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Here we evaluated the utility of MRI to monitor intrathecal in-
fusions in nonhuman primates. Adeno-associated virus (AAV)
spiked with gadoteridol, a gadolinium-based MRI contrast
agent, enabled real-time visualization of infusions delivered
either via cerebromedullary cistern, lumbar, cerebromedullary
and lumbar, or intracerebroventricular infusion. The kinetics
of vector clearance from the cerebrospinal fluid (CSF) were
analyzed. Our results highlight the value of MRI in optimizing
the delivery of infusate into CSF. In particular, MRI revealed
differential patterns of infusate distribution depending on
the route of delivery. Gadoteridol coverage analysis showed
that cerebellomedullary cistern delivery was a reliable and
effective route of injection, achieving broad infusate distribu-
tion in the brain and spinal cord, and was even greater when
combined with lumbar injection. In contrast, intracerebroven-
tricular injection resulted in strong cortical coverage but little
spinal distribution. Lumbar injection alone led to the distribu-
tion of MRI contrast agent mainly in the spinal cord with
little cortical coverage, but this delivery route was unreliable.
Similarly, vector clearance analysis showed differences between
different routes of delivery. Overall, our data support the value
of monitoring CSF injections to dissect different patterns
of gadoteridol distribution based on the route of intrathecal
administration.

INTRODUCTION
We have previously demonstrated the value of monitoring paren-
chymal brain infusions of adeno-associated virus (AAV) and the
correlation between post-mortem biodistribution of the viral vector
and gadolinium contrast onMRI.1–3 Over the years, by means of mag-
netic resonance (MR)-guided intraparenchymal convection-enhanced
delivery (CED),wehave achieved transduction of large areas of the cor-
tex by infusing viral vector into specific subcortical structures. For
example, thalamic infusion ofAAVdirects efficientwidespread expres-
sion of the transgene in the cortex through thalamo-cortical pathways.4

Also, MR-guided CED infusions of AAV2 vector into nonhuman pri-
mate (NHP) putamen and substantia nigra supported current first-
in-human clinical trials in Parkinson’s disease (ClinicalTrials.gov:
Molecular Therapy: Methods
This is an open access article under the CC BY-NC
NCT01973543 and NCT01621581) and Aromatic L-amino Acid De-
carboxylase (AADC) deficiency (ClinicalTrials.gov: NCT02852213).
These direct brain infusions have remarkable clinical value in diseases
with a compartmented pathological component. However, in pathol-
ogies where broad transduction is desirable, dissemination of the viral
particles via cerebrospinal fluid (CSF) may be preferable to achieve
complete nervous system transduction.

CSF is continuously produced by the choroid plexus epithelium
within the lateral, third, and fourth brain ventricles,5,6 and it flows
through the CNS before reaching the major sites of reabsorption
located in the arachnoid villi and the primitive lymphatic system at
the cribriform plate.7 This fluid dynamic makes vector distribution
via intrathecal delivery challenging.8–16 CSF delivery through sub-
arachnoid space puncture at the lumbar level is the standard operative
intrathecal delivery. Computed tomography (CT)-fluoroscopic guid-
ance or ultrasonography (US) guidance is required to confirm the
correct location of the needle and to avoid medullary injuries that
can cause sensory and motor complications.17 Although CT-fluoro-
scopic guidance or US guidance has decreased the incidence of trau-
matic lumbar punctures compared to the non-guided landmark-
based technique,18,19 there are still several disadvantages that make
these techniques sub-optimal to monitor the delivery of the infusate,
such as limited soft-tissue visualization, image artifacts, and radiation
exposure.

