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Abstract. The response of the villus and crypt cells of Introduction
the mouse jejunum to secretagogues has been assessed
through measurements of cellular composition with x- The jejunal epithelium is both structurally and function-
ray microanalysis. In nonstimulated tissues the Na conally complex. It consists of at least 5 different cell types
centration ([NaJc) of the crypt cells was significantly (Cheng & LeBlond, 1974) which are subdivided into two
less, and the K ([K]c) and CI ([Cl]c) concentrations were major regions, the villi and the crypts. Functionally, the
significantly greater, than that of the villus cells. There jejunal epithelium actively absorbs Na and nutrients via
was also a decreasing gradient of [Na]c and increasin§ia-coupled solute transport (Sullivan & Field, 1991) and
gradient of [K]c from the villus tip to crypt base due to Na and HCQ through the action of a Na/H exchanger
a greater number of cells with a high [Na]c and low [K]c (Turnberg et al., 197). K (Turnberg, 1971) and ClI
in the upper regions of the villi. Theophylline (10 mmol absorption occur passively (Turnberg et al., 1§70AI-
L1 stimulated a sustained increase in bumetanide serternatively, with the appropriate stimulus the jejunum
sitive short circuit currentléc) and significantly de- Secretes copious quantities of fluid driven by elec-
creased the [Na]c of the villus cells. Similar, but smallertrogenic Cl transport (Sullivan & Field, 1991). Secretory
changes were seen in the crypt cells. Changes in villustimuli usually stimulate electrogenic Cl secretion
cell [Na]c reflected a reduction in the number of cells and inhibit electroneutral Na absorption (Sullivan &
with a high [Najc. Inhibition of the apical Na/H ex- Field, 1991). This dual action of secretagogues plays
changer (1 mmol L* amiloride) had little effect on basal an important role in the conversion of the intestine
Isc and the subsequent addition of theophylline increasefiom an absorptive to a secretory state. In many in-
Isc to a comparable extent as seen without amiloridestances the dominant effect of secretagogues is a reduc
However, after amiloride treatment the only change intion in the mucosal to serosal fluxes of Na and ClI rather
cellular composition was a reduction in the [Cl]c of both than an increase in the serosal to mucosal fluxes (Field,
crypt and villus cells, suggesting that both regions arel971).
involved in the secretory response. These data suggest Based upon a large amount of circumstantial evi-
that the dominant response of the jejunum to secretadence, itis generally argued that the absorptive processe:
gogues is an inhibition of Na absorption via Na/H ex- of the small intestine are localized in the villi and the
change in the villi and the secretory response is distribsecretory mechanisms in the crypts (Sullivan & Field,
uted throughout the crypt/villus axis. 1991). The distribution of the Na-glucose cotransporter
supports this functional subdivision of the crypt/villus
axis, with cotransport proteins being found only in the
Key words: Electroneutral Na absorption — Na/H ex- villi, and in increasing quantities towards the tip of the
change — CI secretion — Cryptivillus axis — X-ray villi (Hwang, Hirayama & Wright, 1991). However,
microanalysis while NHE-3, the Na/H exchanger responsible for so-
dium absorption by the intestinal epithelium (Bookstein
et al., 1994; Hoogerwerf et al., 1996) is concentrated in
I the villi, it is also present, albeit at lower levels, in the
Correspondence toA.G. Butt crypt cells (Hoogerwerf et al., 1996). Similarly, CFTR,
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the putative secretory Cl channel (Bear et al., 1992, Lumen
Welsh et al., 1992), is present throughout the crypt/villus
axis of the jejunum, although there are higher amounts ir Villus 1

the crypt than the villi (Strong, Boehm & Collins, 1994).
These direct measurements of the distribution of the rel ﬁ
fj Villus 2
@ E E Villus 3
g

evant transport proteins suggest that the initial functiona
subdivision of the crypt/villus axis, while qualitatively
correct in that the crypts have the larger amounts of the
secretory proteins and the villi larger amounts of the
absorptive proteins, was quantitatively incorrect in that
the crypts have the capacity for absorption and the villi
the capacity for secretion.

The objective of this study was to provide a func-
tional description of the role of the crypt and villus cells
of the mouse jejunum in the response to secretagogues,
through measurements of the composition of the cellgig. 1. Schematic diagram showing the 5 regions of the crypt/villus
with x-ray microanalysis. The data obtained indicateaxis used for x-ray microanalysis. When only villus or crypt results are
that an important aspect of the effects of secretagogues [gported, measurements were taken throughout the villus or crypt re-
an inhibition of the absorptive fluxes in the jejunum. 9'°"%
This involves the inhibition of a Na/H exchanger and

occurs predominantly in the villus cells. In contrast it
then plunged into a propane-isopentane mixture at liquid nitrogen tem-

WOUld appear that 'secretagogues stimulate Cl Secretloﬂerature Time from removal of the tissue to freezing did not exceed 30
in both crypt and villus cells. sec.

