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Summary

Cyclic nucleotide phosphodiesterase activity was measured in whole blood,
plasma, and suspensions of platelets and erythrocytes from rats. In fresh whole
blood, apparent phosphodiesterase activity was low, but it rose strikingly
during the hour after blood withdrawal. The apparent phosphodiesterase activi-
ty in platelet-free plasma showed no such increase, but that in platelet-enriched
plasma increased in parallel with that in whole blood. The apparent phosphodi-
esterase activity of blood or of platelet-enriched plasma also was increased
markedly by sonication. The increase in rat blood phosphodiesterase activity
with aging thus appeared to be due to damage of platelets.

Most of the phosphodiesterase activity in rat erythrocytes and platelets
was located in the soluble fraction of sonicated preparations, but the total
enzyme activities from the two sources exhibited marked differences in sub-
strate specificity. With erythrocyte preparations, the rate of hydrolysis of uM
concentrations of cyclic AMP was approx. 50 times that of cyclic GMP, while
with platelet preparations, cyclic GMP was hydrolyzed about 20 times faster
than cyclic AMP at uM levels. The activity of phosphodiesterase in platelets was
much greater than that in erythrocytes at all concentrations of both substrates.

Introduction

Along with the growth of interest in measuring cyclic nucleotides in extra-
cellular fluids has grown the need to recognize possible sources of error in
making these measurements. One such pitfall could be the failure to recognize
or to correct for degradation of the nucleotides during handling or storage of
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the extracellular fluid. Studies with injected tritiated cyclic nucleotides in
humans and rats have suggested that the clearance of cyclic AMP or cyclic GMP
from the plasma invivo cannot be accounted for by metabolism or uptake by
blood cells [1,2]. However, as Broadus and co-workers [1,3] have shown,
cyclic nucleotide phosphodiesterase activity can be detected in vitro in whole
blood from several species, and the activity in rat blood appears to be much
greater than that in human and dog blood. The presence of this degradative
activity in blood may present serious problems in the determination of levels of
cyclic nucleotides in plasma or whole blood unless steps are taken to minimize
and to correct for its effects.

We have conducted studies to identify the cellular sources and to estimate
the magnitude of the phosphodiesterase activity that is detectable in whole and
damaged blood from rats. These studies show that enzyme activity progressive-
ly increased following withdrawal of the blood from the animal. This apparent
increase in phosphodiesterase activity with aging is paralleled by a similar
increase in enzyme activity in platelet-enriched plasma, but not in platelet-free
plasma, implicating platelets as the major source of the degradative activity
seen in whole blood. However, rat erythrocytes also possess a relatively large
amount of phosphodiesterase activity, and there are pronounced differences
between enzyme activities from this cell type and from platelets.

Materials and Methods

Measurement of cyclic nucleotide phosphodiesterase activity

Phosphodiesterase activity in whole and fractionated blood was measured
in vitro at 37°C by two methods. In one of these procedures, the disappearance
of cyclic [*H]nucleotides with time of incubation was determined. Assay incu-
bations were initiated by addition of 5 ml of undiluted whole blood, plasma, or
buffered cell suspensions to vials containing 5 nmoles of cyclic [3H] AMP or
cyclic [*H]GMP (0.02—0.05 uCi) and were terminated at various times by
addition of concentrated HCIO, to give a final concentration of 0.3 M. The
amounts of the cyclic[ *H]nucleotides remaining in the acid extracts were de-
termined by isolating cyclic AMP and cyclic GMP by Dowex-50 column chro-
matography [4]. In selected experiments, total amounts of both cyclic nucleo-
tides contained in the column fractions were assayed by enzymatic cycling
techniques [4,5]. When this method was employed, the exact Mg?* concentra-
tions of undiluted whole blood or plasma were not determined. The levels of
cyclic AMP and cyclic GMP in rat plasma and whole blood were found to be in
the range of 1078 M [6]. Thus the amounts of these nucleotides introduced
into the incubation medium with plasma and whole blood were negligible
compared to the amount of cyclic AMP and cyclic GMP added as substrates.

