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Summary. Hen coprodeum absorbs sodium electrogenically and, 
when stimulated by theophylline, secretes chloride. In this study 
the vibrating microprobe technique was used to localize the trans- 
port of these ions to intestinal villi/folds and crypts. With the 
isolated, stretched epithelium~ controlled by light microscopy 
and scanning electron microscopy, in open circuit, currents were 
inward, 40 -+ 7/xA/cm 2, 50/xm vertically above villi, and outward. 
36 • 7/xA/cm 2 above crypts. The currents decayed exponentially 
to near zero at 300 p~m with the same length constant. A physical 
model simulating the observed loci of current sources and sinks 
predicts potential profiles consistent with our data. Extrapolation 
of the currents gives a surface potential of 45 /xV, negative on 
villi and positive above crypts. Short circuiting increased villus 
current to 86 -+ 27 /xA/cm 2 at 50 /xm, and amiloride treatment 
reduced it to -8  /xA/cm2; in both cases crypt currents were 
abolished. The inward currents are compatible wi.th sodium ab- 
sorption. Induction of chloride secretion after amiloride treat- 
ment, resulted in current circuits similar to those induced by 
sodium absorption, with villus currents of 23 -+ 7 txA/cm 2. This 
is in accord with chloride secretion at the villi. Quantitative esti- 
mates of crypt number (860/cm 2) and opening diameter (15/xm), 
in conjunction with isotopic measurements of active and electrical 
potential-driven ion fluxes demonstrate, however, that only 4% 
of the potential-driven co-ion transport occurs through the crypts. 
This indicates that nearly all chloride secretion comes from the 
sodium-absorbing villar area, Were the chloride secretion to oc- 
cur solely from the crypts, the current should have been in the 
opposite direction and 10,000-fold larger. 
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Introduction 

Transepithelial ion movemen t  can be divided into 
transcellular and paracellular transport .  During 
t ransport  of Na  § from mucosal  to serosal solution, 
in open circuit, movemen t  of  this ion is followed by 
either a negative ion in the same or a positive in the 
opposite direction. The co-ion movemen t  is thought 
to be local through the lateral intercellular spaces.  

Many epithelia are, however ,  not a layer of iden-  

tical cells. They may contain villi and crypts  and be 
composed  of different cells. The chloride conduc- 
tance of amphibian skin has been localized to the 
mitochondrion-rich cells (Foskett  & Ussing, 1986; 
Katz  & Scheffey, 1986; Larsen,  1988). The mito- 
chondrion-rich cell of  teleost opercular  epithelium 
secretes chloride actively with virtually no current 
passing through the adjacent pavement  cells (Schef- 
fey, Fosket t  & Machen,  1983; Fosket t  & Machen,  
1985). The major  part  of  the above results were ob- 
tained by local extracellular recording with the vi- 
brating microprobe.  

Hen coprodeum is a medium-tight lower intesti- 
nal epithelium with villi/folds and crypts.  In re- 
sponse to NaCl depletion, electrogenic sodium ab- 
sorption increases 200-fold (Choshniak, Munck & 
Skadhauge,  1977) through induction of an amiloride- 
sensitive sodium channel in the apical membrane  
(Clauss et al., 1987). Simultaneously a scattered cell 
population, which could be marked with the silver 
precipitation technique, appeared on the villi, and 
coincidentally, chloride secretion could be induced 
by secretagogues (Clauss, Dantzer  & Skadhauge, 
1988). Although silver precipitation successfully 
identified chloride transporting cells in amphibian 
skin (Willumsen & Larsen,  1986), the technique is 
indirect and is subject to artifacts. The staining pat- 
tern of  coprodeum was also incompatible with chlo- 
ride secretion originating f rom the crypts  as ob- 
served by Welsh et al. (1982). 

The purpose of this study is to localize sodium 
and chloride t ransport  in hen coprodeum by the ex- 
tracellular vibrating microprobe.  The results are 
compatible  with sodium absorpt ion and chloride se- 
cretion occurring in the same villus cell population. 
Within the resolution of  the microprobe there was 
no evidence for special t ransporting cells on villi. 
The co-ion transport  is distributed all over  the epi- 
thelium with only a minor fraction coming from the 
crypts.  
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Materials and Methods 

Seven-month-old Cornish hens were used for vibrating micro- 
probe experiments; White Plymouth Rock hens were used for 
voltage-clamp experiments. They were fed a low-NaC1 diet, 
wheat and barley, and distilled water ad libitum for 14 days prior 
to experiments (Choshniak et al., 1977). After securing a blood 
sample for aldosterone analysis (Arnason et al., 1986), the birds 
were killed by neck dislocation. The lower intestine was quickly 
removed and the coprodeal epithelium dissected from its muscu- 
lar layer and placed in 38~ oxygenated Ringer's (mmol/liter: 140 
Na, 8 K, 1.3 Ca, 1 Mg, 139 CI, 1 SO 4, 8 PO4, and 15 glucose, pH 
7.3). 

VOLTAGE-CLAMP EXPERIMENTS 

The isolated epithelium was mounted in 0.62-cm 2 Ussing cham- 
bers and stretched to approximately four times the normal area. 
The transepithelial potential difference (PD) was monitored with 
KCI agar bridges and calomel electrodes by a multichannel com- 
puter-controlled voltage-clamp unit. The tissues were continu- 
ously short circuited at different PDs through Ag/AgC] electrodes 
(Clauss et al., 1988). An IBM PC computer was connected to the 
voltage-clamp units and permitted time sharing, on-line control 
and data acquisition. Tissue resistance was determined by bipolar 
voltage command steps (usually 5 mV, 300-msec duration). The 
measurements were corrected for series resistance of the Ringer's 
between the agar bridges. 

Unidirectional fluxes of sodium and chloride were measured 
with isotopes as described previously (Clauss et al., 1988). 

After stabilization of the short-circuit current, the chambers 
were assigned to be either (i) controls with no further additions, 
(ii) amitoride 10- 4 M added to the mucosal solution, or (iii) amilor- 
ide 10 .4 M to the mucosal solution and theophylline 8 retool/liter 
to the serosal and mucosal solutions. The epithelia were then 
clamped in random order to PDs of 45, 30, 15, 0, - 15, -30,  or 
- 45 mV with respect to the mucosal bath for periods of 30 min 
for flux determination. The epithelium has previously been shown 
to be stable for more than 3 hr (Choshniak et al., 1977); the total 
experimental time was in these experiments 2 hr, allowing flux 
determinations at three PDs for each tissue. 

