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Abstract. Heat-shock proteins from confluent primary
cultures of bovine aortic endothelial cells were ana-
lyzed by SDS-polyacrylamide gels. In addition to the
increased synthesis of the classical heat-shock pro-
teins, there is an increase of a 180,000-mol wt poly-
peptide in the growth media of heat-shocked cells. Im-
munoprecipitation with specific antiserum indicates
that the 180,000-mol wt polypeptide is thrombospon-
din. Assay of mRNA levels coding for thrombospon-
din after brief hyperthermic treatment (45°C, 10 min),
followed by a recovery of 2 h at 37°C, results in

a twofold increase in mRNA abundance. In contrast,
the activation level of the 71,000-mol wt heat-shock
protein mRNA occurs at an earlier time than for
thrombospondin mRNA. Immunofluorescence micros-
copy was used to study the intracellular and extracel-
lular distribution of thrombospondin. Thrombospondin
is localized to a prominent pattern of granules of in-
tracellular fluorescence in a perinuclear distribution in
cells not exposed to heat. Upon heat treatment, the

pattern of granules of intracellular fluorescence ap-
pears more pronounced, and the fluorescence appears
to be clustered more about the nucleus. There are at
least three pools of extracellular forms of thrombo-
spondin: (a) the fine fibrillar extracellular matrix
thrombospondin; (b) the punctate granular thrombo-
spondin; and (c) the thrombospondin found in the con-
ditioned medium not associated with the extracellular
matrix. When bovine aortic endothelial cells are ex-
posed to heat, the extracellular matrix staining of a
fibrillar nature is noticeably decreased, with an in-
crease in the number and degree of fluorescence of fo-
cal areas where the punctate granule thrombospondin
structures are highly localized. No gross morphologi-
cal changes in extracellular matrix staining of fibro-
nectin was noted. However, the intermediate filament
network was very sensitive and collapsed around the
nucleus after heat shock. We conclude that the expres-
sion of thrombospondin is heat-shock stimulated.

and eukaryotic cells respond to metabolic perturba-

tions by altering their cellular machinery towards the
production of so-called “stress” or “heat-shock proteins”
(HSPS)! (1, 42). Although functionally uncharacterized,
these stress proteins appear in all organisms and have been
most intensely studied during and after heat treatment (1, 42).
Cells exposed to hyperthermia exhibit altered morphology
and reorganization at the levels of transcription and/or trans-
lation (9, 22, 39, 43, 49). There are approximately six poly-
peptides (20,000-30,000 mol wt, 70,000-73,000 mol wt,

To maintain metabolic homeostasis, both prokaryotic
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80,000-90,000 mol wt, 100,000-110,000 mol wt) which are
synthesized at elevated levels in mammalian cells incubated
under certain adverse conditions (42). It has been shown that
different forms of stress can induce different proteins (42).
Some of the agents other than heat shock, which are known
to elicit the stress response in prokaryotic or eukaryotic cells
include anoxia (12, 39), amino acid analogues (18), sulfhy-
dryl-reacting reagents (29), transition metal ions (29), un-
couplers of oxidative phosphorylation (17), viral infections
(37), ethanol (30), various antibiotics (14), and certain iono-
phores (51) and chelators.

Heat-shock proteins have been detected in a variety of cells
under normal unstressed conditions. In Drosophila, the low
molecular weight heat-shock proteins are transcribed during
early development (51). Recently, HSP70 synthesis has been
observed during mouse embryogenesis (3) and in embryonal
carcinoma cells (2, 33). White et al. (42) have detected basal
levels of HSP71 synthesis in adrenals and bladder from un-
stressed rats in vivo, while Morimoto and Fodor reported
high levels of HSP70 synthesis in both embryonic and adult
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chicken erythrocytes (34). These results suggest that heat-
shock proteins play essential functions in unstressed, as well
as stressed, cells.

Recently, data link the constitutive form of the HSP70 fam-
ily, HSP73, to uncoating activity, which is ATP dependent,
of clathrin-coated vesicles in Drosophila and mammalian
cells (7, 46). In Drosophila cells, the amount of uncoating
activity increases 10- to 20-fold after heat stress, and this in-
crease is blocked by cycloheximide (46). In addition, HSP73
has an ATP-dependent binding site and binds coated vesicles
(6, 46).

Cellular localization of heat-shock proteins is of great im-
portance and may provide a clue to their function. Succinct-
ly, the HSP70 family proteins have been found to increase in
both the cytoplasm and nucleus after hyperthermia. Of the
nuclear-associated HSP70 proteins, a portion was associated
with the nuclear matrix and was resistant to nuclease diges-
tion (48). For a thorough review of the cellular localization
of the heat-shock Drosophila and mammalian proteins (see
reference 7).

In our effort to understand the biology of a mammalian cell
which may undergo physiological and pathological “stress”,
we have characterized the in vivo synthesis and accumulation
of “stress” proteins by primary cultures of bovine aortic en-
dothelium. Under normal conditions, endothelial cells are
exposed to shear stress as a result of blood flow. In addition,
there are several diseased states that produce conditions that
might “stress” the endothelium, for example, hypoxia, hyper-
tension, acute inflammation, angiogenesis, and neoplasia. In
this paper, we report that bovine aortic endothelial cells ex-
posed to hyperthermia show the appearance in the growth
media of a 180,000 mol-wt polypeptide; that the 180,000 mol-
wt polypeptide induced by heat stress is thrombospondin as
determined by several criteria; that brief hyperthermic treat-
ment followed by a recovery of 2 h at 37°C results in a two-
fold increase in messenger for thrombospondin; that, in ad-
dition to thrombospondin, the expression of at least two
other polypeptides in the growth media of endothelial cells
is altered; and that heparin also increases the amount of
thrombospondin present in the growth media of bovine aortic
endothelial cells (BAECs). We speculate that thrombospon-
din may be involved in the recovery of endothelial cells from
a stressed or injured state.

