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Abstract. Intestinal cell water was studied in rats that have been fasted then refed, two 
conditions that are known to decrease and increase, respectively, proliferation of the 
intestinal epithelium. Cell water decreased (15%) during fasting and returned to nor- 
mal with refeeding. The amiloride-sensitive sodium uptake, which estimates uptake 
through the Na+/H+ exchange was higher In the Ileum than the jejunum, but the jejunal 
uptake, unlike the ileal, was significantly increased in fasted/refed rats than in nor- 
mally fed or fasted ones. Osmotic shrinkage of Intestinal cells followed by restitution 
of their cell volume stimulated the Na+/H+ exchange in all of the three groups of 
animals, but the increase was most prominent in the fasted and the fastedlrefed 
groups. Also, shrinkage of cultured jejunal crypt cells (IEC-6) by a hypertonic solution 
increased intracellular alkallnization that was inhlbited by amiloride. The results pro- 
vide evidence for a relationship between the change in intestinal cell size, such as that 
which occurs during fasting/refeeding, and the activation of the Na+/H+ antiport sys- 
tem. This may represent one of the signals that Initiates intestinal proliferation in the 
fasting/refeeding state. [P.S.E.B.M. 1995, Vol2091 

he small intestinal mucosal cell mass is nor- 
mally in a state of balance between cell repli- T cation and cell loss. Several factors play a role 

in replication, migration, and shedding of the intestinal 
epithelial cells (1). The response of the rat intestinal 
mucosa to fasting and refeeding has been a valuable 
experimental model that has contributed greatly to the 
understanding of intestinal growth (1-5). Fasting, 
which reduces significantly the proliferative capacity 
of the intestinal epithelium (2, 4), leads to a reduction 
of the mucosal cell mass which reverses rapidly with 
refeeding (3-5). The process of restoration of the mu- 
cosal mass is influenced by a number of factors but an 
important known stimulus for regeneration is the phys- 
ical presence of nutrients in the gut lumen. The mech- 
anism by which luminal nutrients stimulate prolifera- 
tion is, however, unclear. In the fasting rat, intralumi- 
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nal perfusion of glucose, amino acids, or even sodium 
chloride alone, causes equal stimulation of intestinal 
growth (3). This suggests that the mechanism of stim- 
ulation of growth is independent of the nutritive effect 
of the solutes perfused and local physical factors in the 
intestinal lumen contribute, at least in part, to initiat- 
ing the proliferative response. This study was intended 
to test the hypothesis that fasting and refeeding alter 
intestinal cell size and cause activation of the Na+/H+ 
antiport, one of the signals which is known to initiate 
proliferation. Fasting is reported to decrease the size 
of the intestinal mucosa (2, 6, 7) and in many cell sys- 
tems other than the intestine a change in cell size pro- 
duces activation of the Na+/H+ exchange (8-11). 

Materials and Methods 
Animals. Male Sprague-Dawley rats from the 

Charles River Breeding Labs (Wilmington, MA), 
weighing 200-250 g were used. They were housed in 
our animal facility and fed rodent chow ad libitum for 
at least a week before being used. Three groups of rats 
were tested, a normally fed group, a group fasted for 
48 hr then tested, and a group that was similarly fasted 
then refed for 48 hr. Water was allowed during the 
fasting periods. In the in vivo experiments described 
below, the rats were anesthetized with intraperitoneal 
injections of Na-pentobarbital (50 mg/Kg). In other in 
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vitro studies, the rats were sacrifice with an injection 
of a larger dose of the barbiturate. 

Measurements of Intestinal Cell Volume. The 
method of Esposito et al. (12) was used to determine 
the cell water content of the intestinal epithelial cells in 
vivo. The jugular vein of an anesthetized rat was can- 
nulated and a priming dose of *4C-polyethyleneglycol 
(1.5 pCi/lOO g rat body weight, Dupont NEN Research 
Products) was injected. This was followed by intrajug- 
ular infusion of 0.5 ml of isotonic saline solution con- 
taining 1.5 pCi/lOO g of rat body weight. The infusion 
was perfused slowly during a 30-min period. The la- 
beled extracellular marker had a MW of 4000 and a 
specific activity of 0.7 mCi/g. At the end of the perfu- 
sion a blood sample was taken from the other jugular 
vein and the rat was killed and segments of its intes- 
tines were resected and cut open along their mesen- 
teric borders. The luminal contents of some of the seg- 
ments were flushed with isotonic saline and the con- 
tents of other segments were cleared by gentle blotting 
with cotton swabs and filter paper (Whatman Nol) 
using a dissecting microscope for adequate magnifica- 
tion. The mucosa was scraped off with a glass slide, 
weighed, then extracted in 0.1 N HNO,. The tissues 
residue after extraction was dried in an oven at 90°C. 
Cell water was determined from the radioactivity in 
the total tissue extracts, the plasma concentration of 
the isotope and from the wet and dry weights of the 
tissues as described previously (1 3). 

