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Abstract
We are developing a method for real-time magnetic resonance imaging (MRI) visualization of
convection-enhanced delivery (CED) of adeno-associated viral vectors (AAV) to the primate brain.
By including gadolinium-loaded liposomes (GDL) with AAV, we can track the convective movement
of viral particles by continuous monitoring of distribution of surrogate GDL. In order to validate this
approach, we infused two AAV (AAV1-GFP and AAV2-hAADC) into three different regions of
non-human primate brain (corona radiata, putamen, and thalamus). The procedure was tolerated well
by all three animals in the study. The distribution of GFP determined by immunohistochemistry in
both brain regions correlated closely with distribution of GDL determined by MRI. Co-distribution
was weaker with AAV2-hAADC, although in vivo PET scanning with FMT for AADC activity
correlated well with immunohistochemistry of AADC. Although this is a relatively small study, it
appears that AAV1 correlates better with MRI-monitored delivery than does AAV2. It seems likely
that the difference in distribution may be due to differences in tissue specificity of the two serotypes.
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Introduction
Convection-enhanced delivery (CED) uses fluid pressure at the tip of the delivery cannula and
bulk flow to propagate substances within the extracellular fluid spaces (Bobo et al., 1994). Our
understanding of CED distribution has been further enhanced by elucidation of the physiologic
effects of the local pulsatile vasculature (Hadaczek et al., 2006b), the complexities of the
extracellular matrix (Hamilton et al., 2001; Neeves et al., 2007; Nguyen et al., 2001), and the
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biophysical properties of the extracellular space volume fraction (Sykova, 2004). With the
increasing use of CED in clinical neurosurgery (Kunwar et al., 2007; Lonser et al., 2007),
investigators have sought to visualize the delivery of therapeutics intra-operatively. CED
visualization with the aid of novel contrast materials co-infused with therapeutic agents has
recently been investigated in rodents (Saito et al., 2004), non-human primates (Lonser et al.,
2002; Murad et al., 2007; Saito et al., 2005) and humans (Lonser et al., 2007; Sampson et al.,
2007). Real-time convective delivery (RCD) utilizes MRI to visualize the CED process with
the aid of Gadolinium-loaded liposomes (GDL) to co-distribute with the therapeutic being
delivered.

Adeno-associated viral vectors (AAV) contain single-stranded DNA genomes and are
members of the nonpathogenic parvovirus family. They are capable of delivering gene
constructs of almost 5 kb (Baekelandt et al., 2000; Grieger and Samulski, 2005). Since 1982,
when the first infectious AAV2 clone was established (Samulski et al., 1982), over 20 clinical
gene therapy trials have been conducted with AAV2 vectors for the treatment of a variety of
diseases and have included several hundred patients (Carter, 2005). True AAV serotypes
include AAV1-5 and AAV7-9, whereas variants AAV6, 10, and 11 do not fit the serotype
definition, sharing serology with others or otherwise poorly characterized (Wu et al., 2006).
Recent reviews (Gao et al., 2006; Grimm and Kay, 2003) have improved our understanding of
the AAV serotypes with respect to their isolation, serology, classification and potential
application to gene therapy. Optimal viral vector delivery into the brain, however, continues
to be a challenge despite an advanced understanding of the mechanisms involved. AAV cellular
tropism in the brain appears to be related to viral capsid composition, rather than the enclosed
vector genome (Vite et al., 2003), with AAV1 tending to target both glia and neurons and
AAV2 being much more neuron-specific. AAV2 has been selected as the viral vector of choice
in three recent human intra-cerebral gene therapy trials for Parkinson's disease (PD) (Fiandaca
et al., 2008). Our group has demonstrated that CED is an efficient method for the distribution
of the AAV vector in the brains of rats (Hadaczek et al., 2006b; Sanchez-Pernaute et al.,
2001), monkeys (Hadaczek et al., 2006a; Sanftner et al., 2005), and humans (Eberling et al.,
2008). Parameters required for optimal delivery of AAV vector, such as infusion volume (Vi),
rate of infusion, and optimal cannula type and placement, had to be defined experimentally
(Chen et al., 1999; Krauze et al., 2005b; Szerlip et al., 2007) to improve delivery efficiency,
while attempting to limit the spread of vector into regions outside the target volume, including
the CSF. Despite optimization of these parameters, and use of RCD, inadvertent leakage of
therapeutic agents during CED continues to be an issue (Varenika et al., 2008).We continue
to refine our AAV delivery platform and the current study was designed to investigate the
correlation between (1) RCD of GDL delivered with AAV into the parkinsonian NHP brain,
(2) post-CED FMT-PET, and (3) post-mortem immunohistochemistry (IHC) of the infused
brain regions. The sites of CED infusion included the corona radiata, striatum, and thalamus.
Our MRI contrast agent was GDL and was delivered with either AAV1-GFP or AAV2-
hAADC.