In the other procedure, phosphodiesterase activity was measured by deter-
mining both the amount of ®H-labelled product formed and >H-labelled sub-
strate remaining using anion-exchange chromatography as described by Beavo
et al. [7]. Enzyme preparations were incubated for 30 min with various con-
centrations of cyclic AMP or cyclic GMP (in the presence of 0.1—0.2 uCi of the
appropriate 3H-labelled nucleotide) in a medium containing 10 umol of Tris -
HCl buffer (pH 7.5) and 0.5 umol of MgCl, in a final volume of 0.25 ml. A
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dilution of the enzyme preparation was chosen to produce 10—30% conversion
of substrate to product.

Isolation of platelets and erythrocytes from rat blood

Rat blood was collected in centrifuge tubes containing EDTA (final concn
6 mM) at room temperature as described previously [6]. When phosphodiester-
ase activity in whole blood or platelet-enriched plasma was to be determined,
blood was collected with 10 units/ml of heparin instead of the EDTA. Platelet-
enriched plasma was separated from erythrocytes and white cells by centrifuga-
tion of the blood at 150 X g for 20 min. The centrifugation was repeated until
contamination of platelets with other cell types constituted less than five cells
in ten random high power microscope fields. Platelets were separated from
plasma by centrifugation at 2500 X g for 10 min and resuspended to their
plasma density in a medium containing in mmoles per liter: 145 mM NaCl,
5 mM KCl, 2 mM MgCl, , 10 mM glucose, 20 mM glycylglycine buffer (pH 7.5),
and 1 mg/ml crystallized bovine serum albumin. All of the above steps were
performed at 22°C since platelet survival in vitro is reported to be enhanced at
this temperature [8]. Platelets were disrupted by ultrasonic vibration for 30 s
at 4°C using a Branson sonifier. These sonicated preparations could be stored
for over a year at —70°C without loss of phosphodiesterase activity.

Preparations of essentially uncontaminated erythrocytes were obtained by
two procedures. After removal of the platelet-enriched plasma as described
above, red cells were isolated by three successive washings at 4°C in 0.9% NaCl
solution with aspiration of the upper 5% of the packed cells after each centrifu-
gation. Finally the erythrocytes were washed twice in the buffered solution
described above.

In an alternate procedure, red cells were obtained by gradient centrifuga-
tion of diluted whole blood [9]. Four volumes of blood that had been diluted
4-fold in 0.9% NaCl solution were layered in a centrifuge bottle over 1 vol. of a
solution prepared by mixing 10 parts of 34% (w/v) sodium diatrizoate with 24
parts of 9% Ficoll. After centrifugation for 20 min at 400 X g applied to the
interface, red cells were collected free of other cell types at the bottom of the
bottle and washed several times at 4°C in the buffer described above. The
washed erythrocytes then were suspended in this buffer to a final hematocrit of
40% and sonicated for 1 min at 4°C. Phosphodiesterase activity was virtually
the same in red cell homogenates prepared by either procedure and was not
diminished during storage for 1 year at —70°C. The protein concentration of
platelet and erythrocyte preparations corrected for added bovine serum albu-
min was determined by a modification of the method of Lowry et al. [10]
using bovine serum albumin as a standard.

Materials

Cyclic[*H]GMP (4.47 and 24.6 Ci/mmol) was purchased from New
England Nuclear Corp. and from ICN and cyclic[*H]AMP (16.5 and 24.1
Ci/mmol) from Schwarz BioResearch and from New England Nuclear. The
cyclic[ *H]nucleotides were purified on columns of Dowex-50 and stored as
neutral aqueous solutions at —70°C. Cyclic AMP as the free acid was purchased
from Schwarz BioResearch, and cyclic GMP as the Na" salt was from Boehrin-
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ger Mannheim and Nutritional Biochemicals. Neutral aqueous solutions were
prepared without further purification and stored at —20°C.

Dowex resins (100—200 mesh) were purchased from Bio-Rad Laboratories
as AG-50 X8 (H' form) and AG-2 X8 (CI" form) and prepared for use as
described by Hardman et al. [4]. Crystalline bovine serum albumin and Tris
were obtained from Sigma. Lyophilized Crotalus atrox venom was from Ross
Allen’s Reptile Institute. Sodium diatrizoate (Hypaque, Lot. No. N238FF) was
purchased from Winthrop Laboratories and Ficoll from Pharmacia. All other
chemicals were of reagent grade from commercial sources. Glass-redistilled
water was used for all procedures.

