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Abstract Basal forebrain cholinergic neurons (BFCNs) are
one of the most affected neuronal types in Alzheimer’s dis-
ease (AD), with their extensive loss documented at late
stages of the pathology. While discriminatory provision of
neuroprotective agents and trophic factors to these cells is
thought to be of substantial therapeutic potential, the intri-
cate topography and structure of the forebrain cholinergic
system imposes a major challenge. To overcome this, we
took advantage of the physiological enrichment of BFCNs
with a low-affinity p75 neurotrophin receptor (p75™'~) for
their targeting by lentiviral vectors within the intact brain of
adult rat. Herein, a method is described that affords selective
and effective transduction of BFCNs with a green fluores-
cence protein (GFP) reporter, which combines streptavidin—
biotin technology with anti-p75N"™® antibody-coated
lentiviral vectors. Specific GFP expression in cholinergic
neurons was attained in the medial septum and nuclei of
the diagonal band Broca after a single intraventricular ad-
ministration of such targeted vectors. Bioelectrical activity of
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GFP-labeled neurons was proven to be unchanged. Thus,
proof of principle is obtained for the utility of the low-
affinity p75™'® for targeted transduction of vectors to
BFCNs in vivo.
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Introduction

Delivery of therapeutics to selected cell groups or tissues
is arguably one of the most promising and potentially
highly beneficial areas of pharmaceutical research and
theranostics. The notion of “magic bullets” eradicating
diseases or enhancing specific functions of selected cellu-
lar groups proposed at the turn of the twentieth century by
Paul Ehrlich has only recently been implemented with
moderate success in medical research, yielding first ben-
eficial results in experimental animals and preclinical tri-
als [1, 2]. The ultimate goal of targeting drugs or vectors
is to provide a broader therapeutic window via concentra-
tion of goods in desired cells or tissues, and to minimize
their off-site effects.

The differential vulnerability of various neuronal sub-
populations to neurodegenerative disease provides the
mechanistic grounds for the vast neurotherapeutic poten-
tial of gene targeting to different neurons. In particular,
targeted provision of long-term trophic support to certain
types of neurons or selective enhancement of the func-
tionality of synapses assaulted by diseases such as
Alzheimer’s (AD), Parkinson’s, Huntington’s, and Lou
Gehring’s (also known as amyotrophic lateral sclerosis)
can offer prospects of countering the progression of the
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neurodegenerative process with amelioration of neuronal
and synaptic functions [3-5]. In AD, for instance, loss of
basal forebrain cholinergic neurons (BFCNs) is thought to
contribute towards impairment of cortical and hippocam-
pal functions and synaptic plasticity, leading to severe
memory deficit with decline in cognition [6—9]. Both, be-
havioral and cognitive improvements in murine models
and enhanced viability of cholinergic neurons in aged
monkeys grafted with nerve growth factor (NGF)-secret-
ing cells supports the beneficial potential of supplying
protective or trophic agents to BFCNs [10—-13], while
the encouraging outcome from trials with implants of
NGF-expressing autologous fibroblasts into the forebrain
of patients with AD proves the clinical significance of
neurotrophic therapy [5, 14, 15]. However, targeted pro-
vision of potential therapeutics to BFCNs turned out to be
highly challenging, owing primarily to the intricate anat-
omy of the basal forebrain cholinergic system and wealth
of neuronal types residing within the basal forebrain (BF)
region. Attempts have been made at NGF delivery to
BFCNs by adeno-associated virus or lentivirus capable
of sustaining gene expression for prolonged periods [16,
17], with prevention of the loss of cholinergic neurons
in vivo [16, 18]. NGF delivery by a lentiviral approach
using tetracycline-regulated promoters is claimed to en-
able control over neuronal loss and protein production
within the brain [19]. The creation of CERE-110, an
adeno-associated virus 2 vector system for dose-
dependent delivery of NGF to BFCNs, has been reported
[20]. Nevertheless, without a targeted and effective deliv-
ery of neurotherapeutic candidates and vectors to BFCNs,
efforts at meddling with their biology and functions are
likely to prompt unfavorable side effects.

BFCNs are the only neuronal type in the forebrain
enriched with the low-affinity neurotrophin receptor p75
(p75N™) throughout development and especially in adult-
hood [21, 22]. While the functional significance of the
latter has remained unclear over the years, this unique
BFCN characteristic has been successfully exploited for
their targeted lesion with toxins and in vivo prelabeling
with fluorescence markers for behavioral and electrophys-
iological experiments [23-30]. To the best of our knowl-
edge, the utility of the p75™™® for targeting and delivery
of drug candidates or vectors to BFCNs has remained
unexplored. We hypothesized that the p75™'™® could be
used to facilitate the transfer of vectors to BFCNs in adult
rat brains in vivo, and describe here an effective and novel
method that affords targeted green fluorescence protein
(GFP) transduction and stable expression in these cells,
without compromising their electrophysiological charac-
teristics. The outstanding challenges and potential future
applicability of the described herein targeting strategy for
basic and translational neurobiology are discussed.
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Materials and Methods
Experimental Animals

All procedures involving rats conformed to the guidelines
approved by the research ethics committee of Dublin City
University (DCU) and the Department of Health and
Children, Republic of Ireland. Rats of mixed sex (n = 3-5
per in vivo experimental group; 43 animals in total), 1 to 3
months of age, were analyzed, except those used for the tissue
culture experiments, which were younger (n = 15; see below).
They were housed and bred in the animal housing facility of
DCU (21 + 1°C, humidity 36 + 2% in a 12 h light/12 h dark
cycle), with food and water provided ad libitum.

