J. Membrane Biol. 66, 145-157 (1982)

The Journal of

Membrane Biology

Structure and Permeability of Goblet Cell Tight Junctions in Rat Small Intestine

James L. Madara and Jerry S. Trier

Departments of Pathology and Medicine, Brigham and Women’s Hospital and Harvard Medical School, Boston, Massachusetts

Summary. Two major cell types, goblet and absorptive cells, domi-
nate the epithelial lining of small intestinal villi. We used freeze-
fracture replicas of rat ileal mucosa to examine the possibility
that tight junction structure, known to relate to transepithelial
resistance, might vary with cell type. Tight junctions between ab-
sorptive cells were uniform in structure while those associated with
villus goblet cells displayed structural variability. In 23% of villus
goblet cell tight junctions the strand count was less than 4 and
in 30% the depth was less than 200 nm. In contrast, only 4%
of absorptive cell tight junctions had less than 4 strands and only
9% had depth measurements less than 200 nm. Other structural
features commonly associated with villus goblet cell tight junctions
but less commonly with absorptive cell tight junctions were: defi-
cient strand cross-linking, free-ending abluminal strands, and
highly fragmented strands. Both in vivo ileal segments and everted
loops were exposed to ionic lanthanum. Dense lanthanum precipi-
tates in tight junctions and paracellular spaces were restricted to
a subpopulation of villus goblet cells and were not found between
villus absorptive cells. After exposure of prefixed ileal loops to
lanthanum for 1 hour, faint precipitates of lanthanum were found
in 14% of tight junctions and paracellular spaces between absorp-
tive cells compared to 42% of tight junctions and paracellular
spaces adjacent to villus goblet cells, When tested in Ussing
chambers, the methods used for lanthanum exposure did not lower
transepithelial resistance. Everted loops exposed to ionic barium
and examined by light microscopy showed dense barium precipi-
tates in the junctional zone and region of the paracellular space
of villus goblet cells but not in these regions between absorptive
cells. However, the macromolecular tracers, microperoxidase, cyto-
chrome ¢ and horseradish peroxidase, were excluded from both
viltus goblet cell and absorptive cell paracellular spaces in in vivo
segments. These findings suggest that a subpopulation of villus
goblet cells may serve as focal sites of high ionic permeability
and contribute to the relatively low resistance to ionic flow which
characterizes the small intestinal epithelium.

Key words tight junction-intestine-goblet cell-epithelial perme-
ability

Introduction

The epithelial lining of mammalian small intestine
is constantly renewed as senescent cells are sloughed
from the tips of the villi and undifferentiated crypt
cells proliferate and migrate onto the villus where
they mature {35]. Not surprisingly, during this process

the epithelial cells undergo extensive biochemical,
functional and morphological alterations [35, 7, 10, 25,
27, 28, 30, 35] which include changes in tight junction
structure [18]. While tight junctions of villus absorp-
tive cells are rather uniform in structure, those
between undifferentiated crypt cells are more vari-
able and, on the average, have fewer strands and
are less deep than those between villus absorptive
cells [18]. Since epithelial permeability may be in-
fluenced by the complexity of tight junction structure
[4], these features suggest that the crypt and villus
epithelia may differ in transepithelial resistance to
ionic flow [10, 18].

Although absorptive cells are the most abundant
cell population of the villus epithelium, many mucus-
secreting goblet cells are interposed between them
[35]. Recently we presented preliminary data that tight
junctions associated with villus goblet cells may, like
those of undifferentiated crypt cells, be less uniform
in structure than tight junctions associated exclusively
with absorptive cells [18]. However, identification of
goblet cell-associated junctions in replicas is not sim-
ple since 1) fortuitous fracture faces which facilitate
goblet cell recognition by including both the tight
junction and cross-fractured cytoplasmic mucus gran-
ules are infrequent and 2) fracture planes which split
the lateral membranes of absorptive cells adjacent
to a goblet cell may not reveal structural components
of the goblet cell itself yet still represent a goblet
cell-associated tight junction. Therefore, in our earlier
study we did not quantitate differences in replicas
of fractured tight junctions involving villus goblet
cells as opposed to those involving only absorptive
cells.

In this report we describe criteria which permit
reliable identification of tight junctions associated
with villus goblet cells in freeze-fracture replicas of
rat ileum. We have applied these criteria to quantitate
the structural features of villus goblet cell-associated
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tight junctions (which will be referred to as villus
goblet cell tight junctions) and contrast them to tight
junctions which involve only villus absorptive cells
(which will be referred to as absorptive cell tight
junctions). In addition, we used both ionic and macro-
molecular tracers to probe the possible functional
significance of demonstrated variations in villus goblet
cell and absorptive cell tight junction structure.

