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Evidence for a sodium-dependent sugar transport in rat
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The presence of Na*-coupled sugar transport in rat trachea was investigated using the nonmetabolizable glucose analogs
methyl a-glucopyranoside and 3-O-methylglucose. The rates of disappearance from tracheal instillates and the tissue
uptake of these analogs were compared with those of L-glucose. Experiments were performed in vivo, using a
cross-circulation preparation, and in vitro, on tracheal strips. The analog methyl a-glucopyranoside was removed in vivo
from the tracheal lumen faster than L-glucose. The cellular uptake in vivo or in vitro was determined by lysing the cells
lining the tracheal lumen with detergents. This uptake was inhibited by luminal glucose, phloridzin and Na* substitution
with choline. The transport rate of 3-O-methylglucose was very low and thus discouraged inhibition experiments. These
results indicate the presence of a Na*/sugar cotransport system in rat trachea. The effects of luminal interactions
suggest that the cotransport is located in the apical membrane of the tracheal epithelium. It resembles that previously
described in the rat alveolar epithelium, but apparently differs from that found in the fetal sheep lung in which a

significant 3-O-methylglucose cotransport with Na* has been described.

Introduction

Sodium-coupled glucose transport has been de-
scribed in the apical membrane of the epithelium of a
few mammalian organs: the jejunum, the proximal tub-
ule of the kidney, the choroid plexus, and more recently,
in rat alveolar epithelium [1,2] and in fetal sheep lungs
[3]. The removal of glucose from alveoli by cotransport
with sodium is one of the mechanisms for fluid absorp-
tion by rat alveolar epithelium [1]. It is possible that this
cotransport is also present in this species in other re-
spiratory epithelia that face similar conditions and are
of the same embryological origin.

This study was undertaken to search for sodium-cou-
pled sugar transport in rat airways using nonmetaboliz-
able glucose analogs. We compared the rates of disap-
pearance from the fluid instilled in rat tracheas in vivo
and the cellular uptake in vivo and in vitro of methyl
a-glucopyranoside and of 3-O-methylglucose to those of
L-glucose that does not enter cells and could escape
from the tracheal lumen via the paracellular pathway
only. Methyl a-glucopyranoside shares Na*/hexose
cotransport with glucose in a competitive manner but is
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not transported by the glucose carrier [4]. 3-O-Methyl-
glucose is taken up by renal and intestinal epithelial
cells through apical Na* /hexose cotransport. However,
it is likely not transported in rat alveolar epithelium by
this mechanism [2], at variance with fetal sheep lungs
[3]. An abstract of preliminary results of this study has
been published [5].

Methods

Rat trachea in situ. Male Wistar rats weighing 280-
300 g were obtained from Iffa-Credo (Oncins, France).
The cross-circulation preparation used in these experi-
ments has been described previously [1,2]. In brief, two
rats were anesthetized with Nembutal, tracheostomized
and ventilated. The trachea of the recipient was opened
between the second and third ring under the larynx and
5 mm of a tracheal catheter were inserted. A perfusion
circle was established connecting the abdominal aorta
of each rat to the vena cava of the other via Starling
resistors and blood reservoirs. The external circuits were
filled with heparinized homologous blood and thermo-
stated at 37° C. Because livers were excluded from the
circulation, both rats received 0.5 ml of 50% hypertonic
glucose subcutaneously to ensure a sufficient plasma
glucose concentration (about 8—10 mmol-17'). When
the preparation had stabilized, the tracheal catheter of
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the recipient rat was removed and replaced with a 0.25
mm i.d. X 25 mm long Tygon tubing (dead space volume
approx. 2 pl) secured with a large cotton thread to
avoid leaks. Then, 0.4 ml of mercury mixed in a syringe
with a little low viscosity silicone (Rhodorsil 47V2,
Rhone Poulenc, Saint-Fons, France) as a lubricant were
slowly injected into the trachea followed by 100 pl of
bicarbonate-buffered Ringer’s containing radioactive
sugars (one of the glucose analogs + L-glucose) at tracer
doses. The instillate was aspirated in successive 20 pl
samples by means of Hamilton syringes 60 min later.
Finally, 0.1 ml of a 0.6 g-17! digitonin solution were
instilled for 5 min to lyse the cells lining the tracheal
lumen. Tracer activities were determined in instillate
samples and in the digitonin solution by scintillation
counting (1214 Rack Beta, LKB, Turku, Finland).

