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ABSTRACT

Genetically encoded synthetic receptors, such as the chemogenetic and optogenetic proteins, are powerful tools for functional brain studies in animals. In the primate
brain, with its comparatively large, intricate anatomical structures, it can be challenging to express transgenes, such as the hM4Di chemogenetic receptor, in a
defined anatomical structure with high penetrance. Here, we compare parameters for lentivirus vector injections in the rhesus monkey amygdala. We find that four
injections of 20 pl, infused at 0.5 pl/min, can achieve neuronal hM4Di expression in 50-100% of neurons within a 60 mm? volume, without observable damage from
overexpression. Increasing the number of hM4Di_CFP lentivirus injections to up to 12 sites per hemisphere, resulted in 30%-40% neuronal coverage of the overall
amygdala volume, with coverage reaching 60% in some subnuclei. Manganese Chloride was mixed with lentivirus and used as an MRI marker to verify targeting
accuracy and correct unsuccessful injections in these experiments. In a separate monkey we visualized, in vivo, viral expression of the hM4Di receptor protein in the
amygdala, using Positron Emission Tomography. Together, these data show efficient and verifiable expression of a chemogenetic receptor in old-world monkey

amygdala.

1. Introduction

Of all anatomical structures in the mammalian brain, the amygdala
might be the most fascinating but also one of the most challenging re-
gions to characterize (Phelps and LeDoux, 2005; Janak and Tye, 2015;
Murray and Fellows, 2022). While relatively easy to localize by its
almond-shape and its central position in anterior temporal lobe, it
comprises several distinct subnuclei whose molecular and functional
characteristics are actively studied and debated (Roozendaal et al.,
2009; Kim et al., 2017; Wank et al., 2021). Efficiently targeting sub-
nuclei of the amygdala with genetically encoded receptors and reporters
will give researchers powerful tools to further study the function and
neural circuity of these structures.

Several recent studies virally expressed chemogenetic receptors in
the monkey amygdala using Adeno-associated virus with an AAV5
serotype (Grayson et al., 2016; Kalin et al., 2016; Raper et al., 2019;
Roseboom et al., 2021), and showed metabolic (Grayson et al., 2016),
physiological (Kalin et al., 2016) and/or behavioral effects (Raper et al.,
2019; Roseboom et al., 2021). Subsequent histological examination of
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the injection sites within the amygdala showed large variations in effi-
ciency of cellular and regional targeting, with little to no expression in
the central nucleus of the amygdala in adolescent/young monkeys
(Kalin et al., 2016; Roseboom et al., 2021) and adult monkeys (Grayson
et al., 2016). However, AAV5 serotype was used to express a chemo-
genetic receptor in specific neuron populations in the mouse amygdala
(Wank et al., 2021), suggesting an interspecies difference in viral
tropism. One reason for the variability might be idiosyncrasies of AAV
serotypes, resulting in heterogeneous expression in different neuron
populations, something generally not seen with lentivirus vectors with
the VSV-G glycoprotein (Jazayeri et al., 2012; Lerchner et al., 2014).
Another challenge with comprehensively targeting a relatively large
and irregular structure, such as the amygdala, is that it requires multiple
penetrations to accurately infuse the virus deep below the cortical sur-
face (Lerchner et al., 2023). Thus, it is advantageous to visualize the
successful infusion of the virus as well as the subsequent expression of
the desired protein in the living monkey before further experiments are
initiated. One method to monitor correct targeting is to co-infuse the
virus with the MRI marker Gadolinium (Fiandaca et al., 2009), but
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Gadolinium diffuses within one or two hours of injection (Lin and
Brown, 2007). Therefore, Gadolinium is most useful for this purpose
when injection is monitored during the surgery, allowing live moni-
toring of flow (Fiandaca et al., 2009), but is problematic for in vivo
verification after longer surgeries. Another option for in vivo verifica-
tion of injections is Manganese ions (Mn2+), delivered in the form of
salts, dissolved and mixed with the virus prior to infusion (Fredericks
et al., 2020; Lerchner et al., 2023). Mn?* signal can be detected locally
for hours after surgery before it starts to travel along axon projections
(Simmons et al., 2008; Fredericks et al., 2020).