Materials and methods
Experimental subjects

Adult male non-human primates (Macaca mulata, n=3, 3–10 kg), abbreviated NHP, were
individually housed in stainless steel cages. Each animal room was maintained on a 12-hour
light/dark cycle, and room temperature ranged between 64 °F and 84 °F. Purina Primate Diet
was provided on a daily basis in amounts appropriate for the size and age of the animals. This
dietwas supplemented with fruit or vegetables daily. Also, small bits of fruit, cereal, or other
treats were provided as part of the environmental enrichment program. Tap water was freely
available to each animal through an automatic watering device or an attached water bottle.
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Parkinsonism in NHP (Macaca mulatta) was induced by administration of 2–4 mg MPTP into
the internal carotid artery as previously described (Bankiewicz et al., 1986). MPTP-treated
animals used for this study were not suitable for functional studies due to unstable PD signs.
Animal protocols were reviewed and approved by the Institutional Animal Care and Use
Committees at the University of California San Francisco (San Francisco, CA).

Liposomal preparation
Separate liposomes were prepared for detection by MRI and by histological examination as
previously described (Krauze et al., 2005a; Mamot et al., 2003, 2004; Saito et al., 2004,
2005). Liposomes that contained the MRI contrast agent were composed of 1,2-dioleoyl-
snglycero-3-phosphocholine (DOPC)/cholesterol/1,2-distearoyl-sn-glycero-3-[methoxy
(polyethylene glycol)-2000 (PEG-DSG) with a molar ratio of 3:2:0.3. DOPC was purchased
from Avanti Polar Lipids (Alabaster, AL), PEG-DSG was purchased from NOF Corporation
(Tokyo, Japan), and cholesterol was purchased from Calbiochem (San Diego, CA). The lipids
were dissolved in chloroform/methanol (90:10, vol/vol), and then the solvent was removed by
rotary evaporation, resulting in a thin lipid film. The lipid film was dissolved in ethanol and
heated to 60 °C. A commercial United States Pharmacopoeia solution of 0.5 M Gadoteridol
(10-(2-hydroxy-propyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid (Prohance;
Bracco Diagnostics, Princeton, NJ) was heated to 60 °C and injected rapidly into the ethanol/
lipid solution. Unilamellar liposomes were formed by extrusion (Lipex; Northern Lipids,
Vancouver, Canada) with 15 passes through double-stacked polycarbonate membranes (What
man Nucleopore, Clifton, NJ) with a pore size of 100 nm, resulting in a liposome diameter of
124±24.4 nm as determined by quasi-elastic light scattering (N4Plus particle size analyzer,
Beckman Coulter, Fullerton, LA). Unencapsulated Gadoteridol was removed with a Sephadex
G-75 (Sigma, St. Louis, MO) size-exclusion column eluted with HEPES-buffered saline (5
mM HEPES, 135 mM NaCl, pH 6.5, adjusted with NaOH).

