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Summary

In vitro drug transport and morphological studies were performed on porcine buccal mucosa, in order to localize the
permeability barrier inside this tissue. As model compounds, two B-blocking agents (acebutolol and bupranolol) were used with
similar pK, and molecular weight values, but with varying hydrophilicity. Porcine buccal mucosa was used, from which the
connective tissue was removed by mechanical separation. The splitting procedure permitted the use of epithelial tissue layers of
different thicknesses for diffusion experiments and measurements of electrical resistance. Both series of experiments showed that
the major barrier to drug transport is not the buccal epithelial layer itself, but rather a deeper tissue layer. Morphological data
showed that only the least permeable tissue samples, cut at maximal thickness (0.8 mm), included the entire basal lamina. A similar
set of experiments has been performed using EDTA-split epithelium. The permeability and electrical resistance of these epithelia
were much greater than for dermatomed tissue. Immunofluorescence microscopy revealed that upon EDTA splitting, the basal
lamina remained attached to the connective tissue layer. In all experiments, a semiquantitative correlation was observed between
permeability and electrical resistance of the buccal mucosa on the one hand and the degree of integrity of the basal lamina on the
other. From the data it was concluded that most likely the basal lamina determines buccal permeability.

Introduction

In order to investigate alternative routes of
delivery of metabolically unstable drugs, for in-
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stance, peptides, studies are being performed on
the permeability of buccal mucosa (Merkle et al.,
1986; Nagai and Konishi, 1987; Veillard et al.,
1987). In a cross-section of buccal mucosa, the
following strata can be distinguished: an upper
layer of squamous epithelium, covered with mu-
cus and, at the proximal end, bound to a connec-
tive tissue layer, called the lamina propria,
through the so-called basal lamina, which sepa-
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Fig. 1. (a) Photomicrograph of a cross-section of porcine

buccal mucosa. (b) Schematic cross-section of porcine buccal

mucosa, in which the effect of dermatomizing at various
depths is illustrated.

rates the two layers (Fig. la). The epithelium
serves as a barrier protecting the underlying tis-
sues, whereas the lamina propria acts as a me-
chanical support and also carries blood vessels
and nerves.

For studying drug absorption in non-kera-
tinized tissue, monkeys (Nagai and Konishi, 1987),
rabbits (Eggerth et al., 1987) and pigs (Squier,
1986) have been used. In contrast to keratinized
tissue, in which the keratinized upper layer has
been proven to be the major barrier to drug
absorption (Eggerth et al., 1987), it is difficult,
and it might be even incorrect, to pinpoint a
single element of the non-keratinized buccal tis-
sue as being the major determinant of its barrier
properties. On the basis of present knowledge,
the entire epithelium, part of it, or the basal
lamina come into consideration.

In order to localize the absorption barrier
within the buccal mucosa, Squier and Hall
(1985a,b) visualized the presence of absorbed
horse radish peroxidase (HRPO) in porcine oral
mucosae. HRPO appeared to be present in the
upper third part of the epithelium, corresponding
to the presence of intercellular glycoproteina-
ceous material, extruded by membrane coating
granules. They therefore concluded that these
organelies play a major role as a barrier system.
However, it should be noted that this approach
merely revealed HRPO binding tissue compo-
nents rather than a (major) tissue permeation
barrier. Furthermore, they did not study the ab-
sorption vs time.

Recently, many investigations on the localiza-
tion of the transport barrier have been performed
using rabbit buccal mucosa, which is supposed to
be non-keratinized. The results also suggest that
the barrier is found in the upper third part of the
epithelium, and corresponds with the presence of
membrane coating granules (Squier, 1973; Squier
and Rooney, 1976; Dowty et al., 1990; Knuth ct
al., 1990). However, in evaluating these results, it
should be borne in mind that, according to Squier
(1973), ‘frequently the non-keratinized cpithe-
lium presented a histological appearance tending
towards parakeratinization, particularly in rabbit
cheek’!

The basal [amina may act as a barrier to the
passage of immune complexes (Brandtzaeg and
Tolo, 1977) and of endotoxin (Alfano et al., 1975).
In vitro studies utilizing organ culture techniques
(Alfano et al., 1977) have demonstrated that the
basal lamina is an important barrier to the trans-



port of inulin (MW 5000) and of dextran 70 (MW
70 000), but not to that of dextran 20 (MW 20 000).

