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Abstract

It is unclear whether signaling between endothelial cells and
muscle cells within ventricular myocardium, known to be im-
portant during cardiac development, remains physiologically
relevant in the adult heart. Also, the mechanisms regulating the
synthesis and activation of locally acting autacoids such as en-
dothelins, cytokines known to have potent effects on contractile
function and gene expression in cardiac myocytes, are un-
known, as are their cells of origin within ventricular muscle.
Microvascular endothelial cells isolated from ventricular tissue
of adult rats do not express endothelins constitutively. How-
ever, the appearance of preproendothelin mRNA can be in-
creased in cardiac microvascular endothelial cells by hetero-
typic primary culture with adult rat ventricular myocytes. Cell-
cell contact, or at least close apposition, appears to be
necessary to increase preproendothelin mRNA, as medium
conditioned by ventricular myocytes alone was ineffective when
applied to monocultures of microvascular endothelial cells. The
level of TGFft precursor mRNA is also markedly increased in
microvascular endothelial cells in coculture and precedes the
appearance of endothelin precursor transcripts. In coculture,
TGF,6 acts as an autocrine cytokine, increasing endothelin pre-
cursor mRNA and inhibiting the rate of microvascular endothe-
lial cell proliferation. This regulation of endothelial cell pheno-
type in heterotypic primary cultures suggests that dynamic,
reciprocal cell-cell signaling may also be occurring between
microvascular endothelium and ventricular myocytes in vivo.
(J. Clin. Invest. 1993. 91:1934-1941.) Key words: angiogene-
sis * cytokine * hypertrophy* endothelin * transforming growth
factor-fl

Introduction

The importance of cell-cell interactions during cardiac mor-
phogenesis involving peptide signaling factors, such as acidic
and basic fibroblast growth factor and TGF3 among others, is
now well recognized (1-3). Postnatal and adult mammalian
ventricular tissue also contains autocrine- and paracrine-acting
peptide cytokines, although their relevance to the regulation of
myocardial function and gene expression is less clear. Vascular
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and endocardial endothelial cells are a potential source ofthese
and other peptide cytokines, as well as a number of additional
compounds ofdisparate biological activity that maydirectly or
indirectly affect the function of adjacent cardiac muscle cells
(4, 5). Since the initial reports by Brutsaert and co-workers (6,
7), several groups have now confirmed that endocardial endo-
thelium can regulate the inotropic response ofsubjacent myofi-
brils (8, 9) and that the function of contractile proteins within
ventricular muscle may be regulated by factors released from
the microvasculature (10, 11).

Of those peptide signaling factors of presumed endothelial
cell origin detected within the adult heart, endothelins have
been among the most extensively characterized, at least in
terms of their pharmacological action on cardiac muscle (4, 5,
12-14). The three endothelin isoforms that have been de-
scribed are now known to be among the most potent inotropic
agents yet identified, with important actions on myocyte gene
expression and growth. Endothelins are known to act as auto-
crine and/or paracrine peptide autacoids, or cytokines, in most
tissues in which they have been described (4, 14). If endothe-
lins are produced locally within ventricular tissue, the most
likely source is the microvasculature, although it is not known
whether cardiac microvascular endothelial cells express en-
dothelins.

In this report, the regulation of microvascular endothelial
cell phenotype by cardiac myocytes is examined in heterotypic
primary culture. Unlike large vessel endothelial cells, evidence
for constitutive production of endothelin precursor transcripts
could not be detected in cardiac microvascular endothelial cells
(CMEC)' at the sensitivity of standard Northern analysis.
However, the abundance of endothelin precursor mRNA
could be markedly induced by coculture with adult ventricular
myocytes. In addition, the rate of endothelial cell proliferation
was diminished by coculture. Both effects were preceded by
increasing levels of TGFj mRNA within endothelial cells in
coculture and could be blocked by TGFB-specific antibodies.

