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Cystic fibrosis transmembrane regulator (CFTR), the gene product that is mutated in cystic 
fibrosis (CF) patients, has a well-recognized function as a cyclic adenosine 3',5'-mono- 
phosphate (CAMP)-regulated chloride channel, but this property does not account for the 
abnormally high basal rate and cAMP sensitivity of sodium ion absorption in CF airway 
epithelia. Expression of complementary DNAs for rat epithelial Na+ channel (rENaC) alone 
in Madin Darby canine kidney (MDCK) epithelial cells generated large amiloride-sensitive 
sodium currents that were stimulated by CAMP, whereas coexpression of human CFTR 
with rENaC generated smaller basal sodium currents that were inhibited by CAMP. Parallel 
studies that measured regulation of sodium permeability in fibroblasts showed similar 
results. In CF airway epithelia, the absence of this second function of CFTR as a CAMP- 
dependent regulator likely accounts for abnormal sodium transport. 

Absorption of Na+ is the dominant basal 
ion transport process in all adult mammali- 
an species surveyed (1). Although airway 
epithelia can both absorb Na+ and secrete 
C1-, the means by which they coordinate 
these opposing processes in switching be- 
tween basal salt and water absorption and 
stimulated salt and water secretion has not 
been explained. CF airway epithelia have 
an abnormally high rate of Nat absorption 
(2)-which reflects an increase in apical 
membrane Na+ permeability (3, 4) result- 
ing from Na+ channels that are overactive, 
that is, have an increased probability of 
being open (5)-and do not secrete C1- in 
response to cAMP (I).  We therefore inves- 
tigated the possible role of CFTR in this 
coordinate regulation. 

Complementary DNAs (cDNAs) en- 
coding the a, p, and y subunits of rENaC 
(6, 7) were cotransfected into a clone of 
MDCK cells (8, 9) ,  a cell line that expresses 
few functional Na+ channels and little 
CFTR (10). Proteins corresponding to 
rENaC subunits (Fig. 1A) and 40 to 60 
pA/cm2 of resting current (Fig. 1B) (1 1) 
were observed in rENaC-transfected 
(MDCKlrENaC) cells that were induced for 
24 hours in 1 pM dexamethasone and 2 
mM butyrate, whereas neither property was 
a feature of the parent MDCK cells. The 
induced current was identified as Na+ cur- 
rent by the lack of effect of C1--free solu- 
tions (12) (Fig. 1B) and by strong inhibi- 
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tion by amiloride and the amiloride analogs 
benzamil and phenamil (Fig. lC, left pan- 
el). The induced current was resistant to 
5-(N-ethyl-N-isopropy1)-2'-4'-amiloride 
(EIPA) (6, 7, 13). Human airway epithelia 
expressed homologs of a-, P-, and y-rENaC 
( 14) and exhibited a Na+ > Kf permselec- 
tivity of apical membrane Na+ conduc- 
tance (3,  4) that was similar to that of 
rENaC (7), and their Na+ currents were 
inhibited by amiloride and its analogs in a 
pattern that was nearly identical to that of 
MDCK/rENaC cells (Fig. lC, right panel). 

To test the effect of human ClTR on 
Na+ channel function, we exposed MDCK/ 
rENaC cells to an adenoviral vector con- 

taining the CFTR cDNA [Ad5-CBCFTR 
(15)] to generate large amounts of CFTR 
protein (Fig. 2, A and B) (16). Ad5-CB- 
CFTR-infected MDCK/rENaC cells exhib- 
ited significantly reduced amiloride-sensi- 
tive Na+ current in a C1--free solution 
compared with that exhibited by control- 
infected MDCKIrENaC cells (Fig. 2C). 
These data suggest an inverse relation be- 
tween CFTR expression and the basal rate 
of Na+ absorption. 

In our previous study of freshly excised 
human tissues, Na+ absorption was abnor- 
mally stimulated in CF airway epithelium 
by isoproterenol or forskolin (2). MDCKI 
rENaC cells that had a high rate of Na+ 
absorption but were not transfected with 
CFTR responded to forskolin with in- 
creased amiloride-sensitive Na+ absorption 
(Fig. 2D, left panel); this response is similar 
to that of human CF airway epithelium (2). 
In contrast, MDCKIrENaC cells infected 
with Ad5-CBCFTR responded to forskolin 
with a slight but significant decrease in the 
amiloride-sensitive Na+ current (Fig. 2D, 
right panel). Thus, expression of CFTR in 
induced MDCK/rENaC cells reverses the 
direction of regulation of Na+ current by 
forskolin (Fig. 2E). 

