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ABSTRACT:  Animal models have been used to investigate the involvement of
epithelial tight junctions in the pathogenesis of human airway disease.  However,
no previous study has compared the tight junction morphologies of human and ani-
mal species in order to relate findings in animal models to human disease.  In the
present study, we therefore undertook a comprehensive quantitative evaluation of
tight junction morphology, to determine what similarities or differences may exist
in rat and human airways.

Human tissue was obtained from grossly and histologically normal extrapul-
monary bronchi from lungs resected for pulmonary tumour (n=8); rat tracheal
epithelium was acquired from Sprague-Dawley specific pathogen-free animals (n=12).
The tight junction morphologies of the two species were compared with respect to
junctional depth, number of strands and junctional complexity.

The basic architectural arrangement of the tight junctions in both species was
found to be similar; however, tight junctions in rat tissues were less deep, com-
prised fewer strands, and had fewer strand interconnections compared with those
in the human samples.  The number of strands per interconnection was similar in
the two species.

We conclude that, in spite of a general similarity of rat and human airway epithe-
lial tight junctions, there are specific quantitative details of morphology which need
to be considered when attempting to extrapolate to the human the results of stud-
ies of airway epithelial permeability conducted in the rat.  The precise biological
significance of these differences, as yet, remains unclear.
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Studies on rodents have played a major part in advanc-
ing our understanding of the structure and function of
normal mammalian airways [1], and nonprimate animal
models have been successfully developed for the inves-
tigation of the pathogenesis of airway disease [2–8].
The specific pathogen-free rat, following exposure to a
variety of inhaled irritants, has been widely used to
model human chronic bronchitis: the response to irrita-
tion includes a thickening of airway epithelium, goblet
cell hyperplasia, increased production of mucus and in-
creased epithelial permeability [4, 9–11].  The possible
beneficial effects of a number of distinct classes of drug
has also been studied using this model [12–16].  Interest-
ingly, the study of the relationship between irritant-
induced increased epithelial permeability and tight
junction structure has produced inconsistent results [17–22].

Freeze-fracture electron microscopy reveals details of
tight junction morphology en face [23–27], and meth-
ods to quantify tight junction ultrastructure using this
technique have been developed [27, 28].  Comparative
data on nasal epithelia in a number of nonprimate species
have been published [28], but comparisons between
nonprimate and a primate epithelia of the lower respi-
ratory tract are lacking.  No comprehensive quantitative
comparison of human and rat airway epithelial tight

junctions has previously been undertaken, even though
the rat has been widely used to model human airway
disease.  Such a study is needed to justify the use of the
rat as a model system for studies of airway permeability,
the results of which are often extrapolated to humans.

The present study set out to compare, by quantitative
methods, the tight junction morphologies of extrapul-
monary airway epithelia of rat and humans.  Our objec-
tives were to determine whether structural differences exist
between these species, to determine the extent of inter-
and intra-individual variation, and, thereby, to assist in
the interpretation of data from animal models used for the
investigation of tight junction structure in relation to epithe-
lial permeability in health and disease.  The structural
components of the tight junction analysed included: 1) junc-
tional depth; 2) number of strands across the belt; and 3)
the complexity of the junction.

Materials and methods

Preparation of material and freeze-fracture

Human tissue was obtained from grossly normal extra-
pulmonary bronchi taken distant from circumscribed
tumour in lungs resected for pulmonary tumour (n=8; 4



male and 4 female; age range 18–67 yrs; 6 ex-smokers
and 2 nonsmoker) [27].  Portions of main bronchus and/
or lobar bronchus were examined.  For comparison, tra-
cheal epithelium was obtained from 12 cage control spec-
ific Sprague-Dawley rats; Charles Rivers Ltd, London,
UK).  The absence of epithelial atypia both in the
human and animal samples was confirmed by histo-
logical examination.

