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Summary. Current models of intestinal transport suggest cells 
which absorb ions are located on the villus while secretory cells 
are located in the crypt and putatively have paracellular path- 
ways which are highly conductive to Na +. One approach to as- 
sess possible variation in small intestinal paracellular conduc- 
tance along the crypt-villus axis is to morphometrically analyze 
the structural aspects of crypt and villus tight junctions (TJs) 
which relate to paracellular resistance. Such detailed analysis of 
junctional structure in this heterogeneous epithelium would per- 
mit one to compare intestinal TJ structure-function relationships 
with those in a structurally simpler epithelium such as that of 
toad urinary bladder. This comparison would also be of consider- 
able interest since previous similar comparisons have failed to 
consider in detail the geometric dissimilarity between these two 
epithelia. We applied light, electron microscopic, and freeze- 
fracture morphometric techniques to guinea pig ileal mucosa to 
quantitatively assess, for both crypts and villi, linear TJ density, 
relative surface contributions, and TJ strand counts. Mean linear 
TJ densities were 76.8 m/cm 2 for crypt cells and 21.8 m/cm 2 for 
villus absorptive cells. Mean TJ strand counts were 4.45 for un- 
differentiated crypt cell TJs and 6.03 for villus absorptive cell 
TJs. The villus constituted 87% and the crypt 13% of total sur- 
face. We utilized these data to predict paracellular conductance 
of crypts vs. villi based on equations derived from those of 
Claude (P. Claude, J. Membrane  Biol. 39:219-232, 1978). Such 
analysis predicts that 73% of ileal paracellular conductance is 
attributable to the crypt. Furthermore, we obtained literature 
values for paracellular resistance in mammalian ileum and toad 
urinary bladder and for toad bladder TJ structure and linear den- 
sity and constructed a relationship which would allow us to more 
accurately compare TJ structure-function correlates between 
these two epithelia. Such a comparison, which considers both 
surface amplification and TJ structure and distribution in these 
epithelia, shows that one would predict in vitro measured values 
for paracellular resistance should be approximately two orders of 
magnitude less in mammalian ileum than in toad urinary bladder. 
This predicted discrepancy (115-fold) correlates well with the 
observed difference (100-fold). These findings suggest that highly 
similar TJ structure-function relationships apply to these geome- 
trically dissimilar tissues and that, in mammalian ileum, the crypt 
compartment may be responsible for the majority of net ileal 
paracellular conductance. We speculate that high crypt linear TJ 
density and low crypt TJ strand counts may serve as the struc- 
tural basis of massive paracellular Na + movement which is cou- 
pled to active C1- secretion and appears to originate from the 
crypt following exposure to intestinal secretagogues. 
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Introduction 

A variety of evidence suggests that the continuous 
intercellular tight junctions, present in non- 
keratinizing epithelia, are the rate-limiting barrier 
which restrict free diffusion of ions and water 
through the paracellular channel (for reviews see  
[24, 25]). Moreover, specific structural aspects of 
native unperturbed tight junctions such as strand 
count and depth, as assessed by freeze fracture, 
generally correlate with the ability of epithelia to 
resist transepithelial ion flow [4, 28]. However, 
mammalian small intestine is a widely referenced 
apparent exception to this general rule. While para- 
cellular resistance of ileal epithelium is two orders 
of magnitude below that of toad urinary bladder, 
both epithelia have, on average, somewhat similar 
tight junction structure [22]. The potential weak- 
ness of a comparison such as this is its failure to 
consider many additional structural features such as 
serosal-to-mucosal surface amplification, density of 
junctional pathways per unit surface area, and the 
degree of heterogeneity of cell structure. All of 
these variables might potentially exert a major ef- 
fect on measured paracellular resistance in a hetero- 
geneous, geometrically complex epithelium like 
that of mammalian ileum. For example, we have 
previously shown that the absorptive epithelial ceils 
lining the villi of mammalian small intestine display 
tight junctions which differ structurally from those 
of secretory undifferentiated crypt cells [21]. More- 
over, unlike the flat epithelium of toad bladder, that 
of mammalian ileum displays a substantial serosal- 
to-mucosal surface area amplification which would 
be present in the in v i tro conditions under which 
estimates of tissue paracellular conductance are ob- 
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tained. Indeed, when such additional variables were 
roughly estimated and considered for a variety of 
epithelia, there appeared to be an excellent correla- 
tion between tight junction structure and passive 
paracellular flow [3]. Specifically, an arithmetic in- 
crease in tight junction strand count appeared to 
result in a logarithmic increase in paracellular resis- 
tance [3]. ff this structure-function correlation is 
correct, one should be able to account for the dis- 
crepancy in measured paracellular conductance 
which exists between the epithelial linings of toad 
bladder and mammalian ileum by more detailed 
consideration of the complexity of ileal epithelial 
structure. Moreover, by applying quantitative 
structural studies separately to the crypt and the 
villus, one should be able to estimate the fractional 
contribution of each epithelial subcompartment to 
net tissue paracellular resistance and conductance. 
This would be of considerable interest in the small 
intestine since the crypt is thought to be the com- 
partment responsible for electrogenic C1- secretion 
and current models for such secretion envision 
highly conductive paracellular pathways adjacent to 
the secretory cells [10, 12]. 

