
the contrary, two binding sites with dif- 
ferent binding constants have been ob- 
served for the binding of Na-  to this 
channel state (27), and a s  shown in parts 
land J of Fig. 3, only the ethanolamine 
end is accessible to ~ a ' -  interaction, 
indicating that the formyl end cannot be 
at the aqueous interface as  required for 
the oarallel double-stranded helix. Addi- 
tionally, such an asymmetric binding 
would give rise to  asymmetric single- 
channel current-voltage curves (30). 
whereas the dominant state of the chan- 
nel exhibits single-channel current-volt- 
age curves that are symmetric (31). In 
lecithin vesicles with an identical circu- 
lardichroisrn pattern, it has been shown 
by Weinstein et al. (10) that the formyl 
end is buried in the lipid and not accessi- 
ble at the aqueous interface. Finally, 
data are available (12) on the thallium 
ion-induced chemical shifts of carbonyl 
carbon resonances of [(1-"C)D-Valn]gra- 
nlcidin A and [(I  - ' 3 C ) ~ - ~ e ~ 1 4 ] g r a m i ~ i -  
dln A. which are included as  the X's in 
Fig.4B. While not helically equivalent to 
i.residue carbonyls, these D-residue car- 
bonpls are helically equivalent to each 
other and are also susceptible to ion- 
induced chemical shifts, which must be 
consistent with the L-residue data as to  
location but not as  to sign and magni- 
tude. The D-residue data are not consist- 
ent with the L-residue data for the paral- 
lel double-stranded structure (Fig. 4B). 
Thus, the double-stranded helices are 
not the channel state of interest. 

InFig. 4C the data of Fig. 3 ,  A through 
H, are plotted for the single-stranded P- 
helix. In this case, two symmetrically 
related binding sites are observed, as  
required by the symmetric single-chan- 
nel current-voltage curves (30, 31), as  
required by the previous demonstration 
oftwo binding constants (the difference 
between the tight and weak binding con- 
slants being repulsion between ions on 
double occupancy) (27), and as  required 
by the exposure of the ethanolamine end 
tothe aqueous interface and by the bur- 
iedformyl end [demonstrated in (10) and 
by Fig. 3, I and J]. 

In addition, ion-induced carbonyl car- 
bnchemical shifts can be used to deter- 
mine helical sense of the single-stranded 
structure. This has been done with [( l -  
"C)~-~a~~]gramic id in  A and [( 1 - I 3 C ) ~ -  
leu''Igramicidin A (12). Examination of 
the structure of the single-stranded helix 
s h o ~  that for the left-handed helix the 
residue 14 carbonyl is in the binding-site 
seement of the channel, whereas the 
iesidue 8 carbonyl is well removed from 
the binding site segment (Fig. 4C). For  
theright-handed single-stranded P-helix, 
the reverse is the case; the residue 8 

carbonyl carbon is a t  the center of the 
binding site segment, and the residue 14 
carbonyl is well removed from the seg- 
ment. The observed thallium ion-in- 
duced chemical shifts for residues 8 and 
14 are also included as  X's in Fig. 4C, 
where they are correct for the left-hand- 
ed helical sense. 

Thus,  ion-induced carbonyl carbon 
chemical shifts have provided a com- 
plete resolution of the issue of the single- 
versus double-stranded helix for the 
channel state of gramicidin A and have 
determined the helical sense. It should 
be emphasized that this is the description 
of the major ion-conducting state of 
gramicidin in lipid bilayers and in no way 
counters the excellent solution and solid- 
state studies of polymerized L-D struc- 
tures, including the gramicidins, which 
can occur in the double-stranded helical 
state. 
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Abnormal Ion Permeation Through 