On the other hand, MRI enables a superior contrast resolution rela-
tive to CT and US, as well as high spatial resolution without the use
of ionizing radiation.20 In addition, the short duration of current
high-resolution image acquisition protocols in the standard MR
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instruments enables the acquisition of real-time information before,
during, and after administration of the therapeutic agent. There are
three possible access sites for intrathecal delivery of AAV: lateral
ventricle; lumbar; and cerebellomedullary cistern, also known as
cisterna magna (CM). To the best of our knowledge, MR monitoring
of these infusion techniques has not been performed. Here we
analyzed the impact of these delivery routes on the reproducibility
of delivery by monitoring each one of them with near real-time
MRI during vector administration. To visualize the infusions, we
co-infused the viral vector with gadoteridol (ProHance, Bracco Diag-
nostics, Princeton, NJ, USA), a gadolinium-basedMRI contrast agent.

Real-time MRI is a useful tool for confirming the acute dynamics of
infusate administered into the CSF. Given that the half-life of the
contrast agent is short, there is, consequently, no guarantee that the
contrast agent diffusion accurately reflects the vector diffusion. Exam-
ination of the kinetics of AAV9 vector in CSF at longer time points
following CSF delivery would provide useful information on the dis-
tribution and potential excretionmechanism of the vector in CSF, and
it would provide some insight into the delivery parameters required
for successful CSF administration when combined with real-time
MRI. In the present study, CSF was collected at several time points
after AAV9 administration, and CSF vector concentration was
measured. To our knowledge, this is the first description of the
kinetics of CSF vector concentration after the administration of
AAV9 vector into the CSF of NHPs. In this paper, we show that
the combination of real-time MRI and measurement of CSF vector
concentration detected a leakage of infusate and a subsequent
decrease in the CSF vector concentration. Furthermore, kinetics
parameters differed with respect to the route of CSF administration,
suggesting that the elimination rate of AAV9 from CSF is affected
by the injection site.

RESULTS
Real-Time MRI

All animals received 6 mL AAV9 carrying a human acid sphingomye-
linase (ASM) with a C-terminal human influenza hemagglutinin
(HA) tag (AAV9-hASM-HA) at a concentration of 2.2 � 1013

(vector genomes [vg]/mL), spiked with gadolinium chelate (2 mM,
ProHance, Bracco Diagnostics, Princeton, NJ, USA) to monitor the
delivery and distribution of the infusate. Five approaches were tested
that combined different routes of administration: (1) acute adminis-
tration (1 mL/min) by CM injection, (2) continuous administration
(1 mL/hr) by CM injection, (3) acute administration (1 mL/min) by
lumbar injection, (4) acute administration (1 mL/min) by combined
CM and lumbar injection, and (5) acute administration (1 mL/min)
by intracerebroventricular (i.c.v.) injection to lateral ventricle bilater-
ally. All the groups are summarized in Table S1. CSF delivery of AAV
vectors by infusion into the CM, lumbar, and lateral ventricles did not
lead to any adverse events in any of the treated animals.

Real-time MRI of the CM acute injection (n = 3) showed infusate
distribution in the brain and spinal cord over time (Figure 1A).
The gadoteridol signal was first detected in the CM, and it expanded
48 Molecular Therapy: Methods & Clinical Development Vol. 13 June 20
throughout the CSF space at the base of the brain. Flow and distribu-
tion were consistent among all animals for the entire monitoring
period. Distribution and volume analysis at the end of the infusion
showed a consistent pattern of distribution in all the animals (Fig-
ure S1A). NoMR tracer signal was visible in the images acquired after
the CM continuous injection over 6 hr (n = 3). The low infusion rate
(1 mL/hr) presumably allowed considerable dilution of tracer in the
CSF below the limit of detection.

Real-time imaging of the lumbar acute injection (n = 3) detected in-
dividual variations of gadoteridol signal (Figure S1B). Although very
similar progressive distribution from the infusion site was detected,
the spread beyond spinal cord differed between animals. Further anal-
ysis revealed that two of the three animals that received lumbar injec-
tions had a strong tracer signal in the lumbar musculature surround-
ing the injection site. This hyper-intense signal suggests leakage of
infusate, consistent with multiple dura tapping due to several at-
tempts to place the needle, and it highlights the importance of dura
preservation during lumbar injection to achieve brain and spinal
cord distribution. Analysis of imaging from the animal in which the
infusion was performed after a single puncture revealed complete
gadoteridol coverage in the spinal cord and a limited frontal-ventral
distribution of the tracer in the brain (Figure 1B).