Liposome infusion in NHP
All three animals received a baseline MRI scan, and underwent neurosurgical procedures to
position an MRI-compatible guide-cannula within specific regions of the brain (e.g. putamen,
corona radiata, and thalamus). Each guide-cannula was specifically customized for the
procedure and stereotactically guided to reach its target through a burr-hole created in the skull.
Each guide-cannula was secured to the skull with dental acrylic, and the tops of the guide-
cannula assemblies were capped with stylet screws for simple access during the infusion
procedure. Animals recovered for at least 2 weeks before initiation of liposome infusions.
During each liposome-enhanced infusion procedure, the animal was anesthetized with
isoflurane, the head was placed in an MRI-compatible stereotactic frame and a baseline MRI
scan was performed. Vital signs, such as heart rate and pO2, were monitored throughout the
procedure. Infusions were performed according to previously established CED techniques for
non-human primates (Bankiewicz et al., 2000; Krauze et al., 2005b). Briefly, the infusion
system consisted of a fused-silica needle cannula that was connected to a loading line
(containing liposomes) and an oil-infusion line. A 1-ml syringe (filled with oil), mounted onto
a micro-infusion pump (BeeHive; Bioanalytical Systems, West Lafayette, IN), regulated the
flow of fluid through the system. Based on MRI coordinates, the cannula was mounted onto a
stereotactic holder, and manually guided to the targeted regions of the brain through the
previously placed guide-cannula. The length of each infusion cannula was measured to ensure
that the distal tip extended approximately 3 to 4 mm beyond the length of the respective guide.
This created a stepped design at the tip of the cannula to maximize fluid distribution during
CED procedures. After secure placement of the needle cannula, the animal's head was
repositioned in the MRI gantry and CED procedures were initiated while MRI data was being
continuously acquired. Infusion volumes into each targeted site ranged between 40 and 70 µl.
An initial infusion rate of 0.2 µl/min was applied and increased sequentially to 0.5, 0.8, 1.0,
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1.5 µl/min, and finally to 2.0 µl/min at 10-min intervals. The approximate concentration of
liposomes injected corresponded to a formulated concentration of 10 mM phospholipids and
5 mM Gadoteridol. Approximately 15 min after infusion, the cannula was withdrawn from the
brain. The animals were euthanized 8 weeks after the infusion procedures, and the brains were
harvested according to the procedure described below.

Quantification of liposome-entrapped Gadoteridol (GDL) by MRI
The concentration of Gadoteridol entrapped in the liposomes was determined from nuclear MR
relaxivity measurements. The relationship between the change in the intrinsic relaxation rate
imposed by a paramagnetic agent (ΔR), also known as “T1 shortening,” and the concentration
of the agent is defined by the equation: ΔR=r1[agent], in which r1=relaxivity of the
paramagnetic agent and ΔR=(1 /T1observed−1/T1intrinsic). The relaxivity of Gadoteridol had
been empirically derived previously on the same system, a 2-Tesla Brucker Omega scanner
(Brucker Medical, Karlsruhe, Germany), and had a value of 4.07 mM−1 s−1. The concentration
of the encapsulated Gadoteridol was then calculated with the following equation: [Gadoteridol]
=[(1 /T1wGado)−(1 /T1w/oGado)]/4.07.

Magnetic resonance imaging acquisition
Animals underwent MR imaging before surgery to visualize anatomical landmarks and to
generate stereotactic coordinates of the target implant sites for each animal. During the baseline
scanning procedure, each animal was sedated with a mixture of intramuscular (I.M.) ketamine
(Ketaset, 7 mg/kg) and xylazine (Rompun, 3 mg/kg, I.M.). The head was placed in an MRI-
compatible stereotactic frame, ear-bar and eye-bar measurements were recorded, and an
intravenous line was established. Sixty coronal images (1 mm) and 15 sagittal images (3 mm)
were taken with a GE Signa (GE Medical Systems, Milwaukee, WI) 1.5 Tesla machine.
Targeted regions of the brain were visualized with coronal T1-weighted spoiled gradient echo
images. The following imaging parameters were applied during the procedure: TR/TE/flip
angle=40 ms/6 ms/30°, 2 NEX, matrix=256×256 or 384×256, FOV=18–22 cm, slice
thickness=1.0 mm. These parameters showed voxel sizes that ranged from 1.2×10−4 cm3 to
1.2×10−3 cm3. Rostrocaudal and mediolateral distribution of a targeted structure (e.g.,
putamen) were determined from the coronal MR images. Surgical coordinates were generated
from magnified coronal images of the corona radiata, putamen, and thalamus.

