system [T. F. Donahue, R. S. Daves, G. Lucchini,
G. R. Fink, Cell 32, 89 (1983)]. Thus, 4% levels of
expression, as noted by the B-gal assay, will increase
to 16 to 20% of repressed levels, which are sufficient
for growth. This property has been established for
other his4 alleles and their corresponding his4-lacZ
constructions (23).

30. An AGG codon was introduced 28 nucleotides
upstream of the AGG codon at the +1 initiator
region by site-directed mutagenesis with the oligo-
nucleotide 5'-TAATACAAGGAATTCCAAAAT-
TT-3'. The methods used for constructing the muta-
tion, the DNA sequencing strategy to confirm the
construction, and the subsequent his4 allele con-
struction have been previously described (6, 23). As
a result of this mutagenesis the natural sequence in

the HIS4 leader region between positions —28 and
—21, AUAGUUUA, was changed to AGGAA-
uucC.

31. R. S. Roeder and G. R. Fink, Cell 21, 239 (1980).

32. We thank R. Letsinger and K.-L. Ngai for their
assistance with oligonucleotide synthesis, P. Sigler
for oligonucleotides and helpful suggestions, G. R.
Fink for the mes1-1 strain, D. Garfinkel for the
LEU2/CEN#4 vector, and S. Kowalczykowski, L.
Lau, and R. Scarpulla for their critical review of the
manuscript. This work was supported by USPHS
grant GM32263 and in part by the Searle Scholars
Program of the Chicago Community Trust awarded
to T.E.D.
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Endothelial Adhesiveness for Blood Neutrophils Is
Inhibited by Transforming Growth Factor—

JENNIFER R. GAMBLE AND MATHEW A. VADAS

Adhesion of blood cells to endothelial cells is an essential component of all inflamma-
tory responses. The capacity of the endothelium to support adhesion of neutrophils is
increased by cytokines such as tumor necrosis factor—e, interleukin-1, and endotoxin.
Another cytokine, transforming growth factor—f§ (TGF-$), was a strong inhibitor of
basalneutrophil adhesion and also decreased the adhesive response of endothelial cells
to tumor necrosis factor—o (TNF-a). The ability of cells to respond to TGF-B was
related to the duration of culture of endothelial cells after explantation from umbilical
veins. TGF- is likely to serve an anti-inflammatory role at sites of blood vessel injury
undergoing active endothelial regeneration.

B for 24 hours showed a reduced capaci-
ty to support neutrophil binding (Fig. 1)

TTACHMENT TO THE ENDOTHELIUM
Ais essential in the movement of cells

from the circulation into the site of
an inflammatory reaction. The level of cell
attachment is markedly increased by cyto-
kines such as TNF and interleukin-1 (IL-1),
which also increase the levels of some mole-
cules on the endothelial surface involved in
adhesive reactions (1-3).

Endothelial cells also elaborate an extra-
cellular matrix composed of glycoproteins
such as laminin (4), fibronectin (5), and
collagen (6) involved in cell anchorage and
migration. Recently, TGF-B was shown to
increase the incorporation of fibronectin and
collagen into the extracellular matrix of fi-
broblasts, epithelial, and endothelial cells (7,
8). Furthermore, TGF-B also inhibits endo-
thelial cell proliferation in response to
growth-promoting factors (9) and wound-
ing (10), which suggests that TGF-B may be
an important regulator of function at the
endothelial surface. We therefore examined
the effect of this molecule on adhesive inter-
actions involving endothelial cells and neu-
trophils.

