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Abstract
Soluble amyloid-β peptide (Aβ) oligomers have been hypothesized to be primary mediators of
Alzheimer’s disease progression. In this regard, reduction of soluble Aβ-oligomers levels within
the brain may provide a viable means in which to treat the disease. Somatostatin receptor
subtype-4 (SSTR4) agonists have been proposed to reduce Aβ levels in the brain via enhancement
of enzymatic degradation. Herein we evaluated the effect of selective SSTR4 agonist NNC
26-9100 on the changes in learning and soluble Aβ42 oligomer brain content with and without co
administration of the M13-metalloproteinase family enzyme-inhibitor phosphoramidon, using the
senescence-accelerated mouse prone-8 (SAMP8) model. NNC 26-9100 treatment (0.2 μg i.c.v. in
2 μL) improved learning, which was blocked by phosphoramidon (1 and 10 mM, respectively).
NNC 26-9100 decreased total soluble Aβ42, an effect which was blocked by phosphoramidon (10
mM). Extracellular, intracellular, and membrane fractions were then isolated from cortical tissue
and assessed for soluble oligomer alterations. NNC 26-9100 decreased the Aβ42 trimeric (12 kDa)
form within the extracellular and intracellular fractions, and produced a band-split effect of the
Aβ42 hexameric (25 kDa) form within the extracellular fraction. These effects were also blocked
by phosphoramdon (1 and 10 mM, respectively). Subsequent evaluation of NNC 26-9100 in
APPswe Tg2576 transgenic mice showed a similar learning improvement and corresponding
reduction in soluble Aβ42 oligomers within extracellular, intracellular, and membrane fractions.

© 2013 Elsevier B.V. All rights reserved.

Corresponding Author: Ken A. Witt Ph.D., Department of Pharmaceutical Sciences, School of Pharmacy, Southern Illinois University
Edwardsville, Campus Box 2000, Edwardsville, IL., 62026, Phone: 618-650-5144, Fax: 618-650-5145, kwitt@siue.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

No other disclosures.

NIH Public Access
Author Manuscript
Brain Res. Author manuscript; available in PMC 2014 July 03.

Published in final edited form as:
Brain Res. 2013 July 3; 1520: 145–156. doi:10.1016/j.brainres.2013.05.006.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



These data support the hypothesis that NNC 26-9100 reduces soluble Aβ42 oligomers and
enhances learning through a phosphoramidon-sensitive metalloproteinase-dependent mechanism.

Keywords
Phosphoramidon, NNC 26-9100; Somatostatin receptor subtype-4; Amyloid beta oligomer

Introduction
Alzheimer’s disease (AD) is a neurodegenerative condition characterized by a progressive
loss in memory and cognitive abilities. The amyloid cascade hypothesis maintains that
dysregulation of amyloid-β peptide (Aβ) within the brain initiates AD pathology (Serrano-
Pozo et al., 2011). The steady-state levels of Aβ in the brain are maintained via the balance
of production and clearance processes. Recent research implicates impaired clearance of Aβ
from the brain as the principle factor in the non-familial late-onset form of AD
(Mawuenyega et al., 2010), which accounts ~99% of AD cases (Alzheimer’s Association,
2012). Clearance, in turn, is mediated by transport and enzymatic mechanisms. As such,
even subtle changes in the transport or metabolic balance of Aβ over time could
significantly influence the progression of AD. While alterations in Aβ transport mechanisms
at the level of the blood-brain barrier (BBB) have been heavily investigated (Deane et al.,
2009; Jeynes and Provias, 2011), any therapeutic application impacting the BBB is hindered
by a number of factors (e.g. transporter adaptations, variable cerebrovascular health,
potential impact on transport of other nutrients/waste-products). A more direct approach,
albeit with limitations of its own, is to increase Aβ catabolism within the brain. In this
regard, enzymatic degradation of Aβ as a means of treatment has received a significant deal
of attention over the past decade. The catabolism of Aβ is controlled by several amyloid-
degrading enzymes (ADEs). Of these ADEs, the M13 family of metalloproteinases appears
to have the greatest potential to effectively mitigate Aβ levels within the brain (Nalivaeva et
al., 2012; Saido and Leissring, 2012).

Among the functionally characterized members of the M13 family, neprilysin and
neprilysin-2, as well as the neprilysin homologues: endothelial converting enzyme-1 and -2
(ECE1/ECE2), have shown substantial affinity for Aβ40 and Aβ42 (Nalivaeva et al., 2012;
Saido and Leissring, 2012; Shirotani et al., 2001). Enhanced activity of these enzymes
corresponds with significant decreases of Aβ within the brain in conjunction with increased
cognitive function (Nalivaeva et al., 2012; Saido and Leissring, 2012). Moreover, neprilysin
has shown to degrade soluble Aβ42 oligomers (Huang et al., 2006; Iwata et al., 2005;
Kanemitsu et al., 2003). There has been a significant amount of research focused on soluble
Aβ42 oligomers as potential mediators of AD pathology, as these soluble forms have shown
to more closely correlate with dementia and synaptic loss than insoluble fibrillar deposits
(Larson and Lesne, 2012; Lue et al., 1999; McLean et al., 1999; Mucke et al., 2000; Terry et
al., 1991). Nevertheless, the principle caveat of direct manipulation of enzymatic processes
for the treatment of AD is the significant potential for peripheral side effects. In this regard,
selectively targeting upstream regulators of the M13 family within critical AD associated
brain regions (i.e. cortex and hippocampus) is a more applicable approach in which to
mitigate Aβ accumulation.

