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SUMMARY

King, CarL D., ANpD MAYER, STEVEN E.: Inhibition of egress of adenosine 3’,5-mono-
phosphate from pigeon erythrocytes. Mol. Pharmacol. 10, 941-953 (1974).

The formation of adenosine 3’,5’-monophosphate (cyclic AMP) is a response of nucleated -
pigeon erythrocytes that appears to be specific to catecholamines and is associated with the
rapid appearance of the nucleotide in the incubation medium. Norepinephrine, 10 uMm,
nroduced a maximal response in 30—60 min of about 1 nmole of cyclic AMP accumulating
poth inside and outside cells when 25 ul of packed erythrocytes were incubated in 2 ml of
buffered 0.154 m NaCl at 37°. The extrusion of cyclic AMP was primarily unidirectional and
was inhibited by iodoacetate, prolonged incubation, and a high concentration of cyclic
AMP in the medium. Extrusion was also inhibited by certain drugs. Notably potent was
vinblastine (0.3 um), which did not affect norepinephrine-induced intracellular accumulation
of cyclic AMP. Colchicine (300 uM) and papaverine (100 uM) inhibited extrusion. These drugs
also caused augmentation of intracellular cyclic AMP, probably as a result of inhibition of
red cell cyclic nucleotide phosphodiesterase. Griseofulvin (300 um) inhibited extrusion while
partly reducing the norepinephrine-induced accumulation of intracellular cyclic AMP.
Other agents which inhibited extrusion were quinine, quinidine, phenol red, chloroform, and
toluene. Since most of the agents tested have been shown to bind microtubule protein or
irhibit mitosis at metaphase, it is suggested that cyclic AMP extrusion from nucleated avian
. rythrocytes depends upon the integrity of microtubules or of analogous components in the
plasma membrane. However, observations such as inhibition of extrusion by vinblastine
without enhancement of intracellular accumulation of cyclic AMP indicate that drugs which
affect extrusion may influence other related processes—cyclic AMP synthesis or degrada-
tion—and that alteration of one of these processes in turn influences the others.

INTRODUCTION after stimulation by catecholamines the

Davoren and Sutherland (1) showed that ce!ls synthesized cyclic 3',5-AMP, and
pigeon erythrocytes possess a receptor which this response could be blocked by beta adre-
is analogous to a beta andrenergic receptor: nergic antagonists. The same authors also
) showed that the pigeon erythrocyte ex-
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and was inhibited by probenecid; these find-
ings have been taken to indicate that the
extrusion process may be an active one (1, 2).

Microtubules have been implicated in
several mechanisms whereby substances are
transported across cell membranes (3, 4).
Because avian erythrocytes possess a mar-
ginal band of microtubules which lies just
beneath the cell membrane (5), we investi-
gated the effects of several agents which
interact with microtubular protein upon the
extrusion of cyclic AMP from pigeon eryth-
rocytes. These agents were found to inhibit
extrusion. Papaverine, a potent inhibitor of
cyclic nucleotide phosphodiesterase (6), was
found to have a similar cffect.

MATERIALS AND METHODS

Adult pigeons were bled by cardiac punc-
ture. The heparinized blood was centrifuged,
and the plasma and buffy coat were re-
moved. The red cells were washed twice in
incubation medium (0.145 M NaCl-10 mx
Tris-HCl, pH 7.4); the packed cells were
then suspended in 3 volumes of chilled
medium. Smears stained with Wright’s
stain confirmed that only erythrocytes were
present. The experiment was begun by pipet-
ting 25 ul of packed cells (diluted to 100 ul)
into tubes containing 1.9 ml of incubation
medium and the drug(s) to be studied at 0°
and then transferring the tubes to a 37°
water bath for periods of 0.5-120 min. The
incubation was terminated (1) by chilling
the tubes in ice. After centrifugation for 3
min at 0°, the sedimented cells were hemo-
lyzed in 2.0 ml of distilled water at room
temperature and then immediately chilled
in ice. Both the hemolyzed cells and the
supernatant fluid from the incubations were
then heated for 5 min at 100° to destroy
phosphodiesterase activity. The hemolyzed
cells were centrifuged, and the sediment was
discarded. The hemolysates and media were
analyzed for cyclic AMP without further
dilution or purification. The protein kinase
activation method of Wastila et al. (7) was
employed. The specificity and accuracy of
this method for measuring avian erythro-
cyte cyclic AMP were tested as described for
other tissues (7). The recovery of cyclic
AMP (0.3-30 um) added to suspensions of
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intact cells, hemolysates, or media was 90 +
1.3% (SE). The recoveries were not altered
if a supramaximal concentration of the phos-
phodicsterase inhibitor papaverine (1 mm)
was present.

ATP was measured in trichloracetic acid
extracts of cell lysates and media by the
enzymatic fluorometric method described
by Lowry and Passonneau (8). Each sample
was assayed in triplicate.

