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Photodynamic therapy (PDT) generates free radicals
through the absorption of light by photosensitizers.
PDT shows promise in the treatment of intimal hy-
perplasia, which contributes to restenosis, by com-
pletely eradicating cells in the vessel wall. This study
investigates the mechanisms of PDT-induced cell
death. PDT, using the photosensitizer chloroalumi-
num-sulfonated phthalocyanine (1 mg/kg) and laser
light (l 5 675 nm) 100 J/cm2 was administered to rat
carotid arteries after balloon injury-induced intimal
hyperplasia. Apoptosis was determined by cell mor-
phology with light microscopy and transmission elec-
tron microscopy, DNA cleavage by terminal dUTP
nick-end labeling staining, and nucleosomal frag-
mentation (ladder pattern) by DNA agarose gel elec-
trophoresis. Four hours after PDT, apoptosis was ob-
served in vascular cells, as evidenced by terminal
dUTP nick-end labeling staining and transmission
electron microscopy. Within 24 hours no cells were
present in the neointima and media. Immunofluores-
cence using an a-smooth muscle cell actin antibody
confirmed the disappearance of all neointimal and
medial cells within 24 hours. No inflammatory cell
infiltrate was observed during this time frame. Apo-
ptosis was sharply confined to the PDT treatment
field. These data demonstrate that vascular PDT in-
duces apoptosis as a mechanism of rapid, complete,
and precise cell eradication in the artery wall. These
findings and the lack of inflammatory reaction pro-
vide the basis for understanding and developing PDT
for a successful clinical application in the treatment
of hyperplastic conditions such as restenosis. (Am J
Pathol 2000, 157:867–875)

Diseases of the vascular system are the leading cause of
death and disability in the Western world. Although inter-
ventions for arterial occlusive disease, such as angio-
plasty and bypass grafting, are initially successful in the
majority of cases, the vascular response to injury and

ensuing restenosis limits their long-term efficacy.1 Sev-
eral factors contribute to this process: constrictive re-
modeling, intimal hyperplasia (IH), and elastic recoil. IH
results from migration and subsequent proliferation of
smooth muscle cells into the subintima, with unrestrained
deposition of extracellular matrix.2,3 The failure to de-
velop a clinically effective pharmacological approach to
inhibit IH has spawned novel experimental strategies
including using antibodies against growth factors, ge-
netic modulation of the cell cycle, and g irradiation.4–7 All
have led to a decrease in smooth muscle cell proliferation
and inhibition of experimental IH, and the last is currently
being tested in clinical trials with promising results.

Another approach to inhibit IH is photodynamic ther-
apy (PDT), a process dependent on the tissue uptake of
a photosensitizing dye and subsequent irradiation of the
site with visible or infrared light of an appropriate wave-
length that is absorbed by the photosensitizer. PDT gen-
erates reactive free radicals and oxygen intermediates
with very short half-lives that exert their effect locally by
nonspecifically altering proteins and other membrane
constituents, ultimately leading to cellular damage and
cell death.8,9 PDT is effective in preventing experimental
IH,10,11 and a clinical trial is currently underway to assess
its safety and efficacy.12