Crypt 1

Emﬁ{;IIILIIIEIﬁ

Crypt 2

Materials and Methods CRYOSECTIONING AND TISSUEANALYSIS

Sections were cut at =80 to —90°C with a modified Cryocut | (Bur-
Jejunal epithelium was obtained from male Swiss random mice (28-3Zington Scientific Instruments) fitted to a Sorvall MBT-2 ultramicro-
days old). The mice were killed by cervical dislocation and the entiretome. Sections were transferred to formvar coated 3 mm nickel slot
small intestine removed. The jejunum was separated from the ileunyrids which were then placed face down on formvar film on an alu-
and duodenum and rinsed with NaCl Ringer’s, cut along the mesenteryninum holder. The sections were thus sandwiched between two films.
and glued to small plastic annuli (exposed surface area 0% with At all times attempts were made to obtain sections which spanned the
tissue adhesive (Histocryl, Braun Melsungen, Germany). The ringscryptivillus axis extending from the tip of the villi to the base of the
were then mounted in modified Ussing chambers and superfused witrypts. This axis was then subdivided into five regions. The villi were

mammalian Ringer’s solution maintained at 37°C. divided into thirds and labeled villus 1, 2 and 3, extending from the
Cl secretion was stimulated by the addition of 10 mmaf L villus tip to base. The crypts were divided in two sections; crypt 1 the
theophylline to the mucosal and serosal baths. upper region and crypt 2 the basal regisedFig. 1). In all cases the
cells analyzed were selected from the middle area of the 5 defined
regions.

Two or more blocks from each piece of frozen tissue were cut and
several sections from each block analyzed. The sections were trans-
ferred into a scanning electron microscope (JEOL JSM-840) with a
Tissues were short circuited at all times by a computer controlledhexland transfer device, pre-cooled with liquid nitrogen. The micro-
(Apple lle) automatic voltage clamp. The computer recorded the shorscope stage was precooled (<-180°C). Sections were freeze dried by
circuit current (sc) at 20-sec intervals. Transepithelial resistance (Rt)warming the stage.
was determined by imposing a potential difference (2 mV) for 1 sec
across the tissue every 2 min, and dividing the applied potential dif-
ference by the recorded change in current at the end of the pulse. ANALYSIS OF SECTIONS

ELECTRICAL MEASUREMENTS

Sections were imaged with a transmitted electron detector. Spectra
TISSUE PREPARATION were collected for 100 sec at 15 kV with a Tracor Northern X-ray 30

mn? detector connected to a Nucleus AD converter. The probe current

(150-250 pA) was measured with a Faraday cup after each spectrum.
After appropriate incubations, the rings and attached tissues were re-  The response of the cells to secretagogues was quantified by
moved from the Ussing chambers and blotted with Whatman 542 filterchanges in cellular ion concentration and content. To obtain measure-
paper on both the mucosal and serosal surface to remove excess solments of cellular ion concentration spectra were collected from at least
tion. An external standard solution containing albumin (30%) was ap-two relatively large areas of albumin above the cells. Data from these
plied to the mucosal surface with a Pasteur pipette and the excesareas were then pooled to provide an average value and cellular com-
removed with filter paper. The plastic ring and attached tissue wereposition (in mmol/kg wet weight) obtained by normalizing spectra to
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the known concentrations in the peripheral aloumin standard (Bowlerpof the columnar cells, however, were dominated by the
Purves & Macknight, 1991; Rick, Dorge & Thurau, 1982). To obtain ncleus and the cytoplasm was restricted to a small band
estimates of ion content spectra were obtained from an area confined tﬁt the margins of the cells (FigC2

the nucleus and all values normalized to the phosphorous signal (Bowl- . ; . .
er et al., 1996) phosp gnal ( At times cells were seen in the albumin layer with
In the initial study of cellular composition under basal conditions Wh'ch the epithelia were coated immediately prior to
tissues were obtained from 8 animals. In all subsequent experimenti€ezing. These loose cells were presumably shed from
data were obtained from jejunal samples from 2—4 control animals andhe epithelium during preparation for freezing and may

2-4 experimental animals. All values are presented as mean + SE qfepresent senescent cells (Lipkin, 1987)_
the mean. Statistical significance was assessed by Studetets or

ANOVA with Fisher's post test.

