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The availability of specific reagents to measure
gene activity bas provided important tools and
potential new directions for the study of smooth
muscle cell (SMC) proliferation in vivo. In this
report, we bhave measured steady-state mRNA
levels of several fos and jun family members in
aortic tissue by Northern blotting after vascular
injury. In addition, protein products of these
genes were analyzed by immunocytochemistry.
Within 15 minutes of balloon injury, mRNA levels
of é-fos, fosB, c-jun, junB, and junD were ele-
vated severalfold. In contrast, fos-related antigen
(fra1) mRNA sbowed a delayed onset of
expression. The expression kinetics of these
immediate early genes was similar to those in
cultured cells stimulated to undergo prolifera-
tion by growtb factors, suggesting that such SMC
gene activation in vivo reflects permeation of
blood-derived growth factors into the vessel wall
or intravascular release of preformed growth
JSactors. Translation of fos and jun genes into
immunoreactive products was demonstrated 2
bours after balloon injury with antisera to Fos
and Jun proteins. Treating rats with cyclobexim-
ide abolisbed this immunoreactivity. The distri-
bution of Fos and Jun products was concentrated
in SMC nuclei at the luminal border of the rat
aorta. Such focal expression may bave conse-
quences for the initiation of SMC DNA syntbesis
and migration after vascular injury. Furtber-
more, the expressioh of Fos and Jun proteins in
SMC after vascular balloon injury may be used as
an index of SMC activation under a variety of

experimental settings. (Am J Pathol 1993,
142:715-724)

Blood vessel balloon de-endothelialization (BDE)
evokes a series of events including permeation of

platelet factors into the vessel wall', initiation of
smooth muscle cell (SMC) DNA synthesis?3 and
SMC migration to and proliferation in the intima of the
injured vessel.* Such changes in the vessel wall are
thought to play an important role in restenosis after
angioplasty and bypass graft surgery.5 Elucidating
early alterations in SMC gene expression may pro-
vide insight into the mechanisms associated with
these events. However, there is a paucity of informa-
tion on the immediate changes in SMC gene expres-
sion that ensue after BDE.”-8

Immediate early gene (IEG) induction is a com-
mon occurrence after growth factor stimulation of
quiescent cells in culture® and has been demon-
strated in several in vivo models of cell
proliferation.”'®'" A large class of IEG encodes
transcription factors such as the Fos and Jun
families.2 These molecules are implicated in growth
control'® and function by forming dimers that bind
the AP-1-responsive element located in the 5’ pro-
moter region of many genes.'* Some AP-1 respon-
sive genes, such as transforming growth factor-g1,'®
may control SMC growth and extracellular matrix
organization after vessel injury.'®-'7 Thus, identifying
and localizing cells expressing Fos and Jun proteins
in vivo may reveal pertinent information about the
changes in SMC phenotype subsequent to IEG
induction.

Although Fos and Jun proteins have been docu-
mented in numerous in vivo systems,'8-2° only one
preliminary report describes such expression in an in
vivomodel of cell proliferation.2" In the present studly,
mRNA expression of several fos and jun family mem-
bers is demonstrated in the rat aorta within minutes
after BDE. Immunoreactive Fos and Jun proteins are
shown to predominate in SMC nuclei closest to the
lumen of the vessel 2 hours after BDE. These data
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provide an early molecular picture of SMC activation
in vivo and suggest that immediate early proteins
such as Fos and Jun participate in the initial signal-
ling leading to SMC growth and migration after vas-
cular injury.

Materials and Methods
Animals

Fifty male Sprague-Dawley rats (350 to 375 g) were
purchased from Charles River Laboratories (Wilm-
ington, MA) and allowed to acclimate 3 days before
experimentation. Food and water were provided ad
libitum. Animals were handled in accordance with
National Institutes of Health and institutional
guidelines.