Results

Cyclic nucleotide phosphodiesterase activity in whole blood from rats

The detectable cyclic nucleotide phosphodiesterase activity in fresh whole
blood from rats was comparatively low. However, during the first hour after
blood withdrawal there was a striking increase in this activity. Fig. 1 depicts the
disappearance of both cyclic[ *H]nucleotides at 37°C after their addition in
1 uM concentration to blood that had been kept at 4 °C for varying times after
collection. The rate of hydrolysis of 1 uM cyclic GMP was consistently some
2—3-fold greater than that of 1 uM cyclic AMP. As the blood aged in vitro at
4°C before being incubated at 37°C cyclic nucleotide phosphodiesterase activi-
ty increased progressively for up to 60 min. Little or no further increase in
enzyme activity was noted with additional time of preincubation. Phosphodies-
terase activity in fresh whole blood was completely inhibited by 6 mM EDTA.

When snake venom nucleotidase was added to the incubation mixtures,
the disappearance of *H-labelled substrate was accompanied by the appearance
of stoichiometric amounts of 3H-labelled nucleoside as determined following
Dowex-2 chromatography [7]. The specific activity of the cyclic nucleotides
measured at each time point remained constant; thus the disappearance of
cyclic [ *H]nucleotide reflected net loss of total cyclic nucleotide.

Cyclic nucleotide phosphodiesterase activity of platelet-enriched plasma
An apparent explanation for the increase in whole blood phosphodiester-
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Fig. 1. Degradation of cyclic nucleotides by rat blood in vitro, Rat blood was collected in a chilled vessel
and incubated at 4°C. Aliquots of blood then were taken immediately (0 min) and at 10, 30, or 60 min
after withdrawal from the animal and assayed for cyclic nucleotide phosphodiesterase activity at 37°C by
the first procedure as described in Materials and Methods. Note the difference in scales on the abscissas.
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Fig. 2. Degradation of cyclic GMP in whole blood and in platelet enriched plasma. Rat blood was
collected and an aliquot was immediately centrifuged at 1400 X g for 3 min. The resulting platelet-
enriched plasma was separated from the packed cells and diluted in buffered salt solution to bring the
platelet density to that in the plasma of the original blood sample. Relatively cell-free plasma was
obtained by centrifuging aliquots of the blood sample at 4000 X g for 5 min. Cyclic GMP phosphodiester-
ase activity was determined on aliquots of whole blood, platelet-enriched plasma, or cell-free plasma that
were freshly obtained or that were incubated at 4°C for 2 h. Vertical bars through each time point
represent standard errors of the mean for four determinations. ®, fresh whole blood; 0, aged whole blood;
o, fresh platelet-enriched plasma; O, platelet-enriched plasma from aged blood; @, fresh platelet-enriched
plasma aged for 2 h at 4°C; A, fresh cell-free plasma; 4, cell-free plasma from aged blood; 4, fresh cell-free
plasma aged for 2 h at 4°C,

ase activity was derived from studies with platelet-enriched plasma. As depicted
in the left hand panel of Fig. 2, the increase in whole blood phosphodiesterase
activity against cyclic GMP was paralleled by a similar increase in platelet-
enriched plasma phosphodiesterase activity. This increased activity with aging
was observed when the platelet-enriched plasma was obtained from blood
which had been preincubated at 4°C for 2 h as well as when fresh platelet-
enriched plasma itself was preincubated for this length of time. A variable
amount of balanced salt solution containing 2 mM of MgCl, was added to
platelet-enriched plasma to bring the cell density to that of the original whole
blood sample. Thus exact comparisons of the phosphodiesterase activities in
the two preparations may not be possible.

