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Summary. The developmental maturation of NaT-H + antiporter 
was determined using a well-validated brush-border membrane 
vesicles (BBMV's) technique. Na + uptake represented transport 
into an osmotically sensitive intravesicular space as evidenced 
by an osmolality study at equilibrium. An outwardly directed pH 
gradient (pH inside/pH outside = 5.2/7.5) significantly stimu- 
lated Na § uptake compared with no pH gradient conditions at all 
age groups; however, the magnitude of stimulation was signifi- 
cantly different between the age groups. Moreover, the imposi- 
tion of greater pH gradient across the vesicles resulted in marked 
stimulation of Na + uptake which increased with advancing age. 
Na + uptake represented an electroneutral process. 

The amiloride sensitivity of the pH-stimulated Na + uptake 
was investigated using [amiloride] 10-2-10 5 M. At 10 .3 M ami- 
loride concentration, Na § uptake under pH gradient conditions 
was inhibited 80, 45, and 20% in BBMV's of adolescent, wean- 
ling and suckling rats, respectively. Kinetic studies revealed a 
K,~ for amiloride-sensitive Na + uptake of 21.8 -+ 6.4, 24.9 • 10.9 
and 11.8 --- 4.17 mM and Vm~ x of 8.76 -+ 1.21, 5.38 -+ 1.16 and 
1.99 + 0.28 nmol/mg protein/5 sec in adolescent, weanling and 
suckling rats, respectively. The rate of pH dissipation, as deter- 
mined by the fluorescence quenching of acridine orange, was 
similar across membrane preparation of all age groups studied. 
These findings suggest for the first time the presence of an ileal 
brush-border membrane Na+-H + antiporter system in all ages 
studied. This system exhibits changes in regard to amiloride sen- 
sitivity and kinetic parameters. 

Key Words: intestine, maturation �9 transport �9 sodium �9 hy- 
drogen exchange 

Introduction 

Diarrheal disorders in infants results in fluid and 
electrolyte imbalances which could be related to dif- 
ferences in electrolyte transport during early life. 
Understanding of the functional changes in the 
transport characteristics of the small intestine is es- 
sential for management of intestinal diseases in neo- 
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hates and infants. Perfusion studies in man (Turn- 
berg et al., 1970) and in vitro studies in adult 
animals (Gunther & Wright, 1983; Knickelbein et 
al., 1984) suggested the presence of Na+-H + ex- 
changer in the small intestine. 

The rate of cellular proliferation and migration 
in the intestinal epithelium of postnatal rat is slower 
than of mature adult (Koldovsky, Sunshine & 
Kretchmer, 1966). While the turnover of intestinal 
epithelia in the adult jejunum is about 48 to 72 hr, 
the rate in the suckling animal is at least twice that 
long (Herbst & Sunshine, 1969). At the time of 
weaning, rates of cellular migration and prolifera- 
tion increase rapidly. Recent studies revealed that 
there was evidence to link Na+/H § exchanger to 
cell growth (L'Allemain, Paris & Pouyssegur, 
1984). Therefore, it was hypothesized that the activ- 
ity of intestinal Na+/H + exchanger in the postnatal 
rat could be low as compared to mature adult rat. 
No study is available, however, describing the de- 
velopmental aspects ofNa+-H + exchanger in the rat 
small intestine during maturation. 

To be able to understand the pathophysiological 
alterations in electrolyte imbalances and intestinal 
damage repair resulting from infant diarrheal states, 
it is important to define the characteristics of Na § 
H + exchanger in the infancy period as it relates to 
growth. The present study was designed to examine 
the postnatal development of Na+-H + exchange 
system in the brush-border membrane vesicles of 
the rat ileum. 

Materials and Methods 

MATERIALS 

22Na and ~4C-glucose was obtained from New England Nuclear, 
Boston, MA. Amiloride was kindly provided by Merck Research 
Laboratories, West Point, PA. Valinomycin, enzymes and sub- 
strates for leucine aminopeptidase were obtained from Sigma 
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Chemical, St. Louis, MO. TMA-gluconate was made by titrating 
solutions of TMA-hydroxide with gluconic acid. Cellulose nitrate 
filters, 0.45-txm pore size, were obtained from Sartorius Filters, 
Hayward, CA. All  other chemicals were of the highest purity 
available. 

ANIMALS 

Two days after birth, Sprague-Dawley rat pups (Harlan Sprague 
Dawley, Madison, WI) were distributed among mothers to main- 
tain a litter size of 9-10 pups until the time of the study. Adoles- 
cent Sprague-Dawley rats (6 weeks old) were purchased directly 
from the same supplier. Mothers, weanling, and adolescent rats 
were fed Purina rat chow and tap water ad libitum. The National 
Council's guidelines for the care and use of laboratory animals 
were followed. Transport studies were performed in adolescent 
(42-43-days-old), weanling (21-day-old), and suckling (14-day- 
old) rats. 

