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MOTIVATION Although preclinical neuroscientific modeling species permit invasive intracranial delivery of
targeted neurotropic agents, direct intracranial injections are not readily translatable to clinical therapeu-
tics. Transcranial focused ultrasound (tFUS) has been identified as a technique to circumvent surgical injec-
tions altogether by transiently opening the blood-brain barrier (BBB) with selective focus. Here, we sought
to fill a critical gap between preclinical neuroscience and clinical therapeutics—the ability to deliver neuro-
tropic substances (e.g., gene therapies) to the primate brain both focally and noninvasively via BBB pas-
sage, without the need for neurosurgical injection.

SUMMARY

We establish a reliable method for selectively delivering adeno-associated viral vectors (AAVs) across the
blood-brain barrier (BBB) in the marmoset without the need for neurosurgical injection. We focally perturbed
the BBB (~1 X 2 mm) in area 8aD of the frontal cortex in four adult marmoset monkeys using low-intensity
transcranial focused ultrasound aided by microbubbles. Within an hour of opening the BBB, either AAV2
or AAV9 was delivered systemically via tail-vein injection. In all four marmosets, fluorescence-encoded neu-
rons were observed at the site of BBB perturbation, with AAV2 showing a sparse distribution of transduced
neurons when compared to AAV9. The results are compared to direct intracortical injections of anterograde
tracers into area 8aD and similar (albeit sparser) long-range connectivity was observed. With evidence of
transduced neurons specific to the region of BBB opening as well as long-distance tracing, we establish a

framework for focal noninvasive transgene delivery to the marmoset brain.

INTRODUCTION

Although preclinical neuroscientific modeling species allow for
invasive intracranial delivery of neurotropic substances, direct
intracortical injections are not readily translatable to clinical
therapeutics. Recently, the use of transcranial focused ultra-
sound (tFUS) has been identified as a technique for circum-
venting direct injections, allowing for delivery of therapeutic
agents across the blood-brain barrier (BBB).'® Of particular
interest for nonhuman primate species—who have a more
similar genetic makeup to humans®—is the use of adeno-
associated viral vectors (AAVs) for delivering neurotropic sub-
stances to the brain. As a small primate, the common
marmoset is quickly becoming a premier neuroscientific
modeling species.'®'> Marmosets have similar body size,
housing, and handling requirements as rodents but with an
elaboratored granular frontal cortex and connectivity more
similar to humans.’®>™'® The marmoset lissencephalic cortex
(and very thin skull) is more amenable to tFUS than many
Old World primate species.’® Here, we establish the

Gheck for
Updates

ability to noninvasively and focally deliver AAVs across the
marmoset BBB with tFUS aided by microbubbles, allowing
for anterograde axonal tracing.

Intracranial injection techniques have been fundamental for sci-
entific progress in preclinical animal research, with much of our un-
derstanding of how the marmoset brain is structurally connected
based on direct intracortical injections into marmoset brain paren-
chyma.?®27 Although direct intracortical surgical injections can
offer exquisite targeting accuracy in well-trained hands, the
requirement of trephination is accompanied by inherent risks of
infection, long recovery times, and often concomitant tissue dam-
age and behavioral complications. When considering therapeutic
neurotropic injections, like gene therapies for human brain dis-
eases, the requirement of transcranial surgery does not translate
well to the clinic, especially when repeated administrations are
required. Several approaches are being developed to circumvent
the requirement for surgical injection by altering the permeability of
substances across the BBB. The use of the osmotic agent
mannitol*® and highly engineered AAV variants®** are both prom-
ising methods for systemic agent delivery across the BBB.
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Although BBB crossing and neuronal transduction specificity can
be achieved with AAV capsid variants,>° this noninvasive method
currently only allows brain-wide transgene expression. Focal, me-
chanical perturbation of the BBB with tFUS aided by microbubbles
allows for much more selective delivery—especially as required for
techniques like neuronal tracing.

Recently, we extensively characterized the use of tFUS to
focally deliver substances across the BBB in marmosets.'® While
optimizing for safety and limiting tissue damage, we established a
reliable method for BBB opening with a single-element 1.46 MHz
transducer, resulting in detectable BBB extravasation volume
of ~1 mm radially and ~2.5 mm axially. Indeed, this parenchymal
volume is similar to that achieved through a direct nanoinjection of
viral tracer in marmosets.?’ Although a relatively new technique,
tFUS-mediated AAV delivery has been demonstrated in ro-
dents®'** and more recently in macaque monkeys for the pur-
pose of delivering viral vectors to subcortical regions involved in
Parkinson’s disease.>* Here, we sought to build on these results
to demonstrate that this technique is effective in New World pri-
mates (Callithrix jacchus) for the purpose of neuronal tracing,
leveraging our recent advances in highly focal cortical BBB pertur-
bation. Indeed, the reports in mice, rats, and macaques showed
sparse neuronal transduction and/or were delivered over a BBB
opening across a large swath of the cortex.®>343°

Here, we demonstrate long-range anterograde neuronal tracing
from neurons transduced with either AAV serotype 2 (AAV2) or
AAV9 with spatial specificity limited to the site of BBB perturba-
tion, induced by tFUS. This technique required no opening of
the cranial cavity, and thus the focal delivery of the AAV to the
brain was noninvasive. Four adult marmosets underwent low-in-
tensity tFUS to focally open the BBB in area 8aD of the frontal cor-
tex. After confirming that the BBB was open using gadolinium-
based contrast agent (GBCA)-enhanced MRI at 9.4 T, AAV2 or
AAV9 with the human synapsin promoter was injected into the
tail vein. Four to six weeks later, ex vivo microscopy was per-
formed to confirm the presence of neurons transduced as
indicated by enhanced green fluorescent protein (EGFP) or
mCherry fluorescence. We demonstrate long-distance connec-
tions, comparing the presence of axonal fluorescence to that of
direct intracortical injections from the publicly available whole-
brain marmoset tracer resource.’’” With evidence of a sparse
(AAV2) or more robust (AAV9) transduction of neurons in all four
marmosets, as well as long-distance tracing, we establish a
framework in which AAVs can be delivered to the marmoset brain
noninvasively. This technique will be invaluable for the burgeoning
marmoset model, with applications for noninvasive delivery of
therapeutics, genetic delivery of precursors for techniques like
two-photon imaging, or neuronal tracing across the lifespan.

RESULTS

In vivo MRI-based assessment of BBB disruption

Following the sonication of right area 8aD,*® each marmoset was
immediately injected with a GBCA via tail-vein catheter and
transferred to the MRI. Using a magnetization-prepared rapid
gradient echo (MPRAGE) or a fast low-angle shot (FLASH)
sequence sensitized to the T1 relaxation times of gray matter
with gadolinium,’® BBB disruption was confirmed after each
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sonication. The accuracy with reference to our target was
confirmed with this same scan, as well as the extent of opening
(Figure 1). Based on our previous work, the extent of GBCA
extravasation as observed by MRI overlaps well with histological
assessments of Evans blue dye extravasation.’® As such, the
volume of BBB opening was also computed based on the
GBCA contrast and used to localize our histological assessment
of viral transduction. All but one animal required only a single
sonication to open the BBB, with Marmoset T requiring a second
attempt with a slightly higher pressure and microbubble dosage
(i.e., Marmoset T was “resonicated” because GBCA extravasa-
tion was not observed on the MRI). As shown in Figure 1, the rela-
tive size and location was consistent across animals—note that
these sonications were atlas based®® and thus did not account
for individual anatomical differences.