Methods

Coculture ofadult rat ventricular myocytes (AR VM) and CMEC. Ven-
tricular myocytes were isolated from adult rat hearts as previously de-
scribed ( 15). Briefly, hearts from male Sprague-Dawley rats ( 175-200
g) were perfused retrogradely with nominally Ca21 -free Krebs-Hense-
leit bicarbonate (KHB) buffer, minced, and dissociated with an en-
zyme mixture consisting ofKHB buffer with added trypsin (0.02 mg/
ml) and deoxyribonuclease (0.02 mg/ml). Dissociated filtered cells
were sedimented twice through a 6% BSA cushion. The final pellet was
resuspended in DME plus 20% FCS, 10 ,ug/ml ofcytosine arabinoside,

1. Abbreviations used in this paper: ARVM, adult rat ventricular myo-
cytes; CMEC, cardiac microvascular endothelial cells; EC50, median
effective concentration; KHB, Krebs-Henseleit bicarbonate.
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and penicillin (100 IU/ml)/streptomycin (100 Ag/ml) and plated on
laminin-coated culture dishes (1 Mg/cm2) at a density of 8.5 X 103
cells/cm2. The medium was changed and the cells rinsed briefly once
at 45 min to remove loosely attached residual nonmyocyte cells.

The methods for isolation of rat CMEC and their characterization
have been described in detail elsewhere (16). Briefly, the atria, valvular
tissue, and right ventricle were removed and the remainder of the left
ventricle was briefly immersed (30 s) in 70% ethanol to devitalize epi-
cardial mesothelial and endocardial endothelial cells. The outer one-
quarter of the ventricular free wall was removed, and the remaining
ventricular tissue was minced finely and treated with collagenase and
trypsin in nominally Ca2+-free KHB buffer. Dissociated cells were
washed and resuspended in DME with 20% FCS and penicillin/strep-
tomycin and plated on laminin- (1 Mg/cm2) coated culture dishes at a
density of 2,500 cells/cm2. These primary isolates of CMEC from
adult rat hearts have previously been documented to contain > 90%
microvascular endothelial cells as judged by a number of criteria, in-
cluding fluorescence-activated cell sorting ofcells labeled with a fluores-
cent derivative of acetylated LDL (16).

The coculture format used in the experiments described here unless
otherwise stated was heterotypic primary culture, in which primary
isolates ofCMEC were plated at the density noted above on established
primary cultures of ARVM, 7 d after myocyte isolation and after re-
moval of cytosine arabinoside. Cocultures were initiated in DME
+ 20% FCS with penicillin/streptomycin. Medium conditioned by
date-matched homotypic primary cultures of CMEC or heterotypic
cultures of CMEC and ARVM was harvested on days 5 and 6 and
immediately diluted with fresh DME with 20% FCS (1: 1, vol/vol) and
placed on recipient homotypic CMEC cultures initiated on the same
day and at the same density as endothelial cells used in coculture with
myocytes.

Analysis of preproendothelin and TGFfl precursor mRNA. Total
RNA was isolated from cultured cells and rat hearts using guanidinium
thiocyanate extraction and cesium chloride sedimentation as previ-
ously described (15, 17). In some experiments, cocultured CMEC were
separated from ARVM by treatment with 0.05% trypsin for 3 min at
37°C, and total RNA was isolated separately from the suspended endo-
thelial cells and myocytes remaining on the tissue culture plates. 15 Mg
of total RNA was size-fractionated by gel electrophoresis, blotted to a
nylon membrane, and hybridized for 24 h with cDNA probes labeled
by the random primer method. The membranes were washed with 0.5
SSC (17) with 0.1% SDS at 52°C and exposed to Kodak X-Omat-RR
film for 24 (TGF( I ) or 72 h (preproendothelin-l ). The cDNA used for
preproendothelin hybridization was a 1-kb EcoRI fragment containing
a conserved portion of the 3' untranslated region ofhuman preproen-
dothelin-l transcript (gift of Dr. S. Orkin, Harvard Medical School).
The cDNA for TGF3 was a SacI/PuvII fragment containing a 0.7-kb
portion of the coding region of the porcine TGF#1 gene.

Identification ofrat TGFI32 sequence. To determine the identity of
the predominant TGF3 isoform present in ARVM-CMEC coculture,
first-strand cDNA was synthesized from 10 Mg of total RNA isolated
from CMEC after separation from coculture with ARVM using Super-
script (Bethesda Research Laboratories, Gaithersburg, MD) and ran-
dom primers (Promega Corp., Madison, WI) in a final reaction vol-
ume of 50 Al. 10 Ml of the first-strand synthesis reaction was used as a
template for the polymerase chain reaction (PCR) using degenerative
forward and reverse oligonucleotides that spanned amino acids 36-111
within the conserved 112-amino acid region ofthe TGFB superfamily.
The forward primer contained an EcoRI recognition site at the 5' end
corresponding to 23 bp between 1,340 and 1,362 of the known rat
TGF#1 sequence. The reverse primer contained a Bgl II site and corre-
sponded to 25 bp between 1,561 and 1,585 ofthe rat TGFfll sequence.
The PCR reaction (Perkin-Elmer Corp., Norwalk, CT) was carried out
at 94°C for 1 min, 42°C for 2 min, and 72°C for 2 min for 30 cycles.
The resulting fragments were digested with EcoRI and BglII, gel puri-
fied, and ligated into the vector (Bluescript II SK+; Stratagene, Inc., La
Jolla, CA), which had been linearized with BamHI and EcoRI. The
recombinant plasmids were amplified using standard techniques, and

an initial 10 colonies were grown up for sequence analysis (Sequenase,
v 2.0; U. S. Biochemical Corp., Cleveland, OH) and compared with
known TGF3 isoform sequences.