For studies of red cell cyclic AMP degra-
dative activity, 1 volume of washed, packed
erythrocytes was homogenized in 1 volume
of chilled 50 mm Tris-HCl, pH 8.0, in a
Duall glass homogenizer (IKontes Glass
Company) with 20 strokes of the pestle.
The reaction was begun by adding 101 ul of
homogenate to 200 ul of a 50 mm Tris-
HCl-5 mM magnesium acetate buffer, pH
8.0, containing cyclic AMP in a range of
concentrations from 0.3 uM to 3 mm and
200,000 cpm of cyclic [FHJAMP. Drugs were
dissolved in 50% (v/v) cthanol. The con-
centration of ethanol in the incubation, 1%
or less, did not interfere with the reaction.
The incubations were carried out at 37°, and
the reaction was terminated by heating at
100° for 5 min. A homogenate heated prior
to incubation served as a zero-time sample.
After heating, the tubes were centrifuged
and the supernatant fractions were incu-
bated for 10 min with 0.5 mg/ml of Crotalus
atrox venom. The total [*H]nucleoside prod-
ucts were separated from cyclic PHJAMP
on Dowex 1-2X (chloride, 100-200 mesh)
as described by Rutten et al. (9) and meas-
ured by liquid scintillation spectrometry in
a medium consisting of 5 ml of sample and
15 ml of solvent [2 parts toluene, 1 part
Triton X-100 (Rohm & Haas), and 6 g/liter
of Omnifluor (New England Nuclear)].
Phosphodiesterase activities were calculated
from count rates that increased linearly
with time of incubation (up to 30 min, de-
pending on the cyclic AMP concentration).
Count rates were corrected for the quenching
that occurred (25-30 %) in the medium rela-
tive to an unquenched *H-labeled standard
and recovery of [*H]adenosine (90 %).

Tests for changes in red cell fragility in-
duced by drugs were done according to
Freeman and Spirtes (10). Statistical anal-
ysis of most of the data was performed with
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Student’s t-test for unpaired data. Enzyme
kinetic data were subjected to a program
for the Wang 462 calculator that provided
analysis of linearity, least-squares fit to a
straight line, and analysis of variance of
and y axis intercepts (Wang Laboratories,
Tewkesbury, Mass.).

The following drugs were donated by the
manufacturers: [-norepinephrine bitartrate,
l-epinephrine bitartrate, and dl-isoproterenol
HC], by Sterling-Winthrop Research Insti-
tute; glucagon, papaverine HCl, vincristine,
and vinblastine, by Lilly Research Labora-
tories; Ro 20-1724 and dl-4-(3-butoxy-4-
methoxy-benzyl)-2-imidazolidone, by Hoff-
mann-La Roche; prostaglandins E, and Fy,,
by the Upjohn Company; chlorpromazine
HCI and d-amphetamine sulfate, by Smith
Kline & French Laboratories; and griseoful-
vin, by Ayerst Laboratories.

Purified cholera toxin, dried, lot 1071, was
prepared under contract for the National
Institute of Allergy and Infectious Diseases
by Dr. R. A. Finkelstein, University of
Texas Southwestern Medical School, Dallas.

Cocaine HCl was purchased from Mal-
linckrodt Chemical Works, and angiotensin
II and colchicine, from Calbiochem. Sigma
Chemical Company was the source of cyclic
AMP, dopamine HCI, quinacrine HCI, qui-
nine HCl, quinidine HCI, phenol red, and
C. atrox venom.

Cyclic [PFHJAMP was purchased from
Schwarz BioResearch or Amersham/Searle.
It was purified by anion-exchange chroma-
tography so that there was less than 1%
contamination with [*H]adenosine.

RESULTS

Properties of cyclic AMP accumulation
process. In the absence of a catecholamine,
little or no measurable cyclic AMP was
found in either hemolysates? or medium.

2 All calculations of intracellular cyclic AMP
are made on the basis of 25 ul of packed cells, with
no corrections for trapped extracellular medium
or inhomogeneity of the intracellular space. The
distribution of cyclic AMP within the erythrocytes
is not known. The cyclic AMP present in the incu-
bation medium is referred to as ‘‘extracellular,”
while that in hemolysates prepared from washed
cells is designated ‘‘intracellular.” On rare oc-
casions more than 0.05 nmoles of cyclic AMP
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Of the drugs tested, only l-norepinephrine,
l-epinephrine, and dl-isoproterenol caused
formation of cyclic AMP. Cholera toxin
(cells exposed for 1-2 hr), prostaglandins
E, and F,, amphetamine, glucagon, cocaine,
angiotensin, and dopamine were ineffective.
Saturating (11 uM) concentrations of iso-
proterenol, epinephrine, and norepinephrine
caused equivalent responses. Norepinephrine
was used throughout these experiments,
always at a concentration of 10 um. In its
presence intracellular cyclic AMP rose
linearly with respect to time for 15 min; it
thereafter increased more slowly and reached
a plateau after 40-50 min (Fig. 1). By con-
trast, an elevation of cyclic AMP in the
medium could be detected as early as 3 min
after the start of the reaction, and progressed
linearly with time for 50-60 min (Fig. 2).
These responses to norepinephrine are simi-
lar to those reported by Davoren and Suther-
land (1). For studies of cyclic AMP accumu-
lation in the cells and in the medium, an
incubation time of 30 min was used unless
otherwise noted.

The total amount of cyclic AMP produced
in these experiments by 25 ul of cells was
calculated to consume 1.5 nmoles of ATP
in 1 hr, assuming that no cyclic AMP deg-
radation took place with papaverine in the
medium (Fig. 2). The amount of ATP in the
cells decreased about 12% in 1 hr, from 76
nmoles/25 ul of cells prior to incubation
(Fig. 1, inset). Therefore it is unlikely that
in these experiments ATP became a factor
limiting the synthesis of cyclic AMP, in
spite of the absence of glucose in the incuba-
tion medium.