Primary cultures of human umbilical vein
(HUVE) endothelial cells exposed to TGF-

Division of Human Immunology, Institute of Medical
and Veterinary Science, Frome Road, Adelaide, South
Australia, 5000.
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that was dose-dependent but plateaued at
maximum levels of inhibition with TGF-8
(2 ng/ml). This dose response for inhibi-

tion of neutrophil attachment is consistent
with reports for the effect of TGF-B on
endothelial cell proliferation, locomotion,
and angiogenesis (8). The response was
blocked by a monospecific antibody against
TGF-B (R&D Systems) and similar inhi-
bition was demonstrated with recombinant
(r) TGF-B (Genentech); the basal adher-
ence of 0.149 + 0.016 was reduced to
0.063 £ 0.002 by rTGF-B (2 ng/ml). This
dose of TGF-B did not result in inhibition of
endothelial cell proliferation; there was little
or no change in the morphology or density
of the endothelial monolayer as assessed by
dye uptake and microscopy. Cell numbers
after 24 hours of exposure to TGF-B (2
ng/ml) were 10.6 = 0.8 x 10* and without
exposure to TGF-B were 9.6 + 0.8 x 10°
(arithmetic mean = SEM, n = 5) from an
original 10* cells plated per well.

To test the effect of varying the time of
addition of TGF-B on the inhibition of
neutrophil attachment, endothelial cells
were replated into microtiter wells, and
treated for 3 to 24 hours with TGF-B (2
ng/ml) before assaying for neutrophil bind-
ing. Significant inhibition of adherence was
seen after a 6-hour exposure; however, max-
imum inhibition was obtained when TGF-8
was added at the initiation of the experiment
and the endothelial cells were exposed for a
full 24-hour period (Table 1). Again, no
effect on endothelial cell growth was ob-
served under these conditions.

TGF-B has been shown to decrease the
number of high-affinity epidermal growth
factor (EGF) receptors on a variety of endo-

Fig. 1. The effect of TGF-B on adherence of [
neutrophils to endothelial monolayers. HUVEs 0.300 -
obtained from collagenase treatment of umbilical :
cords were cultured for 3 to 7 days in 25 cm?
flasks (Costar) in RPMI 1640 plus 20% fetal
bovine serum (FBS) as described (17). Cells were
then harvested by trypsinization (Flow) and plat-
ed into 6.41-mm” microtiter wells (NUNC) at
1.6 x 10* cells per well. TGF-B (97% pure isolate
from human platelets, R&D Systems) was then
added and after 24 hours the adherence of Ficoll-
Hypaque—purified (18) venous blood neutrophils *
(mean purity 96%) was measured with the use of
an assay based on the uptake of the viable stain
Rose Bengal (19). Between 2 and 8 X 10° neutro-
phils in RPMI 1640 plus 5% FBS were added to
wells of a 96-well flat-bottomed microtiter tray
containing monolayers of HUVEs. After 30-min r T T T
incubation at 37°C in 5% CO,, the supernatant o 002 0.2 2 20
was removed and 100 ul of 0.25% Rose Bengal TGF-3 ( ng /ml)

stain was added for 5 min at room temperature.

Nonadherent cells were removed by two subsequent washes in medium; stain incorporated into the cells
was released by the addition of 200 pl of ethanol:phosphate-buffered saline (1:1). After 45 min the
wells were read in an enzyme-linked immunosorbent assay (ELISA) reader (Dynatech) at 570 nm. The
level of adherence is given as the mean optical density reading at 570 nm (ODs7,) of wells containing
adhering cells and HUVEs minus the mean OD of wells containing HUVEs alone. On the average a
tenfold change in ODys7q represents a tenfold change in the numbers of cells adherent per square
millimeter. Each point represents the arithmetic mean + SEM of 9 to 15 determinations from four to
five separate experiments. Points marked by an asterisk differ significantly from no added TGF-B
(P = 0.005, two-tailed ¢ test).

0.200
1

Adherence

0.100 -
4 ]
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thelial cell types and to prevent the EGEF-
mediated induction of several growth regu-
latory genes (9). This suggested that TGF-B
might affect the adhesiveness of endothelial
cells by altering the capacity of the cells to
respond to other adhesion-promoting cyto-
kines. HUVE monolayers exposed for 24
hours to TGF-B (2 ng/ml) were stimulated
for 4 hours with the cytokine TNF-a, fol-
lowed by assessment of neutrophil binding
(Fig. 2). As we have previously shown (1)
TNF-a stimulation of HUVEs increases
neutrophil attachment in a dose-dependent
fashion. Addition of TGF-B inhibited neu-
trophil binding to unstimulated HUVEs
and also to TNF-o—stimulated HUVEs at
all doses of TNF-a tested. Preincubation
with TGF-B completely abolished the nor-
mal enhancement of adhesion caused by
TNF-a.