The major, consistent result of vascular PDT in exper-
imental models is the complete eradication of cells in the
vessel wall within 24 hours, without inducing an inflam-
matory response. The acellular artery is rapidly recov-
ered with endothelial cells and the structural integrity of
the vascular wall is maintained without a delayed intimal
hyperplastic response.13 Mechanisms regulating these
PDT-induced processes have not yet been fully eluci-
dated. Particularly, the reason for the absence of an
inflammatory reaction, despite complete cell eradication,
remains unclear. A possible explanation may be that
vascular PDT induces cell death by apoptosis, a morpho-
logically defined form of programmed cell death. Be-
cause apoptosis does not induce an inflammatory re-
sponse, it is currently considered a favorable way of
eliminating cells.14 Whether a cell dies by apoptosis or
necrosis in response to PDT depends on the type of
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Figure 1. Composite photomicrographs depicting histological cross sections of balloon-injured rat common carotid arteries non-PDT treated (A), and 4 hours (B),
6 hours (C), and 24 hours (D) after PDT. Note the decline of the neointimal hyperplastic lesion (IH) with a complete eradication at 24 hours. Small, fragmented
nuclei suggesting cells undergoing apoptosis (arrows) are evident 4 hours after PDT (B). Empty compartments indicate void left by cells (arrows) 6 hours after
PDT (C). All cells disappear between 6 and 24 hours after PDT. Stained with hematoxylin and eosin. Scale bar, 25 mm.
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photosensitizer, the cellular localization and concentra-
tion of the photosensitizer, the PDT dose, and cell
type.15–17 This study was undertaken to determine
whether and to what extent apoptosis was the mecha-
nism for vascular PDT-induced cell eradication.

Materials and Methods

Induction of IH

Male Sprague-Dawley rats (Charles River Breeding Lab-
oratories, Wilmington, MA) were anesthetized using ket-
amine (75 mg/kg)/xylazine (5 mg/kg)/atropine (40 mg/kg)
i.p. Common carotid artery balloon injury was performed
using a 2F Fogarty balloon catheter (Baxter Health Care
Corp., Edwards Div., Irvine, CA) as previously de-
scribed.10 Animal care was in compliance with “Princi-
ples of Laboratory Animal Care” and the “Guide for the
Care and Use of Laboratory Animals” (National Institutes
of Health publication No. 80–23, revised 1985) and ap-
proved by the institutional animal care committee.

Photodynamic Therapy

Seven days after balloon injury, rats were anesthetized
and chloroaluminum-sulfonated phthalocyanine (1 mg/
kg; Novartis, Basel, Switzerland) was injected intrave-
nously. The carotid artery was dissected and optically
isolated with a mylar reflector to achieve uniform artery
irradiation. Twenty minutes after injection of the chloroalu-
minum-sulfonated phthalocyanine, a 1-cm segment of
the artery was irradiated with an argon pumped dye laser
(l 5 675 nm, irradiance 100 mW/cm2, fluence 100 J/cm2,
Coherent Innova I 100 and Coherent CR 599; Coherent,
Palo Alto, CA).

Harvest of Arteries

Control non-PDT-treated animals (n 5 4) received saline
and sham carotid exposure before pentobarbital over-
dose. PDT-treated animals were sacrificed at 2 hours
(n 5 4), 4 hours (n 5 8), 6 hours (n 5 4), 10 hours (n 5
4), and 24 hours (n 5 4) after PDT. Harvested arteries
were flushed with saline, and perfusion-fixed in situ with
10% buffered formalin for light microscopy, with 1.5%
glutaraldehyde in cacodylate buffer for transmission
electron microscopy (TEM) (time, 4 hours), or with saline
only for DNA extraction (time, 24 hours).

Histology

Cross-sections were prepared from half of each treated
arterial segment and longitudinal sections of the other
half to visualize the irradiated/nonirradiated interface.
Sections (4 mm) were stained with hematoxylin and eosin
for cell morphology.

Transmission Electron Microscopy

To identify ultrastructural cell morphology, TEM was per-
formed on arteries 4 hours after PDT or sham treatment.
Fixed specimens were postfixed in 2% OsO4, dehydrated
in graded alcohol, and flat embedded in Epon 812 (Elec-
tron Microscopy Sciences, Fort Washington, PA). TEM
sections (100 nm) were cut on an ultramicrotome
(Reichert-Jung Ultracut, Vienna, Austria), stained with
uranyl acetate and lead citrate, and examined with an
electron microscope (CM 10; Philips, Eindhoven, The
Netherlands).