Real-time MRI of the combined CM + lumbar acute injection (n = 2)
showed a synergistic distribution in all the animals tested at the end of
the monitoring. Combined delivery of the vector also revealed a time-
dependent infusate distribution, with complete coverage of the spinal
cord and almost complete cortical distribution (Figure 1C). Analysis
of the volume distribution demonstrated that the combined delivery
(3 mL CM and 3 mL lumbar) extended coverage beyond that seen in
the CM (6 mL) and lumbar (6 mL) groups alone, resulting in
increased cortical and spinal distribution of gadoteridol (Figure S1C).

Real-time MRI of the i.c.v. injection (n = 2) also showed a time-
dependent infusate distribution in the brain and spinal cord (Fig-
ure 1D). In this case, analysis of the volume distribution consistently
indicated much larger cortical distribution at the end of the acquisi-
tions, including occipital cortical regions that were not covered by
any other routes of delivery (Figure S1D). These data suggest that
the i.c.v. delivery route directs almost complete distribution to the
cortical and cerebellar regions.

Kinetic Analysis of Vector Infusate

To evaluate capsid clearance, CSF samples (�1 mL) were collected
from the CM at 15 min, 30 min, 1 hr, 6 hr, 12 hr, 24 hr, and
28 days after AAV9 injection in all groups. Vector genome copies
per milliliter CSF were measured by qPCR. Vector genomes were
detectable in the CSF at all time points. Animals that underwent
multiple dura punctures in the lumbar injection group were
excluded from the qPCR analysis, because vector leakage into the
musculature surrounding the injection site yielded incomplete vector
delivery into the CSF, as shown in real-timeMRI (Figure S1B, animals
8 and 9).
19



Figure 1. Monitoring of Gadolinium-Based MR Tracer

Distribution by T1-Weighted Sequential MRI

Sagittal view of an MRI serial acquisition showing the tracer

distribution in the CSF over time, up to 12–15 min after (A)

acute CM injection, (B) lumbar injection, (C) combined CM+ L

injection, and (D) i.c.v. injection, of 6 mL viral vector spiked

with 2 mM gadolinium at 1 mL/min. Abbreviations are

as follows: MR, magnetic resonance; CM, cisterna magna

(cerebellomedullary cistern); ICV, intracerebroventricular; L,

lumbar; and T, time (min).
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Five parameters were determined from the resulting qPCR data:
maximum CSF concentration of vector (Cmax), time of Cmax (Tmax),
area under the titer-time curve from time 0 to 24 hr after the end
of infusion (AUC24h), AUC from time 0 to 28 days after the end of
infusion (AUC28d), and AUC extrapolated to infinity (AUCinf) (see
the Materials and Methods). Animals showed the Cmax 15 min after
the injection (Tmax), regardless of the route of delivery with the sole
Molecular Therapy: Metho
exception of group 3, dosed in the lumbar region
(Table S2). A case-by-case analysis revealed that
the actual Cmax value at CM differed between
routes of delivery (Figures 2A–2D; Table S3),
with CM acute delivery displaying the highest
average vector concentration at Tmax, followed by
CM continuous, i.c.v., and CM + lumbar combina-
tion deliveries. After receiving half of the dose
(3 mL) into the CM, the CM + lumbar combina-
tion showed approximately half of the Cmax

observed with the acute CM delivery (3.0 ± 0.5 �
1012 vg/mL and 5.4 ± 0.9 � 1012 vg/mL, respec-
tively). There was a time-dependent decrease in
vector concentration over the 28 days after injec-
tion in all groups (Tables S2 and S3).

CSF vector concentration decreased rapidly in the
i.c.v. infusion group compared to the other delivery
routes (terminal half-life [T1/2]: 2.3 ± 0.4 hr).
Conversely, vector concentration decreased slowly
in the CM + lumbar combined infusion group
(T1/2: 5.5 ± 2.1 hr). The T1/2 values were compara-
ble between the CM treatment groups (3.8 ± 0.8 hr
and 4.1 ± 0.5 hr for the CM acute injection and
the CM continuous injection groups, respectively)
and intermediate compared to the i.c.v. and CM +
lumbar combined infusion groups.

