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Abstract

An active absorption of polypeptides (elcatonin = CCT; adrenocorticotropic hormone) had been previously observed in the nasal
respiratory mucosa of the rabbit. Its saturation kinetics and the parallel absence of a net transfer of other non-polypeptidic organic markers
excluded the involvement of a simple pinocytosis. This absorption has been now better localized and further characterized. Unidirectional
CCT fluxes (determined with radioimmunoassay) have been concomitantly monitored with transepithelial electric potential difference
(V,,).- Although the mucosae covering the ectoturbinal A and the lower and upper conchae displayed similar V,_, the active CCT
transport was only evidenced in the upper concha. In this region cytochalasin B (which by disassembling actin microfilaments prevents
the apical formation of vesicles in epithelial cells) and monensin (which prevents the split of the ligand-receptor complex in the
endosomes) both eliminated the net CCT absorption, however, also permanently increasing the passive CCT junctional permeability.
Aluminium fluoride (which prevents the fusion of endocytic vesicles into endosomes) and colchicine (which disrupts microtubules along
which vesicles move in the cytoplasm) also permanently abolished net CCT transport, without affecting, or shortly and transiently
affecting, passive permeability. On the whole these results are in favor of an active CCT transport supported by a specific vesicular

transport.
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1. Introduction

In a previous paper [1] we have evidenced an active net
absorption of polypeptides (test molecules: elcatonin, M,
= 3362, and adrenocorticotropic hormone, M, = 4500)
across the respiratory mucosa of the upper part of rabbit
nostrils, in a region approximately identified with the
upper concha. The net absorption was considered active as
it was abolished by chemical and physical metabolic in-
hibitors. Its saturation kinetics and the parallel absence of
net transfer of other organic non-polypeptidic molecules,
such as sucrose (M, = 342) and polyethyleneglycol-4000
(M,, = 4000), indicated that the transport was not sup-
ported by a nonspecific basal pinocytosis. The probable
physiological function was assumed hypothetically to be
the sampling of potential antigens from nasal lumen to
bring the information of their presence to underlying lym-
phoid tissues.
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The aim of this paper is to better localize the nasal
region where active absorption occurs and to check whether
the transport is sensitive to known inhibitors of different
functional steps involved in receptor-mediated endocytosis.
For the latter purpose we have used: (i) cytochalasin B,
which by disassembling actin microfilaments [2,3] prevents
the apical formation of vesicles in epithelial cells [4], (ii)
colchicine, which disrupts microtubules along which vesi-
cles move in the cytoplasm [5,6], (iii) aluminium fluoride,
which prevents the fusion of endocytic vesicles into endo-
somes [7], (iv) monensin, which prevents the reaching of a
sufficiently low pH in the endosomes, thus blocking the
split of the ligand-receptor complex [8,9].

2. Materials and methods

Male New Zealand rabbits (approximate weight: 3 kg)
were killed by cervical dislocation; the fore-half nasal
mucosae from the roofs of both nostrils were excised,
washed with Krebs-Henseleit saline at room temperature
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Fig. 1. Schematic drawing of transversal section of roof and walls of left
nostril in the rabbit nose (nose fore-part, from the back). a, b, left and
right nostrils; A, lower concha; B, ectoturbinal A; C, upper concha; D,
septum. The dashed lines represent the areas of the mucosae used for the
experiment and covering the lower concha (1), ectoturbinal A (2) and
upper concha (3). The central part of these areas, for a width of 3 mm
(length: 10 mm), was exposed between the two Teflon chambers for flux
determinations.

and mounted between two Teflon chambers. The exposed
area (0.3 cm?) corresponded to that covering the lower
nasal concha, the ecto-turbinal A or the upper nasal concha
(Fig. 1). Histological preparations showed pseudostratified
columnar ciliary epithelium (respiratory epithelium) to be
largely predominant. The chambers were filled with 1 ml
Krebs-Henseleit saline, bubbled with prehumidified 95%
0, +5% CO, to oxygenate the tissue, to maintain pH at
7.4 and to agitate the solution. Experiments were carried
out at 27 + 1°C as at this temperature the functionality of
the isolated mucosa not only does not degrade but also
improves with time for at least 150 min [10].

2.1. Measurement of transepithelial electrical potential
difference (V,, )

Experiments were carried out at open electrical circuit.
V.. was measured by a digital multimeter (mod. 136,
Keithley Instr., Cleveland, OH, USA); bridges were with
3% agar/3 M KCl. V, . determinations were performed
just after the tissue mounting to check the viability of the
preparation: tissues with V_  less than +1 mV (sub-
mucosa positive) were discarded. V,,, was then measured
every 10 min for half an hour, before the start of flux
determinations, and then at the end of the experiment (150
min from tissue mounting) both to check whether its time
course was as previously observed [10] (controls) and to
examine the effects of the inhibitors (when used) on this
basic electrophysiological parameter.