Preparation of Brush-Border Membrane Vesicles 

Brush-border membrane vesicles were prepared using a Mg2+/ 
EGTA precipitation method from scraped rat ileal mucosa (Hop- 
fer et al., 1973). The animals were killed by cervical dislocation. 
The distal one-third of the small intestine was removed, everted 
and scraped with a glass slide. All steps in this preparation were 
conducted at approximately 4~ Using a Waring blender at max- 
imal speed, the mucosal scrapings were homogenized for 3 rain 
in 30 ml of 300 mM mannitol, 5 mM EGTA and 12 mM Tris HC1 
(pH 7.1). Ice-cold, distilled water (120 ml) was added. The ho- 
mogenate was treated with 1.5 ml of 1 M MgC12 and centrifuged 
in a rotor (model J2-21 ; Beckman Instruments, Fullerton, CA) at 
5,000 rpm for 15 rain. The supernatant was then centrifuged at 
15,000 rpm for 30 rain. The resulting pellet was resuspended in 30 
ml of 60 mM mannitol, 5 mM EGTA and 12 mM Tris HC1 (pH 
7.1), and homogenized in a Potter-Elvehjem tube for 10 strokes 
at the highest speed. The homogenate was treated with 0.3 ml of 
1 M MgCI2 and centrifuged at 5,000 rpm for 15 rain. The superna- 
rant was spun at 15,000 rpm for 30 rain. The pellet was resus- 
pended in 30 ml of 250 mM mannitol and 20 mM HEPES Tris (pH 
7.4) and centrifuged at 20,000 rpm for 30 min. Using a tuberculin 
syringe with a 25-gauge needle, the pellet was resuspended in the 
desired volume of preincubation solution, the composition of 
which is described in each figure legend. The protein concentra- 
tion was measured by the method of Lowry et al. (195l), using 
bovine serum albumin as a standard. 

Purity of the Brush-Border Membrane 
Vesicle Preparation 

Leucine aminopeptidase was measured by a Boehringer kit (no. 
124869; Boehringer Mannheim Biochemicals, Indianapolis, IN). 
Na+/K+-ATPase activity was measured by the method of 
Scharschmidt et al. (1979). Cytochrome-c oxidase and NADPH 
cytochrome-c reductase were measured by the method of 
Beaufay et al. (1974). 

TRANSPORT MEASUREMENTS 

Uptake of radiolabeled sodium was measured by a rapid filtration 
technique (Hopfer et al., 1973). All incubations were done at 25~ 
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Fig. 1, Effect of media osmolality on 180-min uptake of 1 mM 
sodium. BBMV's were prepared in 100 mM TMA gluconate, 40 
mM HEPES, 90 mM MES buffer, pH 5.2. The reaction was 
started by addition of 20/xl of membrane vesicles to a different 
media (incubation buffer) containing (in raM): 100 TMA gluco- 
nate, 85 HEPES, 45 Tris, pH 7.5, with 1 sodium and tracer -~2Na. 
Osmolality was altered by varying mannitol concentration to 
achieve osmolalities between 200-250 mOsm. The reaction was 
stopped at 180 rain. Each point represents the mean _+ SE of three 
separate experiments on different membrane preparations 

and were initiated by addition of 20/xl of vesicle suspension to 80 
/xl of incubation solution. The composition of the incubation me- 
dium is noted in the legend of each figure. At each desired incu- 
bation time interval, 1 ml of ice-cold stop solution, which con- 
sisted of 185 mM K-gluconate, 10 mM Tris, 16 mM HEPES and 
0.1 m g  amiloride, was added to the reaction mixture. The cold, 
diluted reaction mixture was immediately pipetted onto a pre- 
wetted filter (cellulose nitrate, 0.45-/xm pore size; Sartorius Fil- 
ters, Hayward, CA) and kept under suction. The filter was rinsed 
with 5 ml of ice-cold stop solution and then dissolved in Bray's 
solution. Radioactivity was counted in a scintillation counter 
(model LS 4000: Beckman Instruments, Palo Alto, CA) as a 
liquid scintillant. Radioactivity remaining in the filters after pi- 
petting incubation medium into the radioactive substrate in the 
absence of vesicles was considered as background and was ac- 
counted for in the calculations. 