Materials and Methods

Endothelial Cells and Cultures

Calf aortic endothelium was isolated according to methods described by
Booyse et al. (4) and cultured in HSI-LoSm (Hybridoma Research, Inc.,
Atlanta, GA) + 5% FCS, penicillin (100 pg/ml), streptomycin (100 U/ml),
and amphotericin (0.25 pg/ml). When passage cells were desired, primary
endothelial cells were cloned, passaged, and grown in the same growth me-
dia as the parent primary cells. Calf brain capillary endothelium was iso-
lated according to the method of Spatz et al. (44), and rat epididymal en-
dothelium was isolated according to Wagner and Matthews (47). Cells were
identified as endothelium morphologically by their cobblestone appearance
(34), immunologically by staining with fluorescently labeled anti-Factor
VIII (4), and enzymatically by assaying for angiotensin II-converting en-
zyme. Angiotensin [I-converting enzyme activity was assessed as described
in the technical bulletin provided by Ventrex Laboratories (Portland, ME),
the supplier of the radioactive substrate. In heat-shock experiments, 24-well
cluster dishes (2 cm?/well) with confluent monolayers of endothelium were
floated in a constant-temperature water bath for the indicated times.
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Protein Labeling

Primary cultures of endothelial cells were grown in 24-well cluster dishes
to a density of 5 x 10° cells/cm?. The cell monolayers were washed with
growth medium and replaced with 200 ul of fresh medium containing 80
1Ci [**S]methionine (SA 1,066 nCi/mmol; New England Nuclear, Boston,
MA). In addition, the monolayers were labeled with 2,3-[*H}proline (SA
16-35 Ci/mmol; New England Nuclear, Boston, MA) according to the
method of Mumby et al. (35). Labeling times were as indicated. The cells
were then washed in Hanks’ balanced salt solution buffered with Hepes
(15 mM), pH 7.4 (buffered HBSS), and lysed in 200 pl of 5% SDS, 50%
sucrose, 40 mM dithiothreitol (DTT), and 312 mM Tris-HCl (pH 6.8).

Proteins released into the media were analyzed by first removing the
growth medium from the cell monolayers and diluting fourfold with buf-
fered HBSS containing protease inhibitors {1 mM diisoprophylfluorophos-
phate [DFP]; 0.005% phenylmethylsulfonyl fluoride {PMSF]; 1 pg/ml leu-
peptin; 4 ug/ml P-toluene sulfonyl-L-arginine methylester [TAME]; 10 mM
N-ethylmaleimide [NEM]). 20 ul of this suspension was then solubilized
in sample buffer to give a final concentration of 2.5% (wt/vol) SDS, 25%
sucrose, 20 mM DTT, and 156 mM Tris-HCl (pH 6.8).

Gel Electrophoresis and Autoradiography

The amount of [**S]methionine incorporated into individual proteins in the
cell or released into the medium was analyzed by uniform-concentration
polyacrylamide gels as described by Laemmli (24). In addition, two-
dimensional isoelectric focusing gels prepared according to O’Farrell (38)
were used to examine the protein profiles. The isoelectric focusing gels (3%
polyacrylamide) were prepared with LKB ampholines (LKB Instruments,
Inc., Gaithersburg, MD) to form linear gradients in the range of pH 4-8.
The gradient was measured by slicing the isoelectric focusing gel into 5-mm
sections, which were placed in 2 ml of degassed distilled water. The samples
were shaken and the pH determined. The gels were stained with Coomassie
Brilliant Blue R-250 (0.1%) in 10% isopropanol and 10% acetic acid at room
temperature overnight and destained in 10% isopropanol, 70% acetic acid
for 8 h. Polyacrylamide gels containing radiolabeled proteins were pro-
cessed for fluorography by treatment in Enlightning solution (New England
Nuclear) for 15-30 min. The gels were dried and exposed to x-ray film (Ko-
dak, XAR-2) two to three times with exposures ranging from 1-12 d.
Protein concentrations were determined by the method of Bradford (5).

Immunochemistry

Radioimmune precipitation was performed by harvesting radiolabeled
growth medium proteins into PBS, pH 7.2, containing 0.1% SDS and 0.5%
Triton X-100. The monoclonal antibody against platelet thrombospondin
was obtained from Dr. Deane F. Mosher. Its characterization has been de-
scribed elsewhere (16). The immunoprecipitation of bovine aortic endothe-
lial cell-derived thrombospondin was carried out essentially as described
by Mumby et al. (35).

Immunofluorescence Microscopy

Immunofluorescence localization of thrombospondin in bovine aortic en-
dothelial cell cultures was performed according to the technique of Raugi
et al. (41), using anti-~thrombospondin immunoglobulin obtained from Dr.
Deane F. Mosher. A mouse monoclonal antibody against human fibronectin
was purchased from Calbiochem-Behring, Corp. (San Diego, CA; model
No. 341647), and a mouse monoclonal anti-vimentin antibody was pur-
chased from ICN Immunobiochemicals (Costa Mesa, CA; model No.
69-706). Rhodamine-labeled goat anti-rabbit IgG was from Cooper Bio-
medical (Malvern, PA; model No. 2211-0081).

Immunoblotting

Proteins were solubilized in sample buffer to give a final concentration of
2.5 (wt/vol) SDS, 25% sucrose, 20 mM dithiothreitol, and 156 mM Tris-
HC! (pH 6.8). The samples were subjected to electrophoresis on SDS-
PAGE gels, electroblotted onto nitrocellulose paper, and incubated with
antibodies followed by anti-mouse IgG alkaline phosphatase conjugate (Pro-
mega Biotec, Madison, WI). The bands were visualized based on a method
reported by Huynh et al. (15).

Cell Integrity

Cell integrity was assessed by trypan blue exclusion, lactate dehydrogenase
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(LDH) and %'Cr-release from endothelial monolayers. Lactate dehydro-
genase determinations were carried out as described by Wroblewki and
La Due (50) who adapted the classical assay of Kubowitz and Ott (23). The
amount of LDH present in a sample was expressed as the specific activity
of the enzyme (units of enzyme activity/mg of total protein).

Endothelial monolayers were also assessed for viability using a *'Cr-
release assay. The monolayers growing in a 24-well cluster dish were first
washed with growth medium; then 1 ml of ¥Cr-containing medium (5-6
X 10° cpm/ml) was added to each well (10° celis/well) and incubated at
37°C for 3 h. After this incubation period, the medium was removed, and
the cells were washed twice with growth medium. The cultures were then
placed under desired experimental conditions. At the end of the experiment,
both the growth medium and the monclayer were examined for *'Cr con-
tent. The monolayers were lysed with 1 N NH4OH and the samples counted
in a liquid scintillation counter. Based on the total number of cpm in the
cells before heat treatment, the percentage of *'Cr released was deter-
mined.