INTERPRETATION OFDATA

SOLUTIONS

The measurements in this study were restricted to the

Solutions were prepared fresh as required from analytical grade remajor epithelial cell type within the villi and crypts, the
agents purchased from Sigma Chemicals (St. Louis, MO). The mamenterocytes and the undifferentiated columnar cells, re-
malian Ringer’s had the following composition (in mmot*): Na_CI, spectively. Initially we attempted to obtain separate
120; KCl, 5, CaC}, 1.25; MgSQ, 1; NaHCQ, 25; pH 7.4 Solutions e a5rements of composition in both the cytoplasm and
added to the serosal chambers contained 10 mriblglucose as a

) . nucleus of all cells. However, because the contents of
metabolic substrate and 10 mmof'imannitol was added to the mu- . .
cosal solution to balance the osmolality. Also 3080l L2 phioridzin ~ th€ undifferentiated columnar cells of the crypts were
was included in the mucosal bath to eliminate Na coupled glucosedominated by the nuclei, it was difficult to scan nuclear-
transport resulting from paracellular leak of glucose from the serosa@nd granular-free areas of the cytoplasm in these cells.
solution (Pappenheimer, 1987). Mixing and maintenance of the SO'UConsequentIy, all measurements of cell composition
tion pH was achieved by bubbling with 95%8%CQ,. were made in the nuclear region of the cells. This pro-

Stock solutions of bumetanide (a generous gift from Leo Phar-yiqag 4 gistinct uniform intracellular region from which
maceuticals) and phloridzin were prepared in ethanol and microlitre,

guantities added to the appropriate bath. Amiloride (Merck, Sharp anc}o sample composition and in ‘?ther, epﬂhehal tissues it
Dohme, New Zealand) was added directly to the appropriate bath as Qas been shown that for small diffusible ions such as Na,

solid to give final concentrations of 1 mmol't. Theophyline was K and CI the cytoplasm and nucleus behave as one dis-
also added as a solid to give a final concentration of 10 mmal L tributional space (Rick et al., 1985).
In the estimation of cellular ion concentrations from

external standards, it is assumed that the section is the
Results same thickness at the sites of measurement of the exter
nal standards and the cells. If this is not the case, dif-
ferences in thickness, and hence mass, between the tw
sites of measurement can result in incorrect estimates of
ion concentration. This is generally minimized by mea-
suring the external standard immediately adjacent to the
In general, sections could be cut from frozen, freezemeasured cell. However, the geometry of the jejunal
dried jejunum that allowed discrimination between theepithelium is such that the external albumin standard
villi and the crypts (Fig. A). Within the villi it was  generally only diffused to the middle of the villi and
possible to identify well defined cytoplasmic and nuclearnever penetrated the crypt lumen (Fig. 2). Therefore,
regions in the individual cells and a distinct brush borderdepending on the cell measured there could be appre-
on their apical surface (Fig.B). Furthermore, although ciable distance between the external standard and the
it was not possible to reliably identify all of the minor measured cell. To provide some indication of the pos-
cell types of the villus (e.g., enteroendocrine cells), gob-sible effect of this, the results are presented both as a
let cells, which constitute 4.7% of the total epithelial concentration, expressed in mmol/kg wet weight, and
cells within the villi, could be easily distinguished from also as a content, obtained by normalizing the ion values
the enterocytes, which represents 95% of the epithelialo the phosphorous signal.
cells of the villi (Cheng & LeBlond, 1974). Within the Phosphorous is a component of the non-diffusible
crypts identification of the various cellular types was proteins and therefore it is representative of the cellular
more difficult. It was possible to discriminate the co- mass, as is indicated by the relationship between cell
lumnar cells, which represent 86% of the crypt epithelialmass and phosphorous concentration ([P]c) (Fig.
cells (Cheng & LeBlond, 1974), from the goblet cells 3). Thus variations in section thickness and cellular
(6%) and Paneth cells (7.5%) which tend to be concenmass will be reflected in variations in phosphorous con-
trated at the base of the crypts (Cheng, 1974) and contaicentration. Therefore, phosphorous provides an internal
large numbers of dark granules (Figd)2 The contents control for the mass effects. Consistent with this is the

MORPHOLOGY OFFREEZE DRIED SECTIONS
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Fig. 2. A scanning transmission electron micrograph of a
freeze-dried cryosection from tissue incubated in the Ussing
chamber for 3 hoursA) A low magnification view (bar=
100 pm) of the entire thickness through the crypt/ivillus axis.
The albumin layer makes contact with the cells at the tip
of the villi and extends deep into the intervillus spaces.
(B) A high power magnification (bar 10 pm) of the villus
tip showing details of the brushborder and nucl€)) High
power magnification (bar= 20 pum) showing the large
numbers of Paneth cells concentrated in the base of the

pts and the large nuclei dominating the cellular contents.

close relationship between cell K concentration ([K]c) clear (Fig. £). This most likely reflects the fact that
and [P]c (Fig. A, r = 0.69) and cell Cl concentration cellular ion concentration is not only a function of mass
([Cl]c) and [P]c (Fig. 8, r = 0.52). The relationship of the section. Other factors, such as transport rate and
between [P]c and cell Na concentration ([Na]c) is lesscell type, will modify this relationship. With regards Na,
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CoMPOSITION OF ENTEROCYTES AND UNDIFFERENTIATED
COLUMNAR CELLS WITHIN THE VILLI AND CRYPTS OF
UNSTIMULATED JEJUNUM

