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Abstract

RATIONALE: Inhaled hypertonic saline (HS) is an effective hydrating therapy for CF lung
disease. However, the mechanism of action and principles pertinent to HS administration remain
unclear.

OBEJECTIVE: To assess the kinetics of airway surface liquid (ASL) and cell volume changes in
response to HS aerosol in human bronchial epithelial cultures.

METHODS: An in vitro system aerosolized HS to epithelial cells at rates comparable to in vivo
conditions. ASL volume and cell height responses were measured by confocal microscopy under
normal and “CF-like” hyperconcentrated mucus states.

MAIN RESULTS: Aerosolized HS produced a rapid increase in ASL height and decrease in cell
height. Added ASL volume was quickly reabsorbed following termination of nebulization, though
cell height did not recover for four hours after excess ASL reabsorption. Addition of a sodium
channel blocker significantly increased the magnitude and duration of action of HS. ASL volume
responses to repeated HS administrations were blunted but could be restored by a hypotonic saline
bolus interposed between HS administrations. HS-induced ASL hydration was prolonged with
“CF-like” hyperconcentrated mucus on the airway surface, with more modest reductions in cell
volume (14%).

CONCLUSIONS: Aerosolized HS produced transient increases in ASL height that were limited
by active Na* absorption and cell volume-induced reductions in cell water permeability. Addition
of sodium channel blockers prolonged the duration of action of HS. Mucus on airway surfaces
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prolonged the effect of HS via mucus dependent osmotic forces, suggesting that the duration of
action of HS is increased in CF patients with concentrated mucus.

At a glance commentary:
The mechanism of action of hypertonic saline has previously been poorly elucidated. This /n vitro
model system using cultured human bronchial epithelium and nebulized hypertonic saline provides

data that suggests that the effect of hypertonic saline on ASL hydration is transient, dependent on
mucus concentration, and can be prolonged with ENaC blockers.
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Introduction

Cystic fibrosis (CF) lung disease is characterized by mucus accumulation, airways
obstruction, and, bronchiectasis (1). Under normal circumstances, airway epithelial cells
have the capacity to absorb and secrete ions via active ion transport, with movement of
water governed by generated osmotic gradients. The net effect of this balance between
secretion and absorption is to maintain mucus layer hydration at levels adequate to promote
efficient mucus clearance (1). Cystic fibrosis transmembrane conductance regulator (CFTR)
is an ion channel that normally functions to regulate transepithelial ion and water fluxes.

In the absence of functional CFTR, deficient chloride secretion, coupled with unopposed
sodium absorption, produces airway surface dehydration with a hyperconcentrated mucus
layer covering the airway surface. The thickened mucus layer heterogeneously compresses
cilia and abolishes mucociliary clearance (MCC) (2), limits the ability of neutrophils to
penetrate mucus (3), and serves as a nidus for persistent bacterial infection and inflammation

(4).

Aerosolized hypertonic saline (HS) is an effective therapy in adults with CF, producing
improvements in MCC, forced expiratory volume in one second (FEV,), quality of life,
and a decreased frequency of pulmonary exacerbations (5, 6). Despite its clinical utility, the
mechanism of action of HS to improve lung health remains speculative. Accelerating MCC
via electrostatic interactions with mucins (7), expanding ASL volume (hydration) (8), or
inhibiting the epithelial sodium channel (ENaC) (9) have all been proposed as mechanisms.
Most mechanistic studies deposited large volumes of HS onto HBE surfaces and have not
mimicked /n vivo aerosol deliveries or rates of HS deposition. Further, most studies using
cultured HBE were performed without endogenous normal (2% solids) or CF-like (~8%
solids) mucus on HBE surfaces.

