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Abstract

Spontaneous atrophy of basal forebrain cholinergic neurons occurs with aging in the non-human
primate brain. Short-term reversal of this atrophy has been reported following ex vivo Nerve Growth
Factor (NGF) gene delivery, but long-term effects of in vivo NGF gene delivery in the aged primate
brain have not to date been examined. We tested the hypothesis that long-term lentiviral NGF
intraparenchymal gene delivery would reverse age-related cholinergic decline, without induction of
adverse effects previously observed following sustained intracerebroventricular growth factor
protein exposure. Three aged rhesus monkeys underwent intraparenchymal lentiviral NGF gene
delivery to the cholinergic basal forebrain. One year later, cholinergic neuronal numbers were
quantified stereologically and compared to findings in four control, non-treated aged monkeys and
four young adult monkeys. Safety was assessed on several variables related to growth factor exposure.
We now report that lentiviral gene delivery of NGF to the aged primate basal forebrain sustains gene
expression for at least one year, and significantly restores cholinergic neuronal markers to levels of
young monkeys. Aging resulted in a significant 17% reduction (p<0.05) in the number of neurons
labeled for the cholinergic marker p75 among basal forebrain neurons. Lentiviral NGF gene delivery
induced significant (p<0.05) and nearly complete recovery of p75-labeled neuronal numbers in aged
subjects to levels observed in young monkeys. Similarly, the size of cholinergic neurons in aged
monkeys was significantly reduced by 16% compared to young subjects (p<0.05), and lentiviral NGF
delivery to aged subjects induced complete recovery of neuronal size. Intraparenchmyal NGF gene
delivery over a one-year period did not result in systemic leakage of NGF, activation of inflammatory
markers in the brain, pain, weight loss, Schwann cell migration, or formation of anti-NGF antibodies.
These findings indicate that extended trophic support to neurons in the non-human primate brain
reverses age-related neuronal atrophy. These findings also support the safety and feasibility of
lentiviral NGF gene transfer for potential testing in human clinical trials to protect degenerating
cholinergic neurons in Alzheimer’s disease.
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INTRODUCTION

A complete description of mechanisms underlying cognitive decline with aging in the non-
human primate brain remains elusive. Age-related decrements in white matter volume, loss of
gray matter in some structures, and reductions in dendritic arborization/spines have been
detected in non-human primates (Cupp and Uemura, 1980; Peters et al., 1998; Smith, 2004;
Smith et al., 1999; Wisco et al., 2007). However, cell death as a function of aging either does
not occur or is mild in extent in most brain regions examined to date, including the entorhinal
cortex and hippocampus (Gazzaley et al., 1997; Merrill et al., 2000; Peters et al., 1996). These
findings suggest that functional decline associated with aging across species does not primarily
result from cell loss, but from other mechanisms including age-related decrements in gene
expression and resultant cell signaling and biochemistry. Indeed, decrements in ERK/Map
Kinase activation, Arc expression and functional neuronal transport include a set of atrophic
cellular events that have been associated with functional decline in the nervous system with
aging (De Lacalle et al., 1996; Niewiadomska et al., 2005; Small, 2004; Williams et al.,
2006).

