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Summary. We used specific binding of phlorizin to the intact 
intestinal mucosa in order to measure glucose transport site den- 
sity in intestines of mice fed a high-carbohydrate or no-carbohy- 
drate diet. Nonspecific binding varied with intestinal position 
but showed only modest dependence on diet. Specific binding to 
glucose transporters was 1.9 times greater in jejunum of high- 
carbohydrate mice than of no-carbohydrate mice; this ratio was 
the same as the ratio for Vma• values of active D-glucose uptake 
between the two diet groups. The gradient in specific binding of 
phlorizin along the intestine paralleled the gradient in Vmax of 
glucose transport. These results directly derfionstrate that the 
increase in intestinal glucose transport caused by a high-carbo- 
hydrate diet is due to induction of glucose transporters, They 
also indicate that the normal positional gradient in glucose trans- 
port along the intestine arises from a gradient in transporters, 
induced by the normal gradient in luminal glucose concentration. 
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Introduction 

Intestinal active uptake of monosaccharides is sub- 
ject to adaptive regulation under numerous physio- 
logical and pathological conditions (Karasov & Dia- 
mond, 1983, 1986). The best studied of these 
responses is that to changes in dietary carbohydrate 
levels (Hahn & Koldovsky, 1966; Bode, Ei- 
senhardt, Haberich & Bode, 1981; Scharrer et al., 
1981; Karasov, Pond, Solberg & Diamond, 1983; 
Diamond & Karasov, 1984). When dietary carbohy- 
drate is increased or decreased, duodenal and jeju- 
nal D-glucose uptake reversibly increases in ca. I 
day or decreases in several days, respectively. Ki- 
netic analysis of glucose uptake shows that this re- 
sponse involves a change in Vmax, which is twofold 
higher in mice on high-carbohydrate diets than on 
carbohydrate-free diets. [An associated apparent 
change in the Michaelis-Menten constant Km is 
thought to result from the Vmax change as an unstir- 
red-layer artifact (Karasov, Buddington & Dia- 
mond, 1986).] This response of Vmax for active D- 
glucose uptake is specific: passive permeability to 

L-glucose remains unchanged, and amino acid up- 
take varies independently in response to dietary 
protein levels. Hence it has been postulated that the 
responses of D-glucose uptake involves induction of 
glucose transporters by dietary substrate levels. 
Supporting this interpretation is the observation 
that a similar response of D-glucose uptake to 
changes in blood glucose concentration is sup- 
pressed by an inhibitor of protein synthesis (Csaky 
& Fischer, 1981). 

Possibly related to this response to dietary car- 
bohydrate is the normal positional gradient of D- 
glucose uptake rates along the intestine. Uptake 
rises slightly from the duodenum to a peak in the 
jejunum, then declines steeply towards the ileum. 
This gradient parallels the normal gradient in lumi- 
nal glucose concentration: glucose rises from the 
duodenum to jejunum (because pancreatic and in- 
testinal amylases entering the duodenal lumen hy- 
drolyze glycogen and starch to glucose), then de- 
clines from jejunum to ileum (because of glucose 
absorption). Hence it is tempting to assume that the 
"standing gradient" of glucose uptake along the in- 
testine also involves induction of glucose trans- 
porters, whose activity at any particular site is set 
by the usual luminal glucose concentrations at that 
site (Karasov & Diamond, 1983). In agreement with 
this interpretation, the gradient in glucose uptake 
disappears in mice on a carbohydrate-free diet: duo- 
denal and jejunal uptakes decline to the low level 
normally observed in the ileum (Diamond & Kara- 
sov, 1984). 

Other conditions marked by glucose uptake re- 
sponses suggestive of induction include starvation, 
diabetes, and total parenteral feeding. However, in 
none of these cases has a change in glucose trans- 
port site density been directly studied. This gap in 
our knowledge contrasts with our presently much 
deeper understanding of regulation of intestinal hy- 
drolases, whose response to dietary substrates has 
been studied at the molecular level (Reischenauer & 
Gray, 1985). As a next step in understanding regula- 
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tion of intestinal glucose transport, we need to be 
able to measure glucose transport site density. 