Transversely cut rings of airway were prepared for his-
tology, and for thin section and freeze-fracture electron
microscopy.  All tissue for electron microscopy was ini-
tially fixed in 3% glutaraldehyde in sodium cacodylate
buffer (0.1 M pH 7.4 at 4°C) and fixed for a period of
2–36 h.  In the case of the human tissue, transversely
cut rings of airway were placed in fixative within 30 min
of resection.  The rat tissue was fixed in situ using the
system previously developed in our laboratory to perfuse
animal tracheae with physiological saline solution [6].
For freeze-fracture, the fixed tissue was transferred in-
to 30% glycerol in cacodylate buffer and stored over-
night at 4°C.  Each bronchial or tracheal ring was then
divided longitudinally and the epithelium separated gen-
tly from the underlying mucosa using a sharp scalpel.
Epithelial strips were mounted in standard gold alloy hold-
ers (Balzers High Vacuum Ltd, Milton Keynes, UK), with
approximately 1 mm of the sample projecting.  The sam-
ples were frozen by plunging them into liquid nitrogen-
cooled Freon ("Arcton 12" ICI Runcorn, Cheshire, UK)
and each was subsequently stored under liquid nitrogen
until processing for freeze-fracture replication.

Freeze-fracture replicas were prepared in a Balzers
BAF 400T freeze-fracture apparatus.  Fracturing was
carried out by knife at a temperature of -115°C with a vac-
uum greater than 10-6 mbar.  Standard unidirectionally-
shadowed platinum-carbon replicas were prepared, and
cleaned using sodium hypochlorite.  The replicas were
mounted and viewed in a Philips EM 301 electron mi-
croscope.

Quantification

Freeze-fracture replicas were prepared from a mini-
mum of six samples from each subject.  All the junc-
tions observed were routinely photographed, and printed
to a final magnification of ×90,000. Those junctions
occurring on areas of steeply inclined membrane were
excluded from the analysis.  Even with this approach,
not all of the membranes were precisely horizontal owing
to natural curvature of the cell.  However, as this affects
absolute values randomly in all four groups, it does not
bias the results of the comparative study in favour of any
one group.  One hundred and seventy three micrographs
were analysed from human airways, corresponding to a
total tight junctional length of 195 µm.  For the rat, 79
micrographs were analysed, giving a total length of 87 µm.

Figure 1 explains the approach to quantification.  Verti-
cal lines were drawn at 5 cm intervals (equivalent to
junctional lengths of 555 nm) perpendicular to a line pro-
jected along the luminal edge of each tight junction.
The depth of the junction (i.e. the overall width of the
belt of strands/grooves) was measured on each vertical

grid line using the quantitative system described previ-
ously [23].  The same grid lines were used to count the
number of strands comprising the junctional belt, in an
apical/basal direction.  Junctional complexity was as-
sessed using the sampling areas defined by the grid
lines.  In these areas, the total length of junctional
strand/groove in each alternate sampling area was mea-
sured using an Apple Macintosh image analysis system
(Improvision Ltd, Coventry UK), and the number of in-
terconnections counted.  Using these data, the number
of interconnections per µm length of strand was calcu-
lated.  The interconnections were then classified into
those involving 3, 4, 5 and 6 strands, and the number
falling into each category was expressed as a percentage. 

Comparisons between the groups were made using the
Student's t-test, the Mann-Whitney U-test, or the Chi-
squared test, as appropriate [29].

Results

General morphology

Freeze-fracture replicas of the human and rat airway
epithelium revealed details of the pseudostratified layer
of cells previously well characterized by thin-section
electron microscopy [30, 31].  Among the cell types rec-
ognized were ciliated cells, possessing cilia, filiform
microvilli and apically-located mitochondria; and sec-
retory cells, containing either small discrete granules or
larger more confluent (mucous) granules and typically
short micro-villi.  In addition, there were cells of inde-
terminate phenotype with numerous microvilli cover-
ing their apical surfaces [27].
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555 nm
Grid

        Grid area used to determine:

        3)   Total length of junctional
                strand
         4)   Total number of strand
                    interconnections
         5)   Number of connections
               involving 3, 4, 5 or 6 strands

Verticle line used to determine:

1)   Depth of junction
2)   Number of strands

Fig. 1.  –  Diagrammatic representation of tight junction morphology
illustrating our approach to quantitative analysis.  A grid line was
drawn parallel to the luminal edge of each junction.  Vertical lines,
drawn at intervals of 555 nm from this horizontal line, were used to
count the number of strands across the belt and to measure the depth
(belt width) of the junction.  In the areas defined by the grid lines,
the total length of junction strands was measured and the number of
interconnections between strands determined.  From these data, the
number of interconnections per µm length of strand was calculated.
Interconnections were also classified into those involving 3, 4, 5 or 6
strands, and the number in each category was recorded. 1) and 2)
were measured on every vertical grid line.  3), 4) and 5) were deter-
mined on every alternate grid area.



