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ABSTRACT. Primary cultures of bovine aortic endothelial cells (BAEC) express cyclic nucleotide phospho-
diesterase (CN PDE) isozymes of the PDE2, PDE4 and PDE5 gene families. We report here that the isozyme
profiles of CN PDE and the amounts of each vary with the passage number of BAEC cultures. Characterization
by anion-exchange chromatography and pharmacological criteria were used to study CN PDE in early (4–6),
intermediate (6–10), and late (.17) passages of purified BAEC. PDE2 and a minor fraction of PDE5 accounted
for cyclic GMP hydrolysis in early passages, but both isozymes were lost with cell passage. Cyclic AMP was
hydrolyzed by both PDE2 and PDE4 isozymes in early passage endothelial cells, but PDE4 was increased
dramatically in higher passage cells. Also appearing in the higher passage cells were prominent PDE1 and minor
PDE3 activities. The ratios of cytosolic to particulate activities were similar at all passages. BAEC PDE isoforms
in intact cells assessed by [3H]-adenine prelabeling showed that atriopeptin II decreased isoproterenol-induced
cyclic AMP accumulation in early but not later passage cells, consistent with the loss of PDE2 expression.
Enhancement of isoproterenol-induced cyclic AMP accumulation by rolipram, a PDE4 inhibitor, was also greatly
diminished during culture passages. Changes in CN PDE isoform expression and consequent cyclic AMP
turnover validate the importance of considering cell passage number when cultures of BAEC are used to study
the regulation of endothelial cell cyclic nucleotide metabolism and processes mediated by cyclic nucleotides in
this model system. BIOCHEM PHARMACOL 54;10:1071–1079, 1997. © 1997 Elsevier Science Inc.
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EC‡ are monolayered cells within the vascular wall with
synthetic, metabolic, and secretory capabilities [1, 2]. Some
EC processes are regulated by cAMP and cGMP [3–7], and
therefore the metabolism of EC cyclic nucleotides has been
studied extensively in cultured EC. Earlier reports have
shown the importance of CN PDE in the control of EC
cyclic nucleotide metabolism [8, 9]. Studies designed to
characterize EC CN PDE, a complex of seven gene families
responsible for mammalian cAMP and cGMP hydrolysis
[10], have found PDE2 and PDE4 gene families predomi-
nant in cultured aortic and coronary EC [11–13]. However,
widely variant activities and differences in isozyme profiles
have been noted [13]. The purpose of the study reported
here was to determine if the properties of CN PDE are
maintained in EC cultures. Koga et al. [3] found PDE2

activation by TNFa only in early passage and not later
passage BAEC, indicating the potential importance of
culture passage on isoform expression. While cultures of
primary EC are proven models, protein expression patterns
are known to change in culture [14, 15], potentially leading
to inconclusive data regarding EC functions and location
differences. EC responses to physiologic and pathologic
stimuli are known to decline with time in culture, some
with varying rates depending upon the EC source and
preparation [16–19]. The studies reported here also deter-
mined the functional significance of PDE isoforms in the
intact cell by assessing [3H]-cyclic AMP accumulation in
[3H]-adenine prelabeled cells from different culture stages
in the presence of isoproterenol, ANF, and PDE inhibitors.
The loss of an ANF effect on cAMP accumulation was
consistent with the loss of PDE2 in higher passages. The
results of these studies have been published in abstract form
[20].

