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Abstract Introduction

In addition to the atria, recent evidence suggests that atrial
natriuretic peptide (ANP) is also synthesized in other tissues.
Of particular interest is the location of ANP mRNA in the
vessel wall. We and others have shown that exogenously
added ANP inhibited the growth of endothelial cells and
vascular smooth muscle cells (VSMC) in culture. However,
it is not known if the locally synthesized ANP would act
similarly. Because cultured endothelial cells and VSMC
have lost the ability to express the endogenous ANP gene, we
have transfected cells in culture with an expression vector
expressing rat ANP and have examined the effects on
growth.

Cultured endothelial cells transfected with an ANP ex-
pression vector synthesized and secreted high levels of ANP.
These cells also showed significantly lower rates of DNA
synthesis under basal and fibroblast growth factor (FGF)-
stimulated conditions. Addition of conditioned medium
from endothelial cells transfected with ANP vector to non-
transfected endothelial cells resulted in the significant in-
crease in cyclic GMP. Similarly, conditioned media collected
from endothelial cells transfected with ANP vector also de-
creased DNA synthesis in VSMC. Coculture of ANP-
transfected endothelial cells with quiescent VSMC showed
that released ANP from endothelial cells inhibited DNA syn-
thesis in VSMC. Finally, we examined the autocrine effect
of direct transfection of ANP vector into VSMC. Transfec-
tion of the ANP vector decreased DNA synthesis in VSMC
under basal and angiotensin 11-stimulated conditions. Simi-
larly, transfection of the ANP vector resulted in a decrease
in the PDGF and serum (5%)-stimulated DNA synthesis of
VSMC. These results demonstrate that endogenously pro-
duced ANP can exert autocrine and paracrine inhibitory
effects on endothelial cell and VSMC growth. In vivo gene
transfer ofANP may provide us with the opportunity of gene
therapy for vascular diseases in which the abnormalities are
vasoconstriction and pathological growth. (J. Clin. Invest.
1994. 94:824-829.) Key words: gene therapy * coculture*
vascular tissues - growth inhibitory factor * Sendai virus
(HVJ: hemagglutinating virus of Japan)
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Atrial natriuretic peptide (ANP)' was the first member of a
family of natriuretic peptides isolated. It is highly abundant in
the atria of the heart where its mRNA constitutes - 2% of the
total mRNA (1-4). ANP mRNA, albeit present at lower levels,
has also been found in multiple tissues including hypothalamus,
pituitary, aortic arch, lung, adrenal, and kidney (5, 6). This
family of peptides exerts direct actions on the renal tubules,
resulting in natriuretic and diuretic actions (1-4). In addition,
these peptides also regulate sodium and water homeostasis indi-
rectly via changes in glomerular filtration rates and inhibition
of renin release and of aldosterone secretion (1-4). Moreover,
ANP has been shown to be a direct smooth muscle relaxant.
Furthermore, it is becoming apparent that these factors may
also be potent regulators of growth. We and others have shown
that ANP antagonizes the growth promoting effects of Ang II,
serum, and purified growth factors on vascular smooth muscle
cells (VSMC) and endothelial cells in vitro (7-9). This effect
is in part mediated by the guanyl cyclase-linked receptors.

Vascular remodeling plays an important role in the patho-
physiology of atherosclerosis, restenosis, and hypertension (10-
12). Remodeling is mediated in part by the growth of VSMC.
The growth of VSMC is controlled by a balance of growth
inhibitors and growth promoters and, in the normal adult vessel,
this balance results in a very low rate of growth of the smooth
muscle. However, after vascular injury by either mechanical or
biochemical means, this balance is shifted such that proliferation
of the smooth muscle cells occurs (10-12). The identity of
the factors that regulate this growth is the subject of intense
investigation and to date is not fully understood. However, it
is becoming increasingly apparent that among the many factors
that may influence vascular structure, vasoactive substances
may play a major role.