Preparation of Viral Vectors

Commercially available lyophilized mammalian expression
plasmid stocks were purchased from a repository (https://
www.addgene.org). These included the following for
second-generation lentiviral construction: 1) pMD2.G (5.8
Kb, cat. # 12259) encoding the vesicular stomatitis viral
envelope glycoprotein; 2) pWPT-GFP (9.47 Kb, cat. #
12255) for constitutive transgene expression—this vector
provided the GFP gene for subcloning into pWPI (11 Kb,
cat. # 12254); 3) pCMV-d R8.2 (13.45 Kb, cat. # 8455)
used for lentiviral packaging [31]. These plasmids were bac-
terially amplified followed by purification through a QIA
filter plasmid midi kit (cat. # 12243; Qiagen, Hilden,
Germany) with concentration and purity determination via
A260/280 nm ratio assessment. Verification of the correct
plasmid size was achieved using gel electrophoretic separa-
tion through 2% Tris-borate-ethylenediaminetetraacetic acid
agarose of restriction-digested linearized plasmids (BamH]1:
pWPT-GFP; Pstl: pMD2.G; EcoR1/XhoR1: pCMV—d RS.
2; New England BioLabs, Ipswich, MA, USA) with insert
sequence confirmation by double-stranded automated se-
quencing (Eurofins, Luxembourg). Stable transfection of
HEK293FT cells and viral collection from supernatants were
conducted under level II safety containment. Twenty-four
hours prior to transfection, HEK293FT cells were seeded
at 1 to 3 x 10° cells/10 cm Petri dish in RPMI-Glutamax
medium (61870036; Life Techologies, Carlsbad, CA, USA)
with 10% fetal bovine serum. All solutions were sterilized
by filtration through 0.22-um filters. The lentiviral transfer
plasmid pWPI-GFP (encoding transduction reporter trans-
gene), together with pCMV—-d R8.2 (packaging) and
pMD2. G (glycoprotein envelope) plasmid DNA were com-
bined at a ratio of 4:3:1. The precipitate was formed by
adding 100 pg DNA to 1 x phosphate-buffered saline
(PBS; 2 ml) and polyethylenimine [200 ul; cat # 23966
(Polyscience, Niles, IL, USA)]. The solution was briefly
vortexed and incubated at room temperature (RT) for 30
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min. Following this, the solution was mixed again by gentle
vortexing, and then added dropwise to the cells grown to
80% confluence. Flasks were rocked gently in a circular
motion to distribute the precipitates, and incubated for 2 h
at 37°C. Cells were gently washed once with 1 x PBS and
fresh growth medium added. Sixteen hours post-transfection,
the medium was replaced with RPMI supplemented with 5%
fetal bovine serum, unless otherwise stated, and incubated at
5% CO, for 24 h prior to the initial collection of viral su-
pernatant. A second collection was made after a further 24 h.
The conditioned medium from the 2 harvests was combined
with sedimentation of cells/debris for 15 min (1620 g)
followed by ultracentrifugation of the supernatant for 2 h
(70,409 x g). The pellet containing the viral particles was
resuspended in 1 x PBS (50-100 pl) and stored at —80°C.
The titer of viral particles was assessed with a 2-sided sand-
wich enzyme-linked immunosorbent assay for p24, as pre-
viously described [26]. Lentiviral infectivity was determined
by GFP expression 24 and 48 h post-transfection
(HEK293FT cells or primary neuronal cultures) as described
(for details see [31]). The fraction of infected cells was mea-
sured by flow cytometry (BD FACS Aria [; BD Biosciences,
San Jose, CA, USA), which sorted cells expressing GFP
from those lacking fluorescence. Also, 6 to 9-day-old prima-
ry neuronal cultures were exposed to lentiviral vectors for 48
h, followed by fixation of the tissue with paraformaldehyde
(PFA; 4% in 0.1 M PBS). After extensive rinses (3 x 15 min
in 1 x PBS), samples were air-dried and cover-slipped in
Vectashield mounting medium with 4’,6-diamidino-2-
phenylindole (H-1500; Vector Laboratories, Burlingame,
CA, USA) and image acquisition using a confocal
microscope.

Targeting Lentiviral Vectors

Sulfo-NHS-SS-Biotin (cat. # 21328; Thermo Fisher
Scientific, Waltham, MA, USA) was used for lentivirus bio-
tinylation, in line with the manufacturer’s instructions. In
brief, streptavidin was dissolved in ultrapure dH,O (10 pg/1
ul) and added to lenti-GFP at a 40-fold molar excess based on
vesicular stomatitis virus glycoprotein G (VSV-G; 70 Kd)
with incubation at 4°C for 2 h. Nonreacted sulfo-NHS-SS-
Biotin was removed by dialysis (12—-14 k molecular weight
cut-off) in 1 x PBS (pH 7.4) at 4°C overnight. The amount of
biotin bound to the lentivirus was estimated with 4’-
hydroxyazobenzene-2-carboxylic acid/avidin reagent (cat. #
H2153; Sigma-Aldrich, St. Louis, MO, USA), using a Pierce
calculator (http://www.piercenet.com/haba/habacalcmp.cfm).
The Link conjugation kit (cat, # 708-0015; Innova
Biosciences, Cambridge, UK) was used to conjugate
streptavidin (10 pg) to anti-p75 antibody (10 pg; cat. # 07 -
476, Millipore, Billerica, CA, USA) in 100 ul amine-free
buffer (10-50 mM, pH 6.5-8.5). Following overnight

