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Abstract
Misprocessing of β-amyloid precursor protein (APP) leading to the formation of elevated quantities
of β-amyloid peptide (Aβ), derived by a cleavage at the β-secretase site (N-671/673aa) and by a
cleavage at the γ-secretase site (C-711/713aa) of APP, is considered a key event in the pathogenesis
of Alzheimer disease (AD). Point mutations near the β-secretase site in the human gene for APP,
such as in the Swedish mutation-KM670/671NL lead to a form of dominantly inherited AD. These
mutations are known to promote β-site cleavage and to increase levels of Aβ. Aβ has been shown
previously to increase AChE activity in vitro. We wished to test whether or not translational blocking
of APP-mRNA at the mutated β-site by antisense (AS) oligodeoxynucleotides (ODNs) directed to
the mutated site will reduce cerebral amyloid in the Swedish transgenic mouse model (Tg2576). Mice
were injected intracerebroventricularly (ICV) with AS-ODNs directed at the mutated β-site (AS-β
site) or with AS-ODNs directed at the normal γ-site (AS-γ site) of human APP-mRNA, and compared
with procedural controls that received ICV injections of sense ODNs at the β-site (S-β site), sense
ODNs at the γ-site (S-γ site) or mismatched ODNs, and with untreated littermates (Lt) and untreated
transgenic mice (Tgs). ODNs were injected into the 3rd ventricle once a week for 4 weeks. Brains
were processed for ELISA analysis of sAβ40, sAβ42 and sAPPα. The physiological relevance of
antisense ODNs was tested by evaluating the cerebral distribution of acetyl cholinesterase (AChE)
before and after the treatment. AChE was found increased about 5-fold in Tg cortex as compared to
control brain. Results show that compared to untreated and procedural controls, AS-β increased
cerebral levels of sAPPα by 43% and reduced sAβ40/42 by ~39%; while simultaneously reducing
the cortical density of AChE by ~4-fold in the treated Tg animals, almost to the level found in the
control brain (all values p<0.0001, ANOVA, unpaired 2-tailed Student t-test), while AS-γ did not
have any effect. These results indicate that antisense directed to the mutated β-site may be an effective
approach to treat familial AD.
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Introduction
The efficacy of synthetic antisense (AS) oligodeoxynucleotides (ODNs) in inhibiting the
synthesis of selected targeted proteins was recognized more than 20 years ago (Zamecnik and
Stephenson, 1978). Since then, mounting evidence suggests the use of AS-ODNs for various
purposes, including reducing arterial blood pressure in spontaneously hypertensive rats by
inhibiting thyrotropin-releasing hormone (Garcia et al., 2001), promoting anti-tumor activity
by antisense clusterin (Zellweger et al., 2001), attenuating apoptosis and cholestatic liver
disease by Bid-antisense (Higuchi et al., 2001), and reduction of tumor cell viability by
inhibiting bcl-2 expression (Olie et al., 2002).

Amyloidogenic processing of β-amyloid precursor protein (APP) leading to the excessive
formation of β-amyloid (Aβ) is considered a key event underlying the biochemistry of
Alzheimer disease (AD). Aβ is derived by a cleavage of APP at the β-secretase site
(N-671/673aa) followed by a cleavage at the γ-secretase site (C-711/713aa) (Selkoe and
Lansbury, 1999;Chauhan and Siegel, 2004). Point mutations in the human APP gene, such as
in the Swedish double mutation-KM670/671NL, are known to promote β-site cleavage and to
cause one form of dominantly inherited AD. Other mutations causing dominantly inherited
AD involve presenilins 1 and 2, components of the γ-secretase complex (Selkoe and Kopan,
2003). We wished to test whether or not translational blocking of APP-mRNA at the mutated
β-site by antisense (AS) oligodeoxynucleotides (ODNs) will reduce cerebral amyloid load in
the Swedish mutant murine model-Tg2576. If so, this could be a significant means of
preventing and treating AD pathology caused by this mutation without affecting expression of
the non-mutated allele in this form of inherited AD. In addition, this approach would represent
a model for treating the other dominantly inherited AD forms as well as other genetic diseases
expressing a dominant mutated allele.