Immunohistochemical assessment of viral transduction
at the sonication site

Table 1 shows the serotype, titer, volume, and time to perfusion
after BBB opening and intravenous delivery of AAVs. For
both the animals receiving AAV9 (Marmoset S, AAV9-EGFP;
Marmoset M, AAV9-mCherry) and those injected with AAV2
(Marmosets T and N, AAV2-EGFP), labeling was observed at
the site of sonication (see Figure 1 for locations). Importantly,
the observed expression from neuronal cell bodies was limited
to parenchyma at the site of opening, as shown in Figure 2
(AAV9) and Figure 3 (AAV2), demonstrating the extent of focus
possible with tFUS-AAV delivery with a 1.46 MHz transducer.
In a 50 um slice taken approximately at the sonication site, the
AAV9 animals had ~30 labeled cells in a 500 x 700 pm section
in Marmoset M and 40 cells in an 800 x 800 um section in
Marmoset S. In contrast, both AAV2 animals had approximately
2-3 labeled cells in a similarly sized section and 4-6 labeled cells
across the entire slice. As previously shown in rodent models
and consistent with sparse retrograde transduction associated
with AAV9,°°" we found limited nonspecific transduction partic-
ularly in Marmoset S (systemically injected with AAV9). EGFP+
cell bodies were observed in regions known to be connected
to area 8aD in the marmoset,”” such as the superior colliculus
and the caudate nucleus. These occurrences were sparse,
with 1 cell per 50 um coronally mounted section. When
compared to AAV9 (Figure 2), the AAV2-mediated neuronal
expression (Figure 3) was dramatically less. Although in many
cases (especially with the sparse AAV2-mediated transduction)
neurons could be unambiguously identified, triple immunolabel-
ing for the EGFP or mCherry transgene with NeuN and DAPI al-
lowed for identification of transduced neurons and nonneuronal
cells, as shown in Figures 2 and 3. These results are consistent
with comparisons of AAV serotypes directly injected into the
marmoset brain, where AAV2 transduction is substantially less
than AAV9.%® These comparisons also align with laminar-level
specificity observed here, with AAV9 showing the highest den-
sity of transduction in layers 3 and 5.°¢

Comparison of long-distance axonal projections with
direct intracortical injection

Because our viral vector delivery was systemic, we chose to
inject more viral particles per animal (see Table 1 for titer for
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Figure 1. Atlas-based 8aD tFUS target and resultant sonication sites for all four marmosets

(A) Marmoset atlas-based target (8aD) that was integrated into the MORPHEUS (FUSInstruments) software. Ellipse shows the target volume of opening from the
1.46 MHz transducer—the full width at half maximum of the acoustic pressure distribution at the focus.

(B) Sonication target ellipse overlayed on slice from Marmoset M showing both targeting accuracy and highly focal transduction as evidenced by mCherry
florescence. Scale bars: 1 mm (horizontal), 2 mm (vertical). (B1) Zoomed-in view of the extent of viral transduction; labeled cells are present in a section of tissue.

Scale bars: 1 mm, 2 mm.

(C~F) Gadolinium-enhanced MRI of Marmosets M (C), S (D), T (E), and N (F) showing successful blood-brain barrier perturbation prior to injection of AAV. Note that
Marmoset S had a fast low-angle shot (FLASH) image acquired rather than magnetization-prepared rapid gradient echo (MPRAGE) like the other 3 marmosets.

each animal) than what would be used in a marmoset for a focal
and direct intracortical injection into parenchyma for the purpose
of neuronal tracing.””*° Although the size of our openings (Fig-
ure 1), exceeded the volumetric diffusion extent of a 2 uL intra-
cortical injection (e.g., Watakabe et al.?”), neuronal transduction
was quite focal and limited (see Figures 2 and 3)—as such, we
expected sparser axonal labeling at the projection sites (e.g.,
area 8aD projections to contralateral area 8 or the enroute
fibers traversing genu). With these considerations in mind, we
compared axonal projections between the FUS-delivered sys-
temic viral injections and direct intraparenchymal injections
into area 8aD. With the recent release of the open-source
whole-brain systematic mapping of axonal projections by Wata-
kabe and colleagues,’” we were able to compare coronal
slices of area 8aD connections from our marmosets to those
who had direct intracortical injections of (AAV1-based) antero-

grade tracers (injection “R01-0088” from Brain/MINDS
Marmoset PFC Connectome (DatalD: 6358): https://doi.org/10.
24475/bminds.mti.6358)). As demonstrated in Figure 4, both
AAV serotypes (AAV2 and AAV9) allowed for long-distance
axonal tracing, with axon identification overlapping well with
the direct intracortical injections. Concomitant with weaker
transduction for serotype 2 (Figure 3) than for serotype 9 (Fig-
ure 2), the density of axonal connections was sparser. Indeed,
the images of AAV9 tracing (e.g., at the corpus callosum; Fig-
ure 4) were more comparable to a direct intracortical injection
but sparser.

DISCUSSION

Here, we demonstrate noninvasive focal delivery of transgenes
in marmoset frontal cortex using microbubble-aided tFUS. Using
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Table 1. Details of marmosets and injected transgenes

Perfusion
Age Weight Titer Dose post-FUS
Marmoset (months) (grams) Sex Virus (vg/mol) Volume (ulL) (vg/kg) (days)
N 21 260 M AAV2-hSyn-EGFP 8.6 x 10'? 100 3.3 x 10" 46
Addgene 50465
T 84 325 M AAV2-hSyn-EGFP 2x10" 96 5.9 x 10" 44
Addgene 50465
M 35 210 M AAV9-hSyn-mCherry 2.4 x 10" 100 9.5 x 10" 33
Addgene 114472
S 44 255 M AAV9-hSyn-EGFP 1.9 x 10" 100 7.4 x 10" 33

Addgene 50465

a single-element FUS transducer and our recently established
procedures for safe and reliable BBB perturbation in the
marmoset,'® we transiently and focally (~1 mm radially, 2 mm
axially; Figure 1) opened the BBB in marmoset frontal cortex
(area 8aD), allowing for the passage of AAVs for the purpose of
axonal tracing. For all four adult marmosets on which the pro-
cedure was performed, viral transduction occurred at the site
of BBB opening with adeno-associated viral serotype 2 or 9 (hu-
man synapsin promoter) delivered systemically via tail-vein cath-
eter. Immunofluorescent microscopy demonstrated sparse
transduction of AAV2 (titers shown in Table 1), to the extent
that single cells could be clearly identified and their axons traced
to distal connection sites. AAV9, on the other hand, showed
more efficient infection rate, which was evidenced by more neu-
rons expressing fluorescent markers, allowing for more robust
anterograde tracing that, with axonal projections observable in
comparable locations to 8aD neurons transduced by way of
direct intracortical injections (Figure 4).