MATERIALS AND METHODS
Chemicals

[2,8-3H]cAMP (sp. act. 27 Ci/mmol) and [8-3H]cGMP (sp.
act. 16 Ci/mmol) were purchased from ICN and purified as
described previously [21]. Benzamidine, tosyl-lysl-chloro-
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ketone (TLCK), aprotinin, and pepstatin A were obtained
from the Sigma Chemical Co. and leupeptin from Penin-
sula Laboratories. DEAE-Trisacryl was supplied by IBF
(Villeneuve La Garenne, France), and Dowex-1X8 (200–
400) resin and MIX were from Aldrich. Other chemicals
were obtained as follows: rolipram from Dr. I. Williams,
Pfizer Laboratories; SQ65442 from Dr. C. Free, E.R. Squibb
& Sons, Inc.; indolidan from Dr. D. W. Robertson, Eli Lilly
Laboratories; M&B 22948 (zaprinast) from Dr. J. E. Sou-
ness, Rhone–Poulenc; dipyridamole from Boeringer In-
gelheim Ltd.; HL-725 (trequinsin) from Hoescht–Poussel
Pharmaceuticals, Inc.; xanthine derivatives from Dr. J.
Wells, Vanderbilt University; and CGS-9343B from Dr. J.
Norman, Ciba–Geigy Corp. The xanthine derivatives were
MIX,7-propargyl- and 7-benzyl-MIX, 8-methoxymethyl-
and 8-tert-butyl-MIX and 3-isobutyl-1-isoamyl xanthine.
PDE inhibitors were dissolved in 100% ultrapure DMSO at
4 or 40 mM and stored frozen at 220°. Assay dilutions gave
a final DMSO concentration of ,0.25%. Antibody to
PDE4 as a GalK-hPDE4a fusion protein in Escherichia coli
was a gift from Drs. G. Livi and T. Torphy from SmithKline
Beecham, Inc. [22]. Calmodulin was purified from bovine
brain using W-7 affinity chromatography as described
previously [23].

BAEC Preparation and Culture

Bovine thoracic aortae were obtained from a local abattoir
within a few minutes of the death of the animal and packed
in ice for transport. The vessels were washed with cold
saline containing penicillin (300 U/mL), streptomycin
(300 mg/mL), and gentamicin (50 mg/mL). Primary EC
cultures were established according to the method of Loeb
et al. [24] without the use of dispersal enzymes. Briefly, the
intimal surface was scraped with a scalpel blade, and the
cells were cultured in 96-well tissue culture plates in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 20% (v/v) fetal bovine serum (Intergen;
optimal growth selected), penicillin (100 U/mL), and
streptomycin (100 mg/mL) and left undisturbed. Four pas-
sages of 1:4 cells split using trypsin harvesting were used to
establish pure cultures in T75 flasks, and BAEC stocks were
stored in liquid nitrogen at passage 4. Passage references are
for each trypsin harvest thereafter. BAEC were character-
ized by their cobblestone appearance at confluence and
uptake of fluorescent acetylated low density lipoprotein
[25], determined in representative cells grown on chamber
slides and analyzed using an ACAS 570 (Meridian Insti-
tute) confocal microscope (100X oil objective) equipped
with an argon laser.

CN PDE DEAE-Trisacryl Fractionation

BAEC at confluence were scraped from 150-mm tissue
culture dishes after two washes with PBS. Cells harvested
with trypsin or EDTA showed similar results. Cells from
five 150-mm dishes were pelleted and homogenized in 5

vol. of 20 mM Tris-acetate (pH 7.4), 5 mM MgCl2, 10 mM
TLCK, 2000 U aprotinin/mL, 2 mM leupeptin, 2 mM
pepstatin A, 10 mM benzamidine in a Duall type glass
homogenizer using 20 strokes of a Teflon pestle by hand.
The homogenate was centrifuged at 105,000 g for 30 min at
4° in a Beckman L8 ultracentrifuge, and the supernatant
was applied to a DEAE-Trisacryl (4 mL bed volume)
column (20 cm 3 1.6 cm) pre-equilibrated with homoge-
nization buffer. After the column was washed with 25 mL of
homogenization buffer, PDE activities were eluted with two
successive linear gradients of NaCl (15 mL of 0–150 mM
and 20 mL of 150–500 mM) also in homogenization buffer.
Forty fractions at 1.2 mL/fraction were collected at a flow
rate of 0.5 mL/min and assayed immediately. For short-term
storage at 220° to complete secondary analyses, ethylene
glycol was added to a final concentration of 30% (v/v). The
major portion of PDE activities was solubilized, but the
smaller percentage of activities in the particulate fraction
from the 100,000 g centrifugation was also analyzed after
re-suspension in homogenization buffer and dispersal with a
Teflon pestle as described above. DEAE-Trisacryl column
recoveries of activities were greater than 70%.