For in vitro absorption studies two compart-
ment diffusion cells, with buccal tissue clamped
inside, are being used. The advantage of such
cells is that the amount of drug actually trans-
ported through the tissue can be determined.
Various types of diffusion cells exist: Eggerth et
al. (1987) used standard Franz® diffusion cells.
Le Brun et al. (1989) used a two-chambered
flow-through diffusion cell, developed by
Tiemessen et al. (1988) and made of teflon. Prob-
ably the most suitable diffusion cells for these
studies are Ussing chambers, in which both the
donor and acceptor phases can be provided with
(carbogen) gas which ensures circulation of the
solutions and — in combination with Krebs-
Ringer solution — viability of the tissue (Grass
and Sweetana, 1988).

In the present article, an attempt was made to
localize the major barrier tissue structure within
porcine buccal mucosa. In earlier experiments
the epithelial layer of porcine buccal tissue was
separated from the underlying tissue by a chemi-
cal splitting procedure. In the present study it
was decided to separate the epithelium from the
underlying tissue mechanically using a der-
matome; this mechanical slicing method made it
possible to use epithelial tissue layers with vary-
ing thicknesses and structures (see Fig. 1b). As
diffusion cells Ussing chambers were used. Mor-
phological studies using light microscopy and im-
munofluorescence microscopy were performed in
order to evaluate the tissue structure. As model
drugs for permeation experiments, acebutolol -
HCl and bupranolol - HCl were used, respec-
tively. These are respectively the least and most
lipophilic compounds out of a range of B-block-
ers used in a previous study (Le Brun et al.,
1989). Their molecular weights and pK, values
are comparable. In addition to diffusion experi-
ments, electrical resistance measurements on sim-
ilar tissue samples were performed to investigate
a possible correlation between these values and
the permeability data. Moreover, the electrical
resistance across EDTA-split epithelium was
measured in order to determine to what extent
the splitting procedure damages the barrier. Im-
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munofluorescence microscopy was used to study
the fate of the basal lamina as a result of this
splitting procedure.

Materials and Methods

Tissue preparation

The buccal tissue of castrated male Great
Yorkshire X Dutch Landrace pigs (approx. 40-70
kg; provided by Research Institutes) was excised
directly after slaughter and kept in Krebs buffer
solution during transport. Most of the underlying
tissue was removed from the mucosa with a surgi-
cal scalpel. With an electrodermatome (Padgett
Dermatome, Div. of Kansas City Ass. Co., Kansas
City, U.S.A)), the epithelium was separated from
the rest of the underlying tissue. The tissue was
dermatomed at 0.24, 0.51 and 0.80 mm. These
mucosal preparations were used within 3 h upon
slaughter. Krebs buffer solution (pH 7.4) con-
sisted of 6.75 g NaCl, 0.31 g KCI, 1.84 g NaHCO,,
2.2 g dextrose-H,O, 095 g Hepes, 0.286 g
MgSO, - H,0, 0368 g CaCl, and 0.249 g
NaH,PO, -2H,O per | and was saturated with
carbogen gas. All ingredients were analytical
grade.

For electrical resistance measurements, simi-
larly dermatomed tissue layers as well as chemi-
cally split epithelium were used. For chemical
splitting, samples were treated using 0.02 M
EDTA in phosphate-buffered saline (PBS), pH
7.4, for 50 min at 60°C as in former studies (Le
Brun et al., 1989) or in a modified version for
only 25 min. Alternatively, some epithelial sam-
ples were split by thermal treatment only (25 min
in Krebs buffer at 60 ° C).

Morphological studies

For morphological studies, dermatomed tissue
samples of 1 mm? were initially fixed in Bouien
buffer solution and subsequently embedded in
Spurr’s resin. From the samples 2-4 pum sections
were cut using a microtome (LKB), equipped
with a glass knife. The sections were stained with
toluidine blue, and examined under a light micro-
scope (Olympus) (see Fig. 2a—c). From the 0.51
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mm sample, a horizontal section was also cut
(Fig. 2d).

1 mm* chemically split epithelia and matching
connective tissue samples were cryofixed in Tis-
sue Tek (Miles Inc.) at —70°C; 5 um sections
were excised using a cryomicrotome. Subse-
quently, the sections were thawed, treated with
acetone, rinsed with PBS, and incubated with
human collagen VII antibody. Fluorescein iso-
thiocyanate (FITC)-labelled rabbit anti-mouse
antibody was used as the second antibody (Leigh
et al., 1987). Subsequently, the sections were
mounted in FA mounting fluid (Difco) and exam-
ined under a fluorescence microscope (Leitz pho-
tomicroscope).