The freeze-fractured tight junctions of both the human
and rat airway epithelium revealed the usual series of
interconnecting strands (fibrils) on the P-face and com-
plementary grooves on the E-face, arranged in belt-
form around the apicolateral borders of the superficial
epithelial cell layer (figs 2–6).  Within this basic architec-
tural arrangement, a wide variation in the morphologi-
cal features of the individual tight junctions was
evident; strand number, total depth of the junctional belt,
and frequency and complexity of strand interconnection
being the most prominent and variable features (fig. 3).
Both "Parallel" forms, (i.e. junctions comprising paral-
lel strands and few interconnections figs 3b and 4), and
"network" forms (with numerous strand interconnect-
ions (fig. 2) were both regularly encountered, as were
numerous intermediate morphologies between these
two extremes (fig. 5).  While strand interconnection was
often uniform throughout the depth of the belt on the
basal aspect, many junctions tended to show a looser
meshwork, with either free-ended strands and/or loops
which remained continuous with the main belt (figs 2
and 6).  These abluminal loops were more common in
tight junctions obtained from rat airways than in those
obtained from human airways.  Tricellular regions, ex-
tending basally beyond the apical belt, were occasionally
detected both in human and rat airways.
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Fig. 2.  –  Electron micrograph illustrating a tight junction found in
normal human airways.  The tight junction belt (B) is clearly orga-
nized in a zone at the cell apex,  Intramembrane particles, microvilli
(M), and a typical tricellular junctional arrangement (T) are visible.
The view is predominantly of the P face of plasma membranes.  (For
details of fracture face terminology, see BRANTON [32] et al. 1975).
The identities of the participating cells cannot be determined with cer-
tainty in this freeze-fracture view.  Short arrow indicates direction of
shadowing.  (Bar=1 µm).

Fig. 3.  –  Variation in tight junction morphology found in control rat
trachea.  These examples illustrate how belt depth (width) and strand
number vary from one junction to the next.  a) Shows a belt-like tight
junctional network, detected immediately underneath the luminal sur-
face associated with a ciliated cell composed of approximately 12
strands.  b) Shows a narrow junction composed of 4 strands.  Both
examples come from junctions between a ciliated cell and a cell of
indeterminate phenotype, seen in P-face views.  Short arrow indicated
direction of shadowing.  (Bar=250 nm).

Fig. 4.  –  An example from a control rat trachea.  P-face of a tight
junction associated with a ciliated cell consisting of parallel strands
with a few interconnections and abluminal basal loops.  Short arrow
indicates direction of shadowing.  (Bar=500 nm).



Quantitative comparison between the tight junction mor-
phology of normal human and control rat airways

Table 1 summarizes the data on junction depth, num-
ber of strands vertically across the belt, and the number of
interconnections per µm strand in the two species.
Histograms depicting the frequency distributions of
these morphological features showed that these data,
both in  rat and human airways, were normally distrib-
uted.

Mean junctional depth was significantly greater in
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Fig. 5.  – A tight junctional expanse containing a tricellular region
from a human bronchial airway.  The view is predominantly of the P-
face to the left of the micrograph and the E-face to the right of the
micrograph.  The tight junction illustrated is between two cells of inde-
terminate cell type.  Short arrow indicates direction of shadowing.
(Bar=500 nm).

Fig. 6.  –  Electron micrograph illustrating a tight junctional expanse
from normal human airways.  Note there is little variation in junctional
morphology in terms of junction depth strand number and complex-
ity between the tight junction on the left of the micrograph (between
an "actively secreting" mucous cell and a cell of indeterminate phe-
notype) and the junction on the left of the micrograph (between a cil-
iated cell and a cell of indeterminate phenotype).  Short arrow indicates
direction of shadowing.  (Bar=1 µm).