incubation at RT, quencher reagent [1 ul; supplied in kit, cat.
# 708-0015 (Innova Biosciences)] was added for 30 min at
RT. Biotinylated lentivirus (5 x 10° lentiviral particles) was
combined with streptavidin conjugated anti-p75 (10 pg)
IgG and incubated for 5 h at RT. The effectiveness of conjuga-
tion was verified by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and Western blotting (12% polyacrylamide
gels). Targeted material was tested for infectivity in rat primary
neuronal cultures (2 pl; 9.0 x 10° IUs/ml), as specified [31, 32].

Stereotactic Surgery with Intraventricular Injection
of Viral Vectors and Cy3-IgG'*>

Surgical procedures for stereotactic injections were approved by
the research ethics and biosafety committees of DCU. Prior to
surgery, rats were immobilized in the stereotactic frame with their
heads fixed (Stoelting, Wood Dale, IL, USA). Experiments were
conducted under general anesthesia (ketamine, 50 mg/kg i.p.), as
described previously, and the depth of anesthesia monitored
throughout the surgery. The anti-p75™'® antibody targeted lenti-
virus (total volume 5 pl; 7 x 107 IUs/ul) was injected unilaterally
(0.2 ul/min) into the ventricle (anterio-posterior = —0.8, medio-
lateral = 1.2 from Bregma and dorso-ventral = 3.0 mm depths)
[33]. Control animals were treated similarly except that they were
injected with saline (0.9% NaCl) or nontargeted lenti-GFP (total
volume 5 pl; 7 x 107 TUs/ul). Similar stereotactic settings were
applied for injection of 5 pl anti-p75™'% 192-IgG conjugated
with cyanide dye Cy3 (Cy3-IgG'*?) (Advanced Targeting
Systems, USA). Postinjected animals were returned to the
bioresource facility and allowed to recover. Subsequently, the
rats were euthanized with sodium pentobarbital (Euthatal, 200
mg/kg i.p.; Pfizer, New York, NY, USA) and perfused with 150
ml 0.1 M PBS (pH 7.4), followed by 100 ml 4% PFA (pH 7.4).
The brains were removed and postfixed in 4% PFA at 4°C over-
night, cryoprotected with 30% sucrose in 0.1 M PBS, and sec-
tioned coronally at a thickness of 35 um on a freezing microtome
(CM3050 S; Leica, Wetzlar, Germany).

Immunohistochemistry and Confocal Microscopy

For histochemistry and fluorescence microscopic detection of
prelabeled neurons, brains containing rostral portions of BF
were prepared as described elsewhere [28]. Briefly, the free-
floating sections were collected in 0.1 M PBS (pH 7.4) with
0.1% NaNj (cat. # 438456; Sigma-Aldrich), washed 3 times
in 0.1 M PBS before incubation in 0.4% Triton X-100 (cat. #
T9284; Sigma-Aldrich) diluted in 0.1 M PBS for 1 h in dark-
ness at RT. After 3 washes in 0.1 M PBS, the tissue was kept in
blocking solution containing 5% bovine serum albumin and
2% rabbit serum for 1 h, followed by exposure to a goat
polyclonal antibody against choline acetyltransferase (ChAT)
(cat. # AB144P; Millipore) at 1:100 dilutions in the presence
of 0.4% Triton X-100 in 0.1 M PBS (overnight, RT). Slices
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were then rinsed with 3 changes of 0.1 M PBS (5 min each)
before incubation with rabbit antigoat H + L secondary anti-
body labeled with fluorescein isothiocyanate (cat. # ab6737;
Abcam, Cambridge, UK) at 1:1000 dilution in 0.1 M PBS. For
double labeling of ChAT and parvalbumin (PV; y-
aminobutyric acid-ergic neuronal marker), the same procedure
was applied followed by a blocking step with 10% rabbit
serum in 0.1 M PBS for 30 min before the addition of 5%
bovine serum albumin and 2% goat serum containing 0.4%
Triton X-100 in 0.1 M PBS for 1 h. This was followed by
exposure of brain slices to anti-PV antibody (cat. # P3088;
Sigma-Aldrich) at a 1:250 dilution, overnight at RT. Staining
with Alexa Fluor 594 secondary antibody (cat. # A11005; Life
Technologies, Carlsbad, CA, USA) diluted at 1:2500 in 0.1 M
PBS was performed for 1 h, after extensive rinsing of the
primary IgG. For double labeling of ChAT and GFP, slices
were stained for ChAT as described above except that rabbit
antigoat H + L secondary antibody with Alexa Fluor 594 (cat.
# A-11080; Thermo Fisher Scientific) at a 1:1000 dilution in
0.1 M PBS was used. This was followed by exposure of brain
slices to rabbit polyclonal antibody to GFP (cat. # ab290;
Abcam) at a 1:250 dilution, overnight at RT, followed by
staining with goat antirabbit H + L secondary antibody labeled
with FITC (cat. # ab6717; Abcam) diluted at 1:2500 in 0.1 M
PBS for 1 h, after extensive rinsing of the primary IgG.
Procedures for prelabeling of BF cholinergic neurons with
Cy3-IgG'*? in vivo, followed by ChAT staining were de-
scribed elsewhere [28]. After air-drying, slices were covered
with Vectashield hardset medium (H-1500; Vector
Laboratories). An internal control for the staining involved
omitting the primary antibody and inclusion of only the rele-
vant secondary antibody. Fluorescence micrographs were ob-
tained (%40 objective) using a laser scanning microscope in
epifluorescence mode (pinhole wide open; AxioObserver,
Carl Zeiss, Jena, Germany). Argon and helium/neon lasers
provided the A488,,, and A568,,, lines for excitation; the
emitted signals were sampled in a frame mode at spatial res-
olution of 30 nm per pixel with a 1.5-us dwell time. Neuron
counting was performed on fluorescence micrographs using
Image J (National Institutes of Health, Bethesda, MD, USA)
with a threshold-based approach [31].