Cyclic Nucleotide PDE Assay

PDE activities were determined using the two-step method
of Thompson et al. [21]. Reaction was in 0.4 mL containing
40 mM Tris–HCl (pH 8.0), 5 mM MgCl2, 4 mM 2-
mercaptoethanol, column or cell fractions, and 0.25 mM
[3H]-cAMP (100,000 cpm) in the presence or absence of
unlabeled 5 mM cGMP or 0.5 mM [3H]-cGMP (100,000
cpm). Where calcium and calmodulin sensitivity was as-
sayed, substrate cGMP was 25 mM, the assay mixture
contained 50 ng calmodulin, and activity was determined
in the presence or absence of 0.5 mM EGTA and 1 mM
calcium. For the determination of Vmax and apparent Km

values, the concentration of cAMP or cGMP was varied
from 0.02 to 20 mM with constant tritiated substrate
(300,000 cpm). Kinetic parameters were calculated using
the program Enzfitter (V 1.05, Elsevier–Biosoft). Inhibitors
were studied using twelve concentrations of drug from 0.01
to 100 mM and substrate concentrations of 0.125 mM
[3H]-cAMP or 0.5 mM [3H]-cGMP unless indicated other-
wise. The IC50 values were calculated from concentration–
response curves using the program Prism (GraphPad; v2);
95% confidence intervals were less than 50%. Values are
the averages from two or more curves. Protein was measured
by the method of Bradford using BSA as standard [26].

Western Blot Analysis

Partially purified PDE4 DEAE-Trisacryl fractions were used
for immunoblot analysis. PDE4 (10 pmol/min at 0.25 mM
cAMP substrate) was separated on 8–15% SDS–poly-
acrylamide gradient gels (Jule Scientific Inc.) and trans-
ferred electrophoretically to nitrocellulose paper (0.2 mm;
Schleicher & Schuell, Inc.) using a Bio-Rad mini-transfer
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unit (100 V, 250 mA) in a buffer consisting of 25 mM
Tris–HCl (pH 8.3), 192 mM glycine, 20% methanol. The
blot was stained with Ponceau S to verify transfer, blocked
for 2 hr with 100 mM Tris–HCl (pH 7.5), 0.15 M NaCl,
3% BSA and equilibrated in 10 mM Tris–HCl (pH 6.8),
0.9% NaCl, 0.5% BSA, 0.05% Nonidet P-40, 5.0% calf
serum. PDE4 immunoreactivity was detected by incubation
with a 1/500 dilution of polyclonal rabbit antiserum raised
against purified GalK-hPDE-1(PDE4a) fusion protein for
12 hr at 4°, washing twice with blocking buffer, incubation
with HRP-linked rabbit-IgG (1/500), washing with block-
ing buffer without BSA (30 min), and final incubation for
30 min at room temperature with 0.05% DAB peroxidase
color reagent and 0.02% hydrogen peroxide.

Intact Endothelial Cell cAMP Turnover Analysis

cAMP accumulation in intact BAEC was studied using
prelabeling techniques as described by Whalin et al. [27].
Cells were seeded in 6-well plates at 220,000 cells/well and
grown to preconfluence (approx. 800,000 cells/well);
DMEM was replaced with 2 mL medium containing 2 mCi
[3H]-adenine/mL and incubated for 1 hr in the CO2

incubator to label cellular ATP. The medium with un-
incorporated tritium was aspirated and replaced with me-
dium containing the appropriate drugs or vehicle. Reac-
tions were terminated by rapid aspiration of medium and
immediate addition of 1 mL of 5% TCA containing
[14C]-cAMP tracer for column recovery calculations. Wells
were scraped, and labeled cAMP was purified by Dowex-
50/neutral alumina chromatography as described previously
[27]. Recovery of cAMP was approximately 60–80% and
intersample variability was , 5%. Double-label scintilla-
tion counting with internal standard quench curves was
used to determine cross-over and recovery correction fac-
tors for each column.

RESULTS
Characteristics of CN PDE during BAEC
Passages: Distribution

The specific activities of the 100,000 g supernatant frac-
tions from BAEC homogenates changed from 3- to 5-fold
when early passage [4–9] activities were combined from
three different primary preparations and compared with
those of later passages [10–17] as shown in the upper panel
of Fig. 1. Total cAMP hydrolysis was constant through early
passages, increased near passage 10, and fell at passage 30
(data not shown) where the cells had ceased growth and
spread into large syncytial-looking cells. Total cGMP hy-
drolysis followed a similar course with cell passage.