Somatostatin (somatotropin release-inhibiting factor; SRIF) is a cyclic peptide widely
expressed throughout the central nervous system, shown to be involved in learning and
memory processes (Epelbaum et al., 2009). Additionally, somatostatin has been identified as
a principle regulator of neprilysin activity. Somatostatin administration has been shown to
increase neprilysin activity, corresponding with decreased Aβ42 levels, both in vivo and in
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vitro (Saito et al., 2005). It has been hypothesized that the decreased somatostatin levels
observed with AD progression are directly responsible for the loss of neprilysin activity and
subsequent increases of Aβ42 within the brain (Iwata et al., 2005; Saito et al., 2005). Such a
cascade could also generate a positive feedback cycle, further lowering somatostatin levels
and enzymatic activity, accelerating Aβ42 accumulation and aggregation. Thus, agonists
designed to act selectively upon somatostatin receptor (SSTR) subtypes within the brain
could provide an effective means to enhance the action of neprilysin, and potentially other
M13 enzymes associated with Aβ degradation, restraining such a pathological feedback
loop.

The SSTRs can be divided into two families: SRIF-1 and -2. The SRIF-1 family is
composed of subtypes 2, 3 and 5. The SRIF-2 family is composed of subtypes 1 and 4. Of
the five subtypes, SSTR2 and SSTR4 have the highest brain expression (Kumar, 2005).
While SSTR2 is highly expressed within the pituitary, controlling the release of
neurohormones, SSTR4 has limited peripheral and pituitary distribution (Bruno et al., 1992;
Moller et al., 2003). Moreover, SSTR4 is well expressed in cortical and hippocampal tissues
(Bruno et al., 1992; Moller et al., 2003). In this regard, SSTR4 is the most practical target
for a somatostatin-based therapeutic. We have recently evaluated the effects of both acute
(i.c.v.) (Sandoval et al., 2012) and chronic (i.p.) (Sandoval et al., 2011) administration of the
SSTR4 agonist NNC 26-9100 in the senescence accelerated mouse prone-8 (SAMP8) mouse
model. The SAMP8 strain exhibits age associated learning and memory decline,
corresponding with critical changes in brain tissue similar to those observed in late-onset
AD (i.e. progressive elevation of oxidative processes, APP, Aβ, and hyperphosphorylated
tau) without genetic modifications (Morley et al., 2012a; Morley et al., 2012b). Our previous
results showed that NNC 26-9100 increased brain neprilysin activity, decreased levels of
soluble Aβ42 oligomers, and improved learning and memory (Sandoval et al., 2011;
Sandoval et al., 2012). Nevertheless, the degree of interdependence of these effects remains
to be determined.

Herein, we evaluated NNC 26-9100 enzyme dependent action on learning and soluble Aβ42
oligomer alterations via co-administration of the M13 family enzyme inhibitor
phosphoramidon in12-month old male SAMP8 mice. Following treatment and behavioral
analysis, cortical tissues were extracted for evaluation of total soluble Aβ42, and soluble
Aβ42 oligomers respective to cellular fractions (i.e. extracellular, membrane, and
intracellular pools). Lastly, as much of the evidence of soluble Aβ oligomer toxicity has
come from the use of transgenic mouse models, NNC 26-9100 impact was also assessed in
APPswe Tg2576 mice for additional understanding and comparison.

1. Results
2.1 Phosphoramidon impact on NNC 26-9100 learning enhancement in SAMP8 mice

NNC 26-9100 is a stable non-peptide drug with high affinity and selectivity for SSTR4
(Ankersen et al., 1998; Crider et al., 2004). Dose of NNC 26-9100 (0.2 μg, i.c.v. in 2 μL)
was based on previous work showing optimal learning effect (Sandoval et al., 2012). The 24
h post-injection time point was chosen for consistency with regards to testing paradigm,
previous NNC 26-9100 data (Sandoval et al., 2012), and supporting evidence showing that
somatostatin administration could increase neprilysin activity over 24 h corresponding to a
decrease in Aβ42 levels (Saito et al., 2005). The 12 month old male SAMP8 mice were used
as they are a non-transgenic model that only exhibits soluble forms of Aβ at this age, with
corresponding Aβ-dependent reductions cognitive function (Morley et al., 2000; Tomobe
and Nomura, 2009). Dose range of phosphoramidon used was delineated from literature as
to the effectiveness to impeded the M13 family associated catabolism of Aβ42 (Eckman et
al., 2001; Eckman et al., 2006; Saito et al., 2005; Shirotani et al., 2001).
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NNC 26-9100 impact on learning was evaluated with and without co-administration of
phosphoramidon (1 or 10 mM) in SAMP8 mice (n = 14-16/group) (Fig. 1). Mice treated
with NNC 26-9100 showed a lower number of mean trials to first avoidance compared to
vehicle (P < 0.001), demonstrating NNC 26-9100 improved acquisition learning. NNC
26-9100 treatment with either 1 mM phosphoramidon (P < 0.001) or 10 mM
phosphoramidon (P < 0.001) increased the number of mean trials to first avoidance
compared to NNC 26-9100 alone, demonstrating a blockade of NNC 26-9100 learning
enhancement. No significant effect on the number of mean trials to first avoidance was
shown between vehicle and vehicle + 1 mM phosphoramidon or vehicle + 10 mM
phosphoramidon.