Materials and Methods

For all experiments, segments of distal ileum were excised from
200-250 g male Sprague-Dawley rats anesthetized with either ether
or Nembutal®. All animals were fasted overnight prior to use.

Morphologic Technigues

Ileal mucosa from 5 animals was prepared for freeze-fracture and
electron microscopy of thin sections. Tissues were fixed initially
for 1 h for freeze-fracture and 2 hr for conventional electron mi-
croscopy at 4 °C in a solution of 2% formaldehyde, 2.5% glutaral-
dehyde and 0.4% CaCl, in 0.1 M Na cacodylate buffer [15]. Tissues
for freeze-fracture were then embedded in 3% agar, and cut into
150 pum slices with a Smith-Farquhar tissue chopper. After equili-
brating for 1 hr in a 20% glycerol in 0.1 M Na cacodylate buffer,
tissue slices were mounted between two gold discs, rapidly frozen
in partially solidified Freon®22, and stored in liquid nitrogen. Spec-
imens were fractured at a stage temperature of —110 °C in a Balzers
300 freeze-etch device, replicated with platinum-carbon, cleaned
in commercial bleach and mounted on formvar-coated 200 mesh
hexagonal grids.

Villus goblet cell tight junctions and absorptive cell tight junc-
tions were distinguished utilizing the criteria described in the Re-
sults section. For quantitative evaluation of tight junction structure,
replicas of 20 randomly selected absorptive cell and 20 randomly
selected villus goblet cell tight junctions were photographed at
a magnification of 15,000 x. Junctions at the extrusion zones of
villus tips were avoided. These negatives were mounted on an
illuminated viewing box and tight junction structure was analyzed
using a 10x calibrated ocular micrometer. Average depth was
determined by measuring the distance between the uppermost and
lowermost strands one-fourth of the distance from each end of
the exposed tight junction. Where wide expanses of tight junction
were present a measurement in the center of the exposed junction
was also taken. At the same points, P face strands and E face
furrows intersecting the vertically placed micrometer bar were
counted. A total of 53 sites were measured and counted for tight
junctions from each cell type. Abluminal strands with unattached
ends were counted separately for villus goblet and absorptive cell
tight junctions and were expressed as the number of free-ending
strands per linear wm of tight junction.

After initial aldehyde fixation tissues for conventional electron
microscopy of thin sections were washed in 0.1 M Na cacodylate,
postfixed for 1 hr in 1% osmium tetroxide, dehydrated in a graded
series of alcohols, and embedded in epoxy resin. Oriented wvilli
were selected from toluidine blue-stained I-um sections. Represen-
tative thin sections were mounted on copper mesh grids and stained
with uranyl acetate and lead citrate.

Replicas and thin sections were examined and photographed
in a Philips 300 electron microscope.

Tracer Experiments

Three buffers all at pH 7.4 when gassed with 95% 0,-5% CO,
were used in these experiments. Buffer A contained (in mm):
114 NaCl, 5KCl, 1.65Na,PQ,, 0.3 NaH,PO,, 25NaHCO,,
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1.25 CaSO,, 1.1 MgSO,. Buffer B contained 124 NaCl, 5 KCl,
2.5 Hepes acid, 1.24 CaCl,, 1.1 MgCl,. Buffer C was identical to
Buffer B except that 5 mm Tris replaced 2.5 mm Hepes acid.

Lanthanum Experiments. Twelve everted sacs from eight animals
were prepared from distal ileum in the following manner: 8-cm
lengths of ileum were gently flushed with Buffer A, ligated at
one end, and everted over a glass rod; Buffer A with 10 or 50 mm
glucose was instilled into the serosal cavity after which the remain-
ing end was ligated. Sacs were then suspended in 300 ml of contin-
uously oxygenated (95% O,-5% CO,) Buffer B or C to which
I mm LaCly had been added. After 20 min sacs were removed
from buffer, submerged in fixative and samples were processed
for electron microscopy. In all studies in which penetration of
tight junctions by La®** was evaluated, villi which showed the hea-
viest and most diffuse brush border labeling by La®* were selected.