Table 1.  –  Measurements of tight junction in human
and rat airways

Junctional Strands          Interconnections
depth per µm strand

µm                n                    n

Human 0.47** 10.90** 1.40**
bronchi (0.13) (0.10) (0.04)

Rat 0.35 8.00 0.83
trachea (0.01) (0.20) (0.05)

Data are presented as mean (SEM). **: p<0.001 human vs rat
(Student's t-test).

the human airways than in the rat (p<0.001).  The aver-
age coefficients of variation within a given individual of
a group were 9.9% in the case of human airways and
15.5% for rat airways, whilst the values between indi-
viduals in a group were 31.0 and 33.8%, respectively.

Strand number ranged 4–26 in the human airways
and 5–13 in the rat; the data in both species showing a
normal distribution.  The difference in strand number
between the two groups was statistically significant
(p<0.001). The average coefficients of variation within
a given individual of a group were 4.2% for the human
bronchi and 11.1% for the rat tracheal airways.  The
coefficients of variation between individuals in a group
were 25.2 and 19.4%, respectively.

The number of interconnections per µm of junctional
strand ranged 0.6–2.45 in the human airways and 0.36–1.49
in the rat airways.  The difference between the two species
was statistically significant (p<0.001).  The coefficients
of variation within a given individual of a group were
14.5% for human airways and 22.5% for rat; the val-
ues for the variation between individuals were 23.8 and
20.5%, respectively.

In both species, the most common form of intercon-
nection involved the joining of 3 junctional strands;
the most ever found was 6 in the case of the human air-
ways and 5 in the rat (table 2).  However, the differ-
ence between the mean of the two species was not
significant statistically (Chi-squared test).  Histograms
comparing frequency distributions for this parameter
showed that the data were not normally distributed
but followed a J-shaped distribution pattern [29].  The
coefficients of variation between individuals or ani-
mals for 3 strands meeting was 1.3% in the case of human
airways and 3.8% in the case of rat airways.  The corre-
sponding values for 4 strands meeting were 15.6 and
13.3%, respectively.  The increase in values of the coeffi-
cient of variation for joins involving 4 strands compared
with those involving 3 strands reflects the infrequency of
interconnections involving 4 or more strands.

Discussion

In the present study, we decided to focus on the spe-
cific pathogen-free rat for comparison with human air-
ways, as this animal species has frequently been used



to model the irritant-induced changes seen in human in
chronic bronchitis: i.e. a thickening of the epithelium,
goblet cell hyperplasia, and increase in mucus produc-
tion coupled with a shift to the production of a more
acidic mucus [4, 9–11].  Whilst architecturally simi-
lar, the bronchial tight-junctional belt in the extrapul-
monary bronchi of humans appeared to be deeper and
more complex than those observed in the rat trachea.  In
human bronchial junctions, the number of strands com-
prising the belt was approximately 11, the belt extended
to an average depth of 0.46 µm, and the average num-
ber of interconnections per µm strand length was 1.4.
The corresponding values for the rat trachea were 8, 0.25
µm and 0.8, respectively, (p<0.001 for all three parame-
ters).  There were no statistical differences between the
two groups for the number of junctional strands meet-
ing at each interconnection.  These differences of mag-
nitude may have functional implications.

The characteristic structure of the tight junction, re-
vealed as a series of interwoven intramembrane strands or
fibrils in planar freeze-fracture view, is well-established
[33]. The number of strands comprising the tight junc-
tion belt is thought to be one factor controlling perme-
ability of the epithelial paracellular pathway to ions,
water and macromolecules [34].  Selective permeability
of the tight junction to these molecules, together with
active translocation of ions, results in the generation of
a transepithelial potential difference.  The association of
junctional morphology and trans-epithelial electrical
resistance has been determined, and an equation derived
which relates the two [35].  A number of independent
studies conducted both in  animals and humans have
shown that the transepithelial potential difference be-
comes less lumen-negative distally in the airways than
proximally [36–38].  Applying the "count strand hypo-
thesis" of CLAUDE [35] to these data, the structure of the
tight junctions in the trachea of a given animal would
be predicted to be deeper and more complex than that
of the main and lobar bronchi.  However, as we found
human bronchial tight junctions to be more complex
than those of the rat trachea, any effect of the difference
of airway size would tend to reduce, rather than accen-
tuate, the structural differences in the comparison made
in the present study.