Electrophysiological Recordings from BF Cholinergic
Cells

Cy3-IgG'* or GFP-encoding lentivirus preinjected rats were
used for electrophysiological recordings. Under deep general
anesthesia (ketamine: 120 mg/kg; xylasine: 10 mg/kg), rats
were decapitated, the brains removed rapidly and placed in
ice-cold artificial cerebrospinal fluid containing sucrose 75
mM, NaCl 85 mM, KCIl 2.5 mM, NaH,PO, 1.25 mM,
NaHCO; 25 mM, CaCl, 0.5 mM, MgCl, 4 mM, and glu-
cose 25 mM (pH 7.4), continuously bubbled with 95%
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0, and 5% CO,. Slices (300 um, coronal plane) were cut
and transferred for 30 min incubation at 32°C (95% 0,/5%
CO, bubbling) in the same solution, except that sucrose was
omitted and the concentration of Na' increased to 125 mM.
Subsequently, they were transferred to recording in artificial
cerebrospinal fluid (NaCl 125 mM, KCI 2.5 mM, NaH,PO,
1.25 mM, NaHCO; 25 mM, CaCl, 2 mM, MgCl, 2 mM,
and glucose 25 mM), where they were kept under continu-
ous bubbling at RT until used. Recordings were made in the
environmental chamber fixed to the stage of an Olympus
microscope (BX51; Olympus, Tokyo, Japan) under continu-
ous perfusion (1-2 ml/min). Cy3- and GFP-positive cells of
medial septum (MS) and diagonal band Broca (DBB) nuclei
were visualized using differential interference contrast and
fluorescence optics. GFP or Cy3 were excited at A488,.,
and A543, wavelengths, respectively; images (12 bit) were
obtained with 40x water dipping objective with a charge-
coupled device camera (Quantix 57; Roper Scientific,
Planegg, Germany) mounted on the microscope. Cy3-
IgG'”* and/or GFP-labelled neurons were analyzed. Patch
pipettes were pulled from borosilicate glass capillary tubing
(P97 puller; Sutter Instruments, Novato, CA, USA). For
cell-attached experiments, electrodes were filled with filtered
extracellular solution; for whole-cell experiments, an internal
solution of the following composition was used: KCH;05S
140 mM, KCl 5 mM, NaCl 5 mM, MgATP 2 mM, ethylene
glycol tetraacetic acid 0.01 mM, HEPES 10 mM, and Tris-
guanosine triphosphate 0.3 mM (pH 7.2). All recordings
were obtained in current-clamp mode (EPC10 USB;
HEKA, Ludwigshafen, Germany). Cell-attached configura-
tion was established by placing the tip of the recording pi-
pette in proximity to the soma of the neuron of interest
followed by application of weak negative pressure to facili-
tate the development of a loose seal (5002M) [34]. In whole-
cell experiments, after Giga-seal formation, the membrane
was ruptured and the electrode capacitance and series resis-
tance measured under voltage-clamp mode; the amplifier
was then switched into current clamp mode for monitoring
the evoked membrane responses. The output signals of both
cell-attached and whole-cell experiments were filtered at
10 kHz and saved for off-line assessments. The membrane
capacitance and resistance were tabulated for further calcu-
lations and comparison. Evoked responses were induced by
stimulation of neurons with rectangular depolarizing current
pulses (30-pA increments; 1 s) from hyperpolarized holding
potentials (close to —65 mV) maintained by steady direct
current injection.

Data Analysis and Statistics
Data are reported as means = SD with statistical significance

estimated using paired or unpaired Student’s ¢ test. The differ-
ence between samples was defined as significant if p < 0.05.
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Results

Within the BF, cholinergic neurons are densely intermingled
with y-aminobutyric acid-ergic, glutamatergic, and
peptidergic neurons. In rostral BF nuclei, the vast majority
(>95%) of cholinergic cells are enriched with p75™™ [35,
36]. Figure 1(A) illustrates coronal forebrain slices containing
MS and vertical limb of DBB nuclei immunostained for ChAT
and PV. In line with published literature, within the MS,
ChAT-positive cholinergic cells mainly occupy lateral areas,
while in the vertical limb of DBB they reside predominantly
within medioventral portions. We, and others, have shown the
extent of labeling of the MS and DBB cholinergic neurons
(ChAT-positive) with anti-p75™ ™ Cy3-IgG'** in young (2—
3-week-old) Sprague-Dawley rats [28, 37-39]. To verify if
similar labeling of ChAT-positive cells occurs with Cy3-
IgG'®? in young adult rats, with Cy3-IgG'**-positive neurons
exhibiting a neurophysiological phenotype of cholinergic
cells, 6-8-week-old animals were injected with Cy3-IgG'®?
and processed for microscopic analysis and electrophysiology
(Figs 1B-D and 4D-G). In both fixed (30 um) and live (300
um) slices (n = 3 and n = 6 animals per group, respectively),
numerous Cy3-labeled neurons could be seen in the injected
and contralateral sides, which, with no exception, were also
immune-reactive for ChAT (Fig. 1 B). Assessments of the elec-
trophysiological characteristics of Cy3-labeled neurons with
cell-attached or whole-cell recordings revealed spontaneous
or evoked firing activity similar to that reported previously

