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Adeno-associated virus (AAV)-based gene therapy has enjoyed
great successes over the past decade, with Food and Drug
Administration-approved therapeutics and a robust clinical
pipeline. Nonetheless, barriers to successful translation
remain. For example, advanced age is associated with impaired
brain transduction, with the diminution of infectivity depend-
ing on anatomical region and capsid. Given that CNS gene
transfer is often associated with neurodegenerative diseases
where age is the chief risk factor, we sought to better under-
stand the causes of this impediment.We assessed two AAV var-
iants hypothesized to overcome factors negatively impacting
transduction in the aged brain; specifically, changes in extracel-
lular and cell-surface glycans, and intracellular transport. We
evaluated a heparin sulfate proteoglycan null variant with or
without mutations enhancing intracellular transport. Vectors
were injected into the striatum of young adult or aged rats to
address whether improving extracellular diffusion, removing
glycan receptor dependence, or improving intracellular trans-
port are important factors in transducing the aged brain. We
found that, regardless of the viral capsid, there was a reduction
in many of our metrics of transduction in the aged brain. How-
ever, the transport mutant was less sensitive to age, suggesting
that changes in the cellular transport of AAV capsids are a key
factor in age-related transduction deficiency.
Received 22 November 2023; accepted 5 September 2024;
https://doi.org/10.1016/j.omtn.2024.102332.

Correspondence: Fredric P. Manfredsson, Parkinson’s Disease Research Unit,
Department of Translational Neuroscience, Barrow Neurological Institute,
Phoenix, AZ 85013, USA.
E-mail: fredric.manfredsson@barrowneuro.org
INTRODUCTION
Adeno-associated virus (AAV)-mediated gene therapy for central
nervous system (CNS) indications took a big step forward with the
Food and Drug Administration approval of Zolgensma for the treat-
ment of infantile spinal muscular atrophy.1 Nonetheless, numerous
gene therapy trials in the CNS, including trials for Parkinson’s disease
(PD), while demonstrating a strong safety profile, have failed to
demonstrate efficacy in terms of disease modification.2–4 Although
the underlying reasons for this lack of translation are unclear, several
hypotheses have been brought forth. For instance, there is a staunch
paucity of animal models that fully recapitulate the disease etiology of
sporadic forms of neurological disease, bringing into question
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whether gene therapy payloads will provide therapeutic transla-
tion.5–7 Moreover, the vast majority of preclinical studies are con-
ducted in young animals, and thus fail to account for a chief risk fac-
tor in the etiology of neurodegenerative disease, i.e., age.8 But equally
important, significant changes in transduction efficacy and transgene
expression have been documented in the aged CNS depending on
anatomical target and serotype. For instance, we have demonstrated
that AAV 2, 5, and 9 all exhibit age-dependent reductions in trans-
duction efficacy when delivered to the rodent basal ganglia.9,10

While thehigher cost andavailability of aged animals canbe prohibitive,
advancedageof experimental subjects is a critical factor for gene therapy
research aimed at age-related diseases. As such, it is imperative to iden-
tify AAV capsids that do not show reduced transduction efficiency
following delivery to the aged CNS. To do so, one must first identify
themechanisms conferring the apparent resistance to productive infec-
tivity in the aged environment. Although the reason for the age-related
impairment in AAV-mediated transduction remains unclear, several
factors could contribute to this phenomenon.We have previously iden-
tified that specific brain regions showage-related changes in glycans, the
primary receptor of AAV. Specifically, we noted an overall reduction in
N-acetylated and N-sulfated heparan sulfate (HS) disaccharides (with
HS proteoglycans [HSPG] being the primary receptor for AAV2) in
the aged rat striatum, as well as region-specific changes in N-glycans
with terminal galactose— the primary receptor for AAV9.11 Thesefind-
ings suggest that the overall infectability of AAV within the aged brain
declines in part as a result of altered cell receptor dynamics. Moreover,
the composition of proteoglycan content changes with age and dis-
ease,12,13 a scenario that could alter the degree to which AAV particles
are sequestered extracellularly, negatively impactingdiffusion and effec-
tively reducing the multiplicity of infection (MOI).14
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Other crucial facets of AAV infection are the intracellular factors that
mediate the infective cascade following receptor binding: internaliza-
tion, intracellular trafficking through the endo-/lysosomal pathway,
and subsequent nuclear translocation. All these cellular phenomena
change with advanced cellular age. For instance, clathrin-mediated
endocytosis (CME) is impaired with senescence and aging is associ-
ated with lysosomal dysregulation.15–18 Similarly, the final transport
step, nuclear translocation, is also impaired with aging.19 All these
age-related changes thus provide avenues by which AAV infectivity
declines with advancing age.

AAV capsid development has exhibited a veritable explosion in the
past decade with researchers utilizing various random approaches,
such as directed evolution or random/guided peptide insertion, to
generate large AAV libraries.20–25 In addition, there has been a signif-
icant amount of work focused on rational design of AAV capsids,
based on solved capsid structures and an improved understanding
of the intracellular pathways that mediate AAV infection, and the
constant identification of additional AAV receptors.26 For instance,
we and others have characterized the infectivity of various AAV
trafficking phosphomimetics, carrying mutations preventing
phosphorylation of key exposed surface moieties that guide the capsid
to endosomal escape thus avoiding subsequent degradation.27–29

These mutants exhibit vastly improved transduction properties
when the vector is delivered to various organ systems, including
following intraparenchymal injections into rodent and non-human
primate brain.27,30,31 Another engineered variant of AAV includes
mutations in the binding site for the canonical receptor for AAV2:
HSPG.32 Interestingly, in contrast to early reports of strong depen-
dence of AAV2 infection on this receptor, HSPG null mutants exhibit
improved transduction properties in the CNS and in retina.27,31,33 In
addition, our previous work showed that incorporation of HSPG dis-
rupting mutations vastly improved diffusion throughout the brain pa-
renchyma, rivaling transduction efficacy to that seen with, for
instance, AAV5 and AAV8.27

Following intraparenchymal delivery of AAV in human PD clinical
trials (average age 57–60 years4,34), infectivity and diffusion were
surprisingly limited in postmortem examinations.2–4,35 We argued
that one key aspect for this observed lack of translation from pre-
clinical models to human patients is the limited AAV infectivity
associated with the aged brain discussed above. Further, we hy-
pothesized that utilizing AAV variants that can bypass such age-
associated limitations, transduction efficacy, and associated thera-
peutic benefit would be maintained in the aged brain. Here we
evaluated the infectivity and diffusion properties of two distinct
AAV2 variants injected into the striatum of both young and aged
rats. One variant, “HS,” is an HSPG null mutant predicted to
exhibit improved parenchymal diffusion and use a non-canonical
receptor for entry, thus avoiding age-associated changes in HSPG
receptors and extracellular matrix components. The second variant,
“YH,” in addition to the HS mutation, also contained tyrosine
(Y) to phenylalanine (F) capsid mutations,29 aimed at overcoming
deficiencies in intracellular trafficking by improving the overall
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efficacy of intracellular transport. These AAV2 variants were
compared for infectivity, transgene expression, diffusion, and intra-
cellular transport relative to wild-type (WT) AAV2 in young adult
(3-month-old) and aged (20-month-old) rats. Our results demon-
strate that both variants, while outperforming WT AAV2, still ex-
hibited reduced transduction efficiency with age. However, the YH
variant was less impaired, especially in the context of long-range
retrograde transduction, suggesting that components of intracel-
lular transport are key mediators in conferring age-related impair-
ments in transduction.

