
Recently, reversible light-induced con- 
formational changes were observed with the 
use of a spin label in the C-D interhelical 
loop in rhodopsin (16). It is significant that 
the changes in bR structure are also detect- 
ed by a label in the C-D interhelical loop. 
Furthermore, the chances in both wroteins " 
evidently coincide with protonation chang- 
es at the Schiff base linkage of the retinal 
chromophore. 

As for the functional significance of 
the structural changes in bR, Asp96, five 
residues from the s ~ i n  label at 101, is 
protonated in the ground state, transfers a 
proton to the Schiff base during M decay, 
and is reprotonated from solution during 
the decay of N (Fig. 1)  (17). Evidently, 
the EPR signal changes are coincident 
with this process and thus may reflect 
structural changes near 101 as a result of - 
changes in the protonation of Asp96. A n  
interesting possibility is that the transient 
change reflects the opening and closing of 
a pathway from the aqueous solution to 
Asp" (3,  7). Recently, a change in local 
electrostatic ~ o t e n t i a l  around residue 101 
was reported to have a similar relative 
time course (18). 

In conclusion, a conformational change 
occurs during the decay of the M interme- 
diate and reverses during the return to the 
ground state. The change is localized to the 
cytoplasmic side of the protein, in the vi- 
cinity of the E-F and C-D interhelical loops, 
and may reflect protonation changes in 
Asp96. In principle, all of the conformation- 
a1 changes during the photocycle can be 
mapped by SDSL with a sufficiently large 
set of spin-labeled mutants. 
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Cystic Fibrosis Heterozygote Resistance to 
Cholera Toxin in the Cystic Fibrosis Mouse Model 

Sherif E. Gabriel," Kristen N. Brigman, Beverly H. Koller, 
Richard C. Boucher, M. Jackson Stutts 

The effect of the number of cystic fibrosis (CF) alleles on cholera toxin (CT)-induced 
intestinal secretion was examined in the CF mouse model. CF mice that expressed no CF 
transmembrane conductance regulator (CFTR) protein did not secrete fluid in response 
to CT. Heterozygotes expressed 50 percent of the normal amount of CFTR protein in the 
intestinal epithelium and secreted 50 percent of the normal fluid and chloride ion in 
response to CT. This correlation between CFTR protein and CT-induced chloride ion and 
fluid secretion suggests that CF heterozygotes might possess a selective advantage of 
resistance to cholera. 

Cyst ic  fibrosis (CF) is 'the most common, 
fatal, homozygous recessive disorder of the 
Caucasian population. One in 20 Cauca- 
sians harbors one copy of the mutated CF 
gene, resulting in a frequency of CF of 1 in 
every 2500 live births. CF is characterized 
by decreased C1- permeability of the apical 
membrane of many epithelial tissues ( I ) ,  a 
result of mutations in the CF gene (Z), and 
can result in meconium ileus in CF new- 
borns and intestinal obstructions and accu- 
mulation of mucus in older individuals with 
CF (3). Secretory diarrhea may be caused by 
colonization of the small intestine with the 
organism Vibrio cholerae and results in a 
voluminous C1- and fluid secretion that 
can be fatal if untreated (4). Cholera me- 
diates its action by an  irreversible elevation 
of the concentration of intracellular aden- 
osine 3',5'-monophosphate (CAMP), which 
triggers sustained C1- and fluid secretion 
(4, 5). These two diseases are connected by 
the apically located, CAMP-regulated, C1- 
channel CFTR. It has been proposed that 
C F  heterozygotes may have a selective ad- 
vantage against cholera-induced secretory 
diarrhea (6). The hypothesis suggests that 

CFTR C1- conductance is the rate-limiting 
step for intestinal C1- and fluid secretion, 
and therefore the hypothesis predicts a di- 
rect relation between CFTR expression and 
resultant C1- secretion. 

Efforts to test this hypothesis have been 
limited by the absence of an animal model 
for CF (7). The CFTR(-/-) mouse was 
created by disruption of the CF gene at 
exon 10 by insertion of an in-frame stop 
codon (designated X) to replace Ser489 
(S489X). This stop codon results in an  un- 
stable, truncated CFTR message and no  
full-length CFTR protein (8). Heterozy- 
gotes carrying one copy of the normal 
CFTR gene and one copy of the disrupted 
gene were crossed to give offspring that ex- 
press zero, one, or two normal CFTR alleles 
and were designated CITR(-I-) (homozy- 
gote CF), CFTR(+/-) (heterozygote), or 
CFTR( +/+ ) (homozygote normal), respec- 
tively. Heterozygote CFTR(+/-) mice were 
bred to C57BL/6 mice for at least six genera- 
tions, with selection at each generation for 
the presence of the S489X mutation. After six 
generations, when over 98% of the loci were 
expected to be identical to C57BL/6, these 
heterozvgous animals were mated with one 
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test CF heterozygote resistance to cholera in 
isogenic animals such that CT response was 
directly related to the amount of CFTR. 