To examine the possible function of local expression of
ANP in the vascular tissues, we examined the biochemical and
physiological effects of overexpression of ANP gene on endo-
thelial cells and the inhibitory action of overexpressed ANP
gene against VSMC growth. We previously reported the highly
efficient and nontoxic gene transfer method using Sendai virus
(HVJ; Hemagglutinating Virus of Japan) in cultured VSMC
(13, 14). Here, we extended its usefulness to gene transfer into
cultured endothelial cells and VSMC. Our data demonstrate that
increased ANP expression in endothelial cells and VSMC can

1. Abbreviations used in this paper: ANP, atrial natriuretic peptide;
BSS, balanced salt solution; DSF, defined serum-free medium; HMG,
high mobility group; HVJ, hemagglutinating virus of Japan; NEP, neu-

tral endopeptidase; VSMC, vascular smooth muscle cells.
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result in decreased DNA replication under the basal and stimu-
lated conditions.

Methods

Construction of plasmids. To produce an ANP expression vector, an
XhoI fragment containing rat ANP cDNA (kindly provided by Dr. Mat-
suo, National Institute of Cardiovascular Disease, Osaka, Japan) was
inserted into the XhoI site of pUC-CAGGS expression vector plasmid
(kindly provided by Junichi Miyazaki, Tokyo University, Tokyo, Japan).
In this plasmid, transcription of the ANP cDNA was under the control
of the chicken beta-actin promoter and the cytomegalovirus enhancer.
Previous studies in our laboratory have established that this expression
vector produces high transcript levels in vascular cells for sustained
periods both in vitro and in vivo (13-16).

Cell culture. Bovine aortic endothelial cells (passages 3-7) were
maintained in DME medium with 10% calf serum, 100 U/ml penicillin,
and 100 mg/ml streptomycin. Rat aortic smooth muscle cells from 3-
mo-old Wistar-Kyoto rats (passages 17-20) were maintained in Way-
mouth's medium (Gibco, Grand Island, NY) with 5% calf serum, 100
U/ml penicillin, and 100 mg/ml streptomycin. Cells were incubated at
370C in a humidified atmosphere of 95% air-5% CO2 with media
changes every 2 d.

Preparation of HVJ-liposomes. We have previously reported the
high efficiency transfection of cells in culture using Hemagglutinating
Virus of Japan (HVJ)-coated liposomes (13-16). Briefly, phosphatidyl-
serine, phosphatidylcholine, and cholesterol were mixed in a weight
ratio of 1:4.8:2 in tetrahydrofuran. The lipid mixture (10 mg) was depos-
ited on the sides of a flask by removal of the solvent in a rotary evapora-
tor. 96 pg of high mobility group (HMG) 1 nuclear protein, purified
from calf thymus, was mixed with plasmid 300 pg DNA in 200 /A of
balanced salt solution (BSS; 137 mM NaCl, 5.4 mM KCl, 10 mM Tris-
HCl, pH 7.6) at 20°C for 1 h, and then added to the dried lipid. Lipo-
some-DNA-HMG 1 complex suspension was mixed by vortex, sonica-
tion for 3 s, and shaking for 30 min. Purified HVJ (Z strain) was
inactivated by ultraviolet (UV) irradiation (110 erg/mm2 per s) for 3 min
immediately before use. The liposome suspension (0.5 ml, containing 10
mg of lipids) was mixed with HVJ (20,000 hemagglutinating units) in
a total volume of 4 ml of BSS. The mixture was incubated at 4°C for
10 min and then for 30 min with gentle shaking at 37°C. Free HVJ
was removed from the HVJ-liposomes by sucrose density gradient
centrifugation. The top layer of the sucrose gradient containing the
HVJ-liposome-DNA complex was collected and used immediately.

Transfection of cultured vascular cells. 1 X 106 endothelial cells or
VSMC were seeded onto six-well plates and grown to 80o confluence.
Cells were washed three times with BSS containing 2 mM CaCl2 and then
incubated with 1 mil of HVJ-liposomes-DNA complex (2.5 mg of lipids
and 10 /tg of encapsulated DNA) at 4°C for 5 min followed by 37°C for
30 min (total, 35 min). The cells were then washed and fed fresh medium
containing 10% calf serum and placed into the CO2 incubator.