Here, we show that we can efficiently express the hM4Di CFP
DREADD (Eldridge et al., 2016) from a lentivirus in various subnuclei of
the amygdala by multiple injections of 20 pl of virus suspension at
speeds of 0.5 pl per minute. In addition, we show that mixing of up to 10
mM of MnCl, with the lentivirus does not appear to adversely affect titer
and that we can use Positron Emission Tomography to verify the correct
location of the chemogenetic receptor expression in the amygdala in the
living monkey six weeks after injection.

2. Materials/methods
2.1. Subjects

We used 4 male rhesus monkeys (8-10 kg) for this study. Experi-
mental procedures followed the Institute of Laboratory Animal Research
Guide for the Care and Use of Laboratory Animals and were approved by
the National Institute of Mental Health Animal Care and Use Committee.

2.2. Lentivirus vector construction and production

The viral vector LV-hM4Di_CFP was produced by packaging the
pLenti-hSYNhM4Di_CFP-WPRE plasmid (Eldridge et al., 2016) with the
VSV-G capsid protein in 293T kidney cells as described in detail previ-
ously (Fredericks et al., 2020). Concentrated lentivirus particles were
suspended in PBS and stored at —80 °C in 10 pl aliquots.

2.3. Determining lentivirus titer for surgeries and time course experiments

Lentivirus aliquots were thawed on ice and 3 pl of virus was used to
transduce wells of 1.5 x 10°5 293T cells that were allowed to multiply to
approximately 10°6 cells before the DNA were harvested 48 h later. A
qPCR Lentivirus Titer Kit (ABM, LV900) was used to compare amplifi-
cation of viral DNA to amplification of an endogenous gene (hVAR). See
(Lerchner et al., 2023) for a detailed description of the procedure. For
surgeries and as a starting point for the time course experiment, virus
titers were adjusted to 2 x 1079 iu/ml with cold PBS after thawing virus
aliquots.

2.4. Lentivirus titer time course experiment

Virus aliquots were thawed on ice and cold PBS was added to adjust
the titer to 2 x 10"9 iu/ml. Then sufficient virus sample for each time
series was either kept on ice for the 4 °C control or mixed with MnCl; or
Gadolinium and loaded into a 100 pl Hamilton syringe. At each time
point 10 pl was expelled and duplicates were transduced with 293T cells
for each series as described above for determining infectious units (iu).
Similarly, 10 pl of virus suspension was taken from the control sample
kept on ice at each time point.

2.5. Virus injections

Surgical procedures were performed in a veterinary operating facil-
ity under aseptic conditions. Vital signs were monitored throughout the
procedure. A pre-operative T1-weighted magnetic resonance imaging
(MRI) scan for each monkey was used to determine the stereotaxic co-
ordinates for the sites of the lentivirus injection in each amygdala. The
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skull region above the target site was exposed by retracting the skin,
fascia, and muscle in anatomical layers. A small boneflap was then
removed (~1.5 cm diameter) to access the dura mater, into which in-
cisions were made to provide access for the injection apparatus (Fred-
ericks et al., 2020). Lentivirus with a titer of 2 x 10"9 iu/ml was loaded
into a 100 pl glass syringe (Hamilton Co., MA). The 30-gauge needle of
the syringe was sheathed with a silica capillary (450 pm OD) to create a
step 1 mm from the base of the aperture. The syringe was mounted in a
Nanomite pump (Harvard Apparatus, Cambridge, MA). The needle was
lowered through the incision in the dura mater to each of the
pre-calculated target sites and the virus suspension was infused at a rate
of 0.5 pl per min. After each injection, the needle was left at the position
for 10 min after each injection to allow pressure to dissipate. The needle
was then slowly removed. At the completion of the injection series the
soft tissues were sutured together in anatomical layers.

2.6. Magnetic resonance imaging

Magnetic resonance imaging (MRI) scan were performed after brain
injection using a 3T MRI scanner (Achieva dStream, Philips Healthcare,
Best, Netherlands), as described in detail (Fredericks et al., 2020). For
post-op MRI procedures, anesthesia was prolonged with ketamine (5
mg/kg, i.m.). An additional dose of Ketamine was given before the scan,
if required.