Terminal dUTP Nick-End Labeling
(TUNEL) Staining

TUNEL staining was used to identify apoptotic cells using
a standard fluorescein kit (Apoptag apoptosis detection
kit; Oncor, Purchase, NY) in deparaffinized sections
counterstained with propidium iodide. In the TUNEL-
stained specimens, the ratio of apoptotic cells (fluores-
cein-positive) to the total number of cells (propidium io-
dide-positive) in the neointima, media, and adventitia was
determined. Four 3400 microscopic fields per slide were
counted and four slides per animal (n 5 4 rats) were
analyzed. Means of the fields were obtained for each
slide and the means of the four slides per animal were
compared to those of the other animals.

Immunofluorescence

Four-micrometer thick sections were deparaffinized with
xylene and rehydrated with graded methanol. Smooth
muscle cells were detected using a monoclonal anti-a
smooth muscle actin fluorescein isothiocyanate-conju-
gated antibody (Clone 1A4; Sigma Chemical Co., St.
Louis, MO) used at 1:2,000 dilution in phosphate-buff-
ered saline/10% fetal bovine serum (1 hour at 37°C in a
humidified chamber). Nuclei were stained with propidium
iodide at 0.33 mg/ml (Oncor). The distribution of immu-
nopositive cells was determined using a confocal micro-
scope (Bio-Rad MRC-1024/2P multiphoton microscope;
Bio-Rad, Hercules, CA). Digital images were captured
using an excitation of 494 nm and 488 nm, emission at
518 nm and 525 to 550 nm for fluorescein isothiocyanate
and propidium iodide, respectively.

Analysis of Internucleosomal DNA
Fragmentation: DNA Laddering

PDT was administered at 14 days instead of 7 days after
balloon injury to increase the cell number and allow anal-
ysis of the DNA in the studied artery segment. Two (8-mm
in length) arteries per sample were used for DNA isolation
with the QIAamp Tissue Kit (Quiagen, Santa Clara, CA).
The eluted DNA was separated using standard 1.5%
agarose (Bio-Rad) gel electrophoresis at 10 V/cm. DNA
was visualized by staining with ethidium bromide (0.5
mg/ml) and photographed under UV illumination.

Vascular PDT Induces Apoptosis 869
AJP September 2000, Vol. 157, No. 3



Statistical Evaluation

All values were expressed as mean 6 SD. The statistical
significance of TUNEL-positive cell count ratio was de-
termined using the two-tailed unpaired Student’s t-test.
Differences were considered significant at P , 0.05.

Results

PDT-Induced Cytotoxicity

Balloon injury to the common carotid artery resulted in the
development of IH at 7 days. PDT treatment led to a
complete eradication of cells in the vessel wall by 24
hours, without inflammation (Figure 1). Four hours after
PDT the nuclear morphology of some cells in the media
and in the neointima (Figure 1B, arrows) suggested ap-
optosis. The majority of the neointimal cells had died by 6
hour leaving empty areas in the matrix (Figure 1C, arrow).
Twenty-four hours after PDT, no cells were present in the
neointima and media and only an occasional cell could
be seen in the adventitia.

Electron Microscopy

Morphological criteria were used to identify apoptotic
cells by TEM. Intimal hyperplastic cells in control arteries
displayed normal nuclear morphology and abundant cy-
toplasmic rough endoplasmic reticulum (Figure 2A). Four
hours after PDT treatment, cells developed morphologi-
cal features characteristic of apoptosis: chromatin com-
paction into uniform electron-dense masses with nuclear
margination, nuclear fragmentation, cellular shrinkage,
cell membrane vacuolization and blebbing, and the in-
crease in electron-density of the cytosol (Figure 2B).

TUNEL and Immunofluorescence

TUNEL staining was performed to detect internal and
end-strand breaks, which often occur in the early stages
of apoptosis. In longitudinal sections, 4 hours after PDT,
TUNEL-positive cells were only present in the PDT-
treated parts of the artery (Figure 3A, arrow). TUNEL-
positive cells appeared in a time-dependent manner,
progressing from the intima through the layers of the
arterial wall.