BDE

Rats underwent BDE of the thoracic aorta as
described.?? For RNA studies, at least three rats
were pooled in two independent experiments. For
immunocytochemistry, three rats underwent BDE
and two rats served as non-BDE controls. In some
experiments, rats received an injection of 7.5 mg/kg
cycloheximide (CHX) immediately after BDE to deter-
mine whether protein synthesis inhibition blocks Fos
and Jun immunoreactivity.

RNA Isolation/Northern Blotting

Total RNA from whole aortic tissue was isolated O,
0.25, 0.5, 2, 6, 12, and 24 hours after BDE. Vessels
were rapidly excised from the animal at the indicated
time, rinsed in chilled PBS, stripped of peri-aortic fat,
and flash-frozen in liquid nitrogen. The interval of
time from aortic excision to liquid nitrogen was less
than 1 minute. Processing of whole aortic tissue RNA
for Northern blotting and densitometric scanning
was exactly as described.”

Immunocytochemistry

Animals underwent BDE (in the absence or presence
of CHX) and were killed 2 hours later under sodium
pentobarbital (50 mg/kg, intraperitoneally) by car-
diac puncture. The aorta was perfused with 50 ml of
PBS (pH 7.4), followed by 60 ml of a 4% paraform-
aldehyde solution (pH 4.0) containing 2% zinc sali-
cylate (City Chemicals, Neéw York, NY) as
described.2®> The aorta was gently excised and
immersion fixed for 1 hour. After immersion fixation,
the aorta was cryoprotected in 30% sucrose/PBS at

4 C for at least 3 days. Cross-sections from the tho-
racic aorta of non-BDE control and 2-hour BDE ani-
mals were embedded in Tissue-Tek |l O.C.T. com-
pound Cat. Number 4583 (Miles Laboratories,
Milwaukee, WI). Sections (20 um) were made with a
cryostat and immediately placed in a 24-well plate
containing 0.5 ml of 0.5 mol/L Tris-HCI (pH 7.6). Sec-
tions were equilibrated with buffer by washing for 10
minutes in three successive changes of Tris-HCI
buffer. To reduce nonspecific binding of antibodies,
sections were exposed to normal goat serum con-
taining 0.5% Triton X-100 for 1 hour before incubat-
ing with primary antisera. Quenching endogenous
peroxidase was not done because this procedure
reduces the specificity of the Fos and Jun antisera
(Linda Robertson, personal communication).

All antisera were diluted to 1:2000 in 0.5 mol/L
Tris-HCI (pH 7.6) containing 1% normal goat serum
and 0.1% Triton X-100. Incubations with primary anti-
sera or control IgG were carried out in humidified
24-well plates at 4 C for 7 days with gentle agitation.
Floating sections were washed three times in Tris-
HCI buffer and then processed for immunoperoxi-
dase detection using the avidin-biotin complex
method (Vector Laboratories, Burlingame, CA)
according to the manufacturer’s instructions. Stained
sections were mounted in 10% glycerol/PBS and
coverslipped for microscopy. Some sections were
lightly counterstained with hematoxylin to confirm
nuclear staining. Brain sections from rats treated with
metrazole'® were kindly provided by Dr. Tom Curran
(Roche Institute of Molecular Biology, Nutley, NJ) and
served as positive control tissue for Fos and Jun
protein staining. Normal rat brains served as nega-
tive controls. Aortic sections were viewed with a
Nikon microscope using a Zeiss (Tarrytown, NY)
630X lens. Color micrographs were taken with
Kodak 200 Gold film and black and white micro-
graphs were obtained using Kodak T-MAX 100 film
(Rochester, NY).