It was also determined that there was no
measurable extracellular degradation of
cyclic AMP. Cyclic PHJAMP (21 uM, 5 X
10* cpm/tube) was incubated with pigeon
erythrocytes for 0, 60, or 120 min. Aliquots
of the cell supernatant fractions were then
subjected to ion-exchange chromatography

accumulated in 25 ul of packed cells in the absence
of norepinephrine. Such results were associated
with loss of about 509, of the red cell ATP in 30
min of incubation and appearance of some of the
ATP in the medium. Since such conditions were
the exception and not the rule, these data have
been omitted.
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Fi1G. 1. Comparison belween intracellular content
of cyclic AMP and ATP and rale of extrusion of
cyclic AMP from pigeon erythrocyles

The cells were incubated with 10 um norepineph-
rine as described in MATERIALS AND METHODS. At
6, 12, 24, 49, 74, and 99 min of incubation the cells
were rapidly chilled and centrifuged: the super-
natant solutions were discarded, and the cells were
resuspended in 0.25 ml of incubation medium con-
taining 10 uM norepinephrine. They were incubated
for 2 min at 37°; the reaction was then stopped, as
described in MATERIALS AND METHODS, and the cell
lysates and incubation media were analyzed for
cyclic AMP. The extrusion rates shown thus repre-
sent the rates for minutes 6-8, 12-14, etc. The
points represent the means + 1 SE of three experi-
ments. The inset shows the concentration of ATP
in the red cells and medium before and during
incubation with norepinephrine. The results repre-
sent the means of three experiments.

on anion (Dowex 1-Cl, 200400 mesh) and
cation (Dowex 50-H*, 200400 mesh) ex-
change columns with or without prior incu-
bation with snake venom. More than 99 %
of the *®H could be accounted for as cyclic
[*H]JAMP; i.e., after up to 2 hr incubation
of cyclic AMP with red cells no extracellular
conversion of this nucleotide to 5-AMP or
nucleosides was demonstrable.

Davoren and Sutherland observed that
when equal volumes of packed cells and
medium were incubated with [-epinephrine
the concentration of cyclic AMP in the
medium exceeded that in the packed cells
(1). Since the intracellulac distribution of
cyclic AMP could not be estimated, the
results only suggested the possibility that
cyclic AMP was extruded against a concen-
tration gradient. In most of the experiments
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F1G. 2. Time course of appearance of iniracellu-
lar and extracellular cyclic AMP after norepineph-
rine, norepinephrine + vinblastine, and norepi-
nephrine 4+ papaverine

The cells were incubated as described in Ma-
TERIALS AND METHODS. The drug concentrations
used were: norepinephrine, 10 uM; vinblastine, 30
uM; papaverine, 100 uMm. Control incubations: no
drug added. Each point represents the mean of
two determinations.

reported in the present paper pigeon erythro-
cytes were incubated with 80 volumes of
medium, so that the concentration of cyclic
AMP was always much lower in the medium.

Experiments were performed to determine
the effect of cyclic AMP added to the me-
dium on movement of the nucleotide into
and out of the cells (Table 1). Incubation of
erythrocytes with 16 um cyclic FHJAMP for
30 and 60 min led to the apparent associa-
tion of 3% of the added counts with the cell
lysates. Owing to the 10-fold volume differ-
ence between medium and cells, the con-
centration of the counts would then be
about 30 % of the extracellular cyclic AMP
concentration. However, no cyclic AMP was
detected in the cells by the protein kinase
assay. This assay was sensitive to 0.1 uMm
cyclic AMP in the lysates, or 0.6 % of the
concentration in the medium. The discrep-
ancy between the tritium and direct assays
may have been due to substantial influx of
cyclic AMP followed by metabolic conver-
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sion or concentration Ly the co“ﬂ ()P a con-
taminant or an extracellular metabolite of
the cyclic PHJAMP. This discrepancy has
not been resolved, but the data in Table 1
do indicate that over a 60-min incubation
period at 37° pigeon erythrocytes did not
accumulate appreciable amounts of extra-
cellular cyclic [PHJAMP. No significant
counts were associated with the ghosts (data
not shown).

The cells in these experiments synthesized
cyclic AMP in response to norepinephrine,
and most of this was extruded. However, the
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eoticeritration in the medium did not rise
above that in the cells (Table 1). When
both norepinephrine and cyclic AMP were
added to the medium the intracellular con-
centration of the nucleotide was greater
than when only norepinephrine was added.
Since this was not associated with increased
*H in the cell lysates, extracellular cyclic
AMP presumably either inhibited extrusion
of that cyclic AMP produced intracellularly
or stimulated cyclic AMP production by
the red cells. The results favor the hypothesis
that the extrusion process was inhibited

TABLE 1

Effects of norepinephrine and cyclic AMP added to medium on intra- and extracellular cyclic AMP

In these experiments 25 ul of packed cells were suspended with 25 ul of 0.154 M NaCl and 0.01 M Tris-
HCI, pH 7.4, and incubated for 0, 30, or 60 min in a total volume of this medium of 248 ul at 37° con-
taining 50,000 cpm of cyclic [P HJAMP and the additions noted below. The suspensions were then cooled
rapidly to 0° and centrifuged. The cells were resuspended in 500 ul of medium and immediately centri-
fuged again. This washing procedure was repeated once more. The cells were then lysed in 250 ul of water.
The lysate and cell supernatant fractions were assayed for cyclic AMP and *H. The cell ghosts were
dissolved in 100 ul of 799, formic acid at 100° and then assayed for 3H. This was neglible, and the results
are not shown. The data in the table represent one of three experiments in which the absolute responses
to norepinephrine differed but the relative changes in cyclic AMP were similar.