In the neointima, the percentage of apoptotic cells
increased significantly from 10% 6 4.3 in controls to 44%
6 14.1 (P , 0.001) within 2 hours after PDT, followed by
a further increase up to 98% 6 1 (P , 0.0001) at 4 hours
and 100% at 10 hours. The absolute numbers of cells
present in the neointima began to decrease 4 hours after
PDT with complete cell loss at 24 hours.

In the media, the kinetics of apoptosis induction and
eradication of apoptotic cells followed a similar pattern as
in the neointima, but with a time delay. Two hours after

Figure 2. Transmission electron micrographs of the rat common carotid
artery 7 days after the induction of IH. Control animal (A): cells with
abundant rough endoplasmic reticulum, and oval nuclei. Four hours after
PDT (B): ultrastructural features of apoptosis, including nuclear and cyto-
plasmic condensation, membrane blebbing, cell fragmentation, and apopto-
tic bodies are noted (arrows). *, internal elastic lamina. Scale bar, 6 mm.
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PDT there was no increase of apoptotic cells (7.7% 6 1.6
in controls, 7.4% 6 2.8 in PDT-treated arteries). Thereaf-
ter, the number of apoptotic cells increased to 52% 6 8.1
(P , 0.001) at 4 hours and at 10 hours there was both a
decline in medial cell number and simultaneously all of
the remaining cells were apoptotic. There were no medial
cells left at 24 hours.

The adventitia of control vessels had a relatively high
percentage of apoptotic cells (46% 6 19.8) because of

surgical manipulation after dissection of the arteries for
balloon injury. This increased in the first hours after PDT
treatment (56.7% 6 31.2), to a maximum of 73.7% 6 20.8
(P , 0.05) at 4 hours and remaining relatively constant
thereafter. The absolute cell numbers in the adventitia
decreased within 10 hours of treatment. A rare cell was
still present 24 hours after the treatment.

Immunofluorescence staining for a-smooth muscle cell
actin revealed numerous positive cells in media of the

Figure 3. Fluorescent photomicrographs of a longitudinal section (A) and a cross section (B) of a balloon-injured rat common carotid artery 4 hours after PDT.
Note the sharp demarcation line at the interface of the PDT-treated (left) and nontreated part (right) of the artery (arrow) in the longitudinal section. Note
complete apoptosis of the neointima and beginning apoptosis of the media 4 hours after PDT (B). TUNEL staining, scale bars, 10 mm. The propidium iodide
counterstain (red cells) was visualized using a filter of 450 to 490 nm for excitation and of 515 to 565 nm for emission. The corresponding apoptotic cells (green)
were visualized using 564 nm for excitation and a long-pass filter of .590 nm for emission.
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control artery (Figure 4A). Immunopositive cells were still
present at 4 and 6 hours after PDT, but by 24 hours no
a-smooth-positive cells remained in PDT-treated arteries
(Figure 4D).

DNA Ladder

To detect nucleosomal DNA fragmentation which pro-
duces a DNA ladder, a characteristic biochemical hall-

Figure 4. Fluorescent micrographs of control and PDT-treated arteries. Seven days after balloon-injury, animals were either sham treated or administered PDT.
Arteries were harvested from controls (A) and PDT-treated animals at 4 (B), 6 (C), and 24 hours (D). Smooth muscle cells were detected using a monoclonal anti-a
smooth muscle actin fluorescein isothiocyanate-conjugated antibody and the distribution of immunopositive cells was determined using a confocal microscope.
Images were captured using an excitation of 494 nm and emission at 518 nm. Scale bar, 5mm. The propidium iodide counterstain (red cells) was visualized using
a filter of 450 to 490 nm for excitation and of 515 to 565 nm for emission.
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mark of apoptosis, DNA was isolated from arteries 4
hours after PDT, a time when apoptotic cells were ob-
served by TUNEL staining and TEM. A distinct DNA
ladder was present only from the DNA isolated from
PDT-treated hyperplastic arteries, but was absent in the
controls (Figure 5).