Positron emission tomography
Animals received PET scans at baseline (pre-surgery), and approximately 6 weeks after
intracranial AAV2-hAADC administration. Imaging techniques were similar to those
previously described (Bankiewicz et al., 2000). PET studies were performed on a Siemens
ECAT EXACT HR PET scanner in 3D acquisition mode. The tracer, 6-[18F] fluoro-L-m-
tyrosine (FMT), was synthesized by a modification of a previously described procedure
(Namavari et al.,1993). Monkeys were anesthetized with an intramuscular injection of
ketamine (15 mg/kg), intubated and anesthetized with isoflurane. All animals were pretreated
with an intravenous injection of benserazide (2 mg/kg), a peripheral decarboxylase inhibitor,
30 min before imaging. The animals were placed in a stereotactic frame and positioned in the
PET scanner. Images were obtained in the coronal plane. Prior to the emission scan a 10-min
transmission scan was obtained for attenuation correction. Subsequently, approximately 3–5
mCi of FMT was injected as a bolus in an antecubital vein and a 90-min dynamic acquisition
sequence was acquired.

Data were reconstructed by an ordered subset expectation maximization (OSEM) algorithm
with weighted attenuation, an image size of 256×256, and 6 iterations with 16 subsets. A
Gaussian filter with 6-mm FWHM and a scatter correction was applied. PET data were
quantified with a multiple time graphical analysis (“Patlak plot”) by means of the time activity-
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curve for a region, in the case of FMT-PET the cerebellum, in which the tracer is non-
specifically bound as the input function. This approach has the obvious advantage of not
requiring arterial blood sampling. Rather than the term Ki, FMT uptake in a region of interest
(ROI) will be referred to as  to denote that the cerebellum was used as the reference region.
We calculated  on a voxel-wise basis in order to construct a  image in native space for
each monkey at each time point.

Histological procedures
Our histological protocol has been previously published (Bankiewicz et al., 2000). In brief,
animals were deeply anesthetized with sodium pentobarbital (25 mg/kg i.v.) and euthanized
approximately 8 weeks after AAV administration. The body was cardiac perfused with
Zamboni's fixative (Stefanini et al., 1967), the brain harvested and coronally sliced with a brain
matrix. The formalin-fixed brain slices were cut into 40-µm coronal sections in a cryostat.
Sections were collected in series starting at the level of the rostral tip of the caudate nucleus
all the way caudally to the level of the substantia nigra. Sections were processed for
immunohistochemistry (IHC) and H&E staining. Serial sections were stained for aromatic
human Lamino acid decarboxylase (hAADC) and green fluorescence protein (GFP). Every
10th section was washed in phosphate buffered saline (PBS) and incubated in 3% H2O2 for 20
min to block the endogenous peroxidase activity. After washing in PBS, the sections were
incubated in blocking solution (10% normal horse serum for TH or 10% normal goat serum
for AADC and B-gal and 0.1% Triton-X 100 in PBS) for 30 min, followed by incubation in
primary antibody solution-AADC (rabbit polyclonal, Chemicon, 1:2000) or GFP (rabbit
polyclonal, Chemicon, 1:500) for 24 h. The sections were then incubated for 1 h in anti-rabbit
IgG secondary antibody for AADC and GFP (Vector Labs, 1:300). The antibody binding was
visualized with streptavidin horseradish peroxidase (Vector Labs, 1:300) and DAB chromagen
with nickel (Vector Labs). Sections were then examined under a light microscope.