The general preservation of cell number in the nervous system as a function of aging raises the
possibility that targeted interventions could ameliorate age-related atrophic changes. In rodent
studies, aging is clearly associated with reductions in functional markers of basal forebrain
cholinergic neurons (Chen and Gage, 1995; Fischer et al., 1987). These neurons project to
extensive regions of the hippocampus and neocortex, modulate cortical neuronal excitability,
and are required for some forms of cortical plasticity and learning (Mesulam et al., 1983a;
Mesulam et al., 1983b). Notably, age-related atrophy of basal forebrain cholinergic neurons
can be reversed by nerve growth factor (NGF) delivery to the brain, resulting in reversal of
age-related cognitive decline (Chen and Gage, 1995; Fischer et al., 1987; Markowska et al.,
1994). Age-related atrophy of basal forebrain cholinergic neurons has also been reported in
the rhesus monkey brain (Smith et al., 1999; Stroessner-Johnson et al., 1992), and short-term
(1-3 month) reversal of this decline was previously reported using techniques of either NGF
protein infusion into the ventricular system (Koliatsos et al., 1991; Tuszynski et al., 1991;
Tuszynski et al., 1990) or ex vivo gene delivery in which cells genetically modified to secrete
NGF were grafted into the brain (Conner et al., 2001; Emerich et al., 1994; Smith et al.,
1999; Tuszynski et al., 1996). However, whether age-related degenerative events in the
cholinergic systems can be reversed by extended growth factor administration has not to date
been tested. Addressing long-term consequences of growth factor gene delivery in the nervous
system is of particular importance, as several clinical trials using this approach in human
neurodegenerative disorders are in progress, including adeno-associated virus (AAV) NGF
gene delivery in Alzheimer’s disease (Arvanitakis, 2007; Tuszynski et al., 2005) and Neurturin
gene delivery in Parkinson’s disease (Marks et al., 2008).

The present study tested the hypothesis that lentiviral delivery of NGF to the basal forebrain
of the aged rhesus monkey would reverse age-related cholinergic degenerative changes over
extended time periods. We further hypothesized that previously reported adverse effects of
growth factor administration, including pain, weight loss and Schwann cell hyperplasia
(Emmett et al., 1996; Eriksdotter Jonhagen et al., 1998; Williams, 1991; Winkler et al.,
1997), would be avoided by restricting gene delivery to cholinergic basal forebrain regions.
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While several clinical trials of adeno-associated virus (AAV) vector delivery to the brain are
in progress currently, lentiviral vector delivery to the CNS has been less thoroughly explored.
Yet lentiviral vectors have potential benefits in a therapeutic context. First, lentiviral vectors
more rapidly induce transgene expression than single-stranded AAV vectors in vitro and in
vivo (Blesch and Tuszynski, 2007; Blesch et al., 2000; Naldini et al., 1996; Zufferey et al.,
1998). Second, some AAV vector serotypes may undergo remote transport from their sites of
injection into the nervous system (Hollis et al., 2008; Kaspar et al., 2002; Mandel and Burger,
2004), whereas lentiviral vectors are not known to exhibit remote transport properties; this
could be an advantage in limiting therapeutic gene expression to a defined brain region. Third,
relatively little is known regarding the long-term safety of viral vectors in the human CNS, and
it is prudent to continue to explore the efficacy and safety profile of several viral gene delivery
candidates, including lentiviral vectors.

METHODS

Experimental Subjects

11 monkeys served as experimental subjects. Three groups were examined: 4 aged un-operated
control monkeys (mean age 23.9 + 1.8 years; all males), 3 aged monkeys that received
intraparenchymal injections of lentiviral vectors expressing human NGF (mean age 22.8 + 0.7
years; 1 male and 2 females), and 4 adult, non-aged monkeys. The latter non-aged group
consisted of 2 young adult monkeys that received injections of lentiviral vectors expressing
the control reporter gene Green Fluorescent Protein, GFP (ages 4.5 and 8.8 years; 1 male and
1 female) and 2 un-operated monkeys (ages 8.7 and 15.3 years; both males). We did not include
an aged group of subjects injected with lentiviral vectors expressing GFP because aged
primates are a limited resource, and the enrollment of additional aged subjects assigned to this
control group would potentially add little information for two reasons. First, previous studies
from our group indicate that injection of a large volume (25 microliters) of control, GFP-
expressing fibroblasts into the brains of aged monkeys do not result in detectable alterations
of cholinergic cell number or basal forebrain anatomy, do not activate immune responses, do
not induce NGF upregulation, and do not elicit detectable adverse effects in the brain. Second,
previous studies in the non-human primate brain (Kordower et al., 2000) and findings of the
current study (below) did not reveal a difference in cell parameters or inflammation when
comparing GFP-injected and control, unoperated non-aged brains. For these reasons, and
because primates in general and aged primates in particular are a limited resource, we did not
include a group of aged, Lenti-GFP-injected controls. All subjects were from the California
National Primate Center. Prior to the present study, animals were maintained under similar
social conditions and were not involved in behavioral studies, surgical procedures or
pharmacological experiments. All animal care procedures adhered to AAALAC and
institutional guidelines.

