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SUMMARY

Analysis of cyclic nucleotide phosphodiesterase (PDE) activity in
cellular fractions from cultured rat pheochromocytoma (PCi 2)
cells has shown that the predominant hydrolytic activity in both
cytosolic and particulate compartments is characteristic of a PDE
II, the cGMP-activatable family of PDE isozymes. Cytosolic PDE
activity was purified to a high degree utilizing DE-52 anion
exchange and cGMP-Sepharose affinity chromatographies. The
physicochemical properties of PC12 POE II were similar to those
of PDE II isolated from particulate or soluble fractions of other
tissues, including subunit molecular weight of ‘-1 02,000, acti-
vation of cAMP hydrolysis by COMP, and positive cooperative
kinetic behavior for cAMP and cGMP hydrolysis. The potential
role of POE II in regulating cAMP metabolism in intact PCi 2 cells
was studied using an [3H]adenine prelabeling technique. Stimu-
lation of PCi 2 cell adenosine receptors resulted in a 5-8-fold
increase in cAMP accumulation. Removal of the adenosine stim-
ulus by the addition of exogenous adenosine deaminase resulted

in a rapid decay of cAMP to prestimulated basal levels within 2
mm. Treatment of PCi 2 cells with atrial natriuretic factor or
sodium nitroprusside caused 1) increased intracellular cGMP
levels, 2) attenuation of adenosine-stimulated cAMP accumula-
tion, and 3) increased rates of cAMP decay after removal of the
adenosine stimulus. Treatment of PCi 2 cells with HL-725 (a
potent inhibitor of isolated PDE II activity in vitro) caused 1)
increased basal cAMP accumulation, 2) potentiation of adeno-
sine-stimulated cAMP accumulation, and 3) retardation of the
rate of cAMP decay after removal of the adenosine stimulus. HL-
725 blocked both the attenuation of cAMP accumulation and the
accelerated rate of cAMP decay observed with the cGMP-ele-
vating agents. These results suggest that, in PCi 2 cells, drugs
or hormones that inhibit POE II or increase intracellular cGMP
levels to activate POE II can modulate cAMP metabolism by
altering the catalytic status of the enzyme.

The rat adrenal medullary pheochromocytoma PC12 cell line
is a well characterized cell strain that has been utilized as a

model system for the study of neurotransmitter release ( 1 ). The

cells contain adenosine receptors that are coupled to cAMP
synthesis (2, 3) and ANF receptors (4) that are coupled to

cGMP synthesis (5).
Several reports have provided evidence that changes in

cAMP and cGMP levels are associated with potentiation and
attenuation of neurotransmitter release from PC12 cells. For

example, Rabe and co-workers (6, 7) showed that an increase
in cAMP levels, elicited by adenosine or forskolin, potentiated

depolarization-dependent norepinephrine and acetylcholine re-
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lease from PC12 cells. In other studies, Drewett et al. (8) showed

that ANF inhibited depolarization-dependent norepinephrine

and dopamine release from PC12 cells. The inhibition of release

was correlated with a dose-related increase in cGMP levels (9).

In the studies described above, cyclic nucleotides appear to play

a modulatory role, because they do not affect neurosecretion

alone.

Elucidation ofthe role ofcyclic nucleotides in the modulation

of cellular processes in PC12 cells is still in a descriptive

phenomenological stage. Although it is clear from the evidence

that changes in cyclic nucleotide levels are associated in some

manner with neurotransmitter release, the molecular mecha-

nisms by which they act have not been elucidated. Whatever

role cyclic nucleotides play in modulation of PC12 cell neurose-

cretion, the regulation ofcAMP and cGMP levels can be viewed

as an important determinant in their action.

The cyclic nucleotide PDE enzyme system (EC 3.1.4.17) is

the only known catabolic pathway for the elimination of cAMP
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and cGMP. This family of enzymes represents a fundamental

regulatory component modulating the intensity and duration

of cellular responses elicited by hormones and neurotransmit-

ters that utilize cyclic nucleotide second messengers. Multiple

forms of PDE, with distinct physical, catalytic, immunological,
and regulatory properties, are present in mammalian tissues

(iO, 11). One isoform that is abundant in brain (12, i3) and

adrenal gland (14) is PDE II. This isozyme family is unique

because cGMP is capable of enhancing the hydrolysis of cAMP

(15). PDE II may represent an important component in a

regulatory pathway by which cGMP can modulate cAMP me-

tabolism and cAMP-mediated events in cells.