Volume quantification from histology
The volumetric analysis of AAV1-GFP and AAV2-hAADC expression was performed with a
Zeiss light microscope. GFP- and AADC-positive areas were identified at low magnification.
Positively transduced cells were confirmed under high magnification. The exact topographic
locations of these areas were determined with printed images from a Rhesus monkey brain
atlas (Paxinos and Watson, 1982). Areas staining positive on primate histology were manually
transferred to corresponding primate CNS MRI. This was accomplished by delineating positive
areas on corresponding baseline MR images with BrainLAB software (BrainLAB,
Heimstetten, Germany). This software allows for 3D re-construction of expression on MRI
and computation of the distribution volume (Vd).

Volume quantification from MR images
The volume of liposomal distribution within each infused brain region was quantified with
BrainLAB software. MR Images acquired during the infusion procedure were correlated with
volume of infusion (Vi) at each series started during an infusion procedure. The software reads
all data specifications from MR images. After the pixel threshold value for liposomal signal is
defined, the software calculates the signal above a defined threshold value, and establishes the
Vd from primate brain. This allows Vd to be determined at any given time-point and can be
reconstructed in a three-dimensional image.

Production of AAV
Recombinant AAV1-GFP was produced in insect cells with a recombinant baculovirus (Urabe
et al., 2002). AAV2-hAADC (human Aromatic L-amino Acid Decarboxylase) was constructed
by a triple transfection technique (Matsushita et al., 1998; Wright et al., 2003). Both vectors

Fiandaca et al. Page 5

Neuroimage. Author manuscript; available in PMC 2009 August 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



underwent CsCl gradient centrifugation to remove empty capsids. AAV1-GFP and AAV2-
hAADC were obtained at a stock concentration of 2.9×1012 and 7.0 ×1012 vector genomes/ml
in phosphate-buffered saline (pH 7.4) and Pluronic F-68 (0.001% v/v).

Results
We obtained real-time MR imaging data of the co-distribution of AAV gene therapy with GDL
from all three NHP. The sites of CED and the infused materials are schematically represented
and summarized for each subject (NHP1, NHP2, and NHP3) (Fig. 1). The thalamic infusions
contained 40−70 µl of AAV1-GFP/GDL, whereas 60–70 µl of AAV2-hAADC/GDL was
infused into the putamen, and 50–70 µl of AAV1-GFP/GDL was delivered into the corona
radiata. Each of our subjects had unilateral corona radiata and thalamic gene therapy. Two
animals received bilateral putaminal gene therapy, whereas the third received only unilateral
infusion. All three NHP tolerated the stereotactic RCD procedure without noticeable post-
operative deficits. Animal behavior was not altered significantly by the CED gene therapy and
GDL co-infusion during the 8 weeks after AAV delivery. In addition, based on considerable
experience with striatal infusions of NHP's both bilaterally (Forsayeth et al., 2006) and
unilaterally (Bankiewicz et al., 2006) with AAV2-hAADC, we have never noted any difference
in any parameters based on unilateral vs bilateral infusions.

Magnetic resonance imaging (MRI)
Representative MRI images of the three infusion sites (Fig. 2) show dispersal of GDL in a
manner typical of previous real-time MRI visualizations of CED in the NHP brain (Krauze et
al., 2006,2008). In both the putaminal and thalamic convections, visualized GDL on MRI
tended to extend beyond the limits of the anatomic nucleus and into surrounding white matter.
Similarly, CED within the corona radiata extended primarily into the white matter but also
spread into the adjacent basal ganglia. Despite the use of a reflux-resistant cannula and
relatively low infusion rates, some reflux along the cannula tract or dispersal of GDL into the
subarachnoid spaces was noted (Fig. 2B), as previously reported (Varenika et al., 2008).

