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Delivery of adenovirus, berpes simplex virus
(HSV), and paramagnetic monocrystalline iron
oxide nanoparticles (MION) to rat brain (n =
64) was assessed after intracerebral inoculation
or osmotic disruption of the blood-brain barrier
(BBB). After intracerebral inoculation, the area
of distribution was 7.93 % 0.43 mm> (n = 9) for
MION and 9.17 * 1.27 mm? (n = 9) for replica-
tion-defective adenovirus. The replication-com-
promised HSV RH105 spread to 14.00 * 0.87 mm?
(n = 8), but also bad a large necrotic center (3.54
* 0.47 mm?). No infection was detected when
virus was administered intra-arterially without
byperosmotic mannitol. After osmotic BBB dis-
ruption, delivery of the viruses and MIONs was
detected througbout the disrupted cerebral cor-
tex. Positive staining was found in 4 to 845 cells/
100 pm thick coronal brain section (n = 7) after
adenovirus administration, and in 13 to 197
cells/section (n = 8) after HSV administration.
Cells of glial morphbology were more frequently
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stained after administration of adenovirus,
whereas mneuronal cells were preferentially
stained after delivery of botbh HSV vectors and
MION. In a preliminary test of vector delivery in
the feline, MION was detected throughout the
white matter tracts after inoculation into normal
cat brain. Thus MION may be a tool for use in
vivo, to monitor the delivery of virus to the cen-
tral nervous system. Additionally, BBB disrup-
tion may be an effective metbhod to globally de-
liver recombinant viruses to the CNS. (Am J
Patbol 1995, 147:1840-1851)

We have previously characterized a feline model of
human Sandhoff disease (Gy,-gangliosidosis,
B-hexosaminidase deficiency), which results from
the mutation of a single gene.” This model provides
an excellent opportunity to study issues in central
nervous system (CNS) gene therapy.? Gene therapy
of the CNS with recombinant viral vectors is currently
being studied for replacement of faulty genes in
neurons or transfer of toxic genes to tumor cells.2™*
Neurons and other postmitotic cells can be infected
by both herpes simplex virus (HSV)>~” and adenovi-
rus.®® The HSV vectors may also be targeted to
tumor cells by selective deletion of genes involved in
viral replication.’®~"3 However, a major impediment
to both viral gene therapy of neurodegenerative dis-
eases affecting the brain and virus-mediated treat-
ment of brain tumors will be an adequate volume of
distribution of virus delivered to the target cells in the
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CNS.2'% |n preparation for gene therapy in the cat
model, we have examined the problem of achieving
wide delivery of recombinant viruses to rat brain.

A number of studies have demonstrated that viral
infection can be attained in the CNS of the rat after
administration of virus to brain by focal intracerebral
inoculation,3>8:2:13.15.16 | thege studies, primary in-
fection after focal inoculation of virus is limited to 1 to
3 mm surrounding the injection site. Inoculation with
convection, which utilizes rapid flow of large volumes
to enhance diffusion, may increase the volume of
distribution of water-soluble compounds in brain to
>1 c¢,"” although it is unclear whether convection
will be a mechanism for increasing virus delivery as
well. As an alternative to direct inoculation, osmotic
opening of the blood-brain barrier (BBB) has been
investigated as a means of delivering chemothera-
peutic agents, antibodies, imaging agents, and viral
particles to the brain.>'® The BBB is a capillary
barrier that results from a single continuous layer of
endothelial cells bound together with tight junctions.
This layer blocks blood-borne molecules from enter-
ing the brain.'®-2° |nfusion of hypertonic mannitol
results in reversible shrinkage of the cerebrovascular
endothelial cells and subsequent increased perme-
ability of the tight junctions that make up the anatom-
ical basis of the BBB.'® We have recently demon-
strated that this reversible and transient osmotic
disruption of the normal BBB may be a useful mech-
anism to obtain more global delivery of viral parti-
C|eS.13‘18'21

Delivery of viral vectors to brain by any of these
routes of administration, and infection of target cells,
has been demonstrated previously only after sacri-
fice by using immunocytochemical staining for viral
proteins,®® by using marker genes such as the lacZ
gene for bacterial B-galactosidase® '® or therapeutic
transgenes,* 'S or by using quantitative polymerase
chain reaction for viral DNA.22 It would be useful to
have a mechanism to examine the distribution of viral
particles antemortem to demonstrate the tissue dis-
tribution and volume of brain subject to viral infec-
tion.