To test if specific PDE isoforms all followed the same
pattern as total activity, PDE2 (cGMP-stimulated cAMP
hydrolysis) activity and its relative distribution were as-
sayed in the same fractions. Shown in the lower panel of
Fig. 1 is the increased cAMP hydrolysis at 0.25 mM
substrate due to the presence of 5 mM cGMP (% control)

in the assay of supernatant and particulate fractions taken
from sequential passages. A profile different from total
activity emerged. PDE2 activity was prominent in pellets of
early passage cells but was not detectable in later passages.
At the later passages, cGMP inhibited activity slightly in
the particulate fractions. The data indicate that BAEC
change the expression of CN PDE isoforms during contin-
ued culture.

The subcellular distribution of PDE2 was similar in all
passages. Likewise, cAMP and cGMP hydrolysis showed
similar distribution in various passages (data not shown).
These crude supernatant and particulate fractions showed
activity distributions of 60/40% and 80/20% for cAMP and
cGMP PDE, respectively. Therefore, the isozyme profile
changes seen in the culture were not due to subcellular
redistribution of the different isozymes.

FIG. 1. BAEC CN PDE activities from cells in passages 4–17.
Specific activities shown in the upper panel were supernatant
fractions prepared according to Materials and Methods and
measured using 0.25 mM cAMP or 0.5 mM cGMP as substrate.
Data are from three different primary cultures stored frozen at
passage 4. Data from passages 4–9 are combined and compared
with data from passages 10–17. An asterisk indicates P values
<0.03 and 0.04 for cAMP and cGMP hydrolysis, respectively,
with N 5 4 determined using Mann–Whitney tests. The lower
panel shows activation of hydrolysis at 0.25 mM cAMP by 5 mM
cGMP in supernatant and pellet fractions from early and late
passages. Passages 4, 9, and 17 and cells 6, 10, and 17 were from
continuing cultures. Values are means 6 SEM (N 5 3) of
unstimulated or control cAMP hydrolysis (100% or 151 pmol/
min/mg). An asterisk indicates P < 0.05 versus control assays,
using Tukey–Kramer multiple comparisons test.
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Characteristics of CN PDE during BAEC Passages:
DEAE-Trisacryl Fractionation

Anion-exchange chromatography profiles of BAEC super-
natants from passage 6, 9, 10 and 17 cells are compared in
Figs. 2 and 3. The activities of cAMP PDE at 0.25 mM
substrate, cGMP PDE at 0.5 mM substrate, and for cGMP-

stimulated cAMP hydrolysis are shown for each profile.
Using a two-tiered NaCl gradient elution, striking differ-
ences in DEAE-Trisacryl chromatographic profiles were
apparent from different passages. These differences are due
to changes during passage since similar quantities of BAEC
were homogenized for each preparation. The CN PDE

FIG. 2. DEAE-Trisacryl anion-exchange chromatography of BAEC CN PDE. CN PDE activities were measured at 0.25 mM cAMP
substrate in the presence (open squares) or the absence (closed squares) of 5 mM cGMP, as well as using 0.5 mM cGMP as substrate
(closed inverted triangles). Supernatants from various passages, as indicated on each panel, were prepared as described in Materials and
Methods. The solid lines with no symbols show NaCl gradients from 0 to 0.5 M. Activity recoveries were greater than 75% for each
column. Y-axis scales increase for passage 10 and 17 data. Column profiles are representative of 1–3 fractionations.
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activity changes with passage are further illustrated, using
plots comparing the different preparations normalized to
mg supernatant protein in Fig. 3.

PDE activities elute in three regions: 50, 110 and 170
mM NaCl. In the very low salt region, only cGMP PDE
specific activity was found and this isoform was observed
only in passages 6 and 9 and not in higher passages. The
first peak was not affected by calcium/calmodulin (data not
shown). The intermediate or second eluting fraction
showed both cAMP and cGMP hydrolysis to various
degrees in different passages. In passage 6, but to a lesser

degree in passage 9, activation of cAMP hydrolysis by 5 mM
cGMP or PDE2 activity was seen; this isoform was also not
found in later passages. The EC50 value of cGMP for
activation at 5 mM cAMP substrate was 0.5 mM (data not
shown). This peak of activity was also unaffected by
calcium/calmodulin in passage 6 and 9 EC.