2.2. Flux measurements

The only test molecule used was elcatonin ({1, 7 Asu]
eel calcitonin; carbocalcitonin, CCT; M, = 3362). It was
determined by radioimmunoassay (RIA), so as to measure
only the intact or nearly intact molecule [1], with the aid of
a y-counter {(Autogamma 800C, Packard Instr. Co., Meri-
den, CT, USA). Teflon chambers were used for flux

measurements to avoid surface adsorption of the polypep-
tide molecules. Mucosa-submucosa flux (/) and the
opposite flux (J,, ) were determined one on the right, the
other on the left mucosa from the same animal (with
random combinations), the functional symmetry of the two
mucosae having been demonstrated in advance [1,10].
After a 30 min preincubation to allow the tissue to recover
after isolation, 1 mi of saline was introduced, with the test
molecule, into the mucosal or submucosal chamber (donor
saline) and the appropriate transepithelial flux subse-
quently determined by complete withdrawal and immedi-
ate replacement of the saline (1 ml volume). J,,, and J,
were each measured every 30 min for 120 min. Both
fluxes were considered unidirectional since the maximal
concentration reached in the flux chamber was 10~*-107°
compared to that applied in the opposite chamber. Samples
(25 wl) of the donor saline were taken every 30 min to
monitor possible concentration decreases due to flux or
metabolism. Actually elcatonin concentration slightly de-
creased with time (see also [1]): hence, the measured
fluxes were corrected and referred each time by a propor-
tion to the initial nominal concentration of the hormone
(10 or 20 pg/ml) [1].

2.3. Bathing saline and inhibitors

The Krebs-Henseleit solution had the following compo-
sition (mM): 142.9 Na*, 5.9 K, 2.5 Ca’*, 1.2 Mg*",
127.7 C17, 249 HCO7, 1.2 SO}‘, 5.5 glucose. Cyto-
chalasin B and monensin were previously dissolved in
ethanol and with it added to the Krebs-Henseleit saline
(2.5 pl ethanol/ml) to reach a final concentration of 10
wg cytochalasin B/ml (21 uM) and 25 uM monensin.
Ethanol effects at this concentration were checked on V,
in 5 experiments for 150 min: V, ;. values and time course
were statistically unchanged compared to controls (data
not presented). Aluminium fluoride (AlF, ) was dissolved
in the saline as 100 uM Al,(SO,); +4.7 mM KF, F~
being substituted iso-osmotically for C17. Colchicine was
directly solubilized in the saline to reach a final concentra-
tion of 20 M. All inhibitors were added on both sides at
the beginning of the experiment just after the first V,,
measurement and remained in the media for the entire
experiment (i.e., during the 30 min preincubation and the
120 min incubation periods).

2.4. Materials

Elcatonin and its antibody for RIA were supplied from
ISF Laboratories for Biomedical Research (Trezzano sul
Naviglio, Milan, Italy). Elcatonin labeling was carried out
by Calbiochem Nova Biochem (Nottingham, UK). The
RIA for elcatonin was previously set up in the ISF labora-
tories [11]. Cytochalasin B, Al,(SO,),, KF, colchicine and
monensin were supplied by Sigma (St. Louis, MO).
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Fig. 2. Lower concha. Time course of unidirectional and net fluxes of
elcatonin (10 pg/ml) under control conditions, Results presented as
means + S.E. (n=12).

2.5. Statistics

Results are expressed as means + standard errors; one-
way ANOVA test was generally used for statistical analy-
sis. In one case (as is indicated) paired data t-test was
applied.

3. Results

3.1. Elcatonin absorption in different regions of the nasal
mucosa

The mucosa covering the lower concha (Fig. 1) did not
display any significant net absorption of elcatonin (CCT)
in any experimental period (Fig. 2). Actually, CCT J_,
(for a CCT concentration of 10 wg/ml) statistically over-
lapped J,, which was only slightly greater than that
previously observed (Fig. 2 and Ref. [1]).

In the region of mucosa covering the ectoturbinal A
(Fig. 1) the CCT net absorption was small (about 6 ng
cm~? h™!) but statistically not significant at any time,
without any peak at the 1* period (Fig. 3). Actually,
J o (CCT concentration: 20 ug/ml) was not significantly
different from J_, at any period and its time course was
similar to that of J, (Fig. 3). Both unidirectional fluxes
were significantly much larger than those previously mea-
sured with the same CCT concentration (e.g., in the first
30 min period J, was 6—7-times higher: Fig. 3 and Ref.
[1]). Thus, CCT passive permeability in this region seems
to be relatively large.