2.7. Immunohistochemistry

At a minimum of 6 weeks following the injections, the monkeys were
deeply anesthetized with Beuthanasia solution and perfused with 1 L of
normal saline solution followed by 3 L of 4% paraformaldehyde in 0.1M
PBS. The brains were removed and cryoprotected through a series of
glycerols in 0.1M PBS. The brains were blocked in the coronal plane and
then quickly frozen in —80 °C isopentane. The brain was cut into 40 pm
slices along the coronal plane and the sections were collected in 10 se-
ries. For histochemistry, sections were blocked in 5% normal goat serum
and 0.3%Triton-X 100 in tris-buffered saline (TBS), incubated with
primary antibody in blocking buffer, washed and, incubated with an
horse radish peroxidase secondary antibody (Vector labs, Burlingame,
CA, USA, PI-1000) for 90 min and visualized with a 3,3'-dia-
minobenzidine (DAB) reaction (Lerchner et al., 2014). For immunoflu-
orescence secondary rabbit and mouse antibodies were purchased from
Molecular Probes (Life Technologies), spectra as indicated in the figure
legends. The secondary antibody for fluorescence detection of chick anti
GFP was purchased from Abcam (DyLight 488 goat anti-Ch - ab96947).

2.8. Cell counting and 3D reconstruction

Following image collection, the sections were aligned and compiled
into stacks using BrainMaker (MBF Bioscience), with 400 pm between
sections. A stack was created for each brain hemisphere of each monkey.
The image stacks were then imported into Nuerolucida360 (MBF
Bioscience) for analysis. The amygdala as well as expression regions
were outlined by utilizing Contour mode of the program. Area mea-
surements were calculated from these outlines by the program. While
only visualizing either the GFP of NeuN channel, photoshop counters
were used to mark and categorize positive cells. For establishing cell
counts, the expression areas were overlayed with a 100 pm x 100 pm
grid and counts for each grid transferred into a corresponding grid table
in Microsoft Excel. This process was repeated for all sections within the
stacks. 3D reconstructions of each brain hemisphere were created using
the 3D environment of Neurolucida360 to visualize the viral expression
in the monkey amygdala.

2.9. PET scanning and image processing

For each radioligand, six scans (three baseline and three blocked)
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were performed in a single monkey using a microPET Focus 220 scanner
(Siemens Medical Solutions; Knoxville, TN). Baseline scans were per-
formed in the morning and blocked scans were performed in the after-
noon of the same day. The interval between imaging sessions was at least
three weeks. The weight of the animal varied little during the total
period of the studies (body weight = 11.6 + 0.9 kg). PET images were
acquired after injection of [11C]CLZ (278 + 64 MBq) or [11C]DCZ (302
+ 51 MBq) for 2 h, with frame duration ranging from 30 s to 10 min. For
all PET imaging procedures, anesthesia was induced with ketamine (10
mg/kg, i.m.) and then maintained with 1-2% isoflurane and 98% O2.
PET imaging data were reconstructed using Fourier rebinning plus two-
dimensional filtered back-projection with attenuation and scatter
correction. Images were co-registered to a standardized monkey MRI
template using PMOD software (PMOD Technologies, LLC, Zurich,
Switzerland). Thirty-five predefined brain regions of interest from the
template were applied to the co-registered PET image to obtain regional
time-activity curves. The target (DREADD) region was drawn manually
based on post-operative MRI. Brain uptake was expressed as standard-
ized uptake value (SUV), which normalizes for injected radioactivity
and body weight (Yan et al., 2021).

3. Results

3.1. Lentivirus injections into the amygdala

The lentivirus construct expressing the hM4DI_CFP fusion protein
under the control of a 400 bp neuron specific promoter
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(hSYNhM4Di_CFP) was packaged into lentivirus vector particles and
injected into both hemispheres of the monkey amygdala (Fig. 1A). In the
right hemisphere, 80 pl of virus suspension (2 x 10E9 iu/ml) was
infused into a single location. In the left hemisphere the same total
amount of the suspension was injected in four infusions of 20 pl set on
the corners of a 2 mm wide square (Fig. 1A).

Enzymatic staining using an anti-GFP antibody revealed strong
expression throughout the amygdala (Am) in both hemispheres
(Fig. 1B). Staining was also present in regions receiving projections from
the amygdala, such as the preoptic area of the hypothalamus (labeled
Po) and the Rhinal Cortex (labeled Rh). This is expected because the
hM4Di_CFP protein is transported from the cell body into axons. Cell
body (somatic) expression, visualized with single cell resolution
confocal microscopy, was much more confined, mostly to regions in the
central and dorsomedial portions of the amygdala (Fig. 1C). Somatic
expression was observed in slices through 4 mm of the amygdala
(Fig. 1D). The outline of regions of receptor expression was irregular for
both types of injections. This is likely because of the diffusion of vector
particles along structural boundaries (e.g. white matter tracts between
basal and central regions) and along blood vessels (Lentz et al., 2012).