To determine if exposure of the ileal mucosa to 1 mm LaCl,
for 20 min altered transepithelial resistance, ileal segments were
removed from four rats, opened and the external longitudinal mus-
cle layer was stripped away. The remaining tissue was mounted
in Ussing chambers with 10 ml mucosal and serosal circulating
reservoirs driven by a gas lift column of 95% 0,~5% CO,. Buffer
A with 50 mMm glucose was placed in the serosal reservoir and
Buffer C with 50 mM mannitol in the mucosal reservoir. After
a 20-min equilibration period the transmucosal resistance was mea-
sured. One mM LaCl; was then added to the mucosal solution
and the resistance was measured serially for 20 min. Identical mea-
surements utilizing ileal mucosa not exposed to LaCl; from the
same animals served as controls and permitted comparison of spon-
taneous fluctuations in transmucosal resistance that occurred dur-
ing exposure to La®*.

Preliminary experiments showed that considerable cellular
damage occurred following incubation of everted sacs for longer
than 20 min or in La®* concentrations higher than 1 mmM. To increase
the degree of La®* labeling and the duration of La®* exposure with-
out inducing cellular damage, six everted sacs prefixed by immersion
in formaldehyde-glutaraldehyde fixative for 40 min to 1 hr were
then suspended in a fixative containing 5 mm LaCl; for an addition-
al hour. Tissues were then processed for electron microscopy. Un-
stained sections of villi from these sacs were examined to quantitate
the relative frequency of La®* penetration of tight junctions of
absorptive cells and villus goblet cells. Tight junctions along the
villus were scanned at a screen magnification of 20,000 using 10 x
oculars. Villus goblet cell tight junctions and villus absorptive cell
tight junctions were scored as positive if they contained La®* within
the junction and/or the subjunctional intercellular space and nega-
tive if they did not. Tight junctions of cells at the base of the
villus were not counted if La®* failed to label the brush border
at this level.

To determine whether prefixation alters resistance, four
stripped ileal mucosal sheets were placed in Ussing chambers as
described above. After a 20-min equilibration period, fixative was
substituted for both mucosal and serosal buffers and transmucosal
resistance was measured serially for 60 additional minutes.

The ileal mucosa of six additonal rats was exposed to La®"
in vivo. Ten-cm segments of distal small intestine were exposed
and the ends were marked by passing surgical thread through
the mesentery, taking care not to injure the vasculature. In three
animals 1 m! of Buffer C containing 1 mm LaCl; was injected
into the lumen through a 29 gauge needle at the proximal end
of each segment. Twenty minutes later the segment was rapidly
removed, opened, immersed in fixative and samples were processed
for electron microscopy. In addition, freeze-fracture replicas were
prepared and examined from these tissues. The remaining three
animals were treated in a similar manner; however, each received
additional 1-ml injections of 1 mm LaCl; after 15 and 45 min and
tissue samples were harvested 60 min after the first LaCl; injection.
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Barium Experiments. Since processing for electron microscopy
probably leaches ionic tracers from the tissues and may create
diffusion artifacts, we also exposed tissue to Ba®* which, after brief
fixation, can be precipitated as a rhodinozate salt and observed
immediately by light microscopy [6, 38]. Everted sacs containing
Buffer A and 10 mM glucose in the serosal compartment were
suspended in an oxygenated solution composed of 90 mm BaCl,,
5 mM CaCl; and 10 mM mannitol at pH 7.4 for 15 min. Sacs were
fixed in 10% neutral phosphate-buffered formalin for 20-30 min
chopped into 150-um slices, immersed in saturated potassium rho-
dinozate solution, briefly rinsed in water, placed on glass slides,
and examined for characteristic red-brown barium rhodinozate de-
posits by light microscopy.

Macromolecular Tracers. lleal segments were marked in vivo with
surgical thread in nine additional animals. Macromolecular tracers
were dissolved in Buffer A and 1 ml was injected into the lumen
at the proximal end of the segment, after 0, 15 and 45 min. Tissues
were then removed and immersed in fixative 60 min after the first
tracer injection. Groups of three animals were exposed to 0.5%
microperoxidase (Sigma, molecular weight 1,900), 0.5% cyto-
chrome ¢ (Sigma Type VI, molecular weight 12,300), and 0.1%
horseradish peroxidase (Sigma Type II, molecular weight, 40,000).
Tissues were processed as previously described to demonstrate the
tracers in thin sections (microperoxidase [9], cytochrome ¢ [16],
horseradish peroxidase [12]). Epithelial cell tight junctions and in-
tercellular spaces were assessed for penetration by the tracer motle-
cule by examination of unstained thin sections.