To date, there have been few reports directly related to cyclic

nucleotide metabolism in PC12 cells. The present study was

undertaken to characterize the PDE activities present in PC12

cells and to examine the potential role of PDE (in particular

PDE II) in the regulation of cAMP metabolism in intact PC12
cells. A preliminary report of this research has been presented

elsewhere (iG).

Experimental Procedures

Materials. All chemicals were reagent grade or better. [2,8-3H]

cAMP (specific activity, 36 Ci/mmol) and [8-3H]cGMP (specific activ-

ity, 19 Ci/mmol) were purchased from ICN. The tritiated cyclic nu-

cleotides were purified by Dowex 1-X8 (200-400 mesh) chromatography

before use (17). [2,8-3H]Adenine (specific activity, 20.7 Ci/mmol) and

[8-”C]cAMP (specific activity, 42.4 mCi/mmol) were purchased from
New England Nuclear. Dowex 1-X8 (200-400 mesh) resin was obtained

from Aldrich, and AG5OW-X4 (200-400 mesh, hydrogen form) cation

exchange resin was purchased from Bio-Rad Laboratories and treated
according to the manufacturer’s specifications. Alumina (WN-3), aden-

osine deaminase (type IV), poly-L-Iysine (molecular weight 300,000),

and SNP were from Sigma Chemical Co. Adenosine analogs were

purchased from Research Biochemicals, Inc., ANF 8-33 (rat) was

purchased from Peninsula Laboratories. Dulbecco’s modified Eagle’s

medium was from GIBCO Laboratories; horse and fetal bovine serum

were purchased from Hyclone.
Drugs. PDE inhibitors were generously supplied as follows: papav-

erine [6,7-dimethoxy-1-(3’,4’-dimethoxybenzyl)isoquinoline hydro-

chloride] and indolidan (LY 1951 15) [1,3-dihydro-3,3-dimethyl-5-

(1,4,5,6-tetrahydro-6-oxo-3-pyridazinyl)-2H-indol-2-one], Dr. David

Robertson, Eli Lilly and Co.; rolipram (ZN 62711) [4-(3-cyclopenty-

loxy-4-methoxyphenyl)-2-pyrrolidone], Dr. Ian Williams, Pfizer Lab-

oratories; trequinsin (HL-725) [2,3,6,7-tetrahydro-9,10-dimethoxy-3-

methyl-2-[2,4,6-(trimethylphenyl)imino]-4H-pyrimido[6,1-ajisoquino-

lin-4-one hydrochloride], Hoechst-Roussel Pharmaceuticals, Inc.; CGS

9343B [1,3-dihydro-1-[1-[4-methyl-4H,6H-pyrrolo[1,2-a][4,1]-benzox-

aze-pin-4-yl-methyl]-4-piperidinyl]-2H-benzimidazol-2-one (1:1) ma-

leate], Dr. Jon Norman, Ciba-Geigy Corporation; Ro 20-1724 [4-(3-

butoxy-4-methoxybenzyl)-2-imidazolidinone], Dr. Herbert Sheppard,

Hoffmann LaRoche; and zaprinast (M&B 22948) [2-o-prooxyphenyl-

8-azapurinone], Dr. John Souness May and Baker Co. All drugs and

adenosine were dissolved in 100% dimethylsulfoxide.

Cell culture. PC12 cells, provided by Dr. Edward Hawrot (Depart-

ment of Pharmacology, Yale University School of Medicine), were
routinely grown at 37’ in a humidified atmosphere of 95% air/5% C02,

in 75-mm2 flasks, in Dulbecco’s modified Eagle’s medium supplemented

with 12.5% horse serum, 5% fetal bovine serum, 50 units/ml penicillin,

and 50 �g/ml streptomycin and were subcultured weekly. For intact

cell cAMP metabolism experiments, cells were subcultured into poly-

L-lysine-coated six-well (35-mm-diameter wells) dishes at 2.5 X iO�

cells/well.