Discussion

The present study investigated the contribution of apo-
ptosis to the eradication of vascular cells after PDT, using
parameters known to successfully inhibit experimental
hyperplasia. PDT has been used to inhibit IH in multiple
experimental models10,11,13 and a recent clinical study.12

The mechanism by which PDT induces this cytotoxicity in
vivo remained to be elucidated. There is in vitro evidence
that PDT can cause apoptosis in vascular smooth muscle
cells18. but only one study so far provided evidence for
apoptosis in the microvasculature in vivo.19 Indeed, de-
pending on the cell type, photosensitizer, and dosimetry,
PDT can either induce apoptosis or necrosis.16,17

One of the characteristics of apoptosis, potentially
beneficial for clinical applications, is the lack of ensuing
inflammation.14,20 Inflammatory infiltrates are undesirable

in blood vessels because they participate in neointimal
proliferation, thrombus formation, loss of vascular wall
integrity, and the development of aneurysms. Apoptosis
is accompanied by fragmentation of the cell into mem-
brane-bound apoptotic bodies, which generally undergo
phagocytosis by nearby cells without associated inflam-
mation. In fact, it has been demonstrated that the induc-
tion of apoptosis in IH might be beneficial in preventing
excessive cellular proliferation and increased lumen nar-
rowing.21 In this study, PDT resulted in cell eradication
within 24 hours without evidence of inflammation, sug-
gesting that the mechanism of cytotoxicity is apoptosis.
In addition, PDT is known to inactivate growth factors and
chemoattractants, also explaining the observed lack of
inflammation.22–24

The main finding in this study is that PDT of balloon
injury-induced hyperplastic arteries causes significant
apoptosis in vivo. Because arterial balloon injury in itself
results in a rapid onset of cell death, including apopto-
sis,25 a time point of 7 days after injury was chosen to
segregate the effects of PDT from the acute effects of the
balloon injury. The conclusion that PDT induces apopto-
sis in vivo was based on different assays: TEM determi-
nation of ultrastructural features characteristic of apopto-
sis, immunofluorescence TUNEL labeling, and the
presence of standard length nucleosomal DNA bp frag-
ments characteristic of apoptotic cells (ladder formation).
Indeed, TUNEL staining alone can be misleading be-
cause of low concentrations of broken DNA strands in
necrotic cells, but the characteristic nuclear condensa-
tion and margination of apoptosis was also ob-
served.20,26

This experimental model was not suitable to investi-
gate the effects of PDT on the adventitia because of the
high number of TUNEL-positive cells in control arteries,
as the result of surgical injury. In the neointima, however,
apoptosis appeared more rapidly than in the medial cells.
It is likely that photosensitizer concentration gradients
over the arterial wall after its systemic administration play
a role in the kinetics of apoptosis in the vessel wall.27

Indeed, higher drug concentrations in the luminal cells
may lead to higher effective PDT dosimetry and a more
rapid initiation of apoptosis than in the cells that are
located further from the lumen. Although the photosensi-
tizer concentrations may have resulted in a gradient of
effective PDT dose, the light concentration at these wave-
lengths (.650 nm) has not been shown to be significantly
attenuated until it has passed through millimeters of tis-
sue.28 Irrespective of a possible variation in the PDT
dose, it resulted in sufficient PDT dosimetry to induce
apoptosis homogeneously throughout the vascular wall
within 24 hours. Dosimetry also affects the mode of cell
death. As has been shown previously, chloroaluminum-
sulfonated phthalocyanine localizes throughout the cyto-
plasm and catalyzes both lysosomal and mitochondrial
photodamage.16 Higher light doses yield progressively
more membrane photodamage and inhibit the apoptotic
response.16