To accomplish the above goals, we applied 
morphometric techniques to guinea pig ileal epithe- 
lium to quantitate all known structural parameters 
which relate to passive paracellular ion flow. Fur- 
thermore, we use these data in equations derived 
from those of Claude [3] to estimate the relative con- 
tributions of crypts and villi to net paracellular con- 
ductance in this epithelium. In light of our findings, 
we discuss the effect that such detailed consider- 
ation of paracellular pathway structure would have 
on structure-function comparisons between geome- 
trically different epithelia. Specifically, we quantita- 
tively reconsider the comparison between toad uri- 
nary bladder and mammalian ileal junctional 
structure and function as a test of the proposed 
junctional strand count/junctional resistance rela- 
tionship. 

Materials and Methods 

GENERAL 

Fourteen Hartley strain guinea pigs weighing 400 to 600 grams 
were anesthetized by injecting 5 mi of a saturated urethane solu- 
tion into the peritoneum. Samples of ileal mucosa, taken 5 to 10 
cm from the ileocecal valve, were rapidly fixed for light and 
electron microscopy by submerging them in a 4~ solution con- 
taining 2% formaldehyde, 2.5% glutaraldehyde, and 0.075% 
CaCI2 in a 0.1 M Na cacodylate buffer at pH 7.4 for 2 hr [16]. 
Tissues were subsequently postfixed for 1 hr in 1% osmium te- 
troxide, dehydrated in graded concentrations of alcohols and 

embedded, without efforts to orient, in Epon. Randomly ori- 
ented 1-p~m sections were obtained in order to quantitate param- 
eters of surface area as oullined below and nonmucosal tissue 
was then trimmed from the block. The Epon blocks were subse- 
quently randomly trimmed without knowledge of mucosal orien- 
tation and silver thin sections cut with a diamond knife. Sections 
were mounted on 200 hexagonal mesh copper grids and stained 
with uranyl acetate and lead citrate. 

Adjacent ileal tissue samples were prepared for freeze 
fracture. This tissue was fixed for one hour in the above fixative 
at 4~ washed 3 times in 0.1 M Na cacodylate buffer, embedded 
in 5% agar and chopped into 150-/xm slices with a Smith-Farqu- 
har tissue chopper (Sorvall, Newton, Conn.). After equilibrating 
for one hour in a solution of 25% glycerol in 0.1 M Na cacodylate 
buffer, each tissue slice was mounted between two gold disks, 
rapidly frozen in the liquid phase of partially solidified Freon 22 
(N.W. Day Supply, Cambridge, Mass.) and stored in liquid nitro- 
gen. Specimens were fractured at a stage temperature of - 110~ 
under a vacuum of at least 6 x 10 -7 mm Hg in a Balzers 300 
Freeze-etch device (Balzers, Hudson, N.H.) equipped with a 
double replica attachment. The fractured tissue was replicated 
from an angle of 45 ~ with platinum without etching, coated from 
90 ~ with carbon, cleaned in commercial bleach and mounted on 
Formvar-coated (Ernest F. Fullam Co., Schenectady, N.Y.) 200 
hexagonal mesh copper grids. Both freeze-fracture replicas and 
silver thin sections were examined and photographed in a Philips 
201 electron microscope (Philips Electronic Instruments, Inc., 
Mahwak, N.J.) at 60 kV. 

Additional ileal tissue samples were fixed for scanning elec- 
tron microscopy by submerging them in a room temperature so- 
lution of 2.5% glutaraldehyde and 0.075% CaC12 in 0.1 M Na 
cacodylate buffer at pH 7.4 for 48 hr. Tissues were vigorously 
rinsed three times in 0.1 M Na cacodylate buffer to remove the 
adherent surface mucous, post-fixed in 1% osmium tetroxide for 
1�89 hr under constant agitation and dehydrated in graded alcohols. 
To view crypt lumenal surfaces, some tissue samples were fro- 
zen in liquid nitrogen after post-fixation, fractured with a razor 
blade at liquid nitrogen temperature and warmed to room tem- 
perature before dehydration. Tissues were then critical point 
dried with carbon dioxide in a Samdri PVT-3 critical point dryer 
(Tousimis Research Corp., Rockville, Md.), mounted on alumi- 
num stubs, and coated with gold palladium in a Hummer-V va- 
porizer (Technics, Alexandria, Va.). These tissue samples were 
examined and photographed in an Amray 1000A scanning elec- 
tron microscope (Amray Inc., Bedford, Mass.) at 20 kV. 

QUANTITATIVE MORPHOMETRY 

Seventeen randomly oriented 1-/xm-thick sections of ileum were 
used to determine the relative surface contributions of villi and 
crypts to total lumenal surface. Each entire section was photo- 
graphed with a Zeiss photomicroscope (Carl Zeiss, New York, 
N.Y.) and photomicrographs were printed at a final magnifica- 
tion of 450x. Morphometric analysis of lumenal surface contri- 
butions of crypts and villi relative to total lumenal surface was 
performed by two different methods, utilizing a Zeiss Videoplan 
Morphometry Unit (Carl Zeiss, New York, N.Y.) The first 
method, which examined surface length, consisted of tracing the 
total surface length for both crypt and villus compartments with 
the magnetic stylus of the morphometry unit. From the data 
stored we were then able to calculate percentage contributions to 
total surface length for both villi and crypts. The second method, 
measuring surface density, consisted of a stereological point 
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counting analysis in which we recorded the intercepts of the 
lumenal surface with the test lines of an overlaid transparent 
coherent square test lattice [9, 30, 31]. The distance between test 
points in the lattice was 1.4 cm. From these data we were able to 
calculate the surface density contribution of villi and crypts to 
net intestinal surface density [9, 31]. These methods of quanti- 
taring lumenal surface by light microscopy do not take into ac- 
count surface area amplification by microvilli. 

