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A B S T R A C T Intact lymphocytes from patients with
cystic fibrosis (CF) produce significantly (P < 0.001)
less adenosine 3':5' cyclic monophosphate (cAMP) than
normal lymphocytes in response to isoproterenol (10-8-
10-4 M), although the basal cAMP content and the
response to prostaglandin El are normal. Obligate het-
erozygotes for CF have significantly (P < 0.005) re-
duced cAMP response to isoproterenol as well, sug-
gesting a genetic component in the beta adrenergic
deficiency in CF. The number of beta adrenergic re-
ceptors, as determined by equilibrium binding of
[3H]dihydroalprenolol to lymphocyte particulates, is
the same in normal lymphocytes (969±165 receptors/
cell) and lymphocytes from patients with CF
(1,333±263 receptors/cell). Binding properties of the
receptor for both antagonist and agonist, as assessed
by KD for dihydroalprenolol and Ki for (-)-isoproter-
enol, are also normal in the CF lymphocytes. Similarly,
in granulocytes from patients with CF, the cAMP re-
sponse to isoproterenol (10-8_10-4 M) is significantly
reduced compared with healthy controls (P < 0.03),
as is the response of granulocytes from obligate het-
erozygotes (P < 0.05). Again, the basal cAMP levels
and the response to prostaglandin El are normal. The
number of beta adrenergic receptors, as determined
by equilibrium binding of [3H]dihydroalprenolol to
granulocyte particulates, was the same in normal
(1,462±249 receptors/cell) and CF (1,621±221 recep-
tors/cell) preparations. Binding properties of the re-
ceptor for both agonist and antagonist, as assessed by
KD for dihydroalprenolol and Ki for isoproterenol, are
normal in CF granulocyte particulates. The lympho-
cyte and granulocyte beta adrenergic defect in CF
cannot be explained by abnormalities of the beta ad-
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renergic receptor or of adenylate cyclase itself. Re-
ceptor-cyclase coupling is the most likely site of the
heritable beta adrenergic defect in CF.

INTRODUCTION

Reduced beta adrenergic responses have been dem-
onstrated in lymphocytes, granulocytes, and the car-
diovascular system of patients with cystic fibrosis (CF)'
(1-5). In leukocytes, the defect appears to be present
in attenuated form in obligate heterozygotes for CF,
suggesting that it is inherited and not acquired as a
result of disease (1, 4). This suggestion is further sup-
ported by the lack of relation of the CF beta adrenergic
abnormality to major organ involvement or to severity
of pulmonary disease (1-4). The biochemical basis for
this abnormality is uncertain. The same cells that fail
to produce normal amounts of adenosine 3':5' cyclic
monophosphate (cAMP) in response to beta adrenergic
agonists respond normally to prostaglandin El (PGEI)
(1, 2, 4, 5), suggesting that the capacity of adenylate
cyclase to respond to hormonal stimuli is intact. In
fact, adenylate cyclase activity in lymphocyte and
granulocyte particulates is normal in its basal state
and in response to 5'-guanylyl imidodiphosphate
(GppNHp), PGEI, and fluoride, but deficient in re-
sponse to isoproterenol (2). This places the abnormality
at the level of the beta adrenergic receptor or the re-
ceptor-cyclase coupling. Galant et al. (4) reported that
in whole granulocytes from patients with CF the num-
ber of beta adrenergic receptors is reduced. However,
the parents of CF patients, who also had reduced
cAMP response to isoproterenol, had normal beta re-
ceptor number. Because lymphocytes and granulo-
cytes may differ with respect to beta adrenergic re-

' Abbreviations used in this paper: cAMP, adenosine 3':5'
cyclic monophosphate; CF, cystic fibrosis; GppNHp, 5'-guan-
ylyl imidodiphosphate; [3H]DHA, [3H]dihydroalprenolol;
PGEI, prostaglandin El.
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ceptor responses to pharmacologic agents (6, 7) and
disease (8), we examined the beta adrenergic receptor
in lymphocytes as well as granulocytes from patients
with CF.