It is conceivable that PDT induces apoptosis via re-
lease of lysosomal enzymes which in turn activate
caspases or apoptosis-associated target proteins, like

Figure 5. Agarose gel electrophoresis of DNA extracted from the rat com-
mon carotid artery after balloon injury. A: Standards; B: untreated vessel; C:
4 hours after PDT. Note the distinctive ladder pattern of fragmented DNA
after PDT.
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poly(ADP-ribose) polymerase. Alternatively, mitochon-
drial damage can trigger apoptotic cell death mecha-
nisms by the release of cytochrome C into the cytoplasm,
and proteolytic activation of the caspase cascade. The
pathways leading to apoptosis in vascular cells will be
the subject of future experiments.

After PDT treatment of the vessel wall, specialized
phagocytic cells, eg, macrophages, were not observed.
This lack of inflammation supports the argument for ap-
optosis. However, the fate of the apoptotic bodies or
cellular debris produced remains unsolved. Apoptotic
cells can be phagocytosed by viable neighboring cells,
without the need for specialized scavenging cells.14

Herein, it is unlikely that the debris of apoptotic cells
would be phagocytized by adjacent cells because these
cells were also undergoing apoptosis. A better explana-
tion might be that most of the cell debris in the neointima
was washed out by the blood and debris in the media
remained in the vessel wall. Indeed, a faint background
TUNEL staining could be detected throughout the media
24 hours after PDT, suggesting the presence of cellular
debris dispersed into the matrix. By electron microscopy
there was still evidence of cellular debris in the media 16
weeks after PDT, suggestive of slow elution of PDT-dam-
aged cell constituents.13 The results of the immunofluo-
rescence staining for a-smooth muscle actin confirmed
the disappearance of cells and smooth muscle cell-spe-
cific a-actin by 24 hours. Before PDT, only cells in the
media and not the neointima express a-smooth muscle
actin.29

In this apoptosis study, no long-term investigation was
undertaken because the treated artery became acellular
by 24 hours and the natural history of the experimental
effects of vascular PDT have been described else-
where.10,13 In arteries treated with PDT, the media re-
mains acellular except for the occasional cell up to 16
weeks after PDT. Re-endothelialization of the lumen starts
after 2 weeks and is complete by 4 weeks, as shown by
scanning electron microscopy and TEM.13

The finding that the mechanism of cellular eradication
is the induction of extensive apoptosis has some impor-
tant implications. Gene therapy, which has attracted in-
terest as a method to inhibit restenosis, has been found to
induce apoptosis.30 This suggests that apoptosis may be
a more important mechanism of inhibiting IH than is pres-
ently recognized. Compared to gene therapy, where ef-
fectiveness is somewhat limited because of low transfec-
tion rate and loss of gene expression throughout time,31

PDT is unique in its ability to induce extensive apoptosis
of a vessel wall. With the well-documented acute and
long-term experimental effects of PDT on the vessel wall
(no structural deterioration of the matrix and no aneurysm
formation, repopulation of the adventitia, and endothelial
recovering of the luminal surface), PDT, at the proper
dosimetry, has no reported untoward effects on the ves-
sel wall. Furthermore, examining longitudinal sections
through the artery at the border between PDT and non-
PDT-treated portions of the artery revealed a very sharp
demarcation for the presence of apoptotic cells, which
were only identified in the PDT-treated portion of the
artery. Because the half-life of PDT-generated free radi-

cals is very short, in the order of ms,8 they cannot migrate
further than ;0.1 mm. Thus, the application of PDT results
in very sharply demarcated, localized effects, which are
strictly limited to the field of light activation of the photo-
sensitizer (Figure 3A). Despite multiple other consider-
ations necessary for the proper delivery of PDT to human
atherosclerotic arteries, this form of precision delivery
makes PDT very well suited for local artery therapy ap-
plication to an angioplasty-injured artery for the inhibition
of restenosis.
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