PDE activity assay. PDE activity was determined using the mod-

ified two-step radioisotopic procedure of Thompson et al. (18). Enzyme

assays were optimized so that the activity of each PDE isoform could

be determined. Incubation mixtures (0.4 ml) contained 40 mM Tris.

HCI (pH 7.4-8.0), 10 mM magnesium acetate, 0.2-3.75 mM 2-mercap-

toethanol, 30 �sg of fatty acid-poor bovine serum albumin, 0.125-1000

MM [3H]cAMP or [3HJcGMP (approximately 100,000 cpm/assay), and
cell fraction or purified enzyme giving less than 20% hydrolysis (17).

All enzyme assays were performed at 3o*�
Purification of PDE II from PC12 cells. Frozen PC12 cells were

sonicated (three 10-sec bursts; low setting) in 10 volumes of buffer

consisting of 20 mM Tris . HC1 (pH 7.5), 5 mM magnesium acetate, 5

mM 2-mercaptoethanol, and 15 mM benzamidine (buffer A). The cell

sonicate was centrifuged at 30,000 x g for 30 mm at 4*� The resulting

supernatant was applied to a 1.6- x 20-cm column containing 5 ml of

DEAE-cellulose (DE-52), at a flow rate of 1 ml/min. After sample

application, the column was washed with 10 bed volumes of buffer A.

PDE activity was eluted with 60 ml of buffer A, using a 0-1 M NaC1

gradient at 1 ml/min. Column fractions (1 ml) were assayed at 5 �M

[3H]cAMP substrate in the absence and presence of 2 �iM cGMP and
at 25 �M [3H]cGMP substrate. Peak fractions of cGMP-stimulated

cAMP activity were pooled and applied to a 1.6- x 20-cm column

containing 10 ml of cGMP-Sepharose affinity matrix that had been

prepared by a slightly modified procedure of Martins et a!. (14) and

previously equilibrated with 20 mM Tris.HCI (pH 7.0), 2 mM dithio-

threitol, 1 mM EDTA, 15 mM benzamidine (buffer B). After sample

application, the column was washed with 50 bed volumes of buffer B

containing 500 mM NaCI, followed by 2 bed volumes of buffer B

containing 125 mM NaC1. PDE II activity was eluted with 3 bed volumes

of buffer B containing 125 mM NaCl and 10 mM cGMP at 23. The

eluate from the cGMP-Sepharose affinity column was concentrated

10-100-fold, using fast-flow granulated hydroxylapatite (12) to remove

cGMP and Amicon ultrafiltration.
PAGE. Slab PAGE was performed with 5% stacking and 7.5%

separating gels, in 0.1% SDS, according to the method of Laemmli

(19). Gels were stained for protein using the silver staining method of

Wray et al. (20) or by 0.25% Coomassie R-250 in 45% methanol and

10% acetic acid.

Measurement of cyclic AMP accumulation and decay. Intact
PC12 cell cAMP accumulation and decay were determined as described

by Barber et al (21) and Whalin et al. (16, 22). PC12 cells (1 x 106

cells/well) in six-well plates were incubated with [3H]adenine (10 sCi/
well) for 60 mm at 37*, in a humidified atmosphere. Excess extracellular

radioactivity was removed, and the cells were washed two times (1 ml

each) with HEPES-BS (120 mM NaCl, 4.9 mM KC1, 2.2 mM CaCl2, 1.2

mM MgSO4, 1.2 mM KH2PO4, 0.1 mM EDTA, 10 mM glucose, 25 mM
HEPES, pH 7.4). The cells were incubated at 37* for 15 mm in 1 ml of
HEPES-BS before addition of agents. Time courses for adenosine-

stimulated cAMP accumulation were generated by incubation of cells
with 50 �zM adenosine for various times, followed by aspiration of the

contents of the wells and addition of 1 ml of ice-cold 5% TCA,

containing [14C]cAMP as an internal standard to monitor recovery.