2.2 Phosphoramidon impact on total soluble Aβx-42 against NNC 26-9100 treatment in
SAMP8 mice

NNC 26-9100 treatment effect on total soluble Aβ42 within cortical tissue, with and without
phosphoramidon (1 or 10 mM) co-administration, was measured via Aβx-42 enzyme-linked
immunosorbent assay (ELISA) (n = 5-6/group) (Fig. 2). NNC 26-9100 treatment decreased
Aβx-42 levels compared to vehicle alone (P < 0.05). NNC 26-9100 + 1 mM phosphoramidon
treatment decreased Aβx-42 levels compared to vehicle + 1 mM phosphoramidon (P < 0.01).
NNC 26-9100 + 10 mM phosphoramidon treatment showed identical levels of Aβx-42
compared to vehicles, and had increased Aβx-42 levels compared to the NNC 26-9100 alone
(P < 0.01). No change between vehicle alone and vehicle + 1 mM phosphoramidon or
vehicle + 10 mM phosphoramidon were observed.

2.3 Phosphoramidon impact on soluble Aβ42 oligomers against NNC 26-9100 treatment in
SAMP8 mice

Soluble Aβ42 oligomer evaluations were conducted from extracellular, membrane, and
intracellular enriched protein extractions of cortical tissues using Western blot (n = 4-5/
group). Within the extracellular fraction, Aβ42 oligomeric bands were shown at 56
(dodecamer; a.k.a. Aβ*56), 50, 40 (nonamer), 25 (hexamer), and 12 (trimer) kDa (Fig. 3).
No discernible bands were identifiable below the 12 kDa, with exception of lane possessing
the Aβ42 positive control (4 kDa). This aspect is consistent with experimental conditions
used for non-fibrillar soluble fractions (Lesne et al., 2006). No significant changes were
found in the 56, 50, or 40 kDa bands across all groups. While NNC 26-9100 treatment did
not significantly lower the 25 kDa band, the 25 kDa band displayed a split within the
extracellular fraction. This split was negated when NNC 26-9100 was co administered with
either 1 or 10 mM phosphoramidon. The extracellular 12 kDa trimer band showed a
significant decrease with NNC 26-9100 treatment (P < 0.01), which was reversed by co-
administration of both 1 and 10 mM phosphoramidon (P < 0.05).

Within the membrane fraction, Aβ42 oligomers were observed at 56, 50, and 25 kDa (Fig.
4). No significant changes were shown within this fraction for any treatment group.

The Aβ42 oligomers within the intracellular fraction were observed at 56, 50, 25, and 12
kDa (Fig. 5). While no changes were observed across treatments within the 56, 50, or 25
kDa bands, there was a decrease in the 12 kDa band with NNC 26-9100 treatment (P <
0.01). The decrease in the intracellular 12 kDa band was reversed by co-administration of 1
and 10 mM phosphoramidon (P < 0.01 and P < 0.05, respectively).

No significant changes were shown in any Aβ42 oligomer form between vehicle alone and
vehicle + 1 mM phosphoramidon or vehicle + 10 mM phosphoramidon, within any cellular
fraction.
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2.4 NNC 26-9100 learning impact in Tg2576 mice
While use of the SAMP8 model is appropriate for the evaluation phosphoramidon dependent
activity, as addressed within the introduction, a group of APPswe Tg2576 mice was
evaluated using the same NNC 26-9100 dose (0.2 μg, i.c.v. in 2 μL) against vehicle control.
The treatment of the 12-month old male APPswe mice was identical in all manners to that of
the SAMP8 mice. At 11-13 months of age APPswe mice show a 14-fold increase in Aβ1-42
over those at 2-8 months of age, with appreciable deficits in learning and memory over
younger mice (Hsiao et al., 1996). NNC 26-9100 impact on learning was assessed against
vehicle control (n = 3-4) (Fig. 6A). NNC 26-9100 treatment showed a lower number of
mean trials to first avoidance compared to vehicle (P < 0.05), demonstrating NNC 26-9100
improved acquisition learning in APPswe mice, consistent with that of age-matched SAMP8
mice.

2.5 NNC 26-9100 impact on Aβ42 oligomers in Tg2576 mice
Soluble Aβ42 oligomer levels from Tg2576 mice were conducted from extracellular,
membrane, and intracellular enriched protein extractions of cortical tissues (n = 3-4/group).
Within the extracellular fraction, Aβ42 oligomeric bands were found at 56 (a.k.a. Aβ*56),
50, 40, 25, and 12 kDa (Fig. 6B & 6C). A decrease in the extracellular 56 (P < 0.05), 25 (P <
0.01), and 12 (P < 0.001) kDa bands with NNC 26-9100 treatment were observed. The 25
kDa band displayed a band-split within the extracellular fraction, similar to that observed in
SAMP8 mice.

Within the membrane fraction, Aβ42 oligomers were observed at 70, 56, 50, 40, and 25 kDa
(Fig 6B & 6D). Only the 25 kDa band showed a decrease with NNC 26-9100 treatment (P <
0.05).