RESULTS
Transduction

The striatum represents a relevant clinical target for PD and is a large
structure ideal for assessing vector spread. Accordingly, to evaluate
the efficacy of the mutant vectors, we delivered a single 2 mL bolus
of either WT or mutant AAV variants (1.0 � 1012 vg/mL) to the cen-
ter of this structure in either young or aged F344 rats. To assess overall
transduction, serial sections were stained for the transgene
(mCherry), and the area of transgene within the confines of the stria-
tum was outlined (Figures 1A–1F). The total numbers of transduced
cells per section were enumerated using an artificial intelligence (AI)
convolutional neural network (CNN) framework, and stereological
principles were applied to calculate the total number of transgene+
cells per hemi-striatum (Figure 1G), which were analyzed with a
two-way ANOVA (significant differences were seen for the main ef-
fects of age (F(1, 37) = 11.98, p = 0.001), and vector (F(2,37) = 59.24,
p < 0.0001). Tukey honestly significant difference (HSD) post hoc
tests were performed where relevant. As expected, WT AAV2 ex-
hibited the lowest level of transduction with 17,412 and 13,088
mCherry+ cells in young and aged animals, respectively. There was
not a significant difference in the number of WT AAV2 transgene+
cells between young and aged animals, similar to prior results.10

Both mutant capsids exhibited significantly higher transduction
compared with WT (HS young: 136,333 cells, HS aged: 90,467 cells,
YH young: 135,051 cells; YH aged 93,841 cells; p < 0.0005 for all
mutant capsid groups vs. young and aged animals treated with WT
AAV2). Although not statistically significant, a notable decrease in
the average number of transduced cells is observed with age for
both mutants (HS: 33.6% decrease and YH: 30.5% decrease). Finally,
because we were chiefly interested in the role of aging in transduction
efficiency, we also ran an independent t test in a secondary analysis (as
per Polinski et al.10; Figure 1H) to compare young vs. aged subjects
injected in the same structure with the identical vector construct
where we noted a difference with HS (p < 0.05) but not with YH
(p = 0.06) or WT (p = 0.11).

Given that this specific AI algorithm had not previously been vali-
dated for striatal neurons, we also performed manual cell counts
(stereology) of striatal sections from animals from each group.
There was no difference between the number of transgene-
positive cells per striatum using either methodology as assessed us-
ing a regression analysis of total number of cells (R2 = 0.9838;
Figure S1).



Figure 1. Striatal transduction is negatively impacted

by advanced age

Young adult or aged Sprague-Dawley rats received an

intrastriatal injection of WT AAV2, AAV2 HS, or AAV2 YH

(2 mL of 1.0 � 1012 vg/mL). One month later, animals

were euthanized, and the number of striatal transgene-

positive cells were enumerated using a combination of

AI-based enumeration and stereological principles. (A–F)

Representative images of striatal immunoreactivity in

young animals injected with WT (A; n = 8), HS (C; n = 7),

and YH (E; n = 7) and aged animals injected with WT (B;

n = 8), HS (D; n = 6), and YH (F; n = 7). (G) Enumeration

of the total number of transduced cells in the striatum

analyzed with a two-way ANOVA show a main effect of

age (p = 0.001) and vector (p < 0.00001) with

significantly higher transduction with either mutant.

Individual comparisons correspond to post hoc Tukey

HSD test. (H) When analyzed using a simple t test

with age as the only independent variable, the only age-

related effect was seen with HS with lesser

immunoreactive cells in the aged brain. (*p < 0.05, **p =

0.001, ***p < 0.0005, ****p < 0.0001). Scale bar in (A),

2500 mm and applies to all histograms.
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Volumetric spread

Lessons learned from clinical trials show that not only is transduction
efficiency important, but so is the ability of the virus to diffuse extra-
cellularly and infect target cells throughout a structure. This is partic-
ularly true in large areas such as the striatum, a putative target in dis-
eases such as PD and Huntington’s disease (HD). Striatal outlines in
AIforia were enumerated for area and converted to volume to repre-
sent size differences in physiologically relevant terms (Figure 2A).
Two-way ANOVA revealed a significant effect of vector (F(2, 35) =
62.93, p < 0.0001) but not age (F(1, 35) = 32.86, p = 0.05). Post hoc com-
parisons showed that WT transduced young (9.31 mm3) and aged
(7.65 mm3) animals at a significantly smaller volume than HS (young:
22.78 mm3, aged: 26.92 mm3) and YH (young: 28.78 mm3, aged:
28.94 mm3); p < 0.0001 for all comparisons. There was no difference
between transduction spread in YH compared with HS at either age,
and there was no effect of age on diffusion for either vector
(Figure 2B).

Additionally, to qualitatively assess the differences in the pattern of
the vectors’ spread with aging, we mapped the distribution of trans-
duction within the striatum. The rat brain atlas was used as reference
to create a schematic of the striatum in each plane: coronal, horizon-
tal, and sagittal (Figure 2C) and a volumetric model (Video S1). Us-
ing the data acquired from the AIforia AI analysis of striatal tissue,
we plotted: area transduced (mm2, Figure 2D) and total mCherry+
cells (Figure 2E) per each section, along the rostro-caudal axis.
Data lines are superimposed on a schematic of a dorsal view on
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 3
.