Rate ofCMEC proliferation in coculture with ARVM. The rate of
proliferation of CMEC was assessed by [3HIthymidine uptake and by
direct cell counting. CMEC and ARVM were incubated with 1 MCi/ml
of[methyl-3H Ithymidine (New England Nuclear, Boston, MA) at suc-
cessive time points after initiation of each culture. After a 24-h incuba-
tion in labeled thymidine, cells were washed and scraped into ice-cold
10% TCA, washed and dissolved in 0.12 N NaOH with 0.1% SDS, and
radioactivity was determined by scintillation counting. To separate
CMEC from ARVM in specified experiments, heterocellular cocul-
tures (and rat CMEC or ARVM controls) were gently trypsinized
(0.05%) for 3 min at 370C, which resulted in rapid detachment of
CMEC under these conditions, leaving most ARVM attached to the
laminin-coated dish. Each cell type was then processed as described
above. To quantitate changes in cell number, CMEC from homotypic
and heterotypic primary cultures were counted directly using a hemacy-
tometer.

For experiments examining the effect of TGF(3-specific antibodies,
either CMEC monocultures or CMEC-ARVM cocultures were spiked
with [3H]thymidine at day 5. In treated groups, monocultures of
CMEC were treated with exogenous TGFi32 (500 pg/ml) at day 5 of
culture, with or without additional anti-TGF3 antibody (10 Mg/ml)
whereas cocultures ofCMEC and ARVM were treated only with anti-
TGFI3 antibody ( 10 Mg/ml). 24 h after addition of [3H]thymidine,
cells were harvested and [3HIthymidine incorporation was measured
as described above.

Results

Abundance ofpreproendothelin mRNA in ARVM-CMEC co-
culture. Preproendothelin mRNA was not detected in con-
fluent primary cultures ofCMEC maintained in medium con-
taining 20% FCS, although constitutively high levels of endo-
thelin precursor mRNA were easily detected in confluent
bovine aortic endothelial cells (BAECs) (Fig. 1 A). Ventricular
myocytes maintained in serum-containing medium at 14 d did
not have detectable levels of endothelin precursor transcripts.
However, when CMEC were added to established l-wk ARVM
cultures, detectable levels ofpreproendothelin mRNA became
apparent by day 7 ofcoculture. In a separate experiment, disso-
ciation of CMEC from myocytes in coculture before isolation
of total RNA from both cell types indicated that all the pre-
proendothelin hybridization signal was present in RNA de-
rived from endothelial cells (data not shown).

These data suggested that a signal for the induction of en-
dothelin transcription was being received by microvascular en-
dothelial cells in coculture. To determine whether CMEC
would respond to several known endothelin secretagogues in
large vessel endothelial cells, thrombin, angiotensin II, and
TGF3- 1 ( 14), the effects of these agents as well as conditioned
medium from established ARVM monocultures and ARVM-
CMEC cocultures were examined on preproendothelin mRNA
abundance in homotypic CMEC cultures. CMEC were ex-
posed to these reagents at day 5 for 48 h. As shown in Fig. 1 B,
preproendothelin mRNA was below the level of detection in
control CMEC monocultures, but transcripts were readily de-
tected in RNA isolated from microvascular endothelial cells
exposed to secretagogues. Importantly, addition of 50% (vol/
vol) medium conditioned by heterotypic cultures of ARVM
and CMEC, harvested on days 5 and 6 of coculture, also in-
duced endothelin transcription [CM(CMEC/ARVM) in Fig.
1 B]. Exposure of CMEC monocultures to medium condi-
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endothelial cells (BAECs), or heterotypic primary cultures of microvascular endothelial cells and ventricular myocytes (ARVM). Four additional
experiments yielded similar results. (B) Northern analysis of total RNA probed for preproendothelin transcripts in confluent monocultures of
CMEC. Known endothelin secretagogues were added to CMEC for 48 h from days 5 to 7 after initiation of homotypic primary culture (i.e., 100
AM angiotensin II, 1 ng/ml TGF#1, or 10 IU/ml thrombin), as was medium conditioned by prior exposure to heterotypic ARVM-CMEC
cocultures (50%, vol/vol; lane 5) and medium conditioned by homotypic primary cultures ofARVM (50% vol/vol; lane 6). Ethidium bromide
fluorescence of 18S ribosomal subunit mRNA is shown in the lower panels of both figures.