Antisera and cDNA Probes

Rabbit antisera to murine Fos and FosB, a 1.8-kb
fragment of a murine c-fos/v-fos fusion gene in
pSP64 and a 1.5-kb insert of the rat fra-1 in pSP64
were generously given by Dr. Tom Curran. Rabbit
antisera to murine Jun and purified inserts to murine
fosB, junB, and junD were kindly provided by Dr.
Rodrigo Bravo (Bristol-Meyers Squibb Pharmaceuti-
cal Research Institute, Princeton, NJ). A 1.9-kb frag-
ment of murine c-jun in pGEM was a generous gift
from Dr. Lynn Ransone (Salk Institute, La Jolla, CA).
A 0.4-kb fragment of v-Ha-ras was kindly supplied by



Dr. Judith Campisi (Lawrence Berkeley Laboratories,
Berkeley, CA). The 18S rRNA probe was a gift from
Dr. Ester Sabban (New York Medical College, Val-
halla, NY). The c-fms, c-myb and B-actin cDNA
probes were purchased from ATTC (Rockville, MD)
and Oncor Inc. (Gaithersburg, MD).

Results

Aortic fos Family Gene Expression After
BDE

Aortic SMC show elevated c-fos mRNA after BDE.”
The latter study employed an enzyme digestion
method to separate media from adventitia.?4 Such a
procedure elicits c-fos expression in non-BDE SMC
because of the physical handling of aortae during
enzyme digestion.” To ascertain the expression pat-
tern of c-fos and other fos members after BDE inde-
pendent of ex vivo manipulations, total RNA from
whole aortic tissue was isolated and sequentially
hybridized to c-fos, fra-1, and fosB. Control non-BDE
whole aortic tissue showed little fos family mRNA
expression (Figure 1). However, levels of c-fos MRNA
increased more than 20-fold 15 minutes after BDE.

015’ 30’ 2h6h 12h 24h C-C+

Figure 1. A representative series of Northern blots
bybridized to the indicated probes. Shown are the
steady-state levels of fos members at various times
after BDE. Total whole aortic tissue RNA (15
pg/lane) was processed for Northern blotting as
described” and subjected to autoradiography. Note
the biphasic increase in cfos that is absent for
other fos members and the delayed onset of fra-1.
Control lanes represent osteosarcoma (U20S) cells
in the absence (C-) or presence (C+) of 10 ug/ml
cyclobeximide. Exposure times are as follows:
cfos, 24 bours; fra-1, 5.5 days; fosB, 38 hours.
Equal RNA loading is demonstrated by hybridiz-
ing the blot to an 18S rRNA probe.
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Such levels were observed 30 minutes after vascular
injury before decreasing sharply by 2 hours. A con-
sistent reactivation of c-fos transcripts was apparent
between 6 and 12 hours post-BDE. By 24 hours,
levels of c-fos mRNA diminished, but remained
slightly elevated over baseline. The onset of fosB
expression was similar to c-fos, but the signal inten-
sity was much less (Figure 1). Levels of fosB were
undetectable by 6 hours, showing no reactivation as
observed with c-fos. In contrast to c-fos and fosB,
the onset of fra-1 mMRNA induction in whole aortic
tissue was delayed (Figure 1). Levels of fra-1 mRNA
increased 2 hours after BDE and then gradually
declined toward controls.

Aortic jun Family Gene Expression after
BDE

Since the proteins encoded by fos family genes form
dimers with proteins encoded by jun mRNA mole-
cules,'?25 steady-state transcripts of c-jun, junB,
and junD were measured in whole aortic tissue fol-
lowing BDE. In contrast to fos members, non-BDE
whole aortic tissue showed slight detection of c-jun
and a prominent signal corresponding to junD (Fig-

c-fos

fra-1

fosB
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ure 2). Like c-fos, levels of c-jun mRNA increased
20-fold between 15 and 30 minutes after BDE. Tran-
scripts of c-jun decreased by 2 hours and remained
at similar levels up to 24 hours (Figure 2). The
expression of junB was weak, but easily demon-
strated between 15 and 30 minutes, after which tran-
scripts diminished to undetectable levels. Although
junD is notably expressed in non-BDE whole aortic
tissue, a fourfold increase in steady-state mMRNA was
observed 30 minutes after vascular injury. This
increase was transient as junD transcripts returned
to basal levels by 6 hours. Increases in fos and jun
family members were not due to a universal increase
in mRNA expression since transcripts of c-fms,
c-myb, c-Ha-ras, and B-actin showed few or no
changes over the time course studied (Figure 3).