The preceding paper (Ferraris & Diamond, 
1986) described a method that employs selective 
binding of phlorizin, a competitive inhibitor of D- 
glucose uptake at the intestinal brush border mem- 
brane, to measure glucose transport site density in 
the intact mucosa. Since the method involves the 
same everted sleeve preparation of intestine used 
for measuring D-glucose uptake, one can compare 
uptake and site density without concern for possible 
differences related to different preparations (e.g., 
vesicles v s .  intact mucosa). In the present paper we 
use this method to ask two questions: 

1. Does the change in Vma• for active D-glucose 
uptake in response to altered dietary carbohydrate 
levels really reflect proportionate changes in glu- 
cose transport site density? 

2. Does the positional gradient of uptake simi- 
larly reflect a positional gradient of site density? 

Materials and Methods 

ANIMALS AND DIETS 

Sixteen adult male white Swiss Webster mice (30-40 g) were 
maintained as described in the preceding paper, except that two 
alternative isocaloric diets were used: one diet with high carbo- 
hydrate (55% sucrose) and moderate protein (15% casein) levels, 
the other diet with high protein levels (70% casein) and no carbo- 
hydrate, eight mice maintained on each diet. The diets were 
otherwise identical to  each other and were the same as the diets 
used previously in this laboratory to study changes in glucose 
uptake (see Diamond & Karasov, 1984, for detailed composition 
of the diets). The diets were supplied in pellet form by ICN 
Nutritional Biochemicals. Food consumption was estimated by 
weighing the remaining pellets twice a week; the mice did not 
scatter uneaten food. Mice were maintained on one or the other 
diet for 14 days before sacrifice. We always sacrificed mice from 
both diets on the same day. All measurements reported in this 
paper were obtained from the same two groups of eight mice on 
each diet. 

GLUCOSE UPTAKE MEASUREMENTS 

D-glucose uptake by everted sleeves of intestine was measured 
by the procedure of Karasov and Diamond (1983), except that 
solution pH was 7.0 (the pH used for phlorizin binding studies) 
rather than 7.4. Briefly, a 1-cm sleeve was preincubated for 5 rain 
at 37~ in normal Ringer (composition in Ferraris & Diamond, 
1986), then incubated for 1 rain at 37~ in a stirred flat-bottomed 
test tube containing Ringer + 50 mM D-glucose (isosmotically 
replacing NaCI), 14C D-glucose, and 3H L-glucose. L-glucose 
served to correct simultaneously for passive uptake and for D- 
glucose in adherent fluid, yielding active uptake of D-glucose 
(Karasov & Diamond, 1983). At the end of the incubation the 
tissue was rinsed for 20 sec in 25 ml ice-cold Ringer stirred at 
1000 rpm, then counted as described in the preceding paper. D- 
glucose uptake was measured in one sleeve from the upper jeju- 
num (adjacent to duodeno-jejunal boundary) and one sleeve from 

the lower jejunum (near jejuno-ileal boundary) of each mouse. 
One tissue immediately adjacent to each tissue used for glucose 
uptake measurements was preincubated for 5 min at 37~ in 
Ringer, then used to measure the dry wt/wet wt ratio, which 
proved to be the same in the upper and lower jejunum. 

PHLORIZIN BINDING MEASUREMENTS 

Based on the results of the preceding paper, we incubated 
sleeves for 120 sec at 37~ in 3H phlorizin-containing Ringer + 50 
mM mannitol or Ringer + 50 mM D-glucose, rinsed for 20 sec in 
ice cold Ringer + 50 mM mannitol, and calculated specific phlor- 
izin binding as the difference between binding in mannitol and in 
glucose. Tissues with visible Peyer's patches were discarded 
during the dissection. 

In experiments on the effect of dietary carbohydrate levels 
on phlorizin binding, we took eight l-cm sleeves from the mid- 
jejunum of each mouse and measured binding at four phlorizin 
concentrations (0.005, 0.04, 0.32, and 1.28 p.M), one sleeve in 
each of the two incubation solutions at each phlorizin concentra- 
tion. To eliminate effects of variation due to sleeve position 
within the jejenum, we chose four pairs of tissues (one tissue 
each for incubation in mannitol and in glucose) from various 
jejunal positions and randomly assigned the four phlorizin con- 
centrations to the four tissue pairs. The coefficient of variation of 
phlorizin binding in adjacent sleeves of the same animal was 5.0 
+- 3.5% (n = 4). 

In experiments on the effect of intestinal position on phlor- 
izin binding, we took six 1-cm sleeves from the duodenum (de- 
fined as anterior 6 cm of intestine) and six from the ileum (defined 
as posterior 6 cm of intestine) of mice fed the high-carbohydrate 
diet. The length of mouse duodenum or ileum allowed us to use 
only six sleeves (three pairs) and three phlorizin concentrations 
(0.005, 0.04, and 0.32 tZM). 