The AUC24h value was lower with CM continuous
infusion than with CM acute infusion (7.8 ±

3.2 � 1012 hr � vg/mL compared to 22.9 ± 8.6 �
1012 hr � vg/mL). A similar trend was observed
with the AUC28d values (29.5 ± 15.4 � 1012 hr �
vg/mL and 111.5 ± 75.6 � 1012 hr � vg/mL in
CM continuous infusion and CM acute infusion, respectively). For
the CM + lumbar combined infusion, the AUC24h and AUC28d values
were 17.1 ± 1.8 � 1012 hr � vg/mL and 109.8 ± 51.2 � 1012 hr �
vg/mL, respectively. The T1/2 of CM + lumbar combined infusion
increased the AUC28d at a similar rate to that of the acute CM
infusion. The AUC24h value in i.c.v. infusions was 10.5 ± 5.7 �
1012 hr � vg/mL.
ds & Clinical Development Vol. 13 June 2019 49
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Figure 2. Vector Clearance for the Different Delivery Routes

CSF samples were collected at the CM level at multiple time

points after the end of infusion. Vector load was evaluated by

qPCR. Analysis of individual animal values showed a maximum

concentration at 15 min after injection (Tmax) in all the animals,

irrespective of them having received the vector by acute CM (A),

continuous CM (B), combined CM + L (C), or i.c.v. (D) route.

Abbreviations are as follows: CSF, cerebrospinal fluid; CM, CM

(cerebellomedullary cistern); ICV, intracerebroventricular; and L,

lumbar.
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DISCUSSION
In the present study, we investigated the utility ofMRI in CSF delivery
of AAV vectors in NHP, and we found that delivery route impacted
both the distribution pattern of the infusate and the kinetics of
AAV vector clearance. Real-time MRI and gadoteridol coverage anal-
ysis showed that CM delivery was an effective route of injection,
achieving broad infusate distribution to the brain and spinal cord,
and even greater distribution was observed when this was combined
with lumbar injection. In contrast, i.c.v. injection resulted in strong
cortical coverage but little spinal distribution. Lumbar injection alone
led to the gadoteridol distribution primarily in the spinal cord, with
little cortical coverage. Similarly, the vector genome analysis showed
differences among groups, suggesting differential vector kinetics in
the CSF based on the route of delivery.

Consecutive MR image acquisition showed that, after CM acute infu-
sion at 1 mL/min, infusate flow resulted in almost complete gadoter-
idol coverage of the brain and spinal cord. Analysis of the gadoteridol
signal over time revealed that, after filling the CM, the infusate de-
scended dorsally along the spinal cord and then ascended ventrally
to the brain before reaching the pre-frontal, frontal, and parietal areas
of the brain. This sequence of infusate flow resulted in broader
coverage of the spine than in the brain. The consequent lack of signal
in occipital areas of the brain could be due to rapid drainage through
the arachnoid granulations to the superior sagittal sinus. We also
found that the AUC values in CM acute infusion were higher than
those in CM continuous infusion. This difference would reflect the
large interval from the beginning of administration to the first CSF
collection in the CM continuous infusion group.

Acute lumbar injection resulted in primarily spinal cord distribution,
a finding that is consistent with the natural flow of CSF in the spine
that descends along the dorsal region of the spine and spinal canal
and ascends through the ventral side to the base of the brain.21 The
absence of brain coverage with the lumbar injection could be due to
50 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2019
insufficient infusate volume reaching the brain and/
or intense dilution of gadoteridol in the CSF. Experi-
ments with different volumes and infusion rates will
enable precise predictions of infusate behavior after
lumbar injection into the CSF. Lateral ventricle injec-
tions are widely used in clinical and preclinical studies
to introduce a variety of drugs, plasmids, and viral vectors and
circumvent the blood-brain barrier.22–26 Our finding of more robust
distribution of infusate in the brain than in the spinal cord was consis-
tent with the natural flow of CSF from the lateral ventricle.