Na+ Uptake Measurements. Experiments were 
designed to measure the Na+ uptake that is mediated 
via the Na+/H+ antiport. They were done in in vivo 
conditions since they were intended to  test the 
changes of the antiport as they relate to the fasting/ 
refeeding states of the animals and to the changes in 
the intestinal cell size during fasting and refeeding. We 
used a method that we described previously (14) in 
measuring the influx of amino acids across the mu- 
cosal border of the in vivo rat intestine. The method 
was adapted to measurement of the initial Na+ uptake 
rate across the mucosal border of the intestine. 
Briefly, two adjacent segments of intestine of anesthe- 
tized rat were cannulated at both ends then flushed 
with a choline-Ringer solution containing 134 mM 
choline chloride, 20 mM NaC1,3 mM K2HP04, and 3.6 
mM Tris-HCL (pH 7.4). The segments were perfused 
by the choline-Ringer solutions containing 0.1 mM 
ouabain and 1 mM furosemide, and in some cases 2 
mM amiloride (Sigma Chemical Co., St. Louis, MO). 
Perfusion was continued for a period of 20 min at a rate 
of 0.5 mVmin using a perfusion pump (Model 975; Har- 
vard Apparatus, Mills, MA). At the end of the prein- 
cubation period, uptake across each of the segments 
was measured as described in details previously (14). 
Briefly, the segment was perfused at a rapid rate of 5 
ml/min (normally for 30 sec) with a test solution con- 

taining the choline Ringer to which is added 0.1 mM 
ouabain, 1 mM furosemide (Sigma) and tracer quanti- 
ties of 14C-PEG and Na22Cl (Dupont NEN Research 
Products). The second segment was similarly tested 
except that an additional 2 mM of amiloride (Sigma) 
was placed in the preincubation and test media. In 
preliminary experiments N-methyl-isobutyl amiloride 
was used and it produced similar results as amiloride. 
Sodium uptake was calculated from the Na22 content 
in tissue extracts after making a correction for the 14C- 
PEG space (14). The amiloride sensitive sodium up- 
take was estimated from the difference between the 
total uptake measured in one of the intestinal segments 
and the uptake in a sister segment perfused with 
amiloride-containing solutions. 

Validation of the Method of Measuring Sodium 
Uptake in Vivo. Three sets of experiments were per- 
formed to validate the Na22 uptake method. First, the 
appearance of Na22 in the portal and systemic blood 
was measured after instilling the sodium isotope in the 
gut lumen. As shown in Figure 1 ,  Na22 was not detect- 
able in the portal or systemic blood samples obtained 
at 17 and 30 sec but began to appear in the portal blood 
at 45 sec and increased significantly beyond 60 sec. 
The amount of tracer reaching the tissue during the 
first 30 sec represented therefore the entry of sodium 
into the intestinal cell (i.e., influx). The second set of 
experiments measured the time course of the uptake of 
Na22C1 (20 mM) into the intestinal cell. The cumulative 
uptake of labeled sodium at 10, 20, 30, 40, and 60 sec 
was measured and as shown in (Fig. 2) uptake as a 
function of time was linear at least during the initial 40 
sec. Similar linear uptakeskime curves (data not 
shown) were observed during the initial 40 sec of per- 
fusion of 30 and 60 mM concentrations of NaCl. A 
concentration curve of the uptake of Na22 versus the 
concentration of sodium chloride in the test solution 
represented the third group of experiments performed 
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Figure 1. The time course of appearance of Na22CI in the sys- 
temic and portal blood of a rat after perfusing the isotope into its 
jejunal lumen. The perfusate consisted of a choline-Ringer’s so- 
lution containing 134 mM choline chloride, 20 mM NaCI, 3 mM 
K,HP04, 3.6 mM Tris-HCL, 0.1 mM ouabain, and 1 mM furose- 
mide (pH 7.4). Each point is the average of three determinations. 
The line represents the mean Na22CI background count. 
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Figure 2. The time course of the uptake of Na22CI by rat jejunal 
segments. Each point is the mean of four determinations, each 
representing the difference between the uptake measured dur- 
ing perfusion with choline-Ringer’s and the uptake measured in 
the presence of the same solution but containing amiloride (2 
mM). The choline-Ringer’s solution contained 134 mM choline 
chloride, 20 mM NaCI, 3 mM K,HP04, 3.6 mM Tris-HCL, 0.1 mM 
ouabain, and 1 mM furosemide (pH 7.4). 