Fos and Jun Immunoreactivity in the Rat
Aorta after BDE

To determine whether fos and jun mRNAs are trans-
lated into immunoreactive proteins and to elucidate
the spatial distribution of such products, rat aortic
sections were examined by immunocytochemistry 2
hours after BDE. This time point was studied

Figure 2. mRNA expression of jun family mem-
bers at various times after BDE. Note the obvious
expression of junD in non-BDE (time 0) vessels
and, to a lesser extent, c4un. The control lanes are
as described in the legend to Figure 1. Exposure
times are as follows: c4un, 21 hours; junB, 38
bours; and junD, 38 hours.

O 15 30’ 2h 6h 12h 24h C- C+

because Fos and Jun proteins are readily observed
2 hours after stimulation of cells in culture and in
vivo.'8.26 At |east 10 sections from the thoracic aorta
of three rats were examined independently by three
observers.

Non-BDE vessels showed no detectable Fos
immunoreactivity (Figure 4A). In contrast, Jun prod-
ucts were faintly detected in SMC nuclei throughout
non-BDE vessels (Figure 4B). Such Jun protein
expression is consistent with the prominent junD sig-
nal observed in these vessels. Two hours after BDE,
notable increases in Fos and Jun immunoreactive
products were observed (Figure 4, C and D,
respectively). Interestingly, both Fos and Jun stain-
ing were prevalent in SMC nuclei closest to the
lumen, and Jun staining was consistently greater
than Fos. Although most Fos and Jun staining
appeared concentrated in SMC nuclei close to the
lumen, some positive staining was observed at all
levels of the aorta including cells of the adventitia
(data not shown). The latter result exemplifies the
importance of isolating medial SMC when studying
SMC gene expression in vivo.”-24

Substituting Fos or Jun antibodies with normal
rabbit IgG revealed no immunoperoxidase staining

C-jun

junB

junD

18S
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Figure 3. This figure demonstrates that increases
in IEG expression are not due to a generalized
increase in mRNA expression in whole aortic
tissue. Exposure times are as follows: c-fms, 6 days;
c-myb, 7 days; c-Ha-ras, 2 days; and B-actin, 18
bours.

in 2-hour BDE aortae (Figure 5A). As an additional
control, some sections were incubated with an anti-
body that recognizes the core antigen of hepatitis B.
No staining was observed with the latter antibody
(data not shown).

To ascertain whether CHX could abolish Fos and
Jun immunoreactive staining, rats underwent BDE
and were immediately injected with a low dose of
CHX. Such a dose of CHX results in an 80% inhibition
in SMC protein synthesis.'” The results in Figure 5B
show that Jun immunoreactivity was markedly sup-
pressed 2 hours after combined BDE/CHX treatment.
Similar inhibition was noted for Fos staining (data not
shown). These results provide further evidence for
the specificity of the antisera and demonstrate the
need for new protein synthesis for Fos and Jun
immunoreactive detection after BDE.

Discussion

Immediate early genes, particularly those encoding
transcription factors, are among the first genes
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induced in response to a variety of extracellular
cues.®12:27-29 gych rapid IEG expression implies
that their products subserve important cellular func-
tions early following stimulation. Depending on the
context, these functions may relate to proliferation,
differentiation or some other activity. For example,
IEG induction is observed during kidney and liver
regeneration,’®! cornification of keratinocytes,'®
and brain seizures.'® Understanding the function of
IEG products in these experimental settings is vital
because cell culture studies indicate that immediate
early proteins play a pivotal role in cellular pheno-
typic change.3:30.3