RNA Isolation

Confluent monolayers of endothelial cells were washed with buffered HBSS
and detached with trypsin-EDTA. The cells were collected and resuspended
while gently vortexing in a lysis buffer containing 1% diethylpyrocarbonate
(Sigma Chemical Co., St. Lounis, MO), 100 mM NaCl, 10 mM CaCly, and
30 mM Tris-HCI, pH 74. Triton X-100 was added to a final concentration
of 0.5%, and the suspension was immediately vortexed. After spinning out
the nuclei (4,000 g for 5 min), the supernatants were transferred to new Ep-
pendorf tubes. 5 vol of cold 7.5 M guanidinium-HC1 (Bethesda Research
Laboratories, Bethesda, MD), 25 mM citrate pH 70, and 0.5% N-lauryl-
sarcosine were added, while the suspension was mixed, followed by the ad-
dition of 0.025 vol of 1 M acetic acid. Nucleic acids were precipitated over-
night at ~20°C in the presence of 0.5 vol of 95% ethanol. The pellet was
collected at 4,000 g for 5 min and the supernatant carefully discarded. The
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Figure 1. Effect of continuous heat
treatment on the protein profiles
of the growth media of BAECs.
BAECs were labeled with [*S]-
methionine for times (minutes) in-
dicated after transfer from 37°C to
41.5°C (B) or 43°C (C) or at
37°C without heat-shock treat-
ment before labeling (A4). The
protein profiles were analyzed by
SDS-PAGE (9% uniform gel)
and fluorography. Equal numbers
of cell equivalents per lane were
added. The molecular weights of
the proteins which respond to
heat stress are indicated by [*].
The position of human fibronec-
tin (FN), thrombospondin (75),
and bovine serum albumin (BSA)
in the gel are indicated. Note BSA
in serum binds [**S]methionine.
The band labeled in the gel at po-
sition indicated “BSA” is not new-
ly synthesized material but rather
[*S]methionine associated with
serum BSA.

O < 184Kx%

precipitation of nucleic acids was repeated as described above using one-
half the original volume of guanidinium-HCl solution without N-laurylsar-
cosine. The RNA pellets were recovered by differential centrifugation and
0.2 m NaCl, and 2 vol of 95% ethanol were added. The nucleic acids were
precipitated again overnight at —~20°C. The final RNA pellet was collected
by centrifugation, resuspended in a small volume of sterile distilled water,
and stored at —70°C until used.

Northern Gel Hybridization and Slot Blot Analysis

Total RNA was then subjected to electrophoresis on denaturing formalde-
hyde gels, blotted onto nitrocellulose, and hybridized to nick-translated
probes. After hybridization at 60°C, the filters were washed with 0.1x SSC
(1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) — 0.1% SDS at 55°C,
dried, and exposed to X-ray film (Kodak, XAR-2). The plasmid containing
the human HSP71 probe was a gift of Dr. Lee Weber (13).

The quantity of thrombospondin mRNA was determined by slot blotting
by standard procedures suggested by the supplier (Schleicher and Schuell,
Keene, NH) hybridization probe was prepared from the M1 insert by Eco
RI digestion and preparative agarose gel electrophoresis followed by nick-
translation to a specific activity of 10° cpm/pg. The hybridization and sub-
sequent washes were done at high stringency.

Results

Expression of a 180,000-mol wt Polypeptide
during Hyperthermia

BAECs exhibit properties attributable to stressed cells when
incubated at high temperatures (19, 20, and data to be pub-
lished elsewhere). When primary cultures of BAECs are ex-
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posed for 2 h at 41.5°C, there is an induction of HSP71 (the
most inducible of the HSP70 family and which is clearly dis-
tinguishable on two-dimensional gels from HSP73, the cog-
nate polypeptide) (19, 20). If these cells are stressed at 43°C
for 2 h, as many as five major heat-shock proteins (HSP71,
73, 80, 90, and 100) are evident (19, 20, and data to be pub-
lished elsewhere) and if they are exposed to a brief hyper-
thermic challenge (45°C, 10 min) followed by a return to
37°C for 2 h, the induction of large amounts of HSP71 and
small increases in HSP73 are noted (19, 20). Thus, heat-
shock proteins are differentially expressed in confluent pri-
mary cultures of BAECs under conditions of brief hyperther-
mic treatment or continuous heat treatment (19, 20).

In addition to the induction of the classical heat-shock pro-
teins in BAECs exposed to hyperthermia, there is an increase
of a 180,000 mol. wt. polypeptide in the growth medium of
these cells. The amount of the 180,000-mol wt band in-
creases gradually with an increase in the length of hyperther-
mic treatment. In addition to the 180,000-mol wt polypep-
tide, BAECs, which are responding to heat-stress, release
two polypeptides with molecular masses of 45,000 and 18,400
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Figure 2. Effect of brief hyper-
thermic treatment on the protein
profiles of the growth media of
BAECs. The BAECs were labeled
with [S]methionine for times
(minutes) indicated. (A4) Repre-
sents cells at 37°C with no heat-
shock treatment and (B) cells
transferred from 37° to 45°C for
10 min and returned to 37°C. The
protein profiles were analyzed by
SDS-PAGE (9% uniform gels).
Each lane contained the same
number of cell equivalent. The
molecular weights of the proteins
which respond to heat stress are
indicated [*]. The position of
human fibronectin (FN), throm-
bospondin (7S), and bovine se-
rum albumin (BSA) in the gel are
shown.
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D into the growth medium (Fig. 1). Fig. 1 demonstrates
the polypeptide profile in one-dimensional polyacrylamide
gels of the growth media from cultures labeled with [**S]me-
thionine for times indicated after transferring from 37°C to
41.5°C (Fig. 1 B) or 43°C (Fig. 1 C) or at 37°C without any
heat-shock treatment before labeling (Fig. 1 A4).

Fig. 2 shows the protein profile in one-dimensional SDS-
polyacrylamide gels of growth media from cultures labeled
with [3S]methionine for times indicated after brief hyper-
thermic treatment (45°C, 10 min) followed by a return to nor-
mal culture conditions (Fig. 2 B) or at control temperature
without heat-shock treatment prior to labeling (Fig. 2 4). As
under conditions of continuous heat treatment (Fig. 1), the
amount of the 180,000-mol wt and 45,000-mol wt polypep-
tide increases with time (Fig. 2 B). In addition the 220,000-
mol wt polypeptide increases. A change in the 220,000-
mol wt polypeptide was not readily apparent under condi-
tions of continuous heat treatment (from 41° t0 43°C). The
increases in these polypeptides in the growth media of BAECs
exposed to continuous heat treatment (41° to 43°C) or brief
hyperthermic treatment (45°C, 10 min) was not due to cell

896



200K— . —_
e
97.4K—
68K—
43K—
25 7TK—
051 2 4051 2 4

lysis. Note that, in control cultures (37°C), the relative inten-
sity of individual bands changed somewhat from cell batch
to cell batch. These differences were not related in any way
to small changes in cell density or length of time in culture.