METHODS

Subjects. Patients were diagnosed as having CF based on
sweat chloride >70 meq/liter and the presence of either
chronic pulmonary disease of appropriate character, or pan-
creatic insufficiency, or both. All were 13 to 27 yr of age,
had clinical score (9) >69, no acute illness, and had not
received treatment with beta adrenergic agents or theoph-
yllines during the previous month. They had been treated
with pancreatic enzymes, vitamins, oral or inhaled anti-
biotics, and, in one case, cimetidine. Obligate heterozygotes
for CF were parents of a child meeting the above criteria
for diagnosis of CF, denied medical illness or medication
usage, and were age 27-45 yr. Healthy controls aged 19-35
yr were recruited by advertisement and admitted no med-
ication usage and no medical illnesses. The study was ap-
proved by the Institutional Review Board, and all subjects
granted their informed consent.

Cell preparation. Whole blood was mixed with acid ci-
trate dextrose anticoagulant (1.5 ml/10 ml blood) and cen-
trifuged for 20 min at 180 g. The layer of platelet-rich
plasma was removed, and the lower layer restored to its
original volume with normal saline. Dextran was added to
final concentration 0.8% and the mixture allowed to sediment
at room temperature for 30-60 min. The leukocyte-rich sa-
line was layered onto a cushion of Histopaque (Sigma Chem-
ical Co., St. Louis, MO) and centrifuged for 30 min at room
temperature at 400 g as described by Boyum (10). The lym-
phocytes were recovered at the interphase and washed three
times with normal saline. Granulocytes were recovered in
the pellet, freed of contaminating erythrocytes by hypotonic
lysis, and washed three times with normal saline.

Lymphocyte particulates. Washed lymphocytes were re-
suspended in distilled water and allowed to sit on ice at least
10 min. They were then lysed by Polytron action (15 s at
setting of 8), and the resulting suspension centrifuged at 4°C
for 10 min at 39,000 g. The pellet was washed in buffer
containing 50 mMTris, pH 7.4, and 10 mMMgCl2, and
finally resuspended in this buffer with a motor-driven Teflon
pestle for use in the receptor-binding assays. This method
is a modification of that of Aarons et al. (11).

Granulocyte particulates. Washed granulocytes were re-
suspended in buffer containing 50 mMTris, pH 7.4 and 10
mMMgCI2, and lysed by Polytron action (15 s at setting of
8.). The lysate was centrifuged at 4°C for 10 min at 39,000
g, washed once, and resuspended in this buffer with a motor-
driven Teflon pestle.

Intact cell studies. Whole lymphocytes or granulocytes
were suspended in normal saline containing 50 mMTris, pH
7.4, and 8 mMtheophylline and incubated for 5 min at room
temperature. The cell suspension (70 IA) was then added to
tubes containing either PGE1 (10-8-10-5 M), isoproterenol
(10-8-10-4 M), isoproterenol and propranolol, or buffer (total
volume, 100 id), and incubated 5 min at 37°C. The reaction
was terminated by boiling for 2 min. The samples were di-
luted with 400 jl distilled water and frozen for later assay
in duplicate for cAMP by the method of Brown et al. (12).

Beta adrenergic receptor assays. Binding of [3H]dihydro-
alprenolol ([3H]DHA) to lymphocyte or granulocyte partic-
ulates was conducted at 37°C in buffer containing 50 mM
Tris, pH 7.4 and 10 mMMgCl2 in total volume 500 Ml as

described by Williams et al. (13). Nonspecific binding was
taken as that not displaced by 10-5 M DL-propranolol, and
ranged from 20-50% of total binding for lymphocyte par-
ticulates and 30-60% for granulocyte particulates. At the
end of the incubation period, the mixture was diluted with
3 ml cold buffer, and bound ligand was separated from free
by rapid (<15 s) filtration onto Whatman GF/C filters
(Whatman, Inc., Clifton, NJ) under vacuum, followed by
washing of the filters with 20 ml ice-cold buffer. Filters were
then dried and counted in a Searle liquid scintillation counter
with efficiency for 3H of 40-44% (Searle Radiographics, Inc.,
Des Plaines, IL). Specific binding increased linearly with
added protein over the range used in these assays (50-300
Mg for lymphocytes, 50-500 Mg for granulocytes).