The analysis of the distribution of the gadoteridol signal in the i.c.v.
injection group indicated that, after the infusate entered the lateral
ventricles, the tracer was rapidly distributed throughout the ventric-
ular system, filling up the third ventricle, descending to the fourth
ventricle by the cerebral aqueduct, and reaching the spinal cord
most likely through the lateral aperture.

A key finding from this study was the importance of real-time MRI to
accomplish a complete and successful CSF delivery. This real-time
monitorization allowed us to monitor the infusion, detect off-target
signal like muscular leakage, and identify other aberrations causing
lack of coverage. In addition, although further investigation is needed,
another important feature of the real-time MR monitoring into the
CSF is the potential to properly estimate the time course for intermit-
tent or sequential delivery into the CSF in cases where the desired dis-
tribution is not obtained with a single infusion. Repeated injections
into the CSF of low volumes in a very short time after visual confir-
mation could avoid high-pressure-based backflow through the can-
nula tract, achieving better fluid dynamics that could improve the
flow and distribution of the infusate.27 It is possible that intermittent
i.c.v. dosing with smaller volumes could reduce the levels of unbound
circulating AAV particles capable of triggering humoral immune
responses. However, further experiments are required to test this
hypothesis fully.

To evaluate the correlation among the spread of contrast reagent, the
distribution pattern of AAV9-hASM-HA, and transgene expression,
the brain and spinal cord were analyzed by immunostaining against
the HA tag 28 days after CSF injection. Interestingly, in this study,
HA-positive cells were found not only in the region in which the
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gadoteridol signal was visible onMRI but also in parenchymal regions
lacking gadoteridol signal (Figure S3). HA-positive cells were also
present in the ventral horn of the cervical and lumbar sections (Fig-
ure S4).We have previously demonstrated a close correlation between
Gd distribution and transgene expression after intraparenchymal
AAV infusion.1,28 These findings indicate that, with CSF delivery,
the vector continues to diffuse beyond the gadoteridol signal, thereby
transducing wider regions in contact with the CSF. We previously
reported that CSF administration of AAV9-AADC13 leads to robust
cortical expression. However, transgene staining in the present study
was weaker likely due to the low titer of the AAV used.

Our T1/2 analysis suggested that delivery route affects clearance of
AAV from the CSF. The similar T1/2 values between the CM acute in-
jection and CM continuous injection lead us to believe that AAV9
administered to CM follows the same excretion pathway regardless
of the infusion rate. To the best of our knowledge, the excretion pro-
cess of AAV from CSF has not been studied. A number of possible
mechanisms could explain AAV disposition from the CSF. First, it
is possible that this resulted from passive diffusion back across the
blood-brain barrier and/or blood-CSF barrier. Although the CSF vec-
tor concentration was higher than the concentration in peripheral
blood, passive diffusion fromCSF to systemic blood would be unlikely
because it would oppose the direction of CSF flow. Second, trans-
porter-mediated delivery is also possible. However, although AAV
receptors have been identified,29 transporters for AAV have not
been described thus far. We believe that biotransformation from
the parent AAV configuration is also unlikely, because AAV capsid
has been shown to be physiochemically stable in the extracellular
matrix over prolonged periods of time.30

Cellular trafficking and uptake, on the other hand, are a likely contrib-
uting factor to the AAV clearance process from CSF. AAV vector is
taken into the cell and exerts its effect by releasing its DNA into the
nucleus.31 It is well established that this process occurs via recep-
tor-mediated endocytosis.29 Further studies will enable us to discern
the contribution of AAV cellular uptake to the clearance of AAV from
CSF. Convection is also a plausible process by which AAV in CSF
could be removed. CSF is produced by choroid plexus of the lateral
ventricles.5,32,33 The CSF in the lateral ventricles flows to the CM. It
then bypasses the subarachnoid space in the spinal cord and is
excreted to systemic blood.5 Since CSF is not contained within a ho-
mogeneous compartment, it is possible that the sampling site affected
the vector concentration. It would be useful in the future to measure
and compare vector concentrations at several sampling sites. Further-
more, measurement of AAV titer in the blood would be useful to
estimate biodistribution.