VIBRATING MICROPROBE EXPERIMENTS 

The isolated epithelium was placed with the serosal side up in a 
waxed petri dish on parafilm and stretched to four times the area 
to allow access to the interviltus spaces (see Fig. 1). The serosal 
side was glued along the border to the nylon ring of (fie perfusion 
chamber. To stabilize the epithelium the nylon ring was covered 
with a nylon mesh with a grid size of 250/*m. The tissue was 
mounted in a horizontal Ussing chamber, with a wide opening at 
the mucosal top to allow space for the descent of the vibrating 
microprobe. The serosal and mucosal compartments were per- 
fused separately with 38~ Ringer's solution. The peffusion me- 
dium was bubbled with pure 02 . The level of the upper fluid layer 
was regulated by suction; fluid perfusion of the bottom chamber 
was regulated by a combination of suction and head pressure to 
sustain a stable position of the epithelium. The chamber with the 
epithelium was placed under an upright microscope fitted with 
Nomarski optics utilizing a Zeiss 40 x water immersion objec- 
tive with a numerical aperture of 0.75 and a working distance 1.7 
ram. This allowed continuous video monitoring of the tissue and 

probe, as well as distance determination, due to the very shallow 
depth of field (in practice < 3/,m). The epithelial chamber was 
equipped with a temperature sensor and a pair of KC1 agar bridges 
connected to calomel electrodes. The leads from the current/ 
voltage-clamp units ended in a pair of Ag/AgCI electrodes with 
the wire leading to the mucosal side being grounded. 

For the vibrating probe either platinum or stainless steel 
electrodes (Micro Probe, Bethesda, MD) insulated with parylene 
were used. To minimize impedance the uninsulated lip was plati- 
nized in a solution of I0 rag/rot H2PtCl 6 and 100 /xg/ml 
Pb(CH3COO) 2 . The stainless steel electrodes were gold plated in 
0.2% AuKCN prior to platinization. Final diameter of electrode 
tips was intended to be 5-10/xm and to have a capacitance of 
2-8 nF. The procedure was essentially as described by Jaffe and 
Nuccitelli (1974). Vibration was accomplished by two piezoelec- 
tric reeds vibrating 90 ~ out of phase to make the front of a Lucite 
rod move in a circular pattern. The probe was connected by a 
miniature wire pen to the rod front. The excursion movement 
of the probe tip was 5-10 p,m in both vertical and horizontal 
directions. 

The voltage signal from the probe was measured by a differ- 
ential preamplifier with respect to the platinum-black reference 
electrode surrounding the mucosal chamber. The signal was sent 
to a two-phase lock-in amplifier, where the signal was processed 
with respect to the vibration frequency of the probe in either 
direction of vibration (Nuccitelli, 1986) to give the potential differ- 
ence at the peaks of excursion. Calibration of the vibrating probe 
was done with a known point current source at a 150-/xm distance 
in the directions of vibration, and the voltage signals recorded 
during experiments were automatically converted to current den- 
sity. In the experiments the current density became indistinguish- 
able from the background noise at distances more than 300/xm 
from the epithelium. Consequently, this distance was used for 
reference measurements. 

The experimental protocol was as follows: after establishing 
reference potential values at 300/xm, the tissue was approached 
at a distance of 50 ~m (occasionally as close as 20 b~m) and welt- 
defined villar or crypt regions were scanned. Current density was 
measured in open circuit and during voltage clamping to PD = 
0 mV: current decay with distance from the epithelium was estab- 
lished. These procedures were followed by the addition of amilor- 
ide 10 -4 M, to the mucosal perfusion medium, and the current 
measurements repeated. Thereafter, theophylline (Sigma), 8 mM, 
was added to the serosal and mucosal perfusion fluid, and the 
measurements repeated. During experiments the probe's distance 
above the epithelium was controlled at approximately 5-rain inter- 
vals as was the probe's zero output at 300/xm to check for drift 
in the signal. The waveform of the vibrating probe signal was 
continuously monitored on an oscilloscope along with the quadra- 
ture (i.e., 90 ~ out of phase) output of the lock-in amplifier (Schef- 
fey, 1986) to guard against artifacts. 

HISTOLOGY 

Coprodeal tissue from White Plymouth Rock hens was dissected 
free immediately after slaughter, rinsed and transfered, to cold 
Ringer's solution. Full-wall preparation: a part of the coprodeal 
wall from a central area of the coprodeum was pinned to a wax 
plate and fixed in 3% glutaratdehyde in 0.1 tool/liter cacodylate 
buffer with 2 mmol/liter CaC12 for 3 hr. Mucosal separation and 
extension: From a neighboring part the mucosat epithelium was 
separated at lamina muscularis  mucosae  and used for electro- 
physiology in the stretched state, or mounted on a nylon ring for 
AgNO~ treatment and histology. 
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Silver Nitrate for Light Microscopy 

The tissue was incubated in standard Ringer medium oxygenated 
at 38~ for 30 rain. Tissues were rinsed twice in separate baths of 
near isotonic Na-gluconate solution and afterwards exposed to 
Na-gluconate with 0.25% AgNO3 for 3 min. After repeated wash- 
ings in Na-gtuconate solution, the tissue was mounted on a micro- 
scope slide and exposed to light for 10 rain. The epithelium was, 
later the same day, examined for number of crypts. Details on 
preparation and examination of "'chloride ceils" are given by 
Clauss et al. (1988). 

Sections jbr Light Microscopy 

Tissue prepared from the pinned full-wall tissue was stored in 
the fixative for an additional 1-7 days. The extended stripped 
epithelium was mounted on the nylon ring and immersed in the 
fixative. Two- to three-cm long slices were rinsed carefully in 
buffer, dehydrated and embedded by routine methods in Histo- 
Resin (LKB). Sections, 1-3/*m thick, were stained with conven- 
tional stains: tohfidine blue, hematoxylin eosin or Giemsa. The 
measurements were made with an Olympus AH2 light microscope 
using a side entry measuring graticule. 