For equilibrium binding studies, [3H]DHA (at least five
concentrations, 0.5-5 nM) was incubated for 20 min with
the particulates. KD, the binding constant for [3H]DHA and
Bm.x, the theoretical maximum binding, were calculated by
Scatchard analysis (14).

For studies of displacement of binding by adrenergic
agents, 4 nM [3H]DHA was used. Solutions of agonists were
prepared in buffer containing ascorbic acid (1 mM), which
by itself had no effect on ligand binding. Ki, the dissociation
constant for each agonist, was calculated by the method of
Cheng and Prusoff (15): Ki = IC50/1 + [DHA]/KD, where
the IC5o is the concentration of agonist required to cause
50% inhibition of specific binding, and [DHA] is the con-
centration of [3H]DHA used in the assay (in this case, 4 nM).

Enzyme assays. Adenylate cyclase was assayed as de-
scribed previously (2); 5'nucleotidase was assayed by two
methods, one as described by Dixon and Purdom (16) and
one as described by Arkesteijn (17) with reagents provided
in kit form by Sigma Chemical Co. Protein was determined
by the Bio-Rad procedure (18) and cell counts were per-
formed manually using a hemocytometer.

Statistical analyses. Student's t test was used for com-
parison of means. Lines were fitted to the points obtained
for Scatchard analysis by the method of least squares. Com-
parison of curves was performed by Anova with multiple
samples correction applied.

Materials. PGE, was purchased from the Upjohn Co.,
Kalamazoo, MI. [3H]cAMP and [3H]DHA were purchased
from Amersham Corp., Arlington Heights, IL. Theophylline,
(+)- and (-)-isoproterenol, GppNHp, propranolol, and
other laboratory chemicals were purchased from Sigma
Chemical Co.

RESULTS

Intact lymphocyte studies. Basal levels of cAMP
were: 26.2±8.2 pmol/106 normal cells, 17±10 pmol/
106 CF heterozygote cells, and 28.7±9.5 pmol/106 CF
cells. Although the CF heterozygotes are somewhat
older than the other two groups, they are shown on
the same graph because in the age range of all these
subjects (13-45 yr), leukocyte cAMP response to iso-
proterenol (unlike beta adrenergic receptor number)
does not vary with age (1, 4). The cAMP response to
isoproterenol is significantly reduced in lymphocytes
from CF patients at all concentrations of isoproterenol
tested (Fig. 1). In lymphocytes from obligate hetero-
zygotes for CF, the cAMP response to isoproterenol
was intermediate between the normal and the CF cells'
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FIGURE 1 Stimulation by (-)-isoproterenol of cAMP levels
in intact lymphocytes from nine normal subjects, eight ob-
ligate heterozygotes for CF, and eight patients with CF.
Methods are described in the text. Results are expressed as
a percentage of the cAMPaccumulation that occurred in the
absence of agonist. Points indicate mean values and bars,
SEM. At each concentration tested, CF cells produced sig-
nificantly less cAMPthan normal cells (P < 0.01, t test). The
cells from CF heterozygotes produced significantly less
cAMP than normal cells at isoproterenol concentrations of
10-8, 10-7, 5 X 10-7 and 5 X 106 M (P < 0.05, t test).
Comparison of the curves by Anova indicates that a signif-
icant amount of the variance of the samples is accounted for
by the CF genotype (F = 32.2, P < 0.001 for CF and normal
subjects; F = 9.9, P = 0.003 for CF heterozygote and normal
subjects; F = 16.5, P < 0.001 for CF and CF heterozygote
subjects; F = 19.9, P < 0.001 for all three genotypes).

responses, and, when the curve was analyzed by An-
ova, was significantly different from both (P < 0.003).
The concentration of isoproterenol required to elicit
a half-maximal increase in cAMPconcentration (EC50
for isoproterenol) was calculated for each subject, and
averaged 2.64±1.7 X 10-7 M for the normal lympho-
cytes and 8.38±1.5 X 10-7 M for CF lymphocytes (P
< 0.01). The value for heterozygotes was intermediate,
6.43±3.1 X 10-7 M. Addition of propranolol (2 X 10-5
M) to samples containing isoproterenol (10' M) re-
sulted in 85±5% inhibition of cAMPaccumulation in
all samples. The cAMP response to PGE1 does not dif-
fer significantly among CF patients, obligate hetero-
zygotes for CF, and normal controls (Fig. 2).