~
a

100 7
The composition of the jejunal enterocytes and undiffer- 80+
entiated columnar cells under basal conditions, expresse
both as mmol/kg wet weight and normalized to the
phosphorous signal, are summarized in Table 1. Thes
values were obtained from 17 jejunal tissue sample:
from 8 mice. The averagksc and Rt for these tissues
immediately before freezing were 40 + gA.cm 2 ‘ . ‘
and 39 + 3Q.cn?, respectively. Overall, the composi- 0 100 200 300 400

tion of these cells was comparable to that seen in othe [Plc (mmol / kg wet weight)

epithelia (Dage et al., 1988; Halm & Rick, 1992; Rick

et al., 1987), with a low [NQ-] (26.5 + 0.6 mmol/kg Fig. 4. Intracellu!arK([K]c), Cl ([Cl]c) and-Na ([Na]c) concen‘tration
wet weight), high [KL (116.7 + 1.2 mmol/kg wet weight) as a function of intracellular P concentration ([P]c). Each point repre-

. sents an individual measurement. Data from 4 animals[K]c = 33
and a relatlvely low [CI‘] (21'8 03 mmOI/kg wet + 0.689[P]c,r = 0.69. B) [Cl]c as a function of [P]c, [Cllc= 6.7 +

weight). ) o ) ~ 0.117[Ple,r = 0.52. C) [Na]c as a function of [Plc, [NaJe= 3.3 +
Interestingly, there were significant differences in o0.092[pjc,r = 0.32.

the composition of the crypt and villus cells. This was

evident whether the data was expressed as mmol/kg wet

weight or normalized to the phosphorous content. The  The difference in the [Na]c of the crypt and villus
mean [Na]c of the crypt cells (17.2 + 0.5 mmol/kg wet cells is associated with differences in the patterns of cell
weight) was approximately half that of the villus cells Na and K in the two regions. The villus cells had a much
(33.3 £ 0.9 mmol/kg wet weight)R < 0.05), while the  broader spread of [Na]c than the crypt cells, with a num-
mean [K]c of the crypt cells (130.6 + 1.7 mmol/kg wet ber of cells with a high [Na]c and low [K]c (Fig. 5).
weight) was 22% greateP(< 0.05) than that of the villus More of these high Na, low K cells were found in the
cells (106.5 + 1.4). The mean [Cl]c of the crypt cells upper regions of the villi (Fig. 6, Villus 1 and Villus 2)
(23.3 + 0.3 mmol/kg wet weight) was slightly, although than in the base of the villi (Fig. 6, Villus 3) or crypts
significantly (® < 0.05), greater than that of the villus (Fig. 6, Cryps 1 & 2) resulting in a significant decrease
cells (20.8 + 0.41 mmol/kg wet weight). in the mean [Na]c from the villus tip to the crypt base

[Na]c (mmol / kg wet weight)
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Table 1. Composition of mouse jejunal epithelial cells in non-stimulated tissues

n Na K Cl P Mass
mmol/kg wet weight o/kg

GV
All cells 1146 265 *0.6 116.7 + 1.2 21.8 %03 1413+ 1.3 262+2
Villus 658 33.3 +0.9 1065 + 14 208 +04 1406+ 1.7 276+3
Crypt 488 17.2 *0.5* 1306 =+ 1.7* 233 *0.3* 1422+ 2.0 243+3*
Loose cells 7 513 +50 64.2 +11.6 313 £3.0 90.5+26.3 281+6
(B) Na/P K/P Cl/P
All cells 1146 0.198 + 0.005 0.840 + 0.006 0.161 +0.002
Villus 658 0.253 £ 0.007 0.768 £ 0.007 0.157 £ 0.003
Crypt 488 0.123 + 0.003* 0.937+ 0.007* 0.168 + 0.003*
Loose cells 7 0.837£0.181 0.735+ 0.063 0.476 £0.108

All measurements from the nuclear region. (A) Mean ionic concentration (mmol/kg wt weight). (B) lonic content
of cells. Na, K amd Cl values normalized to the P content. Loose cells were located within the albumin standard
applied to the tissue immediately before freezing. Values obtained for loose cells are not included in calculation of
mean values for other groupings of cetis= number of cells obtained from 17 jejunal samples from 8 mice. Crypt
values labeled with an asterisk (*) are significantly different from villes<(0.05, ANOVA).