Results

Identification of Villus Goblet Cells and Their
Associated Tight Junctions in Freeze-Fracture Replicas

In thin sections, goblet cells are readily identified by
their characteristic large mucus granules (Fig. 2C);
such granules occasionally identify goblet cells in
freeze-fracture replicas (Fig. 1). More often, mucus
granules are not revealed by cytoplasmic cross-frac-
ture, hence other criteria must be used to identify
goblet cells in replicas. Since they are shaped like
a brandy goblet, the lateral membrane of villus goblet
cells is convex while the lateral membrane of adjacent
absorptive cells is concave (Fig. 1). In contrast, the
lateral membrancs of absorptive cells which abut one
another are more or less flat. The microvilli of villus
goblet cells vary in length and have few P face intra-
membrane particles (/M Ps) whereas the microvilli of
absorptive cells are approximately equal in length and
have abundant P face IM Ps (Fig. 24) [18]. Caveolated
cells are the only other villus epithelial cells which
have few P face IMPs [18] but their wide microvilli
and their characteristic microvillus tuft [26] permits
them to be distinguished from villus goblet cells. Ad-
ditionally, villus goblet cells frequently have a collar-
like outpouching of apical cytoplasm which encircles
the cell just below the tight junction in the region
of the belt desmosome. This forms a bulge in the
goblet cell lateral membrane and a complementary
depression in the lateral membrane of adjacent ab-
sorptive cells (Fig. 2). On the villus, this collar-shaped

Fig. 1. Freeze-fracture replica showing lateral membrane of a villus
goblet cell with typical brandy goblet bulge (arrowheads). Cytoplas-
mic cross fracture reveals many mucin granules (MG). The tight
junction (7J) lies adjacent to the lumen (L). The circled arrowhead
in the lower right-hand corner of this and subsequent freeze-frac-
ture replicas indicates the direction of platinum shadowing.
(11,000 x )

irregularity in the lateral membrane fracture face was
observed only in goblet cells and on that portion
of the lateral membrane of adjacent absorptive cells
which was in direct contact with the goblet cell.
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Fig.3. Replica of villus goblet cell with cup-like indentation of apical membrane following secretion of apical cytoplasmic mucus
granules. The fracture plane travels down the apical membrane (large arrowheads) and cross fractures into the membrane of an underlying
cytoplasmic mucus granule (MG) Goblet cell microvilli (M) can be secen at the rim of the apical membrane cup. A thin rim of
peripheral cytoplasm separates the apical membrane from the intercellular space (small arrowheads). To the left, the cytoplasm of
an adjacent absorptive cell is revealed in cross-fracture. The misshapen apical membrane does not contain a tight junction, desmosomes
or other junctional elements and should not be mistaken for a tight junction free lateral membrane. (50,000 x )

Fig. 2. (facing page) (A) Replica of villus goblet cell showing a loosely woven net-like tight junction. Irregular microvilli with particle-poor
P faces (short arrows) distinguish this cell from adjacent absorptive cells which have microvilli with particle-rich P faces (long arrows).
In addition, the bulging lateral membrane and subjunctional collar-like outpouching of the lateral membrane (arrowheads) are characteristic
of villus goblet cells. (41,000 x). (B) Replica of villus goblet cell showing lateral membrane collar (arrowheads) immediately below
the tight junction. (80,000 x). (C) Electron micrograph of the apical aspect of a sectioned villus goblet cell showing outpouching
of the lateral membrane (arrowheads) corresponding to the subjunctional lateral membrane collar seen in freeze-fracture replicas. (28,000 x )
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Fig. 4. (A) Replica of a tight junction between adjacent absorptive cells. The junction is uniform in depth and strand number and
lacks meandering loose-ending abluminal strands. (B) Replica of villus goblet cell identified as such by the mucus granule (MG)
seen at a zone of cytoplasmic cross-fracture. The tight junction is shallow and is composed of highly fragmented strands. Meandering
loose-ending abluminal strands are frequent. (C) Replica of villus goblet cell identified as such by particle-poor microvillus P faces.
The tight junction is quite deep and has strands which are very loosely interwoven. (D) Replica of villus goblet cell identified as
such by particle-poor microvillus P faces. The tight junction is similar in depth and horizontal strand count to the absorptive cell
tight junction shown in 4 but is fragmented and lacks crosslinking strands. (all 76,000 x)

Some degree of caution is needed in identifying
the lateral membrane of goblet cells. After release
of the contents of superficial mucus granules, the gob-
let cell apical membrane becomes concave, forming
a cup-like depression which extends into the apex

of the cell [35]. If this membrane is followed along
its fracture plane it could be misidentified as a lateral
membrane free of any tight junction component
(Fig. 3). Itis distinguished from the lateral membrane
by the absence of desmosomes and the low density
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of P face IMPs (Fig. 3). Such misinterpretation may
account for a previous description of small intestinal
epithelial cells free of tight junction elements [33].