Density of equilibrium phlorizin binding to the specific high- 
affinity sites was calculated from Scatchard plots of amount 
bound/concentration vs. amount bound (cf. Fig. 4 of preceding 
paper). From such plots one extracts an estimate of binding site 
density for one region of intestine (duodenum, jejunum, or il- 
eum), based on the measurements at different phlorizin concen- 
trations in three or four adjacent pairs of sleeves from the region. 
Nonspecific binding normalized to tissue weight was found not to 
vary with position along the intestine. However, specific binding 
normalized to tissue weight decreased from proximally to dis- 
tally, by 5.0 - 3.4% (n = 4) per cm. Since the sleeves were 1 cm 
long and since we prepared 6-8 sleeves per region, this gradient 
means that specific binding in the most distal sleeve of a region 
would be about 30% less than specific binding measured in the 
most proximal sleeve in the same incubation solution. Hence we 
normalized all values of specific binding to the most proximal 
position in the region, on the assumption of a gradient of 5%/cm. 

Statistical analyses were performed as in the preceding pa- 
per. 

Results 

EFFECT OF DIET ON BODY WEIGHT,  FOOD 

CONSUMPTION, AND G U T  LENGTH AND MASS 

The high-carbohydrate mice exceeded no-carbohy- 
drate mice slightly but significantly in food con- 
sumption, and slightly but not significantly in 
weight gain (Table 1). Diet had no effect on intesti- 
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Table 1. Effect of  diet on body weight,  food consumpt ion  and gut mass  
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Diet P value 

No Carbohydrate  High Carbohydrate  

Body weight 
Initial (g) 38.2 • 1.6 38.5 • 0.8 0.86 
Final (g) 38.1 • 1.0 40.3 -+ 0.7 0.09 
Gain (g/day) -0 .01  • 0.08 0.13 • 0.05 0.12 
Gain (%/day) 0.00 +- 0.20 0.34 -+ 0.11 0.16 

Food Consumpt ion  
Daily consumpt ion  

(g/mouse)  3.4 • 0.14 4.4 • 0.27 0.004* 
Daily consumpt ion  

per unit weight 0.09 • 0.003 0.11 -+ 0.006 0.003* 
Gut length and mass  

Total length (cm) 45.8 • 1.3 46.6 • 1.5 0.69 
Weight  per unit 

length (mg/cm) 
a) d u o d e n u m  - -  59.7 -+ 2.3 
b ) j e j u n u m  43.2 -+ 2.8 42.0 -+ 3.3 0.79 
c) i leum - -  17.2 -+ 1.0 

Dry weight (%) 15.1 -+ 0.7 14.8 + 0.8 0.76 
Gut length/body weight 

(cm/g) 1.21 _+ 0.04 1.18 -+ 0.04 0.72 

"Final  weights were measu red  after 2 weeks  on the indicated diet. Percent  dry wt is an average of 
values for upper  and lower j e junum,  which did not differ significantly. Right-most  co lumn gives 
significance level for difference be tween values on the two diets; asterisks denote a significant differ- 
ence at the  P < 0.05 level. Sample size was eight mice for each diet. Values of  weight per unit length of 
intestine,  and of  percent  dry wt, are based  on two l -cm sleeves per region and/or  per mouse .  

Table 2. Effect of  diet and intestinal region on the affinity constant  and densi ty of  phlorizin binding sites 

Diet 

No carbohydrate  High carbohydrate  

Je junum Duodenum Je junum Ileum 

Densi ty (pmol /mg)  0.278 + 0.073 (21) ~ 0.604 _+ 0.159 (15) b 0.554 + 0.125 (19) b 0.165 + 0.040 (20) ~' 
Apparent  K,I (riM) 74 • 35 c 77 • 37 ~ 65 --+ 28 c 68 + 29 ~ 

The  densi ty  of  phlorizin binding sites was calculated as the X intercept + est imated SE of  X intercept (total 
number  of  points of  Scatchard plots). The apparent  K~ was calculated from the slope + sE of  the slope. Resul ts  
are derived from eight mice on each diet. Slopes differed from 0 at significance levels of  P < 0.05 or better. 
N u m b e r s  that share the same superscript  in the same row are statistically not different (P > 0.05). 

nal length, jejunal wet wt per cm, intestinal dry wt/ 
wet wt, or intestinal length normalized to body 
weight. Diamond and Karasov (1984) obtained simi- 
lar results and also showed that passive glucose per- 
meability and nominal and villus surface area are 
the same in high-carbohydrate as no-carbohydrate 
mice. 