Examination of one-dimensional gels of 33S- or *H-la-
beled proteins in the growth media of cells exposed to con-
tinuous heat treatment at 41.5°C for 4 h reveals many poly-
peptides which label with [*S]methionine (Fig. 1 B) and
only two major ones, a 220,000-mol wt and a 180,000-mol
wt polypeptide, which label with *H-proline (Fig. 3, A and
B). In growth media, the 180,000-mol wt polypeptide makes
up ~1% of total [**S]methionine-labeled proteins secreted
by heat-treated cells and 20% of the total [*H]proline-
labeled proteins. When the cells incubated at 41.5°C for 4 h
are returned to 37°C for 24 h, the protein profile of the growth
media and monolayers are the same as those of controls
(Fig. 3, C and D).

Two-dimensional gel analysis of [*H]proline-labeled growth
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Figure 3. Effect of continuous heat
treatment on the protein profile
of the growth media of BAECs.
BAECs were labeled with [*H]-
proline for times (hours) indicated
after transfer from 37° to 41.5°C
(B) or at 37°C without heat-shock
treatment prior to labeling (4). D
Represents the protein profile of
the growth medium of cells trans-
ferred from 37° to 41.5°C for 4 h
and returned to 37°C for time indi-
cated or (C) the protein profile of
the growth medium of cells at
37°C without heat shock. The
protein profiles were analyzed by
9% SDS-PAGE and fluorogra-
phy. Each lane contained the same
number of cell equivalents. The
220,000- and the 180,000-mol wt
polypeptides are indicated.

24 24

media demonstrates the presence of the 180,000-mol wt poly-
peptide in the growth media of cells incubated at 37°C for
4 h and an increased amount of the polypeptide in the growth
media of cells incubated at 41.5°C for the same time period
(data not shown). The 180,000 mol wt polypeptide found in
the growth media has pl of 4.5 as determined by isoelectric
focusing.

Endothelial cells from different origins respond to con-
tinuous heat treatment (42°C, 1 h) also by increasing the
amount of a 180,000-mol wt polypeptide present in their
growth media. Primary cultures of BAECs (Fig. 4, lane 1),
passaged cultures of BAECs (passage 12) (Fig. 4, lane 2) and
bovine brain capillary endothelial cells (passage 9) (Fig. 4,
lane 4) show an increased amount of a 180,000-mol wt pep-
tide upon heat stress. Rat epididymal endothelial cells (pas-
sage 8) (Fig. 4, lane 3) show an increase in a 190,000-mol
wt polypeptide. The 180,000-mol wt polypeptides comigrate
on one-dimensional gels with purified human platelet throm-
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Figure 5. Immunoprecipitation of polypeptides with antibodies to-
wards bovine thrombospondin from BAEC-cultured media induced
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Figure 4. Effect of heat treatment on the protein
profile of the growth media of endothelial cells
from different origins. Endothelial cells from pri-
mary (lane /) and passage 12 (lane 2) cultures of
bovine aortic endothelium, passage cultures of rat
epididymal capillaries (passage 8) (lane 3), and
passage cultures of bovine brain capillaries (pas-
sage 9) (lane 4) were labeled with [**S}methio-
nine for 1 h at 37° (A) or 42°C (B). The protein
profiles were analyzed in a linear 6-15% concen-
tration gradient. Each lane contained the same
number of cell equivalents. The position of human
fibronectin (FN), thrombospondin (75), and bo-
vine serum albumin (BSA) are indicated.

bospondin. Studies on protein synthesis in endothelial cells
from different origins exposed to hyperthermia have been
presented previously (19) and will be published elsewhere
(20).

The induced 180,000-mol wt polypeptide is immunopre-
cipitated by a monoclonal antibody to human platelet throm-
bospondin (Fig. 5). Preincubation of the antibody with ex-
cess human platelet thrombospondin completely prevents the
immunoprecipitation of this band (data not shown). The
220,000-mol wt polypeptide is fibronectin as determined by
immunoprecipitation experiments (data not shown).

To determine whether the appearance of the 180,000-mol
wt polypeptide in the growth media requires new transcrip-
tion (as does HSP71; data not shown) and translation, cells
were incubated for 10 min at 37°C with either actinomycin
D (2 pg/ml) or cycloheximide (5 pg/ml) before temperature
elevation and labeling. This concentration of cycloheximide
blocks the overall general translation of cellular proteins by
more than 80% in these cells. Actinomycin D at 1 pg/ml in-
hibits transcription by 100% in the cells. The appearance of
the 180,000-mol wt polypeptide into the growth media after
heat treatment is completely blocked by cycloheximide and
partially blocked by actinomycin D (Fig. 6). As such, the ex-
pression of this polypeptide appears to require continued
translation.

Transcriptional Regulation of HSP71 and
Thrombospondin in BAECs

To determine the level of control in BAECs, transcription of
HSP71 gene was measured at 37°C (Fig. 7, lane A4), 41.5°C

by heat shock. The protein band of 180,000-mol wt is identified as
bovine thrombospondin by quantitative removal of the polypeptides
by immunoprecipitation with anti-human platelet thrombospondin
immunoglobulin. Lane 1, polypeptides secreted by control BAECs
labeled with [**SJmethionine 2 h; lane 2, polypeptide secreted by
a 2-h treatment at 41.5°C; lane 3, isolation of polypeptides from
culture media of heat-shocked BAECs by immunoprecipitation;
lane 4, supernatant after removal of the polypeptides with antibod-
ies against human platelet thrombospondin.
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Figure 6. Effect of cycloheximide and actinomycin D on the protein profiles of the growth media of BAECs. Cells were preincubated for
10 min at 37°C with cycloheximide (5 pg/ml) or actinomycin D (2 pg/ml). The cells were then labeled with *H-proline and returned to
37°C (A and C) or to 41.5°C (B and D) for 4 h. The labeled proteins were analyzed by SDS-PAGE and fluorography. (4) is the profile
of the growth media of control and (B) of heat-shocked cells after Coomassie Brilliant Blue staining showing exogenous proteins in the
serum of cultured medium. C and D are the corresponding fluorographs. Arrows indicate the proteins whose relative synthesis is inhibited
by treatment. (a) Untreated cells; (b) cells exposed to cycloheximide; and (c) cells exposed to actinomycin D.
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Figure 7. The accumulation of HSP71 RNA in confluent primary
cultures of BAECs exposed to heat stress. Equal amounts of RNA
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for 2 h (Fig. 7, lane B), 45°C for 10 min (Fig. 7, lane C),
and 45°C for 10 min followed by a return to 37°C for 2 h.
The expression of the HSP71 gene is most abundant when
cells are exposed to brief hyperthermic treatment followed
by a return to control temperatures. The pattern of abun-
dance of the mRNA for the HSP71 gene at each temperature
tested reflects the amount of HSP71 polypeptide expressed
in the cell (19, 20).