Coulson and co-workers reported that APP in murine neuron culture could be down regulated
by AS-ODNs to initiating methionine, exon 2 or exon 4 (Coulson et al., 1997). While effects
of AS-ODNs directed to native APP in senescence-accelerated mice (SAM8) have been studied
(Kumar et al., 2000;Banks et al., 2001;Poon et al., 2004,2005), there have been no published
attempts to down regulate translation of APP in transgenic animal models or of specifically
mutated APP associated with inherited AD.

To test our hypothesis, we designed ODNs directed to the mutated β-cleavage site of mhAPP
mRNA and to the normal γ-cleavage site. These ODNs included 2’-O-(Methyl) Ethyl (2’MOE)
ribosyl modification at 2’-sugar moiety capped at 5’- and 3’-ends retaining phosphorothioated
(PS) bases in between. Such compounds have been demonstrated to be stable and to have high
affinity and selectivity for the specific targeted mRNA as well as a high degree of resistance
against extra- and intracellular nucleases (Temsamani et al., 1993;Whitesell et al.,
1993;Higuchi et al., 2001;Olie et al., 2002). Early studies showed that PSODNs could be micro-
infused into rat striatum resulting in uniform distribution in brain over 47 h with exponential
decay over the ensuing 11 h without obvious toxicity (Broaddus et al., 1998). It was
demonstrated that AS-ODNs infused into 3rd ventricle could down regulate dopamine (DA)
receptors (Liang and Pan, 2002) and N-Methyl-D-Aspartate (NMDA) receptors (Murata et al.,
2002). On the presumption that as a potential therapy, intraventricular infusions ultimately
could be more safely performed and more precisely regulated with respect to quantity and rate
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of ODN administration than intraparenchymal injections, it was elected to try injection of AS-
ODNs into 3rd ventricle. Accordingly, the time course of diffusion and distribution in mouse
brain of 2’MOE modified ODNs directed to the β-cleavage site of APP mRNA was mapped,
showing gradual spread throughout brain from 15 min to 3 h and complete clearance by 8 h
after a single intracerebroventricular (ICV) injection into 3rd ventricle (Chauhan, 2002).

In the current study, we wished to obtain fundamental data on the optimal parameters for ICV
administration of ODNs and a comparison of effects of ODNs directed to the β- versus the γ-
cleavage sites. We report the first available data showing that ICV injection of AS-ODN
directed to the β-cleavage site of mutated human (mhu) APP mRNA reduces Aβ and increases
sAPPα in vivo while AS-ODN to the non-mutated hAPP γ-site has no effect on the Aβ load in
this transgenic mouse model of AD.

Furthermore, since Aβ is known to increase AChE in cultured embryonal P19 carcinoma cells
(Sberna, et al, 1997), in cultured cortical neurons (Fodero, et al, 2004) and in mice administered
Aβ intraventricularly (Fu et al., 2006, 16872586), and since increased Aβ is associated with
increased AChE in Tg mice overexpressing the CT-100 APP and Aβ (Sberna, et al, 1998) and
in the Tg2576 mouse model (Fodero, et al, 2002), we wished to determine whether
intraventricular ODN directed to the β- cleavage site would alter cerebral AChE distribution
in Tg2576.

Experimental Procedures
Animals

10-month-old transgenic mice harboring double Swedish mutation (KM670/671NL) (Tg2576)
were obtained from Taconic Farms (Germantown, NY). The transgene-negative animals
served as littermate controls (Lt), in addition to wild type controls (Wt) of different genetic
background (C57BL/6J) (Jackson Laboratories, Inc.).

Animals were divided into 6 treatment-groups (N=10/group; n=5 to be used for AChE
histochemistry and n=5 to be used for ELISA): [i] Tgs injected with saline vehicle; [ii] Tgs
injected with AS-ODNs directed at the mutated β-site (AS-β site); [iii] Tgs injected with sense
ODNs directed at the mutated β-site (S-β site); [iv] Tgs injected with AS-ODNs directed at the
normal γ-site (AS-γ site); [v] Tgs injected with sense ODNs directed at the normal γ-site (S-
γ site); [vi] Tgs injected with mismatched ODNs with proportional G-C content with AS- and
Stest-ODNs. These treatment groups were compared with untreated Wts, Lts and Tgs to obtain
the base line values.