3.2. 20 ul injections of lentivirus into amygdala result in high neuronal
coverage

To analyze expression coverage using confocal microscopy, we
imaged a series of fluorescently stained sections for co-expression of CFP
and the neuronal marker NeuN (Fig. 2A and B) and outlined the

Fig. 1. Vector mediated hM4Di_CFP (DREADD)
fusion gene expression in the amygdala. A. The
human synapsin promoter construct expressing the
hM4Di_CFP protein was packaged into Lentivirus
(LV) vector. MRI with intended injection tracks
overlaid as red line. Right side received a single in-
jection of 80 pl. Left side (L) received 4 injections of
20 pl each, in a square pattern, approx. 2 mm apart.
B. DAB visualization of LV- hM4Di_CFP. Am: Amyg-
dala, Po: Preoptic nucleus of the hypothalamus, Rh:
Rhinal cortex. C. DAB visualization of hM4Di_CFP
expression overlaid with fluorescent CFP signal from
staining of an adjacent 40 pm section. D. Fluorescent
confocal sections in 800 pm distance over the 4 mm
expression areas from both sets of injections. (For
K /) interpretation of the references to color in this figure
‘ legend, the reader is referred to the Web version of
this article.)
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Fig. 2. Outlining of somatic hM4Di_CFP expres-
sion areas on confocal sections. A. Amygdala is

strong signal outlined in white. Blue: Overall expression areas.
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boundaries of the amygdala in white (Fig. 2A). We then traced outlines
around areas with contiguous somatic expression for three intensities as
agreed upon by independent observers: To designate regions of overall
coverage, outlines were traced around areas in which at least 50% of
neurons were positive for hM4Di_CFP, with a minimum of 10 neurons
total in each outlined area (Fig. 2 A, B, blue trace). As shown in Fig. 2A,
within areas of overall coverage, we then outlined areas with medium
signal (at least 90%-100% of NeuN cells express hM4Di_ CFP — pink
trace) and strong signal (100% of NeuN positive cells express
hM4Di_CFP at high intensity — dark red trace). Outlined areas were then
aligned within the Neurolucida software (MBF Bioscience, Vt, USA).
Expression volumes were reconstructed and visualized in 3D (Fig. 2C).
Volumes of strong and medium signal were nearly identical in both
hemispheres (approx. 10 mm® and 20 mm?, respectively) but the overall
volume of amygdala expression (at least 50% of neurons expressing) was
substantially larger for the 4 x 20 pl injections than for the single 80 pl
injection (Fig. 3C).

3.3. 20 ul lentivirus injections have higher density of coverage with less
neuronal damage

Some physical damage resulting in loss of neurons within the injec-
ted regions is expected because of needle damage (white outline in
Fig. 3A). For the 80 pl injection on the right side, we also detected re-
gions with dense expression of hM4Di_CFP that corresponded with a

Pink: Areas with medium signal (90-100% pene-
trance). Dark Red: strong signal (100 penetrance). B.
Higher magnification taken from samples of outlined
expression areas. C. 3D reconstruction models of
expression in the context of the amygdala. Amygdala
region is visualized as a translucent purple sphere.
Reconstructed injection tracts are visualized as gray
cylindrical straws. hM4Di_CFP expression is shown in
solid colors. (For interpretation of the references to
color in this figure legend, the reader is referred to the
Web version of this article.)

NeuN YFP/NeuN

YFP

strong signal

N

\
s

9.63mm?

9.89 mm?®

complete shut-down of NeuN (brown outline in Fig. 3A), suggesting that
overexpression of the virus could affect neuronal integrity, a result
consistent with previously reported over-expression effects (Guselni-
kova and Korzhevskiy, 2015).