In addition, the level of expression of the thrombospondin
gene was determined (Fig. 8) on the same RNA samples used
in Fig. 7. At41.5°C (Fig. 8 B), the amount of transcript pres-
ent is the same as at 37°C (Fig. 8 A). However, when cells
are exposed for 10 min to 45°C (Fig. 8 C), the abundance
of mRNA declines by ~30% relative to control. Further-
more, brief hyperthermic treatment (45°C, 10 min) followed
by a recovery of 2 h at 37°C (Fig. 8 C) results in a twofold
increase in messenger for thrombospondin. The expression
of the thrombospondin gene occurs at a later time than that
of the heat-shock mRNA.

Immunofluorescence of Extracellular Matrix
Proteins of Cells Exposed to Hyperthermia

To morphologically localize the thrombospondin in the cell

(10 ng) were fractionated into agarose-formaldehyde gel, trans-
ferred to nitrocellulose, and hybridized with a 3’P-labeled cDNA
clone. (A) RNA from unstressed BAECs; (B) heat-shock RNA
from BAECs exposed to continuous heat treatment at 41.5°C for
2 h; (C) heat-shock RNA from BAECs exposed for 10 min to 45°C;
and (D) heat-shock RNA from BAECs exposed for 10 min to 45°C
followed by a return to 37°C for 2 h.
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Figure 8. Slot-blots showing the

A — —— —
accumulation of thrombospon-
B oo xe " din RNA in confluent primary
c oo —-— === cultures of BAEC exposed to
D - o w  heat stress. The slot-blots were
probed with the Ml clone of
5 10 20 human endothelial cell throm-

bospondin. (4) RNA from un-

RNA Added (41g) stressed BAECs; (B) heat-shock

RNA from BAECs exposed to continuous heat treatment at 41.5°C
for 2 h; (C) heat-shock RNA from BAEC exposed for 10 min to
45°C; and (D) heat-shock RNA from BAEC exposed for 10 min to
45°C followed by a return to 37°C for 2 h.

layer, immunofluorescence studies were carried out on
BAECs during normal growth conditions (Fig. 9, a and ¢)
and after heat stress (Fig. 9, b and d). When confluent cul-
tures of bovine aortic endothelium are fixed but not permea-
bilized (Fig. 13 @) and stained with a mouse monoclonal
anti~thrombospondin, a pattern of granules and fibrillar ex-
tracellular material is evident. It may be important to note
that the amount of extracellular fibrillar staining is sparse rel-
ative to that noted with vascular smooth muscle cells (41) and
that there are areas on the endothelial cell monolayer where
few, if any, fibrillar structures are evident. In addition, a fo-
cal point of fluorescence is noted in many cells, Upon ex-
posure to heat (41.5°C, 4 h) the fibrillar extracellular staining

Figure 9. Immunolocalization of thrombospondin in BAECs cultures. BAECs were grown on 16-mm glass coverslips and allowed to reach
confluence. Fixed cells were stained for thrombospondin. (@) BAECs at 37°C; (b) after exposure to 41.5°C for 4 h. a and b Are correspond-
ing phase-contrast micrographs. Note that, after exposure to heat, there is a decrease in the fibrillar thrombospondin network and an increase
in the number of local areas of fluorescence. Fixed and permeabilized cells were also stained for thrombospondin. (c) BAECs at 37°C
and {d) after exposure to 41.5°C for 4 h. Note that, after exposure to heat, there is a decrease in the fibrillar thrombospondin network.
The perinuclear staining remains; however, it appears somewhat more clustered about the nucleus. In addition, fixed and permeabilized
cells were stained for fibronectin. () BAECs at 37°C; (f) after exposure to 41.5°C for 4 h; (¢') and (f") are corresponding phase-contrast
micrographs. Note that, after exposure to heat, fibrillar fibronectin network remains basically unaltered; however, the perinuclear staining
appears somewhat more clustered about the nucleus (arrow). Finally, fixed and permeabilized cells were stained for vimentin. (g) BAECs
at 37°C and (h) after exposure to 41.5°C for 4 h. (g’) and (#') Are corresponding phase-contrast micrographs. Note that, upon mild heat

stress, there is partial collapse of the intermediate filament network.
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Figure 10. Effect of heparin on the protein profile of the growth media of endothelial cells from different origins. Endothelial cells were
labeled with [*H]proline for 4 h in the presence or absence of heparin (100 pg/ml). (/) Primary cultures of BAEC; (2) passage cultures
of BAECs; (3) passage cultures of rat epididymal capillaries; and (4) passage cultures of bovine brain capillaries. The protein profiles were
analyzed by 9% SDS~-PAGE and fluorography. Each lane contained equal numbers of cell equivalents. The position of human fibronectin
(FN), thrombospondin (75), and bovine serum albumin (BSA) in the gel are indicated. (4) Short and (B) long exposure of the same gel
bearing radioactive polypeptides to X-ray film. Note the change in ratio in the 220,000- and 180,000-mol wt bands in the presence of heparin.

is noticeably decreased, with increase in the number and de-
gree of fluorescence of the focal areas indicated by arrows
(Fig. 9 b). When confluent cultures are fixed, permeabilized,
and stained with specific antibody to thrombospondin, a
prominent pattern of granules of intracellular fluorescence in
a perinuclear distribution is evident (Fig. 9 ¢). However,
when these cells are exposed to heat stress for 4 h at 41.5°C,
the pattern of granules of intracellular fluorescence appears
more pronounced, and the fluorescence appears to be clus-
tered more about the nucleus than in control cells (Fig. 9 4).
Furthermore, the extracellular matrix staining of a fibrillar
nature is noticeably decreased. Raugi et al. (41), have re-
ported the identical pattern of extraceilular matrix staining
for bovine aortic endothelial cells. They demonstrated that
the extracellular fluorescence was not due to trapping or ad-
sorption of thrombospondin from serum contained in culture
medium.

In addition to staining for thrombospondin, confluent cul-

Ketis et al. Heat-shock Protein Synthesis in Endotheli

tures were fixed, permeabilized, and stained with a specific
antibody to fibronectin. These cells show a prominent pat-
tern of extracellular fibrillar staining (Fig. 9 ¢). When the
cells are exposed for 4 h to 41.5°C, the extracellular fibrillar
pattern is not noticeably altered; however, a pattern of intra-
cellular fluorescence appears more pronounced (Fig. 9 f),
and the fluorescence appears to be clustered more about the
nucleus than in control cells (Fig. 9 e).