PET imaging
In the 3 hemi-parkinsonian NHP's, FMT-PET data was obtained pre-operatively and 6 weeks
after AADC gene therapy (Fig. 3). The transduced putamen showed a significant increase in
FMT-PET signal compared to baseline. This is similar to what has been seen in NHP previously
(Bankiewicz et al., 2000) and in human subjects with a comparable transgene (Eberling et al.,
2008).

Immunohistochemistry
Histological analysis of the NHP brains allowed visualization of GFP (Fig. 4 and Fig. 5) and
AADC (Fig. 6) staining with immunohistochemistry (IHC) of coronal sections. GFP staining
was noted within both gray and white matter structures, but AADC staining was limited to
gray matter. IHC for AADC was correlated with post-infusion FMT-PET images. Similar to
the MRI correlation with PET (Fig. 3), there was close overlap of the transduced AADC
neuronal regions and the FMT-PET signal (data not shown).

Comparative analysis of MRI and histology
Vd measurements were obtained for GDL from MRI images and IHC staining of either GFP
or AADC on serial brain sections. The Vd for GDL and the comparable IHC was obtained for
each different RCD in the three NHP. The Vd of GDL and GFP expression were nearly
identical, but this was not the case with GDL and AADC (Fig. 7A). As noted in the qualitative
assessments described above, GDL imaging and GFP staining overlapped within both gray
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and white matter structures. Although GDL, AAV1-GFP, and AAV2-hAADC spread similarly
within both gray and white matter, IHC confirmed that AAV2-hAADC did not transduce cells
within white matter regions (Fig. 6). This accounted for the diminished similarity between the
Vd of GDL and AAV2-hAADC transfection. When only the gray matter Vd of GDL in cases
of AAV2-hAADC RCD is considered, however, there is little difference between the two
measures (Fig. 7B), similar to that seen with GDL and AAV1-GFP.

Discussion
Our study underlines the importance of the viral serotype used for gene therapy, even when
technology such as RCD provides an additional level of confidence in the intra-operative
distribution of therapeutics. Although this is a relatively small study in which only three animals
were used, there is an apparent discrepancy between the MR imaging of GDL and histological
localization of the hAADC transgene when AAV2 is used as the viral carrier. Extension of the
GDL into the white matter does not correlate with AADC localization in that region, as
determined by IHC, since AAV2 does not have a significant affinity for non-neuronal cells.
There is a closer correlation between AADC IHC and FMT-PET scanning, showing close
overlap between histological sections co-registered with PET images. In similar RCD scenarios
AAV1-GFP/GDL correlated well with IHC staining for GFP in both gray and white matter,
since AAV1 allows transfection in both of these regions. The ability to predict the distribution
of AAV1 transduction with MRI of GDL, therefore, seems accurate.

RCD with GDL and other equivalent markers may provide the accuracy of delivery and
reproducibility necessary for treating physicians to gain confidence in this delivery platform.
The applicability of this platform to a variety of neurological diseases makes it particularly
relevant to the neurosurgeon and clinical neuroscientist as the field moves towards direct drug
delivery to the central nervous system (CNS). Although the GDL contrast agent has not shown
any tissue toxicity in early NHP studies (Krauze et al., 2008), further investigation of this and
other MRI contrast agents is warranted before human trials. This is especially important in
light of recent FDA warnings about gadolinium-related imaging agents concerning potential
toxicity and death secondary to nephrogenic systemic fibrosis (NSF) in patients with severe
renal insufficiency receiving these compounds1. In this regard, one of the most relevant
mechanistic problems in the treatment of PD with either gene therapy or growth factor protein
infusion is accurate determination of the extent of distribution of the delivered vector or protein
within the brain parenchyma. Visualization of the infusate in post-operative MRI studies,
without a contrast agent, has been problematic in our early experiences with AAV2-hAADC
gene therapy in PD patients (K.S.B, unpublished data). Without this imaging capability,
treating physicians must predict Vd based on NHP studies and comparative anatomical ratios
between NHP and human (Yin et al., in press). Thus, a direct visualization of the CED process
used to deliver viral vectors or macromolecules should be more accurate and less prone to
interpretive error. RCD also confirms the targeting and allows for optimization prior to or
during the CED procedure, as we have done in animal studies (Varenika et al., 2008).