E F F E C T  OF D I E T  A N D  I N T E S T I N A L  P O S I T I O N  

ON P H L O R I Z I N  B I N D I N G  

The density of high-affinity, glucose-protectable 
binding sites was 1.9-fold higher in jejunum of high- 
carbohydrate than no-carbohydrate mice (Table 2). 
In high-carbohydrate mice site density did not differ 
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Fig. 1. Nonspecific binding of 3H-phlorizin at 0,005/xM as a func- 
tion of tissue weight. Tissues were chosen at random from three 
intestinal regions (O, duodenum; [], jejunum; I1, ileum) of mice 
fed high carbohydrate, and from the jejenum of mice fed no 
carbohydrate (�9 The slopes of nonspecific phlorizin binding 
against weight of tissue were not significantly different (P > 0.20) 
among the four segments, hence data from all groups were 
pooled. The resulting regression coefficient is 2.8 -+ 0.2 (49) 
fmol/mg when the bathing phlorizin concentration is 0.005 ~M 
(see text for regression coefficient of each tissue group). There 
was a significant difference in the individual Y intercepts (P < 
0.05), but the Y intercept of the pooled data (-7.0 -+ 10.6 fmol) 
did not differ from 0 (P > 0.60) 

significantly (P > 0.25) between duodenum and je- 
junum but was 3.3-fold higher (P < 0.001) in jeju- 
num than in ileum, 3.7-fold higher (P < 0.01) in 
duodenum than in ileum. The apparent dissociation 
constant for phlorizin binding, Kd, did not differ be- 
tween duodenum, jejunum, and ileum of high-car- 
bohydrate mice, nor between jejunum of high-car- 
bohydrate and no-carbohydrate mice (Table 2). Our 
values for site density and Kd of jejunum of mice on 
a high-carbohydrate diet are somewhat lower than 
the corresponding values reported in the previous 
paper (Ferraris & Diamond, 1986) for jejunum of 
mice on a chow diet, presumably because of the 
different diets, batches of mice, or phlorizin con- 
centrations studied. 

EFFECT OF DIET AND INTESTINAL POSITION 
ON ACTIVE D - G L u c O S E  UPTAKE 

We measured active D-glucose uptake at 50 mM in 
jejunum of high-carbohydrate and no-carbohydrate 
mice. Uptake at 50 mM approximates the Vmax (Dia- 
mond & Karasov, 1984). Uptake did not differ sig- 
nificantly (P > 0.10) between upper and lower jeju- 
num of no-carbohydrate mice but was higher (P < 
0.01) in upper (12.4 _ 1.3 nmol/mg wet wt �9 min (n 
= 7)) than in lower (5.7 --_ 0.5 (7)) jejunum of high- 

carbohydrate mice. Thus, a positional gradient in 
jejunal uptake is present in our high-carbohydrate 
but not no-carbohydrate mice, in accord with pre- 
vious studies of the positional gradient along the 
length of the small intestine (Diamond & Karasov, 
1984, Figs. 2 and 6). 

For comparison with our phlorizin binding mea- 
surements, which were taken from upper to lower 
jejunum, we averaged D-glucose uptake values in 
upper and lower jejunal sleeves: 9.1 -+ 1.1 (14) and 
4.8 -+ 0.5 (14) nmol/mg �9 min in high-carbohydrate 
and no-carbohydrate mice, respectively. Thus, up- 
take on the high-carbohydrate diet exceeds that on 
the no-carbohydrate diet by a factor of 1.9. These 
values are very close to those obtained by Diamond 
and Karasov (1984) for mice on these same two 
diets (see Fig. 2). 