The region of mucosa covering the upper concha (Fig.
1) should better correspond to that previously studied [1].
In fact it exhibited a net absorption significantly different
from zero for 60 min and marginally significant (P < 0.07)
in the subsequent period, with a time course similar to that
previously measured and in the 1" 30 min period only a
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Fig. 3. Ectoturbinal A. Time course of unidirectional and net fluxes of
elcatonin (20 ug/ml) under control conditions. Results presented as
means £ S.E. (n=6).

slightly larger peak (about 15 vs. 11 ng cm™* h™!: Fig. 4).
Accordingly, CCT J_, (CCT concentration: 20 ug/ml)
was significantly higher than J_ for 60 min (and
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Fig. 4. Upper concha. Time course of unidirectional and net fluxes of
elcatonin (20 pg/ml) under control conditions. Results presented as
means + S.E. (n=22). =, * x: P <0.05 or 0.01 (compared to J,,,). +,
+ +: P <0.05 or 0.01 (compared to zero).
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marginally in the subsequent period, P < 0.07), with a
maximum already reached in the 1* 30 min and a progres-
sive decrease during the subsequent periods (Fig. 4). The
time course was very similar to that previously observed,
although the peak was larger by about 7 ng cm™2 h™' [1].
J,, was about 2-times greater than that previously mea-
sured with the same CCT concentration; however, it dis-
played the same time course, reaching its maximal value
already in the 1" 30 min period and thereafter remaining at

a plateau.

3.2. General electrical properties of different regions of
the nasal mucosa

In spite of the differences in polypeptide absorption and
passive CCT permeability observed in the three regions
studied, V,, displayed values and time courses similar in
all the three regions (Fig. 5) and to those previously
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Fig. 5. V,,, time course in different mucosa regions (controls) and under
different treatment conditions (region: upper concha). V, . values were
measured across the mucosae on which CCT fluxes were determined
during the incubation period (30~ 150 min). Results presented as means +
S.E. Number of experiments: for the controls on upper and lower conchae
and ectoturbinal A n =44, 24, 12, respectively; for tissues treated with
colchicine (21 uM), AIF, (100 uM), monensin (25 uM), cytochalasin
B (10 pg/ml) n=28, 22, 20, 22, respectively. The arrow shows the
addition of the inhibitor. + +: P < 0.01 compared to the corresponding
value measured under control conditions in the mucosa of the upper
concha. All values measured at 150 min (with the exception of the values
measured under monensin or cytochalasin B treatment) were significantly
different (P < 0.01) compared to the corresponding values determined at
10 min.
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Fig. 6. Upper concha. Time course of unidirectional and net fluxes of
elcatonin (20 pg/ml) under treatment with cythocalasin B (10 wg/mb).
Results presented as means +S.E. (n=11).

measured [1,10], with a decrease in the first 10 min after
isolation and a slow increase thereafter for at least 150 min
(P <0.01). For all the three regions the V., measured in
the paired mucosae (left and right) used to determine CCT
J., and J, were not statistically different from each
other (paired data r-test) and were pooled together in Fig.
5. On this basis, mucosae on which elcatonin J_, and J,

were determined appeared to be symmetrical, as prev1ously

observed [1,10].
3.3. Upper concha. Cytochalasin B effects

When the tissue taken from the upper concha was
treated with 10 pg cytochalasin B /ml (see Section 2), V.,
progressively decreased so that, at the end of the 150 min
observation, it was reduced to about 30% (Fig. 5). Hence,
this inhibitor seems to affect ion permeability and/or
sodium pumping and /or metabolism. Elcatonin J,, rose
rapidly in the first 30 min of the incubation period to 11 ng
cm™? h™! and remained stable during the subsequent
periods (Fig. 6). Its values were about 2-3 times greater
than the ones observed under control conditions (P < 0.01),
which indicates a permanent increase in junctional perme-
ability. J . values and time course were not statistically
different from those of J,, so that J . proved to be
abolished at any time (Fig. 6).