Our aim was to develop a method for highly focal delivery, with
previous work demonstrating sparse AAV-mediated gene deliv-
ery through large swaths of parenchyma in rats®* and ma-
caques.®* A distinct advantage of the marmoset is that their
skulls are extremely thin (~1 mm), and thus higher-frequency ul-
trasound transducers can be used, resulting in smaller BBB per-
turbations. Indeed, we recently demonstrated the ability to open
the BBB reliably and focally across the marmoset cortex with a
1.46 MHz transducer.'® Here, using this same hardware, we
were able to consistently target the same location in area 8aD,
with comparable opening sizes (see Figure 1). Importantly,
although our volume(s) of opening was targeted to the full width
at half maximum of the acoustic pressure distribution at the
focus (with 1.46 MHz at ~12 mm® overlapping with the
cortex), the volume of transduction was even smaller, as shown
in Figures 1, 2, and 3. This volume is best demonstrated by
Marmoset M (Figure 1) with AAV9-mediated transduction limited
to a ~4.2 mm?® patch of the cortex. A similar extent of transduc-
tion was observed in Marmosets S, N, and T, but the density of
transduced cells (especially in the marmosets injected with
AAV2; Marmosets N and T) was much less, with only several cells
observed for each 50 um slice near the center of opening.

With focal delivery, we next sought to demonstrate that highly
specific anterograde neuronal tracing would occur, explicitly
to the extent that axonal projection locations (not necessarily
density) overlapped well with intracortical injections. We lever-
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aged the recent release of the whole-brain axonal tracing
resource for marmoset frontal cortex injections (Brain/MINDS
Marmoset PFC Connectome; https://dataportal.brainminds.jp/
marmoset-tracer-injection ?’)—this resource provides zoomable
slice-level tracer data that have been registered in 3D. By simi-
larly slicing our brains (at 50 pum) in the coronal plane, we were
able to compare axonal projection between tFUS-mediated de-
livery to that of direct intracortical injections (albeit with a
different serotype and promotor). Differences of method notwith-
standing, with both systemically delivered serotypes used
here—AAV9 and AAV2 —we found consistent evidence of long-
distance neuronal tracing (Figure 4). Although at first glance, it
may seem that AAV9 would be a more appropriate choice for
tracing given what we tested here, sparser single-cell labeling
could also be of tremendous value. For example, with 3D recon-
struction pipelines,”® connections of single cells could be
achieved using this FUS-mediated AAV delivery technique, al-
lowing for iontophoresis-like specificity.’ As such, we rather
consider the difference in transduction between the serotypes
to be experimentally advantageous.

With proof of concept for focal transgene expression demon-
strated here, there are myriad applications that could be tested
with the same technique, with testing different serotypes and
cell-specific vectors being of priority. Recent advances in AAV
capsid variants that are specifically targeted for intravenous deliv-
ery in the marmoset could indeed help reduce any untoward sys-
temic effects to peripheral organs, notably those with high speci-
ficity in the brain but not in the liver.?® Further, the application of
different promoters, such as the ubiquitous CAG promoter, could
potentially allow for more efficient transduction, allowing for lower
systemically delivered doses. With systematic examination of
the existing libraries or by employing a Cre-transgenic-based
screening platform, robust tropism will enhance a wide range of
neuroscientific applications and reduce systemic immune re-
sponses. Another potential option for mediating the peripheral ef-
fects could be microbubble conjugation of AAVs, whereby the me-
chanical cavitation of the microbubble releases the AAVs at the site
of interest.”> Another consideration for optimizing expression
would be to test for AAV-neutralizing antibodies, which may affect
the delivery on an individual animal basis (see Weber** for review).
Although we did not test for neutralizing antibodies here, we
observed consistency between animal expressions across stereo-
types for the four marmosets used here. A recent study in rhesus
macaques showed that one animal with AAV9-neutralizing
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Figure 2. Neurons transduced at the sonication point in animals systemically injected with AAV9
(A) EGFP-transduced neurons at the sonication site in Marmoset S, right hemisphere 8aD. Scale bar: 2,000 um. A zoomed-in view is shown in (A1) (scale bar:

100 um).
(B) mCherry-transduced neurons at sonication site in Marmoset M, right hemisphere 8aD. Scale bar: 2,000 um. A zoomed-in view is shown in (B1) (scale bar:

100 um). (B2)—(B4) show the same image as (B1) but with images for DAPI and NeuN and with all three channels merged, respectively.
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Marmoset T: AAV2

DAPI | C2.3

Figure 3. Neurons transduced at the sonication point in animals injected with AAV2
(A) EGFP-transduced neurons at sonication site in Marmoset N, right hemisphere 8aD. Scale bar: 2,000 um. A zoomed-in view is shown in (A1) (scale bar: 200 um).
(B) Single cell from (A): EGFP (B), DAPI (B1), NeuN (B2), and merge (B3) showing congruent labeling. Scale bar: 20 um.

(C1-C2.4) Same as (A) for Marmoset T.

antibodies had limited EGFP expression,®* while another study in
cynomolgus monkeys showed that even high levels of AAV9-
neutralizing antibodies did not have such an effect on delivery to
the brain.** Future work could benefit from such characterizations
of the serotypes of interest in the marmoset.

6 Cell Reports Methods 4, 100709, February 26, 2024

Taken together, we demonstrate focal delivery of viral vec-
tors to the marmoset brain by temporarily disrupting the BBB
with tFUS. FUS-mediated delivery of AAV9 or AAV2 to area
8aD resulted in transduced neurons within the site of sonicat-
ion, and long-distance neuronal tracing was observed with



Cell Reports Methods @ CellPress

OPEN ACCESS

2000 pm

mCherry [ F1 mCherry | F2
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Figure 4. Comparison of long-range axonal labeling from an intracortical injection vs. systemic tFUS-mediated AAV delivery

(A) Labeled axons in the hemisphere opposite intracortical injection (source: https://cau-gin.brainminds.riken.jp/brainminds/MTI-R01_0088). Note: left-right is
swapped for visualization consistency. Scale bar: 2000 pm; zoomed-in (100 pum).

(B) Labeled axons in hemisphere opposite sonication site in Marmoset M (AAV9 mCherry).

(C) A similar contralateral slice for Marmoset N (AAV2 EGFP).

(D) Axons labeled in the corpus callosum from the same intracortical injection as (A) but with a more posterior slice.

(E) AAV9 labeled axons in Marmoset S from systemic injection.

(F) Same as (E) for Marmoset M. White arrows indicate axons expressing fluorescence.
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both serotypes. These results give credence to the viability and
further development of focal gene delivery techniques in pri-
mates that ultimately may bridge translational gaps and lead
to human therapeutic techniques. Moreover, for marmosets
and other preclinical primate species, these results also offer
exciting avenues for other techniques, such as optical activa-
tion/deactivation or optical imaging, avoiding unwanted effects
of surgical delivery.