EFFECT OF DIET AND INTESTINAL POSITION 
ON NONSPECIFIC PHLORIZIN BINDING 

Figure 1 depicts nonspecific phlorizin binding at a 
phlorizin concentration of 0.005 /xM, as a function 
of tissue weight. Jejunal tissues from high- and no- 
carbohydrate mice yielded similar (P > 0.25) 
slopes: 1.0 -+ 0.5 (13) and 1.5 -+ 0.4 (13) fmol/mg, 
respectively. Slopes for duodenal tissues (2.2 -+ 1.0 
(13) fmol/mg) and ileal tissues (0.9 + 1.0, no signifi- 
cant regression, because abscissa values show little 
spread) from high-carbohydrate mice do not differ 
significantly (P > 0.1) from the jejunal slope for the 
same mice because of the large standard errors. 
However, the slope of the pooled data (2.8 _+ 0.2 
(49) fmol/mg) is higher than these slopes for each of 
the subsets, because nonspecific binding per mg is 
higher in the duodenum (high-abscissa values in 
Fig. 1) than in ileum (low-abscissa values in Fig. 1). 

These conclusions are reinforced by plotting 
nonspecific binding against phlorizin concentration. 
The relation is linear (correlation coefficient - 0.9, 
significant at P < 0.001) in all tour cases (jejunal 
tissues from high- and no-carbohydrate mice, duo- 
denal and ileal tissues from high-carbohydrate 
mice), suggesting that nonspecific binding involves 
nonsaturable sites present in excess for the phlor- 
izin concentrations we used. (In contrast, specific 
binding increases nonlinearly with concentration 
and involves a limited number of sites.) The slopes 
for jejunal tissues of no-carbohydrate (0.80 _+ 0.06 
(28) pmol/mg, /XN) and high-carbohydrate (0.63 _+ 
0.06 (25) pmole/mg, tXM) mice do not differ (P > 
0.20, two-tailed t test). Slopes for duodenal (0.50 -+ 
0.17 (15), jejunal (0.63 -+ 0.06 (n = 25)), and ileal 
(0.22 + 0.14 (n = 20)) tissues of high-carbohydrate 
mice differ slightly, but only the comparison for je- 
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junum vs. ileum approaches significance (P ~ 0.09). 
These positional differences in non-specific binding 
are not surprising: non-specific binding is thought to 
involve membrane lipids and proteins (other than 
the glucose transporter), both of which are likely to 
vary with position. 

Discussion 

Figure 2 plots specific phlorizin binding site density 
against Vmax of active D-glucose transport, as a 
function of diet for jejunal sleeves, and as a function 
of intestinal position on the high-carbohydrate diet. 
Changes in site density and in Vm~ are closely cor- 
related (r = 0.98). The Yintercept of 0.57 + 1.18 (6) 
nmol/mg �9 rain does not differ significantly from 
zero (P > 0.4), suggesting that variations in density 
of the high-affinity phlorizin binding sites underlie 
most of these variations in glucose uptake by mouse 
intestine. If the Y intercept is real, it might repre- 
sent glucose transport by the low-affinity phlorizin 
binding sites (Ferraris & Diamond, 1986), but a test 
of this possibility will require more accurate mea- 
surements of this binding than we were able to 
achieve. 

Figure 2 yields four further conclusions: 
1. Dietao, effect on glucose transport. Switch- 

ing from a no-carbohydrate to a high-carbohydrate 
diet increases the Vma• of active D-glucose transport 
by 1.9-fold (this study; Diamond & Karasov (1984) 
obtained the same factor). This factor is the same as 
the proportional increase in specific phlorizin bind- 
ing, by 1.9-fold. Thus, the postulate of previous au- 
thors that dietary carbohydrate enhances glucose 
transport rates by inducing glucose transporters (or 
by reducing their rate of degradation) is directly 
confirmed. Our results mean that the increase in 
transporter number fully accounts for the increase 
in transport rate; no other effect of diet need be 
involved. Amsler and Cook (1985) recently reached 
the same conclusion for induction of glucose trans- 
porters in LLC-PK ceils in culture. 