Lentiviral Vector Production

For NGF delivery to aged subjects, lentiviral vectors genetically modified to secrete human
NGF were prepared as previously described (Blesch et al., 2005). Briefly, a self-inactivating
lentiviral vector (Zufferey et al., 1998) derived from pRRL (Follenzi et al., 2000) was used for
virus production. For the constitutive expression of GFP and NGF, the vector
p156sinRRLpptCAG-GFP-PRE containing (Pfeifer et al., 2002) the eGFP cDNA was digested
with Nhel and BamHI. The Nhel site was filled and a Hpal/BamHI fragment containing the
human NGF cDNA including a Kozak consensus sequence was cloned in. The GFP cDNA
was removed by BamHI/BsrGl digestion and the vector was religated. Expression of GFP and
NGF genes, respectively, was driven by the CMV/B-actin promoter (CAG) (Niwa et al.,
1991).
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For lentivirus production a third generation lentivirus packaging system was utilized as
previously described (Blesch et al., 1999; Dull et al., 1998). Viral supernatants were
concentrated by ultracentrifugation. Titers were determined by measurement of p24 levels in
serial dilutions of vector stock by ELISA (Perkin Elmer). Lentivirus was diluted to a
concentration of 100 pg/ml for injection. For GFP expressing virus, infectious units (1.U.) were
also determined by infection of 293 cells with serial dilutions of the vector stock and correlated
with p24 titers. Virus titers were 100 pg/ml (p24) for the GFP expressing virus and 100 pg/ml
(p24) for the NGF expressing virus. Vector was stored at —80°C in Eppendorf tubes until the
day of surgery.

Monkeys underwent pre-operative MRI scans to visualize basal forebrain targets. After
generating stereotaxic coordinates from MRI scans, each monkey received intraparenchymal
injections of lentiviral-NGF or control lentiviral-GFP vectors. Monkeys were preanesthetized
with 25 mg/kg ketamine IM and anesthetized with isofluorane. Vector was injected into each
of 3 sites spaced over the rostral-caudal extent of the intermediate component of the basal
forebrain cholinergic region (corresponding to the Ch4 region in the classification of Mesulam
(Mesulam et al., 1983b)) bilaterally (6 injections total per animal). Injections were targeted to
a position slightly dorsal to but within 500 um of cell clusters constituting the cholinergic basal
forebrain nucleus. 10 pl vector volumes were injected into each site with a 26-gauge Hamilton
syringe at a rate of 1 ul/min. Postoperatively, all subjects were observed closely for signs of
discomfort or toxicity and received the analgesic buprenorphine. Subjects were sacrificed one
year after gene delivery. For perfusion, subjects were sedated with 25 mg/kg IM ketamine and
were then deeply anesthetized with sodium pentobarbital (30 mg/kg IP). All reflex responses
to cutaneous stimulation were verifiably absent before perfusion procedures were begun.
Subjects were perfused with saline, followed by 4% paraformaldehyde or 2%
paraformaldehyde/0.2% parabenzoquinone solution. Brains were stereotaxically blocked in
the coronal plane.