The vimentin cytoskeleton is known to collapse in cells ex-
posed to heat stress (11). Therefore, fixed and permeabilized
BAECs from normal growth conditions and after exposure
to heat were stained with a vimentin antibody (Fig. 9 g). At
37°C, the cells show a network of wispy, well-spread fila-
mentous structures. However, cells exposed to 41.5°C for 4 h
show partial reorganization or collapse of the intermediate
filament structure about the nucleus (Fig. 9 k). The collapse
of the vimentin cytoskeleton becomes more severe with the
degree and duration of heat stress (data not shown).
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Pattern of Protein Synthesis in Endothelial Cells
Jfrom Different Origins Exposed to Heparin

It has been shown that addition of heparin, a glycosamino-
glycan, to culture media of endothelial cells enhances their
proliferation and increases their life span (45). Recently,
Majack et al. (31) reported that heparin regulates thrombo-
spondin synthesis and matrix deposition by cultured rat aor-
tic smooth muscle cells. Because of these two facts and our
interest in the role of thrombospondin in the growth and
proliferation of endothelial cells as it may relate to a “stress”
or injured state, the pattern of protein synthesis in endothelial
cells from different origins exposed to heparin was compared
to the protein profile generated by endothelial cells after ex-
posure to heat stress.

Fig. 10 shows the protein profile in one-dimensional
SDS-polyacrylamide gels of growth media from cultures
labelled with [*H]proline for 4 h in the presence of heparin
(100 ng/ml). As with heat stress, the amount of throm-
bospondin in the media of BAECs appear to increase in the
presence of heparin. In addition, with all four endothelial
cell types examined, the thrombospondin/fibronectin ratio in
growth media is altered, i.e., is increased relative to control.
It is important to note that no HSP71 induction was observed
in endothelial monolayers exposed to heparin for 4 h. The
protein profile of cells incubated in the presence of heparin
appeared identical to that of cells at 37°C (data not shown).

Discussion

This is the first example in the literature in which increased
amounts of a 180,000 mol-wt polypeptide have been shown
to appear in the growth media of cells exposed to hyperther-
mia. We report here that, as the HSP71 band intensifies with
time of exposure to continuous heat treatment, there is a con-
comitant increase in a 180,000-mol wt band in the growth
media of endothelial cells. The appearance of this 180,000-
mol wt polypeptide in the growth media has been extensively
characterized. Its appearance is blocked by preincubation
with cycloheximide, suggesting that the expression of this
polypeptide may be translationally regulated. When the pro-
tein profiles of the growth media of control and heat-shocked
cells are examined, the 180,000-, 45,000-, and 18,400-mol wt
bands appear to be altered. In addition, a change in the
220,000-mol wt polypeptide was noted (Fig. 2). However,
this change was not apparent under conditions of contin-
uous heat treatment. It is clear that the appearance of the
180,000-mol wt polypeptide is not due to cell lysis.

The 180,000-mol wt polypeptide, generated in the growth
media of BAECs exposed to hyperthermia, appears by sev-
eral criteria to be bovine thrombospondin; they are immuno-
precipitation with specific antiserum, immunoblotting with
thrombospondin antibodies (data not shown) and examina-
tion of the growth media of cells exposed to heat stress under
non-reducing conditions (data not shown). Data in this paper
suggest several possibilities for the increase in the 180,000-
mol wt polypeptide. During continuous heat stress, it could
be derived from a translational alteration, a posttranslational
modification, or a change in the turnover of the throm-
bospondin pools. Consistent with posttranslational regula-
tion of thrombospondin is our observation that the Golgi re-
gion is rearranged in heat-stressed BAECs as determined by
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electron microscopy (Ketis and Karnovsky, unpublished
data). However, cells exposed to brief hyperthermic chal-
lenge followed by a recovery period at 37°C show an increase
in transcription of the thrombospondin gene, and Welch and
Suhan (49) have shown that heat-stressed cells regain a nor-
mal morphology during later times of recovery. Thus, the ex-
pression of thrombospondin by endothelial cells in response
to heat stress is regulated by mechanisms which act at several
levels of gene expression and/or protein processing.

McKeown-Lango et al. (32) have reported that exogenous-
ly added '>I-labeled platelet thrombospondin bound in two
fractions to cultured fibroblasts, and the fractions were dis-
tinguished by their relative rates of turnover. One fraction of
thrombospondin was degraded within minutes by a satura-
ble, endocytic process. The remainder was localized to ex-
tracellular matrix and appeared to be more slowly degraded
over several hours. The amount of thrombospondin degraded
after 4 h at 37°C represented 12% of the added radioactivity.
The rate of degradation of thrombospondin by BAECs at
37°C is presently unknown.

Thrombospondin has been detected previously in matrices
of BAECs (41). BAECs at 37°C exhibit both intracellular and
extracellular fluorescence when probed for thrombospondin
(Fig. 5). Staining is observed in a perinuclear pattern (pre-
sumably representing thrombospondin in Golgi vesicles and
secretory granules) as well as in a fibrillar extracellular pat-
tern. After heat stress, a notable amount of the extracellular
stained material is decreased. These observations with the
biochemical data suggest that thrombospondin turnover may
be altered. It is important to note that the addition of leupep-
tin, a calcium protease inhibitor, had no effect on the expres-
sion of thrombospondin by heat-stressed cells (data not
shown).

Recently, Majack et al. (31) have shown that heparin regu-
lates thrombospondin synthesis and matrix deposition by
cultured rat aortic smooth muscle cells, and Thornton et al.
(45) have shown that addition of heparin to culture media of
endothelial cells enhances their proliferation and increases
their life span. Because of these two facts and our interest
in the role of thrombospondin in the growth and proliferation
of endothelial cells as it may relate to a “stress” or injured
state, the pattern of protein synthesis in endothelial cells
from different origins exposed to heparin was compared with
the protein profile obtained from endothelial cells exposed
to heat stress. As with heat stress, the amount of throm-
bospondin in the growth media of BAECs appears to increase
in the presence of heparin. However, no HSP71 induction
was observed in endothelial monolayers exposed to heparin
for 4 h. The protein profile of control cells and monolayers
treated with heparin appeared to be the same.

Ketis and his colleagues (Ketis, N. V., J. Lawler, and M. I.
Karovsky, manuscript in preparation) have observed that the
growth of endothelial cells in culture is altered after exposure
to hyperthermia. Growth is initially retarded followed by ex-
ponential growth (data to be presented elsewhere). During
the recovery period, the amount of thrombospondin in the
growth media increases (Fig. 2) as does the transcription of
the thrombospondin gene (Fig. 8). We speculate that throm-
bospondin may aid in the recovery of cells from heat shock.