Treatment group animals were stereotaxically implanted with stainless steel guide cannula in
the 3rd ventricle and cemented to the skull with dental acrylic. Coordinates for the tip of cannula
were 0.25 cm posterior to the bregma along the midline and 3.00 mm below the surface of the
skull as determined in our laboratory (Chauhan et al., 2001). The guide cannula was kept screw-
capped until the treatment was over. Animals were injected with test materials once a week
for 4 weeks and allowed to survive 1-week post treatment.

Oligodeoxynucleotides
All test oligodeoxynucleotides (ODNs) were synthesized using standard phosphoramidite
chemistry with 2’-O-(Methyl) Ethyl (2’MOE) ribosyl modification capped at 5’- and 3’-ends,
and purified by Ion-Exchange Reverse Phase HPLC on 1.0 μmol scale (Qiagen-Operon, Inc.,
Alameda, CA). Antisense ODNs complementary to the mutated β-cleavage site targeted at
666-674aa, and complimentary to the normal γ-cleavage site targeted at 709-718aa (Fig. 1) on
hAPP-mRNA (Accession No. NM_000484) were synthesized in which the underlined bases
represent 2’MOE-residues with phosphorothioate-residues in between (Table 1). Respective
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sense ODNs and mismatched ODNs with proportional G-C content were also prepared that
served as procedural controls. Lyophilized preparations of these ODNs were reconstituted with
sterile saline to obtain the final concentration of 1 nmol/1μl.

I.C.V. Injections
Animals were anesthetized with ketamine (100mg/kg, i.p.) and xylazine (10mg/kg, i.p.) and
positioned on a stereotaxic frame with ear bars plugged in and jaws fixed to a biting plate. A
region over the skull was prepped with Betadine and an incision was made in the skin along
the midline. The bregma point was identified and a burr hole was drilled 0.25 cm posterior to
the bregma. A stainless steel guide cannula was implanted through the burr hole 3 mm below
the surface of the skull into the 3rd ventricle according to the stereotaxic coordinated determined
earlier (Chauhan et al., 2001). The guide cannula was cemented to the skull with dental acrylic
and the cannula was tightly screw-capped.

At the time of injecting ODNs, region over the skull around implanted cannula was sterilized
with Betadine and alcohol. Teflon screw cap over the guide cannula was unscrewed. A volume
of 10μl containing 10 nmols of respective test ODNs was slowly injected with the use of
Hamilton syringe over 10 min. Hamilton syringe was left in place for additional ~2 min to
ensure proper and complete administration of test material. After intracerebral delivery of
ODNs, the guide cannula was screw-capped tightly to ensure proper closure. The test material
was injected once/week for 4 weeks. Animals were allowed to survive 1-week post treatment.

ELISA quantitation of sAPPα, sAβ40 and sAβ42 in Tg2576 brain
Animals were decapitated and brains were snap-frozen in liquid nitrogen until further use.
Brains were homogenized in 6 volumes of chilled homogenization buffer [20 mM Tris-HCl,
pH 7.8, 5 mM EDTA, 2 mM phenylmethylsulfonylfluoride (PMSF), 0.5 μg/ml leupeptin, 0.7
μg/ml pepstatin, 0.1 mg/ml phenanthroline, 0.1 mg/ml benzamidine] containing 0.2% sodium
dodesyl sulphate (SDS), and centrifuged at 100,000g at 4°C for 1h. Pellets were discarded and
supernatant portions were analyzed. Brain protein content was determined by Bradford’s
protein assay and the samples were diluted in Tris buffered saline, pH 7.4 (TBS) to obtain total
protein concentration of 100μg/100μl. An aliquot containing 100μg/100μl of total protein was
analyzed by sandwich ELISA (Enzyme Linked ImmunoSorbent Assay) for quantitating SDS-
soluble α-secretase cleaved APP (sAPPα) and soluble Aβ peptides (sAβ40, sAβ420).

