

t ively,  - 2 5 -+ 0 43 m V  a n d  - 2 8 ± 0 42 m V  (n  = 

4), P = n s T h e r e  was  n o  c h a n g e  m R t (46 +- 4 9 

f2 c m  2 b e f o r e  a n d  45 + 6 2 $2 c m  2 a f te r  p h l o n -  

zln,  n = 4) P h l o n z l n ,  however ,  mhab l t ed  the  elec-  

t r ica l  changes  i n d u c e d  by  g lucose  T h e  depo la r i -  

z a t i o n  o f  Va was  reversed ,  occa s iona l l y  to  m o r e  

n e g a t i v e  va lues  t h a n  u n d e r  con t ro l  c o n d l t t o n s  

( - 50 -+ 2 1 m V  m m a n m t o l  Rangers,  and  - 53 -+ 

2 8 m V  in the  p r e s e n c e  of  g lucose  a n d  p h l o n z m ,  

P = n s )  T h e  rise in V t r e d u c e d  by  g lucose  was  

a lso  a b o h s h e d  N e i t h e r  g lucose  n o r  p h l o n z m  h a d  

a n y  s~gruflcant e f fec t  on  F R (0 64 -+ 0 08 to  0 63 _+ 

0 08 (rt --- 9)) or  R t (40 _+ 3 5 to 41 + 3 5 £2 c m  2 

(n  = 9)) T h e  resul t s  o f  these  e x p e r i m e n t s  are  sum-  

m a n s e d  m T a b l e  IV, and  are  cons i s t en t  wRh  the  

TABLE IV 

ACTION OF GLUCOSE ON TRANSMURAL POTENTIAL DIFFERENCE (Vt), BRUSH-BORDER MEMBRANE POTEN- 
TIAL (Va), FRACTIONAL RESISTANCE (FR) AND TRANSMURAL RESISTANCE (R t) IN MID VILLUS ENTEROCYTES 
IN THE PRESENCE AND ABSENCE OF PHLORIZIN 

Manmtol was replaced wtth 10 retool/1 glucose m the mucosal perfusate, and subsequently 0 1 mmol/l  phlonzan was added, also to 
the mucosal perfusate, before returning to control manmtol solutions The experimental manouevres were earned out sequentially 
dunng single impalements, and the results m the form of means± S E represent steady-state values m the case of V a and V~ 
StatlsUcal comparisons, by parred Student's ' t '  test, were made between stages 1 and 2, 1 and 3. and 1 and 4 of the four-stage 
sequence manmtol, glucose, glucose+ phlonzm, mannltol Number of observations m parentheses 

V t (mV) V. (mV) F R R t (a2 cm 2) 

Control (manmtol) 0 3 + 0 21 (15) - 54 + 1 7 (17) 0 60 + 0 06 (17) 44 + 3 6 (16) 
+ 10 mM glucose (m) 0 8 + 0 29 (15) - 47 + 2 3 (17) 0 57 + 0 06 (17) 43 ± 3 2 (16) 

P <0005 P <0001 ns  ns  

Control - 0 3 + 0 19 (9) - 50 + 2 1 (9) 0 64 + 0 08 (9) 40 + 3 5 (9) 
+ 10 raM glucose (m) 

+ 0 1 mM phlonzm (m) - 0 4 + 0 22 (9) - 53 + 2 8 (9) 0 63 + 0 08 (9) 41 + 3 5 (9) 
ns  ns  ns  ns  

Control - 0  5 + 0 30 (5) - 4 7  + 2 5 (5) 0 60 ± 0 13 (5) 44 ± 5 4 (5) 
Post-glucose/phlonzan (manmtol) - 0 7 ± 0 29 (5) - 54 + 4 2 (5) 0 55 ± 0 11 (5) 45 ± 5 5 (5) 

ns  ns  ns  ns  



inhibition of a Na+-dependent  glucose uptake 
across the brush-border membrane  of villus enter- 
ocytes which Is rheogemc but does not involve 
pr imary or secondary changes In the conductance 
of the brush-border membrane  