Transepithelial Na+ currents result from 
the series activities of an apical membrane 
Na+ permeability (PN,+) and the basolat- 
era1 Naf- and K+-dependent adenosine 
niphosphatase (Na+,K+-ATPase) pump 
(1 7). P,,+ is rate-limiting for Na+ transport 
in airway epithelia (3) and is raised in CF 
airway epithelia (4, 18). To study regulatory 
interactions ben+een CFTR and rENaC di- 
rectly at the level of p,,+, we expressed 

Figm Induced Na+ than- A a-rENaC P-rENaC y-rENaC 
nel function in MDCK cells. 
(A) Expression of rENaC 
subunits in MDCK cells, as 
recognized in transfected 97- 
and induced cells by immu- 69- 
noprecipitation. (B) Current 
(1.3 generated by parent and 
rENaC-transfected cells, 
with and without induction, l n d u d  - . + + . . + + - - + + - 
in normal KBR (solid bars) Antibody - + - + - + - + - + - + Parent rENaC 
and bilateral CI--free KBR 
(open bars) (n = 6 to 12 in MDCK Human airway 

each group). Asterisks de- 
note significant differences 
between the induced (Ind.) 

Q 60 and control (Con.) currents 
(unpaired t analysis, P < g 
0.01). (C) Pharmacologic 
characterization of rENaC in ; 20 
MDCK cells and endoge- 
nous Na+ transport in hu- -9 -8 -7 -6 -5 -4 -9 -8 -7 -6 -5 -4' 
man airway epithelia. Inhibi- log [Inhibitor] (M) 
tion of Na+ current by amilo- 
ride (.) and the amiloride analogs benzamil (a), phenamil (A), and EIPA (V) is shown as a function of 
inhibitor concentration. Induced MDCWrENaC cells (left panel) and cultured normal human airway 
epithelia (right panel) were studied in bilateral CI--free KBR. Each symbol represents the mean of three 
separate experiments. 
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Fig. 2. Effect of human CFTR expression on MDCK 
Na+ absorption. (A) CFTR protein in MDCWrENaC cells 
before and after infection with Ad5-CBCFTR as shown 
by protein immunoblot analysis. CFTR protein in T84 
cells is shown for comparison. (B) Immunocytochemis- 
try of control cells (a) and MDCWrENaC cells (b) stained 
for a-rENaC, and MDCWrENaC cells (c) expressing 
adenoviral vector-transduced CFTR stained for CFTR 
24 hours after infection. (C) Effect of CFTR expression 
on basal MDCK I, in CI--free solution. Cells denoted 
rENaC are MDCWrENaC cell layers that were control- 
infected with lacZ or exposed to 10% glycerol only and 
induced as in Fig. 1 (n = 12) or not induced (n = 11). 
Cells denoted rENaC + CFTR are MDCWrENaC cell 
layers that were infected with Ad5-CBCFTR (75) ade- 

+ CFTR 

novirus containing human CFTR cDNA and induced as rBNaC 
in Fig. 1 (n = 10) or not induced (n = 6). An asterisk 4 
denotes a significant difference between induced and 
uninduced currents (unpaired t analysis, P < 0.05); two 
asterisks denote a significant difference between the 
two induced currents (unpaired t analysis, P < 0.05). 
(D) Effect of raising intracellular cAMP on I, in induced 
MDCWrENaC cells in bilateral CI--free solutions (left 
panel). The coexpression of human CFTR altered this 

Amil. 

effect (right panel). Data are from representative exper- 
irnents with tissues that were preincubated in bilateral 
CI--free KBR for 45 min. Arniloride (Arnil.) (mucosal, 0  1 0 2 0 3 0 4 0  O 1 0 2 0 3 0  t* NoCI- 