A) Villus Cell
(A) Villus Cells higher [Cl]c P < 0.05) than the cells in any other region

2 300 7 (Fig. 7C).
5 Also shown in Table 1 is the composition of the
% ] loose cells seen in the albumin layer. Only 7 cells
z 200 were seen. These cells were swollen, as is evident
= from their low [P]c, and they had high [Na]c and [Cl]c
g 100 - and a reduced [K]c compared to cells within the epithe-
E lium.
)
& °

0 — T

40 0 40 80 120 160
[Na]c (mmol/kg wet weight)
STEADY-STATE Cl SECRETION AND THE COMPOSITION OF

(B) Crypt Cells THE JEJUNAL EPITHELIAL CELLS
~ 300 7 ‘
=
2 In these experiments, cellular composition was measured
3 200 1 either in tissues in which Cl secretion had been stimu-
fb lated by theophylline (10 mmol™* mucosal and serosal)
% or time matched controls. In general theophylline pro-
E 100 1 duced an initial peak increase Iac followed by a de-
e cline to a lower plateau value. The theophylline induced
v increase insc was inhibited by bumetanidés¢ before

%% o0 40 s 10 160 bumetanide 136 + 13A.cm™? and after bumetanide 69

[Na]c (mmol/kg wet weight) + 8 pA.cm? n = 11), consistent with a Cl secretory

response (Fig. 8). Tissues used for analysis were frozen
Fig. 5. Intracellular K concentration ([K]c) as a function of intracel- once thelsc had reached a steady state value (20-30
lular _l\_la concen_tration ([Na]c) for tissues under basal non_stimulatedmin)_ The initial Isc prior to theophylline was 26 + 12
;ggﬁg'?&;? r\nlllggs ;Z't'z's(sznﬁgfi’;g:':i';{ifeesl from 17 pieces of |, A cm™ (n = 3). This increased to a peak value of 162

' ' + 48 pA.cm 2 after theophylline before declining to a

steady state value of 95 + 320A.cm™2 immediately be-

(Fig. 7A). The reverse was true for potassium (Fi§).7 fore freezing. In the controls the initigéc was 28 + 12
In contrast there was little variation in the [Cl]c through- wA.cm™, and this spontaneously increased throughout
out the crypt/villus axis, with the exception of the cells at the course of the experiment to 54 u2.cm™2 (n = 3)
the base of the crypts (crypt 2) which had a significantlyimmediately prior to freezing (Table 2).
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The most significant change in composition associ-secretion the number of villus cells with a high [Na]c
ated with the stimulation of Cl secretion was a markeddecreased markedly (FigCY. In contrast, in the crypt
reduction in the [Na]c of both the villus and crypt cells. cells, while there was a fall in the mean [Na]c with the
Within the villi, the [Na]c fell from 37.7 £ 2.6 to 20.3 + stimulation of Cl secretion, the change was much smaller
1.3 mmol/kg wet weight, whereas there was a smaller(Table 3). This reflects the fact that in the nonstimulated
but significant decrease in [Na]c of the crypt cells from crypt cells there were very few cells with a high [Na]c
26.3 £ 1.9 to 16.4 + 1.4 mmol/kg wet weight. (Fig. 9B), although the stimulation of Cl secretion did

The basis for this change in [Na]c is apparent fromresult in a reduction in the number of high Na cells (Fig.
a consideration of the Na distributions of the cells. In the9D).
villus cells of the control tissues there were a number of  Interpretation of the changes in the [K]c and [Cl]c
cells which had high [Na]c as is evident from the broadfollowing stimulation of secretion is complicated by the
range of [NaJc (Fig. 8). Following stimulation of ClI  significant differences in [P]c between the two groups of
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cosal and serosal theophylline on ttee generated by the mouse je-
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bumetanide.
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Table 2. Variation in short circuit currenti§c) in response to theoph-
ylline (10 mmol L'* mucosal and serosal) in the absence or presence of
1 mmol L™* mucosal amiloride.

Isc (WA.cm2)
(n) Initial Peak Steady state

No Amiloride

Unstimulated controls 3 2812 54+ 2

Stimulated tissues 3 2612 162+48 95+ 20*
1 mv Mucosal amiloride

Unstimulated controls 4 26 8 37+ 7

Stimulated tissues 4 8 7 118+21 86+10*

Values labeled with an asterisk (*) are significantly different to their
respective controls (Unpairgetest.P < 0.05).

K content and CI content of the villus and crypt cells in
the stimulated tissues (Table 3).