Limitations of the study

Further optimizations should be possible on the FUS side, with
the duration of BBB opening presenting potential risk for infec-
tion (e.g., blood-borne bacteria) that the BBB would normally
protect against, i.e., circulating toxins or pathogens in the blood-
stream.*® However, we have recently demonstrated that with
calculated titration of the microbubble dosage and acoustic pa-
rameters, opening the BBB is safe, such that tissue damage
does not occur and that the immune response is minimal.'®
One area for improvement, then, is optimizing the duration of
opening, balanced with enough time for efficient and robust
transduction. Even with our demonstrated “safe” parameters, '°
resultant openings can last for >8 h, as demonstrated by paren-
chymal extravasation of GBCAs detected with high-field MRI.
The microbubble dosage used here (200 ul/kg) could also likely
be further optimized (reduced) to avoid long BBB opening times
or untoward inflammatory responses.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DE-
TAILS
e METHOD DETAILS
O Anesthetized procedures
O Focused ultrasound apparatus
O Sonications
O Immunohistochemistry and microscopy
O Comparison with direct intracortical injection
o QUANTIFICATION AND STATISTICAL ANALYSIS

ACKNOWLEDGMENTS

We wish to thank Brianne L. Stein, Lauren Dubberley, and Dr. Julia Oluoch for
animal care and preparation. This work was supported by the National Institute
of Neurological Disorders and Stroke of the National Institutes of Health under
award number R21NS125372 (D.J.S.).

AUTHOR CONTRIBUTIONS
D.J.S. conceived the study. T.V.P., D.S., and D.J.S. performed tFUS experi-
ments and analysis. T.V.P., D.S., SH.C., and D.J.S. performed immunohisto-

chemistry and microscopy. T.V.P. and D.J.S. wrote the manuscript, with crit-
ical input from D.S. and SH.C. All authors edited the manuscript.

8 Cell Reports Methods 4, 100709, February 26, 2024

Cell Reports Methods

DECLARATION OF INTERESTS
The authors declare no competing interests.

Received: September 18, 2023
Revised: December 14, 2023
Accepted: January 23, 2024
Published: February 14, 2024

REFERENCES

1. Karakatsani, M.E., Wang, S., Samiotaki, G., Kugelman, T., Olumolade,
0.0., Acosta, C., Sun, T., Han, Y., Kamimura, H.A.S., Jackson-Lewis,
V., et al. (2019). Amelioration of the nigrostriatal pathway facilitated by ul-
trasound-mediated neurotrophic delivery in early Parkinson’s disease.
J. Control. Release 303, 289-301. https://doi.org/10.1016/j.jconrel.2019.
03.030.

2. Burgess, A., Shah, K., Hough, O., and Hynynen, K. (2015). Focused ultra-
sound-mediated drug delivery through the blood-brain barrier. Expert
Rev. Neurother. 15, 477-491. https://doi.org/10.1586/14737175.2015.
1028369.

3. McDannold, N., Vykhodtseva, N., and Hynynen, K. (2006). Targeted
disruption of the blood-brain barrier with focused ultrasound: Association
with cavitation activity. Phys. Med. Biol. 57, 793-807. https://doi.org/10.
1088/0031-9155/51/4/003.

4. McDannold, N., Arvanitis, C.D., Vykhodtseva, N., and Livingstone, M.S.
(2012). Temporary disruption of the blood-brain barrier by use of ultra-
sound and microbubbles: Safety and efficacy evaluation in rhesus ma-
caques. Cancer Res. 72, 3652-3663. https://doi.org/10.1158/0008-
5472.CAN-12-0128.

5. Lin, C.-Y., Hsieh, H.-Y., Pitt, W.G., Huang, C.-Y., Tseng, |.-C., Yeh, C.-K.,
Wei, K.-C., and Liu, H.-L. (2015). Focused ultrasound-induced blood-brain
barrier opening for non-viral, non-invasive, and targeted gene delivery.
J. Control. Release 2712, 1-9. https://doi.org/10.1016/j.jconrel.2015.
06.010.

6. Yao, H., Wang, K., Wang, Y., Wang, S, Li, J., Lou, J., Ye, L., Yan, X., Lu,
W., and Huang, R. (2015). Enhanced blood-brain barrier penetration and
glioma therapy mediated by a new peptide modified gene delivery system.
Biomaterials 37, 345-352. https://doi.org/10.1016/j.biomaterials.2014.
10.034.

7. Wang, S., Olumolade, O.0., Sun, T., Samiotaki, G., and Konofagou, E.E.
(2015). Noninvasive, neuron-specific gene therapy can be facilitated by
focused ultrasound and recombinant adeno-associated virus. Gene
Ther. 22, 104-110. https://doi.org/10.1038/gt.2014.91.

8. Wang, F., Shi, Y., Lu, L., Liu, L., Cai, Y., Zheng, H., Liu, X., Yan, F., Zou, C.,
Sun, C., et al. (2012). Targeted delivery of GDNF through the blood-brain
barrier by MRI-guided focused ultrasound. PLoS One 7, €52925. https://
doi.org/10.1371/journal.pone.0052925.

9. Bakken, T.E., Jorstad, N.L., Hu, Q., Lake, B.B., Tian, W., Kalmbach, B.E.,
Crow, M., Hodge, R.D., Krienen, F.M., Sorensen, S.A., et al. (2021).
Comparative cellular analysis of motor cortex in human, marmoset
and mouse. Nature 598, 111-119. https://doi.org/10.1038/s41586-021-
03465-8.

10. Mitchell, J.F., and Leopold, D.A. (2015). The marmoset monkey as a model
for visual neuroscience. Neurosci. Res. 93, 20-46. https://doi.org/10.
1016/j.neures.2015.01.008.

11. Tokuno, H., Watson, C., Roberts, A., Sasaki, E., and Okano, H. (2015).
Marmoset neuroscience. Neurosci. Res. 93, 1-2. https://doi.org/10.
1016/j.neures.2015.03.001.

12. Walker, J., MacLean, J., and Hatsopoulos, N.G. (2017). The marmoset as a
model system for studying voluntary motor control. Dev. Neurobiol. 77,
273-285. https://doi.org/10.1002/dneu.22461.

13. Hori, Y., Cléry, J.C., Selvanayagam, J., Schaeffer, D.J., Johnston, K.D.,
Menon, R.S., and Everling, S. (2021). Interspecies activation correlations


https://doi.org/10.1016/j.jconrel.2019.03.030
https://doi.org/10.1016/j.jconrel.2019.03.030
https://doi.org/10.1586/14737175.2015.1028369
https://doi.org/10.1586/14737175.2015.1028369
https://doi.org/10.1088/0031-9155/51/4/003
https://doi.org/10.1088/0031-9155/51/4/003
https://doi.org/10.1158/0008-5472.CAN-12-0128
https://doi.org/10.1158/0008-5472.CAN-12-0128
https://doi.org/10.1016/j.jconrel.2015.06.010
https://doi.org/10.1016/j.jconrel.2015.06.010
https://doi.org/10.1016/j.biomaterials.2014.10.034
https://doi.org/10.1016/j.biomaterials.2014.10.034
https://doi.org/10.1038/gt.2014.91
https://doi.org/10.1371/journal.pone.0052925
https://doi.org/10.1371/journal.pone.0052925
https://doi.org/10.1038/s41586-021-03465-8
https://doi.org/10.1038/s41586-021-03465-8
https://doi.org/10.1016/j.neures.2015.01.008
https://doi.org/10.1016/j.neures.2015.01.008
https://doi.org/10.1016/j.neures.2015.03.001
https://doi.org/10.1016/j.neures.2015.03.001
https://doi.org/10.1002/dneu.22461

Cell Reports Methods

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

reveal functional correspondences between marmoset and human brain
areas. Proc. Natl. Acad. Sci. 1718, €2110980118. https://doi.org/10.1073/
pnas.2110980118.

