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Background and Objective: Failure of treatment for
high-grade gliomas is usually due to local recurrence at
the site of surgical resection indicating that a more
aggressive form of local therapy such as photodynamic
therapy (PDT) could be of beneﬁt. The increase in brain
edema following PDT using endogenous and exogenous
photosensitizers was compared in terms of animal survival, MR imaging, and histopathological changes in normal
brain.
Materials and Methods: Fischer rats were exposed to
increasing laser light treatment following intraperitoneal
injection of either the photosensitizers 5-aminolevulinic
acid (ALA) or aluminum phthalocyanine disulfonate
(AlPcS2a). Light treatment was applied either via an optical ﬁber inserted directly into the brain parenchyma or
through a ﬁber applied to the surface of the intact skull.
Edema development was followed by T2-weighted MR
imaging.
Results: ALA and AlPcS2a PDT resulted in a ﬂuence
dependent increase in cerebral edema and mortality.
AlPcS2a PDT showed signiﬁcant edema and mortality
even at low ﬂuences following interstitial light delivery,
which was reduced with surface illumination. The mechanism of edema was determined to be vasogenic by response to steroid therapy and conﬁrmed on histological
images.
Conclusions: T2 and contrast enhanced T1 MRI scanning proved to be a highly effective and noninvasive
modality in following the development of the edema
reaction and the degree and time course of blood–brain
barrier dysfunction thus allowing the use of fewer animals. ALA mediated PDT induced a lower edema reaction
than that observed with the photosensitizer AlPcS2a.
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INTRODUCTION
Recent data analysis by the Central Brain Tumor Registry of the United States has determined that gliomas
account for 34% of all primary brain tumors, and 82% of
all malignant primary brain tumor cases [1]. Tumor resection is usually the ﬁrst modality employed in the treatment of gliomas [2]. Employing the improved surgical
techniques now available, the incidence of gross tumor
resection, as deﬁned by postoperative magnetic resonance
imaging (MR Imaging or MRI), has greatly increased
[3–5]. Nevertheless, the great majority of glioma patients
do suffer a recurrence of their tumors leading to their
poor prognosis. The therapeutic goal following surgical resection therefore is the elimination of inﬁltrating tumor
cells and transformed stem cells remaining in or migrating to the margins of the resection cavity, where most
tumor recurrences occur [6]. Clearly, a more aggressive
form of local therapy that could potentially delay the frequency of these recurrences and while minimizing damage to normal brain in the treatment area would be of
great importance. Photodynamic therapy (PDT) is a form
of light based antineoplastic treatment with the potential
for tumor cell speciﬁcity, and has been employed as a local
therapy within the glioma resection cavity [7,8]. PDT
involves the administration of a tumor localizing photosensitizing agent followed by photoactivation by monochromatic illumination. Photosensitizers can either be
exogenous, or preformed, such as Photofrin, aluminum
phthalocyanine disulfonate (AlPcS2a), or endogenous requiring conversion before becoming active, such as 5-aminolevulinic acid (ALA). ALA is a prodrug that stimulates
endogenous porphyrin production and causes intracellular accumulation of protoporphyrin IX (PpIX), a potent
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sensitizer via the heme biosynthetic pathway to the tumor
site and is suitable for PDT treatment of gliomas [9]. The
photosensitizer, AlPcS2a, often used for photochemical internalization (PCI), is lipophilic, while two adjacent sulfonate groups attached to the phthalocyanine molecule
contributes to a hydrophilic nature [10–13]. This amphiphilic photosensitizer is designed to localize in the cellular
membrane, achieved by inserting the lipophilic phthalocyanine skeleton of AlPcS2a in the lipophilic interior of the
cellular membrane and dissolving the sulfonate groups in
the hydrophilic outer layer of the membrane. While PDT
results in direct phototoxic tumoricidal effect, it also has
been shown that PDT can cause a variety of vascular
effects ranging from transient vasospasm, increased
vessel leakiness, and vessel wall disintegration ending
in vessel closedown [14–17]. In this context, PDT induced
vessel leakage has been reported to induce signiﬁcant
brain edema by a variety of photosensitizers [18–20].
In previous studies, we have demonstrated that ALAmediated PDT was effective in a temporary opening of