Thrombospondin, a trimeric glycoprotein composed of
apparently identical subunits of 180,000-mol wt, is thought
to have a role in platelet aggregation (10, 40). It has been
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shown to have a binding domain for heparin (8, 26, 27),
fibronectin (25), fibrogen (28), collagen (25, 36), and possi-
bly growth factors (31). In addition, Lahav et al. (25) have
provided evidence for the interaction of thrombospondin
with fibronectin during platelet adhesion. Recently, it has
been suggested (31) that thrombospondin may function as an
extracellular “integrator” of growth stimulatory and inhibi-
tory signals, since the amount of thrombospondin incorpo-
rated into the extracellular matrix of smooth muscle cells is
regulated by both PDGF- and heparin-like glycosaminogly-
cans. The amount of thrombospondin in the smooth muscle
cell environment, for any vascular injury, may determine the
extent of smooth muscle cell thrombospondin interaction and
the extent of smooth muscle cell response. We are currently
examining the role of thrombospondin in the growth and
proliferation of endothelial cells as it may relate to a “stress”
or injured state and how endothelial injury or stress may
affect the surrounding vascular milieu, specifically smooth
muscle cells.

In summary, we present several novel observations per-
taining to the patterns of protein synthesis in cultured bovine
aortic endothelial cells subjected to hyperthermia; namely,
(a) the appearance in the growth media of a 180,000-mol wt
polypeptide; (b) that the 180,000-mol wt polypeptide in-
duced by heat stress is thrombospondin as determined by
several criteria; {¢) that brief hyperthermic treatment fol-
lowed by a recovery of 2 h at 37°C results in a twofold in-
crease in messenger for thrombospondin; (d) that in addition
to thrombospondin, the expression of at least two other poly-
peptides in the growth media of endothelial cells is altered;
and (e) that heparin also increases the amount of throm-
bospondin present in the growth media of BAECs. We specu-
late that thrombospondin may be involved in the recovery of
endothelial cells from a stressed or injured state.

We would like to thank Dr. D. F. Mosher for providing us with antibodies
to thrombospondin; Dr. W. G. Bendena for helpful discussion; Dr. L.
Weber for providing the plasmid containing the human HSP71 gene; and
Ruth G. Schillig for her assistance with cell cultures.

This work was supported by grants HL 17747 and HL 26191 from the Na-
tional Institutes of Health. Dr. N. V. Ketis is a Medical Council of Canada
Fellow.

Received for publication 30 July 1987, and in revised form 5 October 1987,

References

1. Ashburner, M., and J. J. Bonner. 1979. The induction of gene activity in
Drosophila by heat shock. Cell. 17:241-254.

2. Bensaude, O., and M. Morange. 1983. Spontaneous high expression of heat
shock proteins in mouse embryonal carcinoma cells and ectoderm from
day 8 mouse embryo. EMBO (Eur. Mol. Biol. Organ.) J. 2:173-177.

3. Bensaude, O., C. Badinet, M. Morange, and F. Jacob. 1983. Heat shock
proteins, first major product of zygotic gene activity in mouse embryo.
Nature (Lond.). 305:331-333.

4. Booyse, F. M., B.J. Sedlak, and M. E. Rafelson. 1975. Culture of arterial
endothelial cells: characterization and growth of bovine aortic cells.
Thromb. Diath. Haemorrh. 35:825-839.

S. Bradford, M. 1976. A rapid and sensitive method for the quantitation of
microgram quantitics of protein utilizing the principle of protein-dye
binding. Anal. Biochem. 72:248-254.

6. Chappell, T. G., W. ]. Welch, D. M. Schlossman, K. B. Palter, M. J.
Schlesinger, and J. E. Rothman. 1986. Uncoating ATPase is a member
of 70 kilodalton family of stress proteins. Cell. 4:3-13.

7. Craig, E. A. 1985, The heat shock response. CRC Crit. Rev. Biochem. 18:
239-280.

8. Dixit, V. M., G. A. Grant, S. A. Santoro, and W. A. Frazier. 1983. Isola-
tion of a heparin-binding domain from proteolytic digests of platelet
thrombospondin. Fed. Proc. 42:1993-1995.

Ketis et al. Heat-shock Protein Synthesis in Endothelium

20.

2L
22.

23.
24.
25.

26.

27.

28.
29.

30.

31.

32.

33.

34,

35.

36.

37.
38.
39.

. Falkner, F. G., H. Saumweber, and H. Biesswann. 1981. Two Drosophila

melanogaster proteins related to intermediate filament proteins of ver-
tebrate cells. J. Cell Biol. 91:175-183.

. George, J. N., R. M. Lyons, and R. K. Morgan. 1980. Membrane changes

associated with platelet activation. Exposure of actin on the platelet sur-
face after thrombin-induced secretion. J. Clin. Invest. 66:1-9.

. Glass, J. R., R. G. De Witt, and A. E. Cress. 1985. Rapid loss of stress

fibers in Chinese hamster ovary cells after hyperthermia. Cancer Res. 45:
258-262.

. Heacock, C. S., and R. M. Sutherland. 1986. Induction characteristics of

oxygen-regulated proteins. /. J. Radiat. Onc. Biol. Phys. 12:1287-1290.

. Hickey, E., S. E. Brandon, 8. Sadis, G. Small, and L. A. Weber. 1986.

Molecular cloning of sequences encoding the human heat shock proteins
and their expression during hyperthermia. Gene. 43:147-154.

. Hightower, L. E. 1980. Cultured animal cells exposed to amino acid ana-

logue or puromycin rapidly synthesize several polypeptides. J. Cell Phys-
iol. 102:407-427.

. Huynh, T. V., R. A. Young, and R. W. Davis. 1985. In DNA Cloning:

A Practical Approach. D. M. Grover, editor. IRL Press, Oxford. 49-78.

. Jaffe, E. A., J. T. Ruggiero, L. L. K. Leung, M. ]. Doyle, P. J. McKeown-

Lango, and D. F. Mosher. 1983, Cultured human fibroblasts synthesize
and secrete thrombospondin and incorporate it into extracellular matrix.
Proc. Natl. Acad. Sci. USA. 90:998-1002.

. Johnson, D., H. Opperman, J. Jackson, and W. Levinson. 1980. Induction

of four proteins in chick embryo celils by sodium arsenite. J. Biol. Chem.
225:6975-6980.

. Kelley, P. M., and M. J. Schlesinger. 1978. The effect of amino acid ana-

logues and heat shock on gene expression on chicken embryo fibroblasts.
Cell. 15:1277-1286.