(Fig. 3). There is a tendency to saturation at low NaCl 
concentrations, while linearity in the uptake rate oc- 
curs with increasing sodium concentrations. The lin- 
earity may be related to an increased entry of Na+ into 
the intestine through diffusional processes since the 
extracellular-to-intracellular Na + concentration gradi- 
ent increases with the increase in NaCl concentration 
of the test media. The V,,, and K ,  of this transport 
process are 111 pmoleslhrlg dry weight and 16 mM, 
respectively. These finding justified, therefore, the 
choice for using a low concentration of Na+ (20 mM) 
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Figure 3. Na2‘CI uptake as a function of luminal NaCl concen- 
tration. Sodium concentration was varied by substituting NaCl 
for choline chloride in the choline Ringer’s solution. A 30-sec 
time period was used in all the of the uptake studies shown. The 
data at each of the sodium concentrations used is the mean 2 
SE of at least four determinations. 

in all of the subsequent measurements of the Na22 
uptake. Moreover, at this low sodium concentration, 
the passive entry of Na+ into the intestinal cell was 
limited during the brief uptake period. All of the 
above studies provided, therefore, validity for the 
uptake measurement technique that was used in this 
investigation. 

Measurement of lntracellular pH in the Cul- 
tured Intestinal Crypt Cell Line. Because of difficul- 
ties in the isolation of viable and homogeneous popu- 
lations of rat intestinal cells that would be suitable for 
testing the changes in intestinal cell volume and for 
measuring their intracellular pH, we used a cultured 
rat jejunal crypt cell (IEC-6) line. This cell line was 
obtained from the American Type Culture Collection 
(Rockville, MD). The cells were cultured in 75-cm 
polystyrene flasks containing Dulbecco’s Modified 
Eagle’s Medium (DMEM, supplemented with glu- 
tamine 4 mM, insulin 10 unitslml, dialyzed fetal bovine 
serum lo%, penicillin 50 Ulml, streptomycin 50 ug/ml, 
and amphotericin B2.5 ug/ml [All from GIBCO, Grand 
Island, NY]). The cells were harvested by trypsiniza- 
tion and resuspended at 1 x lo7 cellslml in (in mM) 124 
NaCl, 5 KCl, 0.5 CaCl,, 5.5 glucose, and 20 HEPES 
(pH 7.3). Changes in intracellular pH were measured 
using the fluorescent dye 2‘ ,7’-bis-(2-~arboxyethyl)- 
5,6-carboxy fluorescein (BCECF) (15). IEC-6 cells 
were incubated with 4.3 mM of the tetraacetoxymethyl 
ester of BCECF (BCECF-AM; Molecular Probes, 
Inc., Eugene, OR) for 30 min at 37°C. The cells were 
then washed twice and resuspended at a final concen- 
tration of 2 x 106/ml. Fluorescent measurements were 
made in an SLM 8000 spectrofluorimeter (SLM Instru- 
ments, Urbana, IL). Fluorescence was calibrated over 
the pH range 6.4 to 7.8 using nigericin (15). 