Time of Additions® Lysate Medium
incubation
NE, |cAMP,
10 uM | 18 uM
min cpm/25 W | nmoles/ | um cpm/250 ul nmoles/ | u
| 25ul | 250 w ‘
0 - - 11 \ <0.00 | <0.1 51,300 ' 0.01 0.05
0 o+ - ‘ 246 | <0.00 | <0.1 48,100 015 0.62
0 -+ 428 <0.01 | <0.1 52,400 | 3.65 | 14.6
0 + + 246 ' 0.01 0.3 51,600 4.01 |, 16.0
Mean + SE 1 I 257 + 65 | 50,800 + 946
‘ .
| | |
30 - - 1L,%3 f <0.00 | <0.1 53,600 | 0.00 | 0.00
30 + = 740 | 0.70° | 28.0° 50,420 1.23 . 4.92
30 - |+ | 228 | 000 | 00 46,600 | 3.75 |15.0
30 + + 1,117 | 1.426 | 57.0° 50,000 410 | 16.4
Mean + SE . 1,33 & 312 150,200 + 1,431 |
| | H
60 -] - 675 } 0.00 0.0 19,600 0.01 0.03
60 o+ - 2,103 | 0.64 | 25.8 44,400 1.97 7.90
60 - + 1,313 | 0.00 0.0 50,500 . 395 |15.8
60 L+ + | 2,069 | 1.70° | 68.0% 43,700 ' 425 |17.0
Mean + SE ‘ (1,565 & 782 47,000 + 1,748

@ The abbreviations used in the tables and figures are: NE, norepinephrine; cAMP, adenosine 3',5'-

monophosphate.

® When the results for the three replicate experiments were normalized, the quantity and concentra-
tions of cyclic AMP in the lysates of cells incubated with both norepinephrine and cyclic AMP were
higher than those incubated with norepinephrine only (p < 0.02 by analysis of variance).

¢ The mean lysate counts at 30 and 60 min each differed from 0 min, with p < 0.02.
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when 18 uM cyclic AMP was added to the
medium. However, more extensive work is
required to confirm this hypothesis.

The extracellular cyclic AMP accumula-
tion depended upon the metabolic integrity
of the red cells. Iodoacetate (10 mm) abol-
ished extrusion while reducing the norepi-
nephrine-induced intracellular accumulation
of cyclic AMP by only 30% (Table 2).
Furthermore, when the cells were first incu-
bated at 37° for 100 min and norepinephrine
was then added followed by incubation for
30 min more, the extracellular accumulation
of cyclic AMP almost totally deteriorated.
The accumulation of intracellular cyclic
AMP in response to norepinephrine, how-
ever, was unimpaired. The extrusion process
was not dependent upon Nat (extrusion of
cyclic AMP was as effective in buffered
isotonic KCI as in buffered NaCl) or upon
Ca*t+ [extrusion was unhampered in an
incubation medium containing 10 mm
ethylene glycol bis(8-aminoethyl ether)-
N, N'-tetraacetic acid]. Nor was the process
modified by ouabain (100 pxM).

The cyclic AMP extrusion rate was meas-
ured by removing cells from a norepineph-
rine-containing medium after various times
of incubation; the cells were then resus-
pended for 2 min in fresh medium containing
10 pM norepinephrine (Fig. 1). No maximal
rate of extrusion was found; indeed, the rate
of extrusion appeared to increase with time.
These results are inconsistent with the
observed linear accumulation of extracellular

TABLE 2
Effects of iodoacelate and prolonged incubation on
cyclic AMP in erythrocyles and medium

Cells were incubated as described in MATERIALS
AND METHODS; data are means + 1 SE with n = 3.

Conditions Intracellular | Extracellu-
cAMP lar cAMP
nmoles/25 ul cells

Control, 30 min 0 + 0.01 0 + 0.01

NE, 10 uM, 30 min 0.62 & 0.08 [0.54 + 0.08
NE + iodoacetate,

10 mM, 30 min 0.42 + 0.04 0 + 0.00
Control incubation,
100 min; then NE,

10 M, 30 min 0.79 + 0.06 (0.04 £ 0.03
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cyclic AMP (Fig. 2). The rate of extrusion
as measured in the experiment of Fig. 1 evi-
dently did not reflect the kinetics of extra-
cellular cyclic AMP accumulation when
cells were not washed and exposed for a
brief period to fresh medium and norepi-
nephrine.

Inhibition of cyclic AM P egress. The effects
of vinblastine upon norepinephrine-stimu-
lated accumulation of eyclic AMP in cells
and medium are shown in Fig. 3. At a con-
centration of 100 uM vinblastine reduced
intracellular cyclic AMP; this effect was no
longer apparent at lower concentrations of
the alkaloid, but at 30 and 100 um concen-
trations vinblastine almost completely in-
hibited the extrusion of cyclic AMP into the
incubation medium. Still lower concentra-
tions inhibited the extrusion process to lesser
degrees, in a concentration-dependent fash-
ion. Extrusion was minimally but signifi-
cantly inhibited by 0.3 uM vinblastine.
Vineristine produced similar effects (data
not shown).

Colchicine also inhibited extrusion; at the
same time it potentiated the norepinephrine-
induced elevation of intracellular cyclic
AMP (Table 3). At a high concentration of
colchicine (1 mum) intracellular cyclic AMP
was elevated 37% over the amount seen
with norepinephrine alone, but colchicine
also sharply reduced (78%) the egress of
cyclic AMP from the erythrocytes. The
inhibition of extrusion was progressively less
pronounced at lower concentrations of the
drug.

Griseofulvin (1 mm) reduced the norepi-
nephrine-induced intracellular accumulation
of cyclic AMP, and even more markedly
diminished the extrusion of cyclic AMP into
the incubation medium (Table 3). Extrusion
was also inhibited relatively more than
cyclic AMP accumulation in the presence of
0.3 mu™ griseofulvin.