Diffusion experiments
The mucosal preparations were placed in an
Ussing chamber (diffusion area 1.77 cm?). Krebs

“ - -

buffer solution was used both as donor and ac-
ceptor medium. Acebutolol - HCl and bupranolol
-HCl were gifts from Schwarz Pharma AG
(Monheim, Germany). The donor concentrations
were 4 and 2 mg/ml, respectively. The system
was equilibrated with Krebs buffer for at least 1 h
prior to a diffusion experiment. The buffer was
replaced before the donor and acceptor solutions
were added. The diffusion cells were placed in a
water bath at 35°C. Samples of 800 wl were
taken manually from the acceptor fluid at 30-min
intervals, each time replenishing the acceptor
medium with the same amount of fresh buffer
solution.

Drug analysis

The fractions were analyzed as follows
(Duchateau et al., 1986): to 800 w1 acceptor solu-
tion 400 wl methanol p.a. (Merck) was added.

A — e - ——
(b) I

Fig. 2. Photomicrographs of cross-sections of porcine buccal mucosa that has been dermatomed at 0.24 mm (a), 0.5 mm (b) and 0.8
mm (c) showing the epithelial layer (E), the basal lamina (B) and connective tissue (C). (d) Photomicrograph of a horizontal section
of porcine buccal mucosa which has been cut at 0.5 mm, showing cross-sectioned papitlae (180 % ).



The mixture was vortexed and centrifuged to
precipitate the Hepes salt from the Krebs buffer.
The supernatant was injected on a C-18
reversed-phase HPLC column and UV detection
performed: [eluent (0.7 ml/min)] acebutolol:
85:15 v/v buffer/acetonitrile, 235 nm; bupra-
nolol: 70:30 v/v buffer/acetonitrile, 220 nm;
[buffer] 1.33% triethylamine + conc. phosphoric
acid at pH 5.

Calculation of diffusion resistance

If the epithelium were a homogeneous barrier
to drug diffusion, the permeability coefficient (P)
would be inversely proportional to the thickness
of the membrane (h).

P = constant X i~ (1)
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Fig. 3. Representation of R as the sum of R, R, and Rj.

Alternatively, a tissue layer can be considered to
act as a diffusion resistance R. Bearing in mind
that the tissue permeability coefficient P is in-
versely proportional to the tissue diffusion resis-
tance R, it is evident that R is proportional to
tissue thickness (/).

R = constant X & (2)

Fig. 2 (c.d).
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Since, in principle, diffusional resistances are ad-
ditive

R=R,+R,+R, (3)

separate diffusion resistances can be calculated
for each additional tissue layer (see Fig. 3). All
results from the diffusion experiments are ex-
pressed as diffusion resistance data.

Electrical resistance measurements

Tissue layers were clamped into Ussing cham-
bers. The chambers were filled with Krebs buffer
(pH 7.4) and provided with Ag-AgCl electrodes,
positioned on either side of the mucosal slab. The
electrical resistance across the membranes was
measured using a pulsed current source in combi-
nation with a computer-controlled resistance
measurement unit (developed in the Central
Electronic Department of our laboratory). The
block-shaped current had a duty cycle of 50%, a
frequency of 100 Hz, and a mean current density
of 0.0028 mA /cm?. The duration of each mea-
surement was less than 5 s so as to minimize any
effect of the current on the integrity of the tissue
and hence on its electrical resistance. The fre-
quency was sufficiently low to allow the resulting
potential drop across the membranes to reach its
maximal level. The resistance was calculated as
the quotient of the voltage-amplitude and cur-
rent-amplitude.

Results and Discussion
Dermatomed tissue

Diffusion experiments — acebutolol

A set of flux curves of acebutolol is shown in
Fig. 4. It is apparent that the flux decreases with
increasing tissue thickness. Results from different
pigs show a similar correlation but the variability
in the absolute values is rather large. Presumably,
this is due to the fact that the tissue is no longer
completely viable. Although the tissue was kept
in Krebs buffer and provided with oxygen, the
viability of different tissue samples must have
decreased to a different extent.
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Fig. 4. Results of an acebutolol diffusion experiment: fluxes
across tissue of one animal dermatomed at 0.24 (01), 0.51 (+)
and 0.8 (&) mm.