Intact granulocyte studies. Basal levels of cAMP
were: 2.1±0.6 pmol/106 normal cells, 1.5±0.5 pmol/
106 CF heterozygote cells, and 1.9±0.7 pmol/106 CF
cells. Granulocyte cAMPresponse to isoproterenol does
not vary with age over the range of ages of the present

subjects (1). The cAMP response to isoproterenol in
granulocytes from CF patients differs significantly
from that of cells from healthy controls (P = 0.03 by
Anova), but not from that of obligate heterozygotes
for CF (Fig. 3). The response of granulocytes from
obligate heterozygotes for CF to isoproterenol differs
significantly from that of control subjects (P = 0.05 by
Anova). The concentration of isoproterenol required
to elicit a half-maximal increase in cAMPconcentra-
tion (ECN for isoproterenol) was calculated for each
subject, and averaged 1.0±1.0 $M for the normal gran-
ulocytes, 1.7±0.7 MAM CF cells, and 2.7±1.0 ,M for
cells from heterozygotes. Propranolol (2 X l0' M)
inhibited the response to isoproterenol (10-5 M) by
>80% in all samples. The cAMPresponse to PGE1does
not differ significantly among CF patients, obligate
heterozygotes for CF, and normal controls (Fig. 4).

Lymphocyte receptor binding studies. Specific
binding of [3H]DHA to normal lymphocyte particu-
lates was rapid (t1/2= 1.75 min, with equilibrium
achieved at 20 min), and reversible (t1/2 = 1.25 min).
Kinetic analysis was performed using the following
four equations: (a) k2 t = ln (b/beq), where k2 is the
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FIGURE 2 Stimulation by PGE1 of cAMP levels in intact
lymphocytes. Subjects and symbols are described in the leg-
end to Fig. 1. No significant difference among the groups
is demonstrated.
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FIGURE 3 Stimulation by (-)-isoproterenol of cAMP levels
in intact granulocytes from nine normal subjects, seven ob-
ligate heterozygotes for CF, and nine patients with CF. Sym-
bols are as for Fig. 1. At isoproterenol concentrations from
10-8 to 106 M, CF cells produced significantly less cAMP
than normal cells (P < 0.05, t test). The cells from CF het-
erozygotes produced significantly less cAMP than normal
cells at isoproterenol concentrations of 108 and 10' M
(P < 0.05, t test). Comparison of the curves by Anova in-
dicates that a significant amount of the variance of the sam-
ples is accounted for by the CF genotype (F = 4.64, P = 0.03
for CF and normal subjects; F = 3.9, P = 0.05 for CF het-
erozygote and normal subjects). CF and CF heterozygote
cells do not differ significantly.

reverse rate constant, beq is the amount of [3H]DHA
specifically bound at equilibrium and b is the amount
of [3H]DHA bound at time t. (b) kob, t = ln (beq/beq
- b), where kob, is the apparent forward rate constant.
(c) ki = kob. - k2/[DHA], where k1 is the forward rate
constant. (d) KD = k2/k1. KD calculated in this way
was 1.4 nM, which approximates the value derived
from Scatchard analysis of equilibrium binding data
(2.3±0.8 nM).