Scanning Electron Microscopy (EM) 

An area of 0.5 x 0.5 cm 2 epithelium was stored in the fixative for 
1-7 days. The tissue was rinsed in the same buffer as used for the 
fixative before being dehydrated in graded series of acetone and 
critically freeze-dried in a Balzer critical point dryer. Subse- 
quently, the specimens were mounted on copper carriers and 
sputter coated with 20-nm gold in a Polaron high resolution sputter 
coater, before examination in a Jeol JSM T20 or JSM 840 A at 15 
kV. 

STATISTICAL ANALYSIS 

Results are expressed as mean -+ SEM, with (n) denoting the 
number of experiments. Curves were fitted by linear-regression 
analysis or nonlinear regression to produce optimum fits as evalu- 
ated by the chi-square value. The reciprocal of SD was used as 
weight in fitting procedures. 

Results 

MORPHOLOGY 

Light microscopy revealed a mucosal membrane 
with short and broad villi or irregular folds with short 
intestinal glands (Liberktihn's crypts). The intestinal 
glands became even more distinct in the stretched 
mucosal preparations (Fig. 1). The crypt length var- 
ied from 50 to 130 tzm (mean 80/.tin), measured on 
both the full-wall preparations and on the stretched 
mucosa. In the stretched epithelium, the villi were 
flattened, and the mucosal surface area was esti- 
mated to be 1.5 to 2 times the serosal area. 

Fig. 1, Light micrographs of the coprodeal wall. (A) Section of 
pinned whole-wall preparation with the tunica mucosa, tela sub- 
mucosa and some parts of tunica muscularis. Notice the formation 
of high broad "villi" (compare to Fig. 2) and tbe short crypts 
(arrows) between them. Magnification 23 • (B) Tunica mucosa of 
coprodeum fixed, as stretched for microprobe electrophysiology. 
Notice the crypts (arrows), and the relative smooth surface. Mag- 
nification 43 x 

The scanning EM demonstrated the ~ of 
the coprodeum to be low irregular folds separated 
by furrows (Figs. 2 and 4). On the stretched mucosa 
the furrows between the folds can be clearly visual- 
ized (Figs. 3, 5 and 6), and thereby, the openings of 
the crypts (Figs. 5 and 6). The epithelium have goblet 
cells, seen as small holes at higher magnifications 
(Figs. 4 and 5). 

The dark precipitates in the stretched mucosa 
treated with AgNO3 show the so-called "chloride 
cells" and also an affinity for the crypt openings 
(Fig. 7), which demonstrate their great variation in 
diameter (Figs. 6 and 7). Circular crypts were clearly 
visible and were often found along the midline of 
the furrows between the ridges with an intercrypt 
distance of approximately 100 p.m. (Crypts could 
also be identified at the unstained tissue by light 
microscopy and by the Nomarski technique during 
the probe experiments.) The crypts were counted in 
20 circular fields of 1.63 mm 2 from the Ag-stained 
coprodeum of a low-NaCl hen. The number ranged 
from 0-31 per field with an average 8.6 _+ 1.2 crypts 
per mm 2, or 860 per cm 2. The crypt diameter mea- 
sured on the AgNO3-treated specimens varied from 
4 to 35 Fzm with most of the openings from 10 to 20 
/xm. The fractional area of the crypts can be esti- 
mated to be approx. 2% of the stretched (flat) area 
of the epithelium. 
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Fig. 2, Scanning electron micrograph from pinned wall of the 
coprodeum showing the elongated folds. The bottom of the fur- 
rows between the folds, where the crypts open, cannot be seen. 
Magnification 50 x 

Fig. 3. Scanning electron micrograph of coprodeum after "strip- 
ping" and mounting stretched in the Ussing chamber, as for 
microprobe measurements. Fixing was performed in the cham- 
ber. Notice the extended mucosal folds (F) and the visible fossae 
(*), Magnification 49 x 

Fig. 4. Scanning electron micrograph of coprodeal pinned speci- 
men. The mucosal folds (F) have small irregular furrows (arrow- 
heads); the base of the folds and the openings of the crypts 
cannot be seen. The small holes represent goblet cells (arrows). 
Magnification 210 x 

Fig, 5. Scanning electron micrograph of stretched coprodeal mu- 
cosa showing the base of mucosal folds and bottom of the fossae 
with openings of the crypts (arrows). The small holes represent 
openings of goblet cells. Magnification 100 • 
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Fig. 6. Scanning electron micrograph of detail of crypt openings 
in the bottom of a fossa. The lining of the individual cells can be 
discerned in some cases. Magnification 2300 x 

Fig. 7. Light micrograph of whole mucosal membrane treated 
with AgNO.3, demonstrating precipitates of AgCI at the crypt 
openings (arrows). The "chloride cells" are only discernable as 
fine dark spots. Magnification 136 x 

Table 1. Electrical parameters of Cornish hen coprodeum in an Ussing chamber, before and after 
sequential addition of amiloride, theophylline, and bumetanide (mean m SEM (n)) 

I~ (/zA/cm 2) PD (mV) Resistance (fz cm 2) 

Control 159 -+ 12 (10) 
Amiloride -3 .2  -+ 4.0 (10) 
Theophytline 73.5 -+ 11 (10) 
Bumetanide 16.9 -+ 3.7 (9) 

24 -+ 3 (10) 160-+ 24(10) 
0.3 -+ 1.1 (10) 238 -+ 33 (10) 

-9 .7  -+ 1.2 (10) 132 -+ 17 (10) 
-2 .8 -+  0.9 (9) 207-+ 85 (9) 

l~c, short-circuit current; PD, electrical potential difference. 

COMPARISON OF CORNISH 

AND PLYMOUTH ROCK HENS 

Voltage-clamp experiments on Cornish hens are re- 
ported in Table 1. The epithelium was in these exper- 
iments treated conventionally and not stretched as 
in the other experiments.  The current was inhibit- 
able by amiloride. Stimulation with theophylline 
produced an increase in current,  which partly was 
inhibited by bumetanide. These responses are simi- 
lar to those of Plymouth Rock hens (Clauss et al., 
1988). 

Plasma aldosterone of the Cornish hens was 
181 _+ 27 pg/ml (n = 21), very similar to values in 

Plymouth Rock hens (Arnason et al., 1986; Clauss 
et al., 1988) on the same dietary scheme. 