The DEAE profiles showed major changes in the cAMP/
cGMP activity ratios with increasing passage; the first
activity eluted in the intermediate salt gradient fractions
and contained an overlapping mixture of PDE1 and PDE2
isoforms. In the earliest fractions of passage 10, slight

FIG. 3. Re-plot of DEAE-Trisacryl anion-exchange profiles. Data on passage 6–17 cells from Fig. 2 were replotted on the basis of mg
supernatant protein applied to each column. The passage used is indicated by symbols to the right of the figure. Column fractionation
procedures and CN PDE activity analyses were as described in Materials and Methods and the legend to Fig. 2.
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calcium/calmodulin activation was apparent, and PDE2 was
seen only by measuring activity in the presence of 7-benzyl-
MIX, a PDE1 inhibitor (data not shown). In contrast, the
same peak of activity from passage 17 BAEC showed
calcium/calmodulin sensitivity and no PDE2 activity.

The predominant activities eluted in the higher salt
regions of the DEAE columns from all passage preparations
showed a substrate preference for cAMP. cAMP hydrolysis
at 0.25 mM substrate was not changed by 5 mM cGMP,
suggesting a PDE4 activity. cAMP hydrolysis in the high
salt peak was increased significantly in passage 10 and 17
profiles (Fig. 2).

Characteristics of CN PDE during BAEC Passages:
Inhibitor Studies

Concentration–response curves were determined for selec-
tive inhibitors of CN PDE activities of the early (cGMP
specific, PDE5), intermediate (cGMP stimulated, PDE2)
and high salt (cAMP specific, PDE4) eluting fractions from
passage 6. The rank order of potency for inhibitors of Peak
1 (fractions 10–13) was dipyridamole and zaprinast (IC50 5
0.2 mM) . trequinsin (IC50 5 0.8 mM) . MIX, SQ 65442
(IC50 5 4 mM) @ indolidan, CGS 9343B, rolipram (IC50 .
50 mM) when determined using 0.5 mM cGMP substrate.
DEAE-Trisacryl Peak 2 cGMP hydrolysis (fractions 16–18)
showed a preference for trequinsin (IC50 5 0.4 mM) over all
other inhibitors tested, with an order of potency as follows:
trequinsin @ dipyridamole, MIX (IC50 5 7,13 mM) .
zaprinast, SQ 65442 (IC50 5 28,37 mM) . rolipram, CGS
9343B, indolidan (IC50 5 . 50 mM) also determined with
0.5 mM cGMP substrate. cAMP hydrolysis by the high salt
eluting fraction showed the following rank order of po-
tency: rolipram, SQ 65442, trequinsin (IC50 5 0.2 mM) @
dipyridamole, MIX (IC50 5 2–4 mM) @ GCS 9343B,
indolidan, zaprinast (IC50 . 50 mM) with 0.125 mM cAMP
substrate. Inhibitor sensitivities indicated that early passage
BAEC express PDE2 and PDE4 family activities with minor
amounts of PDE5 [13, 28]. Passage 9 preparations fraction-
ated by DEAE-Trisacryl showed inhibition patterns similar
to those of passage 6 cells.

At later passages, the rank order of potency of the lower
salt fractions was different and consistent with the loss of
PDE2 and the appearance of PDE1 isoforms. The rank order
of potency of inhibitors for the low salt eluting PDE from
the passage 10 DEAE-Trisacryl column was trequinsin,
MIX, zaprinast, dipyridamole (IC50 values 5 2–4 mM) .
SQ 65442 (8 mM) @ rolipram, indolidan, CGS 9343B
(.50 mM). Thus, the inhibitor data also indicated that the
early fractions contain an unresolved mixture of PDE2 and
PDE1 [28]. However, by passage 17, expression in the low
salt DEAE fractions (approximately 8–20) was almost
exclusively PDE1 as shown by a greater than 2-fold in-
creased activity in the presence of calcium/calmodulin
using 25 mM cGMP substrate. The apparent Km for cAMP
was 12 mM and for cGMP 2 mM. The dominant calcium/
calmodulin sensitivity occurred in these fractions and

showed inhibitor profiles for cGMP hydrolysis consistent
with PDE1 activity. The activated enzyme was inhibited by
MIX, trequinsin, and zaprinast with IC50 values of 3.3, 4.1,
and 9.1 mM, respectively, and showed IC50 values . 50 mM
for dipyridamole, indolidan, rolipram, and SQ 65442.
Calcium/calmodulin activated cGMP PDE also showed
sensitivity to xanthine derivatives with potency ratios of
7-benzyl- and 8-methoxy-methyl-MIX derivatives (IC50 5
1–2 mM) . 7-propargyl- and 8-tert-butyl-MIX derivatives
(IC50 5 10–20 mM) and no inhibition by the 1-isoamyl-3-
isobutyl xanthine derivative at 100 mM.