We have combined Northern blotting and immu-
nocytochemistry to demonstrate rapid mRNA
expression of fos and jun family members as well as
Fos and Jun immunoreactive products in the rat
aorta after BDE. Steady-state levels of c-fos, fosB,
c-jun, junB, and junD are elevated severalfold within
15 minutes of BDE. The rapid onset of such mRNA
induction coincides with permeation of platelet fac-
tors into the vessel wall,' suggesting that platelet-
derived factors activate SMC gene expression early
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Figure 4. Representative sections taken from non-BDE aortae (panels A and B) or 2-bour BDE aortae (panels C and D). No immunostaining is
observed in non-BDE aortae incubated with a Fos antibody (panel A), whereas light Jun staining is detected in such vessels (panel B). BDE elicits
strong Jun i rostaining that predominates at the I | surface 2 bours after injury (panel D). A similar pattern is observed when Fos antisera
is incubated with 2-bour BDE sections, albeit the staining is less intense (panel C). The latter may be due to the weakerfos mRNA expression observed
before 2 bours (compare Figures 1 and 2). Final magnification is X G30.

after vascular injury. Indeed, levels of IEG transcripts
diminish markedly when BDE is performed in the
absence of blood (data not shown). Studies are in
progress to ascertain whether serum and/or plasma
factors mediate SMC IEG induction following vascu-
lar injury. _

Immunocytochemistry data reveal some Jun stain-
ing in non-BDE aortic SMC. This basal Jun expres-
sion suggests that Jun-Jun homodimers are present
under normal conditions in rat aortic SMC. Such
expression may reflect JunD immunoreactivity
because junD transcripts are readily observed in
non-BDE vessels (see Figure 2). This possibility can
be tested by utilizing antibodies that react specifi-
cally with each Jun protein.'3

Two hours after BDE, Fos and Jun proteins are
elevated, indicating that their respective mRNA tran-
scripts are translated into immunoreactive products.
Translation of fos and jun mRNA molecules is further
substantiated by the absence of Fos and Jun stain-
ing when animals undergo combined BDE and CHX
treatment. Cycloheximide attenuates SMC growth
factor gene induction after BDE and immediate early

proteins may be requisite for such gene activation.?”
The results reported here further corroborate a link
between IEG products and SMC growth factor gene
induction. We speculate that IEG products encoding
transcription factors, such as Fos and Jun, act as
early mediators of SMC autocrine growth by stimu-
lating growth factor gene expression.

The greater Jun immunoreactivity observed in
SMC nuclei 2 hours after BDE may be due to a
greater affinity of the Jun antisera for its antigen.
Alternatively, greater Jun protein expression may
relate to the absence of certain fos MBNA molecules
(ie, fra-1) as compared with jun before 2 hours after
BDE (compare Figures 1 and 2). Again, specific anti-
bodies that recognize each Fos and Jun member will
clarify their relative expression. Because fra-1 mRNA
levels show a delayed onset of expression as com-
pared to other fos and jun members, a more detailed
time course study may uncover further increases in
Fos immunoreactivity at later time points.

Not all SMC of the media express Fos and Jun
proteins 2 hours after BDE. Thus, not all SMC may be
activated after BDE. This notion is consistent with
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Figure 5. Specificity of the antisera and the need for protein synthesis for Jun i ining. (A) Sections from 2-bour BDE aortae were incubated
with rabbit IgG (1:2000) for 7 days and processed exactly as the sections exposed to Fos and Jun antisera. (B) Animals undergoing BDE received 7.5
mg/kg cyclobeximide, and aortic tissue was isolated 2 bhours later for immunoperoxidase staining with the Jun antisera. Prints taken with Kodak
TMAX-100 black and white film. Final magnifications are X 630.
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data showing only 30 to 40% of medial SMC under-
going DNA synthesis in response to vascular balloon
injury.® The expression of Fos and Jun proteins in a
subpopulation of medial SMC following BDE may
relate to the degree of SMC phenotypic modulation
and/or their responsiveness to growth-promoting
stimuli. Combining Fos and Jun staining with tritiated
thymidine autoradiography will clarify whether the
cells expressing these molecules represent SMC
destined to undergo DNA synthesis.