Histology and Stereology—Serial coronal sections through the brain were cut on a freezing
microtome set at 40 um. Every twelfth section was processed for p75 immunoreactivity
(monoclonal hybridoma cell line generated by M. Bothwell, dilution 1:100) as previously
described (Smith et al., 1999). p75 has been reported to exhibit 95% co-association with
cholinergic neurons of the basal forebrain, and labels no other neuronal types in this brain
region (Smith et al., 1999). Stereological procedures were used to quantify the number of
cholinergic neurons in the intermediate division of the basal forebrain cholinergic system
(Ch4i) using p75-immunolabeled sections. The following anatomical boundaries were used to
demarcate Chd4i: 1) the rostral boundary of Ch4i is marked by the appearance of the ansa
peduncularis as it begins to penetrate Ch4, beginning dorsomedially and traversing diagonally
through Ch4i (dorsomedial to ventrolateral). 2) The caudal boundary of Ch4i is marked by the
completion of the passage of the ansa peduncularis through Ch4 at its ventrolateral extent, and
the subsequent grouping of cholinergic neurons laterally into a single cluster, the posterior
division (Ch4p). 3) The dorsal boundary of Chd4i is formed by the globus pallidus. 4) The
ventral boundary of Chdi at its rostral pole is formed by the Ch3 cell group. The cells of Ch3
are smaller than those of Ch4, hypochromic on p75 labeling, and are fusiform in shape with
their long axis oriented along the ventral surface of the brain. The ventral boundary at the caudal
aspect of Chdi is formed by the ventral surface of the brain. There were no significant
differences among animal groups in the mean number of tissue sections containing the Chd4i
region (7.7 £ 0.6) used for stereological quantification (ANOVA, p =0.34).

Stereological counts were performed on one in twelve sections through the entire extent of
Chdi, as previously described (Smith et al., 1999). The stereology computer programs
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controlled movement from one counting frame to the next by moving a Ludl motorized stage
mounted on an Olympus BX60 microscope. Ch4i neurons were counted using a 40X high
numerical aperture (1.00) oil objective. Unbiased stereological analysis was performed using
Stereolnvestigator software (Microbrightfield) with a 60x60 um counting frame and a 240x240
um sampling grid. Immunolabeled cells were included in the count if: a) they were p75-
positive; b) the cell nucleus was within the counting frame (or touching the inclusion boundary)
but did not touch the exclusion boundary; and c) the cell body was best in focus within the
inclusion volume. Thus, unbiased estimates of p75-labeled neurons in Ch4i per subject were
generated and compared among groups. Immunolabeling was noted to be uniform through the
z-axis of sections from young and aged brains, allowing accurate comparisons between
subjects.

Quantification of neuronal area

Stereological methods were used to determine differences in p75-immunolabeled neuronal area
between groups. Cells were included in the area quantification if they met the morphological
criteria described above. The mean cross-sectional area for Ch4i neurons was calculated for
each animal, and means were averaged to derive values for each group.

Quantification of NGF transduction

Quantification of the NGF-transduced region was performed on a 1:12 series of sections that
were immunolabeled with an NGF antibody (described below). Using Stereoinvestigator
software, regions of transduction were outlined as determined by the presence of NGF
immunolabeling within neurons, glia, and the surrounding extracellular space. VVolume of
transduction was generated as a function of area of transduction per section and converted to
a volume estimate by stereological software based on inter-section distances.

Immunocytochemistry

Statistics

Immunolabeling for CD3, CD8, and CD45 were performed to investigate the presence of
activated microglia and several classes of leukocytes including T cells, monocytes, and
granulocytes at the site of NGF or GFP lentivirus infusion. CD3, CD8, and CD45 (BD
Pharmingen) were used at 1:500 dilution and processed with avidin/biotin amplification, ABC
kit (Vector Laboratories), and with DAB reaction. Immunolabeling for NGF was performed
with an NGF antibody (1:3000) raised in rabbit, as previously described (Conner and Varon,
1992).

NGF ELISA and serum NGF antibody assay—NGF levels in the cerebrospinal fluid
were assayed one year after gene delivery. Cerebrospinal fluid was obtained by C1 puncture
and stored at —80°C until assayed in a two-site ELISA specific for NGF (Conner and Varon,
1996). This ELISA is sensitive to 1 picogram NGF per mg. The potential formation of anti-
NGF antibodies was assessed by immunoprecipitation of serum, using a known anti-NGF
antibody as a positive control (Conner and Varon, 1996)

Multiple group comparisons were made by analysis of variance (ANOVA) with post-hoc
analysis using Fisher’s least square difference. Biological significance was established at the
95% confidence level. Data are presented as mean + standard error of the mean, except for
stereology data that is customarily presented as + standard deviation.
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Persistence and Pattern of In Vivo Gene Expression