Discussion 

The response of rat ileum to D-glucose reported 
here provides direct evidence of functional hetero- 
geneity of transport  activity along the crypt-villus 
axas and confirms the conclusions reached by 
Kmte r  and Wilson [11] and Stirhng and Kmter  
[12], who locahzed the accumulation of 14C- 
labelled monosacchandes p n m a n l y  to the micro- 
villus membrane  of small intestinal villus epl- 
thehal ceils, and showed a gradient of ra&oactlv- 
xty uptake along the villus, this being greatest at 
the vdlus tip 

Earlier workers had described a depolarization 
of apical membrane  potentials but in those stu&es 
impalements had not been made under direct vi- 
sion and the site of the cells involved was uncer- 
tam It is hkely however that the majority were 
villous cells [5-10,13,14] 

The fall in apical membrane  PD always ex- 
ceeded the rise in transmural values as expected 
for a leaky eplthehum such as rat ileum where the 
resistance of the extracellular shunt pathway is so 
low that it will be the main determinant of the 
resistance of the whole eplthehum [14] Thus, a 
change in apical membrane  potential V a would 
result m a change of similar orientation at the 
basolateral membrane  and vice versa By contrast, 
Okada et al [10] observed that the depolarization 
of V a after 20 m m o l / l  D-glucose was similar in 
magmtude  to the rise in V t in rat ileum This 
surprising result was interpreted in terms of a 
reduced intracellular K ÷ activity due to an in- 
crease in basolateral membrane  K + conductance 
coupled with enhanced (Na + K+)-ATPase  activity 
[15] We could not confirm such a phenomenon in 
our stu&es The depolarization in the present study 
generally remained constant so long as glucose 
was present in the mucosal perfusate which accords 
with the findings of White and Armstrong [9] with 
D-galactose in bullfrog intestine In Necturus small 
intestine the peak depolarization due to galactose 
was followed by a steady repolanzation resulting 
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from a secondary increase in basolateral K + con- 
ductance [16] 

Glucose was most consistently effective in 
ehcltmg changes m V~ in enterocytes from the 
upper villus regaon, but a small number  of impaled 
cells did not respond to glucose despite a n s e  m 
V t In view of the heterogeneous nature of the 
small intestinal eplthehal cell population it Is pos- 
sible that recordings were sometimes made from 
cells which take no part  in active solute transport 

The effectiveness of phlorizan in opposing the 
changes m PD ehclted by glucose demonstrates 
effectively that the glucose-induced changes are 
due to stimulation of electrogemc coupled Na  ÷- 
glucose uptake across the brush-border mem- 
brane From the experiments reported here the 
frequency of apical membrane depolarization m 
response to glucose in enterocytes at the base of 
the villus was less than 50% of the total number  of 
observations, increasing at the upper villus to 
greater than 90% 

The dxstrtbution of apical membrane potentials 
along the crypt-villus axas of rat ileum in the 
absence of glucose differs from that recorded by 
Cremaschi et al [3,5] in rabbit  and hamster ileum 
These authors were able to demonstrate a gradual 
rise with Increasing distance from the base of the 
villus We, on the other hand, have consistently 
observed higher membrane  potentials in the crypt 
than on the villus in the nominal absence of 
glucose This discrepancy may  be due to 
differences in the balance between absorption and 
secretion m the different species studied, but it 
was not feasible in the present study to shed 
further hght on this posslblhty Interesting in this 
respect is the observation that rat jejunum, which 
is known to secrete C1- in vitro [17], appears to 
display in the absence of actively transportable 
solute a crypt-villus distribution of apical mem- 
brane PD sinular in orientation to that found in 
the rabbit  and hamster ileum by Cremaschi and 
co-workers (Stewart and Turnberg, unpubhshed 
observations) 

The most straightforward interpretation of the 
results presented here is that Na+-dependent  glu- 
cose uptake is restricted to the villus epithelium 
The mamfestat ion of this process IS a fall in the 
brush-border membrane potential difference and a 
concomitant rise in transmural PD and these 
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changes are indicative of an electrogemc transport 
step at one or both llrmtlng cell membranes Since 
neither transmural nor fractional resistance were 
affected by the presence of glucose ~t ~s unhkely 
that the uptake of glucose ~s medmted by a change 
m the permeabdlty of the brush-border membrane 
to electro-diffusive ~on movement  This micro- 
puncture techmque, under direct WSlOn, prowdes 
clear cut ewdence for dffferentmtlon of absorptwe 
funcuon along the crypt-villus axis 
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