Reser, D.H., Majka, P., Snell, S., Chan, J.M.H., Watkins, K., Worthy, K.,
Quiroga, M.D.M., and Rosa, M.G.P. (2017). Topography of claustrum
and insula projections to medial prefrontal and anterior cingulate cortices
of the common marmoset (Callithrix jacchus). J. Comp. Neurol. 525, 1421-
1441. https://doi.org/10.1002/cne.24009.

Schaeffer, D.J., Hori, Y., Gilbert, K.M., Gati, J.S., Menon, R.S., and Ever-
ling, S. (2020). Divergence of rodent and primate medial frontal cortex
functional connectivity. Proc. Natl. Acad. Sci. USA 117, 21681-21689.
https://doi.org/10.1073/pnas.2003181117.

Schaeffer, D.J., Gilbert, K.M., Gati, J.S., Menon, R.S., and Everling, S.
(2019). Intrinsic Functional Boundaries of Lateral Frontal Cortex in the
Common Marmoset Monkey. J. Neurosci. 39, 1020-1029. https://doi.
org/10.1523/JNEUROSCI.2595-18.2018.

Schaeffer, D.J., Gilbert, K.M., Ghahremani, M., Gati, J.S., Menon, R.S.,
and Everling, S. (2019). Intrinsic functional clustering of anterior cingulate
cortex in the common marmoset. Neuroimage 786, 301-307. https://doi.
org/10.1016/j.neuroimage.2018.11.005.

Schaeffer, D.J., Adam, R., Gilbert, K.M., Gati, J.S., Li, A.X., Menon, R.S.,
and Everling, S. (2017). Diffusion weighted tractography in the common
marmoset monkey at 9.4 T. J Neurophysiol. 718, 1344-1354. https://doi.
org/10.1152/jn.00259.2017.

Parks, T.V., Szuzupak, D., Choi, S.-H., Alikaya, A., Mou, Y., Silva, A.C., and
Schaeffer, D.J. (2023). Noninvasive disruption of the blood-brain barrier in
the marmoset monkey. Commun. Biol. 6, 806-815. https://doi.org/10.
1038/s42003-023-05185-3.

Burman, K.J., Reser, D.H., Yu, H.-H., and Rosa, M.G.P. (2011). Cortical
input to the frontal pole of the marmoset monkey. Cereb. Cortex 1991
21,1712-1737. https://doi.org/10.1093/cercor/bhg239.

Burman, K.J., Bakola, S., Richardson, K.E., Reser, D.H., and Rosa, M.G.P.
(2014). Patterns of afferent input to the caudal and rostral areas of the dor-
sal premotor cortex (6DC and 6DR) in the marmoset monkey. J. Comp.
Neurol. 522, 3683-3716. https://doi.org/10.1002/cne.23633.

Burman, K.J., Bakola, S., Richardson, K.E., Yu, H.-H., Reser, D.H., and
Rosa, M.G.P. (2015). Cortical and thalamic projections to cytoarchitectural
areas 6Va and 8C of the marmoset monkey: connectionally distinct subdi-
visions of the lateral premotor cortex. J. Comp. Neurol. 523, 1222-1247.
https://doi.org/10.1002/cne.23734.

Majka, P., Rosa, M.G.P., Bai, S., Chan, J.M., Huo, B.-X., Jermakow, N.,
Lin, M.K., Takahashi, Y.S., Wolkowicz, |.H., Worthy, K.H., et al. (2019). Uni-
directional monosynaptic connections from auditory areas to the primary
visual cortex in the marmoset monkey. Brain Struct. Funct. 224, 111-131.
https://doi.org/10.1007/s00429-018-1764-4.

Reser, D.H., Burman, K.J., Yu, H.-H., Chaplin, T.A., Richardson, K.E.,
Worthy, K.H., and Rosa, M.G.P. (2013). Contrasting patterns of cortical
input to architectural subdivisions of the area 8 complex: a retrograde
tracing study in marmoset monkeys. Cereb. Cortex 1991 23, 1901-
1922. https://doi.org/10.1093/cercor/bhs177.

Rosa, M.G.P., Palmer, S.M., Gamberini, M., Burman, K.J., Yu, H.-H., Re-
ser, D.H., Bourne, J.A., Tweedale, R., and Galletti, C. (2009). Connections
of the dorsomedial visual area: pathways for early integration of dorsal and
ventral streams in extrastriate cortex. J. Neurosci. 29, 4548-4563. https://
doi.org/10.1523/JNEUROSCI.0529-09.2009.

Skibbe, H., Rachmadi, M.F., Nakae, K., Gutierrez, C.E., Hata, J., Tsukada,
H., Poon, C., Doya, K., Majka, P., Rosa, M.G.P., et al. (2022). The Brain/
MINDS Marmoset Connectivity Atlas: exploring bidirectional tracing and
tractography in the same stereotaxic space. Preprint at bioRxiv. https://
doi.org/10.1101/2022.06.06.494999.

Watakabe, A., Skibbe, H., Nakae, K., Abe, H., Ichinohe, N., Rachmadi,
M.F., Wang, J., Takaji, M., Mizukami, H., Woodward, A., et al. (2023). Local
and long-distance organization of prefrontal cortex circuits in the

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

¢? CellPress

OPEN ACCESS

marmoset brain. Neuron 771, 2258-2273.e10. https://doi.org/10.1016/].
neuron.2023.04.028.

Park, T.-E., Singh, B., Li, H., Lee, J.-Y., Kang, S.-K., Choi, Y.-J., and Cho,
C.-S. (2015). Enhanced BBB permeability of osmotically active poly(man-
nitol-co-PEI) modified with rabies virus glycoprotein via selective
stimulation of caveolar endocytosis for RNAi therapeutics in Alzheimer’s
disease. Biomaterials 38, 61-71. https://doi.org/10.1016/j.biomaterials.
2014.10.068.

Goertsen, D., Flytzanis, N.C., Goeden, N., Chuapoco, M.R., Cummins, A.,
Chen, Y., Fan, Y., Zhang, Q., Sharma, J., Duan, Y., et al. (2022). AAV
capsid variants with brain-wide transgene expression and decreased liver
targeting after intravenous delivery in mouse and marmoset. Nat. Neuro-
sci. 25, 106-115. https://doi.org/10.1038/s41593-021-00969-4.

Matsuzaki, Y., Konno, A., Mukai, R., Honda, F., Hirato, M., Yoshimoto, Y.,
and Hirai, H. (2017). Transduction Profile of the Marmoset Central Nervous
System Using Adeno-Associated Virus Serotype 9 Vectors. Mol. Neuro-
biol. 54, 1745-1758. https://doi.org/10.1007/s12035-016-9777-6.

Alonso, A., Reinz, E., Leuchs, B., Kleinschmidt, J., Fatar, M., Geers, B.,
Lentacker, I., Hennerici, M.G., de Smedt, S.C., and Meairs, S. (2013).
Focal Delivery of AAV2/1-transgenes Into the Rat Brain by Localized Ultra-
sound-induced BBB Opening. Mol. Ther. Nucleic Acids 2, e73. https://doi.
org/10.1038/mtna.2012.64.