Goblet Cell Tight Junction Structure
in Freeze-Fracture Replicas

The depth and strand numbers of tight junctions of
absorptive cells are quite uniform (Fig. 44). In con-
trast, those of villus goblet cells show substantial var-
iation in depth and strand number (Fig. 4B, C and
D). Whereas the P face elements of absorptive cell
tight junctions were observed as strands with only
occasional short focal interruptions (Fig. 44), the P
face elements of some villus goblet cell tight junctions
consisted largely of widely spaced individual JMPs
arranged in linear rows (Fig. 4B8). Other villus goblet
cell tight junctions were very deep with many strands
but resembled a loosely woven stretched net in their
appearance (Figs.24 and 4C) in contrast to the
highly organized chain-link fence appearance of ab-
sorptive cell tight junctions (Fig. 44). Lastly, still
other villus goblet cell tight junctions showed strands
that paralleled the apical surface with very few verti-
cally directed cross-linking strands (Fig. 4 D).

Quantitation of tight junction depth and strand
count confirmed the greater variability of junctional
structure in villus goblet cells as compared to absorp-
tive cells (Figs. 5 and 6). In 239 of villus goblet cell
tight junctions, the strand count was less than 4 and
in 30% the depth was less than 200 nm. In contrast,
only 4% of absorptive cell tight junctions had strand
counts less than 4 and only 9% had depth measure-
ments less than 200 nm (Figs. 5 and 6). Villus goblet
cell tight junctions had 17.2 free-ending abluminal
strands per linear pm compared to only 1.4 for ab-
sorptive cell tight junctions.

Passage of Tracers Into and Across Tight Junctions
of Villus Epithelium

Lanthanum. Everted ileal sacs exposed to 1 mm LaCly
for 20 min showed focal dense lanthanum deposits
along the microvillus border. In stained sections, the
tight junctions of well-fixed absorptive cells did not
show dense lanthanum deposits even when lanthanum
was abundant along the brush border (Fig. 74). In
contrast, dense lanthanum deposits were found within
tight junctions of approximately 5% of villus goblet
cells. Independent of finding lanthanum in the junc-
tional zone, the nonjunctional intercellular spaces sur-
rounding 10-20% of goblet cells showed dense lan-
thanum deposits (Fig. 7B} while the intercellular
spaces between adjacent undamaged absorptive cells
did not. In unstained sections dense lanthanum depos-
its had the same distribution as in stained sections
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Fig. 5. The mean depth of tight junctions between villus absorptive
cells (FAC) is similar to that of tight junctions associated with
villus goblet cells (FGC) but tight junctions associated with villus
goblet cells are much more variable in depth
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Fig. 6. The mean tight junction strand count is similar for villus
absorptive cells (F4C) and villus goblet cells (VGC) but the range
of strand counts for villus goblet cells is much greater than for
villus absorptive cells

but, in addition, faint deposits could be recognized
in the region of the tight junctions of occasional ab-
sorptive cells (Fig. 8) as well as in many villus goblet
cell junctions. The dense lanthanum deposits asso-
ciated with goblet cell tight junctions did not appear
to be due to an increased affinity of goblet cell para-
cellular zones for lanthanum for similar dense depos-
its could also be seen occasionally in tight junctions
between adjacent senescent absorptive cells at the ex-
trusion zone on the tips of villi. There was no associa-
tion between the degree of goblet cell mucin granule
depletion and the presence or absence of lanthanum
deposits in the tight junctions and paracellular spaces
of villus goblet cells. Lanthanum deposits were appar-
ent in pinocytotic vesicles and multivesicular bodies
in some absorptive cells in unstained sections.

The brush borders of intestinal segments exposed
in vivo for 60 min to 1 mM intraluminal LaCl; dis-
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. A
Fig. 7. (A) Electron micrograph of adjacent villus absorptive cells from ileal mucosa exposed to 1 mm LaCl, for 20 min prior to fixation.
Although dense lanthanum precipitates are present in the brush border, none are apparent within the region of the tight junction
or intercellular space. (61,500 x) (B) Electron micrograph of a goblet cell from ilea] mucosa exposed to 1 mm LaCls for 20 min prior
to fixation. Dense lanthanum deposits are present within the region of the tight junction (arrowhead) and intercellular space (arrows).
(53,500 x )

played fainter deposits of lanthanum than did everted sorptive cells did not contain dense lanthanum depos-
sacs exposed to LaCly in vitro. However, in stained its but fainter deposits were once again appreciated
sections dense lanthanum deposits could be appre- in a few of these sites in unstained sections.