Both Fos and Jun antibodies show staining pre-
dominantly in SMC nuclei at the luminal border. The
focal concentration of Fos and Jun proteins in this
region raises interesting speculation pertaining to
the function of these transcription factors. Burns and
colleagues®? demonstrated a gradient of tritiated
thymidine uptake across the vessel wall after BDE
with luminal SMC incorporating more tritiated thymi-
dine than SMC situated deeper in the media. Inas-
much as Fos and Jun are implicated in DNA replica-
tion,33:34 the gradient of thymidine uptake across the
vessel wall may be due to the higher expression of
Fos and Jun at the luminal border. The presence of
several fos and jun mRNA molecules at 24 hours
suggests that their proteins may be available to par-
ticipate in DNA synthesis. This hypothesis will require
experiments specifically knocking out Fos or Jun
molecules by, for example, homologous recombina-
tion and measuring DNA specific activity after BDE.

In addition to DNA synthesis, SMC undergo migra-
tion toward the intima of the injured vessel.# Platelet-
derived material is postulated to play an important
role in this process.®>-37 Because platelet-derived
growth factors stimulate Fos and Jun expres-
sion,#6:38 SMC migration may occur, in part, through
the activation of these immediate early transcription
factors by released platelet material.’ It is also pos-
sible that in response to the vascular injury, intravas-
cular release of growth factors stimulates Fos and
Jun expression. The appearance of functionally
active Fos-Jun dimers in medial SMC could stimulate
genes encoding proteins necessary for migration.
For example, several proteases that may participate
in this process contain AP-1 recognition sequences
in their 5’ promoter/enhancer region and are trans-
activated by Fos-Jun dimers. Such genes include
urokinase plasminogen activator,®® transin,*° and
collagenase.*" Thus, platelet/blood-derived (or intra-
vascularly released) material may stimulate Fos and
Jun expression in luminal SMC, leading to functional
dimers that could direct transcription of proteases
involved in the movement of SMC from the media to
the intima during arterial remodelling.

At least one growth factor, transforming growth
factor-B1 (TGF-B1), has AP-1-responsive elements

inits 5’ region.® In this regard, TGF-81 mRNA shows
delayed induction with respect to fos and jun mem-
bers, and treatment with CHX attenuates its ex-
pression.'” Moreover, CHX treatment abolishes Fos
and Jun immunoreactivity in SMC after BDE, indicat-
ing that active translation is necessary for their
appearance in SMC nuclei. Taken together, the data
reported here are consistent with the notion that
immediate early proteins, such as Fos and Jun, stim-
ulate autocrine growth factor gene expression in the
vessel wall. Studies combining in situ hybridization of
TGF-B1 with immunocytochemistry of Fos and Jun
will strengthen this thesis.

In summary, acute balloon injury to the rat aorta
elicits sequential mMRNA and protein expression of
two families of immediate early genes. The induction
of several fos and jun transcripts within 15 minutes of
BDE represents the earliest molecular markers of in
vivo SMC activation, and the presence of Fos and
Jun proteins in SMC nuclei suggests that they func-
tion as early mediators of SMC phenotypic change.
The luminal concentration of Fos and Jun proteins
coincides with the permeation of platelet factors into
the vessel wall and SMC thymidine incorporation.-32
Such protein expression may contribute to the initia-
tion of SMC DNA synthesis and migration. We pro-
pose that Fos and Jun protein expression be used as
an early assay for an agonist's or antagonist's effi-
cacy in modulating SMC growth/migration in vivo.
Finally, the luminal pattern of Fos and Jun expression
may be exploited in the design of treatment protocols
to suppress their activity with, for example, trans-
fected antisense constructs.

Note added in proof

After submission of this paper, Hsu et al (Mol Cell Biol
1992, 12:4654-4665) demonstrated Fos and Jun
protein induction in regenerating liver by Western
blotting.
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