The Aβ42 oligomers within the intracellular fraction were observed at 56, 50, 40, 25, and 12
kDa (Fig. 6B & 6E). There was a decrease with NNC 26-9100 treatment for the 25 (P <
0.05) and 12 (P < 0.001) kDa bands.

2.6 NNC 26-9100 impact on Aβ40 oligomers in Tg2576 mice
Soluble Aβ40 oligomer levels from Tg2576 mice were conducted from extracellular,
membrane, and intracellular enriched protein extractions of cortical tissues (n = 3-4/group).
Within the extracellular fraction, Aβ40 oligomeric bands were found at 75, 63, 56, 40, 25,
and 12 kDa (Fig. 7A & 7B). A decrease in the extracellular 75 (P < 0.01), 63 (P < 0.01), 40
(P < 0.05) and 12 (P < 0.001) kDa bands with NNC 26-9100 treatment was observed.

Within the membrane fraction, Aβ40 oligomers were observed at 75, 56, 45, 40, 25 and 18
kDa (Fig 7A & 7C). The 45 and 40 kDa bands showed a decrease with NNC 26-9100
treatment (P < 0.01). No other significant changes were observed with treatment within this
fraction.

The Aβ40 oligomers within the intracellular fraction were observed at 75, 56, 45, 40, 25, and
12 kDa (Fig. 7A & 7D). No other significant changes were observed with treatment within
this fraction.

3. Discussion
The M13 family of enzymes has been identified to be primary mediators of Aβ catabolism
within the brain. As such, these enzymes have significant pathological and therapeutic
implications towards AD. Selective enhancement of SSTR4 action within the brain has the
potential to mitigate toxic Aβ42 oligomer accumulation via regulation of these enzymes.
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Herein, we investigated the impact of the selective and high affinity SSTR4 agonist NNC
26-9100 with regards to enzymatic dependent action on soluble Aβ42 oligomers.

The effects of NNC 26-9100 on learning were measured using the T-maze foot shock
avoidance test, against the enzyme inhibitor phosphoramidon. We used an optimized dose of
NNC 26-9100 previously shown to improve learning and increase cortical neprilysin activity
in 12-month old SAMP8 mice (Sandoval et al., 2012). The time-frame also corresponds with
work showing somatostatin administration was capable of increasing neprilysin activity
(Iwata et al., 2005; Saito et al., 2005). Critically, co-administration of phosphoramidon
reversed the learning improvement shown with NNC 26-9100 treatment at both 1 and 10
mM. These data support the hypothesis that NNC 26-9100 impacts learning via an
metalloproteinase-dependent mechanism.

Subsequent to behavioral analyses, cortical tissues were processed for examination of both
total and cellular fraction content of soluble Aβ42. ELISA evaluation showed a decrease in
total soluble Aβx-42 with NNC 26-9100 treatment, paralleling the work by Saito and
colleagues showing a similar effect with somatostatin (Saito et al., 2005). While the NNC
26-9100 treatment effect on Aβx-42 was inhibited with co-administration of 10 mM
phosphoramidon, it was not inhibited by 1 mM phosphoramidon. This disparity may simply
be a concentration dependent effect, as phosphoramidon does differentially inhibit the M13
family of enzymes in a concentration dependent manner (Turner et al., 2004). It may also be
the result of a difference in effect across the soluble forms of respective Aβ42 oligomers, as
specific oligomeric forms are not discernible via ELISA. Additionally, while no
enhancement of soluble Aβx-42 was observed with the vehicle + phosphoramidon treatment
(1 or 10 mM), phosphoramidon may need to be administered for a longer period to
independently elevate Aβx-42 levels. Intranasal administration of phosphoramidon was
found to increase levels of Aβ42, but only after 5 days of administration (Hanson et al.,
2011). On a similar line, the neprilysin specific inhibitor thiorphan has also shown to
increase levels of Aβ42, but also only after continuous infusion for 5 days (Newell et al.,
2003).