,

l

l

the striatum (shaded in red and akin to Fig-
ure 2C, middle panel). As expected, both HS
(blue) and YH (yellow) have a significantly
higher spread than WT (orange) across the
striatum measured by both area and number of transduced cells
There is no notable difference in the extent of the spread, i.e., area
transduced (Figure 2D), between mutant vectors HS and YH, or
with age. Similarly, when looking at the number of transduced cells
i.e., mCherry+ cell counts (Figure 2E), both mutants HS and YH
display enhanced transduction when compared with WT; and no
difference was observed between young and aged rats treated with
WT vector. Then again, HS and YH mutants display almost identica
patterns of spread in both young (dotted lines) and aged (solid lines)
groups. Notably, there was a slight but nonsignificant decrease in
transduction with age. Interestingly, however, an apparent shift in
transduction caudally within the striatum was seen with age with
all viral capsids. Finally, to facilitate visual comparison of the afore-
mentioned results, we assigned total count of mCherry+ cells per
section to a heatmap scale (Figure 2F) and overlaid this on a spatia
schematic of the striatum. Figure 2G shows counts along the rostro-
caudal axis on a horizontal view and the Supplemental Video shows
the entire 3D reconstruction. The same data grouped by either vector
or age are shown in Figure 2H.
Transgene expression

Enumerating transgene-expressing cells is rather binary and does
not necessarily reflect the potency of transduction of the various
AAVs since various MOIs can give rise to the same number of trans-
gene-positive cells, but each cell may contain various degrees of trans-
gene expression. In previous work, we showed that different capsid

http://www.moleculartherapy.org


Figure 2. Volumetric distribution

In order to better understand the influence of age on striatal vector transduction we utilized the distribution of immunolabeling to outline an area of transduction and used this

to calculate volume. Further wemapped transduction along the striatal rostro-caudal axis. (A) We did not observe an effect due to age, but again, both mutants transduced a

much larger volume than WT. (B) No age-related effects were found when each vector was analyzed with a t test. (C) Schematic of striatum (shaded red) inside the rat brain

(shaded cyan) is represented in three planes: coronal, horizontal, and sagittal. Striatum was spatially defined using reference from rat brain atlas.36 (D) Area transduced per

section and (E) mCherry+ cells per section along the rostro-caudal axis. (F–H) Transduction represented as a heatmap for visual comparison. (F) Color scale for total

mCherry+ cell counts. (G) Schematic of total mCherry+ cells per section (represented by color assigned by heatmap scale on the right) overlaid across a dorsal view of the

striatum. (H) transduction distribution in striatum combined per vector (top panel) or per age (bottom panel).
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Figure 3. Striatal transgene expression is reduced with old age

Since enumeration of transgene+ cells is binary and not a full measure of infectivity, we also measured the level of transgene expression in the striatum using densitometry of

near-infrared imaging. (A) To measure transgene signal, first the full striatum was outlined using TH immunoreactivity in the 680 channel, then area of mCherry+ expression

was outlined using a heatmap scale in the 800 channel (B–H). Representative images of mCherry expression in youngWT (C), HS (D), YH (E), and agedWT (F), HS (G), YH (H).

A two-way ANOVA showed a main effect of age on both total (I) and average (signal/area; K). (J) and (L) Individual t tests showed that age negatively impacted expression in

both variants but not WT. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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variants will exhibit a differential pattern of expression (e.g., more or
less degrees of expression within a focal area).27 Thus, given the big
differences in volumetric spread of striatal transduction, we measured
total and average transgene expression levels per area of striatal trans-
duction (arbitrary units [AU]/pixel units; Figure 3). To that end, us-
ing quantitative near-infrared (nIR) imaging on the LI-COR Odyssey
system, we quantified protein levels within the striatum (Figure 3) as
well as total transgene expression throughout the hemisphere,
including afferent and efferent areas like the substantia nigra, hippo-
campus, thalamus, and cortex (Figure 4).

Striatum

The striatum was first outlined (Figure 3A) based on tyrosine hydrox-
ylase immunoreactivity, and thereafter the area of transduction was
outlined within the striatum (Figures 3B–3H), thus giving us expres-
sion per area (Figures 3K and 3L) as well as total transgene levels
(Figures 3I and 3J). Total expression: data normalized to non-trans-
duced area is reported in AU (raw data divided by 10,000 for illustra-
tion purposes). A two-way ANOVA (Figure 3I) yielded a significant
interaction effect between Age�Vector (F(2, 35) = 3.509, p < 0.05) and
a simple main effect of Age (F(1, 35) = 32.86, p < 0.0001) and Vector
(F(2, 35) = 62.93, p < 0.0001). In contrast to previous report,9,10 no dif-
ferences in protein levels (Figures 3I and 3J) were observed between
WT AAV2-treated young (Figure 3C; 361 AU) and aged (Figure 3F;
167 AU) rats. However, an age-related difference was seen with HS
between young (Figure 3D; 1089 AU) and aged (Figure 3G; 448
AU) rats (Figure 3I; p = 0.006, as well as between YH in young (Fig-
ure 3E; 1817 AU) and aged (Figure 3H; 1097 AU) rats (p < 0.005; Fig-
ure 3I). Young animals treated with WT AAV showed significantly
lower expression than young YH and young HS (p < 0.0002), while
the aged WT group was only different from YH (p < 0.0001) but
not HS. Interestingly, we observed a significant difference between
HS and YH in both young and aged groups (p = 0.0004 and 0.006,
respectively) suggesting a significant effect of the extra capsid muta-
tion on protein expression. Again, we ran simple t tests with age as
the only independent variable (Figure 3J) in which case only HS
and YH show a significant decrease with age (HS [p = 0.001], and
YH [p = 0.004]), but not WT (p = 0.08).
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 5
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Figure 4. Transduction in the midbrain is significantly impacted by age:

combination of anterograde transport of transgene to terminals and

retrograde transduction of nigral cells

The midbrain region containing the SN is an important target in PD. Accordingly we

quantified the total level of transgene in this area. (A) A two-way ANOVA showed a

main effect of age on mCherry expression, and individual t tests (B) showed that this
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When we assessed the average transgene expression per area (AU; raw
data divided by 100 for illustration purposes) an interesting profile
emerged. Specifically, a two-way ANOVA analysis (Figure 3K) revealed
a significant effect of vector (F(2, 35) = 173.1, p < 0.0001) and age
F(1, 35) = 141.7, p = 0.0006). There was no difference between young
(155.8 AU) and aged (147.3 AU) WT, or young (117.7 AU) or aged
(82.32 AU) HS animals, although there was a difference in young
(175.0 AU) and aged (128.7 AU) YH animals (p < 0.05). Interestingly,
compared with the other capsids, HS provided less focal expression in
younger animals thanYH (p = 0.002), but this difference wasmore pro-
nounced in aged animals (p < 0.05 vs. agedWT and YH), again, under-
scoring the additional effect of the extra capsid mutations in YH on
protein expression. Individual t test analyses revealed (Figure 3L) an ef-
fect of age in HS (p < 0.01) and YH (p = 0.0001), but not WT subjects.