Other experiments were performed in the presence of
glucose or with a Na*-free instillate in which methyl
a-glucopyranoside transport was evaluated during a 30
min period preceded and followed by control periods.

In vitro tracheal uptake. Tracheas of the male Wistar
rats weighing 450-500 g that had provided blood for
the cross-circulation preparations were used. The
tracheas (from the larynx to the carina) were placed in
cold Hepes-Tris buffer. They were dissected free from
adjacent tissue under a stereomicroscope, and cut longi-
tudinally to form concave strips. The strips were rinsed,
partially dried with filter paper on the outer face and
edges, and placed in Hepes-Tris buffer containing
methyl a-[*C)glucopyranoside + L-{*H]glucose for 15
min at 37°C under continuous agitation. Then, they
were rinsed for one min in cold buffer and excess fluid
‘was carefully removed with filter paper on both sides.
The tracheas were placed on plastic so that the outer
side would adhere and the strips would form small
gutters. Triton X-100 (0.05%) was deposited in the
concavity of the strip to lyse cells and was blotted with
small pieces of filter paper. Filters were incubated for
30 min in 0.01 mol-1~' KOH before addition of the
scintillation cocktail (Ready Protein, Beckham, Fuller-
ton, CA, US.A).

Solutions- and tracers. The composition of Ringer’s
bicarbonate buffer was (mmol -17!): 120 NaCl, 5 KCl,
2 CaCl,, 1 MgSO,, 25 NaHCO,, 10 mannitol. The
solution was equilibrated with 5% CO, before use and
the pH was 7.45. The Hepes-Tris buffer was composed
of (mmol - 17'): 140 NaCl, 5 KCl, 6 Hepes, 2 CaCl,, 1
MgSO,, 1 NaH,PO,, 2 Tris base, 10 mannitol. The
solution was titrated at pH 7.4 with NaOH. Glucose
competition was performed replacing mannitol with D-
glucose. Na™-free solution was obtained by substituting
choline for Na™*. Phloridzin and phloretin were added
when appropriate. All reagents were obtained from
Sigma (St. Louis, MO, U.S.A).

Methyl a-D-{U-'*Clglucopyranoside, 3-O-methyl[1-
*Hlglucose and L-['*C]glucose were obtained from

Amersham International (Buckingham, U.K.); L-
[*H)glucose from New England Nuclear (Frankfurt,
F.R.G.). The unlabeled sugar concentrations ranged
from 1078 mol-17' to 3-107° mol - 171,

Estimation of sugar uptake. The activities of the sugars
in the bathing medium were expressed as the ratio:
r, = cpm glucose analog/cpm L-glucose. This ratio was
set at 1 at =0 by dividing activities by their initial
values. The last three samples were used for r,, calcula-
tion because they consisted of fluid that remained at a
distance from possible epithelial lesions at the tracheal
orifice and that was likely to be free of contamination
by the solution remaining in the catheter. The tissue
activity ratio, r, was determined from tracer activities in
the digitonin solution or absorbed onto the filters.

The expressions for r, and r, were obtained from
mass equations. Let ¥ be volume, C glucose analog
activity, C’ L-glucose activity, and subscripts e and ¢
refer to extracellular (the luminal fluid and more or less
of the interstitium) and cellular spaces, respectively.
Because the glucose analog may distribute in the cellu-
lar and extracellular spaces while L-glucose remains in
the extracellular space only, and because of the initial
standardization of 1 for activities:

(V. +VE)/ (VL) =1
ro =G /C.
Then,
ry=1=(KG)/(VE) @

From this equation, the cellular to extracellular activ-
ity ratio of the glucose analog was obtained:

¢ /G=((1/r)-DV./V; 2

In the following reasoning, let us assume that glucose
analogs would be taken up by the tracheal epithelial
cells. ¥, was assumed to be equal to the volume of the
instillate present in the trachea, i.e., 95 pl (the participa-
tion of the interstitium was considered negligible). The
tracheal diameter was estimated to be 3 mm [6]. There-
fore the instilled fluid would fill about 14 mm of the
trachea. Epithelial cells are approx. 20 pm high [7}. The
volume of epithelium that faced the bath was conse-
quently approx. 2.5 pl.