We also used the tracing technique to determine the sero- 
sal-to-mucosal surface amplification factor in ileal epithelium to 
facilitate the comparison of paracellular structure-function pa- 
rameters between ileum and toad bladder (see Discussion). To 
accomplish this, the entire mucosal surface length of a section 
was measured and then divided by the length of the correspond- 
ing, underlying muscularis mucosa. Since our past experience 
with ileal tissues stripped and mounted in our laboratory [18] or 
stripped and mounted in other laboratories [5] suggested that 
serosal-mucosal amplification is reduced by the mounting proce- 
dure, we also measured this amplification factor on such 
mounted tissues. For this, four ileal sheets from four different 
animals were stripped of their serosa and most of their muscu- 
laris propria and mounted in Ussing chambers as previously de- 
scribed [18]. While in the chamber, glutaraldehyde was added 
both to mucosal and serosal reservoirs to give a final concentra- 
tion of 2%. After 15 min these tissues, which now kept the shape 
they had assumed in vitro, were removed, fixed for light micros- 
copy as described above, embedded in Epon, and sectioned ran- 
domly at 1 p~m. These sections were then analyzed as outlined 
above to determine serosal-mucosal amplification. 

Thin sections of silver interference color were used to de- 
termine the surface length tight junction density in crypts and 
villi. Only one section per grid, and one grid per experimental 
animal were selected for quantitative analysis. The basis for se- 
lection was the technical quality of staining and absence of con- 
tamination. All lumenal plasma membrane profiles from each 
section were photographed at a magnification of 7000x and 
printed at a final magnification of 17,600x. Surface length of 
villus and crypt compartments was measured by tracing the lu- 
menal surface at the base of the microvilli transecting them. The 
total number of tight junction images intercepting the lumenal 
surface of crypts and villi was then recorded, Often the lateral 
membranes at the level of the tight junction were obliquely sec- 
tioned and the image was counted on the basis of an obvious 
underlying intercellular space associated with an overlying den- 
sity produced by the obliquely sectioned plasma membranes at 
the level of the junction. Data were expressed as the number of 
tight junctions per unit surface length for each compartment. 

Since we were uncertain how these values would correlate 
with tight junction length per unit surface area (i.e. cm of tight 
junction/cm 2 of surface area, a unit designated as lp), we defined 
this relationship in model systems and in villus epithelium. Using 
graph paper, we constructed model sheets of either 5 or 10 mm 
squares. For each "cel l"  (square) size, the true "junctional" 
length per unit area was measured directly by tracing "cell"  
perimeters. We then randomly overlaid the graph paper with a 
transparency containing a 10-cm diameter circle subdivided by 8 
test diameters equally spaced at 45 ~ intervals. The test diameters 
were considered to be analogous to a perpendicularly cut section 
of the model cell sheet. Thus the number of intercepts of these 
test lines with the "junctional" profiles would correspond to cell 
junction images per unit of lumenal surface length as we mea- 
sured it in thin sections of small intestine. To see if the relation- 
ship between these two parameters of junctional density derived 
by the above methods was the same as one would find in intesti- 

nal epithelium with cells that were not square, we also measured 
villus lp directly from scanning electron photomicrographs by 
tracing absorptive cell perimeters and compared this value to 
that of villus linear surface junctional density derived from trans- 
mission electron microscopy of thin sections. In all instances we 
found that the ratio of lp values to linear surface junctional den- 
sity values was approximately 2 (1.98 for 5 mm squares, 1.96 for 
10 mm squares, 2.19 for villus absorptive epithelium). Thus, for 
example, a linear surface junctional density of 50/mm would be 
the equivalent of an lp of 100 mm/mm 2. We therefore have made 
this correction and expressed linear junctional density data as 
lp's in the Results section. 

To assess the structure of individual tight junctions in crypt 
and villus compartments, twelve pairs of complimentary freeze- 
fracture replicas were examined. The technically best replica of 
each complimentary pair was utilized to evaluate tight junction 
structure along the crypt-villus axis. All well-replicated tight 
junction images of widths equivalent to or greater than the ap- 
proximately 2 cm focusing field at a screen magnification of 
10,000x were photographed at a magnification of 20,000x. The 
negative image was photographically enlarged to a final print 
magnification of 54,000 x. In each electron micrograph the inter- 
cellular tight junction strand counts and depths were measured at 
the center and one-third the distance from each end of the tight 
junction image. Measurements were made only in those images 
where the fracture plane included the apical and basal limit of the 
tight junction. Disconnected free-ending strand segments (fas- 
ciae occludentes) were not counted. These data were stored in 
the computer for statistical analysis. 

EQUATIONS USED FOR ESTIMATING 

PARTITIONING OF PARACELLULAR CONDUCTANCE 

BETWEEN CRYPTS AND VILLI  

To estimate the respective contribution of crypts and villi to net 
ileal passive transjunctional ion flow, we utilized the following 
equations of Claude [3] which relate tight junction resistance to 
tight junction structure: 

Rjlp = Rjlpmin . p - n  (1) 

where Rj = the resistance of the tight junction, lp = linear junc- 
tional density per unit surface area, p = a junctional constant 
derived by Claude [3] (which represents the slope of the line she 
obtained by plotting the log of the junctional specific resistance 
against the junctional strand number for a variety of epithelia) 
and n = the number of junctional strands. Thus Ril p represents 
the specific resistance of a tight junction corrected for tissue-to- 
tissue variation in lp, and R~l~mi, represents the hypothetical basal 
tight junction resistance value (i.e. a junction with no strands). 
Claude [3] derived the following equation to define R;lpmin: 