Therefore, it was decided to calculate the rela-
tive permeability coefficient, separately, for each
pair of tissue samples from the same animal, and
hence, the relative diffusion resistance (R ,):

R4
R =% (4)
! R

where R,y and R,,, represent the diffusion re-
sistances of epithelial tissue membranes that have
been dermatomed at 0.8 and 0.24 mm thickness,
respectively, from the same animal. In this way,
results from different pigs could be compared.
The results of these calculations are plotted vs
tissue thickness in Fig. 5a, from which it is evi-

(A) (8)

rel. [

0.5t / 1 05

—]

0 05 R. R R
A (mm) | 1 2 M3

Fig. 5. (a) Plot of R, vs tissue thickness for three pigs for
acebutolol. (b) Plot of R, R, and R, for acebutolol; mean
values, calculated from panel a (see text for details).



dent that the effect of increasing the tissue layer
thickness is similar for different animals. It is
noteworthy that the increase in the diffusional
resistance is non-linear with increasing tissue
thickness. Fig. 5b shows the separately calculated
diffusion resistances R;, R, and R;.

From Fig. 5a, it can be seen that reducing the
thickness of the diffusion membrane by a factor
of 2 does not result in a reduction of the diffusion
resistance by the same factor. Hence, a relatively
large absorption barrier must be present in the
thickest dermatomed tissue. This point is illus-
trated more clearly when the separate diffusion
resistances are considered (see Fig. 5b). Once
again, it is evident that R, representing the
contribution of the ‘deepest’ tissue layer as a
diffusion barrier, is much larger than R, or R,,
underlining the aforementioned non-linearity.

Diffusion experiments — bupranolol

In Fig. 6, a set of flux curves of bupranolol is
shown. The absolute permeability for bupranolol
was larger than for acebutolol. Moreover, a non-
linear relationship between diffusion resistance
and tissue thickness was observed, as was the
case for acebutolol. However, when the diffusion
resistances for acebutolol are compared to those
for bupranolol by calculating their ratio
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Fig. 7. Ratio of diffusion resistances of acebutolol and bupra-
nolol (R 5.g,) at various tissue thicknesses.

(‘Racps = Rac/Ry,) at various tissue thick-
nesses, a remarkable difference is noticed (Fig.
7). Apart from the observation that the diffusion
resistance for bupranolol is much lower than for
acebutolol, indicating that the buccal mucosa is
more permeable for lipophilic compounds, the
ratio R, ./Rg, appears to decrease to values
around 16-18 for the 0.5 and 0.8 mm dermat-
omized tissue, whereas the ratio exceeds 30 for
the 0.24 mm cut tissue. This observation suggests
that a relatively hydrophilic barrier is present in
the deeper tissue layers as compared to the upper
mucosal layer.
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Fig. 6. Results of a bupranolol diffusion experiment: fluxes across tissue of one animal dermatomed at (.24 (a4 ), 0.51 (0OJ) and 0.8
(m) mm.
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Fig. 8. Electrical resistance of epithelial slabs from one animal
plotted vs dermatoming depth and splitting procedure.

Electrical resistance

The results of the electrical resistance meas-
urements are shown in Fig. 8. From the right-hand
part of the plot, it appears that the thickest tissue
corresponds to a relatively high resistance and
that resistance is not linearly proportional to tis-
sue thickness (i.e. dermatomizing depth).

The results of the electrical resistance meas-
urements on dermatomed tissue layers show a
non-linearity with increasing tissue thickness simi-
lar to those of the diffusion experiments: a rela-
tively large resistance shows up in the thickest
membrane, indicating that the deeper tissue lay-
ers make a relatively large contribution to the
total resistance. This result indicates that the
major absorption barrier for ionic species might
be the same as for the B-blockers (which are also
ionic at pH 7.4). Since ion transport takes place
along the intercellular hydrophilic pathways while
B-blocker transport is presumed to be (at least
partly) transcellular, this particular barrier might
be the basal lamina which forms a similar pro-
teinaceous barrier to both types of permeants.

Morphological studies

Fig. 2a-c shows photomicrographs of der-
matomed buccal mucosae, cut at 0.24, 0.5 and 0.8
mm, respectively. As is evident, tissue layers of
different compositions have been obtained. Der-
matoming at 0.24 mm vields sampies which con-
sist of epithelial cells only. Tissue cut at 0.5 mm
shows cross-sectioned papillae and some connec-

tive tissue whereas the thickest tissue samples
contain the entire epithelium with intact papillae
and thus the complete basal lamina. Fig. 2d rep-
resents a horizontal section of such a sample
made at 0.5 mm; the relatively tight epithelial
cells surround ‘holes’ of loose connective tissue at
the sites where the papillae have been cross-sec-
tioned. Thus, only by dermatoming porcine buc-
cal mucosa at 0.8 mm are tissue slabs obtained
that contain both the complete epithelium and
the intact (i.e. not cross-sectioned) basal lamina,
which separates the epithelium from the underly-
ing connective tissue. Dermatoming at 0.24 or 0.5
mm yields slabs containing epithelium only or
epithelium with a cross-sectioned (i.e. damaged)
basal lamina as well, respectively.