tioned by adult myocytes alone after 14 d in monoculture had
no effect on endothelin transcription [CM(AR VM) Fig. 1 B].

Role of TGFf in regulation of preproendothelin mRNA
abundance in CMEC. Although only a modest increase in en-
dothelin precursor transcription was apparent at a relatively
high concentration of angiotensin II, TGFf l markedly en-
hanced preproendothelin mRNA levels in CMEC. The TGF#3l
concentration-effect relation shown in Fig. 2 indicated that the
response of monocultured CMEC to this cytokine was bi-
modal, with peak levels of preproendothelin mRNA at 500
pg/ml after a 48-h incubation. To evaluate further the role of
TGF3 in the expression of preproendothelin in ARVM-
CMEC cocultures, the abundance ofTGFj3 transcripts was ex-
amined. As shown in Fig. 3, low levels of TGF,3 transcription
could be identified in both cardiac microvascular endothelial
and adult ventricular myocyte homotypic primary cultures
under the conditions employed here. Levels ofTGF$ precursor
transcripts were enhanced 2.4-fold after 7 d of coculture com-
pared with parallel homotypic CMEC cultures.

As microvascular endothelial cells could be removed from
established ARVM-CMEC cocultures relatively efficiently us-
ing low concentrations of trypsin, total RNA was analyzed
from the myocyte and endothelial cell fractions from hetero-
typic ARVM-CMEC primary cultures following trypsiniza-
tion. As shown in Fig. 3, the hybridization signal for TGF,3 was

Figure 2. Bimodal ac-

@ BE 0s, Ad / OP tion of increasing con-
centrations of TGF(B on
abundance of preproen-

VW p 4 p ET dothelin mRNA. Total
RNA from CMEC

_s1 monocultures was
probed for evidence of
endothelin precursor

transcripts 48 h after addition of increasing concentrations of exoge-
nous TGF(Bl on day 7 after initiation of primary culture. Similar
data were obtained in two separate experiments.

increased 2.9-fold in total RNA isolated from trypsinized sus-
pensions of CMEC [Fig. 3, CMEC (tryp)] when compared
with CMEC in monoculture whereas a lower hybridization sig-
nal was detected in the cells remaining on culture plates after
trypsinization, most of which were ventricular myocytes [Fig.
3, ARVM(tryp)].

These data indicated that TGF,3 was being induced in
ARVM-CMEC cocultures and that most if not all of the in-
crease in TGFf3 mRNA abundance was occurring in the micro-
vascular endothelial cells, although a small increase in TGF,3
expression in cocultured myocytes could not be excluded. To
determine the time course of appearance of TGF3 precursor
transcripts in relation to endothelin precursor mRNA in
CMEC in coculture, total RNA was isolated from parallel het-
erotypic cultures at 24-h intervals. As shown in Fig. 4, pre-
proendothelin mRNA was not detectable and TGF,3 precursor
mRNA remained at low, but detectable levels on days 1-3 of
coculture. After 3 d of coculture, TGF,3 mRNA had begun to
increase and, by day 4, endothelin precursor transcripts were
detectable by Northern analysis, with increasing levels of both

A?NANis Figure 3. Coculture of<t 4 CMEC with ARVM in-
4' 42 by t fat creasesTGFjBmRNAON 0f > ff dF t levels in endothelial

cells. Representative
4.]_ TOF4 Northern analysis of to-

tal RNA revealed low,
but detectable levels of

4. 168 TGF# gene transcrip-
tion in homotypic pri-
mary cultures ofboth

CMEC and ARVM. However, TGF(3 transcript levels were increased
2.4-fold by 7 d ofcoculture (lane 2, CMEC/ARVM) (n = 5). After
cell separation by brief exposure to trypsin, the majority of the TGF#
mRNA hybridization signal was contributed by microvascular endo-
thelial cells [CMEC (tryp) ] and not by adult rat ventricular myocytes
[AR VM(tryp)]. Similar data were obtained in two additional experi-
ments.
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Figure 4. Time course of appearance of TGFB and endothelin pre-
cursor transcripts in CMEC/ARVM coculture. Representative
Northern analysis of TGF3 and endothelin precursor mRNA at suc-
cessive time points after initiation of heterotypic coculture (n = 2).

transcripts present on subsequent days. These data implied
that if TGFf were an intermediate in increasing levels of en-
dothelin precursor mRNA, it was acting in an autocrine fash-
ion, with its own transcription and synthesis and subsequent
activation induced by yet another signal (s) received from myo-
cytes in coculture.