As seen in the right hand panel of Fig. 2, the apparent phosphodiesterase
activity of platelet-free plasma from fresh blood was greater than that in plate-
let-enriched plasma from fresh blood. Presumably the higher centrifugal forces
employed to obtain platelet-free plasma caused platelet damage which resulted
in the release of some intracellular phosphodiesterase activity. In contrast to
platelet-enriched plasma, there was no further increase in phosphodiesterase
activity in platelet-free plasma regardless of the age of the blood from which it
was obtained. Although a contribution by other cellular elements is possible, it
appears that the increase in cydic nucleotide phosphodiesterase activity that
occurs in whole blood while standing in vitro at 4°C is mainly the result of
structural alterations or damage to platelets.
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The apparent phosphodiesterase activity in aged platelet-enriched plasma
could be increased an additional 10—20-fold by sonication, indicating that only
a small fraction of the total enzyme activity was exposed by aging. Hydrolysis
of cyclic GMP by sonicated preparations was some 10—20 times faster than
that of cyclic AMP in the 1—10-uM range. Thus extensive platelet damage
could lead to a disproportionate loss of plasma cyclic GMP compared to cyclic
AMP.

Cyclic nucleotide phosphodiesterase activity of isolated platelets

Approx. 90% of the detectable cyclic nucleotide phosphodiesterase activi-
ty in sonicated preparations of isolated platelets was in the 30 000 X g super-
natant fractions. The hydrolysis of cyclic AMP and cyclic GMP by these super-
natant fractions was studied over a wide range of substrate concentrations
(Fig. 3). At uM order substrate concentrations, cyclic GMP was hydrolyzed up
to 15—20 times faster than cyclic AMP, while at 0.2 mM concentrations, cyclic
AMP was hydrolyzed faster than cyclic GMP (44 vs 36 nmol/min per mg
protein, respectively).

Cyclic nucleotide phosphodiesterase activity of isolated rat erythrocytes

Sheppard and Brughardt [11] first reported the existence of a predomi-
nantly soluble cyclic AMP phosphodiesterase activity in the erythrocytes of
rats and some other mammalian species. Conceivably then, hemolysis is another
form of cell damage that could lead to an increase in apparent phosphodiester-
ase activity of whole blood. In order to assess the possible effect of the pres-
ence of this phosphodiesterase activity on cyclic nucleotide measurements in
damaged blood, studies were undertaken to determine the substrate specificity
of the enzyme activity in isolated rat erythrocytes.

As shown in Fig. 4 suspensions of apparently intact red cells were capable
of hydrolyzing both cyclic AMP and cyclic GMP at a slow rate. However, when
the cells were disrupted by sonication, the rate of hydrolysis of cyclic AMP was
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Fig. 3. Hydrolysis of cyclic AMP and cyclic GMP by a 30 000 X g supernatant fraction from rat platelets.
Cyclic nucleotide phosphodiesterase activity was measured by the second procedure described in Materials
and Methods at concentrations of cyclic AMP and cyclic GMP extending from 0.1 to 200 uM. The unit of
velocity is nmol of cyclic nucleotide hydrolyzed per min per mg protein.
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Fig. 4. Hydrolysis of cyclic nucleotides by intact and disrupted rat erythrocytes. Suspensions of intact
and sonicated washed erythrocytes were assayed for cyclic nucleotide phosphodiesterase activity by the
first procedure described in Materials and Methods.

Fig. 5. Hydrolysis of cyclic AMP and cyclic GMP by a 30 000 X g supernatant fraction from rat erythro-
cytes. Cyclic nucleotide phosphodiesterase activity was measured by the second procedure described in
Materials and Methods at concentrations of cyclic AMP and cyclic GMP extending from 0.1 to 400 uM.
The unit of velocity is nmol of cyclic nucleotide hydrolyzed per min per mg protein.

greatly increased while that of cyclic GMP was virtually unchanged with respect
to intact cell suspensions. Thus erythrocyte damage alone could lead to a
disproportionate loss of plasma cyclic AMP compared to cyclic GMP.

Approx. 90% of the enzyme activity against either cyclic nucleotide was
located in the 30 000 X g supernatant fractions of sonicated erythrocyte prepa-
rations. When the hydrolysis of cyclic AMP and cyclic GMP by these prepara-
tions was studied over a wide range of substrate concentrations, the results
were in striking contrast to those obtained with platelet extracts. The rate of
hydrolysis of cyclic AMP was 50—70 times that of cyclic GMP at uM-order
substrate levels, and velocities at 0.4 mM were approx. 1.2 nmol per min per
mg protein for cyclic AMP and 0.5 for cyclic GMP (Fig. b).