As prescribed for clinical use, HS is aerosolized and delivered to the lower airway surfaces
in small (nanoliter/cm2/min) volumes over protracted intervals (~15 min). In this study, an in
vitro aerosolization system was developed to mimic /in vivo aerosol delivery rates to airway
epithelia that exhibited a range of mucus concentrations, spanning “normal” to mucus-rich
“CF-like” conditions. The primary goal was to characterize the mechanisms and kinetics

of HS effects on airway surface hydration. The ancillary goal was to identify strategies to
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improve the efficacy of HS in the treatment of lung disease. Because of the great diversity
of nebulizers and HS strengths used in clinical practice, and the fact that the osmotic
effectiveness of HS depends on the rate of NaCl delivery to airway surfaces, our studies
investigating HS administrations on ASL expansion are described in ug NaCl deposited per
cm? per min, rather than % HS at a given deposition volume. Some of this data has been
previously reported in the form of an abstract. (9-12)

A full detail of the methods is provided in the Supplement.

HBE Cultures and Apical Mucus Content:

Primary HBE cells extracted from non-CF explanted lungs were maintained at an air-liquid
interface (ALI) until fully differentiated (3—6 weeks). Because mucus is not cleared from
airway surfaces in culture, airway surface mucus concentrations can be controlled by
varying culture-washing intervals. Culture surfaces were washed daily to produce HBE
cultures with small amounts of residual mucus that mimicked normal epithelia, whereas
HBE preparations with the mucus layer left unwashed for two weeks were generated to
produce mucus compositions more like CF airways /n vivo. For studies of ENaC blockers,
CF HBE cultures were used that were washed immediately prior to study to isolate Na*
transport effects from the effects of mucus concentration.

Confocal Measurements of ASL:

Primary HBE cells were labeled with 0.5 pl calcein-AM (Invitrogen) basolaterally. ASL was
visualized by adding a small volume (5ul) of phosphate buffered saline (PBS) containing
Texas Red Dextran (TRD) (Invitrogen, 70,000 MW) luminally. HS (7%) solution was
aerosolized utilizing a vibrating mesh nebulizer (Aeroneb Lab; Aerogen), modified to
deliver small volumes (nanoliters per minute) directly onto HBE surfaces. This system

was mounted in an environmental chamber that regulated temperature to 37°C, humidity

at >50%, and CO, at 5%, interfaced to a scanning confocal microscope (SP5, Leica). The
cell and ASL heights were measured simultaneously by high-speed X-Z confocal scanning.
Following 2 minutes of baseline imaging, 7% HS was nebulized to deposit HS onto the
apical surface of HBE cells at the prescribed rate and measurements were made serially at
30-second intervals.

Mathematical Modeling:

The airway fluid transport model of Warren et al. (13) was utilized to construct an

integrative model of 3D human airway ion and fluid transport by Wu (14). This model solves
an ordinary differential equation system for membrane potentials (V,, V), intracellular ion
concentrations ([Na*];, [CI7]i, [K*1i), extracellular ion concentrations ([Na*]e, [Cl7Te, [K™]e),
and extracellular and intracellular fluid volumes (We, Wj). For the HS simulations, water
with a high concentration of NaCl was “added” to the apical surface for designated times,
rates, and volumes.
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Statistical Analysis:

Results:

All data analyses and graphing were performed in SigmaPlot (Systat). Mean values were
compared via Student’s t-tests. Area under the curves (AUCs) of the ASL height data were
calculated as an index of “hydration activity” of the nebulized solution.

The first series of studies focused on the effect of HS on HBE cultures with “normal” (i.e.,
non-CF) mucus concentrations (1.9 + 1.7% solids) on apical surfaces [see Methods]. HS was
delivered to HBE cultures for 15 minutes at a rate of 8jig NaCl/cm2/min (7% HS delivered
at 110 nl/cm?/min) to mimic a standard jet nebulizer delivery rate for human subjects (see
Supplement). A rapid and significant increase in ASL height was observed, reflecting the
osmaotic-driven transepithelial fluid flow in response to deposited HS (15) (Figure 1). Net
reabsorption of the osmotically expanded ASL began immediately after nebulization was
terminated, and ASL height returned to baseline height within 60 minutes after aerosol
initiation.