Unexpectedly, AUCinf values calculated over 24 hr were approxi-
mately 6-fold lower than AUC28d in the present study (Table S3), sug-
gesting that AAV capsids persist in CSF for longer than expected.
A possible explanation for this is reabsorption of AAV from the sys-
temic blood into the CSF. When administered intravenously, AAV9
highly transduces neurons in the brain,34 indicating that transfer of
Molecu
AAV between blood and CSF is possible. Thus, it is possible that,
in the present study, AAV9 delivered into the CSF circulation was
excreted into the peripheral blood and reabsorbed to the CNS,
contributing to the long-term presence of AAV9 in CSF. Another
possible mechanism is exocytosis of previously absorbed AAV from
cells back into CSF. We have found that certain AAV serotypes are
capable of undergoing trans-synaptic transport after injection into
brain parenchyma,35,36 and that the area of transgene expression
with AAV2 infused to the NHP striatum increased over a period of
3 years when compared to 8 weeks after administration.37 The AUCinf

values were calculated from data obtained in the first 24 hr after the
end of infusion. The discrepancy between AUCinf and AUC28d sug-
gests the possibility that the AUCinf value would be different at longer
time points after AAV administration. Further studies may enable us
to determine whether this is the case.

Overall, the results of this first-in-primate exploratory study indicate
that monitoring the infusion of AAV vectors coinfused with gadoter-
idol is a reliable method to assess the distribution of the infusate and
any adverse events associated with delivery (like off target or back-
flow). The kinetics of AAV9 delivery into the CSF of NHP outlined
here have the potential to significantly enhance the quality of the
CSF delivery, which may inform clinical practices and have obvious
implications for a number of neurological disorders.

MATERIALS AND METHODS
Animals

Adult Rhesus and Cynomolgus macaques (n = 13, 2.7–10.1 kg) were
used in this study (Table S1). Animals were randomly assigned to CM
acute infusion group (n = 3), CM continuous infusion group (n = 3),
lumbar injection group (n = 3), CM + lumbar combination injection
group (n = 2), and bilateral i.c.v. injection group (n = 2). Each animal
received a single injection (6 mL) of a viral vector drive by a cytomeg-
alovirus promoter and hosting a self-complementary DNA sequence
of human ASM with a C-terminal HA tag (AAV9-hASM-HA)
manufactured by Virovek (Hayward, CA, USA). On the day of sur-
gery, a stock solution of the vector (2.20 � 1013 vg/mL) was spiked
with 2 mM gadoteridol solution (ProHance, Bracco Diagnostics,
Princeton, NJ, USA) and injected into the CSF.

All animals were tested for the presence of anti-AAV-neutralizing
antibodies and considered seronegative (antibody titers <1:100).38

Qualified veterinary personnel monitored all animals daily
throughout the study. All procedures were carried out in accordance
with the Institutional Animal Care and Use Committee at Valley
Biosystems (West Sacramento, CA).

Vector Delivery

CM Injection

Six animals were infused with vector into the CM. Briefly, after
securing the head of the animal into an MR-compatible stereotactic
frame, the head, neck, and back were shaved and prepared for the
vector injection into the CSF. The animal was placed on inhaled
lar Therapy: Methods & Clinical Development Vol. 13 June 2019 51
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isoflurane (1%–3%) anesthesia, transferred to the MR suite, and was
placed in sphinx position in the MR scanner bed. A pelvic phased-
array surface coil was positioned over the head and upper neck region.
Aseptic techniques were used to guide a 22G MR-compatible spinal
needle (Somatex, Berlin, Germany) manually into the CM compart-
ment. Needle placement was verified by drainage of CSF from the
hub of the needle or by manual aspiration. Samples were collected
at baseline CSF for each animal. Then, the needle was connected
to an infusion system that consisted of extension tubing (Smiths
Medical, Dublin, OH) and a 5-mL syringe filled with AAV vector.
The 5-mL syringe was mounted onto an MR-compatible pump
(Medfusion 3500, Medfusion, St. Paul, MN).