The extracted cellular [3HJcAMP was purified using Dowex/alumina

double-column chromatography (23). Cyclic AMP values were ex-

pressed as percentage of conversion from total 3H, which is >99% ATP

(22). For cAMP decay experiments, washed, [3H]adenine-labeled PC12

cells were incubated for 5 mm with adenosine (50 MM). Time courses
of cAMP decay were initiated by aspiration of the contents of each

well, followed immediately by the addition of 0.55 unit of adenosine
deaminase in the presence of the indicated agents in 1 ml of HEPES-

BS. Cyclic AMP decay was terminated after various time intervals by

the aspiration of the media of each well, followed immediately by the

addition of 1 ml of ice-cold 5% TCA/[’4C]cAMP. Cyclic AMP was

isolated and expressed as percentage of conversion or as its natural

logarithm, as described above (22).

Miscellaneous. Cyclic GMP levels were determined using radio-
immunoassay, as described by Brooker et at. (24). Protein was quanti-

tated using the Coomassie dye binding procedure of Bradford (25), with

bovine serum albumin as the standard. ICse values were calculated

using the program CURVEFIT (26). Kinetic parameters were calcu-
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Fig. 1. Effect of CGMP on cAMP hydrolysis in PCi 2 cell
cytosolic fractions. PDE activity was determined using
0.1 25-1 000 �zM [3H]cAMP substrate in the absence or
presence of 3 �M cGMP (left), as described in Experimen-
tal Procedures. Right, [3H]cGMP hydrolysis using 0.1 25.-
1000 ,�M substrate concentrations.
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TABLE 1
Purification of PDE II from PC12 cells
PDE II was purified as described in Experimental Procedures. Total and specific
activities of the fractions were determined using 40 MM [3HJCGMP substrate. Fold
purification and yield are calculated from the 30,000 x g supematant.

Fracton Tot� actv� = Fo� �

nmol/min ,�mol/min/rng

30,000 x g supematant 504 0.0043
DE-52 267 0.0091 2.1

(53%)
cGMP-Sepharose 16 7.8 181 4 (3%)

205 kd --

116 kd --

97 kd --

66 kd --

44 kd --

1 2 3

Fig. 2. SOS-PAGE of PCi 2 type II PDE purification steps. Samples from
PC12 fractions were analyzed by 7.5% SDS-PAGE. Lane 1, 30,000 x g
supematant (9.5 pg); lane 2, pooled DE-52 activity fractions (6.3 pg);
!ane 3, cGMP-Sepharose 10 m�i CGMP eluate (-1 pg). Proteins in lanes
1 and 2 were visualized by Coomassie staining and those in lane 3 by
silver staining, as described in Experimental Procedures.

lated using the program ENZFITTER (version 1.05, 1987), obtained

from Elsevier-Biosoft.

Results
Analysis of PDE activity in PC12 cells. Initial experi-

ments were performed in order to determine the relative distri-

bution of cAMP and cGMP hydrolytic activity in cellular
fractions prepared from PC12 cells. PDE activity, measured

using 100 �M cAMP and cGMP, was distributed equally be-

tween particulate and cytosolic compartments (data not

shown). Further analysis was conducted under conditions de-

signed to optimize the contributions of various PDE isozymes.
In PC12 cell sonicates, 30,000 x g supernatant, and pellet
fractions, cAMP hydrolysis at 0.25 sM substrate was increased

by 3 �sM cGMP from 393 to 1416, from 252 to 784, and from
184 to 700 pmol/min respectively). Hydrolysis at 5 �M cAMP
substrate was also enhanced by cGMP (data not shown). Max-

imum activation (473%) was observed at 3 �sM cGMP (range,
0.02 to 10 sM) and 2 sM cAMP substrate (range, 0.125 to 20
jsM), with varying fold stimulation at different cAMP concen-

trations. The effect of cGMP on cAMP hydrolysis by PDE in

PC12 cells was very similar to that observed with purified PDE
II from rabbit and bovine brain particulate fractions (12, 13)

and bovine heart, adrenal, and liver cytosolic fractions (14, 27).

No PDE I (calcium/calmodulin-activatable) activity was de-

tected in any fraction from PC12 cells.