2. The positional gradient of glucose transport. 
Active uptake of 50 mM D-glucose in proximal intes- 
tine exceeds ileal uptake by 3-6 times, whether up- 
take is normalized to mg wet wt of intestinal tissue, 
mg scrapable mucosa, cm 2 nominal surface area, 
c m  2 villus surface area (Diamond & Karasov, 1984), 
or cm 2 microvillus surface area (P. Lee & J.M. 
Diamond, unpublished observations). Thus, the 
gradient in mucosaI mass (rag per cm of intestine), 
which decreases from the duodenum towards the 
ileum, contributes to the gradient in glucose trans- 
port expressed per cm of intestine, but fails to ac- 
count for the gradient in glucose transport ex- 
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Fig. 2. Active uptake of D-glucose at 50 raM, as a function of the 
density of glucose-protectable, high-affinity phlorizin binding 
sites. Open circles or squares: glucose uptake and phlorizin bind- 
ing measured simultaneously in adjacent sleeves. Values for glu- 
cose uptake are given in the text. Closed points: glucose uptake 
values taken from Diamond and Karasov (1984), who measured 
glucose uptake as a function of distance from pytorus. Duodenal 
and ileal values are from uptake rates in segments taken 1 and 54 
cm from the pylorous, respectively, while jejunal values are the 
average of uptake values in segments 12, 28, and 40 cm from the 
pylorus. The regression is highly significant (P < 0.001), with a 
correlation coefficient of 0.98. The slope, which represents turn- 
over number, is 15,600 -+ 1,800 (rain-I), while the Y intercept is 
0.57 -+ 1.18 nmol mg t min-~ (not significantly different from 0: P 
> 0.4) 

pressed per quantity of intestinal tissue. However, 
the density of specific phlorizin binding sites in 
proximal intestine is 3.7 times that in ileum. Thus, 
the positional gradient in glucose transport per 
quantity of tissue is due to the gradient in glucose 
transport site density, as previously postulated (Di- 
amond & Karasov, 1984). The reason why the ileum 
has low glucose transport activity, even on high- 
carbohydrate diets, is that most glucose is absorbed 
in the duodenum and jejunum so that little remains 
to induce glucose transport in the ileum. However, 
glucose does reach the ileum and ileal glucose trans- 
port does become enhanced on high-glucose diets 
sufficient to saturate duodenal and jejunal transport 
capacity (Nunn & Ellert, 1967; Bode et al., 1981), or 
when ileal segments are transplanted more proxi- 
mally (Dowling, 1973), or when the jejunum is ex- 
cised (Dowling & Booth, 1967; Urban & Haley, 
1978). 

3. Nonrepressible glucose transporters. While 
many of the glucose transporters become repressed 
in the absence of dietary substrates, considerable 
transport capacity remains--even in the ileum of 
no-carbohydrate mice (Diamond & Karasov, 1984), 
where luminal glucose should be minimal or zero. 
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These residual transporters may function to reab- 
sorb any glucose that diffuses from the bloodstream 
to the intestinal lumen under conditions where little 
glucose enters the lumen via the diet (Silk & Daw- 
son, 1979; Naftalin & KleinzeUer, 1981). It will be 
interesting to find the molecular basis for this irre- 
ducible minimum of transport capacity. Is it pro- 
grammed into the developing enterocytes as they 
leave the intestinal crypts? 

4. Turnover number and site number. The slope 
of Fig. 2, 16,000/min -~, equals the turnover number 
(for one phlorizin binding site) of the mouse intesti- 
nal glucose transport at 37~ Stirling (1967) esti- 
mated a turnover number of 1,260/rain (temperature 
not stated) for hamster intestinal glucose trans- 
porter, but this value is probably low beca/Jse of 
inadequate compensation for nonspecific binding 
and consequent overestimation of specific binding 
site density. Wright and Peerce (1985) recently esti- 
mated turnover rate of 360/min at 22~ for the glu- 
cose transporter in brush border membrane vesicles 
of rabbit small intestine, while Amsler and Cook 
(1985) estimated 10,200/min at 37~ in LLC-PK1 
cells. 

Stifling (1967) and Diedrich (1968) also esti- 
mated, again without correction for nonspecific 
binding, the number of transporters per cell of ham- 
ster intestine as 2.6 • 106 - 4 x 108, while Wright 
and Peerce (1985) gave an estimate of 105-106 trans- 
porters per cell of rabbit intestine. From our data 
we estimate about 106-107 transporters per cell in 
mice on a high-carbohydrate diet, and about 1014- 

1015 transporters for the whole length of the mouse 
small intestine. 

This study was supported by NIH grants GM 14772 and AM 
17328 (Center for Ulcer Research and Education) and by the 
California Sea Grant Program. It is a pleasure to acknowledge 
our debt to Drs. William Karasov and Ernest Wright for review- 
ing the manuscript, and to William Kwan, Nermine Messiah, and 
Eric Stein for help with the experiments. 