ciated in the paracellular space of approximately 5% Everted ileal sacs which were prefixed for 45 min

of goblet cells. The paracellular spaces of villus ab- to 1 hr before their mucosal exposure to fixative con-
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Fig. 8. Electron micrograph of unstained ileal mucosa exposed to
LaCl; for 20 min prior to fixation. Faint lanthanum deposits can
be appreciated in the superficial portion of the tight junction be-
tween two villus absorptive cells (arrowhead). (48,500 x)

taining 5 mmM LaCl; for an additional 60 min showed
dense aggregates of lanthanum interspersed with faint
lanthanum precipitates along the microvillus border.
Dense lanthanum deposits were again localized to
the tight junction zone and paracellular space of some

153

@
o
T
\
<
3

801
40~

201 7
.

% TIGHT JUNCTIONS
with La™ PENETRATION

Rat 1 Rat 2 ‘

o

Rat 3 Total

Fig. 9. Incidence of paracellular lanthanum precipitates found in
unstained sections taken from prefixed mucosa exposed to 5 mm
LaCls for 1 hr. Paracellular lanthanum precipitates are more fre-
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Fig. 10. Incremental change from paired control in transepithelial
resistance after exposure of ileal mucosa to 1 mm LaCl;. The verti-
cal axis on the left indicates absolute change from paired control
in @ cm? and the vertical axis on the right indicates percentage
change from paired control. Lanthanum exposure does not result
in a decrease in transepithelial resistance. Vertical bars indicate +
one standard deviation

villus goblet cells. In unstained sections, fainter lan-
thanum deposits were recognized in only 14% of ab-
sorptive cell junctional zones whereas lanthanum de-
posits were cvident in 42% of goblet cell junctional
zones (Fig. 9). Lanthanum deposits were not visua-
lized in apical vesicles or in multivesicular bodies of
absorptive cells of pre-fixed intestine.

Examination of 10 freeze-fracture replicas pre-
pared from tissues exposed to 1mm La** in vivo for
20 min revealed absorptive and goblet cell tight junc-
tion structure comparable to that of unexposed tissue.

Exposure of ileal mucosa to 1 mm LaCl; in Ussing
chambers for 20 min did not decrease transepithelial
resistance. In fact, ileal sheets exposed to lanthanum
showed a 5% increase in transepithelial resistance
when compared to paired control ileal sheets which
were not exposed to lanthanum (Fig. 10).

Prefixation for 1 hr did not decrease transepithe-
lial resistance. Rather, transepithelial resistance of
fixed tissues increased by approximately 20% during
the 5-min period following addition of fixative to
the serosal and mucosal baths and then gradually



154

decreased over the following 60 min to prefixation
values (Fig. 11). Furthermore, the addition of 5 mMm
LaCl; the mucosal solution after 60 min of fixation
did not produce a decrease in transepithelial resis-
tance (Fig. 11).
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Fig. 11. Effect of fixation with 2% glutaraldehyde, 2.5% formalde-
hyde on transepithelial resistance of rat ileum. In comparison with
unfixed paired control (broken line) fixation (solid line) does not
lower transepithelial resistance. Furthermore, the addition of 5 mm
mucosal LaCl; after fixation does not result in a significant alter-
ation in transepithelial resistance. Vertical bars indicate + one stan-
dard deviation
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Barium. By light microscopy the ileal mucosa of sacs
exposed first to BaCl, then to potassium rhodinozate
showed diffuse pale red-brown staining of the mu-
cosa. Heavy red-brown precipitates were localized to
the apex of most villus goblet cells either as diffuse
staining of the apical membrane or as a circle around
the apex of the cell (Fig. 124). In addition, lateral
views of the epithelium revealed that occasional villus
goblet cells had dense barium rhodinozate deposits
in the area corresponding to the lateral intercellular
space. (Fig. 12B). No such heavy deposits were seen
in the region of intercellular spaces separating adja-
cent absorptive cells (Fig. 12).