ION FLUX DEPENDENCE 

ON TRANSEPITHELIAL POTENTIAL DIFFERENCE 

The transepithelial current-voltage relationship is 
depicted in Fig. 8. There was a difference in current 
at any voltage depending on whether  tissues were 
controls,  treated with amiloride, or with amiloride 
and theophylline. The stretched tissues clamped to 
0 mV had short-circuit currents reduced by a factor 
of 2-3 compared to unstretched tissues (Clauss et 



220 K. Holtug et al.: Localization of [on Transpor t  

[SC (~J A/cm 2 } 

 ool : *Amdohde 
I ~ ' ~  ] �9 AmlLorlde 

-200 j i "i" 

Fig. 8. Current  respons  e. to voltage clamping in hen coprodeum 
to different PDs.Tissues  were either control, pretreated with mu- 
cosal 0.1 mM amiloHde, or 0.1 mM amiloride and 8 mM theophyl-  
line on both sides. Points are means  of 12-24 individual measure-  
ments  

dium mucosa-to-serosa fluxes are in the presence of 
mucosal amiloride indistinguishable from the serosa- 
to-mucosa fluxes. Under control conditions, there 
was a large net sodium absorption also linearly de- 
pendent on the electrical driving force. 

Figure 10 illustrates the dependence of the unidi- 
rectional chloride fluxes on transepithelial electrical 
PD. Chloride mucosa-to-serosa fluxes were identi- 
cal, independent of amiloride and theophylline, and 
linearly dependent on the electrical driving force. 
Theophylline increased chloride serosa-to-mucosa 
flux at negative potentials. As transepithelial poten- 
tials became positive a chloride serosa-to-mucosa 
conductance was activated, except in experiments 
with only amiloride added. The potential-activated 
chloride conductance was identical in control tissues 
and epithelia pretreated with theophylline. 

V I B R A T I N G  M I C R O P R O B E  E X P E R I M E N T S  

Due to the mucus layer above the mucosal surface 
of the epithelium, the closest working distance of 
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Fig. 9. Unidirectional sodium fluxes depending on 
the electrical driving force. The t issues were 
pretreated as in Fig. 8. Points are means  of 6-12 
determinat ions,  m-s,  mucosa  to serosa;  s-m,  serosa  
to mucosa ;  F, Fa raday ' s  constant ;  R, gas constant ;  
z, charge number  of  ion; T, absolute temperature;  
and ~, electrical potential of  the trans compar tment  
when the cis compar tment  has  an electrical potential 
of  zero 

al., 1988), reflecting the reduced amount of trans- 
porting epithelium. The open-circuit electrical PD, 
where the transepithelial current is zero, can be ob- 
tained from Fig. 8 and corresponds to open-circuit 
values of unstretched tissue (33 v e r s u s  37 mV; 
Choshniak et al., 1977). 

Sodium fluxes in response to transepithelial PD, 
amiloride, and theophylline are shown in Fig. 9. 
Sodium serosa-to-mucosa fluxes were linearly de- 
pendent on the electrical driving force and indepen- 
dent of amiloride and theophyttine treatment. So- 

the vibrating probe for repeated measurements was 
50 /xm. At this distance differences in single cell 
currents cannot be recorded; even in the few experi- 
ments where it was possible to approach the epithe- 
lium down to 11/zm, it was impossible to detect any 
difference in current over individual cells. In a series 
of initial experiments performed with the probe vi- 
brating in one direction 20/xm above the tissue, it 
was not possible to distinguish cells with different 
currents. 

With the epithelium in open circuit, no change 
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Table 2. Vibrating probe measurements  of currents 50/zm above the isolated hen coprodeum a 
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Is~ Villus Crypt 
t ,A/cm 2 

Ivp, lvp o Ivp, lvpo 
/xA/cm 2 /xA/cm 2 /,A/cm 2 /xA/cm 2 

Control 91 -+ 16 40 -+ 7 86 -+ 27 - 3 6  -+ 7 
(10) (12) (10) (12) 

Amiloride - 8  -+ 4 - 1 5  -+ 4 
(10) (12) 

Amiloride 23 _+ 7 - t 2  -+ 3 
+ Theophylline (6) (4) 

9_+4  
(8) 

a The results were obtained above villi and crypts during open and short circuit; conventional short- 
circuit current is likewise given. The measurements  were performed during control conditions with 0.1 
mM amiloride in the mucosal solution and with further addition of  8 mM theophylline to the serosal and 
mucosal solution. Values are mean -+ SEM (number of  tissues): lvp, were estimated at 5-10 sites in each 
tissue. 
I~c, short-circuit current; lvp, current measured with the vibrating probe; s, during open-circuit/sponta- 
neous PD; 0, with tissue voltage clamped to 0 inV. Current direction into the epithelium defined as 
positive. 

2~ 1 

I 

E 

gl0- 

�9 JCI m-s  [ ]  Contro[ 
[] Jct s-m 

/ -  �9 
Ami[oride �9 3cl rn-~ [3 

JCl s -m 

Ami[oride �9 JCl rn-~ / 
+Theophy[[ine 0 Jcl s-m / 0 

/ 
~ 1 7 6  �9 

�9 �9 

05 110 15 20 
Driving force e x p ( ~ )  

25 

Fig. 10. Unidirectional chloride fluxes in response to 
voltage clamping to different electrical driving forces. 
The epithelia were pretreated as in Fig. 8. Individual 
points are means of 6-12 determinations, m-s, mucosa 
to serosa; s-m, serosa-to.mucosa; F, Faraday's 
constant; R, gas constant; z, charge number of ion; T, 
absolute temperature; and tb, electrical potential of the 
trans compartment with respect to the cis 
compartment 

in current was detected more than 300 ~tm away from 
the tissue, so this position was chosen for reference. 
When the probe was positioned 50/xm above the 
more central part of a villus, an inward current (posi- 

t ive  current into the epithelium) was always ob- 
served (Table 2). Positioned in the intervillous space 
above a crypt, the probe measured an outward cur- 
rent (positive current out of the epithelium or nega- 
tive current into the epithelium) (Table 2). 