Evaluations were next performed via Western blot to assess soluble Aβ42 oligomers across
extracellular, membrane, and intracellular enriched fractions. Soluble Aβ monomers can
form oligomeric assemblies ranging from low-molecular weight forms (i.e. dimers and
trimers) to higher molecular weight protofibrils. Though the relationship of specific Aβ
oligomer species to disease progression remains speculative, support for the general
neurotoxicity of soluble Aβ42 oligomers has become well recognized. While not all the
observed bands assessed have been fully characterized, notable sodium dodecyl sulfate
(SDS)-stable bands were shown, consistent with the extraction protocol (Lesne et al., 2006).
Such SDS-stable species may present the primary building-blocks for neurotoxic Aβ42
oligomers (Larson and Lesne, 2012). The lowest molecular weight Aβ42 bands shown
corresponded to the trimer (12 kDa) form. It has been proposed that Aβ trimers may
constitute the “molecular brick” for non-fibrillar assemblies of Aβ (Larson and Lesne,
2012). Trimers appear to be the most abundant form produced and secreted by primary
neurons in vitro, with extracellular and intracellular concentrations rising with age in
Tg2576 mice (Lesne et al., 2006). Moreover, Aβ trimers have been heavily associated with
deficits in long term potentiation (Selkoe, 2008; Townsend et al., 2006). Herein, the Aβ42
trimer band showed a decrease within the extracellular and intracellular fractions with NNC
26-9100 treatment, but was not detectable within the membrane fraction. While extracellular
alterations in Aβ content have long been affiliated with downstream plaque formation,
emerging evidence implicates intracellular accumulation may be more neurotoxic then
extracellular Aβ (Casas et al., 2004; Gimenez-Llort et al., 2007).
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Additionally, the accumulation of intracellular Aβ has been identified to precede
extracellular deposition in both mouse (Oddo et al., 2003) and human (Gouras et al., 2000;
Gyure et al., 2001; Mori et al., 2002) studies, implicating an intracellular to extracellular
progression of pathology. Significantly, the effect of NNC 26-9100 on the Aβ42 trimers was
reversed in both the extracellular and intracellular fractions with phosphoramidon co-
administration. As neprilysin is understood to catabolize peptides at the levels of the cellular
membrane (i.e. ectoenzyme) primarily impacting the membrane and extracellular pool
content, the observed intracellular effect would implicate other members of the
phosphoramidon-sensitive M13 family. In this regard, ECE-1 (ECE-1b isoform), ECE-2,
and NEP2 have intracellular localization, although other yet-undetermined phosphoramidon-
sensitive enzymes have been proposed to exist (Nalivaeva et al., 2012; Saido and Leissring,
2012). This understanding would support the idea that NNC 26-9100, through SSTR4
action, impacts multiple members of the M13 family. Nevertheless, to date only neprilysin
has shown to degrade oligomeric forms of Aβ (Huang et al., 2006; Kanemitsu et al., 2003),
albeit studies of other M13 family enzymes within the context of Aβ are few. If the actions
of NNC 26-9100 were specific to neprilysin, then it is also plausible that a cellular
compartmental shift in soluble Aβ42 could occur. This would result in a default decrease
within the intracellular pool as the extracellular levels of soluble Aβ42 were reduced. Lastly,
the practical implications of isolation/fractionation methodology should be considered, as
variables in protocols are often noted with great debate. While any fractionation
methodology will have a degree of carry-over into other cellular pools, each fraction would
proportionally represent the respective pool identified. Another methodological aspect is the
impact of respective isolation/denaturing regents on Aβ oligomers. It has been noted that
aggregation/disaggregation may be impacted by particular purification reagents (Masters
and Selkoe, 2012). Nevertheless, any such impact would be expected to equally affect both
the NNC 26-9100 treated and non treated groups, as the tissue samples were treated
identically. In this regard, the overall effect of NNC 26-9100 respective to both the
extracellular and intracellular fractions supports its ability to reduce soluble Aβ42 trimers.

It has been further hypothesized that Aβ trimers can form larger oligomeric species based on
multiples of three (i.e. hexamers, nonamers, and dodecamers) in absence of deposited Aβ
(Larson and Lesne, 2012). NNC 26-9100 treatment resulted in a band-split effect of the
Aβ42 hexamer (extracellular fraction only), which was also reversed by phosphoramidon co-
administration. While little is known regarding the hexameric form, a recent evaluation of an
antibody (A8) with high affinity and specificity for soluble Aβ42 oligomers in the molecular
weight range of 16.5-25 kDa was shown to improve learning and memory in SAMP8 mice
(8-months of age) (Zhang et al., 2011). This would imply the Aβ42 hexamer plays a critical
role in learning and memory. Interestingly, while the 56 kDa Aβ42 oligomer form was
observed in all fractions of the SAMP8 extracted tissue, no changes were shown with NNC
26-9100 or phosphoramidon administration. Previous reports have implicated the
extracellular Aβ 56 kDa species (a.k.a. Aβ*56) with impairment of memory independent of
plaques or neuronal loss in Tg2576 mice (Lesne et al., 2006). Additionally, levels of Aβ*56
have shown to positively correlate with trimer levels within the respective fractions (Larson
and Lesne, 2012; Lesne et al., 2006). Yet, given our experimental design, several qualifiers
exist. First, the Aβ42 56 kDa form may simply not be as readily catabolized via enzymatic
processes. Given the higher degree of aggregation of the 56 kDa form and single treatment
dose of NNC 26-9100 in our paradigm this is quite plausible. Yet, this would also implicate
that the Aβ42 trimeric and/or hexameric forms are more critical in the learning response, at
least in SAMP8 mice. Alternatively, variables in animal model may also be accountable for
the observed effect. To date, the studies evaluating Aβ*56 have all been conducted in
transgenic mouse models, which substantially overexpress APP. It has been noted that the
effects observed in transgenic models may not appropriately reflect the gradual aggregation
profile of Aβ seen in late-onset AD (Morley et al., 2012b; Selkoe, 2011), and thus may also
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not be appropriately representative of Aβ oligomer alterations or impact. Even amongst
transgenic mouse models of AD such as Tg2576 and Tg5469 which express proportional
levels of APP show significantly different levels of Aβ, with Aβ trimers not readily shown
in the Tg5469 brains (Larson and Lesne, 2012; Ma et al., 2007). To address this issue a
group of 12-month old APPswe Tg2576 mice were run against the same optimized dose of
NNC 26-9100. A relatively identical enhancement of learning was shown in the Tg2576
mice with NNC 26-9100 treatment. The reduction of the Aβ42 trimer was again shown
(extracellular and intracellular), as well as the band-split effect of the hexamer form, with
NNC 26-9100 treatment. Yet, a decrease in the 56 kDa form within the extracellular fraction
was also shown in the Tg2576 mice. This effect may be the result of the Tg2576 mice
having the human variant of APP, which could result in subsequent differences in
oligomeric aggregation and/or enzymatic affinities. Lastly, Aβ*56 has been identified via
numerous Aβ antibodies (Larson and Lesne, 2012), but not the Aβ42 specific antibody used
herein, as such Aβ40 was also evaluated in the Tg2576 fractions. There was greater degree
of banding associated of the soluble Aβ40 oligomers, which may be attributed to several
factors including antibody specificity and a generally higher level of Aβ40 in the brain.
Nevertheless, a similar reduction trend was shown for the soluble Aβ40 and Aβ42 oligomers
with NNC 26-9100 treatment. While the 56 kDa extracellular band of Aβ40 did not show a
statistical decrease, the forms at 25 kDa and 12 kDa were reduced with NNC 26-9100
treatment, as were higher molecular weight forms at ~75 kDa and ~63 kDa. Interestingly,
there was no substantial effect on intracellular soluble Aβ40 oligomers with NNC 26-9100
treatment, which would implicate a differential localization effect between Aβ40 and Aβ42
oligomers. Also of significance is that the M13 metalloproteinase family is capable of
degrading both Aβ40 and Aβ42 (Nalivaeva et al., 2012; Saido and Leissring, 2012), which
further support the hypothesis that NNC 26-9100 is impacting soluble Aβ levels via this
family of enzymes.