In clinical practice, jet nebulizers deliver HS in a typical 4ml dose in approximately 15
minutes, whereas vibrating mesh nebulizers deliver the same volume in about 5 minutes. To
address whether HS delivery rates affect ASL volume responses, a constant total mass of
salt was nebulized onto the HBE surface at varying nebulization rates and, hence, durations
of nebulization. The rates selected for study were designed to a mimic delivery of 7% HS
via jet nebulizer (8 ug NaCl/cm2/min), a vibrating mesh nebulizer (18 pg NaCl/cm?Z/min),
and an arbitrarily defined “slow” nebulizer (3 pg/cm2/min) (Figure 2A). Both the 8 and

18 ug NaCl/cm?2/min rates produced rapid and significant increases in ASL height. The
response of cultures to the 3 ug NaCl/cm2/min rate was considerably smaller with respect to
ASL volume expansion, but longer due to the extended nebulization duration. All cultures,
irrespective of nebulization rate, rapidly absorbed the added volume from the ASL once
nebulization was terminated.

The total airway surface hydration in response to HS administration was calculated as

an AUC for each set of experiments. Interestingly, faster salt deposition (18 pg/cm2/min)
produced a lower, though not statistically different, total ASL hydration compared to
standard jet nebulizer rates (8 pg/cm?/min). Slower aerosol deposition (3 pg/cm?2/min),
while maintaining a longer period of time above baseline values of ASL height during
nebulization, produced trends towards lower peak and AUC values compared to the faster
rates (Figure 2B).

Assuming no active sodium-mediated volume absorption or change in apical membrane
water permeability during aerosolization, deposition of a constantly accumulating mass

of salt to the surface of airway epithelia is predicted to produce a linear increase in

ASL volume. For all rates studied, the measured ASL height deviated immediately and
consistently from the predicted height (Figures 2C—E). The deviation of measured ASL
height from predicted values could reflect active Na* absorption, reductions in HBE water
permeabilities that govern rates of osmotically driven water flow to the HBE surface, or
both.

Curr Opin Pharmacol. Author manuscript; available in PMC 2022 February 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Goralski et al.

Page 5

With respect to the role of Na* transport on ASL volume responses to HS administration,
we speculated that Na* transport would modify the magnitude of HS-induced ASL volume
expansion immediately after initiation of HS administration. To experimentally investigate
this possibility, ASL volume responses to the low rate of HS administration (3ug NaCl/cm?/
min) were measured in the presence and absence of a selective ENaC blocker (VX-371,
Vertex Pharmaceuticals). As compared to HS alone, the co-administration of VX-371 (50
ug/mL) produced a more rapid and sustained ASL response during nebulization (Figure 3A).

A mathematical model of airway epithelial ion and water transport was utilized to
quantitatively analyze the relationship between HS-mediated changes to ASL height

and active Na* absorption. The effects on ASL volume of simulated aerosolized HS
administration in both the presence and absence of ENaC blockade were both modeled
(Figure 3B). The fit of the model to experimental data describing ASL response for HS
administration in the absence of ENaC inhibition was achieved by maintaining Na* transport
at basal rates during HS aerosolization. The mathematical model also replicated the effect of
ASL kinetics with ENaC inhibition, with a more rapid rate of accumulation and overshoot of
ASL, consistent with block of active Na* absorption during HS administration, and a slower
rate of ASL absorption post cessation of HS administration (Figure 3A).

Previous studies have demonstrated that HS can produce a reduction in cell volume (16, 17),
which can then inhibit cell water permeabilities (17-19). Accordingly, we measured HBE
cell volume responses to HS aerosol administration to test whether reductions in cell water
permeabilities blunt ASL responses to aerosolized HS. Figure 4 shows that cell height (a
surrogate for cell volume) was reduced during and after HS nebulization by ~ 20% from
initial cell heights.