Identification of TGFJ3 isoform(s) present in coculture. To
determine which TGFfl isoforms were present, PCR amplifica-
tion was performed on total RNA isolated from cocultured
CMEC. Forward and reverse degenerative oligonucleotides
primed and equally amplified a PCR assay using porcine
TGFI 1, murine TGF32, and murine TGFB3 as templates. Se-

Forward Primer
*0 49

Rat TGF-132 PKGYN ANFCAGACPY
Human TGF-82 ALDAAYCFRN VQDNCCLRPL YIDFKRDLGW KWIHEPKGYN ANFCAGACPY
Rat TGF-B1 ALDTNYCFSS TEKNCCVRQL YIDFRKDLGW KWIHEPKGYH ANFCLGPCPY
Mouse TGF-13 ALDTNYCFRN LEENCCVRPL YIDFRQDLGW KWVHEPKGYY ANFCSGPCPY
Consensus ALDTNYCFrn lEeNCCVRpL YIDFRqDLGW KWvHEPKGYy ANFCsGPCPY

quence analysis was performed on 10 clones found to be posi-
tive for conserved sequences among the TGFI isoforms. As
shown in Fig. 5, the clones sequenced revealed a deduced
amino acid sequence that was > 92% identical to human
TGFJ2 but only 72% identical to the rat TGFj I sequence and
76% identical to the mouse TGFf3 sequence. This high degree
of sequence conservation for TGF(2, as well as for each of the
other isoforms across species, is consistent with other reports in
the literature, as is the 60-80% degree of identity for the ma-
ture, processed sequences among the five known isoforms of
the TGFf family ( 18, 19). As a HindIII restriction site unique
to the rat TGF32 sequence was identified, restriction site analy-
sis was performed on an additional 20 clones. Of 16 clones
successfully analyzed, 13 had the HindIII site present in the rat
TGF#2 sequence.

TGFfl antibodies prevent increases in preproendothelin
mRNA in coculture. Although the data presented above
strongly implicated TGF3 in the regulation of preproendothe-
lin transcript levels by ARVM in coculture with microvascular
endothelial cells, direct evidence for the presence of active
TGF,3 was elicited using anti-TGFB antibodies. Two antibod-
ies were used: Ab 1 is nonselective for the mammalian TGF#
isoforms whereas Ab3 is an antibody selective for epitopes on
TGFj32 and TGF33 (20). As shown in Fig. 6, neither antibody,
as expected, had any effect on the low constitutive levels of
endothelin precursor mRNA in CMEC monocultures. Abl
(10 ,ug/ml) almost completely abrogated the expected increase
of preproendothelin mRNA by TGF#1 (500 pg/ml) whereas
Ab3 had little effect (Fig. 6, lanes 4-6). When added to estab-
lished ARVM-CMEC cocultures, both antibodies were effec-
tive in reducing levels of preproendothelin transcripts (Fig. 6,
lanes 7-9). This evidence, coupled with the high prevalence of
TGF32-specific clones revealed by PCR analysis, suggests a

Mono-culture Co-culture

50 99
Rat TGF-82 LWSSDTQHTK VLSLYNTINP EASASPCCVS QDLEPLTILY YIGNTPKIEQ
Human TGF-132 LWSSDTQHSR VLSLYNTINP EASASPCCVS QDLEPLTILY YIGKTPKIEQ
Rat TGF-J3l IWSLDTQYSK VLALYNQHNP GASASPCCVP QALEPLPIVY YVGRKPKVEQ
Mouse TGF-83 LRSADTTHST VLGLYNTLNP EASASPCCVP QDLEPLTILY YVGRTPKVEQ
Consensus lrSaDTthS. VLgLYNtlNP eASASPCCVP QdLEPLtI1Y YVGRtPKVEQ