The high salt eluting cAMP PDE activities of passages 10
and 17 maintained the same rank order of inhibitor potency
as the early passages with IC50 values for rolipram ranging
from 0.15 to 0.35 mM. Rolipram inhibited these activities
up to 100%. The apparent Km was 0.3 6 0.07 mM for
cAMP, indicating a high affinity for both fractions. The
increased specific activity of the higher passage fractions
PDE4 was studied further by western blotting (Fig. 4). The
same amount of PDE4 activity from passage 6 and 17 high
salt DEAE fractions was applied to SDS–PAGE. Less
immunoreactivity was seen in the passage 17 than in the
passage 6 peak, suggesting an increased specific activity of
the same PDE protein in later passages.

FIG. 4. Immunoreactivity of passage 6 and 17 PDE4 isozymes.
Partially purified PDE4 DEAE-Trisacryl fractions were used for
immunoblot analysis performed as described in Materials and
Methods. PDE4 (10 pmol/min at 0.25 mM cAMP substrate
from each passage) was separated on 8–15% SDS–polyacrylam-
ide gradient gels and electrophoretically transferred to 0.2 mm
nitrocellulose paper. The blot was stained with Ponceau S to
verify equivalent protein transfers and mark molecular weight
standards, blocked, and PDE4 immunoreactivities detected with
polyclonal rabbit antiserum raised against purified GalK-hPDE-
1(4a) fusion protein followed by incubation with HRP-linked
rabbit-IgG and 0.05% DAB peroxidase color reagent.
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Characteristics of Particulate BAEC CN PDE
during Passage

Particulate cAMP and cGMP PDE activities showed total
activity changes similar to those of the supernatant frac-
tions. Passages 4, 6, and 9 were equal, and later passages
were increased. Inhibitor concentration–response curves
against particulate PDE using 0.125 mM cAMP substrate
showed rolipram, SQ 65442, and trequinsin to be the most
effective inhibitors (IC50 5 1–2 mM), and indolidan, CGS
9343B, and zaprinast the least effective inhibitors (IC50 .
50 mM). The data suggest a predominant PDE4 in this
preparation [28]. As was shown above for supernatant
PDE4, a change in the regulation of the particulate fraction
also occurred between passages 9 and 17. In the presence of
50 mM rolipram, the remaining passage 9 particulate
activity showed cGMP stimulation and no inhibition by
indolidan, a selective PDE3 inhibitor. In contrast, passage
17 particulate activity was inhibited partially by cGMP and
indolidan, properties indicative of some PDE3 expression
(data not shown).

Functional Significance of PDE2 and PDE4 Regulation
of Intact BAEC Assessed by cAMP Accumulation

Potential PDE2 regulation of intact BAEC cAMP accumu-
lation was studied using isoproterenol-induced cAMP ac-
cumulation after ANF pretreatment. BAEC were moni-
tored for an ANP effect on most passages from 5 to 28. ANF
showed an EC50 5 5 6 2 nM at passage 14 with cGMP
accumulation as measured by radioimmunoassay at 25 min.

In the early passage cells (No. 5–9), ANF (100 nM)
reduced isoproterenol (10 mM) stimulated cAMP accumu-
lation (Fig. 5), whereas ANF alone had no effect on cAMP
accumulation. The effect of ANF on isoproterenol-induced
cAMP accumulation was lost in cells from passages 10
through 28 obtained from the same primary culture (data
not shown). The intact cell turnover data are consistent
with the loss of PDE2 in higher passage cells. ANF
receptors, as judged by the ability of ANP to enhance
cGMP accumulation, were lost at approximately passage 24.