Overlaying a grid of 100 pm x 100 pm squares onto the expression
areas on each section (Fig. 3B, left panel), we counted the percentage of
hM4Di_CFP expressing neurons within each square, i.e., neurons that
showed somatic expression of both hM4Di_CFP and NeuN vs. neurons
only expressing the NeuN marker protein (Fig. 3B, middle panel) from
which we calculated the percentage of CFP positive neurons in each
square (Fig. 3B, right panel). Fig. 3C shows an example of hM4Di and
NeuN expression within a square. A histogram for the frequency of
squares with neuronal coverage from 10% to 100% is depicted in
Fig. 3D. The four injections of 20 pl each, not only covered a larger area
than the single large injection, but also produced more regions with high
percentages of neuronal coverage within the expression regions: in 57%
of the expression region more than 80% of neurons were positive for
DREADD expression, and an additional 17% of squares had expression in
more than 70% of neurons. That compared to 50% and 12%, respec-
tively, for the single 80 pl injection. The distribution of expression in-
tensity of the 4 x 20 pl injections (Fig. 3D) indicated a sharper boundary
around the expression region, with fewer of the squares showing
expression of less than 60% compared with the 80 pl injection.

The overall expression volume of the single 80 pl injection covered a
region of 44 mm?® compared to an overall expression volume of 61 mm®
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Fig. 3. 20 pl injections have tighter expression
boundaries, while 80 pl injection results in re-
gions with NeuN shut-down. A. Red outline of re-
gion with CFP signal but no NeuN. White outline for
region with cellular damage, presumably from the
needle tract. B. Example for the 100 pm x 100 pm
square grid overlayed onto a slide with the 80 pl in-
jection (right panel). Middle panel: Each square
contains the number of CFP expressing neurons, fol-
lowed by the total number of neurons in each square.
Right panel: Each grid cell contains the fraction of
CFP expressing neurons over the total number of
neurons in each cell. The red grid cell indicated the

location of the injection site. C. Example for CFP and

NeuN staining within a grid cell at 10x magnifica-

tion. D. Histogram of frequency of LV-hMA4Di_CFP

expressing regions over neuronal penetrance. (For

interpretation of the references to color in this figure

legend, the reader is referred to the Web version of

this article.)
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for the four 20 pl injections, i.e. the four injections covered approxi-
mately 38% more volume of somatic expression (Table 1). Volumes for
strong and medium signal outlines were similar for both types of in-
jections (10 mm® and 22 mm? respectively) but the single 80 pl injection
also showed nearly 5% of volume (2.2 mm?) with damage or complete
down-regulation of NeuN signal (Fig. 5), likely due to toxicity of
hM4Di_CFP overexpression. No NeuN down-regulation was observed for
the 4 x 20 pl injections, and no damage was detected beyond that caused

Table 1
Summary of reconstructed regions from outlined expression regions.

1 x 80 pl Injection 4 x 20 pl Injection

Volume % of Overall Volume % of Overall
(mms) Coverage (mms) Coverage
Overall Coverage  44.33 100.00% 61.32 100.00%
Medium Signal 22.33 50.38% 21.46 35.00%
Strong Signal 9.63 21.72% 9.89 16.12%
Damaged Region  0.63 1.42% 0.87 1.42%
Region with 1.63 3.68% N/A N/A
NeuN
shutdown

by the mechanical insertion of the four needles. These results gave us
confidence that a larger series of 20 pl injections could be used to cover
larger regions, such as the whole volume of the amygdala, at neuronal
penetrance of 50%-100% with minimal neural damage.

3.4. Lentivirus is stable for at least 6 h at room temperature

In the experiment described above, injections of 4 x 20 pl of virus
covered a volume of approximately 60 mm®. A typical old world monkey
amygdala has a volume of approximately 300 mm® (Zhao et al., 2013).
Thus, coverage of the entire amygdala will require a scaling up of the
number of injections, resulting in virus potentially being held in the
syringe or a reservoir for multiple hours at room temperature (Freder-
icks et al., 2020). To test the lentivirus stability over time, we loaded a
100 pl syringe with freshly thawed and diluted LV-hM4Di_CFP (2 x
10E9 IU/ml), and expelled 10 pl of virus into wells of cultured cells, at
time points from 0 to 6 h (Fig. 4A). As a control, we analyzed 10 pl al-
iquots taken from virus samples kept on ice, at the same time points. The
act of taking up the virus into the syringe and expelling it consistently
reduced the titer by about 30% compared to the sample kept on ice. Both
the syringe sample and the sample kept on ice showed a reduction of
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Fig. 4. A. Time course to test for Lentivirus (LV)
stability. orange line: LV-hM4Di_CFP kept on ice after

o onice e RT thawing. Blue line: LV- hM4Di_CFP taken up in a sy-
< 2 i — ’g%  +Gd ringe at room temperature (RT) and expelled in 10 pl
. yring o e aliquots at time points indicated. B. Time course to
g_ g_ ol @ +Mn . test for LV stability at room temperature when com-