These data support the hypothesis that the SSTR4 agonist NNC 26-9100 acts via a
phosphoramidon-sensitive metalloproteinase-dependent mechanism with regards to
observed learning enhancement in SAMP8 mice. These effects correlate to a reduction in
soluble Aβ42 trimers and a band-split effect of the hexamer. Moreover, the impact of NNC
26-9100 was observed across both a gradual progressive mouse model (SAMP8) and a
transgenic APP overexpressing model (Tg2576) of AD. While age-dependent evaluations, in
conjunction with assessment of chronic NNC 26-9100 treatment, are required to fully
delineate the long term impact of SSTR4 agonist action on learning/memory, enzymatic
function, and Aβ alterations, such agonists remain a feasible approach for the treatment of
Aβ mediated disease states.

4. Experimental Procedure
4.1 Chemicals

NNC 26-9100, 1-[3-[N-(5-Bromopyridin-2-yl)-N-(3,4-dichlorobenzyl)amino]propyl]-3-[3-
(1H-imidazol-4-yl)propyl]thiourea, was synthesized, purified, and confirmed via NMR by
Dr. A.M. Crider per previously established protocols (Ankersen et al., 1998; Crider et al.,
2004). Unless otherwise stated all other chemicals and reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

4.2 Animals
Twelve-month old male SAMP8 or APPswe Tg2576 (model 002789) mice were used for
these evaluations. Mice were housed in rooms with a 12 h light/dark cycle (20–22°C) with
water and food available ad libitum. All experiments were conducted in accordance with the
institutional approval of the animal use subcommittee, which subscribes to the NIH Guide
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for Care and Use of Laboratory Animals. SAMP8 mice were obtained from the breeding
colony at the Veterans Affairs Medical Center - VA Hospital (St. Louis, MO). The Tg2576
mice obtained from Taconic Farms Inc. (New York, USA) and were housed in an identical
manner.

4.3 Dosing
NNC 26-9100 treatment was performed via intracerebroventricular (i.c.v.) injection. The
i.c.v. dose of NNC 26-9100 (0.2 μg) previously identified to enhance learning in 12-month
old SAMP8 mice (Sandoval et al., 2012) was tested against the M13 family inhibitor
phosphoramidon (1 or 10 mM) (American Peptide Co, Sunnyvale, CA) via co-
administration, and evaluated against respective controls. Previous studies have shown
phosphoramidon (i.c.v.) to elevate soluble Aβ levels within 2 h (Eckman et al., 2006).

Briefly, 24 h prior to T-maze testing, the mice were anesthetized with isoflurane, placed in a
stereotaxic instrument. The scalp was opened and a unilateral hole was drilled 0.5 mm
anterior and 1.0 mm to the right of the bregma. A single i.c.v. (2 μL) injection of NNC
26-9100 (0.2 μg) with or without phosphoramidon (1 or 10 mM), or vehicle control (20%
ethanol/saline), was conducted with a 30 g blunt needle connected to a Hamilton syringe, to
a depth of 2 mm. Syringe was kept in place via side-arm attachment. Injections were
conducted in a gradual manner over ~1 min and syringe was kept in place for 3 s following
to assure no back-flow occurred. The hole was filled in with bone-wax and scalp sealed via
Vetbond (3M, St. Paul, MN, USA). Subsequent to behavioral evaluations and immediately
prior to respective tissue assessments brains were cut along the injection site to assure
accuracy.

4.4 T-maze testing
The T-maze foots shock avoidance testing procedures have been previously described and
shown to be an effective means to assess learning in SAMP8 mice (Farr et al., 2004;
Sandoval et al., 2012). Individual performing test was blind to respective dosing and mice
were trained and tested between 07:00 and 15:00 h. The maze consisted of a black plastic
start alley with a start box at one end and two goal boxes at the other. A stainless steel rod
floor ran throughout the maze. The start box was separated from the start alley by a plastic
guillotine door that prevented the mouse from moving down the alley until the training
started. A training trial began when a mouse was placed into the start box. The guillotine
door was raised and the buzzer was sounded simultaneously; 5 s later, foot shock was
applied. The goal box the mouse first entered on the first trial was designated as “incorrect”.
Foot shock was continued until the mouse entered the other goal box, which on all
subsequent trials was designated “correct” for that specific mouse. At the end of each trial,
the mouse was removed from the goal box and returned to its home cage. A new trial began
by placing the mouse back in the start box, sounding the buzzer, and raising the guillotine
door. Foot shock was applied 5 s later if the mouse did not leave the start box or had not
entered the correct goal box.