The effect of cGMP on the kinetics of cAMP hydrolysis in
PCi2 cytosol was to enhance hydrolysis at substrate concen-

trations below the S05 (44 �zM) of the enzyme (Fig. 1). The
maximum velocity for cAMP hydrolysis was not appreciably
different in the absence or presence of cGMP. Eadie-Hofstee

TABLE 2
Inhibitor sensitivity of DE-52 PD activity peak
POE activity analyses were performed using 2 � cAMP substrate in the absence
or presence of 3 MM cGMP and using 2 �.i cGMP substrate. Inhibitor concentrations
ranged from 0.1 to 500 �M. lC� values were determined using CURVEFIT analysis.
Percentage error (values given in parentheses) is that of the 95% confidence limits
at the lCse.

lCse
lnhi�tor

CAMP CAMP + CGMP CGMP

-
Rolipram >100 >100 >100
Ro20-1724 >100 >100 >100
lndolidan >100 >100 >100
CGS 9343B >100 >100 >100
M & B 22948 >1 00 >1 00 >100
HL-725 2.2 (6.2%) 0.54 (9.4%) 0.64 (4.3%)
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Fig. 3. Time courses of adenosine- and HL-725-stim-
ulated cAMP accumulation in PCi 2 cells. PCI2 cells
(1 x 1 06 cells/well) were prelabeled with [3H]adenine

and incubated with or without 50 �M adenosine (left)
or with 100 �LM HL-725 (right) for the indicated times.
Cyclic AMP was extracted with 5% TCA and purified
by Dowex/alumina chromatography, as described in
Experimental Procedures. Values represent the mean
± the standard deviation of triplicate determinations.

plots showed positive cooperativity for both cAMP and cGMP

hydrolysis (data not shown). Cyclic GMP linearized the cAMP

kinetic profile, as has been observed for other PDE II activities.
The kinetic parameters of cytosolic PDE II activity from PC12

cells are shown on Fig. 1.

Purification of PDE II from PC 12 cells. We have shown

previously, using DEAE-cellulose (DE-52) chromatography of

PC12 cytosolic fractions, that cAMP, cGMP-stimulated cAMP,

and cGMP hydrolytic activities co-elute in a single peak of
activity (16). The DE-52 fraction was purified further using

cGMP-Sepharose affinity chromatography, as described in Ex-
perimental Procedures. A typical purification procedure, using
2 g (wet weight) of PC12 cells, is shown in Table 1, with 7%

SDS-PAGE analysis of the steps of purification being shown

in Fig. 2. The PDE II of this preparation showed an 1800-fold

increase in specific activity from the 30,000 X g cytosolic
fraction and a yield of 3.1%. The specific activity (at 40 �sM

cGMP) ofthe cGMP-eluted activity was -�-8 �zmol/min/mg. The

cGMP-Sepharose eluate (Fig. 2, lane 3) showed a major protein

band near 102 kDa and minor bands in the 42-kDa range, by
silver-stained 7.5% SDS-PAGE. The activities in the major

peak from DE-52 (Table 2) and the highly purified enzyme
were potently inhibited by the isoquinoline compound HL-725,
whereas PDE activity in this fraction was not inhibited by up

to 100 �zM concentrations of known inhibitors of other PDE

0 2 4 6 8 10

MINUTES

Fig. 4. Effect of ANF and SNP on cGMP levels in PC12 cells. PC12 cells
(1 x 10� cells/well) were incubated for the indicated time intervals with 1
MM ANF or 500 MM SNP. Cyclic GMP was extracted from the cells with
5% TCA and quantitated by radioimmunoassay, as described in Expen-

mental Procedures.

�‘‘�_‘1�’’ ‘ ‘1’5’ 20 25 30
MINUTES AFTER ADENOSINE

Fig. 5. Effect of SNP on adenosine-stimulated cAMP accumulation in
PCi 2 cells. PCi 2 cells were prelabeled using [3H]adenine, as described
in Experimental Procedures. The cells were preincubated for 10 mm in
the absence or presence of 500 �iM SNP before the addition of 50 �M

adenosine to induce accumulation. Basal (nonstimulated) cAMP accu-
mulation is also indicated. Values represent the mean ± the standard
deviation from triplicate determinations.

isoforms. 8-Bromo-cGMP or dibutyryl-cGMP had no effect on

cAMP hydrolysis at concentrations up to 50 �M (data not
shown).