Lentiviral gene expression was readily detectable in the primate brain for at least one year after
therapeutic gene delivery, indicated by GFP expression in young subjects and NGF
immunolabeling in aged monkeys (Fig. 1). NGF lentiviral injections were targeted adjacent to
the nucleus basalis, and resulted in enhanced NGF labeling within both neuronal perikarya and
in the extracellular matrix compared to young control and aged subjects (Fig. 1A—F). A mean
parenchymal volume of 16.0 + 2.1 mm3 was transduced per injection site, based on
quantification of spread of NGF immunolabeling from the injection site along X, y, z axes in
aged, Lenti-NGF treated subjects. The mean distance of NGF spread laterally from the site of
transduction per subject (in coronal sections) was 2.83 + 1.83 mm, and most injections were
located within 1 mm of p75-labeled basalis neurons. Enhanced levels of NGF immunolabeling
within cortical regions were not detected in aged subjects, suggesting a lack of distant NGF
transport to locations remote from the injection sites. Lentiviral vectors infected both host
neurons and glia within the region of the nucleus basalis (Fig. 1), with a nearly equal proportion
of infected cell types based on double immunoableing for GFP and neuron- or glia-specific
markers: 49.2 £ 0.8% of GFP-labeled cells co-expressed neuronal markers, and 50.8 + 0.8%
of GFP-labeled cells co-localized with GFAP.

Normal Aging Results in a Decline in Primate Cholinergic Neuronal Number and Size

Aging resulted in a significant decline in both the number and size of neurons immunolabeled
for p75 in the intermediate region of the cholinergic basal forebrain (Ch4i; Figs. 2, 3), consistent
with previous reports (Smith etal., 1999). The number of p75-labeled neurons was significantly
reduced in 4 aged control monkeys by 17% compared to young monkeys (Young: 37,656 +
345 (SD) vs. Age Control: 31,482 + 2,606; p<0.05). The size of remaining p75-labeled neurons
also significantly declined by 16% in control, aged monkeys (Young: 496.5 + 28.7 um? vs.
Aged: 417.6 + 9.9 um?; p<0.05). Thus, aging resulted in a significant reduction in the number
and size of basal forebrain cholinergic neurons labeled for a specific marker of basal forebrain
cholinergic neurons, the p75 low-affinity neurotrophin receptor (p75NTR). We previously
reported that these reductions represent a decline of functional markers in cholinergic neurons,
but not cell death, based on p75NTR and Nissl-stained cell counts in aged monkeys (Smith et
al., 1999).

Reversibility of age-related cholinergic neuronal atrophy by NGF gene delivery

Safety

Age-related declines in p75-labeled neuronal number and size were reversed in recipients of
Lenti-NGF injections (Figs. 2, 3). Mean p75-immunolabeled neuronal numbers in aged
recipients of NGF-secreting cells were restored to within 1.1% of values in non-aged subjects
(37,259 * 498 neurons), an amount that did not differ significantly from young subjects and
was significantly greater than aged control subjects (p<0.05) on post-hoc analysis. Similarly,
neuronal size in aged recipients of lenti-NGF vectors recovered compared to aged controls
(p<0.05), and exceeded the mean size of cholinergic neurons in young animals by 4% (517.4
+21.6 um?).

Regions of gene delivery evidenced minimal or no activation of inflammatory markers after
one year in the primate brain. Immunolabeling for CD45, CD3, and CD8 detects activated
microglia and several classes of leukocytes including T cells, monocytes, and granulocytes.
NGF treated-aged monkeys did not exhibit an elevation of CD3, CD8 or CD45 labeling in
regions of lenti-NGF injections (Fig 4). There was also no evidence of tumor formation in any
cell type near or remote from the gene delivery site. Adverse effects of non-targeted NGF
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delivery were also not observed: 1) subjects did not lose weight over the post-delivery period
(mean pre-treatment weight in lenti-NGF subjects, 13.0 + 2.1 kg; weight at one year, 12.8 +
2.8 kg); 2) Schwann cell infiltrations were not observed in the brainstem or spinal cord (not
shown); and 3) sprouting of sympathetic axons was not detected around the cerebral vasculature
in the subarachnoid space (not shown).