Interestingly, BOUCHER et al. [36] reported that the
potential difference obtained in vivo from guinea-pig
airways was significantly less than that obtained from
rat airways (tracheal values of 7.8 mV for the guinea-
pig compared to 13.8 mV for the rat).  These results are
reflected in the observation that tight junctions in the
guinea-pig tracheal epithelium were reported to consist
of up to 7 interconnecting strands [39], whilst in the rat
tracheal airways sampled in the present study the max-
imum number of strands comprising a junction was 14,
with an average of approximately 8.  Three distinct junc-
tional types were reported in rat tracheal airways by
SCHNEEBERGER [26], the most common and complex
being found between ciliated cells (i.e. 5–12 strands with
a mean number of 7 strands).

BOUCHER et al. [36] have also reported high lumen-
negative potential difference in dog trachea and bron-
chi, the values being approximately twice those
reported for the rat (28.5 mV in the case of dog trachea
and 13.8 mV in the rat).  However, the physiological
results may not be reflected in differences in strand
number or density between the species, as MENCO [28]
has reported similar values for strand number in rat and
dog nasal epithelium.  A possible explanation for this
apparent discrepancy is that the mechanisms underlying
epithelial ion transport movement differ in these two
species: the dog trachea exhibits a baseline or resting net
secretion of chloride ions into the airway, whilst the rat
trachea exhibits a baseline net absorption of sodium ions
from the luminal surface [40].

The present study has established by quantification
the structural characteristics of epithelial tight junctions
found in "normal" human and rat airways.  An impor-
tant consideration is the large magnitude of intra- and
interindividual variation in the parameters quantified:
e.g. junctional depth both in human and rat airways
has a between-individual coefficient of variation up to
34%.  Furthermore, considerable variation in strand
arrangement is apparent from one junction to the next
and within a junction of a single cell: both the parallel
and network stranding patterns are evident, with
numerous examples of gradations between these two
forms.  When designing quantitative experiments to
investigate tight junction morphology, this inherent,
sometimes substantial, variation should clearly be taken
into account and samples of appropriate size analysed.

The major functions of the airway epithelium in hu-
mans and rat may be regarded as similar; both are com-
prised of pseudostratified epithelia, which have in
common a number of cell types and show broadly sim-
ilar transepithelial electrical properties [1, 36–38, 40].
However, there are distinct structural variations in
microstructure and anatomy: for example in cell type,
shape and height.  Surface epithelial serous cells are
found in the extrapulmonary specific pathogen-free rat
airways, but in adult human airways they are restricted
to the bronchioli [30, 41].  In human bronchial epith-
elium, the cells are predominately columnar in shape
and approximately 50 µm in height, whereas in the rat
mid/ lower trachea and bronchi the cells are more
cubodial in shape and are smaller, i.e. the epithelium is
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Table 2.  –  Tight junction strand interconnection fre-
quency (%) in human and rat airways

Number of strands meeting at each interconnection

3 4 5 6

Human 83.2 15.4 1.1 0.2
bronchi (1.2) (1.3) (0.2) (0.04)

Rat 78.9 18.3 2.1 0
trachea (3.0) (2.5) (0.7)

Interconnections between strands of a tight junction may involve
the meeting of 3, 4, 5 or 6 strands.  Frequencies, expressed as
a percentage of total number examined, of each of these cate-
gories of interconnection, (SEM) are shown.



approximately 12 µm in height [5, 30, 42].  Moreover,
airway diameter varies in direct proportion to the size of
the animal [43], and the force needed to deform (expand)
a small airway is likely to be significantly greater than
that required for a larger airway [44].  All these features
of distinction between the two species may potentially
influence cell-to-cell interaction and the complexity of
tight junction morphology.

In conclusion, the rat and human airways share many
common structural and functional features.  Despite
this overall similarity, the technique of freeze-fracture,
which can detect subtle changes in tight junction mor-
phology, has demonstrated quantitative differences in
some structural features of the junctions between the two
species.  These differences and the baseline structural
similarities need to be considered when attempting to
extrapolate the results of experimental studies of airway
permeability in the rat to those of man.
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