The large currents 50/xm above villi and crypts 
were followed to the chosen reference 300/.tm by 
increasing the probe/tissue distance in steps of 

25-50/xm. The dependence of the luminal current 
density on the perpendicular distance from the sur- 
face of either the villi or the crypts is shown in Fig. 
11. A positive value of the current density implies 
an inward direction of the current, i.e,, directed from 
the lumen to the epithelial surface. The configuration 
of the decay suggested that the data were fitted to 
an exponential function of the form: 

I ( x )  = I o exp(-x/h.)  (1) 

where I ( x )  is the current density at a distance x from 
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Fig. 11, Current measurements obtained with the vibrating mi- 
croprobe at different distances above villi and crypts in hen copro- 
deum. Values are means +- SEN of 10 tissues. Lines are from 
results of least-squares nonlinear regression analysis to exponen- 
tial decay 

the epithelium, I 0 represents the current density at 
the surfaces of the crypts and villi, and X is a length 
constant for the exponential decay�9 A least-square 
nonlinear regression resulted in the following values 
for these two parameters: 

S Villi: 140 + 19 
Io (/zA/cm 2) t Crypt: - 8 0  +- 9 

and 

X(/xm) = { Villi: 73.5 +- 6.0 
Crypt: 73.0 -+- 5.3. (2) 

Thus, the length constants for the current decay 
were identical above villi and crypts. 

To calculate the surface electrical potential of 
crypts and villi from the current density data above, 
we invoke the following form of Ohm's  law: dto(x)/ 
dx = -pI(x) ,  where t0(x) and I(x) are the electrical 
potential and current density both at the position 
x in the lumen measured along the normal to the 

~ o p e n  circuit  ~ 4 

~ctamped 0mY 

~-~ c[amped -20mV 

300)< 50 ) <300 

Oistance above vittus- pm 

Fig. 12. Original vibrating microprobe recording above a villus. 
Only the dimension vertical to the epithelium was recorded. Dis- 
tance 300/Lm above the epithelium was reference; moving the 
probe to 50/~m reveals an inward current at a spontaneous PD of 
-11  mV. Voltage clamping the tissue to 0 mV increases the 
inward current; voltage clamping to - 2 0  mV decreases the 
current 

epithelial surface and p is the resistivity of the lumi- 
nal content (f~. cm). We insert Eq. (1) into the above 
form of Ohm's law (with the conventions as to the 
sign of the current density taken into account) and 
integrate it from x = ~c, where to(~) = 0, to x = 0 
where 4,(0) = 4,.,. This gives 

0 

fi"'dto : to~ : p lo f  ~ exp(-x /X)dx  : -Xplo. (3) 

Using the above values from villi gives a surface 
potential 

l~vil~i =_ - 7 3 .5  �9 10 -4 cm-  ( -  140/zA �9 cm -2) 

�9 56.3 f~ �9 cm = - 5 8 / x V ,  

whereas average numeric values (crypt and villus) 
gives 45/xV. 

Short-circuiting to 0 mV PD had different effects 
on vibrating probe measurements above villi and 
crypts (Table 2). An illustration with the probe above 
a villus is shown in Fig. 12, which shows that 
the inward current increased. Voltage clamping to 
- 2 0  mV, which was above the spontaneous PD, 
decreased current above the villi. The outward cur- 
rent above the crypts was abolished during shor t  
circuiting to  0 mV (Fig. 13). Increasing the clamp 
PD to - 2 0  mV, which was above the open-circuit 
PD, increased the outward current above the open- 
circuit value�9 

Inhibition of the apical sodium channel by 0.1 
m g  amiloride at the mucosal surface decreased the 
current above the villi to the reference values within 
2 min. The same effect was observed on the crypt 
current (Table 2). The small currents measured after 
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open 
"c i rcui t  } - -  

c lamped OmV 

clamped -20mV 

300 )( 50 )< 300 

Distance above crypt - lum 

Fig. 13. Vibrating probe recordings above a crypt. Reference 
distance was 300/xm above epithelial surface. Bringing the probe 
down to 50 /zm above the tissue records a negative (outward) 
current, which disappeared with voltage clamping to 0 mV 

amiloride may, apart from background error, be due 
to proton and/or potassium secretion. Stimulation 
of chloride secretion by theophylline produced an 
increase of the inward current on villi (Table 2), but 
with no change in crypt outward current. 

Discussion 

SODIUM AND CHLORIDE FLUXES 

The stretched coprodeum responded in the Ussing 
chamber qualitatively similar to the conventionally 
mounted epithelium (Clauss et al., 1988). The magni- 
tude of currents, sodium absorption, and chloride 
secretion was reduced, presumably due to the de- 
crease in absolute number of transporting cells (api- 
cal area). Passive fluxes were unchanged. This may 
be because decreased diffusion resistance in intervil- 
lar space and reduced total mucosal area cancel out 
(Harris & Kennedy, 1988; Holzheimer & Winne, 
1989). Stretching the coprodeum is not unphysiologi- 
cal, but part of its normal storage function (Skad- 
hauge, 1981). 

The results were otherwise compatible with pre- 
vious findings, i.e., apical amiloride-sensitive so- 
dium and theophylline-activated chloride channels 
(Choshniak et al., 1977; Clauss et al., 1988). 

After amiloride addition to the mucosal bath, 
sodium mucosa-to-serosa and serosa-to-mucosa 
fluxes were equal and showed identical dependence 
on the electrical driving force. The path thus has 
identical permeability in either direction. This favors 
an extracellular shunt (Frizzell & Schultz, t972). 
Mucosa-to-serosa chloride fluxes were independent 

of amiloride and theophylline and had permeabilities 
very close to those of sodium. After amiloride, chlo- 
ride fluxes showed the same serosa-to-mucosa per- 
meability, and PD dependence, as for sodium, sug- 
gesting a paracellular path for these fluxes. 

Transepithelial PD depended in open circuit en- 
tirely on net sodium absorption and was decreased 
compared to the short-circuited state. Mucosa-to- 
serosa chloride flux increased, while serosa-to-mu- 
cosa flux decreased; there was also an increased flux 
of sodium serosa to mucosa. The sum was electro- 
neutral NaCl absorption. After amiloride and the- 
ophylline, active transport was chloride secretion 
and the created PD in open circuit balanced paracel- 
lular transport, so the sum was NaCI secretion. 

VIBRATING MICROPROBE EXPERIMENTS 

To determine the electric field arising from the indi- 
vidual cells it was required to scan with the micro- 
probe at a distance of 10-20/xm above the tissue. 
Technically this turned out to be very difficult. The 
successful attempts of scanning the cell surface hori- 
zontally at this distance showed no change in local 
currents. However, we observed large currents 
above the epithelium with distinct and consistent 
differences between anatomic structures. These cur- 
rents decayed with the distance from the mucosa 
and became indistinguishable from the background 
noise at a distance of 300/xm above the mucosa. 