Macromolecules. The microvillus borders of tissues
exposed to either horseradish peroxidase or microper-
oxidase were heavily stained with reaction product.
The density of reaction product was always greatest
at the villus tips and decreased toward the base of
the villus. The brush borders of ileal segments exposed
to cytochrome ¢ showed only small quantities of reac-
tion product which were exclusively localized to the
upper fourth of the villus. In tissues exposed to micro-
peroxidase, reaction product was occasionally found
in the paracellular space adjacent to damaged cells
at the villus extrusion zones. However, even in areas

Fig. 12. Light micrographs of intact whole mounted villi sequentially exposed to 90 mm BaCl,, fixative and saturated K rhodinozate.
(4) Barium-rhodinozate deposits (red brown on the original slide) are present in the junctional zone of villus goblet cells (arrows).
(550 ). (B) Lateral view shows that barium-rhodinozate is found in the region of goblet cell paracellular spaces (arrowhead) but
is not present between adjacent villus absorptive cells. The arrows indicate the microvillus border. (650 x)
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where the brush border was heavily stained, none
of the macromolecular tracers utilized produced reac-
tion product within the tight junction zones or the
paracellular spaces surrounding undamaged absorp-
tive cells or goblet cells.

Discussion

We show that the structural features of tight junctions
associated with villus goblet cells in rat ileum are
much more variable than those shared by adjacent
absorptive cells. Some villus goblet cell tight junctions
are shallow and consist of few strands. Others display
additional structural features not usually seen in tight
junctions between absorptive cells including extensive
strand fragmentation, poor strand cross-linking and
abundant aberrant abluminal strands. Furthermore,
ionic lanthanum and barium penetrate a substantially
greater percentage of villus goblet cell tight junctions
than tight junctions between adjacent absorptive cells.
Dense paracellular deposits of ionic tracers were al-
most exclusively associated with villus goblet cells.
Although La®* was sometimes endocytosed by unfixed
cells, it is unlikely that it entered the paracellular
spaces via the transcellular route. The percentage of
paracellular spaces containing this tracer was compa-
rable whether ileum was exposed to LaCl; prior to
or after fixation.

In general, tight junction structure correlates with
transepithelial resistance in a variety of other epithelia
[4]. Tight junction structure and transepithelial resis-
tance are also generally correlated with the ability
of tight junctions to exclude lanthanum. For example,
in the renal tubule, an increase in transepithelial resis-
tance from proximal (5-7 Q cm?, rat) [13] to distal
tubule (350 Q cm?, rat) [19] to collecting duct
(867 Q cm?, rabbit) [14] is paralleled by an increase
in the number of tight junction strands from proximal
(0-6, rat) to distal (211, rat) to collecting duct (614,
rat) [29]. Furthermore, ionic lanthanum penetrates
epithelial tight junctions of proximal and distal tu-
bules but not those of collecting ducts [20, 34], Toad
urinary bladder has an extremely high (3,500 Q cm?)
transepithelial resistance [2] and its tight junctions
are complex with 5-11 horizontal strands [4] that ex-
clude ionic lanthanum from the paracellular space.
However, when hyperosmotic stress is applied to the
mucosal surface, transepithelial resistance drops, tight
junctions develop structural abnormalities, and mac-
romolecules penetrate into the tight junction [36, 37].
Similarly, hypertonic loads applied to frog skin pro-
duce a drop in transepithelial resistance which coin-
cides with a large increasc in transepithelial flux of
1497 a [8]. The site of this increased permeability has
been localized with colloidal lanthanum to the tight
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junctions which reside in the stratum granulosum [22].
Other epithelia with low resistance, like those of the
proximal renal tubule are permeable to ionic tracers.
After 1 hr of mucosal exposure to 1 mMm ionic lan-
thanum, the majority of rabbit gallbladder (resistance
— 30 Q cm?) and about 50% of unfixed rabbit small
intestinal (resistance — 42 to 61 Q cm?) tight junctions
were permeable to lanthanum [17]. That study, in
which the unfixed ileal mucosa was exposed to 1 mMm
LaCl; for periods three times longer than our expo-
sure period, did not comment on relative differences
in lanthanum penetration dependent on epithelial cell
type. Evidence for the relationship between junctional
structure and permeability to small tracers also exists
in nonmammalian vertebrates. In the gill of salt water
adapted teleosts, chloride cells have tight junctions
which consist of a single strand and are penetrated
by colloidal lanthanum while tight junctions between
respiratory cells have multiple strands and exclude
colloidal lanthanum [31].

Although ionic lanthanum has been extensively
used as a tracer to evaluate tight junction resistance
to ionic flow, it is not physiologically inert. The glu-
cose-stimulated transepithelial potential difference of
rabbit small intestine gradually deteriorates during
the 60 min following mucosal exposure to | mm LaCl;
[17]. However, this effect is not related to nonspecific
cytotoxicity or selective opening of the paracellular
shunt for transepithelial resistance rises and remains
above pre-exposure resistance for the entire period
[17]. A small increase in resistance after mucosal expo-
sure to 1 mM ionic lanthanum also occurs in rabbit
gallbladder [17] and we demonstrate a similar alter-
ation in rat small intestinal epithelium after 20-min
exposure to 1 mm LaCl;. We could not follow the
transepithelial resistance for longer periods of time
since the mucosal structure of rat small intestinal epi-
thelium deteriorates more rapidly in Ussing chambers
than does the epithelium of rabbit small intestine.