The activity ratio in the digitonin solution was:

re=(aVC +BV.C.)/(aV L) (3)

where a and B are the fractions of V¥, and V, that
mixed with the digitonin solution. The relation between
the activity ratios is therefore:

r=ry(l=(B/a))+(B/a) 4)



The disappearance of sugars from the tracheal lumen
may vary depending on the paracellular permeability.
The paracellular permeability was estimated using L-
glucose. Despite careful fluid aspiration, the last (5th)
sample was often slightly less than 20 pl, indicating
either absorption by the epithelium or leakage to more
distal airways. L-Glucose permeability was calculated
using the 3rd and 4th samples when they were obtained
without any droplet of mercury. Assuming no signifi-
cant fluid movement, interstitial tracer activity to be nil
and with the activity at ¢ = 0 normalized to 1:

P-S (cm’/s) = —In(C)) V,(cm®) /3600 s

With the above mentioned estimates of tracheal di-
ameter and length, the epithelium surface area § was
1.3 cm®. L-Glucose permeability P would attest to epi-
thelial integrity.

The overlap of ’H into the '*C channel was less than
1% and about 16% for "C into *H. Proper corrections
were made for crossover between channels. At least
20000 cpm were obtained for the C compound. The
activity of the *H compound was about 4-fold larger.
Radioisotopes were counted for the same time. Neglect-
ing the effect of the overlap between “C and *H chan-
nels, the 95% confidence interval for each activity ratio
was: +2 - ((cpm *H)~ /2 + (cpm "C)~1/2). It was 1.22%
for r,, (because three samples were used for the calcula-
tion) and 2.12% for r,. Therefore, only r, values less
than 0.988 and r, values larger than 1.021 would reflect
different behaviors of glucose analog and L-glucose.
These limits were used instead of 1 for comparisons.

All results are presented as mean 3+ S.E. Compari-
sons between experimental conditions were made by
analysis of variance or paired #-test when appropriate.
The activity ratios were compared after logarithmic
transformation to stabilize variances. Regression
analyses were performed using the unweighted least-

TABLE 1

Sugar uptake by rat trachea in vivo
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Fig. 1. Effect of the presence of glucose (1a) and of Na* substitution
by choline (1b) on the activity ratio methyl a-glucopyranoside/L-
glucose (ry,) in tracheal instillates. Each experimental period lasted for
30 min. The decrease in the activity ratio in the Ringer’s glucose-free
instillate reflected the larger methyl a-glucopyranoside efflux rate.
Glucose addition, or Na* removal eliminated this difference in sugar
behavior, which was restored when the initial solution was instilled
again. * Different at P < 0.05 from control periods.

squares method. Statistical significance was accepted at
the P < 0.05 level.

Results

Fig. 1 shows the effects of the presence of glucose
and of the substitution of Na® with choline during
successive 30 min periods in the same animal. During
the first control periods, r, was lower than the 95%
confidence limit, indicating that methyl a-glucopyrano-
side was removed faster than L-glucose from the tracheal
lumen. When glucose was present or Na® removed
during subsequent periods, the r,, increased up to unity.
Again filling the trachea with the initial solution made
at last r, return to significantly lower values. When
phloridzin (0.1 mmol -17!) was present in the instillate
during the second period, the r, rose up to unity and

P(L-glucose): permeability of L-glucose. $ Different from ‘zero’ uptake at P < 0.05 (see text for details). * Different from control at P < 0.05.