Scatchard analysis using the equation B/F =-KD-
(Bmax- B), where B is the amount of [3H]DHA spe-
cifically bound at free ligand concentration F (14), was
used to determine KD and Bmax, a measure of receptor
number. Scatchard plots gave straight lines in each
case (r > 0.84, P < 0.05) (Fig. 5). Because of sugges-
tions that a high-capacity, low-affinity [3H]DHA bind-
ing site might be occupied in lymphocytes at ligand
concentrations as low as 4-5 nM (6), the data were
recalculated using only points obtained at concentra-
tions of ligand < 3 nM, but no change in either KD or
Bm,, resulted. In addition, binding was stereospecific
at [3H]DHA concentration of 4 nM (Table I, Fig. 6).
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FIGURE4 Stimulation by PGE1 of cAMP levels in intact
granulocytes. Subjects are described in the legend to Fig. 2
and symbols, in the legend to Fig. 1. CFand CFheterozygote
subjects do not differ from the controls.

The receptor number was expressed as the number
of receptors recovered in the particulate fraction per
cell used to prepare that fraction. For two healthy
normal subjects, the number of receptors was deter-
mined on three occasions at least 1 wk apart. The coef-
ficients of variation were 10 and 19%, comparable to
other figures in the literature for intrasubject vari-
ability of lymphocyte beta adrenergic receptor num-
ber in healthy outpatients eating ad lib. (19). One study

TABLE I
Binding Properties of the Lymphocyte Beta

Adrenergic Receptor

Normal CF

KD [3HJDHA 2.3±0.8 nM (9) 2.5±0.4 nM (9)
Ki (-)-isoproterenol 1.00±0.46 uM (5) 0.77±0.13 uM (4)
Ki (-)-isoproterenol

+ GppNHp
(10-4 M) 6.5±2.6 MM(5) 10.0±2.2 uM (4)

Ki (+)-isoproterenol 224±103 MM(5) 139±74 MM(4)

Values given are mean±SEM, with number of subjects in paren-
theses.
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FIGURE 5 Sample equilibrium binding curves and Scatchard plots for [3H]DHA binding to
lymphocyte particulates from an 18-yr-old woman with CF and a 25-yr-old healthy man.
Methods are described in the text.

(6) achieved a far better intersubject coefficient of vari-
ation (6%). However, when we tried to duplicate these
methods of membrane preparation, >75% of the hor-
mone-responsive adenylate cyclase activity and 65%
of the 5'-nucleotidase activity were lost in the dis-
carded pellet of a low-speed centrifugation step.

The binding of [3H]DHA to both normal and CF
lymphocyte particulates is stereoselective, with Ki for
(+)-isoproterenol at least 100-fold greater than the Ki
for (-)-isoproterenol (Fig. 6, Table I). The order of
potency of agonists corresponds to their relative po-
tency in stimulating cAMP production, isoproterenol
> epinephrine > norepinephrine > phenylephrine.
Therefore, binding is rapid, reversible, stereospecific,
and has KDcalculated from kinetic studies comparable
to KDcalculated from equilibrium binding studies, the
properties expected for a beta adrenergic receptor.
The number of receptor sites per lymphocyte as de-
termined by Scatchard analysis did not differ between
normal and CF cells, nine normal subjects having
969±165 (SEM), and nine patients with CF, 1,333±263
binding sites/cell. The beta error for this determina-
tion is 17%, in the direction of CF beta adrenergic
receptor number greater than normal. The binding
properties of these receptors, as assessed by KD for
[3H]DHA, and Ki for isoproterenol are also comparable
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FIGURE 6 Displacement of specifically bound [3H]DHA (4
nM) from lymphocyte particulates by agonists. Points rep-
resent means of determinations in five normal subjects and
four patients with CF. Specific binding was defined as that
displaced by l0'- M propranolol. Standard deviations for
these points ranged from 2 to 13% of total specific binding.
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in normal and CF lymphocyte particulates (Table I,
Fig. 6). Beta error was 2.8% for KD for [3H]DHA and
7% for Ki for (-)-isoproterenol. Therefore, despite the
small number of subjects, the chance that these two
populations really differ with respect to these variables
is <7%.

Ki for (-)-isoproterenol increases in the presence of
GppNHp(10' M) in both normal and CF lymphocyte
particulates (Fig. 6, Table I), but the magnitude of the
increase cannot be emphasized because the particu-
lates were not shown to be free of guanine nucleotides.