Papaverine (100 uM) markedly augmented
the norepinephrine-induced increase of intra-
cellular cyclic AMP; almost none of this
large accumulation of cyclic AMP, however,
was extruded into the medium (Table 3).
Lower concentrations of papaverine also
potentiated the effect of norepinephrine on
intracellular cyclic AMP and, at 30 um, ex-
trusion continued to be moderately in-
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F1G. 3. Effects of vinblastine upon norepinephrine-induced changes of intracellular and extracellular

cyclic AMP

The pigeon erythrocytes were incubated for 30 min as described in MATERIALS AND METHODS. Control
incubations contained neither norepinephrine nor vinblastine. The concentration of cyclic AMP in cells
exposed to 10 uM norepinephrine is calculated as 31 nmoles/ml of packed cells, and the concentration in
the medium, as 2.2 nmoles/ml. The concentrations of vinblastine added to the medium are indicated
below the appropriate bars in the figure. The bars represent means =+ standard errors: control, n = 17;
norepinephrine, NE n = 25; norepinephrine + vinblastine, n = 6. Asterisks indicate values which are
significantly different (p < 0.05) from those obtained with norepinephrine alone.

hibited. At 10 uM, however, the amount of
cyclic AMP extruded was back to that found
with norepinephrine alone (Table 3). Papav-
erine alone (i.e., without norepinephrine)
did not cause any detectable change of red
cell cyclic AMP content. This was also found
with the other extrusion inhibitors exam-
ined in this report.

The effects of vinblastine and papaverine
were studied in cells incubated for periods
other than 30 min (Fig. 2). The concentra-
tion of vinblastine chosen (30 um) did not
change the norepinephrine-induced buildup
of intracellular cyclic AMP as compared
with norepinephrine alone, while papaverine
(100 uMm) augmented the norepinephrine-
induced increase of intracellular cyclic AMP
content over cells treated with norepineph-
rine alone. Both drugs markedly inhibited
the extrusion of cyclic AMP into the medium
at all time intervals studied.

Incubation of the erythrocytes for 10-20
min with the drugs mentioned, prior to
exposure to norepinephrine, did not alter

the qualitative effects of the drugs. It did,
however, expose certain complexities of drug
action not seen otherwise. The intracellular
accumulation of cyclic AMP in cells first
incubated with vinblastine (100 uM), washed,
and then exposed to norepinephrine was
greater than the accumulation in cells ex-
posed to norepinephrine alone; in sham-
washed cells after incubation with vin-
blastine the intracellular accumulation of
cyclic AMP remained depressed. Inhibition
of cyclic AMP extrusion into the medium
from cells first incubated with vinblastine
occurred with both washed and sham-
washed cells (Table 4). The inhibition by
vinblastine of cyclic AMP extrusion per-
sisted even after two or three washes. This
was also true with vincristine (100 uM). In
cells initially incubated with papaverine
(100 um) and then with norepinephrine, the
intracellular accumulation of cyclic AMP
was greater than in cells exposed to norepi-
nephrine alone; this effect was present in
sham-washed cells and was even more pro-
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TABLE 3

Effects of colchicine, griseofulvin, or papaverine
upon norepinephrine-induced changes of
intracellular and extracellular cyclic AMP

The pigeon erythrocytes were incubated for 30
min as described in MATERIALS AND METHODS.
The norepinephrine concentration was 10 uM.
In control incubations no drug was present. The
values are means + standard errors (n = 6).

Conditions Intracellular | Extracellular
cAMP cAMP
nmoles/25 ul cells
Control 0.04 + 0.01°/0.025 =+ 0.01°
NE 0.82 4+ 0.06 | 0.80 + 0.05
NE + colchicine, 1

mM 1.12 4+ 0.08°| 0.18 + 0.01¢
NE + colchicine,

0.3 mM 0.98 + 0.03°| 0.62 + 0.02°
NE 4 colchicine,

0.1 mm 0.81 + 0.02 ] 0.69 + 0.04
Control 0.03 + 0.01°¢ 0.02 + 0.01¢
NE 0.55 & 0.06 | 0.38 + 0.04
NE + griseofulvin,

1 mMm 0.32 + 0.01%| 0.07 + 0.01°¢
NE + griseofulvin,

0.3 mM 0.42 + 0.02¢| 0.12 + 0.01°¢
NE + griseofulvin,

0.1 mm 0.54 == 0.02 ]| 0.38 £+ 0.02°
Control 0.02 £ 0.00°| 0.01 + 0.00°
NE 0.55 £ 0.03 | 0.64 + 0.02
NE + papaverine,

100 um 2.41 + 0.13% 0.05 = 0.01°
NE + papaverine,

30 um 1.82 £+ 0.05°| 0.46 £ 0.04¢
NE + papaverine,

10 um 1.55 £+ 0.06°| 0.66 + 0.02

o p < 0.05 compared with incubations carried
out with norepinephrine alone.

_nounced in washed cells. Cyclic AMP extru-
sion was completely blocked in the sham-
washed cells, but this effect was eliminated
by one washing of the cells (Table 4). The
effects of colchicine and griseofulvin (both
1 mM) upon extrusion were also eliminated
by a single washing of the cells. Thus the
extrusion blockade induced by the Vinca
alkaloids was not readily reversed, while the
extrusion blockade induced by the other
drugs was readily reversible.