Measurement ofANP concentration in endothelial cells. To docu-
ment successful transfection of the cells, we examined the production
of ANP. 24 h after transfection, the medium was changed and the cells
were incubated for an additional 48 h. After washing with PBS twice,
cells were mechanically scraped, boiled for 7 min in 0.1 M acetic acid
containing 0.1% Triton X-100, and disrupted by sonication. The cell
homogenates were centrifuged at 10,000 g for 30 min at 4°C and the
supernatants were stored at -200C (17).

To study the release of ANP, transfected cells (48 h after transfection)
were washed and fed with 1 ml of defined serum-free (DSF) medium
containing media supplemented with 5 x 10-7 M insulin, 5 mg/ml trans-
ferrin, and 0.2 mM ascorbate (18). 24 h later, conditioned medium was
collected, centrifuged at 600 g for 10 min, and stored at -20°C (17).

RIA for immunoreactive ANP was performed (Amersham, Arlington
Heights, IL). The antibody against ANP cross-reacts with rat alpha-
ANP (70%) and rat ANP 8-33 (95%) but not with other fragments of
rat ANP, BNP, or CNP.

Determination ofDNA synthesis. Endothelial cells and VSMC were
seeded onto 24-well tissue culture plates. At confluence, cells were
washed three times with BSS containing 2 mM CaCl2, and then incu-
bated with 500 /A of HVJ-liposomes (1.3 mg of lipids and 5 jig of
encapsulated DNA). The cells were incubated at 40C for 5 min and then
at 37TC for 30 min. The solution was then changed to fresh medium
containing serum and the cells were incubated overnight in a CO2 incu-
bator. The cells were then rendered quiescent by incubation for 60 h in
DME with 0.5% calf serum. Relative rates of DNA synthesis were
assessed by determination of tritiated thymidine incorporation into TCA-
precipitable material over the next 24 h. In some experiments, the effects
of exogenously added ANP (l0-7 M) were examined. ANP or vehicle
was added 12 h before the addition of tritiated thymidine. 24 h after
the addition of thymidine, the cells were washed twice with cold PBS,
twice with 10% (wt/vol) cold TCA, and incubated with 10% TCA at
4TC for 30 min. Cells were rinsed in 95% ethanol and dissolved in 0.25
N NaOH at 40C for 3 h, neutralized, and the radioactivity was determined
by liquid scintillation spectrometry (7, 8).

The rates of DNA synthesis were similarly examined in transfected
VSMC rendered quiescent by growth in DSF for 48 h. At this point,
10-6 M Ang II, 20 ng/ml PDGF, 5% calf serum, or vehicle was added
for an additional 12 h before the addition of tritiated thymidine. Cells
were harvested 24 h later.

Effect ofconditioned medium on cellular growth and cGMP content.
The ability of the conditioned media to induce increases in endothelial
cell cyclic GMP was performed as previously described (7, 8, 17). The
test endothelial cells were washed twice in serum-free DME and then
preincubated at 37°C for 15 min with fresh DME containing 0.5 mM
isobutylmethylxanthine (Sigma Chemical Co., St. Louis, MO). Condi-
tioned medium collected from endothelial cells transfected with either
the ANP expression vector or the control vector diluted 1:1 with fresh
medium and added to the test cells. After 15 min of incubation, the
medium was removed, 1 ml ice-cold 6% TCA was-added, and the
cells were harvested by scrapping. Samples were centrifuged to remove
precipitated proteins, and the supernatant fractions were extracted three
times with water-saturated ether. Cyclic GMP was measured with a
radioimmunoassay kit (Amersham) after succinylation (7, 8).

The ability of the conditioned media to block DNA synthesis in a
paracrine fashion was also examined. Conditioned medium, collected
from endothelial cells transfected with the ANP expression vector or a
control vector as described above, was diluted 1:1 with fresh media.
Quiescent VSMC (seeded to six-well plate and placed in DSF for 48 h
after confluence) were treated with the diluted conditioned media. In
some wells, Ang II was added to stimulate DNA synthesis. 12 h later,
tritiated thymidine was added and the cells were harvested 24 h later.