03; b o:; il bined with MRI markers Gadolinium or MnCl,. Blue
‘; w15 1 line: LV- hM4Di_CFP in PBS. Green line: LV-
%’ 1 g \ . i hM4Di_CFP with 1 mM Gadolinium (+Gd). Red line:
= E 4L - LV-hM4Di_CFP with 10 mM MnCl, (+Mn). (For
§ - E .I - 3 ]“ interpretation of the references to color in this figure
E 05r S o5l T 1 legend, the reader is referred to the Web version of
5 g ) r ? this article.)
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virus titer by about 30% within the first 30 min but no further reduction
of virus titer between 30 min and 6 h. These results indicated that using
100 pl syringes pre-loaded with lentivirus should be suitable for large
volumes of injections.

3.5. Addition of the MRI marker MnCLz does not affect lentivirus titer

From the results discussed above, we concluded that multiple 20 pl
injection volumes of LV-hM4Di_CFP should give us the best chance of
maximizing coverage in the amygdala without causing damage from

Time after loading (hrs)

Fig. 5. Injection of LV-hM4Di_CFP to target the
amygdala bilaterally. A. MRI 4 h after surgery.
Mn?* hypersignal is white. B. MRI after re-injection
of LV- hM4Di_ CFP in 2 addition tracks (5 in-
jections). C. Signal in the left amygdala against LV-
hM4Di_CFP with DAB (left panel) and confocal visu-
alization against CFP (green) and NeuN (red) (right
panel). D. Signal in the right amygdala against LV-
hM4Di_CFP with DAB (left panel) and confocal visu-
alization against CFP (green) and NeuN (red) (right
panel). E. 3D reconstruction of overall cell body
expression (>50%) in the context of the amygdala.
Amygdala is visualized in translucent purple.
hM4Di_CFP expression is visualized in solid red. F. 3D
reconstruction of overall cell body expression (>50%)
in the context of amygdala subnuclei. Subnuclei are
visualized in translucent colors. hM4Di_ CFP expres-
sion is visualized in solid colors. AAA: Anterior
Amygdaloid Area, AB: Accessory Basal Nucleus, CE:
Central Nucleus, LB: Lateral Basal Nucleus, LT:
Lateral Nucleus, MB: Medial Basal Nucleus, ME:
Medial Nucleus. (For interpretation of the references
to color in this figure legend, the reader is referred to
the Web version of this article.)

CFP/NeuN

® AB
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overexpression. To cover the entire volume of the amygdala, we esti-
mated that we needed 15 or more individual injections of 20 pl. This
brings with it a significant danger of injections failing (e.g., because of
needle blockage) or being mis-targeted (e.g., because of needle deflec-
tion). To verify flow and accuracy of injections, an MRI contrast agent
can be added to the virus mixture (Fredericks et al., 2020). To test
whether the MRI contrast agents Gadolinium (Gd) or Manganese Chlo-
ride (MnCl,) would adversely affect titer in the time span of a surgery,
we repeated cell culture assay with the addition of either 10 mM MnCl,
or 1 mM Gd. Mixing LV-hM4Di_CFP with Gd or Mn?*, and expelling
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samples from a syringe, did not appear to affect virus titers compared to
a LV-hM4Di_CFP control (Fig. 4B). The addition of 10 mM MnCl,
appeared to make the titers more variable, possibly because of a ten-
dency for the virus to aggregate at this relatively high MnCl, concen-
tration. Using trial and error in subsequent experiments, we found that
the risk of aggregation can be reduced by allowing the virus sample to
equilibrate to room temperature before mixing in the MnCl,. For in vivo
studies, we recommend injecting Mn at a final concentration if 0.1-0.5
mM,; at these low concentrations we rarely observe the formation of any
precipitate.