Inhibition of cyclic AM P degradation. The
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TABLE 4

Effects of incubalion with vinblastine or papaverine

and subsequent washing upon response of pigeon

erythrocytes lo norepinephrine

Cells were first incubated for 5 min with vin-
blastine or papaverine (100 uM), centrifuged, and
then resuspended either in fresh medium (‘‘wash’’)
or in the original incubation medium (‘“‘sham
wash’’). Norepinephrine (10 uM) was then added,
and the cells were incubated for 30 min. n = 6 in
each group.

Conditions Intracellular Extracellular
cAMP cAMP
nmoles/25 ul cells
NE 0.70 &= 0.06 (0.60 £+ 0.10
NE + vinblastine,
sham wash 0.48 + 0.04° |0.05 + 0.00°
NE + vinblastine,
wash 1.11 + 0.08* [0.10 + 0.01¢
NE 0.76 + 0.07 [0.75 £ 0.11
NE + papaverine,
sham wash 1.60 = 0.09¢ |0.00 &= 0.01°
NE + papaverine,
wash 2.41 + 0.10°%)0.72 £ 0.05

e p < 0.05 compared with incubations carried
out with norepinephrine alone.

b p < 0.05 compared with incubations including
norepinephrine and papaverine, followed by sham
washing.

finding that colchicine and papaverine po-
tentiated the elevation of intracellular cyclic
AMP caused by norepinephrine suggested
that both agents inhibited the red cell sys-
tem whereby cyclic AMP is degraded. Fur-
thermore, the finding that washing the cells
after incubation with vinblastine and papav-
erine enhanced the subsequent norepineph-
rine-induced rise of intracellular cyclic AMP
suggested that sufficient drug remained
within the cells after washing to inhibit
cyclic AMP degradation. Therefore the
extrusion inhibitors were tested in red cell
homogenates for possible inhibitory effects
on cyclic AMP phosphodiesterase.
Homogenates of pigeon erythrocytes, like
many other tissues, contain two components
of eyclic AMP phosphodiesterase activity as
a function of cyclic AMP concentration
(Fig. 4). At low substrate concentrations a
K, of 12 uMm was estimated. Activity con-
tinued to increase at high cyclic AMP con-
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F1G. 4. Lineweaver-Burk plots of phosphodiester-
ase aclivity of pigeon red cell homogenates
The inset displays the activity partly plotted
on the extreme left side of the larger graph. Cell
contents were diluted 6-fold in the assay. The unit
of velocity is picomoles per minute per 25 ul of
cells. Substrate concentrations ranged from 0.29
pM t0 3.0 mM. Vmax and K were calculated from a
linear regression analysis program for the Wang
462 calculator. Incubation conditions are described
further in MATERIALS AND METHODS.

centrations to an estimated Viax 40 times
greater, with a K, of 2 mm. Drugs were
tested with a substrate concentration (30
uM) similar to the cyclic AMP concentration
in the cells stimulated by norepinephrine
for 30 min (Table 5). Papaverine was found
to be the most potent phosphodiesterase
inhibitor, with an estimated IC;o of 11 upm,
followed by the imidazolidone Ro 20-1724.
This substance appeared to be less effective
as an inhibitor of pigeon erythrocyte phos-
phodiesterase than has been reported for the
rat erythrocyte enzyme (11). Theophylline
was a very weak inhibitor. Both vinblastine
and colchicine were weak inhibitors. The
nature of inhibition by vinblastine was
examined in more detail. This agent had
some of the characteristics of a noncompeti-
tive inhibitor at concentrations of 100 um or
less, but at a higher concentration the data
were not interpretable on a Dixon plot
(data not shown).

These results with papaverine are con-
sistent with its capacity to raise intracellular
cyclic AMP in norepinephrine-stimulated
cells (Fig. 2; Tables 3 and 4). The inhibitory
action of colchicine on phosphodiesterase at
high concentrations is associated with a
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TABLE 5
Inhibition of pigeon red cell phosphodiesterase

Activity was measured at 37° on homogenates
of cells in the presence of 30 uM cyclic AMP.
Values are the means of determinations at four
time intervals during incubation up to 30 min.
Product formation was always linear with time.
See MATERIALS AND METHODS for further descrip-
tion of the assay conditions.

Inhibitor Concen- | Velocity |Inhibi-| Esti-
tration tion | mated
ICso
uM pmoles % nM
min~! 25
u cells™!
None 92.5+4.7¢ 0
Papaverine 10 |61.0 44
100 ([24.0 74 11
1000 {16.6 82
Ro 20-1724 10 [70.3 24
100 [27.0 69 33
1000 7.5 92
Theophyl- 10 (98.1 0
line 100 |78.3 15 | >1000
1000 [63.5 31
Vinblastine 10 (79.6 14
100 [61.0 34 350
1000 |34.5 63
Colchicine 10 (72.2 22
100 |53.8 42 270
1000 [36.4 61

e Six replicate experiments =+ standard error.