Results 
The sodium uptake studies are summarized in Ta- 

ble I. Total and amiloride inhibited uptakes of sodium 
are not shown, but their difference, the amiloride sen- 
sitive uptake, is presented. In Condition A, E, and I, 
where the intestinal segments were preincubated and 
tested in choline-Ringer, no significant difference in 
sodium uptake was noted between the normally fed 
and the fasted rats, but uptake was minimally, but sta- 
tistically, increased in the fastedlrefed animals, a find- 
ing that agrees with the results of Kikuchi et al. (16). 
Sodium uptake was also higher in the ileum than the 
jejunum in all three groups but, unlike the jejunum, it 
was not increased in the fastedlrefed animals. In Con- 
dition B, F, and J, where the intestinal segments were 
preincubated with a hypertonic choline-Ringer and 
tested with an isotonic Ringer solution (i.e., shrinkage 
then restoration of cell volume), there was a significant 
increase in uptake in the three rat groups studied. The 
increase was most remarkable in the fastedlrefed ani- 
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Table 1. Amiloride-Sensitive Sodium Uptake in Intestinal Segments of Rats That Have Been Normally 
Fed, Fasted for 48 Hr, or Fasted for 48 Hr then Refed for 48 Hr 

Sodium uptake 

Jejunal Ileal 

Preincubation Test (pmoles/hr/g dry weight) 
so I u t ion solution 

Normally fed rats (A) C-R 
(B) C-R + M 
(C) C-R 
(D) C-R + M 

Fasted rats (E) C-R 
(F) C-R + M 
(G) C-R 
(H) C-R + M 

Fastedkefed rats ( I )  C-R 
(J) C-R + M 
(K) C-R 
(L) C-R + M 

C-R 
C-R 
C-R + M 
C-R + M 
C-R 
C- R 
C-R + M 
C-R + M 
C-R 
C-R 
C-R + M 
C-R + M 

55 k 6 
94 f ga 

114 k 12 
132 f 1 1  

52 k 5 
66 -e 6 
64 +. 8 137 f 24 
154 f l l b  
72 f 9 
76 k 10 
85 +. 118 
188 f 13' 
97 f 10 
93 f 9 

150 k 25 

145 k 26 
162 k 29 

~~ ~~ ~ 

Note. The constituents of the preincubation and test solutions were either choline-Ringer (C-R), which contained 134 mM choline 
chloride, 20 mM NaCI, 3 mM K,HP04, 3.6 mM Tris-HCL, 0.1 mM ouabain, and 1 mM furosemide, or C-R containing an additional 150 
mM of mannitol (C-R + M). Values are means 2 SE of six determinations. Significance was measured using Student's t test. 
a P < 0.05 compared with jejunal uptake in Condition A. 
* P < 0.01 compared with jejunal uptake in Condition (E). 

P C 0.01 compared with jejunal uptake in Condition I. 

mals and to a lesser but significant degree in the fasted 
group. Such stimulation, again, did not occur in the 
ileum. No significant difference in sodium uptake was 
noted in Group C, G, and K, where the segments were 
preincubated in an isotonic choline-Ringer and tested 
with a hypertonic medium, or in Group D, H, and L 
where preincubation and testing were done using a 
hypertonic medium. These studies suggest that shrink- 
ing and restitution of the cell volume of the jejunal 
cells causes activation of the amiloride-sensitive Na + - 
uptake which was more apparent in the fasted than the 
normally fed animals and most evident in the fasted/ 
refed group. 

In interpreting the results in Table I that are de- 
scribed above, the effect of fasting and refeeding on 
the intestinal cell size was evaluated in the studies in 
Table 11. As shown, fasting decreases the wet/dry 
weight ratio and the cell water content of the rat jeju- 
nal mucosa. A 159646% decrease occurred and was 

only evident in tissues that have not been rinsed with 
the wash solution prior to testing. These findings sug- 
gest that exposure of the shrunken cells to the wash 
solution rapidly restores their normal cell size during 
washing, a feature that could explain why shrinkage of 
intestinal cells during fasting has not been frequently 
reported. Refeeding of the fasted rats restores the cell 
water and wet/dry weight ratio of the cells to normal 
(Table 11). 

Reduction in the intestinal cell size during fasting 
makes it necessary to maintain the state of the reduced 
cell size during the sodium uptake measurements. For 
this purpose the studies shown in Figure 4 were done. 
Cell size was measured in the presence of Krebs phos- 
phate buffer containing an additional concentration of 
50, 100, 150, and 200 mM of mannitol. The addition of 
150 mM mannitol to the isotonic Ringer's solution pro- 
duces a 16% reduction in cell volume, a similar reduc- 
tion as that observed in the fasting animal (Table 11). 