Coculture. Endothelial cells were seeded onto cell culture inserts
(0.45 IM pore size; Costar Corp., Cambridge, MA) and were grown in
DME with 10% calf serum. VSMC were seeded onto six-well plates
and maintained in Waymouth's medium with 5% calf serum. At 80%
confluence, HVJ-liposome-DNA complex containing the control vec-
tor or the ANP expression vector (DNA 10 pg in liposome) was incu-
bated for 5 min at 4°C and for 30 min at 370C. 2 d after transfection,
the inserts containing the transfected endothelial cells were put into the
wells containing the quiescent VSMC. For 24 h, coculture of endothelial
cells with VSMC was incubated in Waymouth's medium with 0.5%
calf serum and pulsed with [3H]thymidine for 12 h (24-36 h after
coculture). Relative rates of DNA synthesis were assessed by determina-
tion of tritiated thymidine incorporations into TCA-precipitable material.

Materials. Ang H, fibroblast growth factor (FGF), PDGF, and thior-
phan were obtained from Sigma Chemical Co.

Statistical analysis. All values are expressed as mean±SEM. All
experiments were repeated at least three times. Analysis of variance
with subsequent Duncan's test was used to determine differences in
multiple comparisons. P < 0.05 was considered statistically significant.

Results
ANP expression in transfected endothelial cells. Endothelial
cells transfected with the ANP expression vector synthesized
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and secreted ANP. ANP was detected in homogenates of endo-
thelial cells transfected with ANP expression vector, but not
those from nontransfected cells or cells transfected with control
vector (Fig. 1 A). The accumulation of immunoreactive ANP
was also readily detected in conditioned medium from endothe-
lial cells transfected with ANP expression vector (Fig. 1 B), but
not in conditioned medium from nontransfected cells or cells
transfected with control vector.

To confirm the biological activity of the ANP assayed by
RIA, we performed the cGMP bioassay experiment. We used
endothelial cells as a bioassay system to assess the acute induc-
tion of cGMP levels in response to a brief exposure to ANP
in conditioned medium. The incubation of confluent untreated
endothelial cells with conditioned medium from the endothelial
cells transfected with ANP expression vector resulted in a sig-
nificant increase in endothelial cell cGMP level as compared
with the effect of conditioned medium from the endothelial
cells transfected with control expression vector (0.789±0.044
and 0.501±0.029 pmollmg protein, respectively; P < 0.01).
These data document synthesis, secretion, and biological activ-
ity of the ANP transgene.

Autocrine effects of transfected ANP expression vector on

DNA synthesis of confluent endothelial cells. The autocrine in-
fluence of transfection of ANP vector on DNA synthesis is
shown in Fig. 2. Transfection of the endothelial cells with the
control expression vector did not alter DNA synthesis compared
with the basal rate in nontransfected endothelial cells (DNA
synthesis; untreated endothelial cells: 8,740±2,134 c vs. endo-
thelial cells transfected with control vector: 8,626±1,440 cpm/
well, P = NS). However, DNA synthesis in the endothelial cells
transfected with ANP expression vector decreased significantly
compared with that in the endothelial cells transfected with
control expression vector. The inhibition of DNA synthesis in
cells transfected with the ANP vector was comparable to that
caused by exogenously added ANP (10-' M). This inhibitory
effect caused by transfected ANP vector was also found under
FGF-stimulated conditions (Fig. 2 B).

ANP is rapidly degraded by neutral endopeptidase (NEP).
To examine if the effects of ANP expression could be increased
by inhibition of NEP, we examined the effect of the NEP inhibi-

tor thiorphan on DNA synthesis. The addition of 3x 1-' M
thiorphan did not enhance the inhibitory effect of endogenously
produced ANP to endothelial cells growth (Table I).

Paracrine effect of conditioned medium from endothelial
cells on DNA synthesis of postconfluent VSMC. Incubation of
quiescent VSMC with conditioned media collected from the
endothelial cells transfected with the ANP expression vector
resulted in a significant decrease in basal and Ang 11-stimulated
DNA synthesis compared with incubation with conditioned me-
dium from the endothelial cells transfected with control expres-
sion vector (Fig. 3). As above, the addition of NEP inhibitor (3
X 10' M thiorphan) did not enhance the inhibitory effect of
conditioned medium from the endothelial cells transfected with
ANP expression vector on VSMC DNA synthesis, as shown in
Table 11.