Rj/pmin = p L / w  (2) 

where p is the resistivity of the bulk solution within the junction, 
L is the height of the junction, and w is the width of the slit. Thus 
by rearranging Eqs. (1) and (2): 

Rj = ( p L / w  �9 p-n)(/p)-I (3) 

Since the passive ion permeability or conductance of the junction 
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and villi. Thus Eq. (5) must be modified by another factor, namely 

So/St Sc 
SJS~ or ~ where S~, S~ and St refer to the morphometrically 

determined values for surface densities of the crypts, villi and 
total surface. If one assumes that the resistivity of the intercellu- 
lar bulk solution at the level of the tight junction (p) is similar for 
crypts and villi as is the width of the intercellular space at the site 
of the junction (w), then one can simplify Eq. (5) into the follow- 
ing equation which considers variation from crypts to villi in 
surface area, tight junction density, tight junction strand count 
and tight junction depth: 

GJc (L . p-")2~ (Ipc)(Sc) 

Gv (L  . p-o);~ (l~)(S~)" 
(6) 

STATISTICAL ANALYSIS 

Data are expressed in the text as means +_ standard error. Statis- 
tical significance was evaluated using Students' two tailed t-test. 

Results 

Fig. 1. Light photomicrograph of guinea pig ileal mucosa. A 
given unit of mucosal length demonstrates a lumenal surface 
highly enriched in area due to the presence of crypts and villi. 
However, due to the large surface area of the villus relative to 
the surface area of the crypt, these two compartments contribute 
unequally to net intestinal surface (toluidine blue-stained 1-txm 
section, 275• 

(Gj) would be the reciprocal of Rj, Eq. (3) may be written as 

Gi = (O L /w  " P ") 1@). (4) 

Thus, using the subscripts c and v to represent crypts and villi, 
respectively, one can express the ratio of crypt-to-villus junc- 
tional conductance as 

�9 p )c (lpc) (5)  G;c (pL/w _, -1 

= ( p L / w  �9 p -~  

However, surface area is not equally partitioned between crypts 

L IGHT MICROSCOPY 

By light microscopy, the mucosa appeared normal 
and was composed of tall villi lined predominantly 
by absorptive cells and short crypts lined predomi- 
nantly by undifferentiated crypt cells (Fig. 1). As 
seen in Fig. 1, surface area is unequally partitioned 
between villi (tall wide cylinders) and crypts (short 
narrow cylinders). Surface length measurements in- 
dicated that villi contributed 88% of total surface 
length and crypts contributed only 12%. 

Similarly, stereological point counting analysis 
indicated that the villus contributed 87% of net in- 
testinal surface density and the crypt 13%. Analysis 
of serosal-mucosal amplification revealed that the 
lumenal ileal surface was amplified 7.3 x in tissues 
directly removed from animals and fixed but only 
3.25 x in tissues mounted and fixed in Ussing cham- 
bers. Thus our impression of diminished amplifica- 
tion with mounting was verified. Of interest, al- 
though amplification was reduced over 50% by this 
procedure, crypts and villi were equally affected (11 
and 89% surface area contribution for crypts and 
villi, respectively). 

TRANSMISSION ELECTRON MICROSCOPY 

One hundred ninety electron micrographs of the lu- 
menal surface of crypts and villi were analyzed to 
assess tight junction densities. Tall columnar villus 
absorptive cells displaying prominent regular apical 
microvilli dominated the villus epithelium, and un- 
differentiated crypt cells with short variable mi- 
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Fig. 2. Transmission electron micrographs of guinea pig iteal villus (A) and crypt (B) epithelial surface. A) Although approximately 10 
/zm of surface length overlying neighboring villus absorptive cells (AC) can be identified, only a single intercellular junctional profile 
(arrowhead) is seen. B) In comparison to the villus, the lumenal surface of crypt epithelium contains numerous intercelluIarjunctional 
profiles (arrowheads). This photomicrograph of undifferentiated crypt cell (UCC) epithelium is of the same magnification as that shown 
in photomicrograph A. (Uranyl acetate, lead citrate, both 17,000x) 

crovilli dominated the crypt. A range of zero to 
three tight junction profiles were seen per electron 
micrograph of villus epithelium (Fig. 2A), while 
photomicrographs of crypt lumenal borders con- 

tained four to sixteen tight junctional profiles (Fig. 
2B). Quantitative evaluation showed surface length 
tight junction densities of 109 -+ 5.5 tight junctions 
per mm lumenal surface for villi v e r s u s  384 --- 27 for 



64 M.A. Marcial et al.: Structure of Intestinal Tight Junctions 

A. Surface Area B. Junctional Density/ 
Unit Surface 

I 

Fig. 3. Scanning electron micrographs of guinea pig ileal villus 
and crypt (inset) epithelium. The villus surface is covered by 
polygonal absorptive ceils which have estimated cell widths of 10 
/zm and produce a honeycomb appearance to the villus surface. 
(1,225 x) Inset: Crypt epithelial cells, such as the one highlighted 
by the arrowheads, are polygonal in shape, but have apical cell 
widths of only 3.5/xm. Thus the high linear junctional density in 
the crypt is not due to tortuous cell contours, but to diminished 
apical cell widths (3,500x). The bars represent 10/xm 

crypts  (P < 0.05). Since we show these values may 
be multiplied by a factor  of  2 to closely approximate  
Ip, mean lp's for villi and crypts  should approximate  
21.8 and 76.8 m / c m  2, respect ively.  