Cystic Fibrosis Respiratory Epithelium 

Abstract. The epithelium of nasal tissue excised from subjects ~ r i t h  cysticfibrosis 
exhibited higher voltage and lolver conductance than tissue from control subjects. 
Basal sodium ion absorption by cystic fibrosis and normal nasal epithelia equaled 
the short-circuit current and u3as amiloride-sensitive. Amiloride induced chloride ion 
secretion in normal but not cystic fibrosis tissue and consequent!\, was more effective 
in inhibiting the short-circuit current in cystic fibrosis epithelia. Clzloride ion-free 
solution induced a smaller hyperpolarization of cystic fibrosis tissue. The increased 
voltage and amiloride eflcacy in cystic fibrosis reject absorption of sodium ions 
across an epithelium that is relati1,ely impermeable to chloride ions. 

Theoretical considerations (I) and ex- 
perimental evidence (2) indicate that salt 
and water absorption are important in 
the regulation of the volume of liquid on 
the surface of proximal airways. A major 
driving force for volume absorption is 
active Na+ transport by surface epitheli- 
al cells (2). This process is electrogenic 
[generates a transepithelial electric po- 
tential difference (PD)] and accounts for 

most of the basal short-circuit current 
(Isc) of epithelial preparations in vitro. 
Nasal and bronchial epithelia of subjects 
with cystic fibrosis (CF) are character- 
ized in vivo by three abnormalities that 
reflect altered ion transport or perme- 
ability and may be linked to deranged 
surface liquid metabolism, thickened 
mucus, and recurrent pulmonary infec- 
tion (3): (i) the basal transepithelial PD is 



raised; (ii) superfusion of amiloride, an 
inhibitor of Na' transport, onto the air- 
way surface induces a greater inhibition 
of PD; and (iii) superfusion of the surface 
with C1--free solution induces a smaller 
C 1  diffusion PD (4-6). We explored the 
ion flows associated with these abnor- 
malities by measuring bioelectric proper- 
ties and unidirectional solute fluxes 
across nasal epithelia excised from C F  
and control subjects (7). 

Resected specimens were placed im- 
mediately in Krebs bicarbonate Ringer 
solution at 37°C. Submucosal tissue was 
removed and tissues were mounted in 
flux chambers with apertures of 0.26 or  
0.53 cm2. Conductance (G), PD, and Isc 
were measured by standard techniques 
(8). Unidirectional flows of 2 2 ~ a  (source, 

0.3 pcilrnl), 3 6 ~ 1  (0.3 ~ C i i m l ) ,  and 14C- 
labeled mannitol (2.5 pCiiml) were mea- 
sured across specimens of short-cir- 
cuited nasal epithelium. The initial sink 
compartment [mucosal (M) or submuco- 
sal (S)] was randomly selected. Isotope 
flows reached a steady state within 60 
minutes and were monitored for another 
45 minutes. Then the solutions were re- 
placed with tracer-free solution. Tracer 
efflux from the tissue surface and elec- 
trode bridges in the source were estimat- 
ed from the change in solution radioac- 
tivity during a 60-minute washout. Next, 
" ~ a  and 36Cl (each 6.5 pCiiml) were 
added to the compartment that had 
served earlier as  the sink. Steady-state 
isotope flow was measured for 45 min- 
utes. Then amiloride was added to the 

Table 1. Bioelectric properties and solute flows across excised CF nasal polyp and normal nasal 
turbinate. Bioelectric propert~es and Ion fluxes represent the means of average values 
(t standard errors) for turbinates (one to two specimens per subject) from six normal subjects 
and polyps (two to four per subject) from three CF subjects. Mannitol permeability was 
estimated for tlssues from five normal subjects (G = 14.7 i 1.2 mS/cm2) and three CF subjects. 
Mean Isc and G for tlssues of all CF subjects ( N  = 4) were 2.98 t 0 68 kEq/cm2 per hour and 
9.0 t 2.6 mS/cm2, respectively. M -+ S,  un~directional flux from mucosa to submucosa; 
S -, M, unidirectional flux from submucosa to mucosa. 