This inhibitory action of ANP could also be observed in
coculture. Using coculture system, endothelial cells transfected
with ANP vector significantly decreased DNA synthesis of qui-
escent nontransfected VSMC (control vector transfected:
81,121±4,389 vs. ANP vector transfected: 64,564±3,055 cpm/
well; P < 0.01). 10-6 M Ang II increased VSMC DNA synthe-

Table 1. Effects ofANP and NEP Inhibitor on Endothelial
Cell Growth

[3H]Thymidine incorporation

cpm/well

Control 14,921±131
T-ANP 11,483±326*
Control + NEPI 13,910±270
T-ANP + NEPI 10,586±291*

Control, endothelial cells transfected with control vector; T-ANP, endo-
thelial cells transfected with ANP vector; CONTROL + NEPI, thiophan
(3 x 10-7 M) added to endothelial cells transfected with control vector;
T-ANP + NEPI, thiophan (3 x i0- M) added to endothelial cells
transfected with ANP vector; n = 5 per group. * P < 0.01 vs. control.
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Figure 3. Inhibitory effect of conditioned media from endothelial cells
on the incorporations of [3H]thymidine in VSMC. CM, VSMC incubated
with conditioned medium collected from endothelial cells transfected
with control vector; CM-ANP, VSMC incubated with conditioned me-

dium collected from endothelial cells transfected with ANP vector;
+Ang II, angiotensin II (10-7 M) added to transfected VSMC. n = 5

per group. *P < 0.01 vs. without Ang II.

sis. This effect was attenuated in VSMC transfected with ANP
vector (addition of Ang II to VSMC transfected with control
vector: 234,868±3,191 vs. addition of Ang II to VSMC
transfected with ANP vector 218,553±1,830 cpm/well; P
< 0.01).

Autocrine and paracrine effects of transfectedANP expres-

sion vector on DNA synthesis ofpostconfluent VSMC. We exam-

ined the autocrine/paracrine inhibitory effect of locally ex-

pressed ANP in VSMC. Transfection of VSMC with ANP ex-

pression vector also resulted in an autocrine inhibition of DNA
synthesis. This effect was comparable to the effect of exoge-
nously administered 10-7 M ANP, as shown in Fig. 4. Ang H

stimulated DNA synthesis of these VSMC dose dependently.
This increase in DNA synthesis was also significantly inhibited
by transfection of the cells with the ANP expression vector
(Fig. 5). Incubation with conditioned medium from VSMC
transfected with ANP expression vector also significantly de-

Table II. Effects ofANP and NEP Inhibitor on VSMC Growth

[3HlThymidine incorporation

cpmn/well

Control 70,689±2,035
T-ANP 57,973±6,093*
Control + NEPI 66,758±1,429
T-ANP + NEPI 58,181±2,005*

In this experiment, VSMC were incubated with conditioned medium
collected from endothelial cells transfected with ANP or control vector.
Control, conditioned medium collected from endothelial cells
transfected with control vector; T-ANP, conditioned medium collected
from endothelial cells transfected with ANP vector; Control + NEPI,
thiorphan (3 x 10-7 M) added to conditioned medium collected from
endothelial cells transfected with control vector; T-ANP + NEPI, thior-
phan (3 x 10-7 M) added to conditioned medium collected from endo-
thelial cells transfected with ANP vector. Each group contains five
samples. * P < 0.01 vs. control.

Figure 4. Inhibitory effect of transfected ANP cDNA on the incorpora-
tions of [3H]thymidine in cultured VSMC. CONTROL, cells transfected
with control vector; +ANP, ANP (10-' M) added to cells transfected
with control vector; T-ANP, cells transfected with ANP vector. n = 5
per group. *P < 0.01 vs. CONTROL

creased DNA synthesis of quiescent confluent nontransfected
VSMC (data not shown). Similarly, PDGF- or serum-stimulated
VSMC growth was significantly inhibited by transfection of the
cells with the ANP vector, as shown in Fig. 6.