Adenosine-stimulated cAMP accumulation and the ef-

feets of PDE inhibitors. The presence of adenosine receptors

on PC12 cells has been well documented (2, 3, 7, 28, 29). In

agreement with other reports, cAMP accumulation increased

very rapidly in response to 50 �M adenosine (Fig. 3, left). Cyclic

AMP accumulation in response to adenosine reached steady

state levels 5-8-fold higher than basal levels in 2-5 mm and

remained constant for at least 10 mm in the continued presence

of the agonist. We have shown previously that the isoquinoline

derivatives HL-725 and papaverine potentiate cAMP accumu-

lation in response to adenosine (16). The effect of HL-725 was

most marked, inasmuch as it showed a >50-fold increase in

cAMP levels. Papaverine, which has an approximately 10 fold

higher IC� than HL-725, was much less effective. Inhibitors of

other isozyme families of PDE, including CGS 9343B (PDE I,

calcium/calmodulin-stimulated PDE) (30), indolidan (PDE III,

cGMP-inhibitable cAMP PDE) (31), rolipram and RO 20-1724

(PDE IV, cAMP-specific PDE) (32-34), and zaprinast (PDE
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Fig. 6. Effect of HL-725 on adenosine-stimulated cAMP accumulation in
the absence or presence of SNP. Prelabeled PCi 2 cells (1 x 106 cells/
well) were incubated for 10 mm in the absence or presence of 500 �zM

SNP, each with or without HL-725 (1 00 SM). Adenosine (50 MM) was
added for 5 mm, and cAMP accumulation was analyzed as described in
Experimental Procedures. Values represent the mean ± the standard
deviation from triplicate determinations.

v, cGMP PDE) (35, 36), did not potentiate adenosine-stimu-
lated cAMP accumulation in PC12 cells (16).

Basal (nonstimulated) cAMP accumulation in PC12 cells
was also increased in the presence of 100 �tM HL-725. Prein-

cubation with HL-725 required approximately 20 mm to reach
maximum effect (Fig. 3, right). Additionally, HL-725 enhanced

cAMP accumulation in PC12 cells induced by 50 �M concen-

trations of the adenosine analogs (R-)N6-(2-phenylisopro-
pyl)adenosine (PIA), (S’-N-ethylcarboxamidoadenosine)
(NECA) (N6-cyclohexyladenosine)(CHA), (N6-cyclopentylad-
enosine) (CPA) (data not shown).

Effect of ANF, SNP, and cGMP analogs on cAMP
accumulation. ANF and SNP have been shown to increase

cGMP levels in many tissues and cells; data shown in Fig. 4
using 1 �M ANF and 500 �M SNP confirm these findings in

-2.0 _1.o1

-2.5 -1.4-

0_ -3.0 -1.8

0

C

- -3.5 -2.2

-4.0 -2.6

_4.5J�, , ‘2b’ ‘ ‘4�’ ‘ ‘SO’ ‘ ‘8b’ ‘ �1�O30

SECONDS AFTER ADENOSINE

PC12 cells (5, 9). These agents activate particulate and soluble

guanylate cyclases, respectively (37, 38). SNP showed an ap-

proximately 3-fold greater response than ANF, when both

agents were tested at maximally stimulating concentrations.

If PDE II is involved in regulating cAMP accumulation in

PC12 cells, then activation of the enzyme by increasing cGMP

should result in an attenuation of cAMP accumulation. Treat-

ment of PC12 cells with 500 �tM SNP (Fig. 5) resulted in an

attenuation of the adenosine-stimulated cAMP accumulation.

ANF (1 �M) treatment had a similar effect, using 1, 10, or 100

�tM adenosine concentrations (data not shown). Data published

elsewhere (16) have shown that treatment of PC12 cells with

either of two membrane-permeable cGMP analogs, 8-bromo-

cGMP or N�2’-O-dibutyry1-cGMP, does not attenuate adeno-

sine-stimulated cAMP accumulation.