Item Normal 
turbinate 

Bioelectric properties 
PD (mV) 
Isc (~* .~q /c rn~-hour )  
G (mS/cm2) 

Ion fluxes (kEq/cm2-hour) 
Na' (M -. S) 
Na+ (S -+ M) 
Na' (net) 
Cl- (M -+ S) 
Cl- (S -+ M) 
Cl- (net) 

Permeability coefficient 
( x  lo-' cmlsec) 

Pmannlto~ 

'Significantly different from normal turbinate ( P  < 0.05, unpaired t-test). 
zero ( P  < 0.05, paired t-test). 

*Significantly different from 

Table 2. Response of nasal epithelia to exposure of the mucosal surface to amiloride and CI-- 
free solution. Abbreviations: AJ, change in steady-state ion flow induced by arniloride; APD and 
AG, change from baseline induced by replacement of CI- in mucosal bathing solution (all 
changes in PD made the rnucosal solution more negative). 

Condition Normal 
turbinate 

Atopic 
polyp 

C1--free solution plus 
amiloride (10-4M) 

APD (mV) 

AG (mS/cm2) 

*Significant change ( P  < 0.05). 

-4.3 i 0.81 -1.9 i 0 . 5  -8.1 i 0.5+ 

tChange different from that of CF tissue ( P  < 0.05). 

mucosal solution ( IO-~M) and the con- 
centration was raised tenfold every 2 
minutes (current was stabilized within 30 
seconds) to 1 0 - 3 ~ .  Isotope fluxes were 
followed for another 45 minutes (9). Fi- 
nally, the lumen was exposed to a C1-- 
free (replaced by gluconate) solution 
with amiloride and the bioelectric re- 
sponse was monitored for 30 minutes. 
Tissues were fixed in the chamber and 
tissue morphology was evaluated by 
light microscopy (8). 

The epithelium of the nasal turbinate 
from normal subjects was characterized 
by an Isc similar to that of excised hu- 
man bronchi (lo),  whereas G was about 
two times higher (Table I) ( I  I ) .  The 
difference between unidirectional Na' 
flows (net Na+ absorption) accounted 
for the short-circuit current, whereas 
unidirectional C1- flows were symmetri- 
cal. The sum of Na' flow in the "pas- 
sive" direction (S -+ M) and the unidi- 
rectional C 1  flux accounted for about 85 
percent of conductance. 

Compared to normal turbinate, the PD 
of C F  polyp epithelia was raised and G 
was lower. Isc was variable, but the 
mean current was not different from that 
of normal turbinate. The differences in 
PD and G appear to  be a property of C F  
epithelia and not the result of the polyp- 
oid nature of the tissues because the PD 
of polyp epithelia from atopic subjects 
was lower (-3.2 + 0.7 mV), and G high- 
er (25.7 ? 1.4 mS/cm2) than the corre- 
sponding properties of normal turbinate 
o r  C F  polyp (12). Active (net) Na+ ab- 
sorption accounted for the basal Isc of 
C F  tissue. Chloride ion flows were sym- 
metrical and at least 50 uercent smaller 
than those of normal tissue. The perme- 
ability of mannitol, a marker of solute 
flow through the paracellular path, tend- 
ed to  be smaller than that of normal 
turbinate, but did not parallel the much 
smaller G of the C F  tissue. 