SCANNING ELECTRON MICROSCOPY 

A total of  35 scanning electron micrographs,  reveal- 
ing either villus or c rypt  surfaces were evaluated to 
determine the geomet ry  of epithelial cell apical bor- 
ders. Villus absorpt ive cells were packed in polygo- 
nal array and had apical cell diameters of  approxi- 
mately 10 /xm (Fig. 3). In contrast ,  the apical 
contours  of  undifferentiated crypt  cells were  also 
polygonal,  but  had approximate  apical cell diame- 
ters of  only 3.5/xna (Fig. 3, inset). In addition, occa- 
sional faces of  extensively freeze-fractured crypt  
cell apical membranes  showed polygonal crypt  cell 
borders  and were  thus analogous to the scanning 
electron microscopic  images. Thus the high linear 
junctional densities seen in the crypt  primarily re- 
flected the narrow apex of  crypt  cells and were not 
due to striking irregularity of  crypt  cell apical bor- 

Fig. 4. Graphic illustrations of the interplay between surface 
area and junctional density in determination of relative paracellu- 
lar pathway contribution of ileal crypts and villi. As demon- 
strated in panel A, the crypt contributes substantially less than 
the villus to total surface area. However, if one takes a standard 
unit of surface from each compartment, represented here by the 
black rectangles, and magnifies them to examine tight junction 
density (panel B), then one can see that the surface area domi- 
nance by the villus is offset by the greater linear junctional den- 
sity in the crypt. The enrichment of linear junctional density in 
the crypt is related to the relatively narrow surface diameter of 
crypt cells. Drawings are proportioned to approximate morpho- 
metrically determined variation in these parameters between 
crypts and villi 

ders. Thus,  the differences in linear junctional den- 
sity be tween crypts  and villi would offset, in part,  
the huge surface area fraction contributed by villi in 
determining the relative net amount  of  available 
junctional  pa thway in each compar tmen t  (Fig. 4). 

FREEZE FRACTURE 

We quantitatively analyzed tight junction depth and 
strand count  in a total of  88 electron micrographs of 
either villus or crypt  junctional  images. The villus 
absorpt ive  cell tight junct ion was composed  of in- 
termeshed,  regular strands ranging in number  f rom 
four to nine (Fig. 5A). In contrast ,  the tight junc- 
tions of  undifferentiated crypt  cells displayed fewer 
strands,  ranging f rom two to seven (Fig. 5B). Many 
of  the crypt  cell junctions were irregular and con- 
tained loose aberrant  strand segments which ended 
freely on the lateral membrane  and were thus not 
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Fig. 5. Electron micrographs of freeze fractured, replicated ileal 
epithelial tight junctions. A) Tight junctions between villus ab- 
sorptive cells consist of numerous anastomosing P face strands 
(arrowheads). B) In contrast undifferentiated crypt cell tight 
junctions consist of relatively few such strands (arrowheads) 
(both 50,000• The circled arrowheads in the lower left-hand 
corners indicate the direction of platinum shadowing 

Fig. 6. Diagrammatic illustration of the net impact that junc- 
tional pathway structural features should have on the distribu- 
tion of paracellular conductance along the crypt-villus axis. The 
major contributor to net paracellular conductance should be the 
crypt (73%), even though the crypt surface area is small relative 
to that of the villus 

fully incorporated into the tight junction (fascia oc- 
cludentes). The mean tight junction strand counts 
were 6.03 _+ 0.13 for villus absorptiv e cells and 4.45 
-+ 0.16 (P < 0.05) for undifferentiated crypt cells. 
The depth of tight junctions, a parameter which of- 
ten correlates with strand count, also differed sig- 
nificantly between villus absorptive cells (384 _+ 5.8 
nm) and undifferentiated crypt cells (236.3 _+ 6.7 
rim) (P < 0.05). 

CRYPT-VILLUS PARTITIONING 

OF PARACELLULAR ION CONDUCTANCE 

By substituting our experimental values (see 

1) in Eq. (6), we estimated the fraction ~ to Table 
Jv 

equal 2.72. Solving for percentage contributions of 
each compartment, we estimate that 73% of net 
paracellular conductance should take place across 

the crypt epithelium and only 27% across the villus 
epithelium (Fig. 6). By omitting consideration of the 
relative surface area factor in Eq. (6), one may esti- 
mate the ratio of crypt-to-villus paracellular con- 
ductance per unit of surface area to be 18:1. 

Discussion 

Although it is possible to morphometrically ascer- 
tain precise measurements of various epithelial 
structural features which relate to paracellular con- 
ductance, comprehensive analysis of all such fea- 
tures in an epithelium containing more than a single 
structurally distinctive compartment and estimation 
of relative compartmental contributions to net con- 
ductance have not previously been performed. Us- 
ing quantitative morphometric techniques, we de- 
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Table 1, Morphometrically determined values for structural features of the guinea pig ileal intercellular tight junctions 

Relative surface Junctions per Junctional Mean junctional Mean junctional 
contribution linear mm of length strand count depth 
(%) surface, TJ/mm density, lp (nm) 

(m/cm ~-) 