A

in BFCNs [40—43]. In acute brain slices, approximately a third
of Cy3-positive cells (6/21; 28.5%) revealed slow and irregu-
lar firing under cell-attached recording, with the rest electri-
cally silent (15/21; 71.5%) but firing transiently under
depolarizing conditions (30 mM extracellular K'; data not
shown). This pattern contrasts with spontaneous firing of
noncholinergic cells (i.e., Cy3-IgG'**-negative), which
displayed higher and more regular discharge characteristics
[26, 28]. Under whole-cell recording, Cy3-positive neurons
responded to direct depolarization either by 1) delayed-onset
repetitive discharge (Fig. 1D), or 2) rapidly adapting firing [9/
16 (56.3%) and 7/16 (43.8%); n = 5], in agreement with pre-
vious reports [43].

To find out if anti-p75™ ™ IgG can facilitate transduction of
viral vectors to BFCNs, we prepared naive and anti-p75™ '~
antibody-coated (targeted) vectors encoding reporter GFP
(Figs 2 and 3). The infectivity of the material was confirmed
in HEK293FT cells and in cultured cortical neurons, using
fluorescence microscopy and fluorescence-activated cell
sorting (Fig. 2C-Q). Effective transduction with expression
of GFP occurred under both settings 48 h after exposing cul-
tures to the naive virus, with a dose-dependent increase in
transduction of HEK293FT cells verified (Fig. 2C, D). The
broad tropism with infectivity of nontargeted vectors was also
demonstrated in neuronal cultures in vitro and by injections of
the material into ventral pallidium and hippocampal dentate
gyrus in vivo. Six to 8 days postinjection (107 viral particles
per 2.5 ul; n = 3 per group), animals were perfused and the

C

1gG192 Cy3

IgG-192 Cy3

Fig. 1 (A) Fluorescent micrographs of forebrain sections at the level of
the medial septum and diagonal band Broca (coronal plane), showing
anticholine acetyltransferase (ChAT) and antiparvalbumin (PV)
antibody-labeled neurons (left and middle, respectively) and their merged
representation (right panel). Scale bar = 100 pum. (B) Double anti-ChAT
antibody and Cy3-IgG'*?-stained neurons of horizontal limb of the diag-
onal band Broca (green and red, respectively) with their merged

D Cholinergic Non-cholinergic

20 mv |

0.1s

VI e

representation (right panel). Scale bar =20 pm. (C) Cholinergic neurons
prelabeled in vivo with intracerebroventricular injection of Cy3-IgG'**:
thick (300 um) acute slice (live epifluorescence image). Scale bar = 30
um. (D) Representative recordings of spontaneous and evoked firing
activity of cholinergic (left pair, Cy3-positive) and noncholinergic (right
pair, Cy3-negative) neurons under cell-attached and whole-cell condi-
tions (top and bottom, respectively)
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Fig. 2 (A, left) Schematic of a retroviridae lentivirus containing single-stranded RNA (dark blue) enclosed within a p24 capsid (amaranth pink) and P>
glycoprotein envelope (aqua); (right) Western blot of p24 capsid detected from denatured lentivirus. Lane 1: precision plus protein ladder; lane 2: band of
24 kD (arrow) representing p24 lentiviral capsid protein. Maps of plasmids used for production of second-generation lentivirus. (1) pMD-2G (for
envelope); (2) pWPI-green fluorescent protein (GFP; for transfer), and (3) pCMV-d-8.74 (for packaging) (lower left). Details reported previously in [31].
(B) Electrophoresis of restriction enzyme-digested plasmids with uncut counterpart separated on a 2% Tris-borate-ethylenediaminetetraacetic acid
agarose gel, 1-kb ladder (Invitrogen, Carlsbad, CA, USA) (unmarked left lane). Lanes 1 and 2: pWPI-GFP (9.5 kb) undigested and BamH1 digested,
respectively. Lanes 3 and 4: pMD-2D (5.8 kb) undigested and Ps¢1 digested, respectively. Lanes 5 and 6: pCMV-d-8.74 (12 kb) undigested and EcoR1/
XhoR1 digested, respectively. (C, D) A typical culture of transfected HEK293FT cells verifying the infectivity of nontargeted lentiviral material (C), with
cell sorting and counting (fluorescence-activated cell sorting) illustrating dose dependency of the GFP transduction of HEK293FT cells exposed to
different titers of viral particles. 4’,6-Diamidino-2-phenylindole (DAPI) was used for nuclear staining. Scale bar = 20 pm. (E-G) Immunohistochemical
validation of brain forebrain (BF) neuronal cultures containing choline acetyltransferase (ChAT)-positive cholinergic neurons (E) with their transduction
with GFP using nontargeted GFP encoding vectors (F, G). (G) Note the transduction of Cy3-IgG'**-positive neuron in vitro. Scale bars =25 ym (left) and
15 pm (middle and right). (G, H) Fluorescence micrographs of GFP-expressing neurons within the ventral pallidal (VP) region and hippocampal dentate

gyrus (DG). Scale bar =30 um

expression of GFP verified (Fig. 2H, I). In all cases, a strong
focal transduction at the site of injection was evident, with
GFP enriched in neuronal somata and processes, as well as
in glia. It is worth noting that intraventricular injection of
nontargeted GFP-encoding vectors also caused pronounced
labeling of the cells of ventricular wall and underlying glial,
with sparse GFP-positive neurons also scattered within the
adjacent dorsolateral and medial portion of caudate nucleus.
In MS and DBB nuclei, the vast majority of sparse GFP-
labeled cells were ChAT positive and constituted ~5% and
~0.4% of the cholinergic cell population, respectively (n = 3,
6 weeks postinjection) (see Fig. 5D).

To assess whether coating GFP-encoding vector with anti-
p75N™® IgG facilitates transduction of GFP to BFCN, as a
first step viral particles were biotinylated with sulfo-NHS-SS-
Biotin. Next, conjugation of streptavidin to anti-p75™ '~ IgG
was achieved using the Link commercial kit. All steps of these
reactions were monitored using biochemical assays (Fig. 3A,
B). It is worth stressing that anti-p75™ '~ IgG offers a better
choice for targeting viral vectors to BFCNs than NGF, be-
cause, firstly, biotinylation of NGF is known to reduce its
binding activity to neurotrophin receptors [45], and, secondly,
in addition to p75™ ™ enriched in cholinergic neurons, NGF
also binds the TrkA receptor expressed on cholinergic neurons
and other cells [46, 47]. Conjugates of anti-p75™'® IgG with
small fluorescence probes and neurotoxic peptides have been
shown to target and facilitate their effects in BFCNss [29, 30,
48). Hartig et al. [37] also showed that Cy3 bound to IgG'*?
selectively labeled BFCNs and stayed within these neurons
over several months [37], while IgG'*> conjugates of ribo-
some inhibitor peptide saporin have been widely used for their
lesions [22, 27, 29, 30]. Importantly, neither saporin nor Cy3
linked to IgG'** hindered its binding to p75™ ™ or internali-
zation by BFCNSs. These reports suggest that the mechanisms
of uptake or retroaxonal transport of p75™'® in BFCNs ex-
posed to Cy3-IgG'*? or saporin IgG'®* remain operational and
can possibly be used for targeting and delivery of vectors to
these cells.

Under our settings, intraventricular injection of anti-
p75N™® IgG-targeted vectors (107 viral particles per 5 pl; 3
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groups with 5 in each group) was followed by a recovery
period (2, 4 and 6 weeks) with subsequent perfusion and ex-
amination of GFP-labeled neurons in slices at 3 postinjection
time points (Fig. 4 A-E). To verify if conjugation of GFP-
encoding vectors with anti-p75™ ~ antibody can afford trans-
duction of GFP in BFCNs, a subset of animals also received
an additional intracerebroventricular injection of Cy3-IgG'*?
(n = 3—4/group). It is important to note that the cytotoxic
effects of saporin-IgG'*? on BFCNs implicate a release of
saporin from endocytotic compartments. As shown in Fig. 4
(B, C), in animals injected with targeted vectors, GFP labeling
was readily visible along the needle track through the motor
cortex (M2) with distinctive green fluorescence also present
within the ventral portion of the corpus callosum and the ven-
tricular wall. Most importantly, in addition to sparse green
neurons scattered within the dorsal septum, ventral areas of
pallidum and caudate areas, the neurons of MS, DBB, and the
more caudal preoptic nucleus exhibited dramatically enhanced
GFP labeling (Fig. 4D). Counting of GFP-Cy3 double-labeled
neurons at various postinjection time points revealed that all
GFP-positive BFCNs in MS and DBB nuclei also labeled
positive for Cy3- IgG'®2. Notably, the level of double labeling
of cells was markedly lower at the first point of evaluation,
and increased over a longer postinjection time (Fig. 4E). Such
dynamics are likely to reflect a gradual increase in the GFP
signal in transduced neurons, due to the accumulation of GFP
in BFCNs. Analysis of the bioelectrical activity and passive
properties of GFP-labeled neurons revealed a close match
with those of only Cy3-IgG'%*-labeled cells. Like Cy3-
labeled cells, a considerable fraction of GFP-positive neurons
showed slow and irregular spontaneous firing under cell-
attached recordings [6/19 (31.6%); n = 5], with the rest re-
maining quiescent (68.4%). Under whole-cell conditions,
GFP-labeled neurons responded to strong depolarizing pulses
with delayed and slow-onset firing or rapidly adapting spikes
[8/20 (40%) and 12/20 (60%); n = 5]. Comparison of passive
membrane properties of GFP- and Cy3-positive cells also un-
veiled their overlap (Fig. 4G, H), confirming that these repre-
sent the same subpopulation of neurons. To verify explicitly
the cholinergic phenotype of GFP-positive cells, MS- and



Targeting cholinergic neurons via p75NTR

| -

2 CMV VSV-G hGlob-pA
1 m
—H——-——— | 4
3 LTR RRE EF-1 GFP WPRE LTR
|—e— —
CMV  GAG TAT/REV RRE hins-pA

C D

AEs FAC-A
T T T T T
50° 100° 150° 200° 250°

BF / GFP

g,

DAPI/ ChAT

p24 pWPI-GFP MD-2G

pCMV

Lenti-GFP (X/5ul)

Pop. N % Mean
All 10000 100 6823
Green 2887 28.9 22957
Lenti-GFP (X/0.5ul)

Pop. N %  Mean
All 10000 100 1236
Green 1071 10.7 9584
Lenti-GFP (X/0.1ul)

Pop. N %  Mean
All 10000 100 207
Green 201 2.0 1733

@ Springer



Antyborzec et al.

B anti-p24 anti-VSVG anti-p75 LV anti-p75 IgG
250 250
20 150l w150 ‘
150 - Ll et
25| ai — e ' 1001 100 ]
- - . 100] - 75 75| |
@ 75
: 0 50
> e =
s
25/ 25
1 2 | 25 1 2 — 1 2 1 2

Fig. 3 (A) Schematic illustration of the targeting strategy adapted for
green fluorescent protein (GFP)-encoding lentiviral (LV) vectors to basal
forebrain cholinergic neurons (BFCNs) through their conjugation to anti-
p75N™ antibody. Biotinylation of lentivirus (LV; left) and covalent link-
age to streptavidin (S)-coated anti-p75™'® antibody (xp75; right) to form
LV-B-S-ap75 (below). (B) The progression of targeting was verified via
electrophoresis through 12% Bis Tris NuPAGE gels and Western blotting
with specific antibodies appropriate to the stage in the procedure.
Representative Western blots shown containing Precision Plus protein
ladder (Invitrogen, Carlsbad, CA, USA; left position on each blot).

DBB-containing coronal brain slices from animals injected
with targeted vectors were double stained for ChAT and
GFP (Fig. 5). As illustrated, in both cholinergic nuclei the
fraction of GFP-positive neurons was considerably higher
in rats injected with targeted vectors [~88% and ~76%, respec-
tively (n = 4); 6 weeks postinjection].

Discussion

Tight envelopment with transvascular barriers and compart-
mentalized structures make the central nervous system one of
the most challenging targets for therapeutic delivery. Owing to
the high sensitivity of neurons to chemical and biological
insults and their poor accessibility for nonviral vectors, espe-
cially in vivo, targeting viruses with transduction of beneficial
genes has been viewed as a promising therapeutic strategy.
Yet, remaining conceptual and methodical challenges
constrained applications of viral technologies to neurobiology
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Lane 1: p24 antigen (molecular weight 2kD) detected in lenti-GFP (lane
1) and biotinylated lenti-GFP (lane 2). Vesicular stomatitis virus glyco-
protein G (VSV-G) protein (molecular weight 57 kD) detected with anti-
VSV-G antibody in lenti-GFP (lane 4) and biotinylated lenti-GFP (lane
3). Backbone (fragment of 2 heavy and 2 light IgG chains) of anti-p75
antibody detected with anti-p75 in the anti-p75™ Nenti-GFP construct
(lane 5) against lenti-GFP (lane 6). Anti-p75 antibody (Millipore,
Billerica, MA, USA) before and after streptavidin conjugation (lanes 7
and 8, respectively)

research and preclinical studies, with their clinical use becom-
ing available only recently [49, 50]. One of the key objectives
of AD therapy is protection of BFCNs and synapses from
pathological insult, and restoration, or perhaps enhancement,
of cholinergic functions [51-53]. Emerging data suggest that
an adequate supply of NGF and TrkA mimetics are likely to
counter the neurodegenerative process and improve choliner-
gic functions [54-56]. Even though the outcome of early AD
clinical trials with systemic administration of NGF was gross-
ly unfavorable [56, 57], a more discriminatory supply of NGF
to BFCNs with tissue grafting led to notable improvements in
cognition with neuroprotection [5, 15]. Thus, successful use of
NGF for AD therapy, in addition to keeping low its off-target
effects, requires adequate bioavailability to cholinergic neu-
rons, and as such depends on currently available delivery
methods. Although these can be achieved by viral targeting
to BFCNS, the broad tropism of the majority of vectors con-
ceals risks of collateral effects, even after their intraventricular
and direct injection into the BF nuclei. Taking into
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Fig. 4 (A) Schematic illustration of the stereotactic injection of
targeted lentiviral (LV) vector (top) into the lateral ventricle
[intracerebroventricular (ICV) injection; bottom). (B, C) Low- and
medium-magnification images of forebrain slices illustrating the
areas with high density of green fluorescent protein (GFP) expres-
sion. Note that in addition to strong fluorescence of cells within the
cholinergic brain forebrain (BF) region (dashed boxes), strong GFP
fluorescence was also visible along the injection track (B, arrows)
and in ventral corpus callosum (arrowheads) (B), as well as within
the cells of the ventricular wall (C). (D) Double fluorescent (GFP-
and Cy-3 labeled) neurons (green and red panels) of the horizontal
limb of the diagonal band of Broca (DBB) with overlay imaged. (E)
Quantitative histograms of cell co-labeling data for medial septum

consideration these premises, we set out to develop a method-
ology that could enable targeted transduction of lentiviral vec-
tors to BFCNGs.

As an enveloped virion with relatively large transgene ca-
pacity, lentiviruses are widely utilized for delivery of vectors
to neurons in vivo. Low inflammatory and immunogenic char-
acteristics along with minimal toxicity and superior infectivity

4 weeks 4 weeks

and diagonal band of Broca nuclei. Note stronger co-labeling of
Cy3-positive neurons with GFP reporter at the later time points (4
and 6 weeks). (F) Representative cell-attached and whole-cell re-
cordings of firing activity of GFP-labeled BF cholinergic cells. (G,
H) Quantitative histograms of membrane capacitance and input re-
sistance (IR) of Cy3- and GFP-labeled neurons of medial septum
and diagonal band of Broca nuclei. The differences between these
readouts are insignificant (p > 0.05, paired ¢ test) M = motor cortex;
SCx = somatosensory cortex; CPu = caudate putamen; MS = medial
septum; VP = ventral pallidum; CCx = Cerebral Cortex;
AC = nucleus accumbence; MCPO = Magnocellular Preoptic
Nucleus

for terminally differentiated cells render lentiviral vectors es-
pecially suitable for delivery of genes into neurons, while their
intrinsic capability of integrating transgenes into the genome
of host cells with minimal risks for the activation of proto-
oncogenes ensures long-term expression of the genes of inter-
est—a critical condition for treatment of chronic conditions
such as AD [3, 58]. Despite the fact that lentiviruses belong to

@ Springer



Antyborzec et al.

Fig.5 (A, B) Schematic of coronal brain sections with areas used for cell
counting highlighted in gray. The insets show immunostaining, with a
horseradish peroxidase method, of cholinergic neurons of the medial
septum (MS) and diagonal band of Broca (DBB) nuclei. Description of
methodica details in [44]. (C) Double immunofluorescent [choline ace-
tyltransferase (ChAT) and green fluorescent protein (GFP)]-labeled neu-
rons of the MS. Arrows indicate cholinergic neurons nontransduced with

the superfamily of enveloped virions (which include a variety
of retroviruses, alphavirus, and herpes simplex virus, with
superb intra-axonal mobility) characterized by a long trans-
duction range, the VSV-G pseudotyped vectors used in the
present study were shown to exhibit limited intra-axonal mo-
bility [59, 60]. The latter is in agreement with scant labeling of
ependymal cells and few scattered GFP-positive cells of the
lateral septum and caudate nucleus after intraventricular injec-
tion of GFP-encoding lentiviral vectors. Although short-range
trafficking of these vectors cannot be excluded, no retroaxonal
transport of lentiviral vectors has been demonstrated, unlike
adenoviral systems [61]. We have shown previously that this
general “limitation” of lentiviral vectors becomes advantageous
after their conjugation with inactive full-length tetanus toxin
(TeTIM) or its He binding fragment in keeping the infection at
the injection site remaining fairly localized yet capable of long-
range propagation with transduction of motor neurons within the
spinal cord after peripheral administration [44, 62]. The most
parsimonious explanation for such dramatic change in the mo-
bility of vectors linked to TeTIM or Hc is their targeting of
neuronal acceptors linked with fast axonal retrograde transport,
which facilitates their propagation from the entry site at nerve
terminals to the perikarya of motor neurons. Because p75™ ™
was implicated in the uptake and retrograde transport of tetanus
toxin and its H¢ fragment in motor neurons [63, 64], we rea-
soned that the same mechanism could also be useful for vector
targeting the BFCNs. After all, p75™ ™ is strongly enriched in
BFCNs in the adult brain, and targeting of cholinergic cells by
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GFP. Scale bar = 100 pm. (D) Summary graphs illustrating the fraction of
the GFP-positive neurons from total pools of MS and DBB cholinergic
cells. ChAT-positive neurons are taken as 100% (gray bars) MS = medial
septum; M = motor cortex; SCx = somatosensory cortex; CPu = caudate
putamen; Ac = nucleus accumbence; VP = ventral pallidum; NTG =
nontargeted GFP vectors; TG = targeted GFP vectors

small peptides or fluorescence probes linked to IgG'*% has been
utilized for their labeling and destruction in vivo [22, 27, 29, 30,
32, 65]. Our data show that conjugation of vectors with anti-
p75N™® antibody does, indeed, enable targeted expression of
GFP-encoding vectors in BFCNs in adult rat brain.

To achieve tight linkage of anti-p75™'® to lentiviral vec-
tors, we used streptavidin-biotin conjugation. Owing to the
superb affinity (Kd = 107'°M) and stability of streptavidin—
biotin binding, this reaction has been used in previous studies
for targeting viral and nonviral vectors, as well as other cargo,
to various cell types [66—69]. It offers considerable advantages
over other adaptor systems, affording outstanding stability of
targeted materials. Reports of the successful use of
streptavidin-bound conjugation of retrovirus with antibodies
in other systems proved its suitability for our applications [70,
71], with data presented here extending its use for BFCNs
within the intact brain. As pointed out above, AD (and to
lesser extent physiological aging) is associated with a deficit
of cholinergic functions [21, 54, 72], and, as such, targeted
modulation of trophic signaling of BFCNs could be of high
benefit. Although discriminatory enhancements of neuro-
trophic functions of BFCNs is viewed as the prime area of
the future application of the described herein method, its use
for meddling with other processes also pertinent to the biology
and therapy of AD appears feasible, including modulation of
anticholinesterase activity, countering A3 toxicity, and phos-
phorylation of tau protein, as well as enhancement of lyso-
somal and mitochondrial functions.
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