Figure 1 shows the dose-effect relation 
for inhibiton of Isc by exposure of the 
mucosal surface to amiloride. At higher 
concentrations, amiloride induced signif- 
icantly greater reductions in Isc (or PD) 
in C F  tissue. The dose that inhibited Isc 
by 50 percent (ED50) (- 6 x 10-'M) did 
not differ between groups and was typi- 
cal of that measured in other airway 
epithelia (2). The amiloride-induced 
change in G was not significantly differ- 
ent between any two groups: -0.6 t 0.6 
in C F  tissue, - 1.6 i 0.1 in normal turbi- 
nate, and -2.3 t 0.9 mS/cm2 in atopic 
polyp tissue. When the mucosal surface 
of normal turbinate was exposed to amil- 
oride, Na' and C1- flow in the absorp- 
tive direction was inhibited (Table 2). 
Chloride secretion resulted (13). Amilor- 
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ide affected only the absorption of Na' 
by CF tissue. Exposure of the lumen to 
C1--free solution with amiloride hyper- 
polarized normal turbinate and polyp 
and reduced conductance (Table 2). Sim- 
ilar trends were induced by C1--free 
solution in CF tissue, but the changes 
were significantly smaller. 

The pattern of voltage across excised 
CF and normal nasal epithelia paralleled 
our observations in vivo (14). Although 
the somewhat greater Na' transport of 
CF tissue in vitro may contribute to the 
higher PD, this abnormality appears to 
primarily reflect the smaller conductance 
and C1- permeability of CF respiratory 
epithelium. These findings are consistent 
with the existence of a more widespread 
defect in epithelial C1- permeability. 
Schulz (15) and Quinton (16) postulated 
that the raised NaCl values in the sweat 
of CF patients may reflect a reduced C1- 
permeability of the sweat duct epitheli- 
um. 

Although the lower conductance and 
smaller C1- fluxes of excised CF tissue 
(Table 1) do not pinpoint the C1- perme- 
ability defect of the epithelium to paths 
through the cell (transcellular) or around 
the cell (paracellular), other lines of evi- 
dence indicate that the defect is transcel- 
lular. The ratio of transepithelial C1- 
permeability to mannitol permeability of 
3.4 for CF epithelium is smaller than the 
ratio of 5.8 for normal turbinate. Since 
paracellular paths across proximal air- 
way epithelia behave like routes of free 
diffusion for molecules the size of C1- 
and mannitol (predicted permeability ra- 
tio, 2.9) (17), the ratio of PC,- to p,,, in 
CF tissue that approaches the free diffu- 
sion ratio, coupled with the smaller con- 
ductance, implies a smaller basal C1- 
flow through the cells of CF respiratory 
epithelium. 

Because amiloride selectively affects 
the path of Na transport through, but not 
around, epithelial cells (18), the ability of 
the drug to induce asymmetries in C1- 
flows (secretion) in normal but not CF 
tissue is also compatible with less trans- 
cellular C1- permeation in CF. Since C1- 
secretion is not induced by amiloride in 
CF respiratory epithelia, the electrical 
response to the drug is dominated by 
inhibition of Na' absorption. This effect 
accounts for the disproportionately 
greater voltage response of CF nasal 
epithelium to amiloride exposure in vivo 
(4) and greater inhibition of Isc in vitro. 

The pattern of C1- bi-ionic PD (Table 
2) suggests that at least a portion of the 
lower C1- permeability of CF epithelial 
cells is attributable to the apical mem- 
brane. The hyperpolarization generated 
by exposure of the mucosal surface of 

normal tissue to C1--free solution in vi- 
tro and especially in vivo exceeds that 
predicted for nonselective paracellular 
paths (5) and hence probably reflects the 
contribution of the apical cell barrier. 

In contrast to C1- permeation, the 
apical membrane path of Na' entry into 
CF respiratory epithelial cells does not 
appear to be abnormal because the 
change in G (Na' permeability) induced 
by amiloride in excised CF tissue was 
neither proportionately nor absolutely 
greater than that of normal nasal tissue 
and because the apparent affinities of 
amiloride (EDSO) for the epithelia from 
CF and normal subjects were similar. 
These studies, however, do not provide 
information about the driving force for 
Na' entry across these paths. 