ANALYSIS OF DATA 

All values were expressed as nanomoles of sodium uptake per 
milligram of vesicle protein, and expressed graphically as the 
mean +- 1 SE. ANOVA test was used to evaluate the statistical 
significance of differences between the groups. A probability 
value of <0.05 was considered statistically significant. 

R e s u l t s  

PURITY OF THE BRUSH-BORDER MEMBRANE 
VESICLE PREPARATION 

T a b l e  1 d e p i c t s  t h e  s p e c i f i c  a c t i v i t i e s  o f  m a r k e r  en -  
z y m e s  in  i n t e s t i n a l  h o m o g e n a t e  a n d  b r u s h - b o r d e r  
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Tab le  I .  Specif ic  a c t i v i t y  of  m a r k e r  e n z y m e s  in B B M V ' s  and mucosa l  h o m o g e n a t e  in the rats  s tud ied  
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Suckling Weanling Adolescent 

BBMV Mucosa BBMV Mucosa BBMV Mucosa 

Leucine aminopeptidase 2464 + 125 
(~tmole ,8 NPHA hr -I mg 
protein -l ) 

NADH cytochrome-c 2.8 + 0.5 
reductase 

(~rnole rain -~ mg 
protein t) 

Cytochrome-c oxidase 1.5 + 
(/xmole rain -t mg pro- 
tein _j ) 

Na*-K+-ATPase 1.60 --- 
(~mol/Pi/hr-l /mg pro- 
tein- i) 

320 -* 35 (8) 4344 -+ 230 420 -+ 29 (10) 9319 -+ 375 920 -+ 220 (10) 

5. I -+ 1,2 (0.55) 2.9 -+ 0.4 6.2 -+ 1.2 (0,46) 4 -+ 0.5 8.2 -+ 2 (0.39) 

0.2 4.8 -+ 1.1 (0.31) 3.0 m 0:3 6.9 -+ 1 (0.43) 3 -+ 0.4 6.4 -+ 1 (0.46) 

0.18 2.10 -+ 0,42 (0.61) 2,4 • 0.1 4,6 -+ 0.5 (0.52) 6.9 -+ 0.4 15 -+ 0.4 (0.46) 

Va lues  are  m e a n  -+ S E  ( /7  = 6). 

N u m b e r  in p a r e n t h e s e s  i nd i ca t e s  e n r i c h m e n t  or i m p o v e r i s h m e n t  fac tor .  

Tab le  2. In i t ia l  r a te  u p t a k e  of  22Na by  b rush  b o r d e r  m e m b r a n e  ves ic les  of  ado le scen t ,  w e a n l i n g  and  

suck l ing  ra ts  

T ime  (see)  N a  * u p t a k e  ( n m o l / m g  prote in)  

A d o l e s c e n t  Wean l ing  Suck l ing  

3 0.09 -+ 0.05 0.06 • 0.05 0.04 • 0.03 

5 0.16 +- 0.07 0.10 -+ 0.04 0.07 • 0.02 

7 0.22 -+ 0.08 0.16 • 0.03 0.11 • 0.03 

10 0.28 -+ 0,07 0.22 • 0.06 0.17 • 0.04 

12 0.32 -+ 0.06 0.26 • 0.05 0,2 • 0.02 

15 0.34 -+ 0.05 0.28 • 0.06 0.22 -+ 0.04 

20 0.4 4- 0.1 0.32 • 0.04 0.24 • 0.04 

L i n e a r  r e g r e s s i o n  Y = 0,025 x + 0.028 Y = 0.02 x + 0,02 Y = 0,01 x + 0,015 
cc = 0.98 cc = 0.98 cc = 0.99 

membrane  vesicles. Leucine  aminopeptidase,  a 
specific marker  enzyme for brush-border  mem- 
branes was enriched 8- to 10-fold as compared  with 
total mucosal  homogenate .  Marker  enzymes  for ba- 
solateral membranes  (Na+-K+-ATPase) ,  mitochon- 
dria (cytochrome-c  oxidase) and endoplasmic retic- 
ulum ( N A D P H  cytochrome-c  reductase) were all 
impoverished.  

BINDING Versus U P T A K E  I N T O  T H E  

I N T R A V E S I C U L A R  S P A C E  

To determine whether  Na  + uptake is into an osmoti- 
cally sensitive intravesicular  space or mere  binding, 
we per formed an osmolal i ty study in which Na + 
uptake under outwardly  directed p H  gradient condi- 
tion was studied at 180 rain. Figure 1 depicts that 
the relationship be tween Na  + uptake and l i ter /osm 
was linear as expressed  by the formula y = 0.053 x 

+ 0.023, correlation coefficient (cc) was 0.97 sug- 
gesting a minor binding component .  These observa-  
tions were similar in all age groups studied (adoles- 
cent, weanling and suckling rats). 