Cerebrospinal fluid was assayed for NGF levels by ELISA one year after lenti-NGF gene
delivery. In no case was NGF detectable, using an assay sensitive to concentrations of NGF of
1 pg/ml. Further, serum was assayed for potential formation of anti-NGF antibodies using an
ELISA that could readily detect NGF binding antibodies present in solution at a concentration
of < 0.5 ng/ml. No detectable NGF antibodies were found in serum samples taken either before
or after NGF lentiviral treatment.

DISCUSSION

Findings of this study indicate that lentiviral-mediated in vivo NGF gene delivery sustains
growth factor production for at least one year in the aged non-human primate brain, and that
this sustained delivery reverses age-related neuronal atrophy. Trophic effects on neurons are
reflected in both the number of neurons expressing the specific basal forebrain cholinergic
marker, p75 (Kordower et al., 1994), and the size of cholinergic neurons. Sustained lentiviral
NGF delivery was safe, without evidence of significant immune response, and without NGF
spread beyond the targeted brain region.

Previous studies have utilized ex vivo techniques to deliver NGF to the aged primate brain
(Emerichetal., 1994; Kordower et al., 1994; Smith etal., 1999). With natural aging in primates,
there is a significant reduction in the size and number of cholinergic markers, but without frank
cell loss by Nissl stain (Smith et al., 1999), indicating that cholinergic neurons undergo atrophy
but not death as a function of aging. Previous studies also reveal that declines in p75-labeled
neurons parallel declines in choline acetyltransferase (ChAT)-labeled neurons in aged
monkeys (Smith et al., 1999), and that ameliorative effects of NGF administration are reflected
on quantification of both p75 and ChAT neuron number. Analysis of the aged control group
in the present study confirms previous observations of age-related cholinergic atrophy by p75
labeling. Ex vivo NGF gene therapy has been reported to reverse atrophic effects of aging on
cholinergic markers three months after treatment in primates (Smith et al., 1999). We now
report neuroprotection using lentiviral in vivo NGF gene delivery, and persistence of these
effects over prolonged time frames of one year in the non-human primate brain. Thus, atrophic
effects of aging can be reversed for extended time periods by sustained growth factor delivery
to the primate brain.

Lentiviral NGF delivery to the primate basal forebrain sustained gene expression over one
year, evidenced by persistent GFP and NGF immunolabeling. Further, neither local nor remote
toxicity was observed. Specifically, there was no evidence of local neuronal loss, immune
response or tumor formation. Adverse effects of NGF distribution throughout the neuraxis did
not occur: subjects did not lose weight (Eriksdotter Jonhagen et al., 1998; Williams, 1991), did
not exhibit evidence of pain (Eriksdotter Jonhagen et al., 1998) (as reflected by general appetite
and activity in the home cage), and showed no Schwann cell hyperplasia in the subarachnoid
space (Winkler et al., 1997). Supporting this safety profile, NGF spread into the spinal fluid
was not detectable at the conclusion of the study. Further, serum anti-NGF antibodies were not
detected. Thus, prolonged NGF gene delivery appears to restrict delivery of NGF to the targeted
brain region without induction of detectable adverse effects and without a detectable build up
of NGF levels over time.
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Ex vivo and now in vivo NGF gene delivery (using AAV vectors) have undergone clinical
testing in the most common human neurodegenerative disorder, Alzheimer’s disease
(Tuszynski et al., 2005). The prolonged restorative effects and safety of in vivo NGF gene
delivery in this study support the rationale underlying these clinical trials. Ongoing controlled
trials in humans will ultimately determine whether NGF specifically will slow neuronal loss
and improve cognitive performance in Alzheimer’s disease. Yet a point of paramount
importance in testing the potential value of growth factors for any neurodegenerative condition
is the availability of a delivery method that can both achieve effective concentrations of growth
factors in regions of degenerating neurons, while restricting availability of those growth factors
only to degenerating neurons to avoid adverse effects that invariably result from spread beyond
the targeted region. Lentiviral gene delivery exhibits the potential to provide such a method.
We now present evidence that lentiviral NGF gene delivery in the primate brain, like AAV-
NGF gene delivery in the rodent brain (Bishop et al., 2008), elicits trophic effects in the adult
CNS, sustains in vivo gene expression for extended time periods, and results in no detectable
adverse effects. Lentiviral vector delivery of NGF does not result in detectable remote
expression of NGF in other brain regions; the restricted expression of NGF to sole sites of
vector injection could prove to be a useful property in future clinical application. Thus, AAV
and lentiviral vector systems both represent potentially useful vehicles for clinical gene
delivery in the adult CNS, meriting continued development.
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Nerve growth factor
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Figure 1. NGF and GFP immunolabeling in the gene delivery site