Since the GDL contrast agent is “convected”, i.e. distributed by CED, within the local
extracellular fluid volume, it is expected to flow within both gray and white matter fractions.
This is what was seen in our RCD MRI data. Although basal ganglia boundaries could be
respected with cannula placement centered within the target nucleus, a more peripheral cannula
placement allows for passage of GDL from within a gray matter structure into the adjacent
white matter as described in this report. RCD with GDL also assists visualization of infusate
reflux along the cannula tract and leakage of the CED infusate into the subarachnoid space or

1See FDA statement: http://www.fda.gov/bbs/topics/NEWS/2007/NEW01672.html
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ventricular fluid, both of which could be potentially hazardous to the patient or limiting to the
effective convection of the target volume.

In summary, we believe that RCD with GDL or other MR contrast agents may have an
important role to play in the future of direct drug delivery to the CNS. In this study, we have
noted a lack of acute toxicity with respect to clinical behavior and anatomically within the brain
parenchyma of NHP's receiving multiple injections of GDL into various locations within the
subcortical white and gray matter structures. We have demonstrated robust MR imaging
capabilities of GDL with our RCD platform for drug delivery into corona radiata, putamen,
and thalamus. There is a tight correlation between postoperative FMT-PET and AADC IHC.
There is close correlation between convected GDL and AAV1 vectors within NHP brain. Since
the AAV2 transfection is significantly less for white matter as opposed to gray matter, The
correlation between GDL and AAV2 transfection is not as good as seen between GDL and
AAV1 transfection. When GDL distribution in gray matter only is compared to AAV2
transfection volume, however, the correlation approaches that seen with GDL and AAV1. GDL
is an accurate marker for AAV distribution and transfection within the NHP brain parenchyma,
as long as one knows the relative affinity of the viral vector serotype used. While GDL
distribution may correlate with intracellularly retained transgenes, such as AADC and GFP,
further studies will be required to assess the imaging options for secreted transgene products,
such as glial-derived neurotrophic factor (GDNF). A final word of caution is warranted; this
is a relatively small study in an anatomically circumscribed region and although it appears that
AAV1 correlates better with MRI-monitored delivery than does AAV2 this will need to be
confirmed in a larger number of subjects.
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Fig. 1.
Schematic representation of the non-human primate brain in coronal section and sites of
infusion. Region of corona radiata infused (light gray oval) in the right hemisphere in all three
animals (NHP1, NHP2, and NHP3). Bilateral putaminal convections (dark gray ovals) were
present in two NHP, whereas the remaining animal had only putaminal infusion in the right
hemisphere. All three animals received thalamic infusion (black oval) in the left hemisphere.
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Fig. 2.
T1-weighted MR images of NHP RCD with GDL tracer. (A) Corona radiata. (B) bilateral
putamen. (C) Thalamus. GDL contrast leak/reflux into subarachnoid space and along cannula
tract (white arrows) is demonstrated in panel B.
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Fig. 3.
Coronal FMT-PET images after intracarotid MPTP. Panels A and B show a clear reduction in
PET signal on the side ipsilateral to the intracarotid infusion. Bilateral RCD of putaminal targets
(C and D) reveal robust bilateral GDL distribution in one subject (C), and MRI evidence of
oil/air along with convection within the left putamen and otherwise robust convection within
the right putamen of the other subject (D). Repeat FMT-PET after AAV2-hAADC gene therapy
(E and F) shows a mild increase in bilateral PET signal in one subject (E), and marked increase
in bilateral PET signal in the other animal (F).
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Fig. 4.
MRI correlation with histology in NHP with right corona radiata AAV1-GFP RCD. (A) T1-