Stavarache, M.A., Petersen, N., Jurgens, E.M., Milstein, E.R., Rosenfeld,
Z.B., Ballon, D.J., and Kaplitt, M.G. (2018). Safe and stable noninvasive
focal gene delivery to the mammalian brain following focused ultrasound.
J. Neurosurg. 130, 989-998. https://doi.org/10.3171/2017.8.JNS17790.

Ye, D., Yuan, J., Yang, Y., Yue, Y., Hu, Z., Fadera, S., and Chen, H. (2022).
Incisionless targeted adeno-associated viral vector delivery to the brain by
focused ultrasound-mediated intranasal administration. EBioMedicine 84,
104277. https://doi.org/10.1016/j.ebiom.2022.104277.

Blesa, J., Pineda-Pardo, J.A., Inoue, K.l., Gasca-Salas, C., Balzano, T., Del
Rey, N.L.-G., Reinares-Sebastian, A., Esteban-Garcia, N., Rodriguez-Ro-
jas, R., Marquez, R., et al. (2023). BBB opening with focused ultrasound in
nonhuman primates and Parkinson’s disease patients: Targeted AAV vec-
tor delivery and PET imaging. Sci. Adv. 9, eadf4888. https://doi.org/10.
1126/sciadv.adf4888.

Kofoed, R.H., Dibia, C.L., Noseworthy, K., Xhima, K., Vacaresse, N., Hyny-
nen, K., and Aubert, |. (2022). Efficacy of gene delivery to the brain using
AAV and ultrasound depends on serotypes and brain areas. J. Control.
Release 351, 667-680. https://doi.org/10.1016/j.jconrel.2022.09.048.

Schaeffer, D.J., Klassen, L.M., Hori, Y., Tian, X., Szczupak, D., Yen, C.C.-
C., Cléry, J.C., Gilbert, K.M., Gati, J.S., Menon, R.S., et al. (2022). An open
access resource for functional brain connectivity from fully awake marmo-
sets. Neuroimage 252, 119030. https://doi.org/10.1016/j.neuroimage.
2022.119030.

Wang, S., Kugelman, T., Buch, A., Herman, M., Han, Y., Karakatsani, M.E.,
Hussaini, S.A., Duff, K., and Konofagou, E.E. (2017). Non-invasive,
Focused Ultrasound-Facilitated Gene Delivery for Optogenetics. Sci.
Rep. 7, 39955-39957. https://doi.org/10.1038/srep39955.

Watakabe, A., Ohtsuka, M., Kinoshita, M., Takaji, M., Isa, K., Mizukami, H.,
Ozawa, K., Isa, T., and Yamamori, T. (2015). Comparative analyses of ad-
eno-associated viral vector serotypes 1, 2, 5, 8 and 9 in marmoset, mouse
and macaque cerebral cortex. Neurosci. Res. 93, 144-157. https://doi.
org/10.1016/j.neures.2014.09.002.

Abe, H., Tani, T., Mashiko, H., Kitamura, N., Hayami, T., Watanabe, S., Sa-
kai, K., Suzuki, W., Mizukami, H., Watakabe, A., et al. (2018). Axonal Pro-
jections From the Middle Temporal Area in the Common Marmoset. Front.
Neuroanat. 72, 89. https://doi.org/10.3389/fnana.2018.00089.

Lin, M.K., Takahashi, Y.S., Huo, B.-X., Hanada, M., Nagashima, J., Hata,
J., Tolpygo, A.S., Ram, K., Lee, B.C., Miller, M.1., et al. (2019). A high-
throughput neurohistological pipeline for brain-wide mesoscale connec-
tivity mapping of the common marmoset. Elife 8, e40042. https://doi.
org/10.7554/eLife.40042.

Cell Reports Methods 4, 100709, February 26, 2024 9



https://doi.org/10.1073/pnas.2110980118
https://doi.org/10.1073/pnas.2110980118
https://doi.org/10.1002/cne.24009
https://doi.org/10.1073/pnas.2003181117
https://doi.org/10.1523/JNEUROSCI.2595-18.2018
https://doi.org/10.1523/JNEUROSCI.2595-18.2018
https://doi.org/10.1016/j.neuroimage.2018.11.005
https://doi.org/10.1016/j.neuroimage.2018.11.005
https://doi.org/10.1152/jn.00259.2017
https://doi.org/10.1152/jn.00259.2017
https://doi.org/10.1038/s42003-023-05185-3
https://doi.org/10.1038/s42003-023-05185-3
https://doi.org/10.1093/cercor/bhq239
https://doi.org/10.1002/cne.23633
https://doi.org/10.1002/cne.23734
https://doi.org/10.1007/s00429-018-1764-4
https://doi.org/10.1093/cercor/bhs177
https://doi.org/10.1523/JNEUROSCI.0529-09.2009
https://doi.org/10.1523/JNEUROSCI.0529-09.2009
https://doi.org/10.1101/2022.06.06.494999
https://doi.org/10.1101/2022.06.06.494999
https://doi.org/10.1016/j.neuron.2023.04.028
https://doi.org/10.1016/j.neuron.2023.04.028
https://doi.org/10.1016/j.biomaterials.2014.10.068
https://doi.org/10.1016/j.biomaterials.2014.10.068
https://doi.org/10.1038/s41593-021-00969-4
https://doi.org/10.1007/s12035-016-9777-6
https://doi.org/10.1038/mtna.2012.64
https://doi.org/10.1038/mtna.2012.64
https://doi.org/10.3171/2017.8.JNS17790
https://doi.org/10.1016/j.ebiom.2022.104277
https://doi.org/10.1126/sciadv.adf4888
https://doi.org/10.1126/sciadv.adf4888
https://doi.org/10.1016/j.jconrel.2022.09.048
https://doi.org/10.1016/j.neuroimage.2022.119030
https://doi.org/10.1016/j.neuroimage.2022.119030
https://doi.org/10.1038/srep39955
https://doi.org/10.1016/j.neures.2014.09.002
https://doi.org/10.1016/j.neures.2014.09.002
https://doi.org/10.3389/fnana.2018.00089
https://doi.org/10.7554/eLife.40042
https://doi.org/10.7554/eLife.40042

¢? CellPress

41.

42.

43.

44.

OPEN ACCESS

Abbott, C.J., Percival, K.A., Martin, P.R., and Griinert, U. (2012). Amacrine
and bipolar inputs to midget and parasol ganglion cells in marmoset retina.
Vis. Neurosci. 29, 157-168. https://doi.org/10.1017/5095252381200017X.
Trinh, D., Nash, J., Goertz, D., Hynynen, K., Bulner, S., Igbal, U., and
Keenan, J. (2022). Microbubble drug conjugate and focused ultrasound
blood brain barrier delivery of AAV-2 SIRT-3. Drug Deliv. 29, 1176-1183.
https://doi.org/10.1080/10717544.2022.2035855.

Weber, T. (2021). Anti-AAV Antibodies in AAV Gene Therapy: Current Chal-
lenges and Possible Solutions. Front. Immunol. 72, 658399. https://doi.
org/10.3389/fimmu.2021.658399.