Rat TGF-J32
Hum TGF-132
Rat TGF-B1
Mouse TGF-13
Consensus

100 112
LSNMIVRACN C
LSNMIVKSCK CS
LSNMIVRSCK CS
LSNMVVKSCK CS
LSNMvVkSCK CS

Reverse Primer

Comparison % Similarity % Identity

Rat TGF-12 to Human TGF-132 95% 92%
Rat TGF-82 to Rat TGF-131 82% 72%
Rat TGF-82 to Mouse TGF-133 87% 76%
Human TGF-132 to Rat TGF-131 87% 74%

Figure 5. Determination of TGFf2 as the predominant TGF(3 iso-
form mRNA present in heterotypic cocultures ofCMEC and ARVM.
The deduced amino acid sequences are shown for the PCR product
generated from total RNA for ARVM-CMEC cocultures using de-
generative oligonucleotide primers within a conserved region of the
TGFfl superfamily (see Methods). The positions of the two primers
are indicated by the arrows. Approximately 80% of PCR-amplified,
TGFf-positive clones exhibited a HindI1 restriction enzyme site
unique to the deduced rat TGF32 sequence shown here.

w/o TGF-41 w/ TGF-81

1 11 11F
1 23 4 5 2 I 8 2

1 2 3 4 5 6 7 8 9 lane

* prepro ET

-418s

Figure 6. Antibodies to TGFf, prevent appearance of preproendothe-
lin transcripts in heterotypic CMEC/ARVM primary cultures. Anti-
body 1 (Abl) was nonselective for TGFB isoforms whereas antibody
3 (Ab3) was selective for TGFB2 and TGFB3; neither antibody alone
affected endothelin precursor mRNA abundance (lanes 1-3). An
excess ofAb l (1O ug/ml) prevented the expected increase in endothe-
lin precursor transcript levels with exogenous TGFIl (500 ng/ml,
lanes 4 and 5) whereas Ab3 had little effect (lane 6). However, an
excess (i.e., 10 jig/ml) of either Abl or Ab3, both of which have
overlapping specificities for TGFB2 and TGFB3, reduced preproen-
dothelin mRNA when added to heterotypic ARVM-CMEC cultures
(lanes 8 and 9).
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Figure 7. Inhibition ofmicrovascular endothelial cell proliferation by
endogenous TGF6 in heterotypic CMEC/ARVM cultures. (A) CMEC
in monoculture [CMEC(mono-culture)] and coculture with ARVM
[CMEC/ARVM (coculture)] were spiked with 1 ,Ci/ml of [3H]-
thymidine for 24 h at successive time points from day to day 7 and
the amount of [3H]thymidine incorporation into CMEC was deter-
mined. Note that the anti-proliferative agent cytosine arabinoside
used in the isolation and initiation ofARVM primary cultures was

removed at initiation ofCMEC/ARVM coculture on day 0. In some
experiments, cocultured CMEC were separated from ARVM using
0.05% trypsin and the [3H]thymidine incorporation into the endo-
thelial cell fraction [i.e., CMEC (coculture); solid diamonds] and

role for this TGF,3 isoform in the regulation ofendothelin pre-
cursor transcripts in cardiac microvascular endothelium, al-
though the data do not exclude the possibility that TGF,33 is
also involved.

Decreased rate ofproliferation ofCMEC in coculture: role
ofTGFI3. When endothelial cells were plated in coculture with
ARVM at a relatively low density (2.5 compared with 8.5
X 103 cells/cm2 for ARVM), approximately a ratio of 1:3,
endothelial cell proliferation was increased within the first 3-4
d after initiation of ARVM-CMEC cocultures when con-
trasted to CMEC in monoculture plated at the same density, as
previously shown (16). However, coincident with the in-
creased expression of TGFj in heterotypic ARVM-CMEC
cultures, both [3H ]thymidine uptake intoCMEC and endothe-
lial cell number declined in coculture after day 5 when com-
pared with parallel homotypic cultures of CMEC (Figs. 7, A
and B). This temporal correlation implied a direct role for
endogenous TGFI3 in the regulation of endothelial cell growth
in vitro. To explore this possibility, the effects ofTGFfl-specific
antibodies on CMEC proliferation were examined in monocul-
ture and in ARVM-CMEC coculture, respectively. Exogenous
TGF# added to CMEC 5 d after initiation of homotypic pri-
mary culture significantly decreased the rate of [3Hjthymidine
uptake into microvascular endothelial cells, a decline that
could be prevented by addition of TGFf#-specific antibodies
(Fig. 7 C). Importantly, an antibody selective for TGFj32 and
TGFB3 when added to heterotypic ARVM-CMEC cultures
prevented the expected decrease in the rate of [3H]thymidine
incorporation associated with coculture (Fig. 7 C). Addition of
TGF,-specific antibodies to parallel homotypic CMEC cul-
tures had no effect on [3H]thymidine incorporation rates (data
not shown). It was also possible that endothelins, the transcrip-
tion of which increases after day 4 of coculture, could have
contributed to the decline in CMEC proliferation in coculture.
However, [3H ]thymidine uptake was found to increase in pri-
mary culture ofhomotypic CMEC after addition ofexogenous
endothelins, but only at relatively high concentrations (EC50
= 150 nM) (data not shown).

remaining ARVM fraction [ARVM (coculture); open diamonds] was

determined separately. (B) CMEC number was determined by direct
cell counting from day 2 to day 8 of culture. CMEC were isolated
from heterotypic coculture [CMEC/ARVM (coculture); closed cir-
cles] and parallel monocultures [CMEC (monoculture); open dia-
monds) using trypsin. [mean±SD; *P < 0.05 and **P < 0.005 be-
tween cocultured CMEC and monocultured CMEC using Scheffe's
test after analysis of variance.] (C) The effect ofTGFB antibodies on
[3H ]thymidine incorporation into CMEC over 24 h was examined.
CMEC in monoculture (CMEC) and coculture (CMEC/ARVM)
were incubated with MCi/ml of [3H]thymidine at day 5. In parallel
cultures, monocultured CMEC were treated with either TGF#2 (500
pg/ml) alone (CMEC + TGF#) or a combination of TGFB2 (500
pg/ml) with a TGFB antibody (10lgg/ml) (CMEC + TGF(# + Ab)
and cocultured CMEC were treated with a TGFB antibody (1lOg/
ml) (CMEC/ARVM + Ab) at day 5. [mean+SD; *P < 0.05 com-

pared with CMEC monoculture (CMEC); **P < 0.05 compared
with CMEC monoculture treated with exogenous TGF(#2 (CMEC
+ TGFf3); ***P < 0.05 compared with CMEC cocultured with
ARVM (CMEC - ARVM). Each statistic was derived using Scheffe's
test after analysis of variance.]
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Discussion

Recently, Nathan and Sporn (21) suggested that soluble
(glyco)peptide signaling factors that are produced locally
within a tissue and act in a paracrine and/or autocrine manner
collectively be termed "cytokines", a classification that we

have extended to the endothelin isoforms (4). They indicated
also that the activity of cytokines should be considered in their

biological context within a tissue, including the composition of
the extracellular matrix, and the mix of other peptide regula-
tory factors, neurohumoral factors, and autacoids, several of
which may have redundant activities (21).

An additional variable in defining the activity of intercellu-
lar signaling factors is the phenotype of the cell type(s) being
examined. We have used an established model of ventricular
myocytes ( 15, 17, 22-25) in which a number of well-docu-
mented phenotypic changes occur during adaptation to pri-
mary culture. Importantly, by 7-10 d, the point at which we

initiated coculture, these cells have achieved a stable, homoge-
neous, and reproducible phenotype. The isolation of endothe-
lial cells from rat hearts and their extensive characterization as

being of microvascular origin has been established by a number
of criteria ( 16). As demonstrated in this report, these cells also
differ from large vessel endothelium cultured under identical
conditions, by exhibiting undetectable levels ofpreproendothe-
lin transcripts. Phenotypic distinctions also exist among micro-
vascular endothelial cells isolated from different vascular beds
(26, 27), emphasizing the importance of using tissue-specific
endothelium for in vitro models where appropriate.

The increased expression of endothelin mRNA in CMEC
monocultures by exogenous TGFf and angiotensin II (Fig. 1

B) suggested a complex and redundant or possibly additive
mechanism for inducing endothelin release by microvascular
endothelium (14). Endothelin production is predominantly
regulated at the level of transcription, since the precursor pep-
tide is not stored, at least in aortic endothelial cells ( 14). Addi-
tional regulation may occur at the level of degradation of pre-
proendothelin transcripts. Like many cytokines and protoon-
cogene products, endothelin precursor mRNA contains
AUUU motifs in the 3' untranslated region, a sequence that is
believed to target mRNA for rapid degradation (28, 29). The
bimodal effect ofTGFf3 on preproendothelin transcription doc-
umented in Fig. 2 has been shown for several other actions of
this cytokine, including "indirect" mitogenesis of aortic
smooth muscle cells (30). However, we cannot exclude the
possibility that a portion of the observed decreased preproen-
dothelin mRNA abundance, as a ratio oftotal RNA, was due to
a decline in cell number at the 1 and 10 ng/ml concentrations
of TGFf.