3.4. Upper concha. Colchicine effects

Experiments have also been performed by treating the
tissue with 20 uM colchicine (see Section 2). V,; values
and time course were not significantly modified by the
inhibitor (Fig. 5); thus, it seems that metabolism, Na*
pumping, cell and junction ion permeabilities were not
affected. Elcatonin J, increased transiently to 12 ng
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Fig. 7. Upper concha. Time course of unidirectional and net fluxes of
elcatonin (20 wg/ml) under treatment with 21 M colchicine. Results
presented as means + S.E. (n = 14).

cm™2 h™! in the first 30 min period but then decreased
and settled at values only slightly larger than those mea-
sured under control conditions (Fig. 7). J,, was slightly
greater than J at each point-value; however, the small
flux difference (J,,,=2-4 ng cm *> h™') was only
marginally significant at the second 30 min period (Fig. 7).
In conclusion, colchicine largely reduces and even abol-
ishes elcatonin net absorption, only shortly and transiently
modifying the passive junctional permeability to the

polypeptide.
3.5. Upper concha. Aluminium fluoride effects

By treating the mucosa of the upper concha with 100
uM AIF] (see Section 2) V,  values and time course
proved to be unchanged compared to controls (Fig. 5) so
that, as well as for colchicine, metabolism, Na* pumping,
cell and junction ion permeabilities seemed to be unaf-
fected by treatment. Elcatonin J, values and time course
were statistically undistinguishable from controls (Fig. 8).
Conversely, J_. was strongly depressed and statistically
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elcatonin (20 pg/ml) under treatment with 25 uM monensin. Results
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overlapped J,; as a consequence, J,, proved to be
abolished at any time,

3.6. Upper concha. Monensin effects

In mucosae, excised from upper conchae and treated
with 25 ©M monensin (see Section 2), during the preincu-
bation period V., displayed values and time course similar
to those observed under control conditions; however, dur-
ing the incubation period, it exhibited a significantly lower
increase (P < 0.01) (Fig. 5). Thus, active and/or passive
ion transport seemed to be moderately but significantly
affected by treatment. In parallel CCT J, transiently
increased to about 15 ng cm™2 h™!, then decreased and
stabilized at about 8.5 ng cm™2 h™! (Fig. 9), a value about
two times greater (P < 0.01) than that observed under
control conditions. Thus, it seems that with this treatment
the junctional passive permeability is permanently, al-
though not drastically, modified. J_, statistically over-
lapped J, at any time so that J ., proved to be abolished
(Fig. 9).

4. Discussion

On the basis of the results obtained, the CCT active
absorption clearly occurs across the epithelial covering of
the nasal upper concha; conversely, it is negligible in the
near region of the ectoturbinal A and nil in the lower
concha. These differences in CCT net transport occur
although general electrical properties appear to be similar
in the three regions. CCT passive permeability in the
ectoturbinal A region is higher than in the two conchae,
but a few large junctional pores, increasing the per se very
low basic CCT permeability without affecting significantly
the V_,, can explain this observation.

ms?
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In the upper concha the net transport shows a maximum
in the first 30 min, followed by a progressive decrease in
the subsequent 90 min. This time course, in complete
agreement with what we previously observed [1], is similar
to that reported for the transcytosis of colostral antibodies,
occurring in many neonatal intestines [12], and of uncoated
or protein-coated microparticles, occurring in M cells of
Peyer’s patches [13-15]. We previously suggested that the
polypeptide active transport may occur to sample antigens
from the nasal lumen to the lymphoid tissue underlying the
epithelium [1], as it happens in the intestinal Peyer’s
patches [16] and at the bronchial branch points [17]. If this
hypothesis is correct, the transport decrease, whatever its
cause, might be physiologically important in order that
information be transferred from environment to organism
without massively spreading antigens into the latter.

The transcellular active transport of macromolecules is
generally based on vesicular transport and can result from
a fluid-phase non-specific endocytosis (pinocytosis, FPE)
or a receptor-mediated endocytosis (RME) [18]. The tran-
scellular active transport of elcatonin in the nasal mucosa
displays a saturation kinetics and a specificity for poly-
peptides [1]. Hence it is likely to be due to a RME. This
process involves many known steps whose possible in-
hibitors are well identified. Among them we have used
cytochalasin B, colchicine, aluminium fluoride and mon-
ensin.

Cytochalasins permeate cell membranes and disassem-
ble actin filaments [2,3], thus inhibiting phagocytosis [19]
and, in epithelial cells, the apical endocytosis [4], processes
both supported by an actin cytoskeleton. Conversely, they
do not affect endocytosis either in non-polarized cells or
basolaterally in epithelial cells [4], where the fodrin /spec-
trin /ankyrin cytoskeleton seems to be involved [20]. These
conclusions seem to be generally valid where epithelial
endocytosis occurs [4]. In particular the actin-myosin I
motor, present in microvilli [21,22]is shown to be in-
volved in the apical pinching off of the coated pits (RME)
and the noncoated caveolae (FPE) so that both ligand and
fluid-phase internalizations are abolished by disassembling
acting filaments [4].