Inward currents, i.e., positive currents directed 
from the lumen towards the mucosal surface, were 
observed above the villi and outward currents in the 
crypt/intervillous area. The decay of the currents 
measured along the normal to these two regions fit- 
ted well to exponential decay; furthermore, the de- 
cay in the two regions were characterized by the 
same length constant X = 73 txm, i.e., the distance 
where the current has decayed to 0.37 of the value 
at the surface (Fig. 11). From the decay in current 
density with distance from the mucosal surface and 
the solution resistivity determined to 56.3 f~ �9 cm, 
the calculated surface potential was (on average) 45 
/~V negative on villi and 45/zV positive at the crypts, 
which suggests the presence of a volume flow of 
current in the luminal field which arises at the crypts 
and terminates on the villi. 

To substantiate this idea it was considered of 
interest to examine whether the extent into the lu- 
men of the observed current flow and the shape of 
its decay could be simulated by a simple physical 
model with electrical properties analogous to those 
present at the mucosal surface. The electrical data 
taken together with the structural organization sug- 
gest a model consisting of a large set of parallel 
coplanar strips of sources and sinks charged alter- 
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Fig. 14. Model calculations, Appendix Eqs. IA7) 
and (AI4): Equipotential lines and current  lines 
in the upper  right half when the strip between 20 
and 120 txm is charged to the potential U0 = 100, 
and a similar strip in the left-half plane between 
- 2 0  and - 1 2 0  >m is charged to U0 = -100 .  
Abscissa:  Distance (tzm) measured  horizontally 
along the epithelium from the midpoint between 
the strips. Ordinate: Distance (,am) measured  
along the normal to the epithelial surface. The 
closed set of  curves  originating from the two 
sides of  the strip are the equipotentials with their 
appropriate value being indicated by the number  
on the line. The current  lines (which indicate the 
direction of the current  at the position in 
quest ion in space) diverge from the strip and end 
symmetrical ly oriented with respect  to the y-axis 
on the negatively charged strip 

natingly to + 45 and - 4 5 / , V .  The mutual distances 
in the arrangement of sources (crypts) and sinks 
(villi) were chosen to be similar to those of the tissue. 
In the Appendix are given the details of the calcula- 
tion of the equipotential profiles, current lines and 2~)~) 
current densities which the model generates. An ex- 
ample of equipotential profiles and current lines in ~ 100 
the right hand half-plane is presented in Fig. 14. 
The decay of current and potential along the normal ,, so 
directed from the center of the source/sink region is 
nearly exponential,  and the shape is closely similar >" _,0 
to that obtained from the experimental data. The 
distance from the source at which the potential has 
decayed to less than 1% of the surface value is about ~ > 
300/xm (Fig. 15) and agrees well with the distance z ; 
from the epithelial surface chosen as the reference 
distance. As expected the highest current densities .~ 
are those arising from the edge of the positively ~ ' 
charged strip and running almost horizontally to the 
adjacent edge of the negatively charged strip. Fur- 
thermore,  Fig. 14 also shows' that the horizontal 
region, inside which the potential and the direction 
of the field lines changes relatively little, spreads out 
with increasing distance from the midregion of the 
strip. This behavior was also observed experimen- 
tally when the vibrating microprobe was moved hori- 
zontally at various distances from the mucosal sur- 
face. As a further test the vertical current densities 
Iy(x,y) which the model would predict were calcu- 
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Fig. 15. Model calculations, Appendix Eqs. (A7) and (AI6): 
Semilogarithmic plot of  calculated current  densit ies along the 
normals to the strip placed at positions x - 60 / ,m  (curve I ) and 
x - 80 /xm (curve 2) and the corresponding potential profiles 
(curves 3 and 4), using the average value obtained for the surface 
potential U~I - 45 / ,V and the resistivity p = 56 ~1 �9 cm of  the 
Ringer 's  fluid actually used 
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Table 3. Unidirectional fluxes in open circuit" 

PD (mV) Control + Amiloride + Theophylline 
33 0 - 12 

Fluxes (/xeq/cm-' hr) 
Jx ,  m-s  active 4.0 0 0 

paracell 2.0 2.5 2.0 
Jx,, s-m active 0 0 0 

paraceI1 4.0 2.5 3.0 
J(I m-a active 0 0 0 

paracell 4.5 4.0 4.0 
Jcl ,~-m active 0 0 2.(1 

paracell 2.5 4.0 3.0 

~' The results were obtained from Figs. 8-10. The passive fluxes 
were taken from tissues treated with amitoride at the appropriate 
PD and were subtracted from total fluxes to obtain the active flux. 
Values were rounded to nearest 0.5 i xeq /cm 2 hr. 
re-,v, mucosa to serosa; s-m, serosa to mucosa. 

lated by inserting into Eq. (AI6) of  the appendix the 
average value for the surface potential U0 = 45/xV 
and the value p = 56 D . cm for the resistivity 
of  luminal Ringer 's  solution. Figure 15 shows two 
examples  of  current densities Iflx,y) as functions of  
the vertical distance y from the (x,z)-plane calculated 
at the positions x = 60 /xm and x = 80 /zm. The 
current densities decline almost exponential ly with 
distance y to 1-2% of  the surface value at a distance 
of about 300 ,u,m. Fur thermore ,  the model predicts 
values of  the current densities at the surface y = 0 
to be in the range of  100-150/xA - cm z values which 
agree well with those predicted by extrapolation of 
the experimental ly measured current densities. 
Thus,  the predictions from the theoretical model 
support  the view that regions of  the crypts  and villi 
are the sources and sinks for current flow observed 
in the luminal fluid. 