Murrey, D.A., Naughton, B.J., Duncan, F.J., Meadows, A.S., Ware, T.A,,
Campbell, K.J., Bremer, W.G., Walker, C.M., Goodchild, L., Bolon, B.,

10 Cell Reports Methods 4, 100709, February 26, 2024

45.

46.

47.

Cell Reports Methods

et al. (2014). Feasibility and safety of systemic rAAV9-hNAGLU delivery
for treating mucopolysaccharidosis IlIB: toxicology, biodistribution, and
immunological assessments in primates. Hum. Gene Ther. Clin. Dev. 25,
72-84. https://doi.org/10.1089/humc.2013.208.

Daneman, R., and Prat, A. (2015). The blood-brain barrier. Cold Spring
Harb. Perspect. Biol. 7, a020412. https://doi.org/10.1101/cshperspect.
a020412.

Liu, C., Ye, F.Q., Yen, C.C., Newman, J.D., Glen, D., Leopold, D.A., and
Silva, A.C. (2018). A digital 3D atlas of the marmoset brain based on
multi-modal MRI. Neuroimage 769, 106-11647.

Paxinos, G., Watson, C., Rosa, M., Petrides, M., and Tokuno, H. (2012).
The marmoset brain in stereotaxic coordinates (Elsevier Academic Press).


https://doi.org/10.1017/S095252381200017X
https://doi.org/10.1080/10717544.2022.2035855
https://doi.org/10.3389/fimmu.2021.658399
https://doi.org/10.3389/fimmu.2021.658399
https://doi.org/10.1089/humc.2013.208
https://doi.org/10.1101/cshperspect.a020412
https://doi.org/10.1101/cshperspect.a020412
http://refhub.elsevier.com/S2667-2375(24)00024-9/optee9kXdzxlH
http://refhub.elsevier.com/S2667-2375(24)00024-9/optee9kXdzxlH
http://refhub.elsevier.com/S2667-2375(24)00024-9/optee9kXdzxlH
http://refhub.elsevier.com/S2667-2375(24)00024-9/optX0AOAn3iHS
http://refhub.elsevier.com/S2667-2375(24)00024-9/optX0AOAn3iHS

Cell Reports Methods

¢? CellPress

OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse NeuN MilliporeSigma MAB377 (Lot 3832727); RRID: AB_2298772
Alexa Fluor 488-conjugated rabbit anti-GFP 1gG Invitrogen A21311 (Lot 2551333); RRID: AB_221477
Alexa Fluor 594-conjugated donkey anti-mouse IgG Invitrogen A10036 (Lot 771559); RRID: AB_2534012
Alexa Fluor 488-conjugated donkey anti-mouse IgG Invitrogen A21202 (Lot 2309139); RRID: AB_141607

DAPI

ThermoScientific

62248 (Lot WJ3410231)

Bacterial and virus strains

AAV2-hSyn-EGFP AddGene 50465; RRID: AddGene_50465
AAV9-hSyn-EGFP AddGene 50465; RRID: AddGene_50465
AAV9-hSyn-mCherry AddGene 114472; RRID: AddGene_11472
Experimental models: Organisms/strains

Common marmoset (Callithrix jacchus) University of Pittsburgh N/A

Software and algorithms

ZenBlue Zeiss N/A

Other

Focused ultrasound apparatus

FUS Instruments Incorporated

RK-50 Marmoset

RESOURCE AVAILABILITY

Lead contact
Further information should be directed to and will be fulfilled by the lead contact, David J. Schaeffer (dschaeff@pitt.edu).

Materials availability
The study did not generate new unique reagents.

Data and code availability
o All data reported in this paper are available from the lead contact upon reasonable request.
® The paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Four adult male marmosets (Callithrix jacchus) contributed data to this study (Table 1 for sex, age, and weight). Animals were either
opposite-sex pair housed or family group housed. Animals were fed Test Diet W/D and Tekland Marmoset Diet, and provided access
to water ad libitum. Male animals were more readily available for terminal procedures and therefore were chosen for these founda-
tional experiments. When AAVs were administered via direct intracranial injection, no differences were seen between sexes in mar-
mosets.*® Additional future research is necessary to determine if there is sex-dependent expression due to intravenous delivery in
marmosets. Experimental procedures complied with the ethical guidelines for animal testing approved by the University of Pittsburgh
Institutional Animal Care and Use Committee.

METHOD DETAILS

Anesthetized procedures

Animals were anesthetized (induced and maintained) with 2 % isoflurane delivered via mask for both the tFUS and in vivo MRI pro-
cedures. During the procedures, heart rate, blood oxygenation, respiration, and rectal temperature were monitored. The head was
shaved with clippers, then any remaining hair was removed with depilatory cream. A 26-gauge catheter (1/2- or 3/4-inch length) was
placed in the lateral tail vein for microbubble, contrast agent, and AAV delivery. During the tFUS and MRI procedures (together lasting
~1-2 h in total), body temperature was maintained with heated water blankets or warmed air.
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Focused ultrasound apparatus

Sonications were performed with the RK-50 Marmoset (FUS Instruments Incorporated, Toronto, ON, Canada), including a marmoset
stereotaxic device (Model SR-AC; Narishige International Incorporated, Amityville, New York, USA) and an MRI-based marmoset
atlas for stereotactic targeting.*® The system is more comprehensively described in,'® but in short, an automated 3-axis position sys-
tem guided a 35 mm spherically focused 1.46 MHz transducer (FUS Instruments Incorporated, Toronto, ON, Canada) that was rigidly
mounted to the positioning system to allow for precise control of the sonication location. The number of pulses, repetition period, and
number of bursts commanded by the software were generated by an external waveform generator (Siglent SDG 1032X, Siglent Tech-
nologies, Solon, Ohio, USA) and sent through a 15 W amplifier to the transducer. The transducer was sealed with a 3D printed cover
with an o-ring seal and a polyimide film face that held degassed water (via portable water degasser; FUS-DS-50, FUS Instruments
Incorporated, Toronto, ON, Canada). The sensor and cover were immersed in a tank holding ~300 mL of degassed water. The poly-
imide base of the tank was coupled with the head via ultrasound gel.