The contribution of cellular water permeability to ASL volume responses to aerosolized HS
was investigated further using a pharmacologic approach. Because mercury-sensitive water
channels (aquaporins; AQPs) have been identified in the apical and basolateral membranes
of HBE epithelia (20, 21), the role of these channels on HS-mediated changes in ASL
volume responses was evaluated. As shown in Figure 5A, both apical and basolateral HgCl,
administration significantly reduced ASL volume responses to aerosolized HS. Inhibition
of apical AQPs resulted in a smaller decrease in cell height compared to basolateral AQP
inhibition. These data suggest that in the setting of aerosolized HS, cell volume homeostasis
is dominated by the apical water permeability (Figure 5B). The modeling studies that
simulated HS-induced ASL responses basally and with selective apical versus basolateral
AQP inhibition mimicked the experimental data (Figure 5C).

We hypothesized that persistent reduction in cell volumes observed after HS administration
would limit the ability of HBES to respond to repeated administrations of HS. This
hypothesis was tested by exposing HBE cultures to sequential HS administrations (8 pg
NaCl/cm2/min), with the second administration delivered 15 minutes after ASL height had
returned to baseline following the first HS dose. ASL height and AUC of the second
administration was significantly reduced compared to initial HS administration (Figure 6A).
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We next directly tested the hypothesis that the reduction in the effectiveness of the second
HS administration reflected reduced HBE cell water permeabilities consequent with cell
height (volume) reduction, rather than persistent acceleration of Na* transport. To test this
notion, a small volume of hypotonic saline (0.63% NaCl, 10 ul) was transiently added (3
minutes) to the apical surface of HBE’s following completion of the first aerosolized HS
administration. Application of the hypotonic saline bolus resulted in cell swelling (increase
in height 32 = 9 um, n=4), that restored cell height to baseline levels. The interposition of
the hypotonic bolus was associated with a statistically larger response in ASL and AUC to
the second HS administration (Figure 6B). In contrast, applying a bolus dose of isotonic
saline (0.9% NaCl, 10 ul) produced neither cell swelling nor a recovery in responsiveness
to the subsequent HS challenge (Figure 6C). Modeling this phenomenon predicted that
reduction in apical water permeability to about 10% of baseline levels would produce the
AUC decrement with the second HS administration observed experimentally (Figure 6D).

We next investigated whether the presence of hyperconcentrated mucus associated with

CF airways (22) alters the kinetics of HS delivery. In these experiments, HBE cultures
exhibiting hyperconcentrated mucus (12 + 4.3% solids) were utilized as a mimic of

the concentrated mucus observed in CF airways. Pre-HS administration, ASL height

in the hyperconcentrated mucus cultures was ~ 3-fold higher than the normal mucus
cultures, and the changes in ASL height in hyperconcentrated mucus cultures were
subsequently increased with HS administration (Figure 7A). Although both normal and
hyperconcentrated mucus cultures absorbed the increased ASL volume immediately after
cessation of HS administration, the rate of reabsorption was significantly slower in
hyperconcentrated versus normal mucus cultures (5.5 vs. 2.8 pm/min, p=0.01, Figure 7B).
In the hyperconcentrated mucus cultures, the total duration of HS-induced ASL volume
expansion was approximately double that of “normal” mucus cultures. Further, in repetitive
HS administration protocols, the second administration of HS produced an ASL response
similar to the first administration (p=0.988). Pertinent to this observation, cell heights in
HBEs covered by hyperconcentrated mucus decreased less in response to HS (15 + 4.7% vs.
23 + 5.7%) than in normal cultures, though this result did not achieve statistical significance.