The nature of  this current circuit was then to be 
determined.  A net absorption of sodium ions should 
be recorded as an inward current.  Since such a cur- 
rent actually was observed,  sodium absorption on 
the villi (folds) became highly plausible. To substan- 
tiate it, probe measurements  were performed under 
short circuiting. This doubled the villus inward cur- 
rent, as expected  if this was caused by sodium trans- 
port (Fig. 12, Table 2). The crypt current was abol- 
ished with short circuiting. It must therefore 
represent the co-ion transport ,  which in open circuit 
is driven by the PD. The ions responsible for this 
outward current would be chloride mucosa-to-  
serosa and sodium serosa- to-mucosa.  In a further 
at tempt to characterize the currents,  amiloride was 
added to inhibit the apical sodium channel. All cur- 
rents were inhibited within 2 rain, as expected.  The 
villus inward current is thus beyond reasonable 

Measdred current densi ty 

r - - 
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Chloride secretion (vii(us) 

Sodium absorpt ion 
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r d 
L ~  Current density (l v villus, ic-crypt)  Q~, (~Act ive  transport* 

--'>Net paracenuiar transport) 

Fig. 16. Interpretation of measured current densities_ (a) shows 
the measured current densities above villi (folds) and crypts, 
(b) Shows the villus inward current interpreted its Na absorption 
with the outward crypt current interpreted as net inward migra- 
tion of C[ (in open circuit). (c) Shows interpretation of inward 
villus current after amiloride-theophylline its CI secretion with 
outward crypt current interpreted as net Nit migration in the 
outward direction. (d) Shows (he consequence of measured CI 
secretion postulated to occur solely from the crypts: the current 
would have to be in the opposite direction of that observed and 
IO,O00-fold larger 

doubt caused by sodium absorption.  Addition of the-  
ophylline elicits chloride secretion. In the tissues 
where measurements  were technically possible, in- 
ward currents reappeared at the villi. This supports 
several recent suggestions that in some gastrointesti- 
nal epithelia, chloride secretion originates from the 
villi (De Jonge, 1975; Giraldez, Sepulveda & Shep- 
pard, 1988; Diener el al., 1989; Stewart & Turnberg,  
1989). 
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Table 4. Calculated estimates of extracellular currents based on different models of sodium absorption 
and chloride secretion, s e e  b e l o w  ~' 

/xA/cm 2 Measured I I1 111 IV 

Control 
Villus 80 73 71 
Crypt - 7 2  - 1512 293 

Amiloride 
Villus - 16 0 0 
Crypt 30 0 0 

Theophylline 
Villus 46 35 35 
Crypt - 2 4  -757  - 7 3  

142 
- 47(/35 

0 0 
0 0 

- 3 5  71 
II x 105 -11  x 10 ~ 

,i For comparative purposes, the measured values from Table 3 are extrapolated to the epithelial surface 
given in the column "Measured . "  The currents present after addition of amiloride may be accounted 
for by proton and potassium secretion, 
Model 1: Uniform paracellular pathway; active transport localized to villi (50% of total tissue area). 
Model 11: Opening diameter of crypt increased to 60/xm. Model l i e  All chloride secretion occurring 
in crypts, Model IV: Active transport occurring on villi: all passive transport in crypts. 

SYNTHESIS 

Our data can be combined to determine their 
agreement with the possible organization of active 
and passive transport.  The histological data allow 
determination of approximate mucosal surface area 
(1.5 cm 2 per cm 2 serosal area), total crypt area (2rr 
(7.5/xm) �9 (80/xm) �9 (860) = 0.03 cm 2 per cm 2 serosal 
surface), and crypt opening area (Tr (7.5/xmf- (860) 
= 0.0015 cm2). The open-circuit fluxes can be esti- 
mated from their dependence on transmucosal PD. 
They are shown in Table 3. The passive paracellular 
fluxes can be determined from the fluxes after ami- 
loride treatment at the appropriate transmucosal PD. 
From these transport rates the expected current val- 
ues at the epithelial surface can be calculated, mak- 
ing different assumptions about the localization of 
the pathways for active and passive transport (Table 
4 and Fig. 16). 

Model 1 had all active sodium absorption local- 
ized to 50% of the villus area and the paracellular/ 
passive transport distributed evenly across the epi- 
thelium. The sodium absorption corresponds well 
with the measured value. The crypt current is under- 
estimated. The most obvious reason for this is the 
sensitivity of calculated crypt current to the crypt 
area and especially crypt opening diameter which 
both are prone to error. Also, since the vibrating 
probe experiments were performed under visual 
guidance the largest crypts were probably selected. 
In model I chloride secretion is supposed to occur  
from the same area and cell population as sodium 
absorption. The model and the experimental results 
are in exact agreement. 

If, on the contrary,  the conventional hypothesis 
(model l i d  that chloride secretion were to occur  
from the crypts, the predicted crypt currents would 
be in the opposite direction and 10,000-fold larger 
than those measured. 

Conclusion 

Hen coprodeum absorbs sodium actively by an amil- 
oride-sensitive mechanism located at the cells on the 
villi (folds). Chloride is secreted after stimulation 
with theophylline. Secretion occurs from the same 
area/cells as active sodium absorption. The paracel- 
lular path for ion transport seems to be evenly dis- 
tributed over  the epithelium. Due to the large pro- 
portion of surface area localized to the crypts 
relative to their opening area, the epithelium exhibits 
current circuits between villi and crypts, These are 
responsible for 4% of the epithelial transport.  
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Appendix 

An Electrostatic Analogue 

The aim of the analysis presented is to examine whether the 
potential and current profiles observed in the luminal fluid by 
means of the vibrating electrode can be accounted for by a simple 
electrostatic model. 

The electrical data taken together with the structural organi- 
zation of the mucosal surface suggest a model consisting of a large 
set of parallel coplanar strips each of width h 1 and separated from 
each other by the distance h 2 . The strips are charged alternatingly 
to the potentials + U0 and - U 0 volts. In the following, we shall 
evaluate only the potential distribution produced by two coplanar 
strips. The lengths of the strips are assumed to be much greater 
than the widths h I and h2, i.e., the potential distribution is invari- 
ant along any line which is parallel to the direction of the strips. 

Thus, the mathematical problem is reduced to that of finding a 
two-dimensional potential distribution U(x, y). 