EFFECT OFAMILORIDE ON CHANGES IN CELLULAR
CoMPOSITION ASSOCIATED WITH Cl SECRETION

The increase insc following theophylline is consistent
with the stimulation of Cl secretion. Thus it might be
expected that those cells involved in the secretory re-
sponse would have an increased Na concentration due tc
increased influx of Na into the cells via the NaK2Cl
cotransporter. Indeed, in the frog cornea (Rick et al.,
1987), the stimulation of Cl secretion results in a signifi-
cant increase in [Na]c with little change in [Cl]c. How-
ever, the jejunum also actively absorbs Na (Powell,
1985) and, in the absence of mucosal organic solutes
such as glucose and amino acids, the dominant mecha:
nism of Na absorption is Na/H exchange (Gunter &
Wright, 1983; Turnberg et al., 19@pwhich is inhibited

by theophylline and other agents which stimulate Cl se-
cretion (Nellans, Frizzell & Schultz, 1973). It is pos-
sible, therefore, that an inhibition of Na/H exchange was
responsible for the reduced [Na]c of the epithelial cells
following the stimulation of Cl secretion. To test this
possibility, tissues were incubated with 1 mmaofimu-
cosal amiloride, a concentration which is known to in-
hibit intestinal Na/H exchange (Knickelbein, Aronson &
Dobbins, 1988), for 30 min before Cl secretion was
stimulated with theophylline. Once thgc had reached a
steady state the tissues were frozen for analysis. In time
matched controls the tissues were incubated with amilo-
ride, but CI secretion was not stimulated.

tissues (Table 3). However, consideration of the cellular ~ When compared to previous experiments amiloride
ion contents, expressed as the ion/phosphorous ratityvad no effect on the baskdc or the response to theoph-
provide some indication of the effect of secretagogues owylline (Table 2). However, it appeared to prevent the
these ions. Consistent with the effects of secretagoguezecretagogue induced falls in [Na]c of the villus and
on [Na]c, there was a fall in the Na content of both thecrypt cells (Table 4) and the distributions of [Na]c and
villus and crypt cells. There was also an increase in thgK]c of the crypt and villus cells were very similar and
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Fig. 9. Intracellular K concentration ([K]c) as a function of intracellular Na concentration ([Na]c) for control tissues and tissues stimulated to secr
with 10 mmol L serosal and mucosal theophyllind) Control values from villus region of unstimulated tissued). Control values from crypt
region of unstimulated tissue<C) Values from villus region of secreting tissueB) (Values from crypt region of secreting tissues. Values from
at least 3 animals. Data summarized in Table 3.

Table 3. Comparison of the effects of stimulation of Cl secretion (10 mnidlrbucosal and
serosal theophylline) on the composition of cells within the crypts and villi of the mouse
jejunal epithelium.

Villus Crypt

Control (0 = 180) Exp. 6 = 149) Control o = 113) Exp. 6 = 100)

Na 37.7 %26 203 +1.3* 263 *1.9 16.4 +1.4*

K 1075 +2.3 110.6 +2.0 140.3 +4.4 124.0 +3.4*
cl 143 +06 16.0 +06 247 +1.1 242 +17

P 158.0 +3.38 1343 +28* 167.1 *53 132.7 +35*
dw (glkg) 252 +4 252  +6 222  +8 237  +5
Na/P 0.221+0.013 0.15% 0.009*  0.154*0.010 0.125¢ 0.010*
K/P 0.705% 0.013 0.8480.012*  0.856+0.016 0.943 0.017*
clip 0.093+ 0.003 0.122£0.004*  0.150+ 0.005 0.18G 0.011*

n = number of cells. *Significantly different to control valu® € 0.05, ANOVA).

essentially unchanged by the addition of the secretaalthough there was no apparent change in the [Na]c of

gogues (Fig. 10).

Interestingly, a comparison of the [NaJc of the

the crypt cells.

Significantly, following treatment with amiloride

amiloride treated tissues to the overall control values irthere was a secretagogue induced fall in the mean [Cl]c
Table 1, suggests that amiloride, like theophylline, in-of both the villus and crypt cells. The [Cl]c of the villus
cells fell from 21.7 £+ 1.2 to 16.5 + 0.6 mmol/kg wet
weight P < 0.05) while the [Cl]c of the crypt cells fell
and 22.3 + 1.4 mmol/kg wet weight, respectively) from 26.3 £ 1.6 to 22.0 + 1.1R < 0.05) (Table 4).

duced a significantR < 0.05) fall in the villus [Na]c,
(Control and amiloride treated tissues, [Najc33 £ 0.9
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Table 4. Variation in composition of mouse jejunal epithelial cells following the stimulation
of Cl secretion (10 mmol T* mucosal and serosal theophylline) in the presence of 1 mmol
L™ mucosal amiloride.