The number of receptors per cell was not signifi-
cantly correlated with the percent increase in cAMP
in response to isoproterenol or with the EC50 for iso-
proterenol for intact lymphocytes.

Granulocyte receptor binding studies. Nonspecific
binding of [3H]DHA to granulocyte particulates con-
stituted as much as 60% of total binding at 5 nM
[3H]DHA. Addition of catechol or phentolamine or

both to the assays had only a small effect (- 10%) on
nonspecific binding, so that these agents were not rou-
tinely used. Specific binding of [3H]DHA to normal
granulocyte particulates was rapid (tl/2 = 2.5 min, with
equilibrium achieved at 20 min), and reversible (t1/2
= 4.7 min). KD calculated by kinetic analysis was 1.3
nM, which approximates the value derived from
Scatchard analysis of equilibrium binding data
(2.4±0.4 nM).

Scatchard plots gave straight lines in each case (r
> 0.80, P < 0.05) (Fig. 7). Again, the data were re-
calculated using only points obtained at concentrations
of ligand < 3 nM. No change in either KD or Bma.
resulted in most subjects. In three subjects, KDand Bmax
both were reduced by recalculation, but substitution
of these new values did not affect the group compar-
ison of CF and normal subjects.

Receptor number was expressed as the number of
receptors recovered in the particulate fraction per cell

C
c

cs0-

0.

06

E
N.

Cvc

C ^

0
C.) O-

0
1._

< E
I: *-

I

r,

30

20

I0

KDKD'0.9nM
Ad- Bm 45.6fmol/mg

0

\ KD - 3.2nM

\ Bmex= 44 f mo I / mg

I I I N
10 20 30 40 50

fmol/mg protein

0

* Normal
o CF

1 2 3 4 5

[3H] -DHA(nM)
FIGURE 7 Sample equilibrium-binding curves and Scatchard plots for [3H]DHA binding to
granulocyte particulates from a 22-yr-old man with CF and a 23-yr-old healthy man. Methods
are described in the text.
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used to prepare that fraction. The intrasubject coef-
ficients of variation was 15 and 20% for granulocyte
beta adrenergic receptor number in two healthy men,
comparable to other figures in the literature (19). One
study (6) achieved a far better intersubject coefficient
of variation (6%). However, when we tried to duplicate
these methods of membrane preparation, over half the
hormone-responsive adenylate cyclase and 5'-nucleo-
tidase activity were lost in the discarded pellet of a
low-speed centrifugation step.

The binding of [3H]DHA to both normal and CF
granulocyte particulates is stereoselective, with Ki for
(+)-isoproterenol 40-350-fold greater than the Ki for
(-)-isoproterenol (Fig. 8, Table II). The order of po-
tency of agonists corresponds to their relative potency
in stimulating cAMPproduction, isoproterenol > epi-
nephrine > norepinephrine > phenylephrine. There-
fore, binding is rapid, reversible, stereospecific, and
has KD calculated from kinetic studies comparable to
KD calculated from equilibrium binding studies, the
properties expected for a beta adrenergic receptor.
The number of receptor sites per granulocyte as de-
termined by Scatchard analysis did not differ between
normal and CF cells, nine normal subjects having
1,462±249 (SEM), and nine patients with CF,
1,621±221 binding sites/cell, with beta error 7%. The

0
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FIGURE 8 Displacement of specifically bound [3H]DHA (4
nM) from granulocyte particulates by agonists. Points rep-
resent means of determinations in six normal subjects and
four patients with CF. Specific binding was defined as that
displaced by 10' M propranolol. Standard deviations for
these points ranged from 4 to 15% of total specific binding.

TABLE II
Binding Properties of the Granulocyte Beta

Adrenergic Receptor

Normal CF

KD [3H]DHA 2.4±0.4 nM (8) 2.7±0.6 nM (9)
Ki (-)-isoproterenol 1.61±0.7 MM(6) 1.25±0.2 MM(4)
Ki (-)-isoproterenol

+ GppNHp
(10-4 M) 16.2±7.1 ,M (6) 26.0±3.2 MM(4)

K, (+)-isoproterenol 68±101 MM(6) 423±252 MM(4)

Vatues given are mean±SEM, with number of subjects in paren-
theses.

binding properties of these receptors, as assessed by
KD for [3H]DHA, and Ki for isoproterenol are also com-
parable (with beta error <10%) in normal and CF
granulocyte particulates (Table II, Fig. 8).