To examine the structure of rat mucosa after pro-
longed exposure to lanthanum we utilized everted sacs
which were prefixed. This maneuver is apparently not
associated with an increase in paracellular flow since
transepithelial resistance, which in small intestine de-
pends largely on paracellular ionic flow [11], actually
increased. Similarly, Martinez-Palomo et al. [23] have
recently demonstrated that prolonged aldehyde fixa-
tion does not decrease transepithelial resistance of
monolayers of MDCK cells.

Since the ionic lanthanum marker might be dis-
placed by diffusion during fixation, dehydration and
embedment, we also utilized the barium rhodinozate
technique which permits tissue examination within
35 min of barium exposure and within 1-2 min of
rhodinozate labeling [6, 38]. Like ionic lanthanum,
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ionic barium selectively penetrated the paracellular
space surrounding goblet cells. We conclude that
a) the highly variable and often disorganized structure
of villus goblet cell-associated tight junctions as as-
sessed by freeze-fracture, b) the preferential penetra-
tion of ionic lanthanum into paracellular spaces adja-
cent to a subpopulation of villus goblet cells, and
c) the preferential localization of barium rhodinozate
to the junctional zone and paracellular space of villus
goblet cells strongly suggest that there is a subpopula-
tion of villus goblet cells with tight junctions that
serve as sites of relatively high ionic permeability.

Epithelia might be divided into two major groups
{based on the cell types lining them): those epithelia
composed of relatively homogenous cell populations,
for example, proximal renal tubule and choroid plex-
us, and those with heterogeneous cell populations,
for example, mammalian trachea, teleostean fish gill
and mammalian small intestine. Unlike the homoge-
nous epithelia where tight junction structure from
cell to cell is quite uniform [24, 29], in structurally
heterogeneous epithelia tight junction structure has
been shown to vary dramatically from one cell type
to another [18, 31, 32]. Since the relationship between
the number of horizontal tight junction strands and
transepithelial resistance may be logarithmic [3], cells
with junctions consisting of only a few strands scat-
tered throughout an otherwise tight epithelium might
have a profound influence on overall transepithelial
resistance. Thus, measurements of mean tight junc-
tion structure in heterogeneous epithelia might corre-
late less well with transepithelial resistance than simi-
lar measurements of junctional structure in epithelia
with homogenous cell populations. This is empha-
sized by recent studies in cultured monolayers of
MDCK cells in which the transepithelial resistance
is relatively low (70-200 Q cm?) although the majority
of tight junctions consist of 8§-10 horizontal strands
[1]. However, intermixed within this major population
of well-developed tight junctions is a subpopulation
of tight junctions with only 1-2 strands. When the
surface "of the monolayer is scanned with microelec-
trodes, long junctional segments of high resistance
are focally interrupted with sites of low resistance
[1], which presumably correspond to those tight junc-
tions with few strands.

Based on the data we present, it is possible that
resistance across villus epithelium might be inordi-
nately affected by a subpopulation of low resistance
sites around villus goblet cells. In I-um sections of
rat ileum, we find that goblet cells constitute 12%
(49 out of 400) of villus epithelial cells, thus the per-
centage of villus junctional area related to goblet cells
1s approximately 10%. However, it is not clear what
percentage of these sites might be highly conductive
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compared to absorptive cell tight junctions: we find
10-15% of goblet cell tight junctions permeable to
La®** by ultrastructural techniques, but find most gob-
let cell tight junctions permeable to Ba?* using light
microscopy. Thus, the frequency with which enhanced
permeability of goblet cell tight junctions is docu-
mented depends on the tracer and the technique used
for its demonstration.

Variability in tight junction structure might ex-
plain, at least in part, why a heterogeneous epithelium
like the small intestine might seem extraordinarily
leaky given its mean junctional structure [21]. We
have shown previously that tight junctions between
undifferentiated crypt cells are less uniform and on
the average are less deep and have fewer strands than
do those between villus absorptive cells [18]. In the
present report we document that tight junctions asso-
ciated with goblet cells also have structural and prob-
ably functional variability which contrasts to those
of absorptive cells. Thus, measurement of transepithe-
lial resistance in the small intestine in all likelihood
reflects the sum of subpopulations of tight junctions
and paracellular pathways which vary in resistance.
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