I N I T I A L  R A T E  U P T A K E  O F  N a + - H  + E X C H A N G E  

Na + uptake at 1 mM Na  + concentrat ion was deter- 
mined under  outwardly directed p H  gradient condi- 
tion ( p H j p H o  = 5.2/7.5) at all age groups studied. 
Na § uptake was determined at 3, 5, 7, 10, 12, 15 and 
20 sec. Na  + uptake was linear up to 12 sec in all age 
groups as depicted by the formula Y = 0.025 x + 
0.028, cc ~ 0.98, Y = 0.02 x + 0.02, cc = 0.98 and 
Y = 0.01 x + 0.015, cc = 0.99 for adolescent,  wean- 
ling and suckling rats, respectively.  The positive 
nonzero intercept  on the ordinate is due to binding 
component  (Nord et al., 1984). Table 2 depicts the 
initial uptake values in the three age groups. 
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Fig, 2. Effect of age on ] mM Na + uptake under outwardly di- 
rected pH gradient (pHjpHo = 5.2/7.5) and no pH gradient (7.5/ 
7.5). Vesicles were preincubated for 1 hr at 25~ with various 
combinations of Tris, HEPES, and MES (130 mM total) to bring 
intravesicular pH to 5.2 or 7.5. The reaction was started the 
addition of 20/zl of vesicles to a media containing (in raM): 100 
TMA gluconate, 85 HEPES, 45 Tris, pH 7.5, with 1 Na + and 
tracer 22Na. Each point represents the mean • SE of three sepa- 
rate experiments on different membrane preparations. Peak 
"overshoot"  uptake in adolescent rats was significantly greater 
than corresponding values in suckling rats (P < 0.01) 

EFFECT OF AGE ON N a + - H  + EXCHANGE 

BY ILEAL B B M V ' s  

To determine the maturational aspects of Na+-H + 
exchange, we studied Na + uptake under outwardly 
directed pH gradient condition pHjpHo = 5.2/7.5 
and compared uptake values to those under no pH 
gradient condition pHJpHo = 7.5/7.5. 

Figure 2 depicts the presence of Na+-H + ex- 
changer at all age groups studied, as evident by 
marked stimulation of Na § uptake and the presence 
of an "overshoot" phenomena under pH gradient 
condition compared with no pH gradient condition. 
However, two important observations emerged, 
first the magnitude of "overshoot" was greater in 
adolescent and weanling rats BBMV's (fourfold in- 
crease) compared with suckling rat BBMV's (1.5- 
fold increase). Mean values at the  peak of "over- 
shoot" were significantly different between 
suckling and adolescent rats (P < 0.001). Second, 
Na § uptake under no pH gradient conditions 
was higher in suckling rat BBMV's compared to 
values obtained with adolescent BBMV's (P < 0.05 
at 1, 3, 5 and 10 min). It is also important to note 
that equilibrium values were similar in all age 
groups. The vesicular size using L-glucose in 
all age groups was approximately 1-1.2 /xl/mg 
protein. 

EFFECT OF VARYING INTRAVESICULAR pH ON 

Na+-H + EXCHANGE BY ILEAL BBMV's 

To further explore the findings of Fig. 2, we per- 
formed extensive studies to determine the effect of 
varying outwardly directed pH gradients on Na + 
uptake. Under these experimental conditions, the 
pH of the intravesicular compartment was varied 
from 5.2 to 7.5 while the incubation media pH was 
7.5. Na + uptake was determined at 5 sec well within 
the linear line of uptake. Figure 3 depicts the effect 
of varying intravesicular pH on Na + uptake on the 
three groups of rats studied. At all age groups, de- 
creasing the outwardly directed pH gradient re- 
sulted in a decrease in Na + uptake. The magnitude 
of the decrease was most marked in the adolescent 
rats. Moreover, Na § uptake under maximal pH gra- 
dient condition was 0.32 +- 0.01, 0.2 -+ 0.01 and 
0.095 + 0.01 nmol/mg protein/5 sec in adolescent, 
weanling and suckling rats, respectively (P < 0.001 
suckling ve r s u s  weanling and adolescent rats). Un- 
der no pH gradient condition, Na § uptake was 0.07 
-+- 0.005 compared to 0.04 _+ 0.002 nmol mg protein/ 
5 sec, in suckling and adolescent rats, respectively 
(P < 0.05). These findings suggest that the activity 
of the Na+-H + exchanger is greater in adolescent 
rats compared with suckling rats. 