similar effect on intact cells (Table 3). How-
ever, in norepinephrine-stimulated cells vin-
blastine retarded the buildup of intracellular
cyclic AMP at the highest concentration
used, 100 um (Fig. 3), which is about one-
fourth its estimated IC;o for phosphodies-
terase (Table 5). It should be noted that
the inhibitory effects of both vinblastine
and colchicine on phosphodiesterase were
demonstrable at 37°, the temperature at
which all intact cells experiments were per-
formed, but not at 30° (data not shown).
Effects of other drugs on cyclic AMP extru-
ston and red cell fragility. The drugs men-
tioned above have all been reported to be
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capable of producing metaphase arrest (12)
and, except for papaverine, can either bind
to microtubules or precipitate microtubular
protein (13-15). Although probenecid has
not been reported to have such effects, at
100 uMm it inhibited the egress of cyclic AMP
from pigeon red cells, as reported by Davoren
and Sutherland (1) and confirmed by us.
Other agents were tested for possible ability
to inhibit cyclic AMP extrusion from pigeon
erythrocytes. Some (quinacrine, quinine,
quinidine, chloroform, and toluene) are
known to produce metaphase arrest (11);
others, like probenecid and phenol red, are
actively secreted by the renal tubules (16).
Three of these agents—quinine, quinidine,
and phenol red (all at 100 um)—greatly in-
hibited cyclic AMP extrusion from the
pigeon red cell in the presence of norepi-
nephrine (71%, 71%, and 60 %, respec-
tively). Phenol red simultaneously doubled
the norepinephrine-induced buildup of intra-
cellular cyclic AMP. The latter was un-
changed after quinine and quinidine. Two
others—chloroform and toluene (both at 1
mM)—also inhibited extrusion, but in addi-
tion inhibited (to a lesser degree) the intra-
cellular accumulation of cyclic AMP. These
agents did not inhibit the degradation of
cyclic AMP by red cell homogenates.

In tests of red cell fragility it was found
that papaverine, even in low concentrations,
stabilized the red cells to hypo-osmotic
hemolysis; at a high concentration papav-
erine induced hemolysis (Fig. 5). Chlor-
promazine also had this effect. Furthermore,
1 mm colchicine also produced a degree of
stabilization of the red cell. It is improbable,
however, that papaverine and colchicine
reduce cyclic AMP extrusion by ‘non-
specific”’ membrane stabilization. Were such
a mechanism operative, chlorpromazine
should also inhibit the extrusion process;
it did not, at concentrations of 10 and 100
wuM. Furthermore, no protection against
hypo-osmotic hemolysis was conferred upon
the cells by vinblastine (Fig. 5) or by norepi-
nephrine.

DISCUSSION

The extrusion of cyclic AMP from pigeon
erythrocytes should be examined in the con-
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Fi1a. 5. Effects upon red cell fragility of colchi-
cine, vinblastine, papaverine, and chlorpromazine

The incubation medium consisted of 0.40%
NaCl in 1 mum Tris-HCIl, pH 7.4. Washed erythro-
cytes (100 ul) were added to 1.9 ml of medium;
the resulting suspension was mixed gently and
then incubated at room temperature for 30 min.
The samples were then centrifuged, and the optical
densities of the supernatant solutions were meas-
ured at 540 nm. Control hemolysis was 49 + 29,
(mean of six determinations =+ standard error);
at other data points n = 2. For 100% hemolysis,
cells were incubated in distilled water.

text of the over-all turnover of the nucleo-
tide in these cells. There are certain limita-
tions in determining cyclic AMP turnover
from the data obtained here. One of these is
that we made no direct measurements of
cyclic AMP turnover based on labeling of
the intracellular ATP. In fact, we have not
excluded the possibility that adenylate
cyclase, as a membrane enzyme, can form
cyclic AMP on both sides of the membrane.
Drugs may selectively inhibit extracellular
cyclic AMP generation. This would be in-
correctly interpreted as inhibition of cyclic
AMP extrusion. We do not have the evi-
dence to support such speculations.
Another limitation is that we do not know
the volume of distribution of intracellular
cyclic AMP. This limits the reliability of
determining synthesis, degradation, and ex-
trusion rates. The apparent velocities of
these components of cyclic AMP turnover
(Table 6) must be considered with these
limitations in mind. The capacity to convert
cyclic AMP to 5-AMP appears to be ade-
quate for all the cyclic AMP formed in
response to norepinephrine. Extrusion never-
theless occurs at approximately half the
rate of synthesis, and more cyclic AMP
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TABLE 6

Processes involved in cyclic AMP (urnover by
pigeon erythrocytes

Rate

pmoles min~!
25 ucells™ at 37°

Process

1. Formation with NE
Intracellular accumulation

(Fig. 1) 33a
Adenylate cyclase [Qye
and Sutherland (17)] 25
2. Degradation
In intact cells —b
Phosphodiesterase 92
3. Extrusion
Extracellular accumula-
tion (Fig. 2) 150
Rate measurements (Fig.
1) 259

a Based on changes measured during the first
30 min of incubation.
b No data.

appears in the medium than remains in the
cells within 0.5 hr after the addition of
norepinephrine. The rate of extrusion is
difficult to estimate because of the discrep-
ancy between the results obtained when
cells were exposed continuously to norepi-
nephrine and when extrusion was measured
after exposure to fresh medium containing
the catecholamine (Fig. 1). No attempt was
made to explore further the reasons for this
inconsistency as it might be related to
inactivation of norepinephtine or formation
of a diffusible inhibitor of cyclic AMP ex-
trusion during incubation.

The extrusion mechanism is a labile one,
but direct evidence that it is an active
process, against a concentration gradient,
was not obtained. Extrusion of cyclic AMP
could be inhibited either by iodoacetate or
by prolonged incubation. These effects are
probably not the result of ATP depletion,
because extrusion occurred in the absence
of glycolysis and ATP was well maintained
during incubation. Extrusion was also in-
hibited when the extracellular concentration
of cyclic AMP was raised to 18 um (Table 1),
suggesting that efflux rates are controlled
by the concentration gradient across the cell
membrane. Although our data add to the
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previous evidence concerning the nature of
cyclic AMP extrusion, the thesis that it is
an active process still awaits secure proof.
Further work, therefore, must be done to
cstablish the point.