Villi 87 109 21.8 6.03 -+ 0.13 318.4 • 5.8 
Crypts 13 384 76.8 4.45 +- 0.16 236.3 • 6.7 

fined tight junction structure and density (lp) in 
guinea pig ileal crypts and villi. We corrected these 
data for differences in surface area which exist be- 
tween crypts and villi. The data were then analyzed 
in light of basic structure-function correlations 
which indicate that the degree of paracellular con- 
ductance relates (a) positively and arithmetically 
with the amount of paracellular path available and 
(b) inversely and logarithmically with the number of 
strands of individual tight junctions [3]. We thus 
arrived at a hypothesis which predicts that these 
two structural domains should have markedly dif- 
ferent paracellular ion permeabilities. Specifically, 
these data suggest that the crypt may display at 
least an order of magnitude greater paracellullar 
conductance than the villus per unit surface area. 
This high degree of passive paracellular conduc- 
tance in the crypt should more than compensate for 
the rather limited contribution of the crypt to net 
surface area, making this compartment the major 
contributor to ileal paracellular conductance. Since 
the vast majority of passive ion flow across this 
epithelium appears to be paracellular [13], these 
data may also be viewed as suggesting that the ma- 
jority of ileal transepithelial conductance may be 
via the crypt. Our estimate of a 73-27% partitioning 
of paracellular conductance between crypts and 
villi, respectively, might be modified in a minor way 
by two other structural considerations. First, we 
have previously shown that tight junction structure 
and permeability is heterogeneous among villus 
goblet cells, and a subpopulation of these cells ap- 
pear to have tight junctions which are less well 
formed and more permeable than absorptive cell- 
absorptive cell tight junctions [20]. We have not con- 
sidered the presence of such low incidence, poten- 
tially high permeability sites on the villus in our 
calculations since we find guinea pig ileal villus epi- 
thelium to have fewer goblet cells (3% by electron 
microscopic counts of 142 consecutive villus epithe- 
lial cells, unpublished data) than ileal epithelium of 
other mammals. However, the more obvious pres- 
ence of goblet cells in other species would influence 
our above final calculations albeit in a minor way 
(12% of rat ileal villus epithelial cells are goblet cells 

and 23% of villus goblet cell tight junctions have at 
least one strand count of four or less [20]). Sec- 
ondly, when the extreme base of small intestinal 
crypts is revealed in fortunate freeze-fracture 
planes, one may find tight junctions which have 
high strand counts, but overall these are of rela- 
tively low incidence (unpublished data). These sites 
which might relate to a specific subtype of crypt cell 
or to an event within the crypt (mitosis) would ap- 
pear to account for less than 5% of the total crypt 
junctional pathway. However, even if such sites 
have markedly low permeabilities, they should not 
produce mole than a 5% overestimate of the net 
contribution by the crypt to paracellular conduc- 
tance. Thus, even considering the above caveats, 
our data would still target the crypts as the major 
site of paracellular conductance in the ileal epithe- 
lium. 

SIGNIFICANCE OF ASYMMETRIC PARTITIONING 

OF PARACELLULAR CONDUCTANCE 

BETWEEN CRYPTS AND VILLI  

A variety of evidence indicates that active secretion 
of ions and water occurs in the intestinal crypt [5, 
10, 32]. Additional evidence suggests the following 
scheme as the likely cellular mechanism of crypt 
secretion: crypt cells absorb Na + and C1- across the 
basolateral membrane, excrete Na § into the para- 
cellular space, CI- diffusion through the apical 
membrane maintains electrical equilibrium (an 
event regulated by secretagogues), and Na § moves 
through the cation-selective tight junction to yield a 
net serosa-to-mucosa, electrogenic, chloride-de- 
pendent secretion of Na § and CI- [10, 12]. Thus a 
basic tenet of the above proposal is a paracellular 
pathway structurally designed to facilitate Na § 
movement from the paracellular space into the lu- 
men. Our data suggests that the crypt might accom- 
plish this feat in two ways- -by  enriching the sur- 
face with available junctional pathway and by 
producing individual junctions with structural char- 
acteristics permitting a high degree of ion permea- 
bility. 
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The above model for secretion of Na + and C1 
has also been applied to secretory epithelia of birds 
and fishes which live in or must adapt to salt-rich 
environments. The salt gland principal secretory 
cells of the salt-stressed domestic duck [29], the 
chloride-secreting cells of the seawater-adapted 
killifish operculum [8, 15] and the rectal gland 
chloride-secreting cells of both the stingray [9J and 
dogfish shark [9, 11] also show modifications in 
junctional structure in comparison to adjacent or 
intermixed nonsecreting epithelial cells. Where these 
cells interface with each other, they expand the 
available junctional pathway by assuming markedly 
irregular interdigitating apical contours. Morpho- 
metric analysis reveals that rectal gland secretory 
epithelium junctional length density (lp) is 66.9 m/ 
cm 2 in the stingray [9] and ranges from 74.9 to 102 
m/cm 2 in the dogfish [9, 1 l]. Our lp value for ileal 
crypt epithelium is 76.8 m/cm 2. Thus, although 
crypt epithelium expands lp by a different strategy 
than that used by the above epithelia (small apical 
cell diameter rather than irregular contour) the net 
result is the same. In contrast, lp in the ileal villus 
epithelium is 21.8 m/cm2--a figure closer to that of 
the "tight," nonsecretory stratified ductal epithe- 
lium of the dogfish rectal gland (7.6 m/cm 2) [9]. The 
individual tight junctions of the above avian and fish 
secretory epithelia also have few strands although 
these junctions do differ from those of ileal crypt 
cells. While crypt cells have irregular junctions with 
a mean of 4.45 strands, those of avian and fish se- 
cretory epithelia have highly characteristic, uni- 
formly structured junctions which consist of two 
tightly apposed parallel strands. 