EFFECT OF VARYING AMILORIDE 

CONCENTRATIONS ON N a + - H  + EXCHANGE BY 
ILEAL B B M V ' s  

Figure 4 depicts the effect of varying concentrations 
of amiloride (10-5-10 -2 u) on 1 mM Na + uptake 
under outwardly directed pH gradient (pHjpHo = 
5.2/7.5) in all age groups. At 1 mM amiloride con- 
centration, Na § uptake was inhibited by 80, 45 and 
20% in adolescent, weanling and suckling rats, re- 
spectively. The Ki for amiloride, calculated by 
Dixon plot, was 0.1, 0.05 and 0.06 m s  for adoles- 
cent, weanling and suckling rats, respectively. 
Moreover, the relationship between Na + uptake 
and amiloride concentration was linear at all age 
groups, suggesting a single amiloride-inhibitory site 
at all age groups. Linear regression analysis of ami- 
loride concentration ve r s u s  Na + uptake showed a 
linear relationship as expressed by the formulas Y = 
5.5 x + 0.129, cc = 0.82, Y = 5.4 x + 0.2, cc = 0.8 
and Y = 3 x + 2.7, cc = 0.92 for suckling, weanling 
and adolescent rats, respectively. 

EFFECT OF MEMBRANE POTENTIAL ON Na + 
UPTAKE BY ILEAL B B M V ' s  

To determine whether Na + uptake represents a pH 
gradient-driven Na § uptake or is secondary to an 
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Fig. 3. Effect of varying intravesicular pH on Na+-H + exchange by ileal BBMV's. BBMV's were prepared in 100 mM TMA gluconate 
and various combinations of Tris, HEPES and MES (130 mM total) to bring intravesicular pH from 5.2-7.5. The reaction was started by 
addition of 20 ~l of vesicles to a media containing 100 mM TMA gluconate and HEPES/Tris buffer, pH 7.5. Each point represents three 
separate experiments on different membrane preparations 
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Fig. 4. Effect of varying concentrations of amiloride (t0 s-10 2 r~) on Na*-H + exchange by ileal BBMV's. BBMV's were prepared in 
100 mM TMA gluconate, 40 mM HEPES, 90 mM MES buffer, pH 5.2. The reaction was started by the addition of 20/~1 of vesicles to a 
media containing (in raM): 100 TMA gluconate, 85 HEPES, 45 Tris buffer, pH 7.5, 1.0 Na + gluconate, tracer 22Na and various 
concentrations of amiloride (10-5-10 -2 M). Reaction was stopped at 5 sec. Data were expressed as percent inhibition of uptake without 
amiloride. Values are mean -+ SE of three separate experiments on different membrane preparations 

inside-negative electrical potential stimulating Na + 
uptake (due to H + diffusion), the effect of electrical 
potential on Na + uptake was determined. Vesicles 
were made inside-negative by loading the vesicle 
with I00 mM TMA gluconate, 40 mM HEPES, 90 
m~ MES buffer, pH 5.3. The vesicles were then 
added to a media containing (in raM) 100 TMA, 85 
HEPES, 45 Tris, pH 7.5, 1 Na + gluconate with or 
without 80 p~M FCCP (Kinsella & Aronson, 1980). 
As for glucose studies, the vesicles were added to a 
media containing (in raM) 100 NaC1, 85 HEPES, 45 
Tris, pH 7.5, 0.l D-glucose with or without 80 txM 
FCCP. Table 3 depicts that Na + uptake was not 
different with or without negative membrane poten- 
tial induced by FCCP. In contrast, D-glucose up- 

take was significantly enhanced with negative mem- 
brane potential induced by FCCP in the presence of 
Na + gradient compared to Na + gradient alone. Sim- 
ilar results (not shown) were obtained using valino- 
mycin-induced negative membrane potential. These 
findings suggest that Na + uptake is secondary to pH 
gradient conditions, rather than by a negative mem- 
brane potential. 

KINETICS OF N a + - H  + EXCHANGE 

IN ILEAL B B M V ' s  

The kinetics of Na + uptake were investigated at 5 
sec in the setting of outwardly directed pH gradient 
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Table 3. Effect of membrane potential induced by FCCP on D- 
glucose uptake and on Na+-H + exchanger 

Time D-Glucose uptake (nmol/mg protein) 

-FCCP +ECCP 

Suckling Adolescent Suckling Adolescent 

20see 0.8 -+ 0.1 1.2 +_ 0.2 1.6 + 0.2 2.8 - 0.4 
1 rain 0.52 -+ 0.04 0.8 +- 0.15 0.75 _+ 0.1 1.4 + 0.3 
60 rain 0.15 _+ 0.03 0.17 -+ 0.03 0.16 -+ 0.64 0.17 -+ 0.03 