Training used an intertrial interval of 45 s, and a doorbell type buzzer set at 65 dB as the
conditioned stimulus warning of onset of foot shock which was set 0.40 mA (Coulbourn
Instruments scrambled grid floor shocker model E13-08). Mice were trained until they made
1 avoidance (acquisition). The acquisition test occurred in single test sessions. Each session
lasted from 5 to 15 min. The number of trials to learned avoidance of the incorrect box was
determined. The “mean trials to first avoidance” represents acquisition learning. At the end
of the acquisition trial, mice were decapitated and the brains snap frozen and stored at
−80°C for subsequent analyses.
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4.5 Enzyme linked immunosorbent assay
Cortical brain levels of total soluble Aβx-42 were evaluated from tissue following respective
behavioral analyses, using ultra-centrifugation and solid-phase extraction methods (Lanz
and Schachter, 2006; Zupa-Fernandez et al., 2007), coupled with an enzyme-linked
immunosorbent assay (ELISA) analysis (Beta-Mark Aβx-42, Covance) as previously
described (Sandoval et al., 2011). Per supplier information the Aβx-42 ELISA has significant
reactivity for rodent Aβ1-42 and negligible reactivity for Aβ1-40. Brain tissue was
homogenized using chilled dounce homogenizers using cold 1 mL of 50 mM NaCl, 0.4%
diethylamine (DEA), pH=10, containing protease inhibitor (Roche, Indianapolis, IN).
Samples were then transferred to ultracentrifuge tubes on ice and kept on ice for 20 minutes
prior and during the sonication. Samples were then sonicated at 30% for 30 s and incubated
at room temperature for 3 h. Following the 3 h incubation, samples were centrifuged at
355,000 × g for 30 min (4°C) and the supernatant was collected. The supernatant then
underwent solid phase extraction using Oasis HLB 3cc columns (Waters, Milford, MA).
Oasis columns were activated with 2 mL methanol (MeOH), followed by 2 mL diH2O.
Brain homogenates were loaded in 1 mL increments.

Samples were then washed sequentially with 1 mL volumes of 5% and 30% MeOH, then
eluted with 1 mL 2% NH4OH in 90% MeOH. Eluted samples were collected and vacuum
centrifuged at 1400 rpm, 60°C for 90-120 min until reaching dryness. Once samples were
dried completely, they were stored at −80°C until assay. Samples were reconstituted and
analyzed in duplicate according to ELISA assay directions via luminometer (Lumistar
Optima, BMG Labtech, Durham, NC). Aβx-42 levels were calculated from linear regression
curve in pg/mL and then set to gram weight of brain tissue and normalized to respective
controls.

4.6 Cellular fractionation
Flash frozen cortical tissues were extracted and isolated into soluble extracellular,
membrane, and intracellular enriched protein fractions based on the protocol by Lesné et al.
(Lesne et al., 2006). Tissues were homogenized (10 strokes with glass Douncer) in 2× vol
(w/v) of ice-cold extracellular buffer (50 mM Tris-HCl (pH 7.6), 0.01% NP-40, 150 mM
NaCl, 2mM EDTA, 0.1% SDS, 1mM 4-(2-aminoethyl)benzenesulfonyl fluoride
hydrochloride (AEBSF), and Complete protease inhibitor (Roche). Samples were then
centrifuged at 3,000 rpm at 4°C for 5 min and extracellular-enriched protein fraction was
collected (supernatant). Pellets were then gently homogenized in ice-cold intracellular buffer
(50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 0.1% Triton X-100, protease inhibitor) (300 μl:
cortical & 150 μl: hippocampi) using a micropipettor. Samples were then centrifuged for
13,000 rpm at 4°C for 90 min and cytoplasmic enriched protein fraction was collected
(supernatant). Pellets were then homogenized in ice cold membrane buffer (50 mM Tris-HCl
[pH 7.4], 150 mM, NaCl, 0.5% Triton X-100, 1 mM EGTA, 3% SDS, 1% deoxycholate, 1
mM AEBSF, and Complete protease inhibitor) (500 μL: cortical tissue) using a
micropipettor. Samples were then centrifuged for 13,000 rpm at 4°C for 90 min and
membrane enriched protein fraction was collected (supernatant).