Since the guinea pig small intestine appears to 
demonstrate net basal intestinal secretion [26, 27] 
one might ask how broadly our findings can be ap- 
plied. Based on our previous experience with rat 
[17, 20], rabbit [5, 17], monkey [17, 21] and human 
[19, 21] small intestine we feel these structural fea- 
tures are highly consistent with those found in other 
mammalian species. We have observed a much 
greater frequency of tight junction images per unit 
lumenal length in crypts than on villi in other mam- 
mals (unpublished data). Moreover, our previous 
quantitative measurements of ileal absorptive cell 
and undifferentiated crypt cell tight junction strand 
counts in monkey ileum [21] are similar to those 
reported here in guinea pig ileum. Thus a variation 
in the degree of baseline small intestinal secretion 
between mammalian species is more likely due to 
intrinsic difference in undifferentiated crypt cell 
transport between these species (i.e. higher baseline 
apical membrane C1- permeability, or greater base- 
line transport rate in guinea pigs) than interspecies 
variation in the structural features which we de- 
scribe. 

The putative localization of the majority of ileal 
paracellular conductance in the crypt might also ex- 
plain, in part, reported osmolality distributions 
within the lamina propria and would have important 
implications for in vitro transport studies. Cryosco- 
pic techniques used in determining tissue osmolality 
indicate that during active absorption the lamina 
propria underlying the villus tips obtains a tissue 
osmolality of 1,000 to 2,000 mOsm [14]. Moreover, 
as one approaches the pericrypt lamina propria, this 
hyperosmolal gradient progressively diminishes 
[14]. Low villus paracellular conductance would aid 
in maintaining such local transepithelial ion gradi- 
ents. Such an interpretation raises the speculative 
possibility that secondary passive paracellular 
movements of ions and water may be coupled to 
active transport at the tissue, but not necessarily at 
the cellular level within the small intestine. Asym- 
metric partitioning of paracellular conductance in 
this epithelium also raises the possibility that in vi- 
tro short circuiting techniques may not result in a 
uniform clamping of the transepithelial potential at 
0 inV. Rather, a mucosal positive potential would 
be generated in the crypt while the mucosal nega- 
tive potential of the villus would not be fully ab- 
lated. However, the measured sum of these poten- 
tials would be 0 inV. If true, this possibility would 
tremendously complicate the clear separation of ac- 
tive and passive transport processes in this epithe- 
lium. 

COMPARISON OF TIGHT JUNCTION STRUCTURE 
AND FUNCTION--SMALL INTESTINE VS. 
URINARY BLADDER REVISITED 

Although many data support strongly the validity of 
estimating paracellular conductance based on struc- 
tural analysis of tight junctions (for reviews see [24, 
25]), such associations have been challenged. In a 
widely quoted paper, Martinez-Palomo and Erlij 
[22] found that while mammalian small intestinal 
epithelium and toad urinary bladder epithelium had 
"similar" tight junction strand counts, they had 
markedly dissimilar paracellular resistances [22]. 
Thus, while the ratio (bladder/ileum) of measured 
paracellular resistances between these two tissues 
was 100 (12,000/120 12 cruZ), the ratio of structural 
parameters of paracellular resistance was only 1.3 
(8.7/6.7 strands). However, this study did not con- 
sider the heterogeneity of the small intestine with 
respect to tight junction structure and also did not 
consider the serosal/mucosal surface amplification 
which occurs in the small intestine but not in the uri- 
nary bladder. A reassessment of the comparison be- 
tween small intestine and urinary bladder junctional 
structure and function would be of interest since we 
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Table 2. Convers ion  of tight junct ion s trand counts  into arbi- 
trary s tandard units of  specific junct ional  resis tance (Rf lp )  

Strand counts  R : l p a ~  " unit ~ 

Toad bladder 8,7 b 8 • 106 
Guinea pig ileum 

Villus 6.03 r 7.3 x 105 
Crypt 4.45 c 4 x 104 f 

a R:l~ ' values are read from the graph prepared by Claude (ref. 3, 
Fig. 4). 
b From ref. [22]. 
c From present study. 
d Specific junctional resistance which correlates to strand counts 
given; from graph of Fig. 4, ref. [3]. 

Since data will ultimately be expressed as a ratio, Rjl~, is ex- 
pressed as an arbitrary unit which is normalized to toad bladder 
and ileal villus epithelium ( s ee  text), 
f The Rjlp value for the crypt was divided by 3.57 to normalize 
this value to those of villus and toad bladder [i.e. Ip is similar 
between these latter two epithelia (ref. 3), but increased 3.57-fold 
in crypt epithelium (Table 1)]. 

now have the necessary additional data on the het- 
erogeneous ileal epithelium to make such a compar- 
ison meaningful. Such an exercise would also serve 
as a test of Claude's [3] hypothesis regarding the 
relationship between junctional strand count and 
junctional resistance. This comparison, outlined in 
Tables 2 and 3, was accomplished in the following 
manner: our tight junction strand counts for villus 
and crypt cells and Martinez-Palomo and Erlij's [22] 
strand counts for toad urinary bladder epithelial 
cells were used to determine the relative predicted 
junctional resistances (Table 2) as obtained from the 
graph in Figure 4 of Claude's study [3]. However, 
Claude's values were corrected for lp variation from 
tissue to tissue, and, while cell diameter and esti- 
mated lp's are similar between villus absorptive 
cells and urinary bladder cells [3], there is a 3.57- 
fold enrichment of lp in the crypt. Thus, to normal- 
ize the crypt specific junctional resistance to that of 
villus and toad bladder, one must multiply the 
former by 0.28. Since the crypt and villus may be 
viewed as two types of resistors in parallel which 
are present at two different frequencies (i.e. share 
intestinal surface nonequally), one may use the 
crypt and villus junctional specific resistance values 
to calculate a mean junctional specific resistance for 
the intestinal epithelium (Table 3). However, while 
in vitro measurements of toad bladder paracellular 
resistance are representative of a mucosal surface 
area identical to that of the chamber area used, ileal 
measurements are not. Thus, we must divide our 
ileal junctional resistance value by 3.25 to correct 
for the error expected in the measured paracellular 