After acquiring a T1-weighted baseline scan to verify the location of
the needle tip, vector dosing consisted of either an acute injection at a
rate of 1 mL/min or a continuous injection at a rate of 1 mL/hr. An-
imals received a 6-mL volume through the CM route. T1-weighted
MRI was acquired serially during the dosing procedure tomonitor ga-
doteridol distribution in the CSF space. At 5 min after the dosing was
completed, the infusion system was disconnected at the needle hub,
intrathecal positioning of the needle tip was confirmed by visualizing
CSF drainage, and the needle was removed. The animal was observed
for full recovery from anesthesia and returned to its home cage.

Lumbar Injection

Three animals received a single lumbar injection, and two animals
received a combined CM + lumbar injection. Briefly, the head,
neck, and back were shaved and prepared for the vector injection
into the CSF. The animal was placed on inhaled isoflurane
(1%–3%) anesthesia, transferred to theMR suite, and was placed right
on its right side in the MR scanner bed. A pelvic phased-array surface
coil was positioned over the head and upper neck region. To facilitate
lumbar access, the spine was slightly flexed by drawing the animal’s
hind limbs forward toward the umbilicus and widening the interver-
tebral space. Aseptic techniques were used to guide a 22G MR-
compatible spinal needle (Somatex, Berlin, Germany) manually into
the CM compartment and/or intrathecal lumbar space. Needle place-
ment was verified by drainage of CSF from the hub of the needle or by
manual aspiration. Samples were collected at baseline CSF for each
animal. Then, the needle was connected to an infusion system that
consisted of extension tubing (Smiths Medical, Dublin, OH) and
a 5-mL syringe filled with AAV vector. The 5-mL syringe was
mounted onto an MR-compatible pump (Medfusion 3500, Medfu-
sion, St. Paul, MN).

After acquiring a T1-weighted baseline scan to verify the location of
the needle tip, vector dosing consisted of either an acute injection at a
rate of 1 mL/min or a continuous injection at a rate of 1 mL/hr. An-
imals received a 6-mL volume through the lumbar route. For the com-
bined injection, volumes were divided in half and infused into the CM
(3mL) and lumbar (3mL) space. T1-weightedMRI was acquired seri-
ally during the dosing procedure to monitor gadoteridol distribution
in the CSF space. At 5 min after the dosing was completed, the infu-
sion system was disconnected at the needle hub, intrathecal posi-
52 Molecular Therapy: Methods & Clinical Development Vol. 13 June 20
tioning of the needle tip was confirmed by visualizing CSF drainage,
and the needle was removed. The animal was observed for full recov-
ery from anesthesia and returned to its home cage.

Lateral Ventricle Injection

Two animals received bilateral infusions of vector with intraoperative
MR guidance into the lateral ventricle (3 mL/hemisphere). Briefly, the
animal was placed on inhaled isoflurane (1%–3%), and the head was
shaved and positioned in an MR-compatible stereotactic frame. An
aseptic bilateral craniectomy was performed in the prefrontal area
to implant two MR-compatible cannula-guide devices onto the skull
(one per hemisphere). After placement of the cannula guides, the
wound site was temporarily closed, and the animal was transferred
to the MR scanner. High-resolution MR scans were acquired to
identify anatomical targets and to monitor infusate distribution.
The infusion system consisted of a 16G adjustable stepped catheter
(SmartFlow cannula, MRI Interventions, Irvine, CA, USA) connected
via extension tubing to a 5-mL syringemounted onto anMR-compat-
ible infusion pump (Medfusion 3500, Medfusion, St. Paul, MN).