We speculated earlier that "exces- 
sive" absorvtion of water and C1- that is 
driven by Na' absorption is consistent 
with the desiccated airway secretions 
noted in CF (4). Decreased C1- perme- 
ability of the cellular path in CF could 
also result in excessive net volume ab- 
sorption. The volume of surface liquid 
results from a balance between basal 
Na(C1) absorption by surface epithelia 
and secretory counterflows from surface 
cells and glands. Chloride secretion by 
normal pulmonary epithelium may be 
controlled by local mediators, such as 
adrenergic agonists (10) and endogenous 
amiloride-like substances (19). The in- 
ability of C1--impermeable CF surface 
cells to secrete would shift the balance of 
transepithelial liquid flow away from the 

Log amiloride (M) 

Fig. 1. Dose-effect relation for amiloride's 
action on the Isc of nasal polyps excised from 
four CF patients (m), nasal turbinates excised 
from six normal subjects (A), and nasal pol- 
yps excised from five atopic subjects (*). 
Percent inhibition = [(Isc before exposure to 
drug - steady-state Isc during exposure to 
drug)iIsc before drug] x 100. Vertical lines 
denote standard errors. (*) Significantly dif- 
ferent from atopic polyps; (**) significantly 
different from normal turbinate and atopic 
polyp (both at P < 0.05, t-test for indepen- 
dent means). 

lumen and concentrate macromolecules 
(mucus) on the airway surfaces. Further, 
the same C1- secretory process may be 
the driving force for the net vroduction - 
of airway surface liquid by more distal 
pulmonary surfaces that are not accessi- 
ble to our experimental approach. Be- 
cause surface liquid flows toward the 
mouth (I), such a defect would not only 
contribute to desiccation of distal airway 
surfaces but also to dehydration of more 
proximal surfaces in CF. 
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Vasoactive Intestinal Peptide Alters Membrane Potential 
and Cyclic Nucleotide Levels in Retinal Horizontal Cells 

Abstract. Vasoactive intestinal peptide stimulated the synthesis of adenosine 3',5'- 
monophosphate in fractions of isolated carp horizontal cells. When applied extracel- 
lularly to isolated and cultured horizontal cells, the peptide also induced a slow 
depolarization (30 to 40 millivolts) accompanied by a decrease in membrane 
resistance. However, analogs of adenosine 3',5'-monophosphate applied extracellu- 
larly or intracellularly, and forscolin applied extracellularly, had no effect on the 
membrane potential of cultured horizontal cells, indicating that the induced depolar- 
ization was not related to the accumulation of adenosine 3',5'-monophosphate in 
these cells. 

Horizontal cells are second-order neu- 
rons believed to play an important role in 
the processing of information in the out- 
er plexiform layer of the retina (1). In the 
cyprinid fish retina, the HI (or luminos- 
ity type) horizontal cells are known to 
receive two synaptic inputs, one from 
the cone photoreceptors (2), which may 
use glutamate as their neurotransmitter 
(3-3,  and the other from a class of 
interplexiform cells, which is known to 
use dopamine as its neurotransmitter (6). 
A dopamine-sensitive adenylate cyclase 
has been identified in isolated horizontal 
cells separated from the enzymatically 
dissociated carp retina (3, suggesting 

that increased intracellular levels of 
adenosine 3',5'-monophosphate (cyclic 
AMP) mediate the physiological effects 
of dopamine in carp horizontal cells. 
Isolated carp horizontal cells maintained 
in culture are also amenable to intracel- 
lular recording techniques, and recent 
experiments have demonstrated that L- 

glutamate and its agonists quisqualate 
and kainate induce large, long-lasting 
depolarizing responses when applied to 
these cells (4). Taken together, these 
data imply the presence of both dopa- 
mine receptors and glutamate receptors 
on carp horizontal cells (8). 