Three types of TGF-p receptors have been
found in bovine endothelial cells. The larg-
est (280 kD, type III) receptor is only
present on subconfluent cells, whereas the
smaller receptors (85 kD and 72 kD, types I
and II) are seen on cells from confluent
cultures (8). Because the pattern of expres-
sion of these receptors varies with the stage
of cell growth, we decided to test whether

r
0.400
b No
TGF -8
0.300+
8
c
[
@ 4
5
<
0.200 -
2 ng/ml
4 TGF -B
0.100 -
o 1 10 102 103
TNF (U/ml)

Fig. 2. TGF-B inhibits neutrophil attachment to
unstimulated and TNF-a—stimulated endothelial
cells. Endothelial cells cultured for 3 to 7 days
were harvested by trypsinization and replated in
96-well microtiter trays with or without TGF-B
(2 ng/ml). Various concentrations of recombinant
human TNF-a (lot 3056-55, Genentech) were
added for the final 4 hours of culture before being
assayed for neutrophil adherence. The mean ad-
herence = SEM of 15 determinations from five
scparate experiments is given. All groups receiv-
ing TGF-g differed significantly from those not
pretreated with TGF-B (P = 0.03). At all concen-
trations of TNF-a tested, adherence values for
cach group differed significantly from control
value receiving no TNF-a (P =< 0.05). However,
all groups receiving TGF- and TNF-a showed
no significant increase in adherence when com-
pared to groups receiving TGF-B alone.
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ligand binding to the TGF-B receptor on
human endothelial cells may result in differ-
ent functional effects when the cells were at
different stages of cell growth. We therefore
tested endothelial cells, grown for varying
lengths of time, for their ability to respond
to TGF-B as assessed by neutrophil attach-
ment. HUVEs recently established in cul-
ture (3 to 6 days) showed responsiveness to
TGF-B by a decreased level of neutrophil
adherence. However, when subcultures
were allowed to grow for an additional 3 to
8 days they no longer responded to TGF-3
in this assay (Fig. 3). This change in TGF-
B-responsive phenotype was not related to
confluency of the HUVE:s at the time of the
adherence assay because the cells were al-
ways replated at the same densities. The
phenomenon appeared to be associated with
the age of the endothelial cells and may be
related to the presence or absence of the
high molecular weight receptors (8). In-
deed, the triggering of the type III receptor
in fibroblasts leads to the induction of the
adhesion-promoting molecules fibronectin
and collagen (7, 11) and to an increase in
proteoglycan expression (12).

Our findings on adherence may be related
to the expression on endothelial cells of a
group of adhesion-promoting molecules
such as ELAM-1 (endothelial-leukocyte ad-
hesion molecule-1) (13) and ICAM-1 (in-
tracellular adhesion molecule-1) (14), the
expression of which are enhanced by TNF-
a. TGF-B treatment of recently established
and actively growing endothelial cells may
inhibit adhesion by preventing the expres-
sion or up regulation of these molecules.

Table 1. The effect of time of addition of TGF-
on polymorphonuclear cell (PMN) attachment to
HUVEs. Endothelial cells harvested by trypsin
from 4- to 6-day cultures and replated into micro-
titer wells at 1.5 x 10* cells per well were incu-
bated with TGF-B (2 ng/ml) for various times and
cultured for a total of 24 hours before assaying for
neutrophil attachment. Time is the time (in
hours) HUVEs were treated with TGF-B. Adher-
ence is given as the ODs;o of adhering neutrophils
and HUVEs minus the ODs5, of wells containing
HUVEs alone. Inhibition is the percent inhibi-
tion of PMN binding. The P values for the
difference between adherence in the presence of
TGF-B and the control (no added TGF-B) are
shown; NS, not significant. The mean (= SEM)
of 7 to 12 determinations from three separate
experiments is given.