Discussion

The family of natriuretic peptides exerts numerous actions
throughout the cardiovascular system (1-4). Initially isolated
on the basis of its natriuretic and diuretic properties, ANP has
since been shown to inhibit renin and aldosterone release, to
relax vascular smooth muscle, and to inhibit growth in endothe-
lial cells and VSMC. ANP is synthesized in large amounts in
the atria and secreted into the blood. However, ANP transcripts
and immunoreactive peptide can also be found in numerous

locations, including the aorta, kidney, and adrenal gland (5, 6).
Moreover, a second member of this natriuretic family, CNP,
has been shown to be expressed in endothelial cells (17). This
has led to the speculation that locally synthesized ANP may

influence local functions. However, this hypothesis has not been
examined previously. In this report, we demonstrate that ANP
synthesized in endothelial cells or VSMC is capable of exerting
both paracrine and autocrine effects on the growth of these
vascular cells.

The concept of the local control of vascular function by

0
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Figure 5. Inhibitory ef-
fect of transfected ANP
cDNA on the incorpora-
tions of [3H]thymidine in
cultured VSMC under
Ang II stimulation.
BASAL without Ang II;

+AII(-8), Ang II (10"
M) added to transfected
VSMC; +AII(-7), Ang/*OMOWN H (l0-7 M) added to

//_- ToANP transfected VSMC; n

*= per group. *P < 0.01
BASAL +A11(4) +AIJ(-7) vs. control vector.
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Figure 6. Inhibitory effect of transfected ANP cDNA on the incorpora-
tions of [3H]thymidine in cultured VSMC under PDGF and serum stimu-
lation. UNTREATED, untreated cells; CONTROL, cells transfected with
control vector; T-ANP, cells transfected with ANP vector; +PDGF,
PDGF (10 ng/ml) added to transfected VSMC; +SERUM, 5% serum

added to transfected VSMC; n = 4 per group. *P < 0.01 vs. UN-
TREATED; #P < 0.01 vs. CONTROL.

locally synthesized compounds has been recently described. For
example, all the components of the renin angiotensin system
have been reported to be present within the vasculature (13,
14). We and others have hypothesized that locally synthesized
Ang II may play a major role in the regulation of both vascular
tone and structure. Similarly, multiple endothelial-derived sub-
stances (PGI2, NO) also have profound influences on the vascu-

lar smooth muscle functions (10, 11). Moreover, after vascular
injury, locally synthesized cytokines and growth factors contrib-
ute to the development of neointimal lesions (19, 20). These
local systems appear to be independently regulated by regional
factors and may play important physiological and pathophysio-
logical roles. The findings that the natriuretic peptides are ex-

pressed in the vasculature (5) and the current findings that ANP
may act in an autocrine/paracrine manner, supports the hypothe-
sis that local ANP (and CNP) may regulate local function.

What is the importance of this local synthesis of the natri-
uretic peptides, especially in light of the abundant circulating
levels? The expression of ANP in the vasculature is orders of
magnitude lower than that observed in the atria. However, due
to the limited extracellular volume within the vessel wall, low
expression of ANP may result in high extracellular levels of
the peptide. Moreover, the ability of the local tissues to respond
to differences in local environment allows for the rapid regula-
tion of local function.

To pursue these questions, we have examined the conse-

quences of ANP expression in vascular cells in cell culture.
Although ANP mRNA has been found in endothelial cells and
smooth muscle cells in vivo (5), these cells in culture do not
retain the ability to express the peptide. Of the multiple tech-
niques available to direct the expression of proteins in cells in
culture, we chose the HVJ-liposome-DNA complex methodol-
ogy. Previously, we have demonstrated that this technique re-

sults in high efficiency of transfection with little or no toxic
effects (13-16). This allows the examination of the effects on

growth of transiently expressed proteins that would be difficult
or impossible with other more toxic methods of DNA transfec-
tion.

Another aim of this study is to investigate the possibility of
gene therapy in vascular diseases. From this view, endothelial
cells are attractive cell targets because of their accessibility and
immediate contact with the blood flow acting as an organoid
for secreting and delivery gene products to systemic and local
circulations. Overall, two strategies have been used: in vitro
gene transfer, with subsequent reintroduction of the modified
endothelial cells (19-22) or direct in vivo gene transfer to the
vessel wall (23-26). Endothelial cells cover a large surface
area, i.e., an estimated 1012 endothelial cells cover a 103 M2
surface area, thereby providing an ideal target for gene transfer
for secreted gene products (27). This present study showed that
the HVJ method is highly efficient for the transfection of ANP
expression vector into endothelial cells as well as VSMC. Alter-
natively, with regards to direct gene transfer into the vessel wall
as further gene therapy strategy, we also examined the direct
transfer of ANP vector to the endothelial cells and VSMC in
vitro. Endothelial cells and VSMC directly transfected with
ANP expression vector exhibited the decreases in DNA synthe-
sis under the basal and stimulated conditions in an autocrine/
paracrine manner.