3.6. Bilateral injections of LV-hM4Di CFP into the amygdala

Extrapolating from the four 20 pl lentivirus injections, we injected a
pilot monkey with 12 x 20 pl of LV-hM4Di_CFP into each hemisphere
with 6 needle tracks and 2-3 injections per track spaced 1.5-2 mm apart
on the ventral/dorsal axis. We mixed MnCl, with the lentivirus to
visualize injection sites but reduced the concentration to 0.5 mM, which
resulted in strong hypersignals in the MRI scan following the surgery
(Fig. 5A). Two of the tracks on the left side did not show signal, likely
due to needle blockage. The injection procedure was repeated for these
tracks in a second surgery two weeks later. In the MRI visualization
following surgery both repeat injections resulted in a clear signal for all
injections (Fig. 5B). When the brain was analyzed post-extraction,
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enzymatic staining resulted in strong signal in the amygdala of both
hemispheres. Confocal fluorescent visualization of cell bodies showed
that the signal was confined to the amygdala, but did not cover all re-
gions equally (Fig. 5C and D). We outlined contiguous regions with at
least 50% neuronal penetrance and created a 3D model of the expression
in the context of the amygdala (Fig. 5E). We also outlined the major
subnuclei in a second 3D model (Fig. 5F). Analysis of the outlines with
MBF Neurolucida showed that we achieved an overall coverage of 42%
for the left amygdala and 32% for the right amygdala, with coverage
reaching more than 60% for some of the nuclei, such as the Lateral Basal
nucleus (LB) on the left (Fig. 6B) and the Anterior Amygdala Area (AAA)
and the Accessory Basal nucleus (AB) on the right (Fig. 6B).

3.7. In vivo visualization of LV-DREADD expression in the amygdala

We previously showed that hM4Di expression can be visualized in
vivo using Positron Emission Tomography (Nagai et al., 2016; Yan et al.,
2021). To test whether expression from multiple 20 pl injections in the
amygdala can be detected in the living monkey, we infused 10 locations
within the left amygdala (Fig. 7 left panel) and, after allowing at least six
weeks for the protein to accumulate, imaged the hM4Di expression with
either radioactively labeled clozapine [11C]CLZ (Fig. 7 middle panel) or
radioactively labeled [11C]DCZ (Fig. 7 right panel), an improved ligand
with higher PET sensitivity (Yan et al., 2021; Oyama et al., 2022). Both
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Fig. 6. Percentage of bilateral amygdala coverage. A. Coverage in amygdala and subnuclei in the left amygdala. B. Coverage in amygdala and subnuclei in the
right amygdala. Legend: LB. lateral basal nucleus; LT. lateral nucleus; AB. Accessory basal nucleus; ME. medial amygdala; AAA. Anterior amygdaloid area; CE. central
nucleus; MB. medial basal nucleus.
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ligands resulted in a strong signal throughout the left amygdala of the
monkey, but the signal is better for [11C]DCZ (Fig. 7).

4. Discussion

In this study, we provided evidence that individual injections of a 20
pl suspension of lentivirus at a titer of 2 x 10™9 iu/ml can result in high
efficiency transduction, without damage in confined regions of the old-
world monkey amygdala. Multiple injections can be combined to target
specific subnuclei and potentially the entire amygdala. The virus sus-
pension can be mixed with the MRI markers Gadolinium or MnCl; and is
stable at room temperature between 30 min and 8 h, making long in-
fusions of the virus feasible without loss of efficacy. In addition, we
showed that this strategy results in strong expression of the hM4Di_CFP
chemogenetic receptor that can be visualized in the living monkey using
[C11] PET ligands.

One of the goals of this study was to find an injection volume for
lentivirus suspensions that results in good coverage but does not damage
neuronal function. For AAV, large volumes had previously been injected
into the striatum or Thalamus via convection enhanced delivery (CED)
without causing much damage (Fiandaca et al., 2009). Lentivirus par-
ticles are larger than AAV particles (100 nm vs 20 nm) (Lentz et al.,
2012), encountering more resistance diffusing through tissue. As we
have shown here as well, expression of lentivirus is in general well
confined, but also requires much higher volumes to cover equivalent
regions compare to AAV (Lerchner et al., 2014). Lentivirus does not
appear to have the same limited tropism, in terms of neuronal subtypes,
as many AAVs (Lentz et al, 2012). Lentivirus has more uniform
expression levels between neighboring neurons (Lerchner et al., 2023).
Higher resistance to penetration may also result in higher local uptake of
virus, which could explain the shutdown of NeuN expression seen in
regions of high hM4Di_CFP expression close to the needle track of the 80
pl injection. We did not observe such NeuN shut-down with any of the
20 pl injections. While we don’t know whether intermediate volumes
would have resulted in such damage, we consider 20 pl a good
compromise for regional coverage and preserving neuronal function in
the tissue.