M) and forskolin (Forsk.) (mucosal and serosal, Tlmo (min) 
M) were added as indicated. (E) Forskolin-in- 

duced changes in Na+ current. MDCK cells that were control-infected as in 1 0-4 M amiloride (n = 6). A cross denotes a result significantly different from 
(C) and induced as in Fig. 1 (solid bars) were exposed toforskolin in CI--free zero (paired t analysis, P < 0.05). An asterisk denotes a significant differ- 
solution without (n = 5) or with M arniloride (n = 4); rENaC + CFTR ence between the rENaC and rENaC + CFTR results (unpaired t analysis, P 
cells (open bars) were similarly exposed to forskolin without (n = 14) or with < 0.05). 

these proteins in 3T3 fibroblasts (19) and 1-1 a-rENaC -i 
used the whole-cell voltage clamp tech- 
nique to control the Na+ electrochemical 
potential as well as the activities of intra- 
cellular protons and Ca2+ (20). Fibroblasts 
were infected with a retrovirus expressing 
from a single tricistronic mRNA transcript 
the a, p, and y rENaC cDNAs (21). Pro- 
tein immunoblots and immunofluorescence 
studies revealed ex~ression of a-. B-. and 

~ ~ r ~~~ 

r-rENaC in rENaC-transfected 3 ~ 5  fibro- 

Fig. 3. Immunocytochemis- 
try for a-rENaC and y- 
rENaC expression in fibro- 
blasts infected with a retro- 
virus containing a tricistronic 
vector for a, p, and y cDNAs 
(A and C) and in parental 
(3T3) fibroblasts (B and D). 

blasts (Fig. 3, A and C )  but not parental 
cells (Fig. 3, B and D). Control 3T3 fibro- rEw I 
blasts that were bathed and dialyzed with 
Na+ aspartate (Cl--free) solutions had 
small whole-cell currents that were not sen- 
sitive to amiloride (Fig. 4A, a and c). Fi- 
broblasts that expressed rENaC exhibited 
induced inward basal currents that were 
inhibited by amiloride (Fig. 4A, b and c) 
and by benzamil and phenamil. In fibro- 
blasts expressing rENaC alone, the per- 

)IL 
meant cAMP analog, cpt-CAMP, stimulat- 
ed the inward Na+ current (Fig. 4B, a). In mediated Na+ currents. These whole-cell CF. We have identified a function for 
contrast, when rENaC subunits were coex- data, obtained under conditions of con- CFTR as a CAMP-dependent negative reg- 
pressed with CFTR, cpt-CAMP inhibited trolled driving forces and no permeant an- ulator of Na+ channels that can account for 
the inward Na+ current (Fig. 4B, b). All ions, demonstrate that CFTR regulates the raised Na+ absorption in CF airways. As 
cpt-CAMP-induced changes in inward cur- permeability of epithelial Na+ channels. shown in Fig. 5, the combined functions of 
rent, including the stimulated currents in An earlier patch clamp study (5) and the CFTR as a regulator of Na+ channels and as 
rENaC cells and the inhibited currents in recent observation that amounts of mRNA a CAMP-regulated C1- channel suggest that 
rENaC + CFTR cells, were abolished by for Na+ channel subunits are the same in CFTR is the "switch" that balances the 
amiloride pretreatment (Fig. 4B, c). Thus, CF and normal airways (14) are consistent rates of Na+ absorption and C1- secretion 
as in MDCK cells, the presence of CFTR with increased activity of Na+ channels as to properly hydrate airway secretions in 
fundamentally alters regulation of rENaC- the cause of abnormal Na+ absorption in normal airway epithelia. CF airways lack 
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Fig. 4. (A) Basal and 
amloride-senstive whoe- 
cell current in 3T3 cells ex- 
pressing rENaC only (3T3- 
rENaC) versus controls 
(3T3). Whole-cell currents 
were measured In 3T3 
cells (a) and 3T3-rENaC 
cells (b). The steady-state 
current recorded with 
C - f r e e  bath and plpette 
solutions before the addi- 
tlon of amilor~de (1 0 - W )  
(Basal) and the current re- 
corded after 2 to 4 min of 
amilor~de (+ Amll.) are 
shown. Re~resentatlve 

-FArnil.] Basal + Arnil. 

30 PMPF L 30 PMPF L ' 
. + Arnil. 

-1 0 
-20 

0 -30 -30 
-100 -50 0 50 100 -100 -50 0 50 100 

Clamp voltage (mV) 

B 
a 3T3-rENaC 3T3-rENaC + CFTR 

Basal HH M o.l S 

Clamp voltage (mV) 

families of whole-cell cur- c 

rent jumps In response to 
0.45-s voltage pulses 
originatng from 0 mV and 
coverlng +80 mV In 20- 
mV ncrenients are shown 
in the top portion of each 
panel, and mean current- 

+ Arnil. 