Chemically split epithelium

In the left-hand part of Fig. 8, the results of
the electrical resistance measurements are plot-
ted vs splitting procedure: irrespective of the
splitting method used, the resistance of the resid-
ual epithelium is much lower than of intact (i.e.
untreated) tissue. Apparently, all splitting proce-
dures, even the ‘mild’ thermal splitting procedure
without EDTA, affect the barrier function of
buccal tissue.

Fig. 9a shows a light-microscopic image of an
FITC-immunolabelled cross-section of intact buc-
cal mucosa. The deposition of collagen VII re-
flects the location of the basal lamina. Fig. 9b
shows an uninterrupted fluorescent lining along
the upper surface of the lamina propria, indicat-
ing the presence of the basal lamina. The image
was taken after the lamina propria had been split
chemically (EDTA) from the epithelium; the re-
maining epithelium did not show any fluores-
cence (image not shown).

Obviously, upon chemically splitting the tissue
the basal lamina has been removed from the
epithelium, together with the connective tissue.
Therefore, the epithelial slabs used for in vitro
diffusion experiments can be considered to con-
tain only lipoidal barriers. Moreover, the epithe-
lial desmosomes will no longer function properly
due to chelation of Ca?* and hence cause the



epithelium to be a cellular membrane with en-
larged hydrophilic intercellular pathways. Previ-
ous penetration data from experiments with S-
blockers performed in our laboratory (e Brun et
al., 1989) showed that chemically split porcine
buccal epithelium is more permeable to B-block-
ing agents than dermatomed tissue. Obviously,
the treatment with EDTA facilitates the penetra-
tion of B-blockers by damaging or removing an
important part of the absorption barrier.
Comparison of the diffusion resistances for
acebutolol and bupranolol suggests that there
must be a relatively hydrophilic barrier in the
deeper tissue layers; since it is unlikely that the
loose, hydrophilic connective tissue acts as a bar-
rier, these findings together with the results of
the electrical resistance measurements and mor-
phological studies strongly suggest that the basal
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lamina, being mainly proteinaceous (Odland et
al. 1967), presents a major barrier to absorption.
Although the experiments reported by Squier and
Hall (1985a,b) and Squier (1973) showed that the
water-soluble HRPO, when injected subepithe-
lially, passes the basal lamina easily, our results
correlate well with their findings in stripping ex-
periments. Upon stripping porcine buccal mu-
cosa, the permeability of the tissue did not in-
crease, indicating that the tissue barrier remained
intact.

In earlier investigations (Le Brun et al., 1989)
a log-log linearity was observed for permeability
and partition coefficients within a range of B-
blockers that led to the conclusion that the epi-
thelial membrane behaves as a lipoidal barrier.
This conclusion is completely in agreement with
the present finding that upon chemical splitting

Fig. 9. Photomicrograph of FITC-collagen VII antibody labeled porcine buccal mucosa, showing the location of the basal lamina in
intact mucosa (a) and in chemically split connective tissue (b) (E, epithelium; B, basal lamina; C, connective tissue).
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Fig. 9 (b).

the epithelium is reduced to a hydrophobic bar-
rier after having lost its hydrophilic basal lamina.

Conclusions

The most important conclusion from this work
is that, on combining the permeabilities, electri-
cal resistances and morphologies of porcine buc-
cal mucosae, sliced or split in various ways, re-
sults were obtained which strongly indicate that
the basal lamina presents a major (proteinaceous)
transport barrier. The basal lamina does not en-
tirely determine the barrier function of the buccal
mucosa; the lipoidal barrier, formed by the upper
layer epithelium acts in conjunction with it. The
relative contribution of either of these two most
likely depends on the molecular structure of the

permeant, as well as on the degree of integrity of
the tissue.

Furthermore, we conclude that the chemical
splitting procedure and the milder thermal split-
ting procedure, without EDTA, are convenient
methods to obtain epithelial slabs, but that both
appear to damage the barrier function of the
mucosa, partly due to the fact that the basal
lamina is being removed from the epithelial layer.
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