The larger peak ASL response and slower absorption of NaCl and water in the
hyperconcentrated versus normal mucus cultures suggested an additional force was
governing water flux in the hyperconcentrated mucus system. To generate an index of

the magnitude of this effect, the predicted versus measured ASL heights during HS
administration were compared (Figure 7D). The measured early administration values were
significantly closer to the predicted value for hyperconcentrated compared with normal
mucus cultures (see Figures 2C-E), suggesting that the presence of concentrated mucus
generated additional mucus-related osmotic forces that retarded fluid absorption (22).

As a test of strategies independent of mucus concentration to extend the duration HS-
mediated airway surface hydration, the effects of combined administration of HS with an
ENaC blocker was tested. Mathematical modeling predicted that the addition of an ENaC
blocker would greatly extend the duration of ASL expansion following HS administration
to airway surfaces (Figure 8A). To test this, a sparse sampling ASL measurement technique
was used to measure the ASL height on CF HBE after aerosolyzed HS (delivered at 8

Curr Opin Pharmacol. Author manuscript; available in PMC 2022 February 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Goralski et al.

Page 7

tg NaCl/cm?2/min) containing VX-371 (50 pg/ml) in cultures with normal (2%) mucus. As
shown in Figure 8B, the effect of HS alone was so transient that it effectively had waned by
the first sampling point at one hour (refer to Figure 1A). In contrast, HS+VX-371 generated
a larger and more prolonged increase in ASL. Estimating hydrating activity from the AUC
of ASL heights expansion over 8h, HS+VX-371 produced an ~8X increase in hydration over
HS alone (Figure 8C).

Discussion:

The mechanism of action of HS in improving mucus clearance has been controversial. Some
studies have suggested HS produces electrostatic effects on mucus rheology to improve
clearance, whereas others have focused on salt-mediated ENaC inhibition (23), or dilution
of mucus concentration by osmotically-driven ASL volume expansion. Our /n vitro studies
of clinically-relevant doses of aerosolized HS delivered to HBE cultures with “normal” 2%
mucus solids revealed a rapid expansion of ASL volume. This ASL expansion in response
to HS aerosols is similar to that reported /77 vivo in mice measured by synchrotron-based
tomography (24). Further, acute aerosolization of HS has been reported to reduce airway
mucus concentrations in COPD subjects (25). Thus, the ASL expansion findings, juxtaposed
to our findings that the osmolarity of ASL during HS nebulization does not exceed 370
mOsm/L (see below), argues that the major effect of HS on mucus clearance is via ASL
volume expansion and mucus dilution, not electrostatic interactions with mucus or chronic
effects on ENaC.

The HS-induced ASL volume response was mediated by water flux in response to the
deposition of osmotically active NaCl on HBE surfaces. Previous studies have demonstrated
the contribution of aquaporins to airway epithelial water fluxes. Two observations suggest
that aquaporin-mediated transepithelial water fluxes dominated the ASL response to
aerosolized HS. First, the flux of water to the lumen in response to HS was accompanied

by a reduction in cell height/volume, suggesting intracellular water moved into ASL. This
notion is consistent with previous studies (17) that reported the aquaporin-dominated apical
membrane water permeability of HBE was ~ 10 fold higher than the basolateral membrane.
Note, this configuration that mediates loss of water from the cell in response to luminal HS
allows use of cell volume changes as an “osmometer”. The cell volume responses to HS
aerosols suggest that ASL achieved osmolalities of ~370mOsm during HS administration,
far less than achieved by direct HS additions (7% HS given at 7.7 pg/NaCl/cm2/min)].

The second observation was that the ASL responses to aerosolized HS were blocked by
mercury chloride, an inhibitor of AQP 3-5 known to be expressed in HBEs. These data, plus
the cell modeling data quantitating the effects of cell water permeabilities on ASL volume
responses, strongly suggest that aquaporin-mediated cellular water permeabilities participate
in the ASL volume responses to aerosolized HS (Figure 5).