On this basis the complete abolishment of elcatonin J,,,
in nasal mucosa by cytochalasin B is in agreement with a
vesicular transport. We have observed some side-effects:
(i) increase in CCT passive permeability, (ii) decrease in
V.. The increase in CCT passive permeability, which
indicates an increase in junctional permeability, is in ac-
cordance with the reduction in junctional resistance ob-
served with this concentration of cytochalasin B in other
epithelia, in which it has been shown that tight-junction
permeability is under cytoskeletal control [23]. The de-
crease in V, . is completed during the first 30 min (prein-
cubation period) and the increase in CCT passive perme-
ability is already observed at the start of incubation; thus,
the rearrangement in junctional resistance should occur
during the preincubation and in principle this can explain

both events. However, cytochalasin B, although widely
used to study the cytoskeletal dependence of many cellular
phenomena, is also able to inhibit monosaccharide facili-
tated transport [24]. Since nasal mucosa functioning in
vitro is partially dependent on exogenous glucose [10], the
V,.s decrease and even the disappearance of CCT net flux
might be also related to an ATP depletion. Hence, we have
also treated the tissue with cytochalasin D, which is spe-
cific for actin disassembling and without action on
monosaccharide transport [2]. The results obtained, as for
both V. and CCT transport, were not significantly differ-
ent from those reported here, obtained with cytochalasin B
(Cremaschi D., Porta C., Ghirardelli R., unpublished data).

When vesicles have been translocated from the apical
plasma membrane through the actin rich terminal web to
the region below, once here, they are pulled along micro-
tubules [6,25]. In the case of RME, receptor domains
within the endosome can be immobilized by attachment to
microtubules so that, after dissociation of ligand from
receptors, ligand-containing endosomes can be pulled along
microtubules away from the receptor [6). Hence our re-
sults, showing that microtubule disruption abolishes the
CCT net flux, with only weak side effects (a short and
transient increase in CCT passive permeability) and with-
out significant modifications of active ion transport and
ion permeability (indexed by V) are in favor of a vesicu-
lar transport of CCT.

In RME, to process the hydrolysis of the ligand-recep-
tor complex, vesicles formed apically in the cytoplasm
must fuse into endosomes. The process is under the control
of heterotrimeric and monomeric G-proteins [7,26,27].
GTPyS, which activates both types of GTPases, both
activates and inhibits endosome fusion; moreover it cannot
permeate plasma membranes so that it can be used only for
in vitro cell-free assays of the fusion [28]. Conversely
AIF,”, which only activates the trimeric class of GTPases
[28], thus inhibiting endosome fusion [30], is relatively
membrane permeable so that can be used in intact cells
[29].

On this basis the only abolition of CCT net flux we
obtained with AIF,” (without modifications in CCT perme-
ability and V) is in agreement with a block of vesicle
fusion and, as a consequence, with the model of active
transport of CCT based on RME.

The effect we observed with monensin was more com-
plex. Monensin is a protonophore which, promoting mono-
valent cation exchange across membranes, also prevents
the acidification of endosomes and consequently the disso-
ciation of the receptor-ligand complex and receptor recy-
cling to the cell surface, thereby blocking the transcytosis
[8,9]. Accordingly, CCT net transport was abolished. How-
ever, in this case both transient and permanent effects on
paracellular passive permeability have been observed,
which probably also account for a moderate inhibitory
action on the transepithelial potential difference. These
side-effects are probably related to pH variations of the
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cytosol consequent to the Na* /H* exchange due to the
protonophore.

In conclusion, among the four inhibitors used, cyto-
chalasin B and monensin reduce V., and permanently
increase CCT junctional permeability, concomitantly with
the abolishment of CCT net transport. Conversely, alu-
minium fluoride and colchicine permanently abolish net
transport without any side-effect on junctional permeabil-
ity and V, , (aluminium fluoride) or only transiently affect-
ing CCT junctional permeability (colchicine). Hence, the
abolishment of CCT net transport by the former two
inhibitors in principle might be also ascribed, at least
partially, to the increase in junctional permeability. How-
ever, the action of the latter two inhibitors is univocal,
moreover, the results themselves obtained with cyto-
chalasin B and monensin, although not clear-cut, are at
least not in contrast with a vesicular transport. On the
whole the four inhibitors display a concordant action which,
in addition to the previous observations that transport
kinetics is saturating and non-polypeptidic organic markers
are not absorbed, suggests that the polypeptide active
transport existent in this epithelium is supported by a
specific vesicular transport.
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