O O 3T3 3T3-rENaC 
voltage plots for 5 different 
3T3 cells and 17 different 
3T3-rENaC cells are shown in the lower portion. (c) Inward current recorded at 
-80 mV wthout and with A4 amilorlde. (B) CAMP-dependent modulation of 
rENaC-mediated whole-cell current wthout or with coexpressed CFTR. Whoe- 
cell currents were measured in 3T3-rENaC cells (a) and 3T3-rENaC + CFTR cells 
(b) in CI--free bath and pipette solutons. After steady-state currents were record- 
ed (Basal), cpt-CAMP was added to the bath (flnal concentration 5 x 1 0-4 M); the 
new steady-state current was recorded 5 to 10 mln later (+ cpt-CAMP). Repre- 
sentative experiments are shown In the top poriion of each panel, and mean 

Fig. 5. Model of ENaC and CFTR functona nter- 
actlons. (A) Conditions In normal alrway epithei- 
um. CFTR and ENaC are present In the apical cell 
membrane. These conditions were recreated In 
MDCWrENaC + CFTR cells and in 3T3-rENaC + 
CFTR cells. In t hs  model, cAMP postvey regu- 
lates CFTR, whlch IS proposed to exert a negative 
effect on ENaC. This interaction is depcted by the 
s o d  bar that partally occludes the ENaC pore, 

A Normal Na+ 

+ CFTR 

current-voltage plots are shown in the lower porton (n = 8). (c) Induced Inward 
current at -80 mV w~thout and wth M amiloride. The change in 3T3-rENaC 
cells was stmulation (n = 8), whereas the change in 3T3-rENaC + CFTR cells was 
Inhibition (n = 8). These changes represent a 29% stmulation of basal amiloride- 
senstve current in 3T3-rENaC fibroblasts (1 6.9 = 2.8 pNpF. n = 17) and a 40% 
Inhibition of basal amilor~de-sensitive current In 3T3-rENaC + CFTR fibroblasts 
(10.7 -+ 2.0 pNpF, n = 9). Astersks and crosses denote sgnficant differences 
from zero and from amiorde pretreatment, respectively (P < 0.05). 

CFTR 

%Bi 
;$$$ 

I CAMP, 
Absorption -- Secretion 

but no specifc mechansm 1s Implied. Possbilities 
Include direct Interaction of CFTR with ENaC or 
through other ~AMP-dependent mechanisms (in- 
cluding cytoskeletal elements and membrane re- 
cvcna) or other reauatorv ~ r o t e n s  (22. 231, (B) 
dondilhns in CF a&av e i t h e i a ~  cells', whch  lack CAMP -. . .., 
functional CFTR In t h e a p c a  membrane but ex- Absorption -- Increased absorption 

press ENaC. Simlar conditions were found in MDCWrENaC cells (low endogenous CFTR) and 313- 
rENaC cells (no endogenous CFTR). The absence of negatve regulation by CFTR leaves the stmulatory 
effect of cAMP on E N ~ C  functon unopposed. 

CFTR and the absence of the switch results 
in increased Na' channel activity and Na+ 
hyperabsorption. CFTR and ENaC may in- 
teract directly through cytoskeletal ele- 
ments or regulatory proteins ( 2 2 )  or 
through soluble extracellular mediators re- 
leased by CFTR ( 2 3 ) .  

The emerging concept of CFTR as a 
multifunctional protein (23) provides in- 
sights into the pathogenesls of CF lung 
disease, which has not been adequately ex- 
plained solely by abnormal C1- channel 
function. Further investigations that focus 

Arnil. + cpt-CAMP 

on the modes of regulation of Na+ channels 
by CFTR may identify novel therapeutic 
strategies to treat CF lung disease. 
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Ul trasound-Mediated Transdermal 
Protein Delivery 

Samir Mitragotri, Daniel Blankschtein,* Robert Langer* 

Transdermal drug delivery offers a potential method of drug administration. However, its 
application has been limited to a few low molecular weight compounds because of the 
extremely low permeability of human skin. Low-frequency ultrasound was shown to 
increase the permeability of human skin to many drugs, including high molecular weight 
proteins, by several orders of magnitude, thus making transdermal administration of these 
molecules potentially feasible. It was possible to deliver and control therapeutic doses of 
proteins such as insulin, interferon y, and erythropoeitin across human skin. Low-fre- 
quency ultrasound is thus a potential noninvasive substitute for traditional methods of 
drug delivery, such as injections. 