Substantia nigra

The midbrain area, composed of the substantia nigra (SN), pars retic-
ulata (SNr), and the SN pars compacta (SNc), is a key target in PD,
both in terms of the expression of cell-autonomous (i.e., in nigral neu-
rons) and non–cell-autonomous factors (i.e., expression originating
from striatal terminals). The entire SN was outlined and mCherry
expression was measured as a function of area using LI-COR. A
two-way ANOVA yielded a significant interaction effect between
Age � Vector (F(2, 31) = 4.051, p < 0.05) and a simple main effect
of Age (F(1, 31) = 46.21, p < 0.0001) and Vector (F(2, 31) = 22.79,
p < 0.0001). Young WT was lower in general than young HS and
YH (p < 0.01 and p < 0.0001, respectively), but those differences
were not significantly different in the aged animals. There was no
age-related effect on expression with WT AAV2 (young-25.7, aged-
12.9). However, interestingly both YH (young-70.3, aged-31.1) and
HS (young-47.3, aged-23.0) exhibited a significant reduction in
midbrain expression (p < 0.01 and <0.0001, respectively). When we
analyzed expression with age as the only variable (Figure 4B), individ-
ual t test comparisons revealed significantly decreased expression in
all vector groups: WT (p < 0.0001), HS (p < 0.01), and YH
(p < 0.005). Representative images of the SN showing mCherry
immunoreactivity are shown in Figures 4C–4T. Sporadic positive
neuronal cell bodies were present in all groups, with most of the signal
originating from striatonigral terminals.

Broad distribution

The ability to achieve robust retrograde transduction may be rele-
vant in certain clinical settings. For example, in HD, the striatum
is the chief anatomical target; however, additional anatomical
structures such as the cortex and thalamus are also affected in
HD.37 The ideal gene therapy approach in such situations should
age-related impairment in transduction was significant across all the capsid vari-

ants. Representative images of mCherry immunoreactivity in the SN (low magnifi-

cation; left panels), SNc (middle panels), and SNr (right panels) from Young WT (C–

E), Aged WT (F–H), Young HS (I–K), Aged HS (L–N), Young YH (O–Q), and Aged YH

(R–T). *p < 0.05, **p < 0.01, ****p < 0.0001. Scale bar in (R), 500 mm and applies to

(C), (F), (I), (L), (O), and (R). Scale bars in (S) and (T), 50 mm and applies to (D), (E), (G),

(H), (J), (K), (M), (N), (P), (Q), (S), and (T).



Figure 5. Retrograde transduction is significantly impacted by advanced age

Although our main anatomical target was the striatum, we also wanted to better understand the degree of infection of striatal projection areas. To that end, we outlined

transduced areas of the thalamus, hippocampus (HC), and cortex (CTX) and quantified expression levels using LI-COR-assisted near-infrared densitometry. We observed a

main effect of age in the thalamus (A), but not hippocampus (C) or cortex (E). Individual t tests showed a significant reduction in transgene expression in the aged thalamus

across all mutant capsids (D), an effect that was not seen in the hippocampus (B) or cortex (F). Representative images of mCherry immunoreactivity in the dorsal hippo-

campus (left panels), medial thalamus (middle panels), and somatosensory cortex (right panels). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bar in (V), 1000 mm

and applies to (G), (J), (M), (P), (S), and (V). Scale bars in (W) and (X), 250 mm and applies to (H), (I), (K), (L), (N), (O), (Q), (R), (T), (U), (W), and (X).
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cover multiple brain loci over a broad anatomical area. To assess
retrograde transduction (Figure 5), we chose to perform LI-COR
densitometric analyses of areas that would not be directly influ-
enced by the injection sphere or needle track per se; specifically,
the hippocampus and the thalamus. As previously described, the
transduced area within each structure (as identified by anatomical
landmarks) was outlined and transgene levels (AU) were
computed as a function of area (AU raw data divided by 100 for
illustration purposes).

Hippocampus: Transduction was similar between groups (young:
WT- 24.4, HS- 28.0, YH- 50.7; aged: WT- 23.3, HS- 25.2, YH- 39.2)
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 7
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with the only significant difference emerging between young WT and
YH (p < 0.05). It is worth noting that the average expression value for
YH is much higher than theWT andHS in both age groups. However,
we observed substantial variability between subjects, therefore our re-
sults failed to reach a statistically significant difference (images repre-
senting themean are shown in Figure 5). A two-way ANOVA analysis
(Figure 5A) revealed an effect of vector (F(2, 36) = 8.989, p = 0.0007),
but not age (F(1, 36) = 1.339, p = 0.25). Individual t tests (Figure 5B)
revealed no further differences due to age.

Thalamus: (Figure 5C) A two-way ANOVA yielded an effect for Vec-
tor (F(2, 36) = 21.06, p < 0.0001) and Age (F(1, 34) = 19.22, p < 0.0001).
Young YH (61.9) exhibited significantly higher expression than
young HS (44.3; p < 0.05) and WT (29.2; p < 0.0001). There was no
difference between young HS and young WT, or between either
aged treatment group (WT-24.7, HS-29.1, YH-40.9). There was a sig-
nificant difference due to age in YH groups (p < 0.01). Individual t
tests (Figure 5D) revealed an effect due to age with both YH and
HS, but not WT.

Cortex: The cortex represents another area with significant projec-
tions to the striatum and exhibits retrograde transduction following
intrastriatal injections. As described for other brain regions, cortex
(as defined by outlines based on morphological landmarks), and LI-
COR was used to quantify expression (Figures 5E and 5F). We
observed a significant effect of Vector (F(2, 36) = 25.17, p < 0.0001),
but not Age (F(1, 36) = 0.1211, p = 0.7; Figures 4M and 4N). Multiple
comparisons revealed no differences with age (WT young-17.3, aged-
17.4; HS young-34.5, aged-30.6; YH young-60.0.6, aged-69.7). YH re-
sulted in a higher degree of cortical expression compared to young
and aged WT (p < 0.001), and aged HS (p < 0.01).

Subcellular localization

To try to begin to elucidate mechanisms underlying the differences in
transduction and transport, we performed RNAscope in situ hybrid-
ization against a non-transcribed portion of the viral genome (Fig-
ure 6). Qualitative observations revealed a diverse pattern of trans-
duction with WT AAV2, with variable number of genomes present
within the nucleus, but also with genomes persistent outside the nu-
cleus to a higher degree than with the mutant variants. Possibly ex-
plaining the general impairment in transduction seen with the WT
capsid. For both mutants (HS and YH) and age groups, the genomes
are found widely distributed throughout the tissue andmostly nuclear
with a single genome. Although, these data were not quantified, they
are in agreement with previous reports using fluorescently tagged
AAV2 capsids.38
Figure 6. In situ hybridization of viral genomes

Striatal tissue sections for each one of the groups were processed for detection of AAV v

nuclei (blue). Representative images at low and high magnification, respectively, are sho

F), HS Aged (G and H), YH Young (I and J), YH Aged (K and L). Low-magnification images

show localization of AAV genomes relative to nuclei. Black arrows indicate examples o

inside a single nucleus, and yellow arrowheads indicate examples of non-nuclear viral g

and K). Scale bar in B, 10 mm, applies to all high-magnification insets (B, D, F, H, and
Tropism