Time Na + uptake (nmol/mg protein) 

- F C C P  +FCCP 

Suckling Adolescent Suckling Adolescent 

10 sec 0.21 -+ 0.02 0.54 _+ 0.04 0.22 _+ 0.01 0.6 _+ 0.06 
1 rain 0.32 _+ 0,01 1.35 _+_ 0.12 0.31 +_ 0.02 1.3 +- 0.1 
180 rain 0.41 _+ 0.02 0.45 + 0.03 0.4 -+ 0.02 0.43 _+ 0,02 

Brush-border membranes were preincubated with 100 mM TMA 
gluconate, 40 mg HEPES, 90 mM MES buffer, pH 5.2. The 
reaction was started by the addition of 20 /zl of vesicles to a 
media containing (in raM): 100 NaCI, 85 HEPES, 45 Tris, pH 7.5, 
0.1 D-glucose with or without FCCP (for glucose studies), or to a 
media containing (in raM): 100 TMA gluconate, 85 HEPES, 45 
Tris, pH 7.5, and 1 Na + gluconate, with or without 80/tg FCCP 
(for Na + studies). The reaction was stopped at desired time inter- 
vals using a cold stop solution containing fin raM): 185 K gluco- 
hate, 10 Tris, 16 HEPES and 0. I amiloride (for Na + studies) and 
100 NaCI, 100 mannitol, 20 HEPES/Tris and 0.2 phlorizin (for D- 
glucose studies). 

(pHi/pHo : 5.2/7.5) using Na + concen t r a t i on  be- 
tween  1-50 mM in the p resence  and absence  of I 
mM amiloride.  The  ami lor ide-sens i t ive  c o m p o n e n t  
(total uptake  - uptake  in the p resence  of I mM 
amiloride)  was ana lyzed  using a compute r ized  
model  of Michae l i s -Men ten  kinetics.  The b inding  
c o m p o n e n t ,  as de t e rmined  f rom the nonze ro  inter- 
cept  of the initial rate, was also subst ra ted.  Figure  5 
depicts  a plot of ami lor ide-sens i t ive  Na  + uptake 
v e r s u s  Na + c o n c e n t r a t i o n  in suckling,  weanl ing  and 
ado lescen t  rats. V~,~ was significantly greater  in ad- 
o lescent  and wean l ing  rats compared  with mean  
values  of suckl ing rats (P < 0.001). Km values were 
not  significantly different.  These  results  suggest  the 
affinity of the Na+-H + exchanger  is similar at all age 
groups ;  however ,  the capaci ty  of an t ipor te r  in- 
creases  with advanc ing  age. 

DISSIPATION OF ApH I N  BRUSH-BORDER 
MEMBRANES OF FHE RATS STUDIED 

To de te rmine  whe ther  m e m b r a n e s  f rom the suck- 
ling, wean l ing  and  ado lescen t  rats main ta in  similar  
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Fig. 5. Effect of age on kinetics of Na--H + exchanger by rat 
ileal brush-border membrane vesicles. BBMV's were prepared in 
100 mM TMA gluconate, 40 mu HEPES, 90 mM MES buffer, pH 
5.2. The reaction was started by the addition of 20 pJ of vesicles 
to a media containing (in raM): 100 TMA gluconate, 85 HEPES, 
45 Tris buffer, pH 7.5, and various concentrations of Na" gluco- 
nate (1-50 mM) and tracer 22Na in the presence and absence of 
amiloride. TMA gluconate concentration was demeased with in- 
creasing Na ~ to maintain equal of molality across the mem- 
branes. Amiloride-sensitive component was plotted against Na- 
concentration. Reaction was stopped at 5 sec. Each point repre- 
sents mean of three experiments on different membrane prepara- 
tions. Km and Vm~ x values were analyzed using a computerized 
model of the Michaelis-Menten kinetics 