References 

Amsler, K., Cook, J.S. 1985. Linear relationship of phlorizin- 
binding capacity and hexose uptake during differentiation in a 
clone of LLC-PK~ cells. J. Cell. Physiol. 122:254-258 

Bode, C., Eisenhardt, J.M., Haberich, F J . ,  Bode, J.C. 1981. 
Influence of feeding fructose and glucose absorption in rat 
jejunum and ileum. Res. Exp. Med. 179:163-168 

Csaky, T.Z., Fischer, E. 1981. Intestinal sugar transport in ex- 
perimental diabetes. Diabetes 30:568-574 

Diamond, J.M., Karasov, W.H. 1984. Effect of dietary carbohy- 
drate on monosaccharide uptake by mouse small intestine in 
vitro. J. Physiol. (London) 349:419-440 

Diedrich, D.F. 1968. Is phloretin the sugar transport inhibitor in 
intestine? Arch. Biohem. Biophys. 127:803-812 

Dowling, R.H. 1973. The influence of luminal nutrition on intesti- 
nal adaptation after small bowel resection and by-pass. In: 
Intestinal Adaptation. pp. 35-45. Schattauer, Stuttgart 

Dowling, R.H., Booth, C. 1967. Structural and functional 
changes following small intestinal resection in the rat. Clin. 
Sci. 32:139-149 

Ferraris, R.P., Diamond, J.M. 1986. A method for measuring 
apical glucose transporter site density in intact intestinal mu- 
cosa by means of phlorizin binding. J. Membrane Biol. 
94:65-75 

Hahn, P., Koldovsky, O. 1966. Utilization of Nutrients During 
Postnatal Development. Pergamon, Oxford 

Karasov, W.H., Buddington, R.K., Diamond, J.M. 1986. Adap- 
tation of intestinal sugar and amino acid transport in verte- 
brate evolution. In: Transport Processes, lono- and Osmore- 
gulation. R. Gilles and M. Gilles-Baillien, editors, pp. 
227-239. Springer-Verlag, Berlin 

Karasov, W.H., Diamond, J.M. 1983. Adaptive regulation of 
sugar and amino acid transport by vertebrate intestine. Am. 
J. Physiol. 245:G443-G462 

Karasov, W.H., Diamond, J.M. 1986. Adaptation of intestinal 
nutrient transport. In: Physiology of the Gastrointestinal 
Tract. L.R. Johnson, editor. Raven, New York (in press) 

Karasov, W.H., Pond, R.S., III, Solberg, D.H., Diamond, J.M. 
1983. Regulation of proline and glucose transport in mouse 
intestine by dietary substrate levels. Proc. Natl. Acad. Sci. 
USA. 80:7674-7677 

Karasov, W.H., Solberg, D.H., Diamond, J.M. 1985. What 
transport adaptation enable mammals to absorb sugars and 
amino acids faster than reptiles? Am. J. Physiol. 249:G271- 
G283 

Naftalin, R.J., Kleinzeller, A. 1981. Sugar absorption and secre- 
tion by winter flounder intestine. Am. J. Physiol. 240:G392- 
G400 

Nunn, A.S.,  Jr., Ellert, M.S. 1967. Absorption and electrolyte 
changes of intestinal mucosa following substrate induction. 
Am. J. Physiol. 212:711-716 

Reischenauer, A.M., Gray, G.M. 1985. Abrupt induction of a 
membrane digestive enzyme by its intraintestinal substrate. 
Science 227:70-72 

Scharrer, E., Wolfram, S., Raab, W., Amann, B., Agne, N. 
1981. Adaptive changes of amino acid and sugar transport 
across the brush border of rat jejunum. In: Mechanisms of 
Intestinal Adaptation. J.W.L. Robinson, R.H. Dowling, and 
E.O. Riecken, editors, pp. 123-137. MTP Press, Lancaster 

Silk, D.B.A., Dawson, A.M. 1979. Intestinal absorption of car- 
bohydrate and protein in man. In: Gastrointestinal Physiol- 
ogy III. Vol. 19, pp. 151-203. R.K. Crane, editor. University 
Park Press, Baltimore 

Stifling, C.E. 1967. High-resolution radioautography of phlor- 
izin-SH in rings of hamster intestine. J. Cell. Biol. 35:605-618 

Urban, E., Haley, D.P. 1978. Glucose transport by rat small 
intestine after extensive bowel resection. Am. J. Phsyiol. 
226:1304-1308 

Wright, E.M., Peerce, B.E. t985. Sodium-dependent conforma- 
tional changes in the intestinal glucose carrier. Ann. N.Y. 
Acad. o f  Sci. 456:108-117 

Received 29 April 1986; revised 8 August 1986 


