
Vascular Heat Shock Protein Expression in Response to Stress
Endocrine and Autonomic Regulation of this Age-dependent Response

Robert Udelsman, * Michael J. Blake, Carole A. Stagg, * Ding-gang Li, * D. James Putney, and Nikki J. Holbrook
*Division of Endocrine Surgery, The Johns Hopkins Hospital, Baltimore, Maryland 2128 7; and Laboratory of Molecular Genetics,
Gerontology Research Center, National Institute on Aging, Baltimore, Maryland 21224

Abstract

Adaptation to stress requires coordinated interactions between
the vascular and endocrine systems. Previously we demon-
strated that restraint stress induces the expression of the major
heat shock protein, HSP7O, in the adrenal cortex of the rat.
Here we demonstrate that restraint also induces expression of
HSP70 in the vasculafure. Wefurther demonstrate that the
adrenal and vascular responses are differentially regulated: the
adrenal response is adrenocorticotropin dependent, whereas
the vascular response is under adrenergic control. In addition,
the adrenal response is restricted to members of the HSP70
gene family, whereas in vascular tissue the low molecular
weight HSP, HSP27, is also induced by restraint. Further char-
acterization of the vascular response revealed that HSP70 in-
duction occurred in both the thoracic and abdominal aortas as
well as in the vena cava. However, no HSP70 induction was
apparent in the heart or in a wide variety of other tissues exam-
ined. In situ hybridization showed that the vascular expression
was localized to the aortic smooth muscle cells with minimal
expression in the endothelium. Induction of HSP70 mRNAin
both the adrenal cortex and aorta was followed by an elevation
in HSP70 protein. Maximum HSP70 protein levels were seen
within 3-12 h after restraint, but declined thereafter. Stress
induced HSP70expression was dramatically reduced with age,
which may explain, in part, the diminished tolerance to stress
seen in elderly individuals. (J. Clin. Invest. 1993.91:465473.)
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Introduction

The mammalian stress response evokes a series of neuroendo-
crine responses that result in activation of the hypothalamic-pi-
tuitary-adrenal (HPA) l axis and the sympathetic nervous sys-
tem ( 1, 2). Interactions between these stress response systems
occur at multiple levels including the brain, pituitary gland,
adrenal gland, and peripheral blood vessel (3). These interac-
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tions result in improved cardiovascular dynamics that enhance
homeostasis (4).

At the cellular level, stress results in the synthesis of a family
of proteins termed heat shock proteins (HSPs) (5, 6). Though
originally named on the basis of their induction after heat
stress, HSPs are representative of a more generalized response
to environmental and/or metabolic stressors. The ubiquitous
nature of the heat shock response as well as its phylogenetic
conservation suggests that the HSPs are essential for survival
during or after stress (7). Many HSPsare also expressed consti-
tutively in the absence of stress and thus appear to play a vital
role in normal cellular processes. Although the specific func-
tions of all of the HSPs remain to be elucidated, there is evi-
dence that several HSPsinteract with other cellular proteins to
assist in protein assembly, disassembly, stabilization, or trans-
port (8, 9). Interestingly, both HSP70and HSP90 function as
molecular chaperones assisting with the translocation of the
glucocorticoid receptor from the cytosol to the nucleus (10).

Most of our knowledge concerning the homeostatic role of
HSPs has come from studies on cultured cells (1 1-13). Much
less is known about their expression in vivo, although it is clear
that HSPsare induced in the intact animal in response to local-
ized injury (spinal cord trauma, head injury, or reperfusion
injury) and systematically after heat stress (14-16). Elevated
levels of HSPs also occur in certain chronic disease states in
humans ( 17-19). Previously, we reported that restraint, a mild
physiologically relevant stress, induces HSP70mRNAexpres-
sion in the adrenal cortex of the rat (20). The response was
shown to be dependent on an intact HPAaxis and to be me-
diated by adrenocorticotropic hormone (ACTH). We have
also demonstrated that HSP70 mRNAinduction occurs after
moderate surgical stress in both the adrenal cortex and the
vasculature, but not in any other of a dozen tissues examined
(21 ). This vascular response, which may have broad ramifica-
tions, has not been well characterized.