Ki for (-)-isoproterenol increases in the presence of
GppNHp(10-4 M) in both normal and CF granulocyte
particulates (Fig. 8, Table II), but the magnitude of
the increase cannot be emphasized, because the prep-
aration studied was not shown to be free of guanine
nucleotides.

The number of receptors per cell was not signifi-
cantly correlated with the percent increase in cAMP
in response to isoproterenol or with the EC50 for iso-
proterenol for intact granulocytes.

DISCUSSION

Patients with CF and their parents have reduced lym-
phocyte and granulocyte cAMP responses to beta ad-
renergic stimulation (Figs. 1 and 3). The patients stud-
ied here were relatively well (score >69), had no acute
illness, and had taken no beta adrenergic agonists or
theophyllines for at least 30 d. Wehave shown pre-
viously that patients with CF with and without pan-
creatic insufficiency have comparable degrees of beta
adrenergic resistance in lymphocytes, granulocytes,
and the cardiovascular system, so that it is unlikely
that nutritional factors influenced our results (2, 3).
Because there is no correlation between disease sever-
ity and the deficient leukocyte cAMP response to beta
agents or cardiovascular beta adrenergic responses in
vivo (1, 3, 4), and because age-matched patients with
bronchiectasis of non-CF etiology did not display the
lymphocyte beta adrenergic abnormality (2), pulmo-
nary disease per se probably does not produce this
abnormality.

Even mildly affected patients with CF might be
under some stress and therefore have circulating cat-
echolamine excess and downregulated beta adrenergic
receptors. However, adolescent and adult CF patients
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with clinical score > 70, a group comparable to those
who participated in the present study, had plasma
norepinephrine concentrations that were normal in the
resting state and in response to physiologic stimuli
(standing and isometric exercise) (20). Therefore, the
plasma catecholamine history of the CF patients stud-
ied here is likely to be comparable to that of the am-
bulatory healthy controls. Therefore, the beta adren-
ergic abnormality in CF probably cannot be attributed
to endogenous circulating catecholamine excess lead-
ing to adrenergic downregulation.

Because the beta adrenergic defect in CF is observed
in lymphocytes, granulocytes, and the cardiovascular
system (1-5), it is unlikely to be an artifact of distri-
bution of lymphocyte subpopulations, or of the pres-
ence of immature circulating granulocytes in CF pa-
tients.

In summary, patients with CF have a beta adren-
ergic defect, which does not appear to be an artifact
of cell preparations or the result of pulmonary or pan-
creatic disease or medication usage. The presence of
abnormal beta adrenergic responses in CF heterozy-
gotes (Figs. 1 and 3) (1, 4) without overt disease also
strongly suggests a heritable component. The biochem-
ical basis of this abnormality is uncertain. The normal
basal cAMP levels and normal response to PGE1 in CF
cells (Figs. 2 and 4) exclude increased phosphodies-
terase activity as a cause for reduced beta adrenergic
response, and suggest that adenylate cyclase itself is
intact. Indeed, in CF lymphocyte and granulocyte
particulates, adenylate cyclase activity is normal in its
basal activity, response to GppNHp, and response to
PGE, (2). However, the response of adenylate cyclase
to isoproterenol in the presence of GppNHpwas mark-
edly reduced. The persistence of the abnormality in
broken cells, where substrate and cofactors are exog-
enously supplied, suggests that shortage of substrate
or cofactors in vivo cannot explain the defect.