Inhibitors of PDE4 activity showed marked potentiation
of isoproterenol-induced cAMP accumulation in intact
BAEC (Table 1), as measured with prelabeling techniques.
The rank order of potency (IC50) from the intact cell
accumulation data was similar to that of the isolated DEAE
fractions. Although the resultant magnitude of potentia-
tion was different, the inhibitors studied showed similar
actions on the isoproterenol effect in early, middle, or late
passage cells, indicating the critical role of PDE4 in cAMP
metabolism in BAEC. Rolipram showed an EC50 of 2.6 mM
for potentiation of the isoproterenol effect (data not
shown) or about 10-fold higher than PDE inhibition and
cAMP release in the intact rat lung model [6]. Rolipram
was the only PDE inhibitor that enhanced even small
amounts of cAMP accumulation in the absence of isopro-
terenol in BAEC. Even though the PDE4 isoform was
expressed at all passages and was a major regulator of cAMP
accumulation in BAEC, when studied systematically
through many cell passages, rolipram potentiation of iso-
proterenol-induced cAMP diminished during culture (Fig.

FIG. 5. ANF inhibition of isoproterenol-induced cAMP accu-
mulation. Intact passage 5–9 BAEC were studied using prela-
beling techniques as described in Materials and Methods. Cells
at near confluence in 6-well plates were prelabeled with [3H]-
adenine for 1 hr, washed, and treated with 10 mM isoproterenol
in the presence and absence of 100 nM ANF for 15 min.
Reactions were terminated by rapid aspiration of medium and
immediate addition of 1 mL of 5% TCA containing [14C]-cAMP
tracer for column recovery calculations. Labeled cAMP was
purified by Dowex-50/neutral alumina chromatography with
60–80% recovery and < 5% intersample variability. Data (6
SD) from all five passages were compiled with triplicate deter-
minations in each experiment. Key: (*)P < 0.001 vs no drug or
ANF alone, and (**)P < 0.01 vs isoproterenol, calculated using
the Tukey–Kramer multiple comparisons test.

TABLE 1. Cyclic nucleotide phosphodiesterase inhibitor
potentiation of isoproterenol-induced cAMP accumulation in
intact BAEC cells

Drug
Basal
(%)

Isoproterenol
potentiation

(%)

No drug control 100 6 54
1Isoproterenol (10 mM) 260 6 59
1Iso 1 CN PDE inhibitor

Rolipram 1730 6 453
SQ65442 533 6 70
Trequinsin 743 6 96
Ro 20-1724 462 6 70
Dipyridamole 103 6 35
MIX 106 6 17
Indolidan 87 6 11
CGS-9343B 140 6 31
Zaprinast 134 6 28
t-Butyl-xanthine 114 6 23
Isoamyl-xanthine 486 6 57

cAMP accumulation was measured in BAEC cells using 3H-prelabeling as described
in Materials and Methods. Preincubation with [3H]-adenine was for 60 min followed
by washing and medium changes. CN PDE inhibitors were added 15 min before
isoproterenol (10 mM), which induced cAMP synthesis for 15 min. Data were
compiled from 2–5 different experiments with triplicate determinations in each.
Values show stimulation above vehicle controls (ISO) or potentiation above
isoproterenol stimulation (ISO 1 PDE inhibitor) with SEM. None of inhibitors
except for rolipram showed any stimulation or inhibition of basal cAMP accumula-
tion. Rolipram alone showed stimulation equivalent to isoproterenol (220%).
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6). Since PDE4 showed similar properties, the reduced
cAMP accumulation occurring during passage likely oc-
curred from modified regulation of synthesis by the b-
adrenergic receptor and adenylate cyclase.

DISCUSSION

cAMP and cGMP regulation of endothelial cell functions
has been studied extensively in cells cultured from a variety
of sources, including large vessels such as bovine aorta.
Primary cultures are passed several times to achieve both
purity and quantity of cells for biochemical analyses, and it
is sometimes assumed that higher passage cells have main-
tained early passage parameters as models of EC functions.
PDE activity has been reported to vary in ECs from
different anatomic locations based on MIX-enhanced
cAMP accumulation [18]. Also, forskolin and isoproterenol
enhanced cAMP accumulation, and adenylate cyclase ac-
tivity varied by mechanisms independent of species argu-
ments. We have shown previously that TNFa incubation
with BAEC results in PDE2 activation but only in lower
passage cells [3]. The results of the studies reported here
show that CN PDE activities of BAEC change during
culture. The amount and type of PDE gene family expres-
sion were modified as passage number increased. The
reasons for variant enzyme or receptor expression are
sometimes difficult to define. Even with a widely used EC
preparation such as that isolated from human umbilical
veins, variable effects are seen [15]. Changes in enzyme
expression during primary cultures of many types of cells are
widely observed, and our finding that CN PDE isoforms
change in culture is potentially a confounding factor in
interpreting and comparing signal transduction data from
previous studies. Manolopoulos et al. [29] and Stevens et al.
[30] found that EC from different locations expressed
different adenylate cyclase isoforms. However, possible

culture passage changes similar to CN PDE activity changes
were not determined.