the blood–brain barrier (BBB) in a limited region of
the rat brain [21]. In the study reported here the increase
in brain edema following PDT mediated by two different
photosensitizers was evaluated in terms of animal survival, histopathological changes in normal brain and MRI
scanning and correlated with the degree of blood–barrier
disruption. The effect of steroid treatment, to reduce
posttreatment PDT induced edema, was also examined.
The use of MRI has allowed a more detailed study
of the dynamics of edema and BBB degradation
following PDT than that obtained with more conventional
methods.
METHODS
Animal Care
Adult male Fischer rats (Simonsen Laboratories, Inc.,
Gilroy, CA) weighing about 350 g were used in this study.
The animal care and protocol were in accordance with institutional guidelines and were approved by the Institutional Animal Care and Use Committees (IACUC) at the
Nevada Cancer Institute and University of Nevada Las
Vegas where the studies were performed. Animal holding
rooms were maintained at constant temperature and humidity on a 12-hour light and dark schedule at an air exchange rate of 18 changes/hour. For surgical procedures
animals were anesthetized with pentobarbital (25 mg/kg
intraperitoneal). Buprenorphine (0.08 mg/kg subcutaneous) was used as postoperative analgesia. All animals
were euthanized at the end of the study or at the ﬁrst
signs of distress. Euthanasia was accomplished with an
overdose of pentobarbital (100 mg/kg intraperitoneal).
SURGICAL PROCEDURES
Intracranial Irradiation
Animals were anesthetized, ﬁxed in a stereotactic frame
(David Kopf Instruments, Tujunga, CA) and skin covering
the skull was incised. A 1.0-mm burr hole was then made
with an 18-gauge needle. For light delivery, a 400-mm
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bare ﬂat-end quartz optical ﬁber with numerical aperture
of 0.22 was introduced directly into the brain according to
the following coordinates: 3 mm posterior to and 2 mm to
the right of the bregma and a depth of 5 mm below the
dura. Light from a 632 nm (for ALA PDT) or 670 nm (for
AlPcS2a PDT) diode laser (Intense, North Brunswick, NJ)
was delivered interstitially through the optical ﬁber to
obtain the desired ﬂuence doses. In all cases, moisturizing
gel was applied to the animal’s eyes and the rat was
wrapped in a towel to prevent hypothermia. At the conclusion of treatment, the ﬁber was withdrawn from the
brain, the burr hole was sealed with bone wax, the wound
was closed with sutures, and the rats removed from the
frame.
Surface Irradiation
At the time of light treatment, anesthetized rats were
ﬁxed in a stereotactic frame. A 1 cm skin incision was
made exposing the skull and an optical ﬁber with a microlens at its tip, coupled to a 670 nm diode laser, was placed
in contact with the surface of the skull 1 mm posterior to
the bregma and 2 mm to the right of the midline. Following treatment, the wound was closed with surgical
sutures and the rats removed from the frame.
PDT Treatment
Rats were administered either ALA (250 mg/kg) or
AlPcS2a (5 or 1 mg/kg) intraperitoneally. Four to ﬁve
hours following ALA injection and 18 hours following
AlPcS2a injection, the rats were anaesthetized and their
heads ﬁxed in the stereotactic frame. Skin incision and
laser illumination were performed as outlined above.
632 nm light was delivered interstitially (10 mW ﬂuence
rate) for a total light ﬂuence of 54, 26, 17, or 9 J for ALA
PDT and 670 nm light was delivered interstitially or by
surface illumination to a total ﬂuence of 0.5, 1, or 2.5 J
(10 mW ﬂuence rate).
MR Imaging
Following PDT treatment, rats were imaged either in a
3 T human (Philips Medical Systems, Bothell, WA) or a
7 T small-bore animal (Bruker, Billerica, MA) MRI scanner. Scans were typically acquired multiple times between days 1 and 18 posttreatments. Imaging procedures
were carried out under general anesthesia. A small surface coil was placed on top of the target area. T1-weighted
(T1W) images with and without Gadolinium based contrast (Multihance, administered IP), and T2-weighted
(T2W) images were acquired. In keeping with known MR
imaging ﬁndings, a high T2 signal in the area of treatment was interpreted as cerebral edema while T1 postgadolinium enhancement in the same area was interpreted
as evidence of BBB breakdown. The extent of edema formation from each treatment was evaluated on T2W
images. The qualitative analyses of contrast and edema
volumes were examined using OsiriX VP software. The
edema volumes were ﬁrst manually contoured on each
T2W image slice (Fig. 1). Then the total volume was calculated automatically by the software according to the
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RESULTS

Fig. 1. Image analysis methodology. Hyperintense signal
regions on the T2W MR image represent cerebral edema.
Contouring was performed manually, and edema volume determined using OsiriX VP software. White bar on the bottom
right represents a scale of 2 mm.

following equation:
V¼

X

ðSi  TÞcm3

i

where Si represents the contrast area contoured on
each slice and T represents the image slice thickness
(T ¼ 1.0 mm was used in all MR images acquired in this
study).
Histological Preparation
Animals were sacriﬁced after completion of the in vivo
studies and their brains extracted. The brains were sectioned along the ﬁber injection track and ﬁxed by immersion in 10% buffered (pH 7.2) formalin prior to parafﬁn
embedding. Four-micrometer thick coronal sections were
obtained from the original cut surface representing the
position of the ﬁber track and thereafter at 1, 2, and
3 mm depths. The sections were stained with hematoxylin
and eosin (H&E) and examined under a light microscope
by an independent pathologist blinded to the treatment
modes.

Treated rats were followed daily to look for the effects of
PDT agent and dosing on survival. As shown in Table 1,
rats receiving AlPcS2a showed a signiﬁcantly greater
mortality at lower ﬂuences than rats receiving ALA.
Similarly, rats receiving interstitial illumination after
receiving 5 mg/kg of AlPcS2a had signiﬁcantly higher
mortality even at low light ﬂuences compared to rats
receiving 1 mg/kg. However, all rats receiving surface
illumination showed long-term survival at all light
ﬂuences and both doses of AlPcS2a. Rats that were alive
longer than 20 days following PDT were deﬁned as longterm survivors. Rats receiving 54 J of ALA PDT showed
50% survival, however, when co-administered steroids
(solo-medrol 1 mg/kg intraperitoneally) all rats survived
indicating that brain edema following PDT was of vasogenic origin.
T2W MRI scans obtained posttreatment day 3 following
26 J of ALA PDT or 1 J of interstitial or surface illumination following administration of 5 mg/kg of AlPcS2a is
shown in Figure 2A–D. As is evident in the ﬁgure, 1 J interstitial illumination with AlPcS2a PDT showed a larger
volume of cerebral edema when compared to 26 J ALA
PDT or 1 J surface illumination with AlPcS2a PDT. This
explains the large mortality seen following interstitial
PDT with AlPcS2a. Notice in Figure 2A (control) rats receiving no illumination following administration of ALA
showed no evidence of cerebral edema on T2W MRI. Also
noticeable was the change in the shape of cerebral edema
from spherical to hemispherical with use of surface illumination due to changes in the light distribution (Fig. 2D).
Due to the poor survival following interstitial PDT using
AlPcS2a, it was decided to perform PDT with AlPcS2a
(5 mg/kg) using only surface illumination, while interstitial illumination was continued for ALA PDT. Comparison
of cerebral edema volumes on day 3 following ALA/
AlPcS2a PDT calculated using T2W MRI is shown in
Figure 3. As is evident in both groups, the volume of cerebral edema is clearly ﬂuence dependent. Of note, 2.5 J of
surface illumination using AlPcS2a generated a larger
volume of cerebral edema than generated by 9 J of ALA
PDT delivered interstitially. This demonstrates that
AlPcS2a is a much more potent photosensitizer than ALA

TABLE 1. Groups Survival in Each Group Depicted in Figure 2
Groups
ALA 250 mg/kg þ 9 J
ALA 250 mg/kg þ 18 J
ALA 250 mg/kg þ 26 J
ALA 250 mg/kg þ 54 J
ALA 250 mg/kg þ 54 J þ Solo-Medrol
AlPcS2a 5 mg/kg þ 2.5 J
AlPcS2a 5 mg/kg þ 1 J
AlPcS2a 1 mg/kg þ 2.5 J
AlPcS2a 1 mg/kg þ 1 J
Surface illumination, AlPcS2a 1 mg/kg (0.5–2.5 J)

Group

% Survival

A, n ¼ 3
B, n ¼ 3
C, n ¼ 3
D, n ¼ 6
E, n ¼ 6
F, n ¼ 3
G, n ¼ 3
H, n ¼ 4
I, n ¼ 4
J, n ¼ 16

100
100
100
50
100
0
0
100
100
100
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Fig. 2. T2W MRI images following ALA administration without illumination (A), 26 J ALA
PDT (B), 1 J interstitial illumination following 5 mg/kg of AlPcS2a PDT (C), and 1 J surface
illumination following 5 mg/kg of AlPcS2a PDT (D). No edema is seen without illumination
(A), large spherical edematous reactions is seen following interstitial light delivery (B,C),
with change in shape to hemispherical following surface illumination (D).

in opening the BBB with resultant cerebral edema. The
time course for cerebral edema formation following 26 J of
ALA PDT and 1 J surface illumination of AlPcS2a (5 mg/
kg) PDT is shown in Figure 4. T2W MRI obtained on days
1, 3, and 8 following PDT in each case are shown for ALA
PDT (upper panel, obtained at 3 T) and AlPcS2a PDT
(lower panel, obtained at 7 T). As is evident in each case,
edema volume peaked early and gradually decreased over
time.
Histology
In areas exposed to the highest ﬂuence levels (5–15 mm
from the ﬁber), no signiﬁcant pathology was observed in
coronal histological sections obtained from animals
15 days after being subjected to ALA mediated PDT at a
ﬂuence of 9 J. At higher ﬂuence levels of 17 J, extensive
inﬁltration of lymphocytes and macrophages (some loaded
with hemosiderin) was apparent (Fig. 5A). Blood vessels
in these sections showed hyperplastic endothelial cells. At
ﬂuence levels of 26 J a focally extensive area of necrosis

with degradation of brain parenchyma and inﬁltration of
lymphocytes, plasma cells, and foamy macrophages
(Gitter cells) was seen. Some of the Gitter cells contained
hemosiderin, which is suggestive of treatment-induced
hemorrhage. Blood vessels in these sections also showed
hyperplastic endothelium (images not shown). Histological sections taken from the brains of light-only control
animals showed no pathology even at a ﬂuence level of
26 J. Animals ﬁxed and sectioned 15 days after AlPcS2a
PDT showed no pathology at 1 J although permanent
damage was visible following PDT at 2.5 J (Fig. 5B).
The time course for cerebral edema formation as well as
contrast uptake following 17 J of ALA PDT is demonstrated in Figure 6. The upper panel (T2W MRI) depicts cerebral edema while the lower panel (postcontrast T1W MRI)
depicts opening of the BBB. As is evident from both panels, cerebral edema formation and contrast enhancement
is maximum between days 1 and 3 following PDT and
then progressively decreases. The effect of steroids on
cerebral edema formation following 17 J of ALA PDT is
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Fig. 3. Fluence dependent cerebral edema response following
ALA PDT and AlPcS2a PDT (surface illumination). The lower
edema volumes following AlPcS2a PDT is likely due to the
path of light diffusion with surface illumination that results
in a hemispherical shaped edema compared to spherically
shaped light distributions with interstitial illumination as
seen in Figures 3 and 5.

shown in Figure 7. Cerebral edema was signiﬁcantly decreased following administration of steroids further demonstrating that the edema was vasogenic in nature and
responsive to steroid treatment.
DISCUSSION
PDT has developed to become an important approach
for cancer treatment. The treatment typically involves

systemic administration of a tumor-localizing photosensitizer and its subsequent activation by light of an appropriate wavelength to create a photochemical reaction
causing damage to the tumor. Photosensitizers used in
PDT are either exogenous and preformed such as AlPcS2a
and photofrin, or endogenous and bioconverted such as
ALA to protoporphyrin IX (PpIX). Photofrin has been
studied worldwide in clinical PDT trials during the past
three decades and has been approved in many countries
for several medical indications. However, the major side
effect associated with exogenous photosensitizers is their
persistence in the body and the subsequent risk of skin
photosensitization.
ALA used as a photosensitizer in this study is a prodrug
that stimulates endogenous porphyrin production and
causes intracellular accumulation of PpIX, a potent sensitizer via the heme biosynthetic pathway to the tumor site
and is suitable for PDT treatment of gliomas [22–24].
AlPcS2a is amphophillic and perfectly designed to localize
in the cellular membrane [10–13]. This is achieved by
inserting the lipophilic phthalocyanine skeleton of
AlPcS2a in the lipophilic interior of the cellular membrane and dissolving the sulfonate groups in the hydrophilic outer layer of the membrane. AlPcS2a molecules
ﬁrst localize in the cell membrane. During endocytosis, a
partial cell membrane with previously localized AlPcS2a
molecules pinches inward to form an endocytic vesicle
and subsequently, the attached AlPcS2a molecules are
transported into the cell via the membrane of the vesicle.
MRI technique is ideally suited for evaluating the extent and time course of edema formation and its noninvasive nature minimizes the number of animals required for

Fig. 4. T2W MRI showing the time-course of cerebral edema development following 26 J
ALA PDT (upper panel, obtained at 3-T magnetic ﬁeld strength) and 1 J (surface illumination) AlPcS2a PDT (lower panel, obtained at 7-T magnetic ﬁeld strength).
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Fig. 5. Representative histologic sections of rat brains sectioned 15 days following treatment with ALA PDT at 17 J
(A) and AlPcS2a PDT at 2.5 J (B) at 400 magniﬁcation.
Figure A from the region of the thalamus shows area of
necrosis with proteinaceous perivascular edema (asterisk),
foamy macrophages (gitter cells; arrow), and gliosis. Also,
large number of reactive astrocytes (short arrow). Chronic
hemorrhage with hemosiderin loaded macrophages (hollow

arrow). B: Region of the dorsolateral cortex, starting at the
meningeal surface and extending deep into the white matter,
very close to the hippocampus shows an area with severe
malacia, cavitation (asterisk), and large numbers of gitter
cells (arrow). Edema and chronic hemorrhage with hemosiderin loaded macrophages (hollow arrow) is present. Pyknotic
neurons (thin arrow) are also seen. Bars on the bottom right
of each image represents a scale of 50 mm.

the studies. Due to its high water content, edema appears
hyperintense (bright) on T2-weighted (T2W) images and
hypointense (dark) on T1-weighted (T1W) images. Contrast agents were administered to determine BBB disruption. As gadolinium-based contrast agent (Multihance)
does not cross the intact BBB due to its large molecular
weight, its appearance on T1W images following contrast
administration is indicative of BBB disruption. T2weighted MR images were used for evaluating the brain
edema, which is an indirect result of BBB disruption, induced by PDT. Since water molecules have a long T2 relaxation time, which induces a very high T2 signal, edema

appears bright on T2-weighted images and is therefore
easily visualized.
ALA and a number of exogenous photosensitizers have
been studied extensively for PDT of brain tumors and
mediate their effects through direct tumor phototoxicity
as well as peritumoral vasculotoxicity. A previous study
has demonstrated that ALA-mediated PDT was highly
effective in opening the BBB in a limited region of the
normal rat brain [21]. The degradation of the BBB was
temporary in nature, opening rapidly following treatment
and signiﬁcantly restored during the ensuing 72 hours.
The BBB was found to be disrupted as early as 2 hours

Fig. 6. T2W MR images (upper panel) and postcontrast T1W MR images (lower panel)
following 17 J of ALA PDT treatment depicting the time-course of cerebral edema development and BBB break down, respectively, following ALA PDT.
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Fig. 7. The effect of steroid (solo-medrol) treatment on brain edema following 17 J of ALA
PDT. Decreased edema is seen following steroid treatment (B) as compared to untreated
brain (A). Similar ﬁndings were seen following AlPcS2a PDT at 2.5 J.

following PDT and approximately 90% restored 72 hours
later. From a therapeutic standpoint, this time window is
an opportunity for the systemic administration of anticancer agents. The exact mechanisms by which PDT leads to
BBB degradation are uncertain but they likely include
direct PDT effects on the endothelial cytoskeleton that
lead to cell rounding and contraction, probably mediated
by PDT-induced microtubule depolymerization [25]. In
addition, the formation and/or enlargement of endothelial
gaps, has been observed in response to PDT [14]. Application of surface illumination in our experiment simulates
the walls of a resection cavity and the idea was to evaluate the effects of PDT on the more or less normal brain
surrounding the resection cavity, that is, the effects on
the vasculature (endothelial cells) since the photosensitizer does not pass the intact BBB. For clinical application
light delivery should be within tumor resection cavities
unless tumors are in unresectable locations in which case
stereotactic PDT has been attempted [26].
Results of the present study show that AlPcS2a is a
more potent photosensitizer as evidenced by increased
mortality and brain edema (Fig. 2) following relatively
low light ﬂuences. The increased effectiveness of AlPcS2a
PDT in opening the BBB is most likely due to the site of
localization of the photosensitizer. Since AlPcS2a is an
amphiphilic molecule it accumulates in cellular membranes such as those of the endothelial cells which constitute the BBB. Therefore, AlPcS2a PDT causes direct
photochemical damage to cell membranes which can lead
to disruption of the BBB. In contrast, ALA is a hydrophilic
molecule that tends to accumulate in cellular organelles
such as the mitochondria. As a result, ALA-PDT is less
likely to produce a direct effect on the vasculature. Thus,
ALA PDT can be combined with low-dose exogenous photosensitizer for a synergistic multimodal antitumoral
effect. This approach has been previously used successfully in an animal study combining ALA PDT to target
tumor cells with photofrin to target the vasculature [27].
The high mortality observed following interstitial
AlPcS2a PDT is not only due to localization of AlPcS2a on

the capillary endothelial cells, but also due to the light
distribution associated with this mode of light delivery. A
previous study demonstrated that the light ﬂuence rate at
the tip of an optical ﬁber inserted directly into the rat
brain was several orders of magnitude higher than the
actual power output [28]. A rapid decrease in the interstitial ﬂuence rate occurs with a light penetration depth of
about 6 mm in the rat brain falling to 1% of that measured at the tip. Surface irradiation was chosen in order
to avoid the high ﬂuence rates associated with interstitial
light delivery and, as shown in Figures 2 and 3, this method of light delivery was well tolerated.
The BBB is formed by brain capillary endothelial cells
connected to each other with tight junctions. Substantially different than those found in peripheral microvessels,
the endothelial cells lining the brain vessels are connected
by much tighter junctional complexes that lack fenestrations that completely seal the pericellular spaces and
form a continuous physical barrier between the CNS and
blood circulation [29,30]. The brain side of the capillary
endothelial cells is completely covered by a basement
membrane with astrocyte end-foot processes closely
attached to it. The BBB allows diffusion of lipid soluble
and small water soluble compounds, but forms a barrier
against simple diffusion of larger molecules [31].
The opening of the BBB following PDT results in the
formation of vasogenic cerebral edema. The formation of
cerebral edema can be dangerous as it can result in increased intracranial pressure, which impairs vascular
perfusion and can lead to brain ischemia, herniation, and
death [32–34]. Cerebral edema is characterized as being
either of vasogenic origin or due to cytotoxic mechanisms
[35,36]. Cytotoxic edema occurs due to changes in cellular
metabolism resulting in inadequate functioning of the sodium–potassium pump in cell membranes while the BBB
remains intact. Lesions leading to disruption of the BBB
result in leakage of plasma constituents into surrounding
brain tissue as vasogenic edema, with increasing water
content thus appearing as increased signal intensity on
T2W MRI. The edema caused by PDT in normal brain,
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due to its rapid reversibility and response to steroid treatment, is likely of the vasogenic type, that is, caused by
changes in endothelial fenestrations allowing edema ﬂuid
to leave the vascular system. Fortunately, the use of steroids results in a dramatic decrease in PDT-induced edema and results in reduced mortality. The use of steroids
for the management of brain tumor related or treatmentinduced edema is a common strategy employed clinically
and could be effective in managing PDT-induced edema in
patients [37–41].

10.

CONCLUSIONS

12.

T2W and contrast-enhanced T1W MRI scanning proved
to be a highly effective and noninvasive modality for following the development of the edema reaction and the degree and time course of BBB disruption following PDT.
ALA-mediated PDT induced a lower edema reaction than
that observed with AlPcS2a for a given ﬂuence. The mechanism of cerebral edema was found to be vasogenic as evidenced by the rapid response to steroid therapy. This was
conﬁrmed from histological images.
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