In our previous work comparing various mutants or WT AAV in
young and aged animals, no overt change in vector tropism was
observed. Here we qualitatively assessed the tropism of the various
capsids by co-labeling transduced cells (mCherry+) with either
Olig2 (oligodendrocyte transcription factor 2, oligodendrocyte
marker; Figure S2), GFAP (glial fibrillary acidic protein; astrocyte
marker; Figure S3), or Iba1 (Ionized calcium binding adaptor mole-
cule 1; microglia marker; Figure S4). Transgene+ oligodendrocytes
(Figure S2), were observed across capsids and age most frequently
within or in proximity to the corpus callosum. Transgene+ astrocytes
(Figure S3), were rare but observed in all groups in areas close to the
injection site (Figures S3M–S3O). Other astrocytes that appear to
display positive transduction at low magnification (Figures S3A–
S3L) were found to be non-transduced, but closely associated with
mCherry+ neurons upon close examination of high-magnification
confocal z stacks. No transgene+ microglia were observed in either
group (Figure S4). At least three striatal sections per animal and three
animals per group were stained and analyzed.

DISCUSSION
The use of AAV in CNS clinical trials is becoming commonplace.
However, for a variety of reasons, there has been a failure to translate
preclinical findings into clinical efficacy.5–7 One such example was the
case of neurturin, which failed to demonstrate meaningful clinical im-
provements despite a wealth of preclinical efficacy data.4,34 An impor-
tant clue to this disconnect came from postmortem examinations of
treated brains which showed significantly less AAV transduction in
PD patients compared with preclinical animal studies.2–4,35 Although
there may be many reasons for this, two may be related to the fact
that: (1) essentially all preclinical studies with neurturin/GDNF
were done in young animals, and (2) the brain region of vector injec-
tion, involving nigrostriatal and striatonigral systems, exhibits
reduced transduction efficacy with advanced age.9,10 It is therefore
clear that translational studies must consider these important vari-
ables in order to understand and predict infectivity in therapeutically
relevant populations, including PD where the average age of onset is
approximately 60 years of age.

In an attempt to decipher the factors that influence age-related
changes in infectivity and to assess vector transduction using the clin-
ically relevant variable of age, we utilized two AAV2-based capsid var-
iants reflecting distinct properties as it relates to the infectious pro-
cess. The first set of mutations (capsid “HS”) disrupts the canonical
HSPG binding receptor but exhibits a paradoxical enhancement in
transduction. The second capsid variant also includes mutations
iral genomes (ISH- brown puncta) and counterstained with thionin for identification of

wn, arranged as follows: WT Young (A and B), WT Aged (C and D), HS Young (E and

depict distribution of AAV genomes across the striatum. High-magnification images

f single AAV inside a nucleus, red arrowheads indicate examples multiple genomes

enomes. Scale bar in (A), 100 mm, applies to all low-magnification images (C, E, G, I,

J).
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(Y/F) preventing endosomal escape in addition to the HSmutations
(capsid “YH”), thus, facilitating a higher number of virions reaching
the nucleus resulting in an increased effective MOI.28,29 To assess the
effect of these mutations on overcoming age-related impairments in
transduction, we compared these variants head-to-head with WT
AAV2 using a variety of important parameters following a single in-
jection into the striatum, a relevant anatomical target for several
neurodegenerative and neurological disorders. Importantly, these
studies were undertaken in 20-month-old rats, an age roughly analo-
gous to a 60-year-old human,39 the average age in PD gene therapy
clinical trials.

Changes in volume and transduction

To our knowledge, this was the first study to combine AI and stereo-
logical principles to quantify transduction.Whereas AI previously has
been utilized to enumerate cell populations on single histological sec-
tions,40 in our study we were able to estimate an entire neuronal pop-
ulation within a defined area, deriving a physiologically relevant
count for total number of transduced cells in the structure of interest
in each brain hemisphere. This will become an important tool moving
forward, facilitating comparisons between older studies relying upon
stereology proper. Moreover, stereology is dependent on optimization
of parameters at the section level and variance can be introduced
dependent on subjects used for optimization, stringency of lab proto-
cols in re-running early subjects analyzed, or definition of the profile
(e.g., transgene + cell of interest) which is liable to change with famil-
iarity and screen fatigue. In contrast, using a CNN deep learning
model customized to this study and further trained on the histological
images used, we were able to avoid many of the human factors that
introduce variability into stereological counting while providing con-
crete data that future studies can use as benchmarks, or for large-scale
comparisons without an added bias inherent in meta-analyses.

As was seen in prior studies, both capsid mutants exhibited signifi-
cantly enhanced infectivity (Figure 1G) and volumetric (Figure 2A)
spread as compared withWT AAV2 in both young and aged animals.
As for previous results,10 using the metric of infected (i.e., immuno-
reactive for the transgene) cells as the key readout, we did not observe
a significant impact of aging on the number of infected cells (Fig-
ure 1H), nor spread (Figure 2B) with aging, with WT AAV2 or YH.
Surprisingly the only difference that was seen in the number of in-
fected cells in aged animals was a significant decrease compared
with young in subjects receiving HS (Figure 1H). Interestingly, and
in contrast to what we had hypothesized, when we assessed total
transgene protein levels, we observed a reduction in total striatal
transgene with the more infectious mutant capsids in aged animals
(Figure 3J). Similarly, when normalized to area, only the mutant cap-
sids exhibited an age-related decline in expression (Figure 3L), which
again may relate to the difference in diffusion properties betweenWT
AAV2 and tested capsid mutants, with the enhanced diffusion ex-
hibited by the mutant effectively “drawing” infectious particles
away from the center of injection. There were no quantitative differ-
ences in volumetric spread due to age (Figure 2B), and no difference
in spread was seen between mutants, which both spread throughout a
10 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
much larger volume than WT AAV2 (Figure 2A). An interesting
qualitative observation was the apparent rostro-caudal shift in trans-
duction with aging, which was seen with all capsids tested (Figures 2D
and 2E; Video S1). While the underlying reason for this is unknown,
there may be age-associated differences in structure and volume, or
there may be regional differences in extracellular factors influencing
diffusion and infection.

Intracellular transport of AAV is impaired with aging

Interestingly, a pattern emerged when comparing HS and YH in aged
subjects. Specifically, when assessing total expression levels (Fig-
ure 3J), age had a much more profound effect on HS (58.9% decline)
compared with the YH variant (39.6% decline). Since mutations
affecting intracellular transport are the only differences between these
capsid variants, our findings suggest that age-related changed in this
cellular process is a key factor in mediating age-related effects on
AAV transduction. We found further support for this idea when as-
sessing expression in striatal projection areas requiring long-range
retrograde transport of the virion such as the cortex (Figures 5E
and 5F) and thalamus (Figures 5C and 5D) where the YH variant
again yielded much higher transduction/transgene expression than
that of HS. Although improved retrograde transport with Y/ F mu-
tations has been described in the context of the AAV-retro capsid,41

this is the first study to establish age as an important factor in the ef-
ficacy of AAV retrograde transduction.