How do the extrusion inhibitors produce
their effect? There are several possibilities.
One possibility—nonspecific membrane sta-
bilization—seems ruled out. Another possi-
bility is binding of the drugs to the erythro-
cyte microtubules. Further support for the
microtubule hypothesis is circumstantial.
The Vinca alkaloids and colchicine have
been shown to bind to microtubule subunits,
and griseofulvin may also bind to tubulin
subunits (18) and can disrupt the mitotic
spindles of dividing cells (19). Finally,
certain other extrusion inhibitors—papaver-
ine, quinine, quinidine, chloroform, and
toluene—can arrest mitosis at metaphase, a
cellular mechanism mediated by micro-
tubules. It seems possible, then, that the
extrusion of cyclic AMP from the pigeon
erythrocyte depends upon the integrity of
the microtubules. If so, the finding that
several of the extrusion inhibitors are also
phosphodiesterase inhibitors may be more
than coincidental. There are data which
suggest that the polymerization of micro-
tubules in vivo can be promoted by cyclic
AMP (20-24). If so, a close association be-
tween microtubules and enzymatic activity
which degrades cyclic AMP might be an-
ticipated, especially since microtubules are
evanescent organelles, quickly formed from
pre-existing subunits and quickly dissipated.
Thus drugs which bind to microtubules may
well be expected to affect the activity of an
enzyme, such as phosphodiesterase, which
might serve to regulate the moment-to-
moment status of microtubule structure.
This entire argument is placed in jeopardy
by the finding that microtubules can be
assembled #n wvitro without any apparent
need for cyclic AMP (25-27). The condi-
ditions of these experiments in wifro, how-
ever, can scarcely be conceived to exist in
living cells. It remains to be demonstrated
that the regulation of microtubule assembly
and disassembly in vivo requires adenylate
cyclase, cyclic AMP, and phosphodiesterase.

We do not wish to overstate the micro-
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tubule hypothesis, however. The submem-
brane layer of microtubules of pigeon eryth-
rocytes does not encompass the entire cell:
it forms a ring, a marginal bundle, at the
cell’s point of widest diameter (5). Elsewhere
the cell membrane is not sublayered with
microtubules. Several recent communica-
tions have emphasized that functions modi-
fied by Vinca alkaloids and colchicine cannot
automatically be explained as functions
mediated by microtubules.

Another possibility is that the extrusion
inhibitors act by binding to non-tubulin
proteins within the erythrocyte membrane
itself. Colchicine-binding protein is present
in the membranes of many cells (28, 29).
Furthermore, as Wunderlich et al. (30) have
shown, the binding of colchicine to cell
membranes renders the membrane rigid,
impairing the movement of membrane com-
ponents; the same authors suggested that
this result may be duc to the binding of
colchicine to membrane protein(s) with col-
chicine-binding properties similar to the
subunits of microtubules. Such protein(s)
could also, then, bind Vinca alkaloids and
other agents which bind to microtubule
subunits. This kind of interaction between
ligand and membrane could well be the
basis of the effects we have observed. The
likelihood of this is enhanced by the obser-
vations of Mizel and Wilson (31) that
colchicine can inhibit nucleoside uptake into
mammalian cells.

The drug effects we have observed may
be too complex to be attributed to a single
site of action. The level of complexity of
the different drug actions themselves appears
to vary. Papaverine and vinblastine offer
clear examples of this. Both drugs inhibited
cyclic AMP extrusion and inhibited phos-
phodiesterase. In addition, vinblastine, in
high concentration, also inhibited the nor-
epinephrine-induced buildup of intracellular
cyclic AMP; this effect was reversed by one
washing of the cells. The same washing did
not, however, reverse the extrusion blockade
by vinblastine; indeed, it unmasked the
evidence that in the intact cell vinblastine
either inhibited phosphodiesterase or aug-
mented the response of adenylate cyclase.
However, the finding that cyclic AMP
extrusion was inhibited by vinblastine, with-
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out a cellular increase in cyclic AMP over
control values (Fig. 2) [in fact there was a
decrease, (sham wash, Table 4)], indicates
inhibition of cyclic AMP formation by
vinblastine. Thus the drugs may be operative
at multiple sites, both within the cell and
probably at the level of the cell membrane;
these multiple sites of operation may in turn
influence one another.

Not all the extrusion inhibitors attenuated
the breakdown of cyclic AMP. One, phenol
red, has not been reported to bind to
microtubular protein or to inhibit mitosis.

Regardless of mode of action, our data
clearly indicate that elevated tissue cyeclic
AMP concentrations in response to treat-
ment with a drug such as papaverine may
be due not only to inhibition of phospho-
diesterase (6) but also to inhibition of the
egress of cyclic AMP from the cell. A similar
dual effect may be predicted for colchicine.
Many types of cells can form cyclic AMP
and then release the nucleotide into the
incubation medium (2). It will be of interest
to see whether the drugs described in this
report also affect the release of cyclic AMP
from cells other than the pigeon eryth-
rocyte.

The function of the very active pigeon
red cell adenylate cyclase system remains
unclear. It may be related to Na+* transport
(32). The function of the extrusion process
is also unclear. Is the extrusion simply a
means whereby the cell rids itself of excess
cyclic AMP? Or might the extruded cyclic
AMP carry a message from the red cell to
some other cell type? If so, to what cell, and
what is the message?

It may well be that cyclic AMP extrusion
can be inhibited in several ways by drugs;
one of these ways may involve actions
within the cell membrane and/or interac-
tions with microtubules, and may thus be
sensitive to such agents as the Vinca alka-
loids and colchicine. Another mechanism
may also exist whereby drugs can inhibit
extrusion, and this process might be the
one affected by probenecid and phenol red.
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