Additional experiments indicated that the slow hydrolysis of cyclic
[ *H]nucleotides by suspensions of apparently intact erythrocytes was not the
result of uptake of the intact compounds from the surrounding medium. Red
cell suspensions were incubated for various lengths of time at 37°C with 1 uM
cyclic [3H]AMP or cyclic [>H]GMP. Aliquots of the red cell suspensions were
removed from the incubation mixtures, diluted 6-fold in cold 0.9% NaCl solu-
tion, and layered over 1 ml of 10% albumin dissolved in 0.9% NaCl in a centri-
fuge tube. After centrifugation at 2500 X g for 10 min, the cell pellets were
recovered and deproteinized with HCIO, . Cyclic [*H]nucleotides were deter-
mined following Dowex-50 chromatography [4] as described previously [6].
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There was no detectable entry of cyclic [ H]AMP or cyclic [*°H]GMP from
the surrounding medium into rat erythrocytes at any time during 90 min of
incubation.

Discussion

As is true for other tissues, cyclic AMP and cyclic GMP degradative activi-
ty must be reckoned with in collecting and handling blood for determinations
of the two nucleotides. Phosphodiesterase activity has been found in rat, dog
and human whole blood [1,3], in human platelets [12—14] and white cells
[15], and, as results in this and other papers show, in rat erythrocytes [11,16]
and platelets. Since damage of these cells leads to the release of considerable
phosphodiesterase activity and since some phosphodiesterases can retain con-
siderable activity at low temperatures [17,18], careful storage of blood, plas-
ma, or other material in which enzyme activity is suspected is necessary.

The cyclic nucleotide degradative activity measured in vitro in rat blood
can be influenced significantly by the formed elements. Freshly obtained rat
blood displays phosphodiesterase activity which increases with time following
withdrawal. Platelets contribute significantly to this increase, probably as a
result of structural alterations which increase the access of extracellular cyclic
nucleotides to the enzyme. Electron microscopic studies have shown that plate-
let structural changes caused by chilling closely resemble those signalling the
development of stickiness and aggregation [19]. Formation of aggregates
would normally lead to the disruption of some cells, thus exposing intracellular
phosphodiesterase to cyclic nucleotides in the surrounding medium. In studies
with human platelets, only 70% of the cells were found to be viable after
reinfusion into the donor without a storage interval [8]. Perhaps the increase in
phosphodiesterase activity observed in whole rat blood or platelet-enriched
plasma is related to a similar ‘“lesion” of blood withdrawal and handling.

In human platelets, phosphodiesterase activity is intracellular and can not
be demonstrated in carefully prepared platelet-enriched plasma [20]. However,
centrifugation and resuspension of the cells is associated with the appearance of
enzyme activity which is platelet bound, the supernatant plasma containing no
phosphodiesterase [21,22]. This finding is in contrast to our results with cell-
free plasma of the rat, which does contain demonstrable phosphodiesterase
activity.

Hemington et al. [16] also have shown cyclic nucleotide phosphodiester-
ase activity in rat plasma. These workers reported that the enzyme activity was
unrelated to the plasma heme concentration but they could not rule out the
possibility that it was due to disruption of platelets or other formed elements
in the plasma. They also showed evidence for considerable cyclic GMP phos-
phodiesterase activity in erythrocytes at 1077 M substrate concentrations,
which is in contrast to the data presented in this paper. However, it is not clear
that the erythrocytes used by these workers were uncontaminated with other
blood cells.

Numerous reports describing the properties of cyclic nucleotide phospho-
diesterase activities from various sources have appeared recently (e.g. [7,23—
26]). In contrast to total phosphodiesterase activity in other crude prepara-
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tions, that from sonicated rat erythrocytes displays a striking preference for
cyclic AMP over cyclic GMP at low concentrations. Rat platelet phosphodies-
terase activity, on the other hand, displays a striking preference for low concen-
trations of cyclic GMP over cyclic AMP. Such distinct substrate specificities in
crude extracts are rare, but similar findings with partially purified preparations
from various tissues of rats or rabbits have been reported [23—26].
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