pH gradient  across  their m e m b r a n e s ,  two studies 
were conduc ted .  Firs t ,  d iss ipa t ion  of ApH was stud- 
ied using the f luorescence  quench ing  of acr idine 
orange as descr ibed  prev ious ly  (K le inman  et al., 
1988). Brush -borde r  m e m b r a n e  vesicles  from suck- 
ling, wean l ing  and  ado lescen t  rats were pre incuba-  
ted in 100 mM T M A  gluconate ,  50 mM K gluconate ,  
40 mM H E P E S  and  90 mM MES,  pH 5.2. Vesicles 
were then  di luted in a media  con ta in ing  (in mM): 100 
T M A  gluconate ,  50 K g lucona te ,  85 H E P E S  and 45 
Tris ,  pH 7.5 and  6 p~M acr id ine  orange.  U nde r  this 
sett ing, the acr id ine  orange  f luorescence  quench ing  
occur red  with s p o n t a n e o u s  d iss ipa t ion  of the pH 
gradient .  M o n e n s i n  10 -2 M total ly col lapsed the pH 
gradienl ,  F igure  6, shows that  the rate of d iss ipat ion 
of pH was s imilar  in all age groups.  Second,  the 
effect of  F C C P - i n d u c e d  negat ive  m e m b r a n e  was 
s tudied on glucose  uptake  by suckl ing and adoles-  
cent  rats. Table  2 depicts  that  negat ive  m e m b r a n e  
potent ia l  induced  by F C C P  resul ted in twofold 
greater  up take  compared  to N a  + gradient  a lone in 
both age groups ,  again indica t ing  the m a i n t e n a n c e  
of an H § gradient .  

Discussion 

M a m m a l i a n  small  in tes t ine  undergoes  morphologi-  
cal, b iochemica l  and  func t iona l  changes  dur ing mat- 
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Fig. 6. Effect of age on dissipation of pH gradient. Membrane vesicles from adolescent, weanling and suckling rats were preincubated 
in 100 mM TMA gluconate, 50 mM K gluconate, 40 mM HEPES and 90 mM MES, pH 5.2. Vesicles were then diluted in a media 
containing (in raM): 100 TMA gluconate, 50 K gluconate. 85 HEPES and 45 Tris, pH 7.5, and 6 acridine orange. Changes in 
fluorescence quenching were monitored at room temperature using an amino spectroflurometer 

uration. The mechanisms underlying these changes 
include genetic, hormonal and environmental fac- 
tors. The functional studies in general lagged behind 
the morphological and biochemical changes. The 
available studies on ion transport during maturation 
are quite limited (Grand, Watkins & Torti, 1976). 
The intestinal mucosa of newborn and suckling rats 
has a very slow rate of cellular proliferation and 
migration as compared to adult animals (Koldovsky 
et al., 1966; Herbst & Sunshine, 1969). Therefore, it 
was suggested that this slow rate of cellular prolifer- 
ation and migration could be a contributing factor in 
the pathogenesis of electrolyte imbalances and in- 
testinal damage repair resulting from infant diar- 
rheal states. Recent studies suggest a link between 
Na+-H + exchanger and cell growth (L'Allemain et 
al., 1984). The present study describes for the first 
time the postnatal development of this novel and 
unique transport system, Na+-H + exchanger, in il- 
eal brush-border membranes. We used well-vali- 
dated ileal BBMV's from animals during maturation 
to demonstrate the differences of ion transport in 
the animals during maturation. The purity of the 
ileal membranes was validated by morphological 
biochemical and functional criteria (Barnard, 
Ghishan & Wilson, 1985; Barnard & Ghishan, 
1986). Brush-border enzyme markers were enriched 
several-fold over mucosal homogenate, however, 
the activity of a basolateral and subcellular organ- 
elles enzyme markers were all impoverished. D-glu- 
cose uptake studies showed a clear "overshoot" 
which is a well characteristic phenomena of brush- 
border membranes (Table 2). To determine whether 
sodium uptake into brush-border membrane vesi- 
cles from all age groups is into osmotically active 

space, vesicles were incubated in media with in- 
creasing osmolality and Na + uptake was deter- 
mined at equilibrium. As seen in Fig. 1, binding 
component depicted by the intercept indicates a 
small binding component. Therefore, our studies 
provide evidence that BBMV's are suitable for the 
study of sodium transport processes in the rat dur- 
ing maturation. 

Beck (1985) using BBMV's from the fetal rabbit 
kidney have demonstrated the presence of immatur- 
ity in the Na+-H § exchange activity. However, at 
the time of six weeks after birth, there was an accu- 
mulation of Na + above the equilibrium value and 
87% of the initial rate was amiloride sensitive 
(Beck, 1985). Our studies in suckling rat depicted 
the presence of immaturity in the Na+-H + exchange 
system in the rat small intestine. Under the out- 
wardly directed pH gradient condition, Na + uptake 
showed a 1.5-fold blunt "overshoot" with time and 
only 20% of the initial rate uptake was amiloride 
sensitive in the BBMV's of suckling rat. Whereas, 
in the adult rat, Na + uptake demonstrated over 
threefold clear "overshoot" phenomena and 80% of 
the initial uptake rate was amiloride sensitive. Fur- 
thermore, as seen in Fig. 2, the initial uptake rate at 
the varying outwardly directed pH gradient were 
always higher in the adolescent BBMV's especially 
at the gradient pHi/pHo = 6.5/7.5 or more. These 
data suggested that the response of the Na+-H + ex- 
changer to the driving forces made by pH gradient 
is more sensitive in adolescent rat small intestine as 
compared to the suckling rat small intestine. 