Villus Crypt

Control @ = 105) Exp. 6 = 122) Control 6 = 91) Exp. o = 92)

Na 223 +14 211 +1.3 20.8 1.5 18.1 +1.2
K 107.8 +3.5 1147 +2.7 1238 +4.2 1247 +3.2

cl 217 12 16.5 +0.6* 263 +1.6 220 +1.1*

P 133.2 +4.0 1462 +3.8% 1447 +49 145.4 +4.3
dw (g/kg) 245 +6 224 +5* 221 %5 203 +5*
Na/P 0.173:0.011 0.148 0.010 0.141 0.009 0.127% 0.008
KIP 0.819+ 0.016 0.804: 0.014 0.87%0.015 0.8730.013
cip 0.166+ 0.008 0.11% 0.005*  0.185:0.011 0.151 0.006*

n = number of cells. *Significantly different to control valuf & 0.05, ANOVA).
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Fig. 10. Intracellular K concentration ([K]c) as a function of intracellular Na concentration ([Na]c) for tissues exposed to amiloride prior t
stimulation of secretion with 10 mmol& serosal and mucosal theophyllind) (Control values from villus region of unstimulated tissued). (
Control values from crypt region of unstimulated tissu&3). Yalues from villus region of secreting tissue®)(Values from crypt region of
secreting tissues. Values from at least two animals. Data summarized in Table 4.