The findings reported here confirm and extend earlier
studies on EC cyclic nucleotide phosphodiesterase analysis.
Early passage BAEC showed a minor peak of PDE5 as
reported by Kishi et al. [13] along with the main isoforms of
PDE2 and PDE4 as described by Lugnier and Schini [12]
and Souness et al. [11]. The current data provide an
explanation for the differences among these previous stud-
ies with significant PDE isoform and activity variances.

Later passage BAEC lost both PDE5 and PDE2 isoforms.
This was accompanied by the appearance of PDE1 along
with a small amount of PDE3 activity and markedly
increased PDE4 activity. PDE4 activity was also expressed
in early passage cells with both fractions showing high
affinity for cAMP substrate and 100% inhibition by rolip-
ram. Western blots of PDE4 immunoreactivities suggested
an increased specific activity of the same or a catalytically
similar isoform expressed in higher passage cells. Increased
BAEC PDE4 specific activity was similar to TNFa activa-
tion of PDE4 also involving higher specific activity rather
than more enzyme protein [3]. The small amount of PDE3
isoform found was confined to particulate fractions but is
confirmatory of earlier studies of Suttorp et al. [31] on
porcine pulmonary artery EC. Seid et al. [32] detected
calmodulin-stimulated activity in lysates of cultured por-
cine aortic endothelial cells. Data suggest that EC from
different locations may express different PDE isoforms.
Further studies will be required to determine the role of
PDE5 in cGMP metabolism and regulation of EC PDE3 and
PDE1 isoforms.

cAMP accumulation studies in intact EC showed that
PDE2 can function in a crossover role to provide a
mechanism for agonists that increase cGMP levels to
regulate cAMP content in EC. ANF decreased cAMP
accumulation induced by isoproterenol in early passage
BAEC expressing PDE2, but not in higher passage cells
lacking PDE2 in supernatant, particulate, or anion-
exchange fractionated samples. These studies confirm find-
ings of Kishi et al. [9] that ANF decreased BAEC cAMP
with or without isoproterenol by a mechanism involving
PDE2 activation. PDE2 has also been shown to have a
similar role in ANF modulation of adenosine-induced
cAMP accumulation in PC12 cells [27] and in adrenal
tissue [33].

PDE4 activity of early and late passage cells showed
similar sensitivity to inhibitors but had a much higher
specific activity in higher passages. Inhibition by rolipram,
SQ 65442, and trequinsin in the submicromolar range was
very similar to data obtained by Lugnier and Schini [12]
and Souness et al. [11]. Close correlation to effects of
inhibitors in intact cell cAMP accumulation experiments
indicate that regardless of other isoform expression, high
affinity PDE4 isoform is a primary regulator of cAMP
accumulation in BAEC. These findings suggest a rationale
why Manolopoulos et al. [29] found even 1 mM MIX
relatively ineffective at potentiation of isoproterenol-
induced total cAMP levels in cultured EC from several

FIG. 6. Modified rolipram potentiation of isoproterenol-induced
cAMP accumulation with passage number. Cells from consecu-
tive passages were plated and prelabeled as indicated in Materials
and Methods and in the legend to Fig. 5. Isoproterenol (10 mM),
rolipram (20 mM), or both drugs were used to induce cAMP
accumulation for 12 min. Each data point is the mean (6 SD) of
3–5 wells of cells. Error bars that are not visible were smaller
than the symbol used. The no drug line is under the rolipram
line (Œ).
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sources. Rolipram and trequinsin were superior to other
inhibitors at potentiation of forskolin-induced cAMP ac-
cumulation in porcine aortic EC [8]. Almost two decades
ago, Pledger et al. [34] demonstrated that CN PDE activities
are subject to many factors in fibroblast cultures including
cell density, growth conditions, and serum content. In EC
tissue culture, these factors include expression of specific
families of PDE isozymes at different passages.
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