Monocrystalline iron oxide nanoparticles (MION)
are superparamagnetic compounds, developed by
Weissleder et al, 2324 which can be used as contrast
agents for magnetic resonance (MR) imaging. MION
consist of a core iron oxide crystal 4.6 + 1.2 nm in
diameter, with a stable dextran coat yielding an over-
all hydrodynamic diameter of 20 = 4 nm, unimodal
size distribution. This is comparable to the diameters
of adenovirus particles, (65 to 80 nm)2® and HSV
particles (120 nm).26 We have previously shown that
the distribution of these iron oxide particles can be
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monitored in the live animal by MR imaging and then
by histochemical staining for iron after sacrifice. Fur-
thermore, these particles can be delivered across
the BBB of the rat after osmotic BBB disruption.” In
this study, we have compared MION delivery with
delivery of HSV or adenovirus after administration to
rat brain by direct inoculation or osmotic BBB dis-
ruption. MION may be a useful tool to noninvasively
monitor the distribution of virus after delivery to brain.

Materials and Methods

Virus Vectors

The HSV mutant RH105 lacks the HSV thymidine
kinase gene (HSV-TK), and bears the lacZ gene,
under control of the HSV /E3 promoter, inserted into
the HSV-TK locus.?®8 RH105 is replication-compro-
mised in that it can only replicate in dividing cells,?®
and it tends to downregulate immediate-early gene
expression in neurons.” It is unable to form a lytic
infection in normal brain cells (neurons and glia),
which have very low levels of endogenous mamma-
lian TK.""2° The titer of HSV RH105 was determined
to be 1 X 10'° pfu/ml by a plaque-forming assay on
confluent monolayers of VERO African green mon-
key kidney cells.™"

The hrR3 replication-compromised HSV vector
was originally obtained from Dr. S. Weller (Univer-
sity of Connecticut Medical School). This vector
contains the lacZ gene in the ribonucleotide reduc-
tase gene locus, under control of the ICP6 imme-
diate-early viral promoter.”-3° Like HSV-TK, the ri-
bonucleotide reductase mutation allows viral
replication in dividing cells, but not in nondividing
cells. The hrR3 vector also has increased sensitiv-
ity to acyclovir, which will increase its antitumor
efficacy. HrR3 was titered and stored as described
for RH105.

The adenovirus mutant AdRSVlacZ contains a
deletion in IET and a partial deletion in /[E3. The
lacZ gene has been inserted in [ET under control of
the Rous sarcoma virus promoter.®2' The loss of
IET renders the adenovirus vector replication-de-
fective. Freshly purified virus in CsCl was desalted
by chromatography over a G25 Sephadex column
and a titer of 1.5 X 102 particles/m| was deter-
mined by measuring absorbance at 260 nm. This
concentration represents 1 to 5 X 10'° pfu/ml, as
determined by plaque assay, because not all par-
ticles are infectious.®2’
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Intracerebral Inoculation in the Rat

Animal studies were performed in accordance with
guidelines established by the Oregon Health Sci-
ences University committee on Animal Care. Adult
Long-Evans rats were anesthetized with intraperito-
neal (i.p.) ketamine (50 mg/kg) and xylazine (2 mg/
kg). The head was shaved and the rat placed in a
stereotactic frame (David Kopf Instruments, Tujunga,
CA). A midline incision was made to expose the
frontal bone where a 2-mm burr hole was made. The
tip of a 27-gauge needle attached to a 50-ul Hamil-
ton syringe was lowered into the right caudate puta-
men, using stereotactic coordinates at bregma = 0:
vertical = —6.5 mm from the top of the skull; lateral =
—3.1 mm. Twenty-four ul of 0.9% (w/v) saline con-
taining adenovirus AdRSVlacZ (1 X 10%°to 1 X 10"
particles, n = 10), HSV RH105 (2.4 X 108 pfu,n = 9),
MION (2'to 10 ug, n = 9), hrR3 (2.4 x 108 pfu, n =
2), or the RH105 virus in combination with MION (2.4
X 108 pfu virus, 5 ug MION, n = 3) was administered
over a 20-minute period. The needle was then with-
drawn over a 20-minute period, and the skin closed
in a single layer.

Inoculation into Feline Brain

A normal domestic cat, 4 to 5 kg, was anesthetized
with i.p. sodium pentobarbital (40 mg/kg). The head
was shaved and the cat placed in the stereotactic
frame. The right temporalis muscle was exposed,
then elevated and retracted laterally. A 4-mm burr
hole was made and a 27-gauge needle attached to a
1-ml syringe was lowered into the internal capsule.
The stereotactic coordinates were: ear bars = 0;
lateral = 8 mm right of midline; anteroposterior = 14
mm anterior from 0, vertical = 3 mm ventral from 0.
MION was inoculated at a rate of 4 wl/minutes for a
total of 0.5 ml (250 ug iron). The needle was then
withdrawn over a 20-minute period.

BBB Disruption

Adult Long-Evans rats, ~220 g, were anesthetized
with isoflurane inhalant (5% induction, 2% mainte-
nance) in an air atmosphere, and the carotid artery
was exposed through a ventral neck incision. A cath-
eter filled with heparinized saline was tied into the
right external carotid artery for retrograde infusion.
Mannitol (25% w/v in H,0) warmed to 37°C was
infused into the right internal carotid artery via the
right external carotid artery catheter at a rate of 0.12
ml/s using a constant flow pump (Harvard Instru-
ments, Newport Beach, CA) as described previous-

ly.'820-21 |mmediately after disruption, rats received
1 ml of saline containing either adenovirus AdRSV-
lacZ (5 x 10" particles, n = 7), HSV RH105 (1 X 10°
pfu, n = 4), HSV hrR3 (5 x 10® pfu, n = 6) or the
combination of adenovirus plus MION (10 mg/kg, n
= 2), administered intra-arterially (i.a.) via the carotid
catheter. Additional animals received the agents af-
ter mock disruption with i.a. saline administered in
place of mannitol (n = 6 for adenovirus, 2 for ade-
novirus plus MION, 2 for RH105, and 2 for hrR3). Five
minutes before experimental or sham BBB modifica-
tion, 2% Evans blue dye was administered intrave-
nously (2 ml/kg) to provide a qualitative marker for
barrier disruption of the ipsilateral hemisphere; stain-
ing was graded as previously described.?® Because
BBB modification requires sacrifice of the internal
carotid artery, the procedure can only be performed
once per animal.

MR Imaging

The monocrystalline iron preparation, synthesized as
described by Shen et al,2* was imaged using a small
transmit/receive coil that was built specifically for rat
MR studies, as described previously.2” Coronal T1
weighted images were obtained with a repetition
time (Tg) of 300 ms, echo time (Tg) of 16 ms, 4
excitations, a 256 X 192 matrix, a 9-cm field of view,
and a 3-mm slice thickness. Coronal spoiled grass
images were acquired with T = 60 ms, Tz = 7 ms,
flip angle = 45°, 9 cm field of view, in a 256 X 192
matrix, with two excitations.

Fixation and Sectioning

Animals that received adenovirus were sacrificed at
day 4, and those that received HSV were sacrificed
1 to 4 days after virus administration. Rats that re-
ceived MION alone were sacrificed 2 h after admin-
istration, and rats that received MION in conjunction
with virus were sacrificed at 2 days (HSV) or 4 days
(adenovirus) after administration. Rats were sacri-
ficed by barbiturate overdose (i.p.), and fixed by
perfusion with 10% neutral buffered paraformalde-
hyde. The cat that received iron was sacrificed 2
hours after inoculation by barbiturate overdose, and
the brain was harvested and fixed by immersion in
10% neutral buffered formalin. Brain regions of inter-
est were blocked in the coronal plane and postfixed
in 4% (w/v) buffered paraformaldehyde for 24 h, then
sectioned serially at 100 um in the coronal plane with
a Vibratome (Oxford Instruments, Bedford, MA). Tis-
sues to be examined ultrastructurally by electron
microscopy were aldehyde-fixed, postfixed in 2%



osmium tetroxide, dehydrated in ascending concen-
trations of ethanol, and embedded in Epon 812.
Sections were cut with a diamond knife, mounted on
bare copper grids, and stained with uranyl acetate
and lead citrate.

Histochemistry

To stain for iron, sections were incubated in Perl’s
solution (equal parts of 2% HCI and 2% potassium
ferrocyanide; 30 minutes at room temperature),
rinsed in deionized water (30 minutes) and incu-
bated in 0.5% diaminobenzidine (DAB) in Tris-buff-
ered saline (pH 7.4) containing 0.15% hydrogen per-
oxide, as described by Koeppen et al.?”-3! This stain
yields a brown reaction product. Hematoxylin and
eosin (H&E) staining for pathology was performed by
standard techniques. The XGal histochemical stain
for B-galactosidase (B-Gal) activity was performed
as previously described.®

Immunocytochemistry

Antibodies used in this study were purified poly-
clonal (rabbit) antibodies to Escherichia coli B-galac-
tosidase (Cappel Laboratories, Westchester, PA),
and polyclonal antibodies against HSV capsid and
core proteins (Dako, Glostrup, Denmark). Immuno-
staining was performed by the indirect immunoper-
oxidase labeling technigue as previously reported.?
Tissue sections incubated with primary antibody
were reacted with biotinylated protein A followed by
the ABC complex (prepared from the avidin and
biotinylated peroxidase reagents provided in the
Vectastain ABC kit, Vector Laboratories, Burlingame,
CA). Brown reaction products were formed with
DAB. For double staining either for two antigens or
for iron and antibody, sections were first stained for
iron or the first antigen using DAB to yield brown
reaction products followed by immunostaining using
benzidine dihydrochloride to yield blue labeling.3?
Selected sections were counterstained with thionine,
and permanently mounted under cover slips.

Image Analysis

Slides were placed on a Zeiss Axioplan Universal
(Carl Zeiss, Oberkochen, Germany) microscope and
viewed at a low magnification so that the whole brain
section was visible. A Sony CCD/RGB DXC 151 cam-
era attached to the microscope captured the im-
ages, and a Color Snap 32+ frame grabber board
converted the analog signal to digital on a Macintosh
21-inch color display. The images were analyzed
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using Image 1.55 software tools. For virus inoculation
studies, the area of distribution in each section was
determined by outlining the extent of B-Gal-positive
or HSV antigen-positive cells using the pencil tools
and determining the enclosed area. Similar mea-
surements were made for MION distribution in brain
sections. Each area measurement was performed
three times each on two to four sections surrounding
the inoculation site and the mean and standard error
of the mean (SEM) for each brain and each group of
brains was calculated. The number of infected cells
in the BBB disruption brains was determined by
examining every sixth 100 um section (7 to 12 per
brain) under 100X magnification and counting all the
positively staining cells. The areas of distribution and
number of positive cells were compared by Stu-
dent’s t-test. The correlation between MION histolog-
ical and MR volumes was determined using the
cricket graph program (Cricket Software, Malvern,
PA).

Results

Comparison of MION and Virus Distribution
after Delivery to Rat Brain by Focal
Intracerebral Inoculation

We examined the volume of distribution of gene ex-
pression from primary infection of HSV mutants
RH105 and hrR3, or adenovirus mutant AdRSVlacZ,
after stereotactic inoculation of each vector into rat
brain, deep in the caudate putamen of the basal
ganglia. Adenovirus brains were analyzed 4 days
after infection by staining for bacterial g-Gal, and
brains infected with HSV were analyzed from 1 to 4
days after inoculation by staining for g-Gal or viral
coat protein antigens. These times have been shown
to provide the best gene expression by previous
investigators®€® and in our own preliminary experi-
ments.

The general pattern of virus infection was very
similar for all three viruses, with staining detected
within the caudate nucleus, in or along the corpus
callosum, and some spread into cortex (Figures 1A,
2A). The vertical length of stained tissue in the coro-
nal plane in sections around the inoculation site was
~5 mm, with no difference between vectors (Table
1). In contrast, the width of staining was significantly
different between adenovirus (3.07 = 0.27 mm, n =
9) and HSV RH105 (3.93 = 0.15 mm, n = 8), P <
0.001 (Table 1). Both HSV vectors, but not adenovi-
rus, were found to spread into the cortex of inocu-
lated animals, resulting in a larger area of distribution
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Figure 1. Adenovirus AdRSViacZ inoculation in rat brain. (A) Distribution of immunocytochemical staining for B-Gal in a coronal section of rat
brain after focal intracerebral inoculation of adenovirus mutant AdRSViacZ. BG, basal ganglia; CC, corpus callosum; V, ventricle (25X). (B)
Enlarged section of the caudate nucleus and corpus callosum in A, showing primarily astrocytic infection, as indicated by the arrows and little
detectable necrosis (50X). B bas been rotated 90°. Note arrow at extreme right, showing area of gliosis which can be seen at the top of panel A.

(area for RH105 = 14.54 = 1.14 mm?2, n = 8; area for
adenovirus staining = 9.17 £ 1.27 mm?, n =9, P <
0.001; Table 1). Staining in the cortex was associ-
ated with 4 days of infection with RH105 (area =
15.74 = 0.64 mm?, n = 5) rather than 1 or 2 days
(area = 12.81 = 0.69 mm? n = 6, P < 0.01).

After virus inoculation, parenchymal cells express-
ing B-Gal immunoreactivity had the morphology of
both neurons and astrocytes. Adenovirus-mediated
gene expression was found mostly in glial cells, with
only occasional neurons being detected, whereas
HSV appeared to target mostly neuronal cells (Fig-
ures 1B and 2B). The B-Gal reactivity could addition-
ally be detected, extending along the corpus callo-
sum, for several millimeters from the injection site.
The cells labeled in this region had the morphologi-
cal appearance of astrocytes after adenovirus inoc-
ulation (Figure 1B), and neurons after HSV inocula-
tion (Figure 2B).

Infection of the brain after HSV inoculation was
associated with necrosis at the inoculation site, both
at the surface of the brain and within the caudate

nucleus (Figure 2B), which measured 3.54 = 0.47
mm? per section in the region of RH105 virus inocu-
lation. In contrast, little evidence of neurotoxicity was
seen with adenovirus inoculation, even with 1 x 10"
particles inoculated (Figure 1B). The necrotic area
averaged only 0.80 = 0.23 mm? per section in ade-
novirus brains.

We next examined MION volume of distribution
after focal inoculation. Within 2 hours of inoculation of
5 ng MION, MR spoiled grass images were ob-
tained. The MR images demonstrated iron distribu-
tion throughout the caudate nucleus, along the cor-
pus callosum, and into the cortex of the rat (Figure
3A). Immediately after imaging, the rats were sacri-
ficed and brain sections were stained by histochem-
istry for iron (Figure 3B) or by H&E for pathological
examination (not shown). No evidence of necrosis
could be detected on MR images or histological
sections. The total volume of distribution of MION in
rat brain determined from MR images was compared
with image analysis of histological sections, with a
correlation R? = 0.935. The area of distribution of
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Figure 2. HSV RH105 inoculation in rat brain. (A) Distribution of immunocytochemical staining for B-Gal in a coronal section of rat brain after
Jocal intracerebral inoculation of HSV mutant RH105. BG, basal ganglia; CC, corpus callosum; V, ventricle; n, necrotic area (25X). (B) Enlarged
section of caudate nucleus, corpus callosum, and cortex in A, showing neuronal staining at the arrows, as well as necrotic tissue at the center of the
inoculation site (50X). B bas been rotated by 90° as evidenced by the needle track.

histological staining for iron in sections around the
inoculation site (7.39 + 0.43 mm?, n = 9) was very
similar to the distribution of adenovirus staining (9.17
+ 127 mm? n = 9; Table 1). When MION was
administered in combination with RH105 both the

area and the width of iron staining were significantly
different from MION alone (P < 0.02). However, it is
unclear whether this difference was due to the pres-
ence of virus or diffusion because of the difference in
sacrifice time (2 days for MION with RH105 versus 2

Table 1. Area of Distribution after Direct Inoculation into Normal Rat Brain

Virus Area (mm?) Necrotic area (mm?) Vertical length (mm) Width (mm)
Adenovirus (B-Gal staining; 9.17 (1.27) 0.80 (0.23) 5.13 (0.09) 3.07 (0.27)
n=29)
RH105 (B-Gal staining; n = 8) 14.00* (0.87) 3.54* (0.47) 4.97 (0.08) 3.93* (0.15)
RH105 with MION (B-Gal 1454 (1.14) 2.72 (0.98) 5.05(0.16) 3.85 (0.20)
staining; n = 3)
hrR3 (B-Gal staining; n = 2) 14.26 (2.43) 413 (0.71) 5.43 (0.12) 354 (0.64)
MION (iron staining; n = 9) 7.93 (0.43) 0 5.07 (0.23) 3.05 (0.14)
MION with RH105 (iron 9.43** (0.62) 2.72 (0.98) 4.88 (0.18) 3.67** (0.04)

staining; n = 3)

All values are mean (SEM).

Rats received virus and/or MION stereotactically inoculated into a cerebral hemisphere, at the times and at the concentration indicated
in Materials and Methods. B-galactosidase immunocytochemistry was determined for adenovirus, RH105, hrR3, and for RH105 plus MION.
Iron histochemistry was performed for MION alone, and for MION plus RH105. For each brain three or four sections adjacent to the
inoculation site were assessed for area of distribution of positive staining and the area of necrosis (both in mm?), and for the vertical length
and width of staining in the coronal plane. Staining in each section was determined three times, and the mean and SEM were calculated
(the ranges for the hrR3 brains are shown).

*Staining for RH105 was significantly different from adenovirus or MION alone (P <0.001).

**MION with RH105 iron staining was significantly greater than MION alone (P <0.02).
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Figure 3. MION inoculation into rat brain. (A) MR image demonstrating the distribution of the superparamagnetic label, after delivery of MION (5
ng) to rat caudate putamen. NB, normal brain; M, MION. (B) Distribution of bistochemical staining for iron in a coronal section of rat brain after
Jfocal intracerebral inoculation. BG, basal ganglia; CC, corpus callosum; V, ventricle (25X).

hours for MION alone). In contrast to adenovirus,
MION staining was found predominantly in neuronal
cells and fiber tracts. When MION was administered
simultaneously with HSV, double labeling for iron
and B-Gal demonstrated co-localization of both
products in many cells that appeared to be neuronal
on the basis of morphology (data not shown).

Delivery of MION and Virus to Rat Brain after
Osmotic BBB Disruption

We evaluated the delivery of viruses and MION
across the BBB after osmotic BBB disruption in the
rat. Rats received i.a. mannitol to open the BBB
followed by adenovirus or HSV, or the combination of
adenovirus plus MION. Control animals received i.a.
saline in place of mannitol, and virus was adminis-
tered i.a. via the carotid catheter.

After administration of the adenovirus vector, the
animals were sacrificed at 4 days postinfection, and

the brains were sectioned and evaluated by B-Gal
immunocytochemistry in every sixth 100-um coronal
section (Table 2, Figure 4). B-Gal expression was
detected only in the brains of animals that received
mannitol-induced disruption, and in no sections from
control animals. B-Gal expression was largely con-
fined to the disrupted right cerebral hemisphere, with
some degree of crossover in the parasagittal cortex
(area supplied by the anterior cerebral artery) in
some sections (Figure 4A). Adenovirus-mediated
B-Gal staining was observed predominantly in glial
cells as assessed by morphology (Figure 4B). The
positive staining of 4 to 845 cells per 100 um coronal
section was randomly distributed throughout the dis-
rupted hemisphere, although greater cell density
was detected in the cortex, hippocampus, and den-
tate gyrus, whereas lower levels were detected in the
basal ganglia. Given the larger number of positive
cells in the section shown in Figure 4 (>1 cel/mm?),
we calculate that the entire rat brain contained as

Table 2. Delivery of Virus to Normal Rat Brains with BBB Disruption (BBBD)

Virus/Experiment Number Staining Range Mean *+ SEM Median
Adenovirus BBBD 7 B-Gal 4-845 190 *= 106 31
RH105 BBBD 2 B-Gal 3-5

HSV antigens 15-22
HSV hrR3 BBBD 6 B-Gal 1-32 6*4 2
5 HSV antigens 13-197 55 + 32 21
Saline controls 11 B-Gal 0 0 0
2 HSV antigens 0 0 0

Virus was delivered to normal rats by i.a. infusion with or without osmotic BBBD. Brains administered adenovirus were examined at 4
days postinfection for B-galactosidase immunocytochemistry, whereas brains that received HSVRH105 or hrR3 were stained at 2 days
postinfection for both B-Gal and HSV antigens. The number of positive cells was determined in 7 to 11 100-um sections for each stain for

each brain.



Figure 4. Delivery of adenovirus across the BBB. (A) Distribution of
immunocytochemical staining for B-Gal in a coronal section of rat
brain after administration of adenovirus with BBB disruption. DH,
disrupted bemisphere; NB, normal brain (16X). (B) Higher magnifi-
cation of the cortex in A, showing primarily glial cell morphology,
indicated by the arrows (100X).

many as 80,000 B-Gal-positive cells after delivery of
adenovirus by BBB disruption.

Delivery of HSV to rat brain was evaluated at 2
days postinfection. No infection was detected in
mock-disrupted animals (n = 2 for RH105, and 2 for
hrR3; 8 to 10 sections examined per animal). Low
levels of parenchymal cell staining for g-Gal was
detected in two animals that received HSV RH105 in
conjunction with mannitol to disrupt the BBB, and in
six animals that received HSV hrR3. When serial
sections were stained for HSV capsid antigens, a
larger number of positive cells were found, 15 to 197
cells per 100-um section (Table 2). Positive staining
was sparsely but randomly distributed throughout
the disrupted hemisphere, and, except for some
crossover at the midline, no staining was detected in
the non-disrupted hemisphere, as demonstrated in
Figure 5A. Staining was found in both neural and
glial cells, as assessed by morphology (Figure 5B),
with some axonal processes detected as far as 1 mm
from the cell body.

Positive staining for both iron and g-Gal in rat brain
parenchyma was observed after simultaneous ad-
ministration of adenovirus and MION with BBB dis-
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Figure 5. Delivery of berpesvirus across the BBB. (A) Distribution of
immunocytochemical staining for HSV capsid proteins in rat brain
right cerebral cortex after administration of HSV RH105 with BBB
disruption. DH, disrupted bemispbere; NB, normal brain (40X). (B)
Higber magnification of the disrupted hemispbere in A, showing neu-
ronal morphology (arrow) and glial cell morpbology (arrowhead)
(100X).

ruption. Combining these two agents did not appear
to reduce virus delivery to brain, as assessed by
visual examination of representative sections of
brains from both groups. Analysis of brain sections
by electron microscopy after adenovirus and MION
administration with BBB disruption demonstrated the
presence of the electron-dense iron cores through-
out the brain sections, and within cells morphologi-
cally identified as neurons (Figure 6).

In contrast to our previous findings of minimal
toxicity with adenovirus administered after BBB dis-
ruption,®' in the current study 4 of 11 animals that
received adenovirus with mannitol, and 3 of 5 ani-
mals that received adenovirus with saline, died
within 24 hours of virus administration. Nevertheless,
examination of H&E-stained brain sections from sur-
viving animals identified no signs of acute patholog-
ical abnormalities in brains that received adenovirus
delivery with BBB disruption. HSV mutant RH105
was also toxic when delivered via the vasculature,
with two of four rats that received RH105 with man-
nitol dying within 24 hours. Delivery of the hrR3 vec-
tor with BBB disruption did not result in any proce-
dure-related deaths. However, upon sacrifice, one of
the animals had widespread necrosis in the dis-
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Figure 6. Delivery of adenovirus and MION across the BBB. Electron micrograph of unstained brain tissue showing MION (electron-dense particles
indicated by arrowbeads) uptake in brain cells after delivery across the BBB. MA, myelinated axon; BM, basement membrane; CE, capillary
endothelial cell.

rupted hemisphere and a second had a focal area of
necrosis in the disrupted cortex. No pathological
abnormalities were observed in brain sections of the
other surviving animals. No mock-disrupted animals
(those that received i.a. virus with saline rather than
mannitol) that received HSV RH105 or hrR3 died in
this experiment.

Distribution of MION in Cat Brain

MION was infused into the brain of a normal feline
(125 ng FeO) to test whether convection enhanced
diffusion would yield widespread distribution of this
virus-sized particle through an appreciable volume
of feline brain. MION distribution was assessed by
MR imaging and histology for iron (Figure 7). No
evidence of pathological damage was observed
upon examination of H&E-stained sections (data not
shown).

Discussion

We have examined the delivery of recombinant
viral particles and MION to rat brain through two

different routes. When comparing the delivery of
these particles after direct intracerebral inocula-
tion, which is the most common method of delivery
to brain, MION distribution closely resembled the
distribution of cells infected by either adenovirus
or the two HSV vectors, as assessed by expression
of the B-Gal transgenic protein. All four agents
spread a short distance through the caudate nu-
cleus, tracked along the corpus callosum, and had
some diffusion into the cortex. The significantly
larger area of distribution obtained with HSV, com-
pared with MION or adenovirus, may be due to
transsynaptic transport of the replication-compro-
mised vectors, and/or secondary infection in the
cortex. Qualitatively, MION distribution also
matched virus infection when these agents were
administered with osmotic BBB disruption. As we
have demonstrated previously for MION,27 virus
staining was found throughout the disrupted hemi-
sphere, with some crossover at the midline. Be-
cause of these similarities, we hypothesize that MR
imaging of superparamagnetic MION may be used
to demonstrate the distribution of viral particles in
rat brain, or in other animal models.



Figure 7. Delivery of MION to cat brain by convection-enbanced de-
livery. Histochemical stain for iron after inoculation of 500 ul of
solution containing MION (250 ug FeO) into the feline right internal
capsule (5X).

Use of MION provides several benefits compared
with immunocytochemical or molecular analysis of
virus delivery. MR imaging of this agent can be per-
formed noninvasively, and can therefore be used to
demonstrate the initial distribution of MION and viral
particles in the brain in live animals.2%2427 MR im-
aging can demonstrate the entire volume of distribu-
tion of MION and virus throughout the brain tissue.
This property could be used to delimit the regions
where the recombinant virus may be active. In addi-
tion, when used with viral therapy of brain tumors,
MR imaging with MION may demonstrate regions of
the tumor that have received suboptimal amounts of
virus. Finally, the histochemical stain for iron in brain
sections in vitro provides a simple and powerful
method for identifying the tissues that received par-
ticles,?”** which can then be tested for biochemical
changes associated with therapeutic viral trans-
genes.

A possible drawback to the use of MION to dem-
onstrate virus delivery is the potential neurotoxic ef-
fect of iron infused into the brain, particularly in ni-
grostriatal dopaminergic neurons.®334 The iron in the
MION used in this study is protected from the extra-
cellular environment by the dextran coat, and is a
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single crystal, rather than the ferrous or ferric ions in
solution that are used for iron toxicity studies 3334
Although MION may be degraded in neuronal lyso-
somes and released as free iron, we have observed
no signs of chronic toxicity (neither systemic toxicity
nor neuropathology) of these procedures in rats
studied for periods up to 3 months (RA Kroll, manu-
script in preparation). In addition, in terms of imaging
virus infection, the strong iron MR signal may mask
potential virus toxicity, such as necrosis from repli-
cation-competent HSV.

Differential cell type infectivity of the two virus
types was found in rat brain. After focal intracerebral
inoculation, staining for HSV, like MION, was prefer-
entially localized in neurons, whereas adenovirus
was found in some neuronal cells but was predom-
inantly found in cells of glial morphology. Similarly,
after delivery of virus with BBB disruption, adenovi-
rus-mediated B-Gal expression was found almost
entirely in glial cells, as we have previously de-
scribed.?" In contrast, after HSV delivery both neu-
rons and glia were positive for HSV coat protein
immunocytochemistry. The molecular basis for this
difference is not known. Herpesvirus has a wide host
range, and can infect a variety of cell types in cul-
ture. In vivo, wild-type HSV is capable of infecting
postmitotic neurons in the periphery and the
CNS®€:"® and can also be passed to additional neu-
rons in the CNS by transsynaptic transport.>® It is
unclear how efficiently HSV will infect glial cells in
vivo, although infection in vitro has been established
(our unpublished results). Less is known regarding
the mechanisms of infection and uptake of adenovi-
rus in the CNS, and it is only recently that transgene
expression mediated by adenovirus vectors has
been shown to occur in CNS parenchymal cells.38°
This differential targeting to neurons or glia has im-
portant implications for gene therapy. In particular,
therapy of neuronal diseases with adenovirus vec-
tors may have to rely on enzyme transfer from in-
fected glia to affected neurons. The different cellular
associations of MION and virus at the microscopic
level is likely not relevant to the use of MION as a
macroscopic imaging agent for MR.

A high level of toxicity was found for the viral
vectors, particularly HSV, after administration by ei-
ther direct inoculation or BBB disruption. At the high
titers used, there may be some degree of replication
and lysis in neurons caused by either incomplete
latency or reversion of a small percentage of virus to
wild type. Alternatively, neurotoxicity may be attrib-
utable to viral proteins in the inoculum or to an im-
mune-mediated response. The necrosis that we
found after stereotactic inoculation of virus is similar
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to previous reports of long-term toxicity with the
RH105 vector.>>®'" The issue of viral toxicity is
being addressed by us as well as a number of other
investigators. Although viral vectors are not yet opti-
mized, both the hrR3 HSV vector and the adenovirus
vector have reduced toxicity®>®'" and hold promise
as gene delivery vehicles.?”

Morbidity and mortality was observed when virus
was delivered by i. a. infusion, with or without os-
motic BBB disruption. The fact that mortality oc-
curred in sham-disrupted animals that received ad-
enovirus and had no evidence of viral gene
expression in the brain suggests it may be due to
systemic toxicity as a result of viral infection of non-
neural tissues.'™ Our extensive animal tests have
demonstrated BBB disruption to be a safe proce-
dure.3:18:20.21 (Clinjcal trials of enhanced chemo-
therapy delivery have demonstrated the efficacy and
safety of osmotic BBB disruption in human brain
tumor patients.3®

These results represent the first report of delivery
of recombinant HSV-derived vectors to the brain af-
ter BBB modification. This confirms our early results
showing a fourfold increase in radioactivity in the
disrupted hemisphere after delivery of radiolabeled
inactivated HSV across the BBB'® and our more
recent results showing delivery of live virions to nor-
mal rat brain?" and rat brain tumor.'™ HSV delivery
resulted in fewer positive CNS parenchymal cells
than adenovirus, whereas for both viruses positive
cells were less abundant than was seen with the
delivery of MION.2” There are several possible rea-
sons for this phenomenon. First, these three agents
may demonstrate the size limitation for delivery
across the BBB: MION = 20 nm,2® adenovirus = 70
nm,2® HSV = 120 nm.2® Second, the toxicity of both
the HSV RH105 mutant virus and the adenovirus
AdRSVlacZ, when delivered to the vasculature with
or without osmotic BBB disruption, forced us to use a
relatively low concentration of virus, with less HSV
than adenovirus being delivered. Higher concentra-
tions of less toxic viruses may yield comparable
delivery of the two viruses, and perhaps staining
comparable to the MION delivery experiments.
Third, even though we have demonstrated that the
BBB is open to virus, there still may be a lack of
access of virus to cells distant from the capillaries.
Immunocytochemical analysis of adenovirus infec-
tion after BBB disruption suggested that glial cells
that were close to capillaries are most likely to be
infected by this procedure.2! Our inoculation exper-
iments demonstrated that HSV appeared to target
neurons rather than glia. Perhaps the selectivity that
the HSV vector demonstrated for neurons, combined

with relative abundance of astrocyte foot processes
at the disrupted BBB, may decrease HSV infectivity
in comparison to adenovirus. This property of low
infection of normal brain with HSV delivered by os-
motic BBB disruption may actually be an advantage
in future tests of gene therapy of tumors. Neverthe-
less, our results demonstrate that CNS parenchymal
cells, including neurons, were stained after delivery
of HSV after BBB disruption, indicating that BBB
disruption may be an effective method for global
delivery of virus for CNS gene therapy.
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