HL-725 blocked SNP attenuation of adenosine-stimulated

cAMP accumulation (Fig. 6). Cyclic GMP-dependent protein

kinase, a known cGMP receptor, apparently is not the cellular

site for cGMP action in PC12 cells, because the action of 8-

bromo-cGMP, a potent activator of the kinase (39), did not

mimic the response elicited by ANF or SNP (16). In addition,

no measurable immunoreactive cGMP-dependent protein ki -

nase was detectable in PC12 cells by Western blot analysis

(data not shown).

Regulation of cAMP decay. Fig. 7 shows that SNP (Fig.

7, left) and ANF (Fig. 7, right) both increase the slope of cAMP

decay curves after termination of the adenosine response with

adenosine deaminase. These findings suggest that ANF- and

SNP-induced increases in cGMP levels result in an increased

rate of cAMP decay by the activation of PDE II, rather than

inhibition of adenylate cyclase.

HL-725 inhibits the rate of cAMP decay both in the presence

and in the absence of ANF attenuation of adenosine-stimulated

accumulation (Fig. 8). The data were recalculated and replotted

from those shown in a preliminary report (16) to emphasize

the inhibition of cAMP decay rates in response to the drug.

These findings indicate that an HL-725-sensitive enzyme is

involved in regulating cAMP decay in PC12 cells.

Fig. 7. SNP- and ANF-stimulated cAMP
decay in PCi 2 cells. PC12 cells were
prelabeled with [3H]adenine and incu-
bated with 50 MM adenosine for 5 mm, as
described in the legend to Fig. 3. Cyclic
AMP accumulation was terminated by the
addition of adenosine deaminase (0.6
unit), and cAMP decay was monitored for
the indicated times. Percentages of cAMP
conversion were transformed to In cAMP
in order to determine the rate of cAMP
decay according to the method of Barber
et al. (21). Left, effect of addition of 500
�iM SNP with the deaminase to initiate
decay; right, effect of addition of 1 �M

ANF with the deaminase. Data for the
right panel were transformed and replot-
ted from a preliminary publication (16).
The means of triplicate determinations are
plotted ± standard deviation. The solid

I ‘ ‘ ‘ 1 lines are fitted by linear regression analy-
40 60 sis.
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Fig. 8. HL-725 inhibition of basal and ANF-stim-
ulated cAMP decay in PCi 2 cells. PCi 2 cells
were prelabeled and incubated with 50 �M aden-
osine for 5 mm, and their cAMP accumulation
was terminated with adenosine deaminase, as
described in the legend to Fig. 7. The data for
both panels were transformed and replotted us-
ing values published previously (1 6). Left, effect
of addition of 100 zM HL-725 with adenosine
deaminase to terminate adenosine-induced
cAMP accumulation; right, effect of addition of
HL-725 with adenosine deaminase and 1 �M

ANF to the cell incubation medium. Linear
regression lines are shown for the means ±
standard deviations of triplicate determinations
from a representative experiment.

Discussion

The results of these studies demonstrate that cell-free frac-

tions of PC12 cells show a unique profile of cyclic nucleotide

PDE activity. PDE II, cGMP-activatable PDE, is the major
cAMP hydrolytic activity present in PC12 cells. Crude and
highly purified enzyme fractions show properties (subunit size,

kinetics, and cGMP regulation) similar to those for PDE II

forms purified from rabbit brain particulate fraction (12) or

other tissue sources (11). The highly purified rat PC12 PDE II

has a lower specific activity (approximately 8 �mol/min/mg)

than the purified rabbit brain particulate enzyme (160 �zmol/

mm/mg). The PC12 enzyme is inhibited by isoquinolines but

is not inhibited by other isozyme-selective agents, e.g., CGS

9343B, indolidan, zaprinast and rolipram.