The effects of aerosolized HS on cell volume reduction and transepithelial Na* transport
likely explain the discrepancy between the predicted ASL responses to deposition of HS
on HBE surfaces and measured responses (Figure 2). First, reductions in cell volume
were associated with reductions in cell water permeabilities, limiting water fluxes toward
a hypertonic lumen. Second, as evidenced by a greater maximal response to HS in the
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presence of an ENaC blocker, active Na* transport removed a component of the deposited
NaCl during aerosol administration. An interesting observation that emerged from the
modeling of active Na* transport responses to HS was that an increase in Na* transport
rates was required to mimic the rate of ASL volume absorption post cessation of aerosol.
This effect likely reflects dilution of local extra-cellular inhibitors of ENaC, e.g. ATP, that
accelerated the rate of absorption during HS administration (26).

A key issue with respect to clinical responses to HS relates to the concentration of mucus on
airway surfaces. The presence of hyperconcentrated mucus on HBE surfaces was associated
with increased ASL heights/volumes, longer duration of ASL hydration to a single HS
administration, and larger responses to repetitive doses of HS. We postulate that mucus acts
as a “sponge”, providing a concentration-dependent polymer gel-mediated osmotic driving
force, added to that of HS-induced small molecule (salt) osmotic gradients, and modulates
maximal mucus/ASL heights on the HBE surface. The increased durability of the ASL
expansion in response to aerosolized HS in hyperconcentrated versus normal mucus cultures
parallels the longer duration of action of HS in CF as compared to normal subjects observed
in in vivo MCC studies (5, 27).

Our studies were also designed to identify strategies to increase the effectiveness of
aerosolized HS to expand ASL hydration, including studies of HS delivery rates, repetitive
dosing, and combined use with ENaC blockers. For example, very slow rates of HS delivery,
below that of clinical nebulizers, were relatively ineffective. We speculate that this result
reflects the fact that NaCl deposition rates were similar to rates of endogenous active
transepithelial Na* absorption (28). Delivery of HS at rates approximating a jet nebulizer
were effective in increasing ASL hydration but a further increase in efficacy was not
observed with faster rates mimicking vibrating mesh nebulizers. The absolute decrease in
AUC and the slowing of ASL volume expansion observed towards the end of rapid HS
administration (18ug NaCl/cm?2/min) were consistent with large reductions in transepithelial
water permeabilities.

An important observation pertinent to HS dosing frequency was that HBE cell heights

did not return to baseline levels for more than 4 hours following HS administration. We
speculate that the absence of cell volume regulation mechanisms reflected decreased water
permeability. The delay in return of apical water permeability after HS likely accounted for
the blunted response to second HS administrations on HBE cultures with normal mucus
(Figure 6). Importantly, epithelial cell swelling induced by application of hypotonic saline
to the apical HBE surface restored second HS responses to those similar to the first HS
administration. These data suggest that novel strategies may be required to optimize the
effectiveness of repetitive HS dosing in patients with milder lung disease. In contrast,
repetitive dosing in subjects with severe (12% mucus solids) disease may be an effective
strategy.

Finally, consistent with model predictions, the addition of an ENaC blocker to HS increased
both the initial magnitude as well as the duration of the ASL response to HS aerosols. HS
versus HS/ENaC blocker regimens are now in clinical testing to assess whether in vitro ASL
models predict clinical efficacy.
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In conclusion, the ASL of HBE cultures with normal mucus concentrations increased in
response to nebulized HS delivered at rates similar to those delivered by jet nebulizers, but
reabsorption began immediately with termination of nebulization. Nebulizing at rates faster
than those delivered by jet nebulizers did not improve ASL hydration, nor did nebulization
at very low rates for prolonged periods of time. The addition of an ENaC blocker, however,
prolonged ASL hydration responses to HS. Importantly, the effects of aerosolized HS were
more pronounced and prolonged in HBE cultures with CF-like hyper-concentrated mucus,
likely reflecting the increased gel-based osmotic forces generated by concentrated mucus.
These data predict greater efficacy and a prolonged duration of HS action in CF patients
with hyper-concentrated mucus typical of more severe lung disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation List