weighted coronal MR image of NHP brain with right corona radiata convection. GDL extends
within the white matter tracts and, on this image, does not enter the adjacent head of caudate
or overlying cortex. No leakage is noted in the subarachnoid space. (B) Histologic coronal
brain section of animal depicted in A, showing GFP staining within the corona radiata (cr),
with sparing of the corpus callosum (cc), overlying cortex, and adjacent head of caudate (Cd).
(C) Low magnification view of specific GFP staining in the convected corona radiata. White
matter tracts are easily seen, interspersed with positively stained nuclei. Scale-bar=0.25 mm.
(D) High magnification view of boxed inset in C, showing positively stained astrocytic and
oligodendrocytic nuclei. Scale-bar=0.10 mm.
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Fig. 5.
MRI correlation with histology in NHP with left thalamic AAV1-GFP RCD. (A) T1-weighted
MR image showing cannula tract extending into left thalamus. Incomplete filling within the
thalamus is noted as well as small amount of GDL leakage within the lateral ventricle (white
arrow). (B) Coronal histologic section of NHP brain imaged in A, showing GFP in a pattern
similar to that noted on MRI with GDL. Abbreviations: Thalamus (Th); globus pallidus (gp).
(C) Low magnification view of thalamic region near cannula tip. Scale-bar=0.25 mm. (D) High
magnification of boxed inset in C, showing GFP-positive cells within the thalamus. Both
neurons and astrocytes are noted to be specifically stained. Scale-bar=0.10 mm.
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Fig. 6.
MRI correlation with histology in NHP with bilateral attempted putaminal AAV2-hAADC
RCD. Panel A shows a low magnification view of the dorsolateral left head of the caudate (Cd)
and overlying corpus callosum (cc). AADC staining is seen within the Cd after a medially
placed cannula tract allowed it to be infused into this region rather than the left putamen. Notice
the lack of specific AADC staining in the overlying corpus callosum (dotted polygon), despite
GDL signal in this region on MRI (see C). Scale-bar=0.25 mm. Panel B depicts a representative
view of higher magnification AADC staining in the left head of caudate. No such cellular
staining was noted in the overlying white matter tracts. Scale-bar=0.10 mm. Panel C displays
a coronal T1-weighted MR image of NHP brain with the bilateral RCD with GDL contrast.
Although the putaminal targeting was better in the right hemisphere, there was some spread of
the GDL into the internal capsule (ic) and overlying corona radiata (cr). The left-sided targeting
was too medial and allowed convection of the head of the caudate and the overlying corpus
callosum. Panel D shows a coronal histologic brain section of the same animal as imaged in
panel C. This section is double-labeled, showing TH immunoreactivity (TH-IR) within the left
striatum and paucity of TH-IR on the right, as a result of the right intracarotid MPTP infusion.
The dense immunoreactivity in the left head of the caudate represents AADC IHC staining.
Similar but more abundant AADC staining is seen within the substance of the right putamen,
and part of the head of the right caudate. Note the absence of AADC staining within the
overlying right corona radiata (dashed polygon, cr) and internal capsule, despite both of these
regions showing GDL enhancement in panel C. Panel E depicts a low magnification view of
the boxed region within the right putamen shown in D. Note the specific neuronal staining for
AADC. Scale-bar=0.25 mm. Panel F shows a higher magnification view of the boxed region
depicted within E. Notice the specific staining of medium spiny neurons. Scale-bar=0.10 mm.
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Fig. 7.
Vd differences between GDL, as noted on MR imaging, and specific IHC staining (for either
GFP or AADC) in histologic brain sections. (A) Comparison of mean Vd of GDL, Vd of GFP
(AAV1-GFP) and Vd of AADC (AAV2-hAADC) in both gray and white matter. (B) Keeping
the same GDL and GFP IHC (AAV1-GFP) mean Vd comparison, we plotted the GDL mean
Vd and AADC IHC (AAV2-hAADC) mean Vd in gray matter only. Error bars show SEM.
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