We assessed the relation between CFTR 
genotype and CT-induced fluid secretion in 
these mice by use of the sealed adult mouse 
model for secretory diarrhea (9). Normal 
homozygotes were given 10 pg of CT 
through an oro-gastric feeding tube and 
then were incubated for 6 hours, which 
caused an accumulation of clear fluid in the 
small intestine and cecum. Cystic fibrosis 
homozygotes treated identically had no re- 
sponse. Intestinal fluid secretion was high- 
est in the CFTR(+/+) mice, intermediate 
in the CFTR(+/-) mice, and lowest in the 
CFTR(-/-) mice (Fig. 1). 

The physiological mechanism that re- 
sults in fluid secretion in the mammalian 
small intestine is C1- secretion (10). The 
short-circuit current response (I,,) of the 
murine jejunum is dominated by a C1- 
current that is mediated by apical CFTR 
C1- conductance (11). We studied the I, 
of isolated murine jejunal segments exposed 
to CT for a total of 6 hours (12). Consistent 
with the in vivo fluid secretion data, mu- 
rine intestinal segments mounted in Ussing 
chambers differed in their I, response to 

CFTR genotype 

Fig. 1. Fluid accumulation (FA) ratios in mouse 
small intestine. Fluid accumulation ratios were 
measured by comparing fluid mass to gut mass 
after administration of 10 pg of CT through oro- 
gastric feeding tubes to mice of the indicated gen- 
otypes. Values represent means + SEs of 12 an- 
imals for CFTR(+/+), 17 animals for CFlR(+/-), 
and 8 animals for CFlR(-/-). Mice (regardless of 
genotype) treated with saline alone responded 
with afluid accumulation value that was not differ- 
ent from that of the CFTR(-/-) mice (27). Groups 
were significantly different from each other with a 
P < 0.001, as determined by a single-factor anal- 
ysis of variance. 

CT, correlating with the number of normal 
CFTR alleles (Fig. 2). The response to CT 
(10 pg/ml) in the CFTR(+/+) jejunum 
was a sustained I,, that had a peak AI, of 
46.3 2 7.8 pA/cm2. The CFTR(+/-) je- 
junum treated with CT showed both a 
smaller peak AI,, of 23.0 + 2.6 pA/cmZ 
[49.6% of the CFTR(+/+) peak I,] and an 
overall decrease in the net C1- secretion 
(net C1- secretion was measured as the area 
under the secretion rate versus time curve 
over the 6-hour period) to approximately 
half of the value for the CFTR(+/+) jeju- 
num. The ratio of the cumulative 6-hour 
CFTR(+/-) value to that of the cumula- 
tive 6-hour CFTR(+/+) value was 0.41. 
The sustained CT effect in CFTR(+/+) 
tissues could reflect several possible mech- 
anisms, including differential recruitment of 
endosomal CFTR channels or a regulatory 
effect of CT on phosphodiesterases (13). The 
CFTR(-I-) jejunum was routinely unre- 
sponsive to stimulation by CT (14). 

Cholera toxin acts by adenosine 
diphosphate (ADP) ribosylation of the a 
subunit of the stimulatory G protein, 
which results in an accumulation of intra- 
cellular cAMP that is maintained for the 
lifetime of the intestinal epithelium and 
which leads to the activation of CAMP- 
regulable apical C1- channels and to sub- 
sequent fluid secretion (4, 5). The de- 
creased fluid secretion we observed in CF 
murine heterozygotes could result, in the- 
ory, from decreased cAMP concentrations 
or from decreased C1- conductance due 
to decreased CFTR expression. We exam- 
ined the ability of CT stimulation to pro- 
duce cAMP in the three different CFTR 
genotypes. We found no difference in ei- 
ther the basal concentration of cAMP or 
the cAMP concentration after 6 hours of 

I . . . . . . . . . . . , . , .  
- 1 0 1 2 3 4 5 6  

Time (hours) 

Fig. 2. I, response to CT of isolated murine jeju- 
num from CFlR(+/-) and CFlR(+/+) mice. After 
30 min of basal recording, CT (10 pg/ml or ap- 
proximately 120 nM) was administered to the mu- 
cosal bathing solution (as indicated by the arrow), 
and the I,, and tissue resistance were monitored 
for 6 hours. Values represent means and standard 
errors of 16 individual preparations for both 
CFlR(+/-) and CFlR(+/+) (0) mice, com- 
prising five mice for each genotype with either 
two, three, or four tissues mounted from each 
mouse. 

CT stimulation in the CFTR(+/+), 
CFTR(+/-), or CFTR(-I-) jejunum 
(Fig. 3), consistent with normal and CF 
human jejunal biopsies (15). Thus, the 
decreased secretory capacity in heterozy- 
gotes occurs at a site distal to the produc- 
tion of CAMP. 