Similar changes in cellular composition following the villus or crypt cells (Table 4) but there was a signifi-
treatment with amiloride and subsequent stimulation ofcant reduction in the CI content of both the villus and
Cl secretion are evident if the ion contents are consid<rypt cells (Table 4).
ered. The Na content of villus cells is significantly less
(P < 0.05) in tissues treated with amiloride (Na#?  piscussion
0.173 £ 0.011) compared to the untreated tissues (0.253
+0.007). The subsequent stimulation of Cl secretion didFor some time it has been argued that the absorptive anc
not result in further changes in the Na content of eithersecretory mechanisms of the intestine are located in dif-
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ferent cell types within the epithelium. The evidence for cosal amiloride or following the stimulation of Cl secre-
this is, in the main, circumstantiasdéeSullivan & Field, tion. Both amiloride (Knickelbein et al., 1988) and se-
1991) and there is considerable data suggesting that, icretagogues (Clarke & Harline, 1996) inhibit the apical
the small intestine at least, this separation of absorptivéla/H exchanger involved in electroneutral Na absorption
and secretory mechanisms is not as clear cut as initiallypy the small intestine. Thus it would appear that this
proposed (de Jonge, 1975; Stewart & Turnberg, 1989)gradient in ion concentrations is due in the main to dif-
The primary objective of this study was to provide aferential expression or activity of the Na/H exchanger
functional description of the response of the crypt andalong the crypt/villus axis. Certainly it is well estab-
villus cells of the jejunal epithelium to secretagogues.lished there are much higher levels of Na/H exchanger
The results obtained through measurement of the cellulaactivity in the villus cells than the crypt cells (Knickel-
composition with x-ray microanalysis suggest that thebein et al., 1988; Sundaram, Knickelbein & Dobbins,
dominant response of the jejunal epithelial cells to se-1991).
cretagogues was an inhibition of Na absorption via the A second factor contributing to this gradient may
Na/H exchanger. This response was localized mainly taeflect changes in cellular composition associated with
the villus cells. Changes in cellular composition associ-maturation and death of the epithelial cells. In the jeju-
ated with the stimulation of Cl secretion were less ap-num the epithelial cells are derived from a mitotically
parent and appeared to involve both the villus and crypfactive region near the base of the crypt and migrate to-
cells. wards the villus tip where they are shed 2-3 days later
(Gordon, 1989). In general, associated with senescence
of epithelial cells is a marked increase in Na and CI
CELLULAR COMPOSITION WITHIN THE CRYPT/VILLUS AXIS content and fall in K content, (Bowler et al., 1991; Rick
UNDER BASAL CONDITIONS etal., 1978). We identified a small number of cells in the
albumin standard applied to the tissues before freezing.
We only measured the composition of the undifferenti-These cells had a high [Na]c and [Cl]c and low [K]c and
ated columnar cells in the crypts and enterocytes in thewre presumably representative of cells shed into the lu-
villi as these two cell types represent more than 85% oimen. As there are likely to be more cells approaching
the total cells in the crypt and villi and thus are mostsenescence near the tip of the villus, inclusion of these
likely the cells responsible for fluid and electrolyte trans- cells in the measurement may contribute to the observed
port in the two regions. It is unlikely that the results are gradients in [Na]c and [K]c.
contaminated by measurements of other cell type. Itwas  The other major ion involved in fluid and electrolyte
reasonably easy to exclude goblet and Paneth cells ang¢tansport by the intestine, Cl, showed little variation in
while it was not possible to identify enteroendocrine concentration throughout the crypt/villus axis, other than
cells, they represent only 0.4% of the total cells within a higher concentration in the cells within the base of the
the epithelium (Cheng, 1974). crypts. The reason for this is unknown. Care was taken
In general the [Na]c and [K]c concentrations of the to ensure all measurements were made from undifferen-
jejunal epithelial cells are comparable to those reportediated columnar cells.
for other epithelia (Dme et al., 1988; Halm & Rick,
1992; Rick et al., 1987). However, the [Cl]c is some-
what lower than that seen in other secreting epitheliaCHANGE IN CELLULAR COMPOSITION IN RESPONSE
Estimates of Cl activity by correcting for dry weight and TO SECRETAGOGUES
assuming an intracellular activity coefficient similar to
the external environment=(0.75) yields a value of 21 The increase insc seen following the addition of the-
mmol L™ in the villi and 23 mmol ! in the crypts. ophylline to the bathing medium is consistent with the
Measurements with intracellular microelectrodes gave atimulation of Cl secretion (Grubb, 1995; Clarke & Har-
comparable value in surface cells of the rabbit colonicline, 1996). This stimulation of Cl secretion will modify
epithelium (Wills, 1985) which are thought to be absorp-the influx and efflux of Na ions in the secretory cells and,
tive (Welsh et al., 1982). In contrast the CI activity in in other secreting epithelia, this results in increased cel-
secreting epithelia is generally higher ranging from 37 tolular Na (Rick et al., 1985; Rick et al., 1987; Halm &
48 mmol L' (Welsh, 1983; Greger et al., 1984; Shorof- Rick, 1992). In the jejunum, however, the major effect
sky, Field & Fozzard, 1984; Halm & Rick, 1992). of secretagogues upon epithelial cell composition was a
There was a distinct gradient in mean [Na]c anddecrease in [Na]c. This decrease in [Na]c is consistent
[K]c throughout the crypt/villus axis. The mean [Na]c with the inhibition of the apical Na/H exchanger by the
increased along the crypt to the villus tip, whereas thesecretagogue (Clarke & Harline, 1996). This conclusion
mean [K]c decreased. These gradients in ion concentrds supported by the observation that prior exposure to
tion resulted in marked differences in the [Na]c and [K]c amiloride prevented further reductions in [Na]c by se-
of the crypt and villus cells. These differences werecretagogues.
eliminated following incubation of the tissues with mu- Interestingly, in the presence of amiloride, which
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inhibits Na/H exchange activity and so limits changes intrends in [Cl]c in the different cell types in the nonse-
composition to those associated with the stimulation ofcreting tissues. Furthermore, the only change in cellular
Cl secretion, there were less marked changes in cellulatomposition consistent with the stimulation of Cl secre-
composition associated with the stimulation of Cl secre-tion was a fall in [Cl]c of both the villus and crypt cells
tion (Table 4). There was a small, but significant de-when secretion was stimulated after inhibition of the api-
crease in [Cl]c, which has been seen in other secretorgal Na/H exchanger with amiloride (Table 4). These
epithelia (Greger et al., 1984; Shorofsky et al., 1984;changes in cellular [Cl]c presumably reflect alterations in
Halm & Rick, 1992). However, the [Na]c did not the rates of Cl entry and exit from cells which respond to
change. It seems paradoxical that variations in the ratéhe secretagogues. Similar small changes have been re
of Na entry into the cells via the Na/H exchanger areported in other secretory epithelia (Greger et al., 1984;
associated with changes in [Na]c, whereas changes in thghorofsky et al., 1984) and supports the notion that both
rate of Cl secretion, which will involve increased influx the crypts and villi secrete (de Jonge, 1975; Stewart &
of Na into the cell via the NaK2Cl cotransporter, are not. Turnberg, 1989).
This may reflect differences in the mechanisms involved  In conclusion, there is a marked gradient in [Na]c
in the coordination of the influx and efflux rates betweenand [K]c throughout the crypt/villus axis of the mouse
electroneutral Na absorption and electrogenic Cl secreiejunum due, in the main, to an apparent variable expres-
tion. Potentially, changes in [NaJc may play an impor- sion/activity of an apical Na/H exchanger. The most sig-
tant role in linking changes in apical Na entry and baso-nificant changes in cellular composition in response to
lateral Na exit via the Na/K ATPase and associatedsecretagogues were consistent with the inhibition of an
changes in basolateral K conductance in the absorptivapical Na/H exchanger. While it appeared there were
process, perhaps through its effects on cellular pH (Hargreater levels of exchanger activity in the villi, the crypts
vey & Ehrenfeld, 1988). In contrast, other control may also be capable of electroneutral Na absorption.
mechanisms, such as changes in intracellular Ca or othén contrast, changes in cellular composition associated
second messengers, may coordinate the changes in apiasith the stimulation of Cl secretion were only apparent
Cl conductance and basolateral K conductance and Nafter inhibition of the apical Na/H exchanger with amilo-
K-ATPase activity associated with changes in the secreride. Then there was a significant decrease in [Cl]c of
tory rate, without appreciable changes in cellular com-both the villi and crypts following the stimulation of
position. secretion, suggesting a secretory role for both the villi
and crypts.
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