Both TGFO1 and TGFf2 have been documented to inhibit
endothelial cell proliferation, although the relative sensitivity
of large vessel and microvessel endothelium to each isoform
appears to differ. Capillary endothelial cells in particular ap-
pear to be sensitive to the growth inhibitory effects of TGF32
whereas aortic endothelial cells have been reported to be less
responsive (31, 32). The means by which TGFfl inhibits endo-
thelial cell proliferation are unclear, although several mecha-
nisms have been suggested, including modification of the ex-

tracellular matrix (33-35) and differential regulation of the
protooncogene c-myc (36, 37).

The activation of latent TGFO in coculture, in which the

active 25-kD homodimer is dissociated from the amino-ter-
minal region of the TGFf3 precursor molecule, has also been
demonstrated in serum-containing heterotypic cocultures of
pericytes or smooth muscle cells with large vessel endothelial
cells (38, 39). In this report, only medium conditioned by in-
cubation in ARVM-CMEC cocultures, but not medium con-
ditioned by monocultures ofARVM, could regulate preproen-
dothelin transcript levels in cardiac microvascular endothelial
cells (Fig. 1 B). These data imply that contact between ARVM
and CMEC in coculture, or close apposition, is necessary for
the activation of latent TGFf3. This finding is consistent with
previous reports in which neither medium conditioned by
monocultured cells nor cocultures ofendothelial cells and peri-
cytes in which the two cell types are separated, thus preventing
cell-cell contact, resulted in activation ofTGF3 (38, 39).

The mechanism ofactivation ofTGFf3 in coculture is as yet
unclear. It is likely that activation of plasminogen and the la-
tent TGFfl-binding protein, which are present in these serum-
containing cultures, play a role. Ventricular myocytes in vivo
and in vitro have been shown to contain acidic and basic fibro-
blast growth factor (40-43), cytokines known to induce release
of urokinase-type plasminogen activator in capillary endothe-
lial cells (44). In contrast, TGFJ3 has been shown to decrease
plasminogen activator activity in large vessel endothelial cells,
probably by increasing the rate oftranscription ofplasminogen
activator inhibitor- 1 (44).

It has been proposed that TGFJ3 may thereby regulate its
own rate of activation (44, 45). Thus, if activation of plasmin
in serum is responsible for the cleavage of the amino-terminal
portion of latent TGFB, this may reflect a balance between the
release of urokinase-type plasminogen activator and plasmino-
gen activator inhibitor- 1 at different stages of coculture (46).
This still does not explain the apparent necessity for hetero-
typic cell-cell contact for activation of latent TGF3. One hy-
pothesis, suggested by Dennis and Rifkin (45), is that latent
TGFJ3, which may be present in the extracellular matrix and
culture medium in vitro, occurs by a process of cell-surface
assembly involving one or more cell types, thus providing a
means for localizing physiologically relevant concentrations of
the active peptide.

The data presented here indicate that endothelial cells, not
myocytes, are the source of a TGFf3 isoform, possibly TGFf2.
The high prevalence of TGFB2 transcripts after PCR amplifi-
cation of total mRNA from ARVM-CMEC cocultures was
unexpected given recent reports that TGF33 is the predomi-
nant isoform present in the developing heart, at least in the
mouse (47), whereas TGF32 expression appears to be tran-
sient in both the mouse and chick (47, 48). Although immuno-
histochemical analysis of the normal adult rat ventricle has
revealed positive staining for TGF#3l within ventricular myo-
cytes and in capillary endothelial cells (49), the relative levels
of expression of TGFB isoforms in the postnatal mammalian
heart have not been extensively characterized.

In summary, intercellular signaling between ventricular
myocytes and cardiac microvascular endothelial cells regulates
the abundance of precursor transcripts for endothelin, a cyto-
kine that is present in the adult myocardium and that has well-
described effects on myocyte function and gene expression.
Levels of endothelin precursor mRNA in cardiac microvascu-
lar endothelial cells are increased by TGFf, acting as an inter-
mediate autocrine cytokine generated by endothelial cells and
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activated in coculture. TGF,3 synthesis and activation in cocul-
ture also diminished the rate of endothelial cell proliferation.
These data support the concept that reciprocal intercellular
signaling may exist between microvascular endothelium and
ventricular muscle cells in the adult myocardium.
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