Chloride permeability of the apical 
membrane of the mammalian small intes- 
tinal tract is mediated entirely through 
CFTR (1 1, 16). Thus, a plausible expla- 
nation for our results is that fluid and C1- 
secretion are proportional to the amount 
of CFTR protein expressed in the intesti- 
nal epithelium. We measured the amount 
of CFTR protein present in CFTR(+/+) 
and CFTR(+/-) small intestine by pro- 
tein immunoblot (Fig. 4). We were un- 
able to detect murine CFTR using anti- 
serum developed against various epitopes 
of the human CFTR sequence. Polyclonal 
antiserum (number 3634), raised to a 23- 
amino acid COOH-terminal peptide of 
the murine CFTR sequence (1 7), detect- 
ed the murine CFTR homolog (180 kD) 
in CFTR(+/+) enterocytes but not in a 
comparable human colon adenocarcino- 
ma cell line (T84). This protein band was 
confirmed to be murine CFTR by the 
absence of a comparable reacting antigen 
in CFTR(-I-) cells (no signal detected 
in six individual samples from four differ- 
ent gels). The CFTR( +/- ) enterocytes, 
however, contained the murine CFTR 
homolog at a lower intensity that corre- 
sponded to approximately half of the nor- 
mal homozygote CFTR protein (relative 
densitometry of CFTR protein) as a per- 

Basal CT-stimulated 

Fig. 3. Basal and CT-stimulated cAMP concen- 
trations in mouse jejunum. The cAMP accumu- 
lation was measured (in picomoles of cAMP per 
milligram of protein) in jejunal segments isolated 
from animals of the indicated genotype (28). 
Values represent means and standard errors of 
10 to 12 individual measurements for each gen- 
otype (total of four mice per genotype) for both 
basal and stimulated data. 
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centage of CFTR protein in ( + / + ) cells: 
( + / - ) , 54.6 ± 4.7 and ( - / - ) , 0.00 ± 0.0 
(six to eight samples from each genotype 
separated on four individual acrylamide 
gels). Thus, the amount of fluid secretion, 
C I - secretion, and CFTR protein corre­
lated with CFTR genotype in the ratio of 
0:1:2 for CF homozygotes, CF heterozy-
gotes, and normal homozygotes. 

A higher than expected CF heterozy-
gote frequency (1 in 20) may be explained 
by genetic drift, increased fertility, or a 
heterozygote selective advantage. A het-
erozygote selective advantage is the most 
plausible explanation for the mainte­
nance of the high CF heterozygote fre­
quency in the human population because 
evidence does not support genetic drift 
(18) or increased fertility (19). Several 
hypotheses have been proposed to ac­
count for the CF heterozygote selective 
advantage, including resistance to pulmo­
nary tuberculosis (20), resistance to influ­
enza (21), and resistance to cholera (6, 
7). A selective heterozygote advantage of 
2% occurring approximately 23 genera­
tions ago could explain the high observed 
incidence of CF (22). Of all the hypoth­
eses, only resistance to cholera is favored 
by the finding that CFTR is a cAMP-
regulable C l _ channel (23). Other reports 
have provided indirect support for a rela­
tion between cholera and CF, including 
decreased sweat secretion in response to 
(3-adrenergic stimulation of CF heterozy-
gotes, as compared with that in normal 
individuals (24), and CT stimulation of 
normal, but not CF, human intestinal 
epithelium (25). Our data show that fluid 
and C I - secretion in response to CT var­
ies directly with the number of CFTR 
alleles in each mouse. 

The predominant mutation causing CF 
in the Caucasian population is a deletion 
of phenylalanine residue 508 (AF508), 
which occurs in approximately 70% of 
individuals with CF (2), and results in no 
functional CFTR reaching the apical 
membrane (26). Thus, like our mouse 
model, AF508 heterozygotes are expected 
to have 50% of the normal amount of 

-200 kD 

• l l F C F T F 

Fig. 4. CFTR protein ex- 1 2 3 4 
pression in CFTR(+/+), 
CFTR(+/ - ) , and CFTR 
( - / - ) intestinal tissue. 
Murine CFTR protein was 
isolated from jejunal en-
terocytes of the appropri­
ate genotype and analyzed * 97 kD 
by conventional protein immunoblot techniques 
(29). Lane 1, 50 |xg of protein extracted from 
T84 cells. Lanes 2 through 4, 50 \xg of jejunal 
enterocyte protein from animals with the follow­
ing genotypes: lane 2, C F T R ( - / - ) ; lane 3, 
C F T R ( + / - ) ; and lane 4, CFTR(+/+) . Arrow­
heads indicate molecular size markers. 

CFTR protein. This smaller amount of 
expressed CFTR in human heterozygotes 
would translate to a decreased fluid secre­
tory response to CT and might be effec­
tive as a protective mechanism in avoid­
ing the dehydration that is often life-
threatening in cholera. The data present­
ed here support the hypothesis that 
human CF heterozygotes have a selective 
advantage in surviving the potentially fa­
tal effects of secretory diarrhea and possi­
bly provide an explanation for the high 
incidence of CF carriers. 
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