Table 3. Calculation of predicted discrepancy in paracellular re- 
sistance of toad urinary bladder v e r s u s  mammalian ileum and 
comparison with discrepancy of measured paracellular resis- 
tance in these two epithelia a 

A) Calculation of mean specific junctional resistance (Rflp) for 
ileum 
l /Rf lp  i = (1 /Rj lpc)( f i )  + ( l /R: lp~)( f , )  = 0.44 x 105/f~. unit 

Rjlpi = 2.25 • 105 f~ �9 unit 
B) Rflp t = 8 • 10 6 ~ - unit  

C) Correction of R~l~'s for surface amplification 
Rjl~ 

. =  6.93 x 104 f~. unit 
Sampi 

RL, 
1 = 8 • 106Ft" unit 

D) Predicted magnitude of paraceUular resistance difference, 
toad urinary bladder vs.  mammalian ileum 

RL, 
- - =  115 
Rflp, 

E) Measured magnitude of paracellular resistance difference, 
toad urinary bladder vs.  mammalian ileum 

Re, 
- - =  110 
Rvl 

a The ratio of the predicted paracellular resistances derived from 
structural studies of these epithelia closely approximates the ra- 
tio of the measured values for paracellular resistance. For de- 
tailed discussion s ee  text. Subscripts c, v, t, / --refer  to crypt, 
villus, toad bladder, ileum, respectively, f = % surface contribu- 
tion, from Table 1. Rflp values for crypt, villus, and toad bladder 
from Table 2. S~mp = serosal-mucosal surface amplication, s ee  
text. Rp = measured paracellular resistance values; same as 
those referenced in comparison in ref. [22]. 

resistance value. The resulting values for ileal and 
urinary bladder specific junctional resistance can 
now be expressed as a ratio which, if the structure- 
function correlations used are accurate, should also 
represent the ratio of "measured" values of para- 
cellular resistances in these two epithelia. We uti- 
lized the same literature values for estimated para- 
cellular resistances as Martinez-Palomo and Erlij 
[22] in making this comparison. As seen in Table 3, 
detailed structural analysis predicts that ileal epi- 
thelium per unit of serosal area should have 115 x or 
approximately 2 logs less paracellular resistance 
than the same serosal area unit of toad urinary blad- 
der. The actual values indicate that such a unit of 
ileal epithelium does indeed have 2 logs less para- 
cellular resistance than that of urinary bladder. 
From this comparison one may conclude that de- 
tailed consideration of junctional structure in these 
epithelia strongly supports, rather than debunks, the 
correlation between tight junction strand count and 
tight junction resistance. Furthermore, given the 
apparent accuracy of this relationship, it is likely 
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that the precise figures determined in our predicted 
distribution of paracellular conductance along the 
crypt-villus axis may have a relatively low degree of 
inherent error. Rather, the potential sources of er- 
ror previously outlined may well represent the ma- 
jor source of error in such an analysis. 

Other comparisons utilized to probe the struc- 
ture-function relationships of the intercellular junc- 
tional shunt pathway in normal tissues often fail to 
consider one or more of the above outlined pitfalls 
or do not really address the issue implicitly sug- 
gested. For example, a study which reports a lack 
of correlation between tight junction structure and 
permeability properties in developing, compared 
with adult, sheep choroid plexus [23] has been fre- 
quently cited as refuting the notion of a correlation 
between junctional strand counts and transjunc- 
tional resistance to passive ion flow [2, 7, 25]. In 
fact, these authors report that junctional strand 
counts are not significantly different at these two 
time periods while transepithelial flux of macromol- 
ecules is widely discrepant [23]. On the basis of 
available studies of protein movement through fetal 
choroid plexus epithelium, the authors go on to sug- 
gest that such movement is most likely transcellu- 
lar, perhaps through a fetal transcellular cisternal 
shunt [23]. Therefore, this widely quoted study 
does not address directly the issue of transjunc- 
tional resistance in the choroid plexus. 

We feel that although exceptions to the general 
relationship between tight junction strand count and 
transjunctional resistance in unperturbed epithelia 
may exist, they have, to date, not been convinc- 
ingly identified. This may not be the case in per- 
turbed epithelia. Martinez-Palomo and Erlij [22] 
also showed that exposure of toad urinary bladder 
to mucosal solutions made hypertonic by the addi- 
tion of either 120 mM lysine or 2 M urea resulted in a 
decrease in transepithelial resistance [22]. How- 
ever, while the urea stressed bladders showed ex- 
tensive perturbation of tight junction structure, the 
lysine-loaded bladders had morphologically normal 
tight junctions even though parallel tracer studies 
utilizing lanthanum were interpreted as indicating 
that lysine acted solely by increasing paracellular, 
not transcellular, passive ion diffusion [22]. Al- 
though this study indicates a potential difficulty 
may exist in correlating tight junction structure with 
function in perturbed epithelia, many other models 
exist in which such correlations still seem to hold. 
For example, we have recently shown that the 
short-term rise in jejunal transepithelial resistance 
induced by mucosal osmotic loads is paralleled by 
recruitment of additional junctional elements into 
absorptive cell tight junctions [18]. Similar altera- 
tions in tight junction structure have also been dem- 

onstrated accompanying the cyclic AMP-induced 
resistance increases in gallbladder epithelium [6] 
and accompanying the resistance increase induced 
both by plant cytokinins and cytochalasins in this 
epithelium [1]. 
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