** Different from control at P < 0.01.

n ry n C./C. P (L-glucose)
(10" %cm/s)
Methyl a-glucopyranoside uptake
Control 5 0.90+0.030% 2.8440.382% 4.57+1.502 3.3+0.86
Glucose 4 0.99+0.003 ** 1.101£0.0115** 0.2240.114 ** 341+085(n=3)
Phloretin 4 0.93+0.019% 2.13+0.207%* 3.05+0.516 2.4+045(n=3)
Phloridzin 4 1.00+0.006 * * 1.04+0.019 ** 0.05+0.215** 3.1+0.61
Choline 4 1.09+40.007 **
3-O-Methylglucose uptake
Control 5 0.98 +0.003 1.1440.044% 0.76 +£0.112 224062 (n=4)
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remained there after renewal of the solution (two ex-
periments, data not shown).

The results of 60 min experiments are given in Table
I. The uptake of methyl a-glucopyranoside was evi-
denced by r, and r, different from unity. The r, in-
crease indicated that the glucose analog was taken up
by tracheal cells. This uptake was inhibited by the
presence of luminal glucose and phloridzin. Luminal
phloretin (1 mmol -17!') did not significantly affect r,,
while r, was slightly depressed but nevertheless re-
mained at a high level.

During earlier experiments in which choline was sub-
stituted for Na*, a high uptake was observed (r, =
0.94-0.95, r,=1.47-2.31). It was due to the entry of
Na* into tracheal fluid during the 60 min instillation
period: Na™ concentration was 20—25 mmol - 17! at the
end of the experiment. Therefore, instillates were
changed every 10 min. Mean Na™ concentration for
each of the animals, measured at the end of each of the
10 min period was 10.3 + 1.03 mmol - 17}, n =24, Un-
der these conditions, sugar uptake was significantly
decreased but not totally abolished (Table I). Neither
ry, C./C, or L-glucose permeabilities could be estimated
during Na™ substitution experiments because the instil-
late was not allowed to remain for a sufficient period of
time. A less direct estimation of C./C, under these
conditions will be presented later.

The cellular to extracellular relative concentrations
of methyl a-glucopyranoside calculated according to
Eqn. 2 were slightly lower in the presence of phloretin.
Cellular concentrations were not different from zero in
the presence of glucose or phloridzin.

3-O-Methylglucose transport rate was extremely low
(Table I). Because of this low value, we did not attempt
to perform inhibition experiments with this analog.

L-Glucose permeabilities were not modified by the
presence of glucose or transport inhibitors.

In vitro experiments were undertaken to ascertain
whether tracheal epithelium and not more distal airway
or even alveolar epithelia were responsible for methyl
a-glucopyranoside uptake. The last tracheal sample was
often smaller and mixed with mercury, attesting to the
fact that the partition attempted with mercury was
probably not totally foolproof. In preliminary in vitro
experiments, r, values for filters were found to increase
regularly with incubation time. These were about 2 for
15 min of incubation, with acceptable reproducibility.
The results of these experiments, which confirmed in
vivo observations, are shown in Fig. 2.

The theoretical relationship described by Eqn. 4 (7,
vs. ry) was examined using least-squares analysis. The
correlation coefficient was —0.92, n =21, P <0.001.
The slope of the regression line was —14.9 + 1.40 and
the intercept (8/a) 16.0 + 1.35, in good agreement with
Eqn. 4. When only results with r, <0.98 were used
(well under the lower 95% confidence limit for unity)

n

0 - L J L

Control  Glucose Phloretin Phlorizin - Choline

Fig. 2. Epithelial uptake of methyl a-glucopyranoside by tracheal
strips incubated for 15 min in glucose-free Hepes-Tris buffer. Results
were expressed as the activity ratio methyl a-glucopyranoside/1-
glucose in the Triton X-100 solution that was used to lyse cells and
was recovered by aspiration with filter paper. Methyl a-glucopyrano-
side uptake was inhibited by the presence of glucose (10 mmol-171),
phloridzin (0.1 mmol-171) or Na* substitution with choline. Phlore-
tin (1 mmol-17') had no significant effect. * * Different from controls
at P <0.01.

the values of slope and intercept did not differ signifi-
cantly: —14.6 +2.59 and 15.7 + 2.41, respectively (r =
—0.87, n=11, P <0.001). This indicates that data in
the vicinity of the 1,1 pair of coordinates (absence of
uptake) did not markedly affect regression parameters.