Inhibitory growth effects of ANP transfection may be due
in part to an increased cellular cGMP content. Previously we
documented that the exogenous administration of ANP inhibited
VSMC and endothelial cell growth in association with cGMP
accumulation and that this growth inhibitory effect was mim-
icked by stable cGMP analogues (7, 8). However, the causal
relationship between acute elevations in cGMP and long-term
growth effects remains to be further defined. In the present
study, we assayed cGMP levels as an endogenous bioassay to
verify the biological activity of secreted protein produced by
the ANP transgene. In our data there is an apparent discrepancy
between the modest increase in cGMP content after a brief
exposure to exogenous ANP and the magnitude of thymidine
incorporation inhibition induced by prolonged exposure to con-
ditioned medium from transfected cells. There are several expla-
nations for this apparent discrepancy. The pronounced effect of
autocrine ANP production on cell growth reflects the cumulative
effect of continuous biosynthesis and chronic exposure to ANP.
In contrast, we used a different set of endothelial cells as a
bioassay system to assess the acute induction of cGMP levels
in response to a brief exposure to ANP diluted in conditioned
medium. Clearly, the short-term rise of cGMP in response to
exogenous ANP does not reflect the cGMP accumulation after
prolonged exposure to autocrine ANP. It is also well established
that endothelial cells express clearance receptors (28) and that
the acute biological response may be diminished in the presence
of unoccupied clearance receptors. In contrast, chronic exposure
to ANP may allow saturation of the clearance receptors and
relative enhancement of biological effects such as the inhibition
of cell growth.

The apparent discrepancy may also reflect the fact that after
24 h in contact with the well-described cellular peptidases, the
partially degraded ANP continues to be recognized by the RIA
but has lost some biological activity. In contrast, transfected
cells are continuously exposed to newly synthesized autocrine
ANP before significant peptidase degradation, thereby resulting
in a more pronounced biological effect. Moreover, it is conceiv-
able that the growth inhibitory effects of ANP are also mediated
by pathways not reflected in steady state cGMP accumulation.
There are a variety of signal transduction pathways by which
ANP may influence growth independent of the absolute level
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of cGMP, e.g., calcium ion fluxes, cAMP, and tyrosine kinase
activity. In addition, it is well established that ANP may have
indirect effects on cell growth by modulating the production of
autocrine growth factors or their receptors (29). It is therefore
plausible that the magnitude of the cGMP levels will not pre-
cisely correlate with the magnitude of the growth response to
autocrine ANP.

In this study we used ANP expression vector that was driven
by the chicken beta-actin promoter and cytomegalovirus en-
hancer. As described previously, this construct can result in the
expression of the high levels of transcripts for a sustained period
in vitro and in vivo (13, 14, 28). We previously showed that
HVJ method can transfect genes efficiently into the intact (unin-
jured) and injured rat carotid arteries in vivo (26). Furthermore,
the expression of transferred gene appears to be higher in the
injured vessels. Therefore, direct gene transfection of ANP vec-
tor into artery is an alternative possibility for in vivo gene
therapy. It is unclear if the degree of inhibition obtained by ANP
gene transfer observed in this study is sufficient to suppress
pathological VSMC proliferation in vivo. Judging from our pre-
vious work using antisense oligonucleotides against cell cycle
regulatory genes, the dose that resulted in 50% inhibition of
VSMC growth in vitro resulted in 40-50% inhibition of neoin-
tima formation after balloon injury in vivo (30). As the present
study showed 50% inhibition in VSMC growth in vitro, in vivo
transfer of ANP vector might be sufficient to inhibit VSMC
accumulation in vivo. However, further studies are needed to
apply this ANP transfection strategy for in vivo gene therapy.
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