Table II. Effect of Fasting and Refeeding on Rat Jejunal Wet-to-Dry Weight Ratio and Intestinal 
Cell Water 

~ ~ ~~ ~ 

Fasting Refed 
Normally fed, Rinsed 

Rinsed Not rinsed Rinsed Not rinsed 
~~ ~~ ~ 

Wet/dry 4.0 k 0.2 4.1 k 0.2 3.4 * 0.l8 4.2 k 0.2 4.0 +- 0.2 

Cell water 4.1 f 0.13 4.0 f 0.12 3.4 f 0.08" 4.2 0.14 4.0 k 0.16 
weight ratio ( + 3%) (-15%) ( 4- 5%) (0%) 

(pl/mg dry weight) ( - 2%) (-16%) (+1%) ( - 2%) 
~~ ~~~~ ~ ~~ 

Note. WeVdry weight ratio and cell water were measured in isolated sheets of mucosal strips. Strips were either rinsed with isotonic 
saline solution or cleaned with cotton swabs and filter paper to avoid changes in tissue or cell water that occur with washing and 
rinsing the tissues prior to experimentation. Values are means 2 SE of 48 observations in eight rats. Percentages in parentheses are 
comparisons with the controls. 
a P c 0.01 comparing the rinsed and not rinsed tissues (Student's t test). 
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Figure 4. Cell volume change of jejunal mucosa bathed in me- 
dia containing varying concentrations of mannitol. Mucosal 
strips were incubated for 30 min in vitro in a Krebs phosphate 
buffer (pH 7.4, 37°C) that was oxygenated by 100% oxygen and 
containing varying concentrations of mannitol. *The control 
value without mannitol. The medium osmolarities at 350, 400, 
450, and 500 mosmol/kg were adjusted by the addition of man- 
nitol in increments of about 50 mM, as adjusted by osmometry. 
Each point is the average of 20 determinations on tissues of four 
animals. 

Sorbitol and sodium chloride were also tested and 
they, like mannitol, produced shrinkage of the intesti- 
nal cells (Table 111). A Na-free, choline substituted 
medium caused a small but insignificant reduction in 
cell volume. Based on these findings, the uptake ex- 
periments in the fasting rat were performed under con- 
ditions that maintained the shrunken state of the intes- 
tinal epithelium during the wash and test periods (i.e., 
preincubation with a choline-Ringer's solution con- 
taining 150 mM mannitol). Positive and negative con- 
trols for these experiments were performed in both the 
normally fed and the fastedhefed animals. 

Table 111. Effect of Varying Hypertonic Solutions 
on Cell Water Content of Rat Jejunal 

Mucosal Strips 

Solutions n YO decrease Cell water 
(bl/mg dry weight) 

- KPB 4.23 k 0.07 24 
Choline KPB 4.01 k 0.06 24 5 
KPB + 150 mM 

Mannitol 3.64 k 0.09" 21 14 
KPB + 150 mM 

Sorbitol 3.76 k 0.10" 24 11 
KPB + 126 mM 

NaCl 3.11 k 0.07a 16 26 
Note. Intestinal mucosal strips were incubated in the listed so- 
lutions for 10 min. The Krebs phosphate buffer (KPB) composi- 
tion was: 140 mM Na+, 8 mM K+,  2.6 mM Ca2+, 1 mM Mg2', 140 
mM CI-, 1 mM S042+, 8 mM H2P04- + HP0,2-, and 5 mM 
glutamine (pH 7.4). Choline KPB is a Na+-free choline substi- 
tuted buffer solution. Values are means * SE. n = number of 
determinations of tissues from four to five animals. 
a P c 0.01 compared with control strips incubated in KPB (Stu- 
dent's t test). 

To validate the above findings further, specifi- 
cally, that a cell volume change can influence the Na+/  
H +  antiport in intestinal cells we tested the effect of a 
hypertonic NaCl solution on intracellular acidification 
of IEC-6 cells. The results of these experiments are 
presented in Figure 5 which shows intracellular alka- 
linization increasing by the addition of 126 mM NaCl 
to the incubation medium of these cells. The increase 
was abolished by amiloride, suggesting that it is 
caused by the extrusion of H +  through the antiport. 
The effect on intracellular alkalinization was not re- 
producible in the complete absence of NaCl from the 
incubation solution (data not shown). 