(A) NGF immunoreactivity in the basal forebrain region containing cholinergic neurons, in an
aged recipient of Lenti-NGF (see also Fig. 2; scale bar 1000 um). (B) At higher magnification,
dense NGF labeling is present both intra- and extra-cellularly after Lenti-NGF injection (scale
bar 50 um) (C) In contrast, extracellular NGF immunolabeling is not detectable in a young
control monkey that underwent injection of Lenti-GFP; thus, needle passage or control vector
delivery did not detectably enhance NGF expression (injection site shown; scale bar 1000
um). (D) At the level of individual neurons, NGF immunolabeling is relatively dense after
Lenti-NGF injection in aged monkeys. Scale bar 70 um in D-F. (E) In contrast, intraneuronal
NGF labeling is substantially lighter in young, lenti-NGF-injected control and (F) aged control
subjects. Lentiviral vectors infect both (G-I) neurons and (J-L) glia, indicated by double
labeling for the neuron-specific marker NeuN and GFP, or the glial-specific marker GFAP and
GFP, respectively (scale bar 20 um). Arrows indicate double-labeled cells.
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Figure 2. Cholinergic neuronal labeling in the Nucleus Basalis

Representative images of p75 immunolabeling (a specific marker for cholinergic neurons of
the basal forebrain) in the intermediate dorsal (ID) and ventral (1) components of the
cholinergic basal forebrain (Ch4i) in: (A) young control monkeys, (B) aged control monkeys,
and (C) aged, lenti-NGF treated monkeys. ap: ansa peduncularis; scale bar 500 um. Higher
magnification suggests reductions in neuronal number and size in (E) aged control subjects
compared to (D) young monkeys, and (F) possible reversal with lenti-NGF treatment in aged
subjects (scale bar, 100 um).
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Figure 3. Quantification of cholinergic neuronal number and size
(A) Aged monkeys exhibit a reduction in the number of p75-labeled neurons in Ch4i compared

to young monkeys; NGF gene delivery reverses this decline (ANOVA, p<0.05; post-hoc
Fisher’s, *p<0.05; aged control vs. young and aged control vs. NGF-Aged groups). Data

Aged-Control

Aged-NGF

presented here as mean =+ standard deviation, as is customary for stereological data. (B) Aged
monkeys also exhibit shrinkage in mean neuronal size compared to young monkeys; lenti-NGF
delivery reverses cell atrophy (ANOVA, p<0.05; post-hoc Fisher’s, *p<0.05; aged control vs.
young and aged control vs. NGF-Aged groups). Cell size data are presented as mean + standard

error.
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Figure 4. Inflammatory markers are not induced at sites of lenti-NGF gene delivery

(A) NGF-immunolabeling reveals robust in vivo gene expression in the same regions that CD3,
CD8 and CD45 are examined in subsequent panels B-D, in serial sections. (B) CD3, (C) CD8,
and (D) CD45 immunolabeling are not activated in the non-human primate brain one year after
lenti-NGF gene delivery. Labeling of peripheral leukocytes was performed as a positive control
for each label (not shown).
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