ALl air-liquid interface

AQP aquaporin

ASL airway surface liquid

AUC area under the ASL height curve

CF cystic fibrosis

CFTR cystic fibrosis transmembrane conductance regulator
CO, carbon dioxide

ENaC epithelial sodium channel

FEV1 forced expiratory volume in 1 second
HBE human bronchial epithelium

HS hypertonic saline

MCC mucociliary clearance

NaCl sodium chloride

PBS phosphate buffered saline

TRD Texas Red Dextran
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What this study adds to the field:

Hypertonic saline is increasingly being used in mucoobstructive diseases, including
cystic fibrosis, COPD, and bronchiolitis. This study provides insight into the effect of
hypertonic saline on airway epithelial cells in the setting of normal mucus as well as
hyperconcentrated mucus. These results may help guide appropriate patient selection for
this osmotic therapy.
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Figure 1:
(A) XZ-confocal image of a cross section of airway epithelial cells stained with calcein, a

fluorescent green dye, and ASL stained with Texas Red Dextran, a cell impermeable red
dye. (B) After administration of an osmotic stimulus (HS), there is an increase in ASL
height along with a decline in cell height. (C) HS aerosolized to the surface of HBE cultures
results in a significant but transient increase in ASL height, lasting under an hour. N=8.
Rectangle represents duration of HS administration (8ug NaCl/cm2/min for 15 min).
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Figure 2:

Time (Minutes)

Effects of variation in HS delivery rates on ASL volumes responses. (A) Comparison of
ASL heights achieved with three rates of nebulized HS (low, 3ug NaCl/cm?/min; moderate,
8ug NaCl/cm?/min; and high, 18 pg NaCl/cm2/min) with duration varied to hold constant
total delivered mass of salt (demonstrated by length of bar at top). (B) Both absolute height
change and total hydration (integrated area over time) favored the mid-range dosing regimen
but did not reach statistical significance (A; P=0.388). (C,D,E) Dashed lines indicates

the expected rise in ASL height if all salt deposited resulted in an equimolar flux of

water into the ASL. Solid black lines indicate the actual change in ASL height observed
during experiments. The failure of these two lines to overlay indicates an inhibition of the
transport of water from the epithelial cells into the ASL. (C) Low dose nebulization (3jig
NaCl/cm?/min). Theoretical slope 4.72 um/min versus experimental slope of 0.45 pm/min,
p<0.0001. (D) Medium dose nebulization (8ug NaCl/cm2/min). Theoretical slope 14.92
pum/min versus experimental slope of 8.66 pm/min, p=0.0002. (E) High dose nebulization
(18ug NaCl/cm?Z/min). Theoretical slope 51.49 um/min versus experimental slope of 20.78

um/min, p=0.0004. N=4 per experimental condition.
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Effect of sodium reabsorption on HS-mediated ASL height. (A) Experimental data of
hypertonic saline (at 8ug NaCl/cm2/min) in the absence and presence of a potent sodium
channel blocker (VX-371 at 50 ug/ml). (B) Mathematical model predicting the results of

HS effect with normal ENaC conductance (solid line, consistent with experimental data) and

15% of ENaC channel normal conductance (dashed line).
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Figure 4:

Cell volume changes in response to osmotic stimulus of HS at varying HS deposition rates.

A 20% decrease in cell height in response to the hypertonic stimulus was observed at all

rates. Cell height did not recover during the time frame of the experimentation (60 minutes).