Quantitation of sAPPα was performed with the use of a commercial kit (Sigma) according to
the manufacturer’s directions. The capture antibody recognizes the portion of APP downstream
of the β-site and therefore excludes sAPPβ. Assays of sAβ40 and sAβ42 were performed with
the use of specific antibodies in a commercial kit (Signet) according to manufacturer’s
directions.

The 96-well plates (Nunc) were pre-coated with the respective capture antibody (1:1000) for
24 h at 4°C. The plates were incubated overnight with 100 μl of sample containing 100 μg of
total protein or standards [100-1000 pg of purified synthetic peptides (provided in the kit) at
4°C. The samples were further incubated with the respective reporter antibody for 90 min at
37°C. After 3 washes, 100 μl of anti-mouse IgG-HRP or anti-rabbit IgG-HRP conjugate (1:200)
(provided in the kit) were added to each well and incubated for 90 min at room temperature.
Samples were incubated with chromogenic solution (provided in the kit) for 30 min. The
reaction was stopped by the addition of 100 μl of 0.5N H2SO4. The absorbance was read at
450 nm with the use of an ELISA micro titer plate reader (Molecular Devices). All samples
were analyzed in triplicates.
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AChE Histochemistry in Tg2576 brain
AChE histochemistry was performed according the established histochemical technique
(Hedreen et al., 1985) modified from the original method of Karnovsky and Roots, (1964).
Animals were perfused with 10% buffered paraformaldehyde containing 1% CaCl2. The
perfused brain were preserved in 0.1M sucrose solubilized in 0.01M phosphate buffered saline
(PBS), until the brain tissue were saturated and sunk at the bottom. So preserved brains were
sectioned at 20μm thickness in cryostat and mounted on coverslips, and incubated in a petri
dish containing incubation medium prepared as follows:

5.0 mg Substrate………(Acetyl Choline Iodide-Sigma), dissolved in 6.5 ml of 0.1M
sodium hydrogen maleate buffer, pH 6.0. Then, following ingredients were sequentially
added with constant stirring between each additions in order to avoid crystalization.

0.5 ml………0.1M sodium citrate

1.0 ml………30mM CuSO4

1.0 ml………H2O

1.0 ml………5mM potassium ferricyanide

5.0 mg………Silver nitrate, to be added after all above ingredients are completely
dissolved.

The final incubation medium should be clear greenish/light yellow. This incubation medium
is stable for ~3h. 20μm thick cryo-sections fixed on coverslips were incubated in this medium
for 30 min at 37°C. Sections were washed and mounted on slides using anti-fade mounting
medium (Fisher), and images captured immediately within an hour. Captured images were later
analyzed with the use of computer-assisted imaging.

AChE activity was assessed by densitometric measurements of product on digitized images,
performed with the use of the BioQuant Image Analyzer (R & M Biometrics, Nuhsbaum Inc.,
Itasca, IL) as previously described (Chauhan and Siegel, 2002). Images were captured with a
CCD camera attached to a Leica microscope to generate a digitized image resolved into 255
× 255 pixels. Regions of interest (ROI) were identified under dark-field illumination for product
of AChE activity. Background level was determined from the area outside the brain section.
First level threshold was determined after subtracting the background level. The second level
threshold was determined after subtracting non-specific binding in omit and serum controls.
Thus, the net integrated optical density (IOD) representing specific immunoreactive signal was
determined after subtracting first and second level thresholds. Each sample was digitized under
identical illumination, threshold and camera settings.

Net IODs for AChE were quantitated within the defined high power fields (hpfs) (200◻m2/
hpf) of cerebral cortex. These hpfs were precisely located between the 3rd to 5th cortical
pyramidal cell layers 50μm deep from the pial surface and 50μm distant from the outer surface
of corpus callosum distributed parallel to the hippocampal curvature. These hpfs were,
100μm apart, first hpf placed 1200μm away from the olfactory lobe-cortex gyrus. IODs/μm2

for 5 hpfs were obtained bilaterally in 2 sections per animal. The mean value for each animal
was derived from 20 hpf-measurements. Group means were derived from 5 animals per group.