Cartesian coordinates (x, y, z) are used as the reference 
system. The plane surface containing the two coplanar strips is 
placed in the (x, z)-plane with the strips directed parallel to the 
z-axis and placed symmetrically with respect to the origin, the 
boundaries of the strips on the x-axis being at +_x 0 and +x~, i.e., 
the width h~ above is equal to x~ - x 0 , and 2x0 equals the distance 
h 2 between the strips. The potential profile U(x, y) must satisfy 
Laplace's equation in the upper half-plane, i.e., 

O2U+--=a2U 0, for ~c_<x_2< and 0-<v<oo (A1) 
Ox 2 Oy 2 - - 

and U(x,y) must conform to the two boundary conditions 

U ( x , y ) ~ O ,  forx--~ +o0 and y - - ~  (A2) 
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and 

- U 0  for - x i  -< x -< -Xo 
U(x, O) = F(x) = + Uo f o r x 0 - < x < x l  (A3) 

0 elsewhere 

on the x-axis. Thus U(x, y) belongs to the class of functions which 
is harmonic in the upper half-space and takes the definite value 
U(x, O) = F(x) on the x-axis (the half-plane problem). These 
functions have as a general solution an integral formula of the 
Poisson ~Iype (see, e.g., Churchill, 1960; Morse & Feshbach,  1953) 

U(x, y) = y (+~o. F(X) d?~ (A4) 
"n')-~ y2 + (~. _ X)2 

or 

1 , }  
U(x, y) = F(k) y2 + (?t - x) 2 - y2 + (h + x )  2 dh (A5) 

if F()t) is odd as in Eq. (A3). Inserting this value for F(X) into Eq. 
(AS) gives 

yUo (x, dX yUo ~ x, dk 
U(x y)=~- jx0y~+(X_x)  2 7 %y2+(X+x)  z (A6) 

The evaluation of these integrals results in a solution of the above 
boundary value problem in the form 

U ( x , y ) = ? a r c t a n {  2xy } yZ + x ~ _  x 2 + slUo 

_ ~ a r c t a n  {y z +2XYx~ - x2} - s 2 U ~  
(A7) 

where the two discontinuous factors sl and s2 

0, fory  2 + x ~ - x  2->0 

s l =  1, fory  2 + x ~  x 2 < 0  

and 

0, fo ry  2 + x ~ - x  z>-0 
$2 = 1, fory'-  + x~ x 2 < 0 (A8) 

eliminate the discontinuity ( % -  ~) in the argument v of arctan v 
which occurs when the denominator in the expressions inside the 
{ } in Eq. (A7) takes the values 0 + e and 0 - e where e "~ 0. 

The distribution of the flux or current lines V(x, y) have the 
properties: 

(i) V(x, y) is harmonic in the upper half-plane like the poten- 
tial distribution U(x, y), and (ii) each flux line is orthogonal to 
every equipotential line in the upper half-plane. 

Since we are dealing with a two-dimensional problem, the 
most convenient way to determine the function V(x, y) is to use 
the theory of complex variables and consider the function 

w ( r  = U(~,  ~) + ~v(#,  7) (A9) 

where ~ = ~ and ~ = ~ + t'~ is a point in the complex number 
plane (~:, "0). The function W(D is assumed to be analytic. The 

functions U and V will then satisfy the Cauchy-Riemann condi- 
tions, i.e., 

OU OV aU OV 
and - (AI0) 

at o~) aT a t  

This is the condition for the functions U({:, 7) and V(~, 7) to be 
harmonic conjugates, and also that the family of curves U(4:, 7) 
- constant and V(s c, ~) = constant intersect each other orthogo- 
nally. Thus, if we choose the set U(~:, 7) to represent the equipo- 
tent ia ls - -and the functional dependence being given by Eq. 
(A7)-- then V(~:, ~) represents the corresponding lines of force or 
current lines. If U(~:, 7) is known one can find its harmonic 
conjugate V((, "0) by integration of the total differential of V 

d V =  d~ + d~ = - d~ + d~ (Al l )  

because the Cauchy-Riemann conditions make the right-hand 
side known functionally. This standard procedure turned out to 
be rather tedious with the functional dependence of U(x, y) given 
by Eq. (A7). Instead we used another result from the theory of 
complex variables which is related to the method shown by Eq. 
(A4) to find the formula for U(x, y): Let U(t:, vl) and V(r 7) 
be the complex conjugates of the analytic complex function 
W(~), where ~ = 4: + c0. If the values of U(x, y) in the point 
z = x + ty are given by Poisson's  integral formula for a plane 

U(x, y) = y- [+~ F(~) 
rr ~-~ (x - ~ + yi d~ (AI2) 

where the values of U(~:, 7) on the real axis ~: are given by 
U(~, 0) = F(6), then the value of the harmonic conjugate V(x, y) 
in the same point can be shown to be given by 

l [+~. (x - ~ ) F ( r  (A13) 

(see, e.g., Churchill, 1960; Morse & Feshbach,  1953). inserting 
Eq. (A3) into Eq. (A13) gives 

V(x, y ) = -  U~ (-x~ (_x {:)F(~:) U0 XL(xX ~F+( 
(x z - j ; 7  + ( 

l lnf(X~ 2+y2 (x0+x) 2+y2} 
= 2--~ ((x~ X ) 2 + y  2 ( x , + x ) : + ~ 5 .  (A14) 

The family of curves U(x, y) = constant and V(x, y) = 
constant were obtained by developing a Fortran program which 
would find f iom Eq. (A7) the contour lines for U(x, y) and from 
Eq. (A14) those of V(x, y), i.e., the set of(x, y) values belonging 
together when either the left-hand side of Eq. (AT) was given a 
value U(x, y) = constant or a value V(x, y) = constant was 
assigned to the left-hand side of Eq. (AI4). An example is shown 
in Fig. 14 using the values: x 0 = 20/xm, x t = 120/xm and U 0 = 
100 txm. 

If the region above the (x, y) - plane consists of a conducting 
material an electric current will flow along the flux lines V(x, y) 
= constant from strip at potential + U 0 to the adjacent one at 
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potential U 0. A few of these  current  lines are shown in Fig. 14. 
The current  densi ty at every point in space can be resolved into 
a horizontal component ,  I,., and a vertical component ,  I,., which 
are given by 

1 0 U  1 0 U  
ldx, v) POx and Iv(x, y) . . . .  (AI5) 

" �9 p Oy 

where p is the resistivity of  the medium.  To obtain the vertical 
componen t  of  the current  densi ty of  the model we invoke Eq. 
(AI4) into the above right-hand equation.  This gives 

1,(x,y) = I-U~ [y2 + x~ x 2] - 2y z 
p ~- [~]2 +-x~-_x2]~ +4x2--)2 

[y2 + xi -- X 2] _ 2y2 
1 2 x  ~ - - - - ' ; ' - - - 2 ~  - ~ "  
P [y + x  T - x - ]  +4x ' y  ~ 

(AI6) 

In Fig. 15 are shown vertical current  densities l~(x, y), to- 
gether  with the potential profiles according to Eq. (A7), calculated 
at the two positions x = 60 /xm and x = 80 / zm and using the 
experimental  values p = 56 f~ - cm, and the average value for the 
surface potential U 0 - 45/~V. 