Vasoactive intestinal peptide (VIP), a 

Fig. 1. Effects of dopamine (DA) and VIP, 0.07 
alone or in combination, on cyclic AMP accu- 
mulation in fractions of isolated carp horizon- 5 
tal cells. After a 5-minute incubation in the 2 
absence of any test substance, cells received a 2 
10-minute incubation at 30°C in the presence 0.05 

of 250 pM dopamine or 25 pM VIP or both. 
As a routine measure, 2 mM IBMX, a phos- & 
phodiesterase inhibitor, was added to the in- 
cubation Ringer to prevent the enzymatic $ 0.03 
breakdown of cyclic AMP during incubation. 5 
Incubations were terminated by boiling for 3 .g 
minutes, after which triplicate 100-pl samples - 
from each reaction tube were assayed for 2 
cyclic AMP content by using an acetylated 0.07 
radioimmunoassay (Collaborative Research, 5 
Inc.). Due to the small number of cells present 2 
in each reaction tube, it was not possible to Control DA VIP DA +VIP  
express data in picomoles of cyclic AMP per 
milligram of protein. Final data were expressed, therefore, as picomoles of cyclic AMP per 100 
p,1 of assay sample. In the absence of added dopamine or VIP, cyclic AMP levels were below 
the level of detection (0.0025 pmole per 100 p,1 of sample). Each histogram is the mean * 
standard error for 9 to 12 determinations. 

single-chain polypeptide containing 28 
amino acids, is able to stimulate cyclic 
AMP accumulation both in the brain (9- 
11) and in the retina (12, 13), including 
the retina of the carp (14). Surprisingly, 
we have observed that the effects of VIP 
on cyclic AMP accumulation in intact 
pieces of carp retina are not additive 
with those of dopamine (14). This sug- 
gests the possible co-localization of VIP- 
and dopamine-stimulated adenylate cy- 
clase systems on the same populations of 
neurons within the carp retina. To inves- 
tigate the possible presence of a third 
class of neurotransmitter receutor on 
carp horizontal cells, we examined the 
effects of VIP on cyclic AMP accumula- 
tion and membrane potential in these 
neurons. We report that VIP can both 
induce cyclic AMP accumulation and 
alter membrane potential in isolated hor- 
izontal cells. However, the membrane 
potential change does not appear to be 
linked to the increase in intracellular 
cyclic AMP levels. 

For experiments involving an investi- 
gation of VIP-dependent cyclic AMP ac- 
cumulation, fractions of horizontal cells 
were isolated from the enzymatically dis- 
sociated carp retina using previously de- 
scribed techniques (7, 15). Briefly, reti- 
nas were dissected from dark-adapted 
carp (Cyprinus carpio) and incubated in 
an appropriate Ringer solution contain- 
ing 0.08 percent trypsin for 90 minutes. 
Following dissociation of the cells, the 
resulting cell suspension was applied to 
the surface of gradients containing 0.8 to 
4 percent Ficoll. Cells were left to sedi- 
ment out at unit gravity for 4 hours at 
9°C. Fractions containing horizontal 
cells were then collected and pooled. 
The horizontal cells were harvested bv 
centrifugation, resuspended in Ringer (fi- 
nal volume, 500 pl), and examined for 
their ability to accumulate cyclic AMP in 
the presence of VIP or dopamine or 
both. 

The effects of 250 pM dopamine or 25 
pM VIP or both on cyclic AMP accumu- 
lation in fractions of isolated carp hori- 
zontal cells are illustrated in Fig. 1. In 
agreement with previous studies (7, 15), 
250 p,M dopamine induced a large in- 
crease in cvclic AMP accumulation dur- 
ing a 10-minute incubation. A similar 
large response was observed in the pres- 
ence of 25 uM VIP. In contrast, a num- 
ber of other peptides, including sub- 
stance P, a-melanocyte stimulating hor- 
mone, and cholecystokinin octapeptide- 
(26-33), were ineffective at stimulating 
cyclic AMP accumulation in fractions of 
horizontal cells. While it is possible that 
these effects of VIP may be mediated 
through an interaction with dopamine 
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