As expected from Eqns. 2 and 4, the cellular to
extracellular activity ratios for methyl a-glucopyrano-
side and r, were correlated. The relation was: C,/C, =
290 r,— 294 (n=14, r=0.90, P <0.001). This equa-
tion allowed the estimation of a C./C. ratio of 0.22
during choline experiments.

Discussion

Organic solute transport has been the subject of only
a few studies in airways. Rat airways have been shown
to transport organic anions [8]. Similar observations
have been made in canine tracheal epithelium [9]. In
this report, we provide evidence for the presence of
Na™*-coupled sugar transport in rat tracheal cells.

Methyl a-glucopyranoside accumulated in lung cells
when placed in the perfusate of an isolated lung pre-
paration (in which the trachea was not perfused), while
3-O-methylglucose did not accumulate [10]. Most of this
uptake was probably the consequence of the apical
Na™/hexose cotransport present in the apical mem-
brane of rat alveolar epithelium [1,2]: methyl a-gluco-
pyranoside that leaked into alveoli via the paracellular
pathway was taken up by the apical cotransporter. We
present herein evidence that such cotransport is more
widely distributed throughout the respiratory tract.



Sugar uptake estimation

Activity ratios r, did not depend on sample volume.
However, would the glucose analogs be taken up by the
epithelium rather than by submucosal cells (see later for
further discussion), r, might have been biased by
changes in paracellular permeability. Large paracellular
permeabilities would have increased r, because the
proportions of glucose analogs that would have leaked
into the interstitium would have been larger. Estimates
of L-glucose permeabilities did not vary appreciably
depending upon experimental conditions. We have em-
phasized that L-glucose permeabilities were only ap-
proximations, because we were not able to precisely
monitor tracheal fluid volume changes. However,
volume changes would probably not have affected these
estimates to a large extent. Fluid balance across the
tracheal epithelium is almost equilibrated, without sig-
nificant net flux in most species [11]. Leakage of fluid
towards distal airways would have biased permeabilities
in reducing tracheal compartment volume, but it would
have resulted in limited effects because we did not
observe a fluid loss exceeding 50% of a sample volume,
i.e., 10 ul (= 10% total volume). L-Glucose permeabili-
ties are in good agreement with passive permeabilities
for Na* and Cl™ in bovine tracheal epithelium (2.3 -
107% and 3.8 - 1076 cm/s, respectively [12]).

Evidence for luminal Na *-coupled glucose transport

Identification of the sugar uptake mechanism as
Na™*-glucose cotransport was substantiated by several
lines of evidence: methyl a-glucopyranoside was the
analog transported at the highest rate. Methyl a-gluco-
pyranoside is transported specifically by Na*/glucose
cotransport [4]. Uptake was depressed by the presence
of luminal glucose, indicating that this analog shares
with glucose a membrane transport system. The inhibi-
tory effect of Na™ substitution suggests that the pres-
ence of Na™ is mandatory for this sugar transport to
take place. It is a concentration dependent effect, since
in experiments with larger concentrations of Na*, sig-
nificant uptake was observed. The marked inhibitory
effect of luminal phloridzin further indicates that the
transport system is Na*/glucose cotransport {13]. In-
hibition of in vivo methyl a-glucopyranoside uptake by
glucose, and Na™ substitution was found to be fully
reversible (Fig. 1), indicating that these changes were
not due to deterioration of the preparation. The correla-
tion between r, and r, and the values of slope and
intercept suggest that the same ratio of cellular to
extracellular volume (B/a) was almost always re-
covered in the digitonin solution. It is therefore likely
that the observed effects were the consequences of
inhibitor interferences, and not of the mixing of varia-
ble proportions of cellular and extracellular material in
the digitonin solution.
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The effects of luminal interactions suggest that the
cotransport is located in the cell membrane that faced
the tracheal instillate, rather than in the basolateral
membrane, or in submucosal cells. The main advantage
of the in vivo preparation is that physiological condi-
tions are preserved. The presence of functional sub-
mucosal perfusion would ensure that luminal inter-
ferences would have minimal basolateral effects. Thus,
the submucosal medium was likely of a high (> 8
mmol - 17!) glucose concentration despite the absence
of glucose in the instillate. Such large concentrations
would have produced a marked inhibitory effect on
analog uptake by submucosal cells. The same reasoning
applies for Na* substitution experiments. It is also
doubtful that basolateral phloridzin concentration would
have been sufficient to totally inhibit submucosal methyl
a-glucopyranoside uptake.