Statistical Analysis
Group means and standard deviation of means (SD) were derived from average of individual
values (n=3) for each group (N=5/group) for ELISA; and from average of individual values
(n=20) for each group (N=5/group) for AChE histochemistry. Data were statistically analyzed
by ANOVA, unpaired 2-tailed Studentt-test. A value of p<0.05 was considered significant.
The data are presented as mean ± SD (Fig. 2, Table 2; Fig. 3, Table 3).
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Results
All data for brain sAPPα and sAβ40/42 from brains of all control and experimental groups
(Table 2) show that in the wild type and littermate controls, cerebral levels of sAPPα are
~147pg/mg protein, while cerebral levels of sAβ40 and sAβ42 are about ~25pg and ~17pg/mg
protein respectively, with no significant difference in these values between wild type and
littermate controls groups.

In all untreated and experimental transgenic mice, cerebral levels of sAPPα are reduced to
52-59pg/mg protein with no significant differences among these transgenic groups. Since our
assay does not differentiate between mouse and human sAPPα, the measured sAPPα is a
mixture of both. The reduction in total sAPPα in Tgs may be due to repression of mouse APP-
mRNA translation by the over-expressed human APP-mRNA. The residual sAPPα of about
55pg/mg protein probably represents the human gene product, which is low because most of
the human mutant APP undergoes amyloidogenic processing in this transgenic model.

Consistent with our previous reports in Tg2576 model (Chauhan and Siegel, 2003;Chauhan et
al., 2005), current results show that in untreated and vehicle injected Tg2576 brain, the base
levels of Aβ40 (527-540pg/mg protein) are ~1.4-fold greater than the levels of Aβ42
(371-374pg/mg protein).

Fig. 2 compares the results of injecting antisense ODNs directed to the β-cleavage site of APP
(AS-β site) in Tg animals to those of littermates and untreated Tg controls, whileTable 2 shows
the results of injecting antisense and sense ODNs directed to the β- (AS-β site and S-β site)
and γ- (AS-γ site and S-γ site) cleavage sites of APP (AS-β site) compared to untreated Lts,
Wts, Tgs and to vehicle-injected and random ODNs injected Tgs before and after the treatment.

The data show that the sum of sAβ40 and sAβ42 in the untreated Tg animals is ~900pg/mg
protein, which is 18.2 times the amount of total sAPPα (Table 2). Compared to untreated or
vehicle treated Tgs, antisense inhibition at the β-secretase cleavage site (AS-β site) increased
cerebral sAPPα by 13% (p<0.0001, ANOVA, unpaired 2-tailed Student t-test), and reduced
cerebral sAβ40/42 by 39 and 38% respectively (P<0.0001, ANOVA, unpaired 2-tailed Student
t-test), as measured by sandwich ELISA (Table 2).

Thus, about 60% of APP synthesis goes on to complete APP molecules from which Aβ may
be derived. The ratio of overall β-processing to α-processing is reduced to 11.2 (from 18.2
original value), which is a 40% reduction in the AS-β site injected Tgs compared to untreated
Tg mice. By contrast, antisense inhibition at γ-site did not change the levels of cerebral
sAβ40/42 (Table 2).

Fig. 3 shows the distribution of AChE within the dendritic and axonal neuropil of cerebral
cortex of untreated Tgs (Fig. 3A), vehicle injected Tgs (Fig. 3B), littermate (Fig. 3C) and wild
type (Fig. 3D) controls, Tgs injected with sense γ-site ODNs (Fig. 3E), Tgs injected with
antisense γ-site ODNs (Fig. 3F), Tgs injected with sense β-site ODNs (Fig. 3G), Tgs injected
with antisense β-site ODNs (Fig. 3H). It is evident that compared to wild type and littermate
controls, the untreated and vehicle-injected Tgs showed abundant distribution of AChE, which
did not change after sense ODNs or antisense γ-site ODNs or mismatched ODNs (Not shown).
However, treatment with antisense β-site ODNs drastically reduced AChE distribution in
Tg2576 brain to a level almost that of wild type and littermate brains.