Each cannula was manually inserted through the guide-stem into the
lateral ventricle, and positioning was verified by MRI. Vector dosing
consisted of simultaneous infusions into the lateral ventricle of each
hemisphere at a rate of 1mL/min. T1-weightedMRwas acquired seri-
ally during the dosing procedure to monitor gadoteridol distribution
in the CSF surrounding the brain and spinal cord. After completion of
the MR-guided infusions, the cannula was rested inside for 5 min to
normalize intraventricular pressure and avoid backflow. The animal
was returned to surgery where the cannula guides were removed
and the incision closed in anatomical layers. The animal was
transferred to its home cage and monitored for full recovery from
anesthesia.

MR Image Acquisition and Analysis

T1-weighted images of the primate brain and spinal cord were
acquired on a 1.5T Signa HDxt scanner (GE Medical Systems,
Waukesha, WI). Intrathecal administration was monitored with
either the head or the body coil. Prior to dosing, three-dimensional
spoiled gradient echo (3D magnetization-prepared gradient echo)
images were taken with a repetition time (TR)/echo time (TE)/flip
angle = 4.0 ms/1.02 ms/15�, number of excitations (NEX) = 4,
matrix = 256 � 512, field of view (FOV) = 4 � 12 cm, and slice
thickness = 1.0 mm. Lateral ventricle administration images were
acquired with a head coil. 3D spoiled gradient recalled (SPGR) images
were acquired with a TR/TE/flip angle = 3.9 ms/1.54 ms/15�,
NEX= 4,matrix = 256� 192, FOV= 16� 12 cm, and slice thickness =
1.0 mm. SPGR scans were acquired consecutively throughout the
infusion procedure (acquisition time was �4 min per sequence) to
monitor distribution from the cannula tip.

Infusion sites, cannula tracts, and cannula tip were identified on
T1-weighted MR images in the coronal, axial, and sagittal planes
with Osirix (Geneva, Switzerland). Regions of interest were delin-
eated to outline T1 gadoteridol signal. Three-dimensional volumetric
19
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reconstructions of the image series and regions of interest were
analyzed with Brainlab iPlan Flow Suite (Brainlab, Munich,
Germany) to estimate infusate distribution.
qPCR

qPCR was used for vector quantification as previously described.39

Data are reported as the number of double-stranded hASM cDNA
molecules per milliliter CSF. The qPCR primers and probe anneal
to a 121-bp region of exons 2 and 3 of the ASM gene (nucleotides
219–339; HUGO Gene Nomenclature Committee [HGNC]:
11,120), thus spanning an intron that is not present in the vector
sequence and thereby minimizing amplification of genomic DNA
(forward primer, 50-AGA CAC GTT TGA GGA CAT CA-30; reverse
primer, 50-AAG CAT GGC CGG GTA CG-30; TaqMan probe,
50-6FAM-TGA CGC ACT GGC ACA GCC CCT ACT-TAMRA-30;
Applied Biosystems, Foster City, CA). The specificity of the primer
and probe set was confirmed by running the reaction product on
an agarose gel and detecting the amplicon of the predicted size. The
qPCR analysis of AAV9-hASM-HA with a fluorogenic 50-nuclease
assay was performed on an Applied Biosystems 7900HT Sequence
Detection System. Real-time qPCR was standardized with plasmid
DNA containing the vector insert. The plasmid was linearized with
a restriction enzyme, purified, quantified by ultraviolet absorbance,
and diluted in qPCR dilution buffer to result in seven standards
ranging from 1.0 � 101 to 1.0 � 106 copies/reaction.
Capsid Kinetics Assessment

CSF vector titer-time data from individual animals were analyzed by a
non-compartmental analysis method. The following kinetic parame-
ters were observed or calculated: Cmax; Tmax; apparent terminal rate
constant (lz) derived from the slope of the log-linear regression of
the log-linear terminal portion of the vector titer-time curve up to
24 hr after the end of infusion; T1/2 calculated as 0.693/lz; AUC24h

as calculated by the logarithmic down trapezoidal summation
method; AUCinf as calculated by AUC24h plus titer at 24 hr after
the end of infusion/lz; and AUC28d as calculated by the logarithmic
down trapezoidal summation method.
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