. Ketis, N. V., R. L. Hoover, and M. J. Karnovsky. 1985. Varying patterns

of protein synthesis in endothelial cells from different origins exposed to
hyperthemia. /n Heat Shock Induction of Proteins, Abstract 42, page 42.

Ketis, N. V., R. L. Hoover, and M. J. Karnovsky. 1987. Effects of hyper-
thermia on cell survival and patterns of protein synthesis in endothelial
cells from different origins. Cancer Res. (submitted).

Deleted in proof.

Kruger, C., and B.-J. Beneche. 1981. Jn vitro translation of Drosophila heat
shock and non-heat-shock mRNAs in heterologous and homologous cell-
free systems. Celfl. 23:595-603.

Kubowitz, F., and P. Ott. 1943, Isolierung und Kaptallisation eines
Gareingsfumentes aus Tumoren. Biochem. Z. 314:94-100.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature (Lond.). 277:680-685.

Lahav, J. M., A. Schwartz, and R. O. Hynes. 1982. Analysis of platelet
adhesion with a radioactive chemical crosslinking reagent: interaction of
thrombospondin with fibronectin and collagen. Cell. 31:253-262.

Lawler,J. W., and H. S. Slayter. 1981. The release of heparin-binding pep-
tides from platelet thrombospondin by proteolytic action of thrombin,
plasmin, and trypsin. Thromb. Res. 22:267-279.

Lawler, J. W., H. S. Slayter, and J. E. Coligan. 1978. Isolation and charac-
terization of a high molecular weight glycoprotein from human blood
platelets. J. Biol. Chem. 253:8609-8616.

Leung, L. L. K., and R. L. Nachman. 1982. Complex formation of platelet
thrombospondin with fibrinogen. J. Clin. Invest. 70:542-549.

Levinson, W., H. Opperman, and J. Jackson. 1980. Transition series met-
als and sulfhydryl reagents induce the synthesis of four proteins in eu-
karyotic cells. Biochim. Biophys. Acta. 606:170-180.

Li, G. C., and G. M. Hakn. 1978, Ethanol-induced tolerance to heat and
to adriamycin. Nature (Lond.). 274:699-701.

Majack, R. A., S. C. Cook, and P. Bornstein. 1985. Platelet-derived
growth factor and heparin-like glycosaminoglycans regulate throm-
bospondin synthesis and deposition in the matrix by smooth muscle cells.
J. Cell Biol. 101:1059-1070.

McKeown-Lango, P.J., R. Hanning, and D. F. Mosher. 1984. Binding and
degradation of platelet thrombospondin by cultured fibroblasts. J. Cell
Biol. 98:22-28.

Morange, M., A. Diu, O. Bensaude, and C. Babinet. 1984. Altered expres-
sion of heat shock proteins in embryonal carcinoma and mouse early em-
bryonic cells. Mol. Cell. Biol. 4:730-735.

Morimoto, R., and E. Fodor. 1984. Cell-specific expression of heat shock
proteins in chicken reticulocytes and lymphocytes. J. Cell Biol. 99:1316~
1323.

Mumby, S. M., D. Abbott-Brown, G. T. Rougi, and P. Bornstein. 1984.
Reguiation of thrombospondin secretion by cells in culture. J. Cell. Phys-
iol. 120:280-288.

Mumby, S. M., G. L. Raugi, and P. Bornstein. 1984. Interaction of throm-
bospondin with extracellular matrix proteins: selective binding to type V
collagen. J. Cell Biol. 98:646-652.

Nevins, J. 1981. Induction of the synthesis of a 70,000-dalton mammalian
heat-shock protein by the adenovirus E1A product. Cell. 29:913-919.
O'Farrell, P. H. 1975. High-resolution two-dimensional electrophoresis of

proteins. J. Biol. Chem. 250:4007-4021.

OKimoto, R., M. M. Sacks, E. K. Porter, and M. Freeling. 1980. Patterns
of polypeptide synthesis in various maize organs under anaerobiosis.
Planta (Berl.}. 150:89-94,

903



40.

41.

42.

43.

45.

46.

Phillips, D. R., L. K. Jennings, and H. R. Prasanna. 1980. Ca**-mediated
association of glycoprotein G (thrombospondin-sensitive protein, throm-
bospondin) with human platelets. J. Biol. Chem. 255:11629-11632.

Raugi, G. J., J. M. Mumby, D. Abbot-Brown, and P. Bornstein. 1982.
Thrombospondin: synthesis and secretion by cells in culture. J. Cell Biol.
95:351-354.

Schlesinger, M. J., M. Ashburner, and A. Tissieres. 1982. Heat Shock
from Bacteria to Man. Cold Spring Harbor Laboratory, Cold Spring Har-
bor, New York.

Scott, M. P., and M. L. Pardue. 1981. Translational control of lysates of
Drosophila melanogaster cells. Proc. Natl. Acad. Sci. USA. 78:3353-
3357.

. Spatz, M., I. Bembry, R. F. Dodson, H. Hervonen, and M. R. Murray.

1980. Endothelial cell cultures derived from isolated cerebral microves-
sels. Brain Res. 191:577-582.

Thornton, S. C., S. N. Mueller, and E. M. Levine. 1983. Human en-
dothelial cells: use of heparin in cloning and long-term serial isolation.
Science (Wash. DC). 222:623-625.

Ungewickel, E. 1985. The 70 Kd mammalian heat shock proteins are struc-

The Journal of Cell Biology, Volume 106, 1988

turally and functionally related to the uncoating protein that releases
clathrin triskelions from coated vesicles. EMBO (Eur. Mol. Biol. Organ.)
J. 4:3385-3391.

47. Wagner, R. C., and M. A. Matthews. 1975. The isolation and culture of
capillary endothelium from epididymal fat. Microvascular Res. 10:286-
297.

48. Welch, W. J., and J. R. Feramisco. 1984. Nuclear and nucleolar localiza-
tion of the 72,000-dalton heat shock protein in heat-shocked mammalian
cells. J. Biol. Chem. 259:4501-4513.

49. Welch, W. J., and J. P. Suhan. 1985. Morphological study of the mam-
malian stress response: characterization of changes in cytoplasmic or-
ganelles, cytoskeleton, and nucleoli, and appearance of intracellular actin
filaments in rat fibroblasts after heat-shock treatment. J. Cell Biol. 101:
1198-1211.

50. Wroblewki, F., and J. S. La Due. 1955. Lactic dehydrogenase activity in
blood. Proc. Soc. Exp. Biol. Med. 90:210-214.

51. Zimmerman, L., W, Petri, and M. Meselson. 1983. Accumulation of a
specific sub-set of D. melanogaster heat-shock mRNA’s in normal devel-
opment without heat shock. Cell. 32:1161-1170.