Discussion 
The results presented provide evidence for the 

presence of a relationship between changes in the in- 
testinal cell size that occur during fastinghefeeding 
and activation of the Na+/H+ antiport system. We 
have no evidence, at present, that activation of the 
antiport system may enhance proliferation of intestinal 
cells. This relationship, however, is well established in 
cells other than the intestine (9, 15, 17-20). Further- 
more, Ulrich-Baker et al. (21) have observed that 
treatment of rats with amiloride blocked the activation 
of ornithine decarboxylase (ODC) activity and DNA 
synthesis in rat jejunum, and Na+/H+ exchange ac- 
tivity was also found to be significantly greater in rats 
that are fasted then refed than in the fasted controls 
(16). These findings support our observations and sug- 
gest that activation of the Na+/H+ antiport increases 
ODC activity and DNA synthesis in the rat intestine. 

The method of measurement of the initial uptake 
of sodium into the intestinal mucosa in vivo was eval- 
uated in this study and optimized in various ways. 
Sodium enters the mucosal membrane of the intestine 
by at least four mechanisms: the Naf /H+  antiport sys- 
tem, the Na+-nonelectrolyte coupled system, neutral 

126 mM NaCl 

___~__ __ 

Figure 5. Increase in the intracellular pH of the cultured intes- 
tinal crypt cells (IEC-6 cells) during exposure to a hypertonic 
solution. The cells were suspended in 124 mM NaCI, 5 mM KCI, 
0.5 mM CaCI,, 5.5 mM glucose, and 20 mM HEPES. At the arrow 
shown, NaCl (126 mM) was added to shrink the cells. In some 
experiments, 1 mM amiloride was added 2 min before the addi- 
tion of the NaCI. The graphs shown in the figure are represen- 
tative of three separate but similar experiments. 
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NaCl transport, and diffusion into the mucosal cells 
possibly through a sodium channel. To minimize so- 
dium uptake through the Na f -nonelectrolyte system, 
glucose and/or amino acids were omitted from the test 
solutions. Furosemide was used to block, at least to 
some extent, the entry of sodium through the NaCl 
coupled system (22). Diffusion and/or flux through a 
sodium channel were minimized by using a relatively 
low luminal concentration of sodium to reduce the in- 
wardly directed gradient of sodium between the lumen 
and the intestinal cell. Ouabain was also used to min- 
imize the extrusion of Na22 from the transporting cells 
during the uptake period. 

The results presented bring out several important 
observations. First is that the amiloride-sensitive Na 
uptake and therefore the Na+/H+ antiport system are 
normally more prominent in the ileum than the jeju- 
num, but the jejunal uptake is more responsive to stim- 
ulation by fasting/refeeding and/or changes in the os- 
molarity of the luminal contents of the intestine. The 
second observation is that the osmotically induced 
acute changes in cell volume (Conditions B, F, and J of 
Table I) cause stimulation of the amiloride sensitive 
sodium uptake in the normally fed, fasted, and fasted/ 
refed rats. This increase was most prominent in the 
fastedhefed and in the fasted rat groups and least 
prominent in the normally fed animals. This suggests 
that priming of the antiport may occur during fasting/ 
refeeding making the intestine more responsive to 
stimulation. The third observation is that fasting 
causes a reduction in cell volume which returns to 
normal with refeeding (Table 11). These findings sug- 
gest that fasting and refeeding stimulate the jejunal 
Na+/H+ antiport by causing changes in cell volume 
similar to those that are osmotically induced. The pro- 
posed mechanism of stimulation of the antiport by an 
osmotically driven effect cannot rule out, however, 
the possibility that other controlling factors (1) such as 
neurohumoral regulation, intraluminal pol yamines , 
and an increase in mitogenic genes like c-fos and c-jun 
(23) may be directly involved in causing the changes in 
intestinal replication in response to fasting and refeed- 
ing. It is unclear at present whether similar cell volume 
changes occur in other physiologic or pathophysio- 
logic conditions such as in the short bowel syndrome 
or in the shunted bowel of patients with intestinal by- 
pass conditions. Further studies are needed to test the 
importance of cell volume changes in intestinal growth 
and to establish the relationship between the antiport 
and cell proliferation. 
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