The kinetics of the transport system were done 
at 5 sec, at a time when the transport is linear. The 
kinetic parameters were obtained by subtracting the 
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uptake of the amiloride-nonsensitive component  
and the binding component  from the total Na + up- 
take under outwardly directed pH gradient. Values 
of Vm~ and Km were obtained using a computerized 
model of the Michaelis-Menten kinetics (Vaughn, 
Neal & Anderson,  1976). As seen in Fig. 5, Vm~x 
was significantly greater in adolescent and weanling 
rats compared with mean values of suckling rats 
(P < 0.001). These kinetic parameters were quite 
similar to those of rabbit ileal BBMV's  (Knickelbein 
et al., 1983), rabbit renal BBMV's  (Warnock, Reen- 
stra & Yee, 1982). These results suggest the affinity 
of  the Na+-H + exchanger  is similar at all age 
groups, however,  the capacity of antiporter in- 
creases with advancing age. 

To determine whether the changes in the kinetic 
parameters are due to faster dissipation of pH gradi- 
ent across the membranes of rats at different ages, 
acridine orange studies and FCCP-induced negative 
membrane potential studies were performed. Both 
studies indicate that the rate of pH dissipation and 
generation of negative membrane potential was sim- 
ilar in the age groups studied. Therefore,  the change 
in Vm~• reflects a change in the activity of the trans- 
porter.  Whether  this change is secondary to in- 
crease in the number  of  transporter  or represents an 
increase in the turnover  rate of the transporter can- 
not be determined from these studies. 

In the proximal tubular BBMV's  of kidney, an 
electroneutral transport process of Na + has been 
revealed (Kinsella & Aronson, 1980). The impor- 
tance of a membrane potential on Na + transport in 
rat small intestine is somewhat controversial. Some 
investigators suggest an electroneutral process 
(Knickelbein et al.,1983), while others suggest the 
presence of an electrogenic component  for Na + 
transport (Ramaswamy, Harig & Kleinman, 1987). 
We created an " ins ide"  diffusion potential using 
valinomycin, but no stimulation of  Na + uptake oc- 
curred either when uptake was compared with a 
control incubation without valinomycin or a control 
incubation under voltage clamped condition. Our 
results, therefore,  support the concept of an elec- 
troneutral transport process in all three age groups. 
Savolic and Burckhardt  (!984) demonstrated that 
the rate of Na+-H + exchange as well as the conduc- 
tances for various ions in the isolated renal 
BBMV's  depend on membrane preparation. The 
rates of  ApH dissipation with K + gradients (+va-  
linomycin) were higher by 50 to I50% in membranes 
prepared with CaClz than in membranes isolated 
with MgCI2, indicating much higher H t and K + con- 
ductances in membranes obtained with CaC12. This 
difference between the two preparation methods 
might be one possibility to explain the different 

results regarding the electrogenesis of Na + trans- 
port in intestinal BBMV's  of rat small intestine. 

In summary,  the data reported in the present 
paper, provide direct evidence for localization of a 
Na*-H + exchange mechanism on the brush-border 
membrane of rat ileum during maturation. The char- 
acteristic of the Na+-H + exchanger are: (i) out- 
wardly directed hydrogen gradients stimulated so- 
dium uptake, which cannot be explained by the 
generation of a diffusion potential because sodium 
uptake was not potential sensitive; (ii) amiloride in- 
hibited the pH gradient-stimulated sodium uptake; 
(iii) saturation kinetics were similar to the finding 
observed with Na+-H § exchangers from other epi- 
thelia; ( iv)  magnitude of pH gradient-stimulated so- 
dium uptake was greater in adolescent and weanling 
rat brush-border membrane vesicles compared with 
suckling rat brush-border membrane vesicles; (v)  
amiloride-sensitive Na + uptake was much greater in 
adult rat ileum than in weanling and suckling ileum; 
(vi)  at all age groups studied, the affinity of the Na +- 
H + exchanger was similar; however,  the capacity of 
antiporter increased with advancing age. This in- 
crease in NaT-H + activity, with age, is not related 
to differences in rate of dissipation of pH gradient 
across the different membrane preparation. 

This study was supported by CNRU pilot project numbers NIH 
DK 26657-08 and ROl-DK41274. 
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