Finally, we assessed transgene expression in the SN, a therapeutically
relevant target in the treatment of PD. Delivering trophic factors to
nigral neurons via a targeted injection to the striatum can confer a
therapeutic effect either in a cell non-autonomous fashion (e.g.,
released factors from the SNr terminals of transduced direct pathway
striatal neurons) or a cell-autonomous fashion via the direct retro-
grade transduction of nigrostriatal dopamine neurons in the SNc.
To that end, in doing our analysis, we did not segregate out terminal
vs. midbrain dopamine neuron transgene expression, with our values
thus accounting for both these modes of expression. With every
capsid we saw a significant reduction in midbrain expression with
age (Figure 4B), but again, the YH expression produced significantly
higher expression. It is important to note, however, that a qualitative
assessment of midbrain expression suggested that YH produced more
transgene+ SNc neurons (Figures 4D–4G, 4J, 4M, 4P, and 4S) sup-
porting the notion of enhanced retrograde transduction, but also
potentially skewing the data as these cells contain high levels of trans-
gene. This aging effect emulates what we previously observed with
AAV 2, 5, and 9, all showing approximately 50% less transgene in
the striatonigral system following an intrastriatal injection, suggesting
a ubiquitous impairment regardless of capsid.10 Nonetheless, the
expression in the aged SN with our capsid mutants was no different
from that seen in young WT brains (Figure 4A), thus, these capsid
variants provide a means to overcome deficiencies seen with AAV2
in the aged brain.

Whereas this study focused on elucidating aspects of aging that can
impair CNS transduction, we only evaluate a single capsid and its
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derivatives. Whereas a comparative analysis with other capsids
certainly is warranted, it goes beyond the scope of this work. Never-
theless, it is important to note that other naturally occurring serotypes
such as AAV5, AAV8, and AAV9, and engineered variants such as
AAV-retro and MNM-104, among others, exhibit strong infectivity
and intracellular transport and thus represent alternative capsids
for consideration.23,42,43

No change in tropism

We observed no changes in the overall tropism of either capsid
variant. This is not unsurprising given that prior studies of AAV2
with an ablated HSPG binding motif show that the virus remains
largely neurotropic.27,31,44 Indeed, with either mutant we observed a
small number of transduced astrocytes and oligodendrocytes, with
no transgene-positive microglia observed.

Translational impact

It is clear from our analyses that different capsids behave differently
following direct intraparenchymal delivery into the young and aged
brain, and an understanding of the underlying reasons is important
as one considers translational aspects of AAV CNS gene therapy.
For example, a variant such as YH provides robust transduction
throughout a number of structures due to retrograde infection of neu-
rons projecting directly to the injection area, making it a strong thera-
peutic candidate for diseases such as HDwhere the transduced areas in
direct contact with the injected area all exhibit dysfunction and degen-
eration, and represent important anatomical targets. Similarly, the sig-
nificant improvement in diffusion with these mutant capsids renders
them ideal when transduction of large structures, such as the striatum
in PD andHD, need to be transduced. On the other hand, in this study,
we chose to target the striatum as it is largely a structure encapsulated
by the corpus callosum, allowing us to address biological questions
such as those herein (e.g., assessing diffusion versus virion transport).
However, our results highlight the large degree of diffusability when
the HSPG null mutation in incorporated into the AAV2 capsid, and
as was shown by Naidoo and colleagues, by simply altering the trajec-
tory and target of injection, one can achieve close to brain-wide distri-
bution of this vector.31 Conversely, althoughWTAAV2 was much less
efficient in most of our metrics, the almost complete lack of diffusion
(e.g., Figure 1), provides for a vector withmuch greater precision, mak-
ing this capsid well suited for targeted injections of small populations of
neurons. Moreover, although we have not noted any overt toxicity with
these mutant capsids, the changes in vector biology warrants caution,
and safety of these mutants needs to be further assessed. However,
one key aspect about the improved efficacy is the ability to reduce over-
all titer and still achieve the same effective MOI as for the WT virus.
Finally, this work deals with targeted injections into the CNS, but de-
pending on the disease, alternate routes of delivery such as intrathecal
or intravenous could also be considered.

It is important to note that herein we are considering a single risk factor
in disease: age. However, other risk factors may also be important con-
siderations in gene therapy for neurological conditions. For example,
sex is a risk factor in certain disorders,45 and sex can also influence
CNS transduction,46 both in terms of infectivity and tropism. This phe-
nomenon is, at least in part, mediated by cycling hormones47 and their
role in receptor expression and should be considered in clinical transla-
tion. Moreover, we are not assessing the efficacy of these vectors in a
disease environment. For example, ongoing inflammation may have a
significant impact on the behavior of AAVs, and future studies should
include the assessment of these capsids in neurodegenerative disease
models.

A key factor in age-related impairments is reduced intracellular

transport

Herein we have taken the first step toward improving our understand-
ing of AAV transduction efficiency incorporating a clinically meaning-
ful variable: advancing age, where our overall goal was to better under-
stand what biological factors underly the impairment of AAV
transduction associated with aging. Although in our a priori hypothesis
we postulated that a key aspect was the changing extracellular environ-
ment that with age would act to further sequester the “sticky” AAV2
capsid14,48 and thus impair transduction. This seemingly was not the
case since there was no difference in spread with our HS mutant
with age (Figure 2B), only a reduction in transgene+ striatal neurons
(Figure 1B). However, when incorporating mutations aimed at
improving net intracellular trafficking to the nucleus, we did see a sig-
nificant differential with aging, suggesting that intracellular transport of
AAV is impaired in aged cells, either through a general reduction in
transport efficacy or through increased endosomal escape. Thus, a
key aspect of improving gene therapy in the aged brain is to incorporate
such YF (or analogous) mutations into the AAV capsid to facilitate an
increase in the effectiveMOI (particlesmaking it into nucleus) and thus
higher expression both locally and distally. One case when this did not
hold true was when assessing expression in the SN where transgene
expression was impaired in all aged groups (Figure 4B). The reason
for this is likely due to impaired anterograde transgene transport, a
common feature in aging neurons,49 since we still observed a higher de-
gree of retrograde transduction with the YH mutant. This agrees with
our previous studies where we performed precision dissections of the
SNr only and saw reduced striatonigral expression.

Conclusions

In conclusion, we show that whereas HS and YH AAV2 variants
exhibit improved infectivity and diffusion over WT AAV2 in both
the young and aged brain, these mutants, in some cases, also exhibit
impaired efficacy in the aged brain. We observed that one key contrib-
uting factor to the reduced infectivity of AAV likely is the result of a
change in the way that the virion traverses the cell in association
with aging, and by reducing endosomal escape using the YH transport
mutant this deficiency in effective infectivity can be partially overcome.