Studies of intact PC12 cell cAMP accumulation suggest that

PDE II is a cGMP receptor in these cells. PC12 cells accumulate
cAMP rapidly in response to adenosine, indicating a functional

coupling between adenosine receptors, guanine nucleotide-

binding proteins, adenylate cyclase, and cyclic nucleotide PDE
activities. The isoquinoline compounds HL-725 and papaverine

are the only PDE inhibitors tested that potentiate adenosine-
stimulated cAMP accumulation in PC12 cells (16). The decay

of cAMP in PC12 cells is also very rapid after the termination

of adenosine-stimulated cAMP accumulation by the addition

ofexogenous adenosine deaminase; cAMP levels return to basal

values within 2 mm. The rate of cAMP decay is retarded in the

presence of HL-725, compared with control. HL-725 also in-

creases basal levels of cAMP, suggesting that an HL-725-

sensitive enzyme, presumably PDE II, is involved in the regu-

lation of both basal and agonist-stimulated cAMP levels in

PC12 cells. Thus, inhibition of PDE II in cell-free fractions

and potentiation of cAMP accumulation and inhibition of
cAMP decay in the intact cell by incubation with HL-725
strongly indicate that PDE II regulates cAMP metabolism in

PC12 cells.

ANF and SNP, activators of particulate and soluble guanyl-

ate cyclase activities, respectively (37, 38), increase intracellular

cGMP levels and attenuate adenosine-stimulated cAMP accu-
mulation in PC12 cells. Additional evidence in support of the

stimulation of PDE II by cGMP in intact cells is the finding

that HL-725 is able to block the attenuating effect of the

cGMP-elevating agents. In contrast, the cGMP analogs 8-

bromo-cGMP and AP,2’-O�’-thbutyryl-cGMP do not stimulate
cAMP hydrolysis by PDE II or mimic the effects of ANF or
SNP on attenuation of the adenosine response (16). These

analogs are, however, potent activators of cGMP-dependent

protein kinase (39). The observation that immunoreactive

cGMP-dependent protein kinase could not be detected in PC12

cells suggests that PDE II is the major and possibly the only

cGMP receptor present in these cells. The fact that ANF and
SNP produce similar attenuation of adenosine-stimulated

cAMP accumulation argues that these effects are not mediated
by inhibition of adenylate cyclase.

An alternative explanation for the reduction of cAMP in

response to ANF or SNP is a cGMP-stimulated egress of cAMP

from the cells. This possibility has been investigated by per-

forming cAMP accumulation experiments in the presence of

probenecid, an organic acid transport inhibitor that inhibits

cAMP egress (40, 41). We found that ANF and SNP attenuated
cAMP accumulation to the same extent in the absence or

presence of probenecid, suggesting that egress is not responsible

for the decrease in cellular cAMP levels (data not shown).

If the attenuation of adenosine-stimulated cAMP accumu-

lation by ANF or SNP is mediated via a cGMP-dependent

activation of PDE II, then the rate of cAMP hydrolysis in the

presence of these agents would be expected to be enhanced,

compared with controls. The rates of cyclic AMP decay in the
presence of ANF or SNP are accelerated, compared with control

decay values. Thus, an interpretation of these data is that

increased intracellular cGMP levels activate PDE II, resulting

in a decrease in the apparent Km of the enzyme for cAMP with

no effect on maximum velocity. This change in apparent Km �S

manifested as an increase in the Vmax/Km ratio, which, in turn,

results in the increase in the rate of cAMP decay. This conten-

tion is further supported by the finding that HL-725 retards

the rate of cAMP decay in the presence of ANF. The plots of

cAMP decay are fitted as linear functions. However, because
cGMP levels are increasing during the course of our decay

analyses, more extensive study of individual decay curves may

prove that these functions are nonlinear.
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In conclusion, these findings provide evidence to support the

primary involvement of PDE II in regulating cAMP metabolism

in PC12 cells. The experiments in the intact PC12 cell show
that cAMP metabolism can be modulated by agents that alter
the catalytic status of PDE II. Adenosine-stimulated cAMP
accumulation is potentiated by enzyme inhibition and atten-

uated by agents that elevate intracellular cGMP. Cyclic AMP

decay is retarded by PDE II inhibitors and accelerated by agents
that increase cGMP content. The utility of HL-725 in these
studies is derived not from its isozyme selectivity but rather

from the unique isozyme content of PC12 cells. These studies
have also established the value of the PC12 cell line as a model

system for future studies related to the regulation of PDE II.

The potential role of this unique phosphodiesterase isozyme as
a cGMP receptor site for the regulation of cAMP-mediated

cellular processes is intriguing.
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