Accordingly, we examined whether HSPexpression is also
induced in the vasculature in response to restraint stress. We
demonstrate that restraint results in marked induction of both
HSP70 and HSP27 mRNAin the vasculature of the rat. This
rodent restraint model was used to further characterize this
vascular stress response in conscious animals. Wesought to
determine (a) the endocrine regulation of this response, (b) the
relationship between mRNAinduction and HSP70protein ex-
pression, (c) the anatomic localization of HSP70 expression
within the vasculature, and (d) the effects of aging upon this
response.

Methods

Animals. Adult male Wistar rats ranging in age from 6 to 7 mowere
obtained from the Gerontology Research Center Animal Colony. This
colony is fully accredited by the American Association for Accredita-
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tion of Laboratory Animal Care and is monitored for viral, bacterial,
and parasitic infection. 6-mo (young adult) and 24-mo (old) male
Fischer 344 rats were obtained from the animal colony maintained by
Charles River Breeding Laboratory (Wilmington, MA) for the Na-
tional Institute on Aging. All animals were acclimated in individual
cages at the Gerontology Research Center for at least 1 wk before exper-
imentation and were maintained on a light/dark ( 12 h/ 12 h) cycle at
240C and given food and water ad libitum except during experiments.
All procedures were performed according to protocols approved by the
responsible institutional committees in accordance with guidelines es-
tablished by the National Institutes of Health.

Restraint model. Conscious rats were restrained by placement in
clear ventilated plexiglass chambers for a 60-min interval under nor-
mothermic conditions between 0800 and 0900 h (20). After this stress
or immediately upon removal from their holding facility (control
group) the animals were killed by decapitation. Trunk blood was col-
lected for subsequent radioimmunoassays and the aortas, vena cavas,
and adrenal glands were harvested. In limited experiments addressing
the specificity of the response, a variety of additional tissues were also
removed.

RNA extraction and Northern analysis. Freshly harvested tissues
were homogenized and the RNAwas extracted with RNAzol B (Cinna-
biotex, Friendswood, TX). Total RNA(10 ytg per lane) was fraction-
ated by electrophoresis on formaldehyde-agarose gels and transferred
to nylon membranes (Gene Screen Plus, DuPont, Boston, MA). Hy-
bridizations were performed using a 32P-labeled cDNAHSP70probe as
previously described (22). Accuracy of loading and transfer was con-
firmed by hybridization with an 18s specific oligonucleotide probe.
HSP27 and HSP893 (HSP90) cDNAs were obtained from StressGen
Biotechnologies Corp. (Sidney, BC, Canada) and were labeled with the
random primer oligonucleotide technique using a_ [ 32p] dCTPaccord-
ing to the manufacturers recommendations. Autoradiographs of the
blots were obtained in the linear range of detection and were quantified
for the levels of specific expression by scanning laser densitometry (Ul-
trascan XL, LKB Produkter, Bromma, Sweden) of autoradiographs.

Western analysis. Freshly harvested tissues were frozen in liquid
nitrogen, pulverized, reconstituted in dd H20, and freeze-thawed four
times. Cytosolic proteins were isolated from supernatant fractions after
homogenization and centrifugation (5,000 rpm, 5 min) of tissue sam-
ples. Protein was quantitated and equal amounts from six separate
animals per time point were pooled and added to 2x SDS, boiled (4
min), and fractionated on polyacrylamide gels (23). After electropho-
resis, the proteins were transferred to nitrocellulose and Western immu-
noblotting was performed using a mouse monoclonal antibody (1 Mg!
ml, StressGen Corp., Victoria, Canada) specific for inducible HSP70
(24). Sheep anti-mouse IgG horeradish peroxidase-linked antibody
( 1:3,000) (Amersham Corp., Arlington Heights, IL) was used to form
protein-antibody complexes which were detected with a chemilumines-
cent reaction (ECL Western blot, Amersham Corp.), after exposure to
XAR-2 diagnostic film (Eastman Kodak Co., Rochester, NY).