In the amygdala, all injections resulted in irregularities of regional
coverage, i.e. we didn’t observe spherical patterns of expression
centered on the injection site. It has been previously shown that virus
suspensions can travel along blood vessels (Lentz et al.,, 2012). In
addition, it is possible that the structure of the amygdala — comprising
multiple discrete subnuclei - contributes to the uneven distribution. On a
practical level this means that if comprehensive coverage of a specific
region is required, it may be necessary to take local sub-structure into
account when planning injection patterns.

With multiple injections into a specific brain region, there is the
increased possibility of needle blockage or mis-targeting of injections.
One suggestion for mitigating the impact of needle blockages is to do a
flow check each time the needle is removed from the brain. Here, we
additionally used the MRI marker MnCl; to visualize injection of the
virus suspension post-surgery (Lerchner et al., 2023; Fredericks et al.,
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Fig. 7. PET imaging to visualize amygdala
expression of hM4Di. Left panel: Mn®" signal of
lentivirus infusion into the left amygdala. Red arrow
indicates hypersignal from lentivirus infusion. Mid-
dle panel. PET signal of expression visualized with
[11C]CLZ. White arrow indicates signal above back-
ground in the amygdala. Right panel. PET signal of
expression visualized with [11C]DCZ. White arrow

["CIDCZ

-

-

.' indicates signal above background in the amygdala.

(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)

2020). This turned out to be important when several of our injections
appeared to fail (Fig. 5) and we were able to place additional injections
in a subsequent surgery. Blockage of the needle may have been partly
caused by precipitation of virus particles by the MnCl,. Similar, issues
with virus precipitation have been seen with another MRI marker Gal-
bumin (Osting et al., 2014). In our lentivirus titer time course experi-
ment, we showed that addition of up to 10 mM MnCl; did not result in
additional degradation of the titer over time. For the lentivirus injections
to bilaterally cover the amygdala, we had reduced the concentration of
MnC; to 1 mM and still observed a strong hypersignal (Fig. 5A). More
recently, we are using 0.1-0.2 mM MnClI to better estimate the spread of
the virus, and to allow the visualization of individual injection sites
within a track (Fredericks et al., 2020). We also let the virus suspension
equilibrate to room temperature before adding the MnCl,. Together,
these adjustments appear to have minimized issues with precipitation of
lentivirus and MnCl, in our hands.

We achieved good, but by no means perfect coverage of the amyg-
dala when we increased the number of injections to 12. In that experi-
ment (Figs. 5 and 6), local neuronal penetrance of individual injections
was not quantified but visually appeared as high as with our initial 20 pl
injections but overall coverage of regions was less extended than ex-
pected. A reason for the lower-than-expected coverage in the more
ventral/medial regions was likely that our injection tracks ended up
more dorsal than originally intended (see Fig. 5A). Another possible
reason is the distribution of injection sites. Each tract contained two or
three injections at various depths, while the injections at the previous
experiments were placed at a single depth. There was a clear difference
in subnuclei coverage between the two hemispheres. For example, the
left lateral basal amygdala showed a coverage of nearly 70% (LB —
Fig. 6A) but the right lateral basal amygdala showed coverage in only
33% of the volume (LB - Fig. 6B). We observed no systematic bias in
coverage, nor any apparent exclusion of cell types in either hemisphere.
We previously showed that the human synapsin promoter used to drive
reporter expression in this experiment is specific to neurons (Lerchner
et al., 2014). Our current experiments were consistent with this result.
Even in regions with up to 100% neuronal coverage, expression of the
hM4Di_CFP reporter appeared to tightly correlate with cells also positive
for the neuron maker NeuN (Fig. 2). As this pilot experiment was only
done in a single monkey, and we did not stain for specific neuronal cell
types, biased expression within neuronal cell populations cannot be
excluded. In hindsight, dorsal bias and differences in injection locations
are also confirmed by the Mn?* hypersignal. Nonetheless, we believe
our results show that it is possible to cover large and complex brain
regions like the amygdala and achieve high neuronal transduction, even
though more optimizations may be required.

Finally, we re-presented results from a previously published study
(Yan et al., 2021), that used the injection strategy discussed here, to
show that expression of the hM4Di_CFP chemogenetic receptor resulting
from 20 pl injections is sufficiently high to produce a robust PET signal
that can be detected in the living monkey.
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