MATERIALS AND METHODS
Animals

Young adult (3-month-old) or aged (20-month-old) male F344 rats
from the National Institutes of Aging Aged Rodent Colonies were uti-
lized and all procedures were in accordance with the Michigan State
University Institutional Animal Care and Use Committee (IACUC).
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Table 1. Antibodies for immunohistochemistry

Primary antibody Secondary antibody

Antigen Host/Class Cat# Dilution Host/Class Cat# Dilution

RFP Rabbit polyclonal
Rockland
#600-401-379

IHC 1:4000
Goat anti-rabbit IgG
Biotin conjugated

Millipore
#AP132B

1:500

mCherry Goat polyclonal
LS Bio
# LS-C204207

IF 1:1000
Donkey anti-goat IgG
Alexa Fluor�594 conjugated

Thermo-Fisher Scientific
#A11058

1:500

nIR 1:1000
Donkey anti-goat IgG
IRDye�800CW conjugated

LI-COR
#926-32214

1:5000

TH Rabbit polyclonal
Millipore
#AB152

nIR 1:4000
Donkey anti-rabbit IgG
IRDye�680RD conjugated

LI-COR
#926-68073

1:5000

Olig2 Rabbit monoclonal Invitrogen #MA5-42372 IF 1:1000
Goat anti-rabbit
Alexa Fluor�488 conjugated

Thermo-Fisher Scientific
#A11008

1:500

GFAP Mouse monoclonal
Sigma-Aldrich
#G6171

IF 1:1000
Goat anti-mouse
Alexa Fluor�488 conjugated

Thermo-Fisher Scientific
#A11001

1:500
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Rats were housed two per cage, maintained on a controlled 12-h light
cycle and temperature (22�C) environment. Food and water were
available ad libitum.

Vector production

Vectors were produced as previously described.50 Briefly, a self-com-
plimentary viral genome plasmid encoding mCherry under control
of a truncated hybrid chicken b-actin/cytomegalovirus promoter
(CBA/CAG) promoter was transfected into 293T cells together
with plasmids encoding helper function (pXX6) as well as AAV rep
and cap genes. Cap genes were WT AAV2, HS AAV2 (R585S,
R588T, R487G), or YH AAV2 (HS mutations plus Y444F, Y500F,
Y730F).27 Cells were harvested 72 h later, and viral particles were pu-
rified using a discontinuous iodixanol gradient followed by column
chromatography. Viral titers were assessed using a qPCR assay and
normalized to 1.0 � 1012 vector/genomes (vg)/mL using balanced
salt solution (Alcon Laboratories).

Surgery

With the lack of striatal interhemispheric connections, each hemi-
sphere was considered an “n” of 1, and animals were randomly as-
signed vectors. Surgery was performed under 1.7%–2.0% isoflurane
anesthesia with rats placed in a stereotaxic frame. Surgical coordinates
were anterior/posterior ±0.0 medial/lateral ±3.0 mm, dorsal/ventral
(from dura) �4.0 mm. The injection apparatus consisted of a Hamil-
ton syringe fitted with a glass capillary needle coated in SigmaCote51

(Hamilton Gas Tight syringe 80,000, 26 s/200 needle [Hamilton]).
The capillary was lowered to the injection site and 2 mL vector was in-
jected at a rate of 0.5 mL/min. Following vector delivery, the needle re-
mained in place for 1 min, after which it was raised 1 mm and held in
placed for an additional 4 min before being fully retracted.

Euthanasia

Four weeks following the vector delivery, animals were euthanized in
accordance with the recommendations of the American Veterinary
Medical Association and as approved by the Michigan State Univer-
sity IACUC. Rats were deeply anesthetized with an intraperitoneal in-
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jection of 60 mg/kg pentobarbital then transcardially perfused with
Tyrode’s solution followed by ice-cold 4% paraformaldehyde. Brains
were thereafter placed in 4% paraformaldehyde for 24 h after which
they were placed in 30% sucrose (in 0.1M PO4). Once dehydrated
in sucrose, brains were cut coronally into 40-mm-thick sections using
a freezing stage sliding microtome. Sections for each brain were seri-
ally distributed into six groups, arranged in plates filled with cryopro-
tectant, and stored in �20�C until used.

Immunostaining of brain sections

All immunostaining procedures (i.e., immunohistochemistry [IHC],
immunofluorescence [IF], and LI-COR near-infrared [nIR] imaging)
were performed on free-floating sections as previously described.52

Sections for brightfield imaging were quenched with 0.3% hydrogen
peroxide, followed by blocking in the appropriate serum. Sections
were incubated in primary antibody overnight at room temperature
(RT), and thereafter in the appropriate secondary antibodies for 2 h
at RT. Brightfield sections (treated with biotinylated secondary anti-
bodies) were incubated with an avidin-biotin complex as per manu-
facturer instructions (Vector ABC kit) to amplify signal and thereafter
developed using 3,30 diaminobenzidine and 0.03% hydrogen peroxide
in tris buffer. IF or nIR sections were immediately mounted following
incubation with secondary antibody. Sections were mounted on
subbed slides, dehydrated using increasing concentrations of ethanol
followed by xylene, and coverslipped using Cytoseal (Fisher Scienti-
fic) for IHC and DPX (Sigma Cat# 06522) for IF and nIR. Antibody
details are listed in Table 1.

RNAscope in situ hybridization of AAV genomes

In order to assess subcellular localization of vector genomes, we
performed in situ hybridization (ISH) using a probe against a non-
transcribed portion of the genome paired with a Nissl (thionin)
stain. ISH was carried out using the Advanced Cell Diagnostic
RNAscope2.5 HD detection Kit-Brown (ACD, Cat#322310) and
probe CMV-Enh-CBA promoter-O4-C1 (ACD, Cat#1211301-C1).
Protocol was carried out as suggested by the manufacturer’s instruc-
tions with a few modifications for 40-mM free-floating frozen
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sections.53 First, the sections were washed with TBS 6 � 5 min to re-
move cryoprotectant. Sections were then incubated with peroxide
treatment for 45 min at RT, washed 3 � 5 min. Sections were
mounted onto Superfrost Plus+ slides and air-dried for approxi-
mately 20 min, then washed three times in H2O to remove salts
and air-dried overnight at RT. The following day, sections were incu-
bated in target retrieval solution pre-heated to 99�C–100�C for
10 min followed immediately by four times wash in H2O, then eight
times in 100% ethanol and allowed to air-dry before drawing a hydro-
phobic barrier. Next, protease (protease III) treatment, probe hybrid-
ization, signal amplification, and signal detection steps were carried
out exactly as described per the manufacturer’s protocol. After the
final rinse, sections were allowed to air-dry overnight at RT. The
following day, sections were counterstained with thionin. Briefly,
slides were rehydrated in H2O for 2 min, stained with thionin work-
ing solution for 8 min, rinsed twice in H2O for 2 min each, then seri-
ally dehydrated in ethanol (70%, 95%, 100%, 1 min each), cleared in
xylene for 2 min and coverslipped using Cytoseal mounting media.