Hypophysectomy model. Adult male Wistar rats underwent acute
hypophysectomy and were maintained on daily intramuscular ACTH
injections (0.25 ,g/d; 0.25 U/d) for 10 d. On the 1 1th day the animals
received an intramuscular injection of saline, dexamethasone (20 Mg),
or ACTH(0.25 U) and either underwent a 60-min restraint interval or
were left in their holding facility for 60 min of "nonrestraint." The
animals were then killed, the adrenal glands were weighed, and total
RNAwas extracted from the adrenal glands and aortas.

Adrenergic manipulation model. In order to test the effects of
adrenergic receptor blockade upon HSP70 expression, groups (n = 8
per group) of male Wistar rats (6-8 mo) received an acute intraperito-
neal injection of either saline, the a,-adrenergic blocking agent, prazo-
sin (1 mg/kg), or the fl-adrenergic blocking agent, propranolol (20
mg/kg). After drug (or saline) administration the animals remained in
their holding facility for 30 min and were then subjected to restraint
stress for 60 min as described above.

In vivo adrenergic stimulation model. Adult male Wistar rats un-
derwent insertion of polyethylene catheters via the common femoral

vein into the inferior vena cava under thiopental (40 mg/kg i.m.) anes-
thesia. The catheters were tunneled through the subcutaneous tissue, to
exit from the back where they were connected to a swivel device (Ro-
dent Multi-fluid Channel Swivel, Stoelting Co., WoodDall, IL). This
model allows for complete animal mobility so that subsequent experi-
ments could be performed in conscious, nonrestrained animals. 1 wk
after catheter insertion the specific a1-adrenergic agonist, phenyleph-
rine (0.14 mg/kg), was administered via the catheter into the vena
cava. 1 h after phenylephrine (or saline) administration the animals
were killed, the aortas were harvested, and the aortic total RNAwas
probed for HSP70 mRNA. The dose of the phenylephrine was calcu-
lated on a milligram per kilogram basis to be equivalent to the dose
administered to a human patient experiencing hypotension secondary
to alpha receptor blockade (25). Six animals were used per group.

To determine if this dose of phenylephrine had significant hemody-
namic effects, another group of rats (n = 6 per group) underwent light
anesthesia with thiopental (40 mg/kg i.m.) followed by insertion of
polyethylene catheters via the common femoral artery and vein into
the abdominal aorta and inferior vena cav#, respectively. The aortic
catheter was connected to a pressure transducer (COBE, Lakewood,
CO) and a blood pressure analyzer (Micro-MED, Inc., Louisville,
KY). A bolus injection of phenylephrine or saline was then adminis-
tered via the vena cava catheter and hemodynamic measurements were
made every 10 s for the first 5 min and every min thereafter for 60 min.

In situ hybridization. Freshly harvested aortas from restraint and
control animals were frozen, sectioned ( 14 Mm), and placed side by side
on individual slides so that hybridizations could be performed under a
single coverslip. Hybridizations were performed with an 35S-labeled
synthetic oligonucleotide (5 'CGATCTCCTTCATCTTGGTCAG-
CACCATGG-3') that selectively recognizes induced HSP70 tran-
scripts in the rat ( 14). This oligonucleotide is complementary (anti-
sense) to the transcribed mRNAsequence of the human HSP70 gene
encompassing amino acids 21-30 (26). Hybridizations were per-
formed as previously described (27). After hybridization (24 h) the
slides were immersed in photographic emulsion (Kodak NTB2), dried,
and stored for 2 wk before development and washing. Specificity of
hybridization was tested by each of the following: (a) treatment with
100-fold excess cold oligonucleotide, (b) pretreatment of slides with
RNase prior to hybridization, and (c) hybridization with a labeled oli-
gonucleotide complementary (sense strand) to the sequence given
above.

Hormone assays. Trunk blood was collected in prechilled EDTA
tubes. Samples were centrifuged within 20 min to recover plasma
which was stored at -80°C. ACTHand corticosterone were extracted
from the plasma (Sep-Pak C18 cartridge, Waters Associates, Milford,
MA) and measured by radioimmunoassay as previously described
(28). All samples were analyzed in duplicate in a single assay to elimi-
nate interassay variation. The intra-assay coefficients of variation and
assay sensitivities were 6.5% and 25 pg/ml for ACTHand 10.6% and
0.3 Mgg/dl for corticosterone.

Statistical analysis. Five to eight animals were examined for each
experimental condition. Results are expressed as the mean ± SEM.
Analysis of variance (ANOVA) was performed when more than two
groups were compared, and when significant (P < 0.05), a Newman-
Keuls multiple comparison test was applied to test for differences be-
tween individual groups (29). Whentwo groups were compared a two-
tailed Student's t test was applied.

Results

Induction of HSPexpression in adrenals and aortas of
restrained rats.
Northern analysis was used to examine the relative level of
expression of different HSP70 mRNAtranscripts in the adre-
nals and aortas of control (C; unrestrained) rats, and rats ex-
posed to 60 min of restraint (R). In the absence of stress, only a
single 2.3-kb transcript, corresponding to the constitutively ex-
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pressed HSP70 gene (HSC70) (26), was observed in either
tissue (Fig. 1 ). Basal levels of this transcript were higher in the
adrenal gland than in the aorta of unstressed rats, but in both
tissues the magnitude of expression increased after restraint. In
addition, restraint resulted in the appearance of two additional
higher molecular weight transcripts which correspond to stress-
inducible members of the HSP70 gene family in the rat (26).
The magnitude of the aortic HSP70 induction exceeded that of
the adrenal (Fig. 1, left). The level of HSP70 induction was
quantified by laser densitometry of Northern blots obtained
from six control and six restraint-stressed animals. Accuracy of
loading and transfer was confirmed by hybridization with an
1 8s specific oligonucleotide probe. The results are expressed as
the mean ± SEMlevel of HSP70 induction and a two-tailed
student's t test was used to compare restraint and control
groups (Fig. 1, right).

The vascular response was not limited to the arterial circu-
lation as HSP70expression was also induced in the vena cavas
of restrained animals (Fig. 2). However, no induction of
HSP70 expression occurred in the hearts of the stressed ani-
mals (not shown). Other tissues that failed to demonstrate a
stress-induced increase in HSP70 mRNAexpression included
the brain, pituitary, thyroid, lung, liver, kidney, small bowel,
gracilis muscle, spleen, and thymus. Multiple RNAblots were
stripped and reprobed with cDNAs corresponding to HSP89I3
(HSP90) and HSP27genes to determine if their expression was
similarly increased after restraint. Consistent with our previous
observations (20), no significant increase in the expression of
either of these HSPs was apparent in the adrenal glands of the
stressed animals. In addition, no induction of HSP89fl

(HSP90) was apparent in the aortas of these animals. However,
expression of HSP27 was markedly increased in the vessels of
the restrained animals (Fig. 3).

To determine if induction of HSP70 mRNAresulted in
increased expression of HSP70 protein, Western analysis was
performed using an antibody that selectively recognizes stress-
inducible (but not HSC70) members of the HSP70gene family
in the rat. Samples of adrenal, aortic, and heart tissue were
pooled from six separate animals at various times following
restraint (Fig. 4). HSP70 protein was present in both adrenal
and aortic tissues even in the absence of stress (C). However,
the level of HSP70protein increased after stress, with maximal
levels apparent in both tissues 3-12 h after removal of the ani-
mal from the stress. In keeping with the lack of HSP70mRNA
induction by restraint in the heart, myocardial tissue showed
no significant change in HSP70 protein levels following re-
straint stress. Heat stress (HS), however, was capable in induc-
ing HSP70 expression in this tissue.

Effect of HPA axis manipulation on restraint-induced
HSP70 expression
Hypophysectomy model. Adrenal HSP70 expression is depen-
dent on ACTH(20). To determine if the vascular response
showed a similar hormone dependence, acutely hypophysecto-
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Figure 2. Northern blot analysis of HSP70 expression in total RNA and control male Wistar rats. The results are expressed as the
(10 ,g per lane) of adrenal glands (Ad), aortas (A,), and vena cavas mean±SEMrelative optical density for six animals per group. A two-
(Va) harvested from individual male Wistar rats after either 60 min tailed t test was used to compare the control vs. restraint-induced
of restraint or immediately upon removal from their holding facility. expression. *P < 0.05.
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Figure 4. Western analysis of HSP70 protein expression in aortas
(vessels), adrenals and hearts (left ventricle) harvested at various time
points following restraint stress. Control animals Cwere sacrificed
immediately upon removal from their holding facility in the absence
of restraint stress. The additional rats underwent a 60-min restraint
stress and were then sacrificed at intervals ranging from 0 to 48 h. An
isolated heart from a rat that underwent heat shock (HS) exposure
at 40°C for 30 min is shown as a positive control.

mized adult male rats were maintained on daily ACTHinjec-
tions to prevent adrenal atrophy. After 10 d of treatment the
animals received an acute injection of either ACTH, the syn-
thetic glucocorticoid dexamethasone, or saline. After injection,
the rats were left in their holding cages (nonrestraint) or sub-

jected to restraint stress for 1 h.
Daily ACTHinjections maintained normal adrenal weights

in all animals. Adrenals from animals that received either sa-
line or dexamethasone injections on the day of the experiment
showed no significant induction of HSP70mRNAunder either
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Figure 5. Influence of HPAaxis on the adrenal and vascular stress
response. Male Wistar rats were maintained on daily intramuscular
ACTHinjections (0.25 U/d) for 10 d after hypophysectomy. On the
1 Ith day the animals received an injection of saline, dexamethasone
(20 ,ug), or ACTH(0.25 U) followed by either 60 min of restraint
stress or their return to their holding facility for 60 min (nonre-
straint). Results are presented as the mean±SEMrelative optical
density of the induced HSP70 transcripts from five to eight animals
per group. Analysis of variance was performed and when significant
(P < 0.05), a Newman-Keuls multiple comparison test was applied
to compare individual groups. *P < 0.05.

nonrestraint or restraint conditions (Fig. 5). This is consistent
with our previous finding that hypophysectomy eliminates re-
straint-induced adrenal HSP70 expression (20). Animals that
received acute ACTHtreatment, however, showed elevated lev-
els of HSP70 mRNAin the adrenals under both nonrestraint
and restraint conditions. Dexamethasone, like saline, did not
influence HSP70 expression in the adrenal. Therefore, in the
adrenal gland, ACTH, but not glucocorticoid, was capable of
inducing HSP70 mRNAexpression.

Elevated HSP70 mRNAlevels were seen in the aortas of
hypophysectomized animals after restraint regardless of the
presence or absence of either dexamethasone or ACTH. Like-
wise, in the absence of restraint these hormone treatments had
little effect on HSP70 expression in the vasculature. Thus, in
contrast to the adrenal response, which shows an absolute re-
quirement for ACTH, vascular HSP70expression is not depen-
dent upon the HPAaxis. It is worth noting that there is a sug-
gestion that ACTHmay have potentiated restraint-induced
aortic HSP70 expression, while dexamethasone appears to
have reduced the magnitude of this response. These changes,
however, failed to achieve statistical significance when com-
pared to saline treated control animals.

Adrenergic manipulation model. To investigate the possible
contribution of the sympathetic nervous system to restraint-in-
duced HSP70mRNAexpression in the vasculature, intact rats
were given an acute injection of either saline, the a,-adrenergic
blocking agent, prazosin ( 1 mg/kg), or the f3-adrenergic block-
ing agent, propranolol (20 mg/kg), before 60 min of restraint.
Animals that received a saline injection (SALINE) followed by
60 min of restraint showed a marked induction of HSP70
mRNAin the aorta relative to untreated rats sacrificed immedi-
ately upon removal from the housing facility (nonrestraint)
(Fig. 6, top). Administration of either the a,- or f3-adrenergic
blocking agent dramatically attenuated the aortic response
(prazosin, 17-fold reduction; propranolol, 2.7-fold reduction
compared to the restraint-stressed saline-treated control
group). These adrenergic blocking agents did not affect the
adrenal HSP70 mRNAresponse (Fig. 6, top). Adrenergic re-
ceptor blockade also reduced the level of HSP27mRNAinduc-
tion in the aorta in a parallel fashion (Fig. 6, bottom). Thus, the
vascular response, but not the adrenal response, is subject to
adrenergic regulation.

In vivo adrenergic stimulation
In order to directly test the effects of a,-stimulation in vivo we
developed a chronic intravenous catheterization model. Cen-
tral venous administration of the a1-agonist phenylephrine re-
sulted in marked induction of aortic HSP70 mRNA(Fig. 7,
left). Analysis of this effect in six control and six phenyleph-
rine-treated animals is shown in Fig. 7 (right). This a1-adrener-
gic agonist also caused a significant rise in the mean systemic
blood pressure (baseline, 123±6 mmHg; peak, 168±10 mm
Hg), systolic blood pressure (baseline, 146±8 mmHg; peak,
205±13 mmHg), and diastolic blood pressure (baseline,
109±5 mmHg; peak, 147±8 mmHg) with a concomitant fall
in heart rate (baseline, 353+28 bpm; nadir, 263±27 bpm) one
min after administration. These hemodynamic parameters re-
turned to baseline by 5 min after phenylephrine administra-
tion.

In situ hybridization
To identify which cells within the aorta were responsible for the
elevated HSP70 mRNAlevels seen in whole tissue in situ hy-
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Figure 6. Effects of an acute intraperitoneal injection of saline, pra-
zosin (1 mg/kg), or propranolol (20 mg/kg) upon adrenal and aortic
mRNAexpression in male Wistar rats. The agents were administered
30 min before a 60-min restraint stress interval as described. Nonre-
straint animals underwent sacrifice immediately upon removal from
their holding facility. Results are expressed as the mean±SEMrelative
optical density. (Top) HSP70mRNAexpression in adrenal and aortic
tissues (n = 8 per group). (Bottom) HSP27 mRNAexpression in
aortic tissue (n = 3 per group).

bridization was performed. Tissue sections from aortas of con-
trol and restrained rats were hybridized with a 30-bp oligonucle-
otide that recognizes only stress-inducible HSP70 transcripts
(14). In keeping with the Northern analysis, strong hybridiza-
tion was seen in the aortas of restrained but not control rats
(Fig. 8). Expression was localized predominantely to the
smooth muscle layers in the media with minimal expression in
the endothelial cell layer (intima). The specificity of this in situ
hybridization was demonstrated in three ways: (a) competitive
hybridization with 100-fold excess cold oligonucleotide, (b)
pretreatment of sections with RNase before hybridization, and
(c) hybridization of slides with a labeled sense oligonucleotide.

In each of these control conditions binding of the oligonucleo-
tide to HSP70 mRNAwas eliminated.

Aged animal model
Aged animals and man show diminished tolerance to stress
(30-32). Wehave previously demonstrated that the adrenal
HSP70 mRNAresponse to restraint is attenuated with age
(20). Fig. 9 (top) shows the results of an experiment comparing
HSP70 expression in the adrenals and aortas of individual
young adult (6 mo) and aged Fischer (24 mo) rats subjected to
restraint. A marked attenuation of stress-induced HSP70 ex-
pression was seen in both tissues of aged rats compared to those
seen in young adult animals. Quantitative analysis of HSP70
induction in young-adult (6 mo) and aged (24 mo) Fisher rats
is shown in Fig. 9, bottom (n = 7-8 rats per group). The vascu-
lar attenuation was dramatic, with at least a 20-fold diminution
in aged animals. Induction of aortic HSP27 mRNAwas also
reduced in aged restraint stressed animals (young-adult control
HSP27 relative optical density 191±27 vs. aged restraint
stressed relative optical density 40±24).

Blood samples obtained at the time of sacrifice from the
eight control and eight restrained animals from each age group
were analyzed to determine ACTHand corticosterone (the
major glucocorticoid in the rat) levels. Although both groups
demonstrated typical stress hormone responses, no significant
differences were seen between the young and aged animals
under either basal or stress conditions (Table I).

Discussion

Wereported previously that restraint results in an acute induc-
tion of HSP70mRNAin the adrenal cortex of rats and that this
response was dependent on ACTH(20). Here we demonstrate
that this mild physiologically relevant stress also induces the
rapid expression of HSP70 mRNAin aorta and vena cava of
these rodents. In both the adrenal and vascular tissues, mRNA
induction is followed by an increase in HSP70 protein expres-
sion. There are several important differences between adrenal
and vascular HSP70 induction. First, the responses are differ-
entially regulated. Vasculature HSP70expression is not depen-
dent on the HPAaxis; rather it is subject to adrenergic control
and is induced after a1-adrenergic stimulation. Adrenal expres-
sion, on the other hand, is mediated via ACTHand is not
dependent on adrenergic stimulation. Second, the response in
the adrenal gland appears to be restricted to members of the
HSP70gene family, whereas in the vasculature, HSP27expres-
sion is also highly induced in response to restraint. This finding
is of particular interest as HSP27 has recently been implicated
in mediating sustained gastrointestinal smooth muscle contrac-
tion in response to the neuropeptide bombesin (33). It is there-
fore possible that HSPs serves a similar contractile function in
the smooth muscle of the aorta.

Ut-
U 75

OPTICAL 50S P S P DENSITY

25

S, saline; P, phenylephrine
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L= Saline
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Figure 7. Effects of central venous administration of phenyleph-
rine (0.14 mg/kg) or saline in conscious, nonrestrained male
Wistar rats. (Left) Northern blot analysis of HSP70 expression
in total RNA(10 ,ug per lane) of aortas harvested from individ-
ual rats 60 min after central venous administration of either the
al-adrenergic agonist phenylephrine or saline. (Right) Summary
of aortic HSP70 mRNAexpression in six individual animals
per group. The results are expressed as the mean±SEMrelative
optical density for the induced HSP70 transcripts. *P < 0.05 by
a two-tailed student's t test.
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The beneficial effects of HSPs have been implied by their
association with a state of thermotolerance in cultured mam-
malian cells. For example, a number of thermoresistant vari-
ants have been shown to express elevated levels of one or more

HSPs (34-36). In addition, over expression of recombinant
HSP70and HSP27has been shown to confer heat resistance to
cells (37-39). Conversely, competitive inhibition of HSP70
gene expression as well as microinjection of anti-HSP70 anti-
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bodies into cells results in greater thermosensitivity (40, 41).
Such studies support the notion that stress-induced HSPex-
pression is part of a protective or adaptive response and not
merely an epiphenomenon (42, 43). In a single study in vivo,
expression of HSP70 protein in rabbit retina after a mild heat
stress was correlated with protection of this tissue from subse-
quent light damage (44). It is important to emphasize that
most conditions or treatments known to elicit HSPexpression
are characterized by serious injury to cells or tissues. This is
particularly true in vivo where induction of HSPs has been
shown to occur in response to conditions such as ischemia/re-

Table I. ACTHand Corticosterone Levels
in Eight Young and Eight Old Rats

Nonrestraint Restraint

Young Old Young Old

ACTH(pg/m) 73±29 59±11 397±120 275±77
Corticosterone

(Agldb 5.1±1.4 4.8±.7 76.5±12.5 88.4±16.3

YOUNG OLD

RESTRAINT

Figure 9. Adrenal and aortic HSP70
mRNAexpression in individual young

adult (6 mo) and old (24 mo) male
Fischer rats. (Upper panels) Represen-
tative Northern blot in which individual
lanes were loaded with 10 yg per lane
of total RNA. Blots were hybridized se-

quentially with HSP70and 18s probes.
Animals either underwent immediate
sacrifice (nonrestraint) or a 60-min (re-
straint) stress. (Lower panel) Summary
of adrenal and aortic HSP70 mRNA
expression in groups of young (6 mo)
and old (24 mo) Fischer 344 rats. Re-
sults are presented as the mean±SEM
relative optical density for the induced
HSP70 transcripts from seven or eight
animals per group. Analysis of variance
was performed and when significant (P
< 0.05), a Newman-Keuls multiple
comparison test was applied to compare
individual groups.

perfusion injury ( 15, 45 ), spinal cord trauma ( 16), or localized
injection of neurotoxins (46). Restraint stress is unique in that
it results in significant induction of HSPs selectively in the
adrenal gland and vasculature in the absence of any apparent
damage to these tissues. These findings suggest that HSPs play
a fundamental role in maintaining homeostasis. If so, it is not
surprising that the adrenal and vascular tissues showed signifi-
cant levels of the stress-inducible HSP70 proteins even in the
absence of restraint. In earlier studies Currie and White (47)
also observed high levels of stress-inducible HSP70 proteins in
the adrenal glands of unstressed rats relative to that seen in
other tissues. Of particular interest to our own studies, there is
evidence of increased HSP70 protein expression in atheroscle-
rotic plaques removed from diseased human carotid arteries
and aortas (48). These atherosclerotic vessels have impaired
contractile activity, and therefore, a diminished autoregulatory
response to changes in blood volume (49).

The vascular and adrenal responses to restraint are mark-
edly reduced in aged rodents. The reason for this attenuation is
unclear. It is possible that aged rats are simply less affected by
restraint. Alternatively, because both adrenal and vascular
HSP70 inductions are hormone dependent, changes in HSP
expression could be secondary to alterations in endocrine func-
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tion. Although we can not directly exclude either of these possi-
bilities with respect to the sympathetic response, our results,
showing that ACTHand corticosterone levels in blood are ele-
vated to a similar degree in both young and aged animals after
restraint, make them unlikely explanations for the age-related
decline in adrenal HSP70 expression. A more likely explana-
tion for this age-related decline is that the deficit lies in a com-
monpathway leading to activation of HSPs. Wefavor this pos-
sibility since both the adrenal and vascular responses are de-
pressed with age and two different HSPs (HSP70 and HSP27)
are affected. HSPgene expression is controlled primarily at the
level of transcription ( 13). Enhanced expression occurs as a
result of stress-induced activation of one or more heat shock
transcription factors that bind to a heat shock element in the
promoter regions of HSPgenes (50). Heat shock transcription
factor binding to the heat shock element generally, but not
always, results in an increased rate of HSPtranscription (51 ).
Wehave shown that binding of heat shock transcription factors
to the heat shock element is activated in both the adrenal gland
(20) and aortas (unpublished results) after restraint. Recent
studies have provided evidence that an age-related decline in
heat-induced HSP70 expression in heat-stressed senescent fi-
broblasts is correlated with their failure to achieve significant
activation of heat shock transcription factors (52-54). It is
possible that a dysfunction in the signaling mechanism(s) lead-
ing to heat shock transcription factor activation is intrinsic to
the aging process. Regardless of the mechanism responsible for
the age-related decline in restraint-induced HSP expression,
the impaired ability of the aged animals to mount this response
could contribute to the diminished stress tolerance seen in el-
derly individuals where there is an increased incidence of vascu-
lar disease.
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