Sonications

Stereotactic targeting and sonication parameters

Sonications were applied transcranially (with skin intact, only hair removed) based on stereotactic position, withx =0,y =0,z=0mm
corresponding to midway between the center of the ear bars, in plane with the bottom of the orbit bars. For co-localization of atlas
landmarks in the marmoset brain, the tFUS positioning software (MORPHEUS framework, FUS Instruments Incorporated, Toronto,
ON, Canada) was integrated with the marmosetbrainmapping.org®® and marmosetbrainconnectome.org®® atlases. The target for all
four marmosets was right area 8aD (x =4,y = 17, z = —14.6 mm) as derived from the cytoarchitectonic boundaries of the Paxinos
marmoset brain atlas.*’

Immediately prior to the sonication (<1 min) microbubbles (Definity, Lantheus Medical Imaging, Billerica, MA, USA), were admin-
istered via lateral tail vein catheter to aide in BBB disruption. Microbubble solutions were injected directly into the catheter hub; a
26-gauge catheter was chosen to reduce the probability of premature microbubble destruction. Microbubble dose was 200 pl/kg
for all experiments,'® prepared in a stock solution (100 uL microbubbles/860 L sterile saline) in a 1 mL syringe (weight (kg) x micro-
bubble concertation (mL/kg) x 9.6 = injection volume (mL)). The solution was injected as a bolus and flushed with 200 pL of sterile
saline to ensure that the microbubbles cleared the volume of the catheter hub. Next, the 1.46 MHz transducer (35 mm, spherically
focused) was directed above the stereotactically-guided target (right 8aD) and a single sonication was performed with the following
parameters: derated acoustic pressure = 1.17 MPa (see Parks et al., 2023 for details about computed skull deration), burst duration =
10 ms, burst period = 1,000 ms, number of bursts = 60. One marmoset (Marmoset T) required a second sonication as no opening was
observed on the initial MRI (described below) — a sonication was repeated in the same 8aD location with an increased acoustic pres-
sure of 1.27 MPa (derated).

MRI contrast agent injections and in vivo MRI

Gadolinium-based MRI contrast agents (GBCA) were used to verify BBB disruption and were injected immediately after the sonicat-
ion as a bolus and flushed with 200 pL of sterile saline. Gadolinium (Gadavist, gadobutrol; Bayer Healthcare Pharmaceuticals, Lev-
erkusen, Germany) was prepared in 200 plL of sterile saline and injected at a dose of 100 puL/kg in all marmosets. Magnetic resonance
imaging (MRI) took place at the University of Pittsburgh using a 9.4 T 30 cm horizontal bore scanner (Bruker BioSpin Corp, Billerica,
MA), equipped with a Bruker BioSpec Avance Neo console and the software package Paravision-360 (version 3.3; Bruker BioSpin
Corp, Billerica, MA). MRl started within 20 min of transferring the animal from the FUS including scanner preparations involving local-
ization and magnetic field shimming. Radiofrequency transmission was accomplished with a custom 135 mm inner diameter coil and
a custom in house 8-channel phased-array marmoset-specific coil was used for radiofrequency receiving. Marmosets were imaged
in the sphinx position, with a custom 3D printed helmet for head fixation and anesthesia mask for inhalant isoflurane delivery. A
magnetization prepared - rapid gradient echo (MPRAGE) sequence was employed to detect the resultant shortening of T1 relaxation
times from the gadolinium being extravasated into the parenchyma via the BBB disruption. The MPRAGE sequence was acquired
with the following parameters: TR = 6,000 ms, TE = 3.42 ms, field of view = 42 x 35 x 25 mm, matrix size = 168 x 140 x 100, voxel
size = 0.250 x 0.250 x 0.250 mm, bandwidth = 50 kHz, flip angle = 14°, total scan time = 20 min, 6 s. In the case of one marmoset
(Marmoset S) a fast low angle shot (FLASH) sequence was acquired (in lieu of the MPRAGE) with the following parameters: TR =
25ms, TE =8 ms, field of view = 35 x 35 X 26 mm, matrix size =117 x 117 x 87, voxel size = 0.299 x 0.299 x 0.299 mm, bandwidth =
200 kHz, flip angle = 25°, total scan time = 9 min, 2 s.

Systemic AAV injections

Systemic AAV injections occurred immediately after confirming that GBCA was extravasated across the BBB at the site of opening in
area 8aD. Using the same tail-vein catheter that was used to deliver both the microbubbles and GBCA, bolus injections of either AAV
serotype 9 or 2 (Addgene, Watertown, MA, USA) were delivered and followed by a flush of 200 pL of sterile saline. For Marmosets N
and T: AAV2-hSyn-EGFP AddGene 50465 were used, Marmoset S received AAV9-hSyn-EGFP AddGene 50465, and Marmoset M
received AAV9-hSyn-mCherry Addgene 114472.

Immunohistochemistry and microscopy

Four to six weeks post-AAV injection (Table 1), all four marmosets were euthanized with pentobarbital sodium and phenytoin sodium
solution (100 mg/kg) for histological examination. Transcardial perfusion was performed with 4% paraformaldehyde. The brains were
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removed, postfixed, and cryoprotected in 10%, 20%, then 30% sucrose for 3-5 days. The brains were sectioned coronally at 50 pm
using a cryostat (Leica CM1950, Deer Park, IL, USA) and stored in cryoprotectant solution with 15% glycerol and 15% ethylene glycol
at —20°C until further use. For immunofluorescence staining, floating sections were permeabilized in blocking buffer (5% donkey
serum and 0.2% TritoX-100 in PBS) at room temperature for 1 h with gentle shaking, followed by overnight incubation with primary
antibody NeuN (1:500; #MAB377 MilliporeSigma) for all animals and Alexa Fluor 488-conjugated rabbit anti-GFP 1gG (Invitrogen) for
EGFP animals at 4°C. After PBS wash, sections were incubated with fluorescent secondary antibodies: either Alexa Fluor
594-conjugated donkey anti-mouse IgG (Invitrogen) for EGFP animals or Alexa Fluor 488-conjugated donkey anti-mouse IgG (Invi-
trogen) for the mCherry animal. Sections were counterstained with DAPI (4’,6-diamidino-2-Phenylindole, Dihydrochloride - Invitro-
gen) for staining nuclei. Sections were mounted onto Superfrost slides (Fisher Scientific) and visualized under either an
Axiolmager M2 epifluorescence microscope (Carl Zeiss, White Plains, NY, USA) or a LSM900 confocal microscope (Carl Zeiss) using
a 10 x objective at 1024 x 1024 pixel resolution with a range of 30-50 pm and z-step size of 2 um thickness. Figures 2B1-2B4 and
3C2.1-3C2.4 were acquired using the confocal microscope and all other images were acquired with the epifluorescence
microscope.

Comparison with direct intracortical injection

The intracortical injection to which the FUS-delivered AAV deliveries were compared was downloaded from the BRAIN/MINDS pub-
licly available marmoset tracer resource (https://dataportal.brainminds.jp/marmoset-tracer-injection.?”; The injection (Brain/MINDS
ID: R01_0088; thy1-tTA 1/TRE-clover 1/TRE-Vamp2mPFC 0.25 x 10e12 vg/mL) was made by needle injection into left 8aD (images
L-R swapped in Figure 4) and infused over two 5 min 0.1 uL injections at 0.8 and 1.2 mm cortical depths in a 3.7 year old female
marmoset. The marmoset was euthanized 29 days after injection. The details of this injection are publicly available at: https://
cau-gin.brainminds.riken.jp/brainminds/MTI-R01_0088. A green fluorescent tag was used for this injection, but depicted as white
in Figure 4.

QUANTIFICATION AND STATISTICAL ANALYSIS

The location of the sonication site was determined by GAD-enhanced MRI. 50 um slices were made through the identified sonication
location and imaged using an Axiolmager M2 epifluorescence microscope (Carl Zeiss, White Plains, NY, USA). EGFP+ or mCherry+
neurons were manually counted based on fluorescence and overlap with NeuN staining. The number of EGFP+ or mCherry+ cell
bodies overlapping with NeuN were quantified for each animal at the BBB opening site and the differences were compared across
animals.
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