Densitometric measurements showed that compared to wild type and littermate controls, the
untreated and vehicle-injected Tgs showed ~5-fold increased levels of AChE. Similarly
increased levels of AChE densities were found in Tgs after administration of sense ODNs,
antisense γ-site ODNs or mismatched ODNs. However, treatment with antisense β-site ODNs
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reduced AChE densities by ~4-fold in Tg2576 brain, almost to the levels observed in wild type
and littermate brains (Table 3).

Discussion
These results indicate that ICV administration of AS-ODN directed to the β-cleavage site of
APP mRNA is quite effective in improving the proportion of α-secretase to β-amyloidogenic
processing. The preliminary protocol tested in this study showed not only 40% reductions in
the levels of Aβ, but 40% increases in sAPPα as well and an overall 40% reduction in the ratio
of β-processing to α-processing in the treated Tg as compared to untreated Tg animals. These
results were obtained 1 week after 4 weekly injections. It is possible that continuous infusion
or injections carried out over longer periods would have greater beneficial effects.

This reduction in Aβ peptides is due to net reduction in the synthesis of full length APP past
the β-site due to interference by the AS-ODN. One would expect that since the effect of AS-
ODN is to block synthesis of (mhu) APP at the β-site, then (mhu) sAPPα would also be reduced
as would be Aβ. However, since almost all of the synthesized (mhu) APP in this Tg model is
converted to Aβ, with very little available to form (mhu) sAPPα, the effect of reducing APP
synthesis on the total measured sAPPα is probably not significant in this assay. The fact that
sAPPα is actually increased in some proportion to the reduction in Aβ was surprising. Although
the reason is not known, one plausible explanation is that the Aβ itself, among its other toxic
actions, reduces α-secretase processing of the APP molecules whose synthesis is not blocked
by the AS-ODN, which is about 60 % of potential APP synthesis in this experiment. In vitro
data also show that synthetic amyloid reduces secretion of soluble APP (Takashima et al.,
1995). If this hypothesis is correct, then reductions in Aβ by any means should potentiate α-
processing. Furthermore, increases in Aβ past some threshold would lead to a feed-forward
vicious cycle for uncontrolled Aβ production. There is considerable evidence for Aβ promoting
amyloidogenesis at the expense of α-secretase processing through effects on cholesterol levels
and ordering within membranes (Chauhan, 2003;Siegel et al., 2006).

Hypothetically, antisense blocking both at the β- and γ-sites on APP-mRNA was expected to
reduce cerebral Aβ. However, we found that antisense inhibition only at the β-site was
successful in reducing cerebral Aβ. To our surprise, antisense inhibition at the γ-site did not
have any effect. The one and only hypothetical explanation to this could be the assumption
that before γ-site antisense hits APP-mRNA, APP-mRNA up to the γ-site was already
transcribed and hence antisense blocking at the γ-site did not work.

The fact that the AS to the β-site resulted in decreased AChE almost to the level seen in controls
in parallel with reductions in the Aβ content indicates an important physiologic effect. It is
possible that the neurotoxicity of Aβ in young Tg mice or early in AD brain involves AChE
induction effects through action on cholinergic nerve terminals. Sberna et al (1997) found that
Aβ increases Ca influx and AChE in cultured P19 cells and Hu et al. (2003) reported that Aβ
increases AChE by reducing enzyme degradation. Fodero, et al (2004) observed that Aβ -
induction of AChE in cultured neurons was associated with an agonist effect of Aβ at α7-
nicotinic receptors and could be antagonized by inhibitors of α7 nicotinic receptors or of L-
and N-type calcium channels. An anomalous glycoform of AChE, similar to an isoform seen
in AD brain and CSF and which does not bind to Con A has been reported in Tg2576 mice at
4 and 8 months of age before plaque formation. (Fodero, et al. (2002);Ulrich, et al. (1990); and
Mimori et al. (1997) reported that increased AChE was associated with amyloid plaques in
human brain. Altered isoforms of AChE have been found increased in AD brain and CSF and
co-localized with amyloid plaques (Saez-Valero et al., 2000;Talesa, 2001). Pathologic studies
of AD brain usually show increased AChE activity around amyloid plaques although a general
decrease in whole brain (reviewed in Frohlich, 2002). These new findings that AS to mutated
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β -site on APP results in decreased Aβ and AChE in parallel in transgenic mice support the
suggestion that very early treatment with AChE inhibitors in at-risk individuals may be
beneficial in retarding the disease process.

This method of targeting the mutated allele is a potential approach for treating familial AD or
other genetic diseases with dominant inheritance. Allowing the normal APP allele to be
expressed is advantageous since it has been shown that APP null mice exhibit subtle locomotor
dysfunction and forelimb weakness (Heber et al., 2000) and that blocking APP by AS-ODNs
to initiator methionine codon, exons 2 or 4 in primary neuronal cultures decreases adhesiveness
of neurons on collagen and laminin suggesting APP is involved in cell membrane interactions
with extracellular matrix (Coulson et al., 1997). APP exhibits both neuroprotective effects at
lower levels and toxic effects at higher levels, depending also on the isoforms expressed
(Mucke et al., 1996).

Blocking Aβ processing might also be approached by down regulating or inhibiting BACE1,
which is the enzyme responsible for the β-site cleavage (Vassar et al., 1999) or presenilins
which are components of the γ-cleavage complex (Iwatsubo, 2004). BACE down regulation
by inhibitory nucleic acids (iNA/iNAs) or inhibitors does reduce β-secretase activity and Aβ
loads effectively. However, while no obvious phenotype was discerned in early studies of
BACE null mice (Kao et al., 2004;Nawrot, 2004), while a recent report indicates serious morbid
effects in BACE knockout mice (Dominguez et al., 2005). Treatment and prevention of AD
will demand therapy for years. Since there is about 30% sequence identity with BACE2,
designing highly specific iNAs will be problematic and since there exist other substrates for
BACE1 there may be unknown long-term consequences of blocking BACE1 Blocking human
presenilin1 (PS1) by siRNA with resulting decreases in Aβ42 was demonstrated in CHO/PS1/
APP cells (Luo et al., 2004). An siRNA specific for the mutated PS allele found in certain
forms of inherited AD (Selkoe and Lansbury, 1999) may be useful in inherited disease but
down regulating both native alleles of PS1 for sporadic AD is probably not a viable strategy
since γ-secretase is important for other substrates including Notch and knock-outs of
presenilins produce morbidity and lethality in mice (Selkoe and Kopan, 2003). However, iNA
silencing of the gene for X11, an APP adaptor protein required for the γ-cleavage of APP, has
been found to reduce Aβ levels in human neuroglioma culture by inhibiting γ-cleavage of APP
and may have therapeutic potential (Xie et al., 2005).

Considerable research is now going into designing second and third generation iNAs, including
peptide nucleic acids directed against RNA or DNA for APP (Adlerz et al., 2003;McMahon
et al., 2003;Boules et al., 2004). The subject of iNAs has been comprehensively reviewed
(Miller et al., 2004;Trulzsch and Wood, 2004).

Advantages and disadvantages of ICV administration as compared to IV or direct
intraparenchymal infusion need to be determined for each of the compounds tested. Whitesell
has shown that continuous infusion of ODN into 3rd ventricle by mini osmotic pump can
maintain micromolar concentrations of PS-ODN in CSF for at least 1 week without “obvious
neurologic or systemic toxicity” in rats (Whitesell et al., 1993). In SAM8, ODN to APP is
transported into brain after IV injection but the IV route requires 100 times more than ICV
injection to obtain the same level in brain (Banks et al., 2001). Ventricular infusions have been
reported effective with regard to ODN to noggin and effects on learning in rats (Fan et al.,
2003) and ODN to intercellular adhesion molecule-1 (ICAM) (Vemuganti et al., 2004).
However, appropriate parameters of administration need to be determined for large brains. One
report indicated ventricular AS-ODN to angiotensinogen mRNA did not diffuse throughout
sheep brain as it did through rat brain (McKinley et al., 2000). The possibility of toxic effects
such as inflammatory responses to the infused compounds bears testing with each substance
(Elepfandt et al., 2002). Stereotaxic introduction of catheters into bilateral parenchyma has the
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disadvantages of hemorrhage risk and the probable requirement for operative room technology
and general anesthesia if ultimately considered for human application. ICV catheter placement,
on the other hand, may be performed at the bedside under local anesthesia.

Additional studies are needed to assess the effects of the AS-ODN to the mutated β-site on
expression and α-secretase processing of the normal human APP protein in cultured
heterozygous cells, the possible production of brain inflammatory responses to the injected
ODNs, the permeation of ODNs through larger brains, optimal concentrations and frequency
of administration, and finally effects in primate brains. This method is not expected to be useful
in sporadic AD or in Down syndrome in which there is no mutation in the APP gene.

Conclusions
This is the first demonstration that AS-ODN directed to the mutated β-cleavage site of APP
reduces Aβ levels and increases sAPPα levels while reversing the increases in AChE expression
otherwise observed in Tg2576 mice. The antisense effects probably stem from relieving
promotion of amyloidogenic- relative to α-processing by the inhibition of β -site cleavage and
the consequent reduction in Aβ levels. The advantage of using AS-ODNs to the specific APP
mutations in the inherited forms of AD are that the normal APP allele may be expressed and
that the reduction in Aβ may allow increased sAPPα production both from the normal allele
and any APP escaping the ODN block which may have additional beneficial effects in retarding
the disease progression.
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ACh  
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BACE  
β-site APP cleaving Enzyme

DA  
Dopamine

DNA  
Deoxyribo Nucleic Acid

EDTA  
EthyleneDiamineTetraacetic Acid

ELISA  
Enzyme-Linked Immunosorbent Assay

γ  
gamma

HRP  
Horse Radish peroxidase

hAPP  
Human APP (β-amyloid precursor protein)

ICV  
Intracerebroventricular

IgG  
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Intracellular Adhesion Molecule 1
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littermates (non-transgenic mice)

Mg  
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μg  
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microliter
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Chauhan and Siegel Page 13

Neuroscience. Author manuscript; available in PMC 2007 August 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2’-MOE  
2’-O-(Methyl) Ethyl

NMDA  
N-Methyl-D-Aspartate

ODN(s)  
Oligodeoxynucleotides

Pg  
picograms

PS  
Phosphorothioate

PS1  
Presenilin 1

PMSF  
Phenyl Methyl Sulfonyl Fluoride

sAPPα  
α-cleaved soluble APP

sAβ40  
β- and γ-cleaved soluble Aβ40

sAβ42  
β- and γ-cleaved soluble A β42

SD  
Standard deviation

SDS  
Sodium dodecyl sulphate

TBS  
Tris buffered saline

Tg/Tgs  
Transgenic mice
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Fig 1.
Proteolytic cleavage sites on APP molecule showing the location of Swedish mutation (Blue
letters). Arrows indicate antisense oligonucleotide constructs designed to target ISEVKMDAE
amino acids (aa) (β-site) and GVVIATVIV aa (γ-site) on APP.
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Fig 2.
Effect of β-secretase-site directed antisense inhibition of human APP-mRNA on the levels of
sAPPα, sAβ40 and sAβ42 as measured by ELISA (pg/mg protein) in Tg2576 brain. Data are
statistically analyzed by ANOVA, unpaired two-tailed Student t-test, and are presented as
group means and standard deviation (SD) derived from the average of individual values (n=3)
for each group (N=5).
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Fig 3.
Distribution of AChE within the dendritic and axonal neuropil of transgenic Tg2576, wild type
and non-transgenic littermate brains. Untreated Tgs (Fig. 3A), vehicle-injected Tgs (Fig. 3B),
littermate (Fig. 3C), wild type (Fig. 3D), Tgs injected with sense γ-site ODNs (Fig. 3E), Tgs
injected with antisense γ-site ODNs (Fig. 3F), Tgs injected with sense β-site ODNs (Fig. 3G),
Tgs injected with antisense β-site ODNs (Fig. 3H). Scale bar=30 μm.
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