Transdermal drug dellvery (TDD) offers 
several advantages over tradltlonal dellverv " 
methods such as injections and oral admin- 
istration. Compared to oral delivery, TDD 
avoids gastrointestinal drug metabolism, re- 
duces elimination by liver, and provides 
sustained release of drugs for up to 7 days 
(1 ) .  Compared to injections, TDD elimi- 
nates the associated pain and the possibility 
of infection. Theoretically, the transdermal 
route of drug administration could be ad- 
vantageous in the delivery of many thera- 
peutic proteins because (i) proteins are sus- 
ceptible to gastrointestinal degradation and 
exhibit poor gastrointestinal uptake, (ii) 
proteins such as interferons are cleared rap- 
idlv from the blood 12) and need to be , , 

del'ivered at a sustained rate in order to be 
maintained at a high blood concentration, 
and (iii) transdermal devices are easier to 
use than injections (1 ). 

Despite these advantages, few drugs and 
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no proteins or peptides are currently admin- 
istered transdermally for clinical applica- 
tions, because of the low skin permeability 
to drugs. This low permeability is attributed 
to the stratum corneum (SC), the outer- 
most skin layer that consists of flat, dead 
cells filled with keratin fibers (keratino- 
cytes) surrounded by lipid bilayers. The 
highly ordered structure of the lipid bilayers 
confers an impermeable character to the SC 
(3). Several methods, which include chem- 
ical enhancers (4) and electricity (5, 6) ,  
have been proposed to enhance transdermal 
drug transport, but their efficacy has been 
limited by the large protein size and rela- 
tively low electric charge on the proteins. 

Anolication of ultrasound has been at- 
L L 

tempted to enhance transdermal transport 
of a few low molecular weight (<500) drugs 
across human skin (7-10) as well as pro- 
teins such as insulin across animal skin 
(1 1 ), a phenomenon referred to as sono- 
phores~s. Although numerous studies of 
sonoohoresis have been ~erformed (7-1 1 ) 
measurable enhancement has been reported 
in only a few cases (8, 11 ). We have shown 
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(1  2)  that application of ultrasoulld at ther- 
aoeutic freouencies 11 MHz) illduces 
growth and oscillatiolls of air pockets 
present in the keratinocytes of the SC (a 
phenomenon known as cavitation). These 
oscillatiolls disorganize the SC lipid bilay- 
ers, therebv enhancing transdermal trans- " 
port. However, application of therapeutic 
ultrasound does not induce transdermal 
transport of high molecular weight proteins. 
Because cavitational effects are inversely 
proportional to ultrasound frequency (13), 
we hypothesized that application of ultra- 
sound at frequencies lower than that corre- 
sponding to therapeutic ultrasound may in- 
duce sufficient bilayer disorganization, so 
that proteins mav be able to diffuse across 
the skin. We now report that low-frequency 
ultrasound can induce significant transder- 
ma1 transport of proteins, including insulin 
(molecular weight, -6000), interferon y 
(IFN-y) ( -  17,000), and erythropoeitin 
(-48,000). 

The passive skin permeability to high 
molecular weight proteins, including those 
mentioned above, is essentially zero (below 
our detection limit). To assess whether ao- 
plication of ultrasound enhances transder- 
ma1 protein flux, we measured the skin per- 
meability to these proteins in the presence 
of ultrasound in vitro across human cadaver 
epidermis (14) in a Franz diffusion cell ( 1  5). 
In separate experiments, the donor compart- 
ment of the diffusion cell was filled with a 
solution of insulin (100 U/ml), IFN-y (2500 
U/ml), or erythropoeitin (400 U/ml). Ultra- 
sound (20 KHz, 100-ms pulses applied every 
second) was applied at intensities in the 
range of 12.5 to 225 mW/cm2 (16) for 4 
hours bv means of an ultraso~lnd transducer 
that was immersed in the donor solution. 
The transducer (area, - 1 cm') was oriented 
perpendicular to, and placed at a distance of 
1 cm from, the skin. The concentration of 
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