Cell volume reduction was a consistent finding regardless of rate of HS administration. (n=4

for each condition).
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Incubation with mercury chloride apically or basolaterally resulted in a diminished ASL
response to aerosolized HS (at 8ug NaCl/cm2/min) compared with native cultures. (A)
Experimental data. (B) Mathematical model of experimental data. N=8 for each condition.
(C) Cell height change to aerosolized HS in the absence (control) or presence of selective
block of the apical or basolateral cell membrane with mercury chloride.
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Figure6:

Sequential ASL volume responses to aerosolized 7% HS for 15 min (8ug NaCl/cm2/min).
(A) Sequential ASL volume responses to aerosolized HS. A smaller ASL response to a
second administration of aerosolized HS was observed when two identical HS doses were
separated by 15 minutes. Break in x-axis indicate time between two doses. For each dose,
HS was nebulized at 8 pg NaCl/cm?/min, administered continuously for 15 minutes. The
ASL height of the second peak was about 60% of the first peak. (B) A hypotonic saline
rinse was interposed between HS administration. The hypotonic solution administration
produced cellular swelling associated with improved ASL volume responses to a subsequent
administration of HS (~140% of first dose). (C) Interposition of an isotonic rinse between
the first and second HS administration. The same second dose effect is not seen when doses
of HS were separated by an isotonic saline bolus. ASL height of second peak persisted
~50% of the first peak. (D) In model simulation, the water permeability of the HBE apical
membrane during the second dose was reduced to 10% of the basal water permeability. N=4
for each condition.
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Figure 7:
The effects of hyperconcentrated mucus on HBE surfaces on nebulized HS (at 8g

NaCl/cm?2/min) in inducing ASL volume responses. (A) In the normal (2% mucus) state
(solid line), there was a 3-fold increase in ASL volume during nebulization. HBE cultures
with hyperconcentrated mucus (12%) (Dashed line) exhibited a 7-fold increase in ASL
above baseline ASL. The duration of ASL being increased above basal levels was also
increased in hyperconcentrated mucus HBE cultures. (B) Rates of reabsorption (time

to baseline ASL, in um/min) were significantly different between the normal and the
CF-like hyperconcentrated mucus cultures. (C) Two sequential doses of HS administered
to hyperconcentrated cultures. A similar response in ASL height was noted for the two
HS administrations. (D) Dashed line indicates the expected rise in ASL height if all salt
deposited remained on the surface and resulted in an equimolar flux of water into the
ASL. Solid line indicates the actual change in ASL height observed during experiments.
Compare to Figures 2C-E: In the presence of an intact mucus layer (12% solids), actual
and expected ASL height more closely approximated each other early in the HS delivery
interval. Theoretical slope 14.48 um/min versus experimental 7.61 um/min, p=0.03.

Curr Opin Pharmacol. Author manuscript; available in PMC 2022 February 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Goralski et al. Page 20

504 100 -
. +— HS —-o—--15% Normal G, ..
__ 404 I —-e= HS+VX371 80 —— Normal G,
& / AN g .
207 7 e £ 604 7 N,
g ! T 2 ," ™
f 20 - !‘r ________________ . 3 40 i N "
7] ! 7] ! S
< 104 ! < ! e
bt . . 20 J_: i SR
04 : A A A A A A A i
04
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Time (Hours) Time (Hours)

Figure8:
Increasing the durability of HS delivery. (A) Experimental data showing the effect of HS

alone (8 pg NaCl/cm?/min) or in the presence of a long-term sodium channel blocker
(VX-371) over 8 hours. (B) Mathmatical modeling shown the effect of inhibiting 85% of
ENaC current (i.e. 15% residual activity) on ASL height over 8 hours. Note that the effect
of HS alone was so transient that the increase in ASL height (seen at 30 minutes; refer to
Figure 1B) was completed by the first sampling point at one hour.

Curr Opin Pharmacol. Author manuscript; available in PMC 2022 February 18.



	Abstract
	At a glance commentary:
	Introduction
	Methods:
	HBE Cultures and Apical Mucus Content:
	Confocal Measurements of ASL:
	Mathematical Modeling:
	Statistical Analysis:

	Results:
	Discussion:
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Figure 8:

