Page 1 of 39 Journal of Neuroscience Research

In Vivo knockdown of Basal Forebrain p75 Neurotrophin Receptor

Stimulates Choline Acetyltransferase Activity in the Mature Hippocampus

Authors: Graham L Barrett*, Timur Naim, Jennifer Trieu and Mengjie Huang
Department of Physiology

University of Melbourne

Victoria 3010

Australia

* Corresponding author: grahamlb@unimelb.edu.au Tel: 61-3-8344 5869

Running Title: p75NTR Regulates Hippocampal ChAT Activity

Name of Associate Editor for Submission: Dr. Jean de Vellis or Dr. Rahmi Bansal

Key words: Nerve Growth Factor, Alzheimer’s Disease, Acetylcholinesterase, Gene Expression,

Knockout Mouse, RRID: RGD 737903

This work was supported by the National Health and Medical Research Council of Australia
(Project grant no. 628491) and by Circadian Ltd.
This is the author manuscript accepted for publication and has undergone full peer review but has not been

through the copyediting, typesetting, pagination and proofreading process, which may lead to differences
between this version and the Version record. Please cite this article as doi:10.1002/jnr.23717.

This article is protected by copyright. All rights reserved.


http://dx.doi.org/10.1002/jnr.23717
http://dx.doi.org/10.1002/jnr.23717

Journal of Neuroscience Research

ABSTRACT

We sought to determine whether knockdown of basal forebrain p75 Neurotrophin Receptor
(p75~™) expression would elicit increased hippocampal choline acetyltransferase (ChAT)
activity in mature animals. Antisense oligonucleotides (oligos) targeting p75™'~ were infused
into the medial septal area of mature rats continuously for 4 weeks. In all rats, the cannula
outlet was placed equidistant between the left and right sides of the Vertical Diagonal Band
of Broca (VDB). We tested phosphorothioate (PS), morpholino (Mo) and gapmer (mixed
PS/RNA) oligos. Gapmer antisense infusions of 7.5 pg/day and 22 pg/day decreased septal
p75"™ mRNA by 34% and 48%, respectively. The same infusions increased hippocampal
ChAT activity by 41% and 55%. Increased hippocampal ChAT activity correlated strongly
with septal p75™ '~ downregulation in individual rats. Infusions of PS and Mo antisense oligos

NTR
5

did not downregulate p7 mRNA or stimulate ChAT activity. These results demonstrate

that p75™™®

can dynamically regulate hippocampal ChAT activity in the mature central
nervous system. They also reveal the different efficacies of three diverse antisense oligo

chemistries, when infused intra-cerebrally. Of the three types, gapmer oligos worked best.

SIGNIFICANCE

A feature of Alzheimer’s disease and normal ageing is declining function of the cholinergic
cells that modulate the function of hippocampal neurons. This decline contributes to the
memory impairment seen in both conditions. Much of our current AD medication is aimed at
inhibiting acetylcholine breakdown, but there is considerable interest in developing new
therapics to stimulate the cholinergic cells themselves, to maintain hippocampal function. We

show that by targeting p75™ '~

, we can increase cholinergic activity in the hippocampus. This
is;likely to stimulate hippocampal function and thereby improve memory, and may become

an.exciting new area of drug development
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INTRODUCTION

Studies of p75™™ knockout models have revealed increased numbers of cholinergic neurons
in the basal forebrain (Barrett et al., 2010; Greferath et al., 2000; Naumann et al., 2002; Yeo
et al., 1997), and hypertrophy of cholinergic forebrain neurons (Greferath et al., 2012; Yeo et
al., 1997). Similar findings were reported in both of the p75™™ knockout models that have
been described extensively in the literature: One model has a truncating insertion in the 31
exon (Lee et al., 1992), while the other has a truncation in the 4™ exon (von Schack et al.,
2001). Further studies on the 3" exon model have revealed increased choline
acetyltransferase (ChAT) activity in the hippocampus and neocortex (Greferath et al., 2012;
Yeo et al., 1997) and an increase in the number of acetylcholinesterase - positive fibres in the
hippocampus (Greferath et al., 2000; Yeo et al., 1997). Greater dendritic complexity and
dendritic spine density in hippocampal neurons was found in both knockout models
(Zagrebelsky et al., 2005). These findings led us to propose that p75™'~ is a negative
regulator of the trophic state of the cholinergic basal forebrain system (Greferath et al., 2012).
It remains possible, however, that the cholinergic enhancement of the knock-out is a purely
developmental phenomenon, not indicative of p75™ '~ function in the mature nervous system.

NTR
5

We sought to determine whether p7 exerts negative regulation on the cholinergic system

in normal mature animals. To test this, we needed to “knock down” p75™'} in mature

NTR
5

animals that had developed in the presence of normal levels of p7 . We decided to use

antisense oligonucleotides directed against p75™ '~

mRNA, and to infuse them directly into
the medial septal region in normal mature rats

Forinwitro downregulation, the antisense approach has largely been superseded by RNA
interference (RNAI) techniques. RNAI has also been successfully applied to in vivo work, but
achieving robust results requires certain properties of the target cells and tissue. The
cholinergic basal forebrain is a particularly unfavourable target tissue (see Discussion). There

are numerous reports of the successful application of p75™ ™~

antisense DNA oligos in whole
animal in vivo experiments (Cheema et al., 1996; Epa et al., 2000; Lowry et al., 2001). For
the present study, performed in living mature rats, we therefore chose to use antisense
oligonucleotides to downregulate p75™ '~ gene expression in the basal forebrain.

We anticipated that sustained downregulation of p75™™®

would be required to produce a

measurable phenotypic change. To assess the effect of antisense treatment, we measured

ChAT activity in the target field of septal neurons, i.e. hippocampus. ChAT activity has

proven over decades of cholinergic research to be a reliable assay of cholinergic function

(Contestabile et al., 2008; Wu and Hersh, 1994). In previous work on p75NTR knockout mice,
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hippocampal ChAT activity was found to be upregulated by 77% in homozygous knockouts
(no functional p75™™® allele), and by 38% in heterozygous mice (one functional allele)
(Barrett et al., 2010).

The increase in ChAT activity in heterozygotes is noteworthy, in that antisense oligos can
downregulate their target proteins by 40% to 75% (Epa et al., 2001), comparable to the

5NTR js reduced in the heterozygote brain, compared to the wild-type

amount by which p7
(Murphy et al., 2015).
We elected to use three different types of antisense oligo, all with the same antisense

sequence. In addition to conventional phosphorothioate (PS) oligos, we used a hybrid

RNA/DNA oligonucleotide known as a gapmer. The more sophisticated design of the gapmer

allows the advantages of different oligo technologies to be incorporated into a single oligo.
Wealso included a morpholino (Mo) antisense oligo. Mo oligos are highly resistant to
nucleases, but are not substrates for RNAse H. Their antisense efficacy relies upon

translational steric hindrance.
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METHODS

Mature female rats were divided into treatment groups, as summarized in table 1. The rats
were aged between 6 and 12 weeks old at the start of the experiment. Oligonucleotides at the
appropriate concentration were dissolved in phosphate buffered saline (PBS) and loaded into
Alzet 2004 minipumps (Alzet, Cupertino, CA) by fine needle injection. Three concentrations
of gapmer oligos, spanning one log scale and corresponding to injection rates of 22 pg/day,
7.5 ng/day and 2.5 pg/day, were used. The wide dosage range reflects the paucity of literature
information about direct CNS infusion of gapmer antisense oligos, and thus of the optimal
doses with regard to toxicity and efficacy. The same concentrations were used for PS oligos,
with the omission of the highest dosage (22 pg/day) group due to toxicity concerns (see
Discussion). The third type of antisense oligo used in this study, the Mo oligo, was infused at
the medium level only, i.e., 7.5 ug/day.

There were two control groups for the experimental (antisense) compounds: one was the
vehicle (PBS) infusion; the other was the non-sense, or scrambled sequence, oligonucleotide.
This-oligo contained the same nucleotides as the antisense oligo, but in scrambled order.
Separate PS and gapmer non-sense oligos were made. The importance of using non-sense
oligos'with the same chemistry as the antisense oligos was to aid in distinguishing antisense
effects from non-specific oligonucleotide effects. Due to the large number of experimental
groups, complexity of the surgery, and technical difficulty of achieving uninterrupted 4-week
CNS infusions, we did not use a Mo non-sense oligo, and infused the Mo antisense at only

one-dosage level.

Details of Antisense Oligonucleotides

The antisense sequence used in all experiments was the 19mer:
ACCTGCCCTCCTCATTGCA, directed against a segment of the rat p75™ < mRNA that
spans'the start codon. The scrambled, or non-sense oligonucleotide sequence, was also a 19-
mer, with the same base constituents as the antisense oligo, but arranged in a scrambled order
“CTCCCACTCGTCATTCGAC. The gapmer, PS and Mo antisense oligos all used the
antisense sequence given above; the gapmer and PS non-sense oligos both used the non-sense
sequence indicated above. The gapmer structure consisted of short segments of PS DNA at
the 5’and 3’ ends, surrounding an inner core, or gap, of modified RNA residues. The gapmer
oligos, were made to order by Sigma-Genosys (USA), and supplied in HPLC-purified form.
The PS oligos were synthesized in our own laboratory, on an ABI 392 DNA synthesizer
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using standard phosphoramidite reagents (ABI, USA), and the sulfurizing reagent TETD
(ABI, USA). Trityl and protecting groups were removed at the end of the synthesis
procedures, and the PS oligos were purified by reverse-phase HPLC using an acetonitrile
gradient in water, with 1% triethylammonium. The Mo antisense oligo was purchased in
HPLC-purified form from Gene Tools (Philomath, OR, USA). As mentioned, we did not
include a Mo non-sense oligo.

Oligos were supplied or prepared in lyophilized form. All oligos were initially reconstituted
in-TE to a concentration of 0.75 mM, based on the mass of lyophilized oligo and their
respective molecular weights (5948 daltons for the PS antisense oligo, 6061 for the gapmer
and 6306 for the morpholino). Dissolution of the oligos was carried out for several hours with
shaking at room temperature, then allowed to continue overnight at 4 degrees Celsius, to
ensure completion of the dissolving process. Actual oligo concentrations were assessed by
0OD260 readings (OD254 for the Mo oligo), and oligos were further diluted in PBS to the
concentrations required for the 3 chosen dosage levels. Accordingly the Alzet model 2004
minipumps, which deliver 6.0 microlitres per day for at least 28 days, were filled with oligo
solutions of 0.6 mM, 205 uM and 68 uM. The highest concentration corresponds to a dosage
of 3.6 nanomoles/day (22 pg/day). The next concentration corresponds to 1.23
nanomoles/day, or 7.5 pg/day. The lowest concentration yields a daily dose of 0.41

nanomoles/day, equal to 2.5 ng/day.

Gapmer Design

The 19 bases of the antisense (and nonsense) sequence are linked by 18 nucleotide linkages.
The bases themselves are unmodified; the intricacies of chemical modifications of the gapmer
occur solely within the sugar component of the central segment and the inter-nucleotide
linkages of the two wing segments (figure 1). The 5’ and 3’ wings each consist of 5 DNA
nucleosides interconnected by 4 PS linkages. The 9 linkages forming the central part are
normal phosphodiesters, but the associated sugar group is modified ribose, rather than 2’-
deoxy ribose. The central part thus consists of RNA, with a methyl substitution at the 2’
hydroxyl group. The resultant nucleosides are commonly known as 2’- methoxy RNA
residues.

PS nucleotides have the advantage of relative resistance to 5’and 3’exonucleases, with
retention of RNAse H substrate activity. The minimum length of DNA segment to support
RNAse H activity has been reported to be 4-5 residues (Crooke et al., 1995; Juliano et al.,
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2005; Lima and Crooke, 1997), with some variability according to the position of the DNA
segment within the oligo (Crooke et al., 1995). Binding of PS DNA to the target results in a
DNA:RNA duplex in which the RNA strand become a substrate for RNAse H. The
endonuclease action of RNAse H divides the mRNA component of the duplex, and this leads
to exonuclease attack on the exposed ends of the fragmented mRNA, resulting in rapid
degradation. This is believed to be the major mechanism by which antisense DNA
oligonucleotides downregulate their targets. The major disadvantage of PS oligos is that non-
specific binding to proteins is much greater than with PO oligonucleotides, with
unpredictable consequences which may (and very often do) mask or overwhelm the antisense
effect. A further disadvantage of PS oligos is relatively weak duplex formation with the target
RNA sequence.

2’-modified RNA oligonucleotides, used in the centre of the gapmer, have several attractive
properties (Cummins et al., 1995; Inoue et al., 1987; Lesnik and Freier, 1998; Monia et al.,
1993). The 2’- methoxy substitution produces oligos with very strong annealing
characteristics. The 2’modifications also give rise to a significant degree of protection against
nucleases, so that they are much more stable in plasma and extracellular fluid, than RNA

itself.

Animal Surgery and Intracerebral Infusions of Oligonucleotides
Female Sprague-Dawley Rats (RRID: RGD 737903), weighing between 275 and 330 g at
the commencement of surgery, were used. Anaesthetized rats were placed into a stereotaxic
frame: The top of the head was shaved in the area around the lambda and bregma sutures.
Our objective was to place the cannula tip precisely in the midline, in the MS/VDB region
(figure 2). We wanted the cannula tip to be close to the MS and VDB, since both contribute
to hippocampal innervation; for practical reasons it was located in the VDB, but in close
proximity to the MS. A vertical midline approach to cannula insertion could not be used, due
to_the presence of longitudinal midline blood vessels beneath the skull. The burr hole in the
skull was made at an offset of 0.7 cm lateral to the midline, 0.8 mm rostral to bregma. The
cannula apparatus was inserted at a precise angle and distance to achieve the desired midline
VDB placement of the cannula tip. The cannula length inside the skull was 7.3 mm, and was
set at an angle of 19 degrees from vertical. The cannula manifold was attached to the skull
with cyanoacrylate glue. An Alzet osmotic minipump (model 2004) was implanted between
the scapulae, and joined to the cannula via 1 mm diameter polyethylene tubing. Correct
placement of the cannula outlet was verified by performing a series of cannulations in which
7
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Trypan Blue was infused (supplementary information fig S1). Post mortem analysis
confirmed correct and consistent placement of the point of infusion, in the midline of the
VDB. All procedures were approved by the animal ethics committees of The University of
Melbourne. Rats were kept on a 12h light: 12h dark cycle schedule and housed in groups of
one to three per cage. The rats were given food and water ad /ibitum during housing and

treated humanely throughout.

Dissection of Septum

The septum was dissected whole from each rat, without separation of the right from left,
since it was impossible to do so accurately. The MS/VDB is a midline structure in which
cholinergic neurons of the right side may be only several microns from their counterparts of
thedeft. Even the most careful dissection with minimal scalpel force causes sufficient tissue
deformation to make accurate separation of right and left impossible. Removal of the whole
septum, encompassing the lateral septum, medial septum and VDB, was straightforward,
since it separates along natural tissue planes from the corpus callosum dorsally, the lateral
ventricles dorso-laterally, and the striatum laterally. To achieve consistency in the rostral and
caudal extents of the septal slice, the brain was cut by coronal slice 2 mm rostral to the
cannula entry site; a caudal coronal slice was made at the site of confluence of the anterior
commissures, equivalent to the mid-point of the optic chiasm at bregma -0.2mm. The
resultant 3 mm thick middle slice was removed, and the septum teased away from the
neighboring structures described above. In this way we were confident of consistently
capturing the full extent of the MS/VDB, and a consistent amount of non-cholinergic lateral
septum in each case. Consistency of dissection was necessary for the validity of the PCR
controls — housekeeping genes which are expressed in all neurons, whether cholinergic or

not, and glia.

Measurement of p75NTR mRNA
We used quantitative PCR to measure mRNA in homogenates of bilateral septa, since it was
not possible to accurately and consistently separate left from right halves of septa. Our
method of quantification was based on the comparative Ct method (Bustin, 2002; Livak and
Schmittgen, 2001; Pfaffl, 2001), with extra modifications of our own. RNA was extracted
from each septum, and treated with DNAse (Promega, Madison, Wisconsin, USA) for 20
minutes in the presence of RNAsin ribonuclease inhibitor (Promega). Reverse transcription
was performed on 1 pg of undegraded RNA per 20 pl reaction, at 42 degrees Celsius for 30
8
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minutes. The reaction mixture contained Superscript III reverse transcriptase (Invitrogen,
www.thermofisher.com), 2.5mM of each ANTP, 100 uM random hexamers, 25 mM
dithiothreitol and 2 units of RNAsin ribonuclease inhibitor. The reaction was terminated by
heat denaturation (75 degrees, 5 minutes). One microlitre of cDNA was added to a
microcentrifuge tube containing Applied Biosystems SYBR-green premix
(www.thermofisher.com) and amplified by real-time quantitative PCR (qPCR). qPCR was
performed in a Corbett Rotor Gene 2000 (Corbett Research, St Neots, UK) , using 40 cycles
of 94.degrees for 20 seconds, 60 degrees for 5 seconds and 68 degrees for 10 seconds. A two
minute denaturation step was performed at the beginning of the first cycle, and a cooling step
after the 40" cycle. Basic analysis of PCR results was carried out using the software package
supplied with the machine. The conventional approach to comparative Ct is to choose a
“housekeeping gene” and use its mRNA level as a normalization factor. The assumption is
that expression of the housekeeping gene is constant. However, studies have shown this
assumption to be invalid for many of the housekeeping genes that have been used
(Schmittgen and Zakrajsek, 2000; Tricarico et al., 2002). We used two approaches to
minimize artefacts arising from imperfect controls. First, and most importantly, the same
RNA concentration was used in every reverse transcription reaction, across the whole study.
This measure is only useful if the RNA is of a uniformly high quality throughout. This
necessitates adherence to a policy of strict quality control. All RNAs were tested by agarose
gelelectrophoresis, stained by ethidium bromide, and assessed by the intactness and lack of
smearing of the 18S and 28S ribosomal RNA bands. Samples which showed unequivocal
evidence of degradation were discarded. In samples with distinct and strong 28S and 18S
bandsbut a minor or borderline degree of smearing, we deemed them acceptable if the
288S:188 intensity ratio > 1.4. A degree of RNA degradation can be tolerated if amplicon size
is;kept.small (generally agreed to mean less or equal to 100 bp) (Bustin, 2002). Secondly, it is
necessary to control for failures of reverse transcription or variations between quality of PCR
mixes (including variations in Taq Polymerase activity). This is usually done by measuring a
single housekeeping gene in parallel with the gene of interest. As discussed above, this can
lead to misleading results. We therefore monitored both a housekeeping gene, and 18S RNA.
We chose Glycerol-3-phosphate dehydrogenase (GAPDH) as the housekeeping gene. The
expression level of each RNA, (p75™'® mRNA, GAPDH mRNA and 18S RNA) was based
on the conventional method of taking the Ct point in each real time run. The Ct values for

GAPDH and 18S RNA were converted to their antilog values, then normalized (to avoid
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unequal weighting caused by the high level of 18S RNA) and averaged, and this number was
converted to its log equivalent to obtain a “reference Ct”. This value was derived for each
RNA sample, and used as the control for the Ct of the target gene (p75™ ' ). The mean value
of p75N™ mRNA in the group treated with gapmer nonsense 7.5 pg/day, with each value
adjusted according to its own reference Ct, was arbitrarily set to unity. The mean p75™ '~
mRNA value for all other groups was then expressed relative to the gapmer nonsense group.

The primer pairs and amplicon sizes were as follows: p75™ '~ (5-CAGACCCATACGCAGACT-3,

5’-ACCTCCTCACGCTTGGT-3’, amplicon size 89 bp); GAPDH (GTGAAGGTCGGTGTGAA,
CGTTGATGGCAACAATGT, amplicon 95 bp); 18S RNA (GTAACCCGTTGAACCCCATT,
CCATCCAATCGGTAGTAGCG, amplicon 121 BP)

Measurement of Choline Acetyltransferase Activity

ChAT assays were performed as previously described (Greferath et al., 2012). Briefly,
dissection of left and right whole hippocampi was carried out. The hippocampi were placed
on ice, and divided into 5 equidistant segments by making 4 scalpel cuts normal to the long
axis. The first (most dorsal), 3" (middle) and 5™ (most ventral) segments were pooled and
snap frozen, using liquid nitrogen immersion, and transferred to a -84 degrees Celsius freezer
for subsequent ChAT assay. The second and forth segments were placed in formalin fixative,
to allow the possibility of subsequent histochemistry (not performed). ChAT assays were
performed within a week of freezing. The left and right hippocampi of each rat were
measured separately, and their ChAT activities were regarded as independent items of data.
Thus the group of 7 rats that were treated with 7.5 pg/day of gapmer antisense oligos yielded
14 data points (n=14) for hippocampal ChAT activity. We felt this was justified by the results
of the'PBS control group, and the nonsense oligo-treated groups, in which the degree of
correlation between ChAT activities of left and right hippocampi was statistically

insignificant.

Statistics

The effects of the various treatment regimes on ChAT activity were analysed by one-way
ANOVA using Minitab (State College, PA, USA) version 16. Pairwise comparisons were
then done by Tukey’s post-hoc method, again using Minitab software. Correlations between
datasets (e.g., between ChAT activities of the right and left hippocampi in control animals)

were assessed by regression analysis with ANOVA, using Minitab version 16.
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RESULTS

Downregulation of p75NTR mRNA in rats treated with gapmer antisense (AS) oligos.
Real time PCR was used to measure p75™ '~ mRNA levels in the dissected whole septum of
treated rats at the end of the 4 week infusion period. Rats were treated with continuous 4-
week infusions of PBS or gapmer oligos at one of three dose levels (figure 3A). The tip of
the delivery cannula was positioned in the midline of the VDB, close to the junction of the

MS, to enable bilateral downregulation of p75™'™~

in cholinergic MS and VDB neurons. The
slice-of septum was taken from the confluence of the anterior commissures to a point 3 mm
rostral to this, and contained the entire bilateral MS/VDB region. The amount of non-
cholinergic lateral septal tissue in this slice was considerable, but was consistent from animal
to animal. Whilst it was easy to separate the septum from surrounding structures, it was in
practice impossible to accurately separate the left from right components. We therefore report
mRNA levels that reflect the aggregate of both sides, rather than separate measurements of
right and left. The level of p75™ ' mRNA relative to housekeeping gene RNA was measured
using the delta-delta Ct method for quantification. Two housekeeping RNAs (18S RNA and
GAPDH mRNA) were measured in each septum, and their combined values were converted
to a reference Ct, as described in Methods. The mean value of the p75:housekeeping quotient
for the 'group that received gapmer nonsense (NS) oligos at 7.5 pg/day was arbitrarily set to
unity,-and the values for all other groups are relative to this group. Analysis by one-way
ANOVA showed a significant main effect of gapmer oligo treatment on p75™ * mRNA. (N
(total number of rats) =43, F ¢3¢ =4.22, p < 0.005). Using Tukey’s post-hoc comparisons, we
found that p75™ ™ mRNA was significantly lower in the 7.5 pg/day gapmer antisense group:
0.66%0.12 versus 1.0 £ 0.11 in the equivalent nonsense group (N = 6 (NS) & 7 (AS), p

<0.01). In other words, p75™ '}

mRNA was downregulated by 34%. In the group that
received gapmer antisense at 22 pg/day, p75™'* mRNA was downregulated by 48%, relative
tothe'gapmer nonsense 22 pg/day group (N = 4 per group, p <0.01). The p75 mRNA levels
of'the 7.5 pg/day and 22 pg/day gapmer antisense groups were also significantly reduced

with respect to the PBS group.

Effect of 3 oligo chemistries on p75" < mRNA levels

Neither the PS or Mo antisense oligos decreased p75™ ™~

mRNA compared to the PS non-
sense or the PBS groups (figure 3B). In the case of the Mo oligo, this was to be expected,

since Mo oligos do not activate the RNAse H mechanism, but work via steric hindrance of
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translation. Unlike the other two oligo types, Mo oligos can downregulate the target protein

without concomitant mRNA downregulation

Hippocampal ChAT Activity. 1. Control Rats; Lack of correlation between left and
right hippocampi. We aimed to deliver antisense reagents precisely to the midline of the
anterior part of the basal forebrain, in the region that contains the cholinergic neurons that
project via the fornix to the hippocampus. Any inaccuracy in placement could bias the
antisense perfusion to one side, leading to asymmetrical p75" ' “downregulation in the left and
right MS/VDB. According to our working hypothesis, that p75™"* downregulation stimulates
ChAT synthesis, asymmetric perfusion would be reflected in asymmetrical effects on ChAT
activity in the left and right hippocampi. If it could be assumed that, for a given animal, the
initial ChAT activities of the left and right hippocampi were equal, then disparities between
left and right hippocampal ChAT activities at the end of the treatment period could be used to
assess deviations from equality of antisense dosing between the two sides of the basal
forebrain. It was therefore important to ask whether left and right hippocampal ChAT
activities were highly correlated in individual control animals. In the PBS control group, the
infusion of 6 ul of buffered saline per day is not likely to have any impact on ChAT
expression, regardless of possible deviations from perfectly symmetrical infusion of the two
sides of the basal forebrain. There was no correlation between left and right hippocampal
ChAT activities in individual rats, however, as shown by the scatter plot (figure 4A). The
Pearson correlation coefficient (r) was just 0.23 and statistically insignificant (p = 0.6,
ANOVA). The regression equation was ChAT (Right) = 141 + 0.135 x ChAT (Left) but the
value of R-squared, the regression coefficient of determination, was small and statistically
insignificant (R2 = 0.051,n=8, F16=0.32, p=0.59. It is evident that the ChAT activities of
left and right hippocampi in control rats were essentially independent of each other. This
perhaps surprising result means that the variation of hippocampal ChAT activity between rats
was no greater than the variation between right and left within rats. The sample size of PBS
rats was rather small, however. As we shall discuss below, the hippocampal ChAT activity of
rats that were treated with gapmer control (nonsense) oligos at 2.5 ug/day and at 7.5 ug/day
did not differ significantly from the PBS group, nor from each other. This enabled us to pool
these 3 groups (i.e., PBS, gapmer nonsense 2.5 pg/day and gapmer nonsense 7.5 pg/day), to
increase the sample size for comparison of right versus left CHAT activity within individual

rats. The resulting scatter plot, obtained from the pooling of these 3 groups, again revealed a
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lack of correlation between left and right hippocampal ChAT activities (figure 4B). The
value of the correlation coefficient r was 0.28 and statistically insignificant (p=0.18,
ANOVA). The regression equation was ChAT (Right) = 115 + 0.265 x ChAT (Left) but the
coefficient of determination, R-squared, was small and statistically insignificant (R*=0.08,
n=21, F | 19=1.94, p =0.18). This lack of correlation between ChAT activities of
hippocampi in individual rats meant that we could not use post-infusion differences to gauge
the extent of asymmetrical dosing of left and right in single animals. In another respect, the
lack of correspondence was an advantage: it meant that each hippocampus could be
considered as an individual entity for statistical purposes. This had the effect of doubling the

sample size N in each treatment group.

Gapmer p75NTR antisense oligos stimulate hippocampal ChAT activity relative to
nonsense and PBS-treated controls

In these analyses, we did not combine right and left hippocampal ChAT values to obtain an
aggregate value for each rat. Each hippocampus was considered an independent unit, since
there was no significant correlation between right and left hippocampi in untreated (control)
rats, as described in the preceding section. There was a significant main effect of gapmer
oligo treatment on hippocampal ChAT activity, as revealed by one-way ANOVA analysis (N
= 86, treatment effect F 79 = 11.13, p < 0.0001). Further analysis by Tukey’s post-hoc tests
revealed that gapmer antisense at 7.5 pg/day and at 22 pg/day stimulated hippocampal ChAT
activity, relative to PBS and to nonsense treated groups (figure 5A). At 7.5 pg/day, p75~ '~
antisense caused a 41% increase in hippocampal ChAT activity relative to the cognate non-
sense group (N = 12 (NS) & 14 (AS), p < 0.01). At 22 pg/day, p75"™ antisense elicited a
55% increase in ChAT activity, relative to the same dose of nonsense gapmer oligo (N = 8
per group, p < 0.05). At 2.5 pg/day, however, p75™"™" antisense infusion had no observed

effect on hippocampal ChAT, relative to nonsense treatment or PBS treatment.

PS oligos suppress ChAT activity, but this effect is non-sequence-specific.

PS oligos were infused at 2.5 pug/day and 7.5 pg/day (figure 5B). Dosages greater than 7.5
ug/day were not used in the present study, due to concerns about toxicity (see Discussion).
Infusion of PS oligos clearly had an effect on hippocampal ChAT activity, relative to PBS, as
shown by the highly significant main treatment effect (N = 54, treatment effect F4 49 = 20.12,

p < 0.0001). Post-hoc comparisons by Tukey’s method revealed no differences between any
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of the 4 PS oligo-treated groups. All 4 PS oligo groups, however, had significantly lower
ChAT activity than the PBS control group (p < 0.05 for each of the 4 comparisons). Thus the
suppression of ChAT activity by PS oligos was not sequence specific, and clearly not an

antisense effect.

Mo p75NTR antisense infusion results in a level of ChAT activity intermediate between
PS and gapmer antisense oligos.

Inclusion of the Mo antisense group allowed us to compare the effects obtained by 3 different
antisense chemistries (figure 5C). The Mo p75™'® antisense oligo was infused at 7.5 pg/day,
since experience with other oligos suggested this dose to be the best compromise between
maximizing antisense efficacy and minimizing toxic eftects (i.e., non-sequence-specific
suppression of ChAT activity). It is clear, however, that Mo antisense treatment did not
stimulate hippocampal ChAT activity compared to the PBS or gapmer nonsense groups. The
omission of a Mo nonsense group was therefore of no practical consequence. In the 5 group
comparison of figure 4C, ANOVA revealed a strong main effect of treatment (N = 74, F 449 =
36.6, p < 0.0001), but only the gapmer antisense oligo increased hippocampal ChAT relative
to.the PBS and gapmer nonsense groups (p < 0.05). In view of the ANOVA’s strong
treatment effect, the failure of Mo oligo treatment to produce any effect on ChAT level

NTR

suggests that these oligos did not significantly change the level of p75~ " protein.

Level of p7SNTR Expression is Inversely Correlated to Hippocampal ChAT Activity

Therewas a significant inverse correlation between septal p75~ ~

mRNA expression and
bilateral ChAT activity in rats treated with gapmer p75™ ' * antisense oligos (figure 6). The
R-squared value ( 36.8%) suggests that at least 37% of the difference in ChAT activities
could;be attributed to the antisense-mediated downregulation of p75™™" mRNA. Not

NTR
5

surprisingly, there was no evidence of correlation between p7 mRNA downregulation

and ChAT activity in rats treated with PS or Mo antisense oligos.

DISCUSSION

We used gapmer antisense oligos to downregulate p75™ '~

mRNA in the septum of mature
rats, and showed that this caused a significant increase in hippocampal ChAT activity.
Moreover, there was a correlation between the degree of p75™™* mRNA downregulation, and

the magnitude of the increase in ChAT activity. This is consistent with the increased ChAT
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activity (and cholinergic hypertrophy) found in p75™ '~ knockout animals, but extends the
knockout findings by showing that the inverse relationship between p75SNTR expression and
ChAT activity is not solely a developmental phenomenon. The functionality of the
cholinergic system that innervates the hippocampus of normal, mature animals is also subject

NTR .
57" expression.

to negative regulation by p7
The two hippocampi of each rat were treated as separate and independent entities for
statistical purposes, since their ChAT activities showed no correlation to each other. This
may be-a novel finding; it does not seem to have been noted in any previous rat studies. It
may also be an artefact of the left-sided cannulation, although this is unlikely since the

cannula did not make contact with either the fimbrio-fornix or hippocampus.

Role of p75"™®

The concept that cholinergic basal forebrain p75™'~ promotes effects opposite to those
usually attributed to neurotrophins, has emerged from studies of the Exon III and Exon IV
p75" ® knockout mice. Knockout studies are limited in what they can tell us about function
of a gene product in the mature organism. To determine unequivocally the post-
developmental role of p75™'X, it is necessary to modulate its expression in a mature animal
that has developed with a normal spatio-temporal pattern of p75™'™ expression. In the present
study we investigated the effect of knocking down p75™'~ expression in normal adult rats, by
measuring hippocampal ChAT activity.

The gapmer data was clear-cut. We observed p75™ ™%

mRNA downregulation with the
gapmer oligo, at doses of 7.5 pg/day and 22 pg /day. Reducing gene expression of p75™ '~ in
the septal VDB region of the basal forebrain caused enhancement of cholinergic activity in
the hippocampus. We infer from this that p75™™" acts as a brake or suppressor on the level
of cholinergic activity in the mature brain.

Recently, Coulson and coworkers used the cre-lox system to investigate the effects of
reducing or ablating p75™'~ expression in postnatal animals, isolated from the developmental
sequelae of conventional p75™ '~ knockouts (Boskovic et al., 2014). Their findings supported
the consensus view that p75™ '~ has a negative role in the basal forebrain, in agreement with
studies of knockout animals (Barrett, 2000; Greferath et al., 2000; Naumann et al., 2002;
Walsh et al., 1999; Yeo et al., 1997). An interesting point of difference was the absence, in

NTR
5

the cre-lox study, of any clear effect of p7 on hippocampal function. A number of

NTR
5

groups have shown major effects of p7 on the hippocampus (Krol et al., 2000; Salama-
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Cohen et al., 2005; Woo et al., 2005; Zagrebelsky et al., 2005). It may be argued in some
cases that these were primarily developmental effects of p75™ <. An alternative explanation
for the discrepancy is that the lack of hippocampal phenotype was due to incomplete cre-lox-
driven inactivation of p75~ '~ in VDB cholinergic neurons: Cre recombination in cholinergic
neurons apparently varied between 60% and 90% in individual animals (Rossi et al., 2011),
but Coulson and co-workers point out that they used animals only from strains with the
higher recombination frequencies. There was no information on spatial variation in
recombination efficiency between the different parts of the cholinergic basal forebrain.
Another possible cause for the discrepancy in results is that the Morris water maze is a less
sensitive cognitive test than the Barnes maze, due to greater inputs from confounding
physical fitness and stress variables. Based on the history of investigations on the original
p75N™® knockout, it is likely to require further work to unlock the secrets of the new cre-lox
animal developed by Coulson and co-workers. One clear finding from the cre-lox model of
Coulson’s group is that neocortical ChAT levels are dependent upon p75™ ', such that
reduction or ablation of p75SNTR expression leads to elevated ChAT activity. This is

consistent with findings by Longo’s group some years ago (Yeo et al., 1997).

Secondary Study: Comparison of intra-cerebral efficacy of 3 antisense chemistries

To improve our chances of successfully targeting p75™ '~ by intra-cerebral infusion, we used
three-different antisense chemistries. The extra work involved in performing the same basic
experiment in triplicate, with three types of antisense oligo, enabled us to compare the
efficacy of these oligos for direct intra-cerebral delivery.

We chose to use an oligonucleotide sequence directed against the 5’region of the coding
sequence of the mRNA, including the initiation codon, because this antisense oligonucleotide
has consistently produced downregulation of p75™"™" mRNA and protein in a variety of cell-
types.and tissues, both in vitro and in vivo.(Barrett and Bartlett, 1994; Barrett and Georgiou,
19965 Cheema et al., 1996; Epa et al., 2000; Epa et al., 2004; Lowry et al., 2001; Soilu-

Hanninen et al., 2000). The same sequence was used in each of the 3 antisense chemistries.

Choice of Types of Antisense Oligos

The majority of published antisense experiments have used DNA oligos with an all-PS
backbone. The PS modification confers nuclease resistance whilst retaining RNAse H
compatibility, potentially causing scission of the target mRNA. The chief disadvantage of PS
oligos has proven to be a high degree of “stickiness” to proteins, leading to unpredictable
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oligo-protein interactions. The proclivity of PS oligos to produce phenotypical effects as a
result of oligo-protein interactions led to a negative perception of antisense as an
experimental tool. Initially hailed as magic bullets, antisense experiments came to be viewed
by many as inherently unreliable and often misleading. Intensive developmental efforts have
since led to improved antisense technologies with reduced non-specificity and greater
antisense efficacy. Two of the most popular of the new generation (often called third
generation) antisense technologies are gapmer oligos and morpholino (Mo) oligos. We
restricted the present study to just three antisense chemistries: We used PS oligos, despite
their shortcomings, because they have been successful in delineating p75™'™~ function in
neurons of the peripheral nervous system, both in vivo and in vitro (Barrett and Bartlett,
1994; Barrett and Georgiou, 1996; Barrett et al., 1998; Cheema et al., 1996). Additionally, we
used gapmers and Mo oligos. All oligos were administered by continuous intra-cerebral

infusion for 4 weeks.

Oligo efficacy
Only the gapmer produced reliable p75™ " mRNA downregulation, and the modest degree of

downregulation that was achieved required surprisingly high doses. PS oligos, on the other
hand, were not effective. We avoided very high doses of PS oligos, in view of reports that
they have toxic effects on brain tissue (Le Corre et al., 1997; Peng Ho et al., 1998). In the
present study, even at the low-to-medium dose ranges of 2.5 and 7.5 pg /day, PS oligos had
non-sequence-specific effects that lowered ChAT production and failed to downregulate
p75" ™ mRNA.

As'would be expected, morpholino oligos, which work only by translational hindrance, and
do not activate RNAse H-mediated mRNA lysis, did not show any effects on p75™"* mRNA

levels: More importantly, they did not produce an elevation in ChAT levels.

Why not RNAi?: Rationale for Use of Antisense Oligos

It has been well documented that there are many problems and pitfalls associated with the use
of antisense oligonucleotides to reduce gene expression (Agrawal, 1999; Agrawal and lyer,
1997; Benimetskaya et al., 1995; Henry et al., 1999; Juliano et al., 2005). RNA interference
(RNAI) has become the preferred means of reducing gene expression, particularly in vitro.
The successful deployment of RNAi usually involves virus-mediated introduction of vectors

into cells, where they express antisense RNA strands that hybridize with the mRNA target.
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Unfortunately the virus approach is not well suited to the cholinergic basal forebrain system.
The cholinergic neurons are not an anatomically compact group; they are widely dispersed
and are intermingled with many other neurons, including GABAergic and glutamatergic
neurons. The widely disseminated,, sparse localization of cholinergic neurons presents a
major impediment to the use of viral RNAi: It is essentially impossible to target more than a
small portion of basal forebrain cholinergic neurons with a virus introduced from a point
source; the vastly higher molecular weight of an adenovirus, for example (approx. 150,000
kiledaltons) relative to an oligo (6 kilodaltons) — a mass ratio of 25,000 to one means that its
diffusibility will be much lower. Several point sources would be required to
comprehensively target the MS and VDB neurons that project to the hippocampus. This
would entail several cannulation sites, adding greatly to the experimental difficulty,
variability and scope for error. In our view, this makes the viral RNAi approach unfeasible.
Another well-known RNAi technique employs double stranded RNA oligonucleotides,
sometimes in conjunction with lipofection to assist uptake. This approach has not been
successful in vivo, since RNA oligos are rapidly degraded by extracellular and intracellular
nucleases. Moreover, the modifications that are used to make oligos nuclease-resistant, such
as the PS backbone, are often incompatible with RNAi mechanisms (Juliano et al., 2005;

Kanasty et al., 2013). It was therefore not feasible to undertake this in vivo study with RNA.

Significance

NTR

The finding that targeting p75~ " in the MS/VDB of mature animals stimulates ChAT activity

inrthe hippocampus is important, because pathology of the septo-hippocampal system, and of

closely related medial temporal structures, is intimately connected to the pathogenesis of AD.

Moreover, the septo - hippocampal system is of fundamental importance in memory function.

NGF has long been seen as a candidate therapeutic agent in senile dementia, but has proven
problematic in many ways. There is ongoing interest in neurotrophin mimetics as putative
therapeutics, but successful drugs have yet to emerge. The present report strongly endorses

NTR
5

the case for p7 as an alternative therapeutic target by which to stimulate cholinergic

activity and thereby achieve positive cognitive outcomes in AD.
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Figure Legends

1. Chemical structure of “inverted gapmer” oligonucleotides. A. The central core segment is
composed of modified RNA residues. These residues differ from normal RNA residues only
in that the 2’ hydroxyl group is replaced by a methoxy group. B. The antisense and nonsense
control versions consisted of short “wings” of PS DNA surrounding the 9 residue 2’
methoxy RNA central segment. There are 5 DNA residues at the 5° end and 5 DNA residues
at the 3’ end. C. Sequence and linkage summary of the antisense and nonsense inverted
gapmers. The presence of DNA segments means that the mRNA:oligo duplex formed with
the target p75™"" message will be a substrate for the enzyme RNAse H. The PS linkages
confer resistance to exonucleases. The 2’ methoxy RNA segment confers high annealing
affinity and also adds endonuclease-resistance. Each oligo contains just 8 sulfur atoms,
reducing the extent of non-specific protein interactions compared to a 19-mer PS oligo, which
contains 18 sulfurs. S indicates the sulfur of a PS linkage, and O indicates a phosphodiester
linkage.

2. Placement of minipump and cannula. Stereotaxic positioning was employed to position
the outlet of the cannula in the midline of the VDB, with the aim of achieving equal diffusion
to_cholinergic projection neurons on the left and right sides. The cannula manifold was
cemented in the skull 0.7 cm lateral to the midline, to avoid major blood vessels. The cannula
(inside-skull length 7.3 mm) was fixed at an angle of 19 degrees from vertical to achieve the
desired outlet positioning. Inset (upper): Thin (1 mm) tubing was routed subcutaneously
from the Alzet 2004 minipump, located in subcutaneous tissue between the scapulae and
adjacent to the spine, and joined to the proximal end of the cannula. Inset (lower): an
expanded view of the cannula outlet in the VDB. According to our working hypothesis,

NTR
5

bilateral downregulation of p7 mRNA in the VDB would cause bilateral increases in

hippocampal ChAT activity. Cross-sectional diagram of rat brain adapted from The Rat Brain

in Stereological Coordinates (Paxinos and Watson, 2005).

NTR
5

3. Downregulation of p7 mRNA in the septum of rats treated with gapmer oligo

infusions. The ddCt method was used to quantify and compare levels of septal p75™ '~

mRNA under various treatments. The mean value of p75™ '~

mRNA in the group treated with
gapmer nonsense 7.5 pg /day was arbitrarily set to unity, so all other values are relative to

this. Means + s.e.m. are displayed. A. Gapmer oligos. One-way ANOVA showed a
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significant main effect of treatment on p75™' % mRNA (F ¢35 = 4.22, p < 0.005). From left to
right, the N value for each group is 8, 7, 7, 6, 7, 4 and 4. p75NTR mRNA was reduced by
34% in rats treated with 7.5 mg /day antisense, and by 48% in rats treated with 22 mg /day
antisense (relative to commensurate nonsense-treated groups). * Asterisks indicate significant
decreases in the number of p75™™® mRNA molecules in antisense- relative to non-sense-
treated animals, (p < 0.05, ANOVA with Tukey’s post-hoc comparisons). B. The effect of
three antisense chemistries - PS, gapmer and Morpholino (Mo) - on p75NTR mRNA levels.
One-way ANOVA indicated the presence of a main effect of treatment (F 43, =3.17,p <
0.05). From left to right, N = 8, 6, 8, 7 and 8 for the respective treatment groups. After
infusion at 7.5 mg /day for 4 weeks, only the gapmer antisense oligo reduced p75™"% mRNA
significantly, compared to PBS controls (p < 0.05, Tukey’s post-hoc test) and to gapmer non-

sense controls (also infused at 7.5 mg /day).

4. Hippocampal ChAT activity in controls, left versus right. The scatter plot compares left
and right hippocampi of individual rats. Each point gives the ChAT activity (in units of pmol
ACh/min/mg tissue) of the left hippocampus on the horizontal axis, and that of the
corresponding right hippocampus on the vertical axis. A. Only PBS-treated rats are shown.
The regression equation is ChAT (Right) = 141 + 0.135 x ChAT (Left) p=0.59. R’ (the
regression co-efficient of determination) = 0.051. N= 8, F; 4 = 0.32, p = 0.59. There is
essentially no correlation between the two hippocampal ChAT activities in individual control
animals (correlation coefficient = 0.23, p = 0.6, ANOVA).), but the sample size is small. B.
Toallow a larger survey, rats treated with gapmer nonsense oligos at 2.5 and 7.5 ng /day
were pooled with PBS controls, since there were no differences in hippocampal ChAT
activity between any of these 3 groups. Again, there was no statistically significant
correlation between left and right hippocampal ChAT activities (correlation coefficient =
0.28,p = 0.18, ANOVA). The regression equation is ChAT (Right) = 115 + 0.265 x ChAT
(Left). N=21, F 119 =1.94, p=0.18. The regression co-efficient R?=0.08.

5. Effect on hippocampal ChAT activity of gapmer, PS and Morpholino p75™ ' antisense
oligos, delivered by continuous infusion into the basal forebrain for 4 weeks. The oligos
were delivered to the midline of the basal forebrain, between the right and left VDB, as
shown in figure 2. The two hippocampi of each animal were not combined, but treated as

individual units. Means + s.e.m. are displayed. A. Gapmer p75™ '~ antisense oligos were
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infused at three different dosage levels. One-way ANOVA revealed a strong main effect of
treatment on ChAT activity (Fs79 = 11.13, p <0.001). N = 16, 14, 14, 12, 14, 8 and 8,
respectively, for the 7 groups from left (PBS) to right (AS 22 ug /day). Double asterisks
indicate that hippocampal ChAT activity increased significantly in the gapmer antisense 7.5
ug/day and 22 pg/day groups, compared to the respective non-sense-treated groups (p < 0.01,
One-way ANOVA with Tukey’s post-hoc comparisons). B. Effect of 4-week infusion of PS
antisense oligos at two different dosage levels. Dosing higher than 7.5 pg per day was not
undertaken, due to toxicity concerns. One-way ANOVA revealed a significant main effect of
treatment on ChAT activity (F449 =20.12, p <0.001). N =16, 6, 6, 10 and 16, respectively,
for the 5 groups from left (PBS) to right (AS 7.5 pg/day). Post-hoc analysis by Tukey’s
method revealed, however, that the only significant difference was between the control PBS
group and the four PS oligo — treated groups. There were no pairwise differences between
any of the four PS oligo — treated groups. No stimulatory effects of antisense oligos on ChAT
activity were observed. ChAT activity was suppressed, relative to PBS controls, in all groups
treated with PS oligos, regardless of whether antisense or random (nonsense) sequence oligos
were used. Asterisks indicate that ChAT activity decreased significantly, compared to the
PBS group (p < 0.05, One-way ANOVA with Tukey’s post-hoc comparisons).

C.- Comparison of three antisense oligos - PS, gapmer and Morpholino (Mo) - infused at 7.5
pg /day for 4 weeks. For comparison, two control groups are shown; i.e., PBS and gapmer
nonsense (7.5 pg /day). There was no morpholino nonsense group. One-way ANOVA
revealed a strong main effect of treatment on ChAT activity (F 469 = 36.6, p <0.001). N = 16,
12,16, 14 and 16, for the groups from left to right. Single asterisk * indicates that PS
antisense treatment reduced ChAT activity significantly, compared to the PBS and gapmer
nonsense groups (p < 0.05, Tukey’s post-hoc test)). Double asterisks ** indicates that gapmer
antisense increased hippocampal ChAT relative to the PBS and gapmer nonsense groups (p <
0.01, Tukey’s post-hoc test). Morpholino antisense oligos did not cause any significant
difference in ChAT activity, relative to either of the two control groups (Tukey’s post-hoc

test)

6. Scatter plots of bilateral hippocampal ChAT activity (obtained from the average of left and

5N MRNA in the same rat, in antisense-treated

right hippocampi in each rat) and septal p7
animals. Data was taken from rats treated with 7.5 pg /day and (for gapmer) 22 ng /day. A.

There was a significant correlation in rats treated with gapmer antisense. The regression
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equation was ChAT = 290 — 105 x p75" " mRNA level. Further regression analysis by
analysis of variance in MATLAB revealed that the co-efficient R-squared of the regression
line was 36.8%, and this was statistically significant (n=11, F ; 9 =5.24, p <.05). This means
that at least 37% of the difference in ChAT activities can be attributed to the antisense-
mediated downregulation of p75™ ' mRNA. B. No correlation between ChAT and p75™ '~
mRNA was evident in PS antisense-treated animals. The regression equation was ChAT =
101 —10.7 x p75™" ™ mRNA level. The value of R-squared was 3.5% and not statistically
significant (n=8, F ;5 =0.22, p = 0.66). C. No correlation was evident in morpholino
antisense-treated animals. The regression equation was ChAT = 120 +15.8 x p75"™* mRNA
level, and R-squared =2.0% (n=8, F=0.12, p=0.74).
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SUPPLEMENTARY INFORMATION. Caption for Figure S1

Fig S1. Correct placement of the cannula outlet was verified by performing a series of
cannulations in which Trypan Blue was infused via osmotic minipumps. The surgical
procedure was exactly the same as that used for oligos. Trypan blue is likely to have a higher
diffusibility in tissue than the highly charged and higher MW oligonucleotides. Therefore the
pictures may not portray the actual displacement of infused antisense oligos. They are
intended to provide qualitative evidence of bilateral penetration of the basal forebrain region
fromra single infusion point. A. Inferior view of the intact brain, showing bilateral
distribution of trypan blue in the basal forebrain, beneath the optic chiasm. The venous
systemyis filled with trypan blue, reflecting lymphatic drainage and capillary uptake of
interstitial trypan blue. B. Magnified view of the inset of figure (A) showing evenly matched
penetration of both sides of the basal forebrain. C. Another inferior view of the brain in (A),
showing deep penetration bilaterally. D. Coronal view at the level of the joining of the
anterior commissures, which was taken of the caudal-most point of the MS/VDB region. The
inset shows that the extent of indicator penetration is consistent bilaterally. E. The basal
forebrain has been dissected and the right and left sides separated to show the penetration into
tissue of the indicator dye. F. Another example, similar to E.
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TABLE:

Table I. Experimental Design

GROUP Treatment Oligo Type Infusion Rate N (rats) N (hippocampi)
1 pBS - 6 uL/day 8 16
2 P75 antisense  Gapmer 22 pg/day 4 8
3 P75 antisense  Gapmer 7.5 pg/day 7 14
4 P75 antisense  Gapmer 2.5 ug/day 7 14
5 Non-sense Gapmer 22 pg/day 4 8
6 Non-sense Gapmer 7.5 ug/day 6 12
7 Non-sense Gapmer 2.5 ug/day 7 14
8 P75 antisense  PS 7.5 pg/day 8 16
9 P75 antisense  PS 2.5 ug/day 3 6
10 Non-sense PS 7.5 ug/day 5 10
11 Non-sense PS 2.5 pg/day 3 6
12 P75 antisense  Morpholino 7.5 ug/day 8 16

Rats were divided into 12 experimental groups. Three different oligo chemistries were investigated; Gapmer,
phosphorothioate (PS), and morpholino (Mo). Alzet minipumps were loaded with their appropriate oligos and
implanted subcutaneously. All rats, including the PBS group, received minipumps cannulated to deliver an aqueous
solution:to the midline of the brain between left and right VDB. All infusions were carried out for 28 days. At the
completion of each infusion, the rats were killed humanely, and the septum and both hippocampi were dissected

for assay procedures.

Journal of Neuroscience Research

This article is protected by copyright. All rights reserved.



Journal of Neuroscience Research Page 30 of 39

A | 5
0
Base Base
w o 0
& ot <,f> OCH.
I |
Normal RNA 2’ -OMe
B
S § 8§ 8 00 OO 60O OO O 0 s 5 8§ 8
2NN LONT OO
DNA 2’-0O-Me- RNA DNA
C
Oligo Sequence and Linkages
Antisense  AsCsCsTsGo TsTsGsCsA
Nonsense  CsTsCsCsCo TsCsGsAsC

83x81mm (300 x 300 DPI)

Journal of Neuroscience Research

This article is protected by copyright. All rights reserved.



Page 31 of 39 Journal of Neuroscience Research

Fig 2

83x74mm (300 x 300 DPI)

AcCce

Journal of Neuroscience Research

This article is protected by copyright. All rights reserved.



p75 mRNA

Journal of Neuroscience Research

figure 3

p75 Expression in Septum

Iy
o
.

o
(3]
L

o
=)
|

IN
IS
.

.
N
.

¢
=)
.

PBS NS2.5 AS2.5 NS7.5 AS7.5 NS22 AS22
Gapmer oligos (ug/day)

p75 Expression in Septum

p75 mRNA
e o o B B
= (=)} (o] o N

o
N

o
5)
.

PBS NS (G) AS (PS) AS(G) AS(Mo)
All oligos infused at 7.5 ug/dav

Fig 3
170x279mm (300 x 300 DPI)

Journal of Neuroscience Research

This article is protected by copyright. All rights reserved.

Page 32 of 39



Page 33 of 39

Journal of Neuroscience Research

figure 4
° .' ° ° . ........
[ ]
R
g -
. ................ . ' .
Fig 4

166x272mm (300 x 300 DPI)

Journal of Neuroscience Research

This article is protected by copyright. All rights reserved.




Journal of Neuroscience Research Page 34 of 39

figure 5

>

Hippocampal ChAT Activity
300 X %k %k %k

B R NN
B © u o u
©o © © © © o
4
4
—

PBS NS 2.5 AS 2.5 NS 7.5 AS 7.5 NS22 AS22
Gapmer oligos (ug/day)

pmol ACh/min/mg protein

300

250
200
150

—%

100

4
n

50

pmol ACh/min/mg

PBS NS2.5 AS25 NS7.5 AS7.5
PS Oligos (ug/day)

% %k

£ 200 *

PBS NS (G) AS (Ps) AS(G) AS(Mo)
All oligos infused at 7.5 pug/day

Fig 5
135x260mm (300 x 300 DPI)

Journal of Neuroscience Research

This article is protected by copyright. All rights reserved.



Page 35 of 39 Journal of Neuroscience Research

figure 6
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Fig S1. Supplementary figure showing bilateral distribution of trypan blue after midline VDB infusion.
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SUPPLEMENTARY INFORMATION. Caption for Figure S1

Fig S1. Correct placement and operation of the cannula outlet was verified by performing a
series of cannulations in which Trypan Blue was infused via osmotic minipumps. The
surgical procedure and infusion methodology were exactly the same as those carried out for
oligos. Trypan blue is likely to have a higher diffusibility in tissue than the highly charged
and higher MW oligonucleotides. Therefore the pictures may not portray the actual
displacement of infused antisense oligos. They are intended to provide qualitative evidence of
bilateral penetration of the basal forebrain region from a single infusion point. A. Inferior
view of the intact brain, rostral pole downwards, showing bilateral distribution of trypan blue
in the basal forebrain, beneath the optic chiasm. The venous system is filled with trypan blue,
reflecting lymphatic drainage and capillary uptake of interstitial trypan blue. B. Magnified
view-of the inset of figure (A) showing evenly matched penetration of both sides of the basal
forebrain. C. Another inferior view of the brain in (A), showing deep penetration bilaterally.
D. Coronal view at the level of the joining of the anterior commissures, which was taken as
the caudal-most point of the MS/VDB region. The inset shows that the extent of indicator
penetration is consistent bilaterally. E. The basal forebrain has been dissected and the right
and left sides separated to show the penetration into tissue of the indicator dye. F. Another
example with the two sides dissected and spread outwards, similar to E. Infiltration of brain
tissue by trypan blue is seen to be equal - at least qualitatively — on both sides.
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GRAPHICAL ABSTRACT TEXT

Gapmer oligos enabled us to downregulate the p75 neurotrophin receptor in the medial septum and
verticallimb of the diagonal band of Broca. As hypothesized — consistent with data from the
heterozygous and homozygous p75 knockout mice — this brought about substantial enhancement of
hippocampal cholinergic acetyltransferase activity....in normal, adult rats.
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