The present study indicates that the properties of
the beta adrenergic receptor are normal in CF lym-
phocytes and granulocytes. Receptors are present in
normal number in these cells, the KD for the antagonist
[3H]DHA is normal, and the Ki for the agonist isopro-
terenol is normal and undergoes an appropriate shift
in the presence of GppNHp. These findings differ from
those of Galant et al. (4) who found that in the CF
granulocyte, KD for [3H]DHA is normal, but receptor
number is reduced. There may be several reasons for
the difference in our results. Our studies were done in
a particulate fraction, and those of Galant et al. (4)
were done on whole granulocytes. Breaking up the
cells might alter the configuration of the receptors.
However, the CF beta adrenergic defect persists in
broken-cell preparations of both lymphocytes and
granulocytes and adenylate cyclase response to iso-

proterenol in particulates correlates well with whole-
cell cAMPresponse to isoproterenol (2). Therefore, this
explanation seems unlikely. On the other hand, the
intact granulocyte might be subject to artifacts such
as uptake of the amine ligand into lysosomes down a
pH gradient, as suggested by recent work by Styrt et
al. (21), but this would not explain the reported ste-
reospecificity of the system used by Galant et al. (4,
22). A more likely explanation for the difference be-
tween our results and Galant's is that the patient pop-
ulations under study are different. We studied only
patients with clinical score > 69, whereas Galant et
al. (4) included patients with more severe pulmonary
disease, with scores as low as 35.

Although Galant et al. (4) found reduced beta ad-
renergic receptor density in cells from CF homozy-
gotes, they found that obligate heterozygotes for CF,
who had reduced cAMP response to isoproterenol in
granulocytes, had normal receptor density. In our
study, in relatively well patients with CF, beta adren-
ergic receptor density is normal. Taken together, these
findings are consistent with the hypothesis that the
heritable aspect of the CF beta adrenergic defect is
in the receptor-cyclase coupling, not receptor number.
The moderately to severely ill patients with CF in-
cluded in Galant et al.'s study population may have
had, besides the heritable coupling defect, disease-re-
lated beta adrenergic receptor downregulation.

An isolated decrease in beta adrenergic receptor
number would not explain the nature of the deficient
cAMP response to isoproterenol in leukocytes from
patients with CF. In both lymphocytes (this study, 13)
and granulocytes (22) only a small fraction of the beta
adrenergic receptors need be occupied for full acti-
vation of adenylate cyclase to occur. If receptor num-
ber alone were reduced, maximal activation of ade-
nylate cyclase and normal maximal levels of cAMP
production should still be achieved, albeit at higher
agonist concentration. This is not the case: in CF,
maximal cAMP accumulation is reduced in both cell
types (Figs. 1 and 3; references 1 and 4). Since ade-
nylate cyclase itself is capable of achieving higher lev-
els of cAMPproduction with other stimuli (Figs. 2, 4),
in order to explain these findings, it is necessary to
postulate impaired receptor-cyclase coupling or selec-
tive loss of a critical, active subpopulation of receptors.

The coupling of the beta adrenergic receptor to ad-
enylate cyclase is complex. Required for coupling to
occur is a protein or protein complex (N.) that binds
guanine nucleotides, increasing adenylate cyclase ac-
tivity and hormone response and decreasing the affin-
ity of the beta adrenergic receptor for agonists but not
antagonists (23). Several lines of evidence suggest that
N, is not the cause of defective coupling in CF. Ad-
enylate cyclase activity increases (2) and the Ki for
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isoproterenol at the beta adrenergic receptor decreases
in the presence of GppNHp (Tables 1, II) in CF lym-
phocyte and granulocyte particuilates, suggesting the
presence of functional N. In addition, a human disease
apparently associated with reduced amounts of this
coupling protein, pseudohypoparathyroidism type I,
does not resemble CF (24). Nevertheless, more defin-
itive experiments must be performed to establish
whether this protein is abnormal in CF.

Abnormal receptor-cyclase coupling may be accom-
panied by derangement of agonist but not antagonist
binding to the beta adrenergic receptor (25). However,
this was not the case in the present study (Tables I and
II). This may reflect insensitivity of our assay system
to such changes or a possible effect of guanine nu-
cleotides retained in the particulate preparations. Al-
ternatively, it may indicate that aniother membrane
component required for coupling is defective in CF.
Additional studies will be required to resolve these
questions.
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