The small effect of phloretin (Table I) was probably
not due to direct inhibition of the cotransport, but
might well have been the consequence of side effects of
phloretin on membrane transports [14].

When cotransported with Na*, the intracellular sugar
concentrations depend upon the electrochemical poten-
tial difference of Na™ across the cell membrane and
upon the coupling ratio [15]. Values such as 20-40-times
luminal concentration could be expected. The values
that we have calculated for methyl a-glucopyranoside
may be considered low, perhaps because the tracheal
fluid was unstirred or because the cotransport was
operative in only a fraction of the tracheal cells. These
absorptive cells may be possibly ciliated cells or brush
cells [16], the latter being found both in rat alveolar
ducts and trachea [17]. This perhaps explains why Na™*/
glucose cotransport is observed both in distal and prox-
imal respiratory tracts in this species. It is possible that
Na*-coupled glucose transport is also present in small
airways. We have previously proposed that glucose
transport may play a significant role in deep lung fluid
absorption [1,2]. No definitive evidence support the
hypothesis that distal airway fluid would converge in
the trachea [18], requiring considerable fluid absorption
by the respiratory epithelium for maintaining the depth
of the epithelial aqueous lining layer. However, should
this be the case, Na* /glucose cotransport might well be
one of the mechanisms for fluid absorption.

Comparison with distal lung

The main difference between rat tracheal cells and
alveolar epithelia is the rate of sugar uptake. The ap-
parent permeability (clearance divided by exchange
surface area) of methyl a-glucopyranoside in alveolar
epithelium is about 0.35 - 10~ cm /s [2] with a paracel-
lular pathway accounting for less than one tenth this
permeability. Methyl a-glucopyranoside apparent per-
meability is about 5-107¢ cm/s (from r, values for
methyl a-glucopyranoside and L-glucose permeabilities),
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with a paracellular component of 50% in rat trachea.
Thus, the uptake per unit surface area of the trachea is
7-fold that of the alveolar epithelium. However, the
cellular concentration of methyl a-glucopyranoside in
alveolar cells has been estimated one order of magni-
tude above the values we obtained here for tracheal cells
[2]. This apparent discrepancy between fluxes and cellu-
lar accumulation is perhaps the consequence of the
disparity in epithelial surface/volume ratios. The al-
veolar epithelium surface area is 4000 cm® for a volume
of only 120 gl [19], compared with 1.3 cm?/2.5 pl for
tracheal epithelium. A similar sugar uptake rate per unit
surface area would be diluted in an apparently 70-times
larger cellular volume in tracheal epithelium than in
alveolar epithelium.

Relative transport of glucose analogs

The relative transport of sugars across the apical
membrane of epithelial cells was found to differ de-
pending upon the organ. Two Na*/glucose cotrans-
porters are likely to exist with different affinities and
coupling ratios that could explain the dissimilarities
between organs [20]. In rat trachea, methyl a-gluco-
pyranoside is cotransported with sodium while 3-O-
methylglucose is likely not or only weakly cotrans-
ported. This corresponds to what we have previously
found in rat alveolar epithelium, in which 3-O-methyl
glucose transport out of alveoli was very low if not nil
[2], at variance with what has been observed in other
epithelia performing Na*-coupled glucose transport and
in the fetal sheep lung [3]. It remains to be determined
whether this is the consequence of interspecies dif-
ferences or of lung maturation and what cellular types
perform Na*-coupled sugar transport in lungs. Also of
interest would be to determine the kinetics and the
specificity of these transports to compare with the api-
cal sugar transports of the proximal kidney and of the
small intestine.
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