Time Adherence Irgggl' p
(hour) (ODs70) (%) value
24 0212 (% 0.010) 28 0.0002
18  0.237 (+ 0.011) 19 0.003
6  0.253 (+ 0.007) 14 0.007
3 0259 (x0.013) 12 NS

Control 0.294 (+ 0.012) —

Preliminary evidence suggests that TGF-B
does down regulate the surface expression of
ICAM-1 (15). The effect of TGF-B on adhe-
sion thus appears to be highly selective, as
(i) it promotes adhesion by elaborating
extracellular matrix proteins such as fibro-
nectin (7) and by increasing the expression
of its receptor (7), but (ii) it prevents endo-
thelial cells from exhibiting an adhesive phe-
notype for neutrophils and prevents the
response to the proinflammatory cytokine,
TNF-a.

In addition to enhancing endothelial cell
adhesiveness, TNF also induces tissue factor
and plasminogen activator inhibitor on en-
dothelial cells (16) thus favoring a throm-
botic state. It is possible that TGF-B also
prevents expression of these structures.
Regardless of the mechanism and range of
the effect of TGF-B, our results demonstrate
that the adhesive phenotype of human endo-
thelial cells is capable of being inhibited.
This phenomenon may be clinically relevant
at sites of trauma, injury, or reperfusion

S I
§ o 7 Z/(/
10 1
|

Fig. 3. Effect of age of endothelial cells on their
response to TGF-B. After growth in culture for 3
to 6 days (“new” HUVEs) endothelial cells were
harvested by trypsinization and replated at
1.5 x 10* cells per well into 96-well microtiter
trays, with or without the addition of TGF-g (2
ng/ml) for 24 hours. The extent of neutrophil
binding to the HUVEs was determined. A por-
tion of these endothelial cells (0.2 x 10°%) were
replated back into 25-cm® flasks for further
growth in culture before being assayed at a later
time. Three to 8 days (total time in culture 9 to 14
days, “old” HUVESs) later the cells were again
harvested by trypsinization, replated into 96-well
microtiter trays at 1.6 X 10* cells per well, and
assayed for neutrophil attachment. The basal ad-
herence to new HUVEs was 0.270 = 0.030 and
to old HUVEs was 0.256 + 0.008 (arithmetic
mean = SEM, values not significantly different).
The bars represent the mean percentage inhibi-
tion of adherence by TGF-B from four separate
experiments, each performed in triplicate. The
percentage inhibition of adherence after TGF-8
treatment between new and old HUVEs differed
significantly (P = 0.0007).
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where vascular regeneration without exces-
sive inflammation or thrombosis is essential.
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Ryanodine Receptor of Skeletal Muscle Is a Gap

Junction—Type Channel

J1ANJIE MA, MICHAEL FiLL, C. MICHAEL KNUDSON,
KeviN P. CAMPBELL, ROBERTO CORONADO*

In the sarcoplasmic reticulum membrane of skeletal muscle, the ryanodine receptor
forms an aqueous pore identified as the calcium-release pathway that operates during
excitation-contraction coupling. The purified ryanodine receptor channel has now
been shown to have four properties usually associated with gap junction channels: (i) a
large nonspecific voltage-dependent conductance consisting of several open states; (ii)
an inhibition of open probability by low pH; (iii) an inhibition of open probability by
calcium; and (iv) a sensitivity to blockade by heptanol and octanol but not other
alcohols. This functional homology may provide an insight into the mechanism of
how muscle cells transduce depolarization into an intracellular release of calcium.

OUPLING OF MUSCLE CELL EXCITA-

tion to mechanical contraction oc-

curs at the junction between the
transverse tubular (TT) foldings of the plas-
ma membrane and the membrane of the
sarcoplasmic reticulum (SR), the intracellu-
lar organelle involved in cellular Ca?>* ho-
meostasis. In skeletal muscle, the 450-kD
ryanodine receptor has been identified as the
major component of the “feet” structures
that span the 100 A cleft separating TT and
SR (1-3). Using planar bilayer recording,
we (4, 5) and others (3, 6) recently identified
the purified 450-kD ryanodine receptor
(Fig. 1A) as the Ca**-release channel of
skeletal muscle. The purified channel dis-
plays a weak selectivity between Ca?* and
K" ions (Pc,/Px = 6; Pcy = 0; where P is
permeability) and a saturable conductance
of 1 nS in K*, 170 pS in Ca?*, and about
100 pS in tris or choline (5, 7). Two charac-
teristics of release channels, activation by
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ryanodine (4-6) and blockade by ruthenium
red (7), are shown in Fig. 1C. As in native
release channels (4), submicromolar ryano-
dine decreases the conductance and in-
creases mean open time, driving the purified
channel into state of quasi-permanent acti-
vation. Further addition of cis-internal 1
uM ruthenium red produces a flickery block
and a marked decrease in the fraction of time
spent open or the open probability (p,). In
this experiment (Fig. 1C) p, = 0.16 in con-
trol, po = 0.85 after treatment with ryano-
dine, and p, = 0.18 after addition of ruthe-
nium red. Activation by adenine nucleotides
(7), another characteristic of release chan-
nels, has been described elsewhere (5). Thus,
the purified 450-kD receptor is a functional
SR release channel.

Previous studies in SR vesicles have
shown that molecules up to the size of
glucose could permeate through the release
channel (8). This broad permeability to elec-

trolytes and nonelectrolytes and the fact that
the open channels have several levels of
conductance of large unit value (Fig. 1B)
suggested a similarity to gap junctions.
Channels formed by purified gap junction
proteins have relatively large conductances
that in physiological saline vary from 400 pS
(2 nS in 1M KCl) in the bovine lens MIP-26
protein (9) to 140 and 280 pS in the rat liver
27 kD protein (10). Similar values have been
reported in situ, in heart and lacrimal cells
(17). In the case of the ryanodine receptor
there appears to be at least three open states
(Fig. 1B) with approximate conductances in
0.25M KCl of 800 pS, 400 pS (260 pS in
0.15M KCl), and 200 pS. The largest con-
ductance (800 pS) is associated with the
briefest lifetime (60 ps), whereas the lowest
conductance (200 pS) is associated with the
longest lifetime (8 ms). The 400-pS channel
is most frequently observed and is thus the
main contributor to the p,. Thus, like junc-
tional channel openings recorded with puri-
fied proteins (9, 10), the ryanodine receptor
has one or more conductance states that pass
large nonspecific currents.

The strongest homology to junctional
channels was found in the effects of protons,
Ca**, and l-octanol, the well-known un-
couplers of gap junctions (12). Over a nar-
row range, low pH closes the ryanodine
receptor channel (Fig. 2A). We focused
exclusively on the behavior of the most
common 400-pS channel, which was pre-
sent alone without other conductances in
78% of all recordings (n = 48). At pH 7.4
and pCa 5, the average p, is between 0.25
and 0.10 (average p, = 0.2, SD = 0.05,
n=10). In this particular recording,
po = 0.14. Reducing pH on either side of
the channel results in a decrease in the
frequency of openings and a shortening of
lifetimes. Both parameters contribute to a
decrease in p, (Fig. 2D). Open probability
drops from its near maximum value at pH
7.4 (normalized to 1) to almost null at pH
6.5. The absolute p, at pH 6.5 was in the
range 0.05 >p, > 0.001 (average p, =
0.03, SD = 0.02, n = 8). The effect of pH
was fully reversible within the range tested,
and p, reaches a maximum (p, = 0.35) at
pH values >7.6. The dose-response curve
for pH titrations from either side (Fig. 2D)
could be fitted with a cis pK value for H of
7.2 (SD = 0.12, n = 4), a trans value of 7.1
(SD = 0.05, n =4), and Hill coefficients
for H* of (cis) 4 (SD = 1.04, n = 4) and
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