Imaging

Slides for AI-based quantitation of mCherry+ cells were imaged on a
ZEISS Axioscan (ZEISS Group; Oberkochen, Germany). Each scan
consisted of a series of image tiles acquired across the X-Y plane, in
the tissue area with positive mCherry signal. In addition, each tile
consisted of a stack of images acquired with the �20 objective across
13 mm on the z axis with a 0.8-mm step size. Finally, acquired photo-
micrographs were processed and stitched together by the ZEN
advanced software, producing a single high-resolution digital image
per each scan. Other brightfield images were acquired on a Nikon
Eclipse Ni microscope. Sections stained with LI-COR secondary
nIR antibodies were scanned on the LI-COR Odyssey CLx at
21 mm resolution for SN and 84 mm resolution for the rest of the brain
regions. Fluorescent images were taken on a Nikon A1R HD25
confocal imaging system using a�60 objective, z stacks were acquired
at 0.2 mm steps across the thickness of the section. Representative im-
ages were selected from subjects that displayed mean values in terms
of transduced cells or transgene expression.

AI-based enumeration of transduced cells and volumetric and

stereological conversion

Although we observed transduction in areas beyond the striatum, we
focused quantitation on the striatum. Sections were uploaded to an
image analysis platform developed by AIforia (AIforia Technologies,
Helsinki, Finland), which uses individualized AI deep CNN learning
to facilitate quantitative histological image analysis.40 Briefly, high-
resolution brightfield photomicrographs acquired using the ZEISS
Axioscan were imported into AIforia software. Striatal regions of in-
terest, limited to the areas of transduction and guided using a rat brain
atlas,36 were outlined using a contour tool in AIforia. A custom-devel-
oped deep learning process was used to train a CNN to enumerate the
total number of transduced cells and to calculate the region area of
transduction. After automated counting, stereological mathematical
principles were applied to derive a per-hemisphere total count of
vector-positive neurons and transduction spread (region area). To
derive transduced cell counts, the final number from automation
was summed across sections and multiplied by the reciprocal of serial
section interval (�6) (Equation 1).

Equation 1. Calculation for stereological estimation of cell numbers
based on AI enumeration

CH =
Xns
is = 1

cv+ �
�
1
6

�� 1

(Equation 1)

where CH is the total counts (C) for a hemisphere (H), derived by sum
ing (S) the vector-positive profile counts (cv+) for each section
(s) ranging from one section (is) to the total number of sections
(ns), then multiplying the sum by the reciprocal of the section interval
(constant of 1/6).

Inherent in this workflow is the stereological principle through the
preservation of systematic random sampling while further subsam-
pling within each section. Thus, subsampling one in six sections as
would be accomplished using a stereology program is obviated by
use of the AI software. Total region volume was determined by sum-
ming the immunolabeled spread within the contour to derive a total
transduction area for the section series. As with neuron counts, this
number was multiplied by the reciprocal of serial section interval
(�6) and then by the section cut thickness (�0.04 mm) (Equation 2).

Equation 2. Calculation for volumetric estimation of transduction

VH =
Xns
is = 1

av+ �
�
1
6

�� 1

� 0:04 (Equation 2)

where VH is the total regional volume (V) for a hemisphere (H),
derived by summing (S) the vector-positive regional area (av+) for
eamch section (s) ranging from one section (is) to the total number
of sections (ns), then multiplying the sum by the reciprocal of the sec-
tion interval (constant of 1/6) and by the volume of section thickness
(constant of 0.04 mm).

The methodology was also validated using traditional stereology per
our established methodology.54 Immunostained tissue sections from
one to two animals/group (seven in total) was utilized. The region of
interest was outlined at a low magnification (4�) based on the area
containing RFP+ cells throughout the rostro-caudal extent of the
striatum. The Paxinos andWatson rat brain atlas was used a reference
to precisely identify the borders of this region.36 Every sixth section
was sampled using the optical fractionator method with a counting
frame size of 175 � 175 mm and a grid size of 600 � 600 mm in
Stereo Investigator software (Version 2020 1.1; Microbrightfield,
Inc., Williston, VT, USA). Counting of cells was performed using a
�40 objective on a Nikon Eclipse Ni-E microscope equipped with a
motorized XY stage (Ludl Electronic Products, Hawthorne, NY,
USA). The coefficient of error for each estimate was calculated and
found to be less than 0.1 (Gundersen, m = 1). The results for each
striatum (stereology or AI enumeration) were assessed using a regres-
sion analysis (Figure S1). An aid to conversion from AI enumeration
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to total population estimates and volume has been established at
https://cmkdataneuro.com/stereology (please cite the current
manuscript).

LI-COR-based quantitation of transgene expression

Due to the broad dynamic range, the use of near-infrared imaging
provides a robust alternative to biochemical methods (e.g., PCR) to
quantify transduction in fixed tissue. First, brain anatomical regions
of interest were outlined in the IR680 channel defined by morpholog-
ical landmarks for hippocampus, cortex, and thalamus, and by the
presence of TH immunoreactivity in the striatum and SN. Following,
the IR800 channel (i.e., mCherry expression) was displayed as a heat-
map (Figures 3C–3H) and regions of interest were drawn around
mCherry+ signal defined as >3 AU in the heatmap scale (Figure 3B).
A total of 15 sections were included for analysis of the striatum, seven
sections for hippocampus, thalamus, and cortex, and eight sections
for the SN.

Statistics

Power analyses were performed to determine required sample sizes to
detect a statistical difference at p < 0.05 with a power of 0.8. Our
only exclusion criterion (complete absence of transduction) was es-
tablished a priori. All data were collected by experimenters
blinded to the experimental conditions. Two-way analysis of variance
(ANOVA) tests were used to detect statistical significance between all
groups with age (young, aged) and vector capsid (WT, HS, YH) as the
independent variables. To further define any relationship across,
within, and between variables, Tukey HSD post hoc test was used
where a main or interaction factor significance was found. To
compare young adult vs. aged rats injected in the same structure
with the identical vector construct, independent t tests were used to
assess the effect of age on each capsid.10 For all analyses, a p value
of less than or equal to 0.05 was considered statistically significant.
All statistics were conducted in Prism (GraphPad) or R (4.1.0, build
"Camp Pontanezen") using base libraries.

DATA AND CODE AVAILABILITY
The data necessary to interpret, verify, and extend the findings of this study will be avail-
able upon request.
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