Respective samples within each fraction were then immunodepleted by sequential
incubation for 1 hr at 4°C on a rotating mixer, with 30 μL of Protein A-Sepharose, followed
by 30 μL of Protein G Sepharose, (Fast-Flow®,GE Healthcare Biosciences, Pittsburgh, PA).
After each incubation-set samples were filtered from Sepharose via 10 μm pore size filter
Spin Cups (Pierce). Following clarification, samples were stored at −80°C for subsequent
BCA protein analyses for Western blot examination.
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4.7 Western blot analysis
Western blot analyses were performed on the respective enriched cellular fractions, with
assessment of Aβ42 and Aβ40 in respective cortical tissues. The Aβ42 antibody (AB5078P,
Millipore, Temecula, CA) is reactive for the six amino acid sequence from the C-terminal of
Aβ1-42 and does not show appreciable reactivity to Aβ1-40. The Aβ1-40 antibody (SIG
39140, Covance, Dedham, MA, clone: 11A50-B10) is reactive to the C-terminal of Aβ and
is specific for the isoform ending at the 40th amino acid. Extracted samples were heated at
95°C for 5 min in 2× SDS and 20× reducing agent (Bio-rad) and loaded into 10% Bis/Tris
Criterion XT gels (Bio-Rad). Bands were then separated using an electrophoretic field at
200 V for 35 min in MES running buffer (Bio-Rad). The proteins were then transferred to
nitrocellulose membranes with 240 mA at for 30 min (4°C). Following the transfer, the
nitrocellulose membranes were boiled for 5 min (sandwiched between filter pads and
weighed down in boiling diH2O) and then blocked in 5% milk-Tris-buffered saline for 4 h or
overnight. After all transfers, gels were then evaluated with GelCode Blue Stain (Pierce,
Rockford, IL) to confirm appropriate protein loading (Aldridge et al., 2008; Welinder and
Ekblad, 2011), as housekeeping protein expression is not optimal for loading confirmation
with fractionation procedures. Purified Aβ42 peptide was used as a positive control (Sigma,
A9810). Blots were developed using the enhanced chemiluminescence method (ECL+,
Amersham Life Science Products; Springfield, IL; or SuperSignal West Dura or SuperSignal
West Femto, Pierce) and protein bands visualized via ChemiDoc XRS+ (Biorad), and
optical densities of expressed bands measured by densitometry via Image Lab software 3.0
(Biorad).

4.8 Statistical analyses
Results were expressed as means ± standard error of the mean (S.E.M). Two-way ANOVA,
with Tukey post hoc, performed for multiple-dosing sets (Sigma Stat 3.1). When only two
sample groups were evaluated Student’s T-test was used. P values less than 0.05 were
considered significant.
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Highlights

• Somatostatin receptor subtype-4 agonist NNC 26-9100 enhanced learning in
SAMP8 mice.

• NNC 26-9100 decreased soluble Aβ42 oligomer levels in cortical tissue of
SAMP8 mice.

• Similar impact on learning and soluble Aβ42 oligomer levels shown in Tg2576
mice.

• NNC 26-9100 action was blocked by the metalloproteinase inhibitor
phosphoramidon.

• NNC 26-9100 learning and Aβ42 oligomer affect shows metalloproteinase-
dependence.
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Figure-1.
T-maze acquisition learning in 12-month SAMP8 mice, evaluated 24 h following 2 μL i.c.v.
injection of NNC 26-9100 (0.2 μg) or vehicle in the presence of 1 or10 mM
phosphoramidon (Phos) (n = 14-16/group). *** P < 0.001 compared to vehicle; ††† P <
0.001 as compared to NNC-26-9100 alone, two-way ANOVA, values are mean ± S.E.M.
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Figure-2.
ELISA analysis of Aβx-42 performed on cortical tissue extracted from SAMP8 mice
following memory retention evaluations of NNC 26-9100 treatment, with and without 1
or10 mM phosphoramidon (Phos). Results calculated as pg/ml/gram of brain tissue and
normalized to vehicle (n = 5-6/group). * P < 0.05 compared to respective vehicle; ## P <
0.01 as compared to vehicle + 1 mM phosphoramidon (Phos); † P < 0.05 compared to NNC
26-9100 alone, two-way ANOVA, values are mean ± S.E.M.
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Figure 3.
Western blot of Aβ42 from extracellular enriched cellular fractions, respective to NNC
26-9100 and phosphoramidon (Phos) treatment. Soluble oligomeric Aβ42 forms identified at
56, 50, 40, 25, and 12 kDa. Protein evaluated with optical densities normalized to respective
vehicles (n = 4 5/group). ** P < 0.01 compared to respective vehicle; † P < 0.05 compared
to NNC 26-9100 alone, two way ANOVA, values are mean ± S.E.M. ¥ indicates delineated
split of the 25 kDa band with NNC 26-9100 treatment, which was reversed with
phosphoramidon treatment (1 or 10 mM). Representative blots shown to right of bar graph.
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Figure 4.
Western blot of Aβ42 from membrane enriched cellular fractions, respective to NNC
26-9100 and phosphoramidon (Phos) treatment. Soluble oligomeric Aβ42 forms identified at
56, 50, and 25 kDa. Optical densities normalized to respective vehicles (n = 4 5/group). No
statistical significance identified, two way ANOVA, values are mean ± S.E.M.
Representative blots shown to right of bar graph.
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Figure 5.
Western blot of Aβ42 from intracellular enriched cellular fractions, respective to NNC
26-9100 and phosphoramidon (Phos) treatment. Soluble oligomeric Aβ42 forms identified at
56, 50, 25, and 12 kDa. Optical densities normalized to respective vehicles (n = 4 5/group).
** P < 0.01 compared to respective vehicle; † P < 0.05, †† P < 0.01 as compared to NNC
26-9100 alone, two way ANOVA, values are mean ± S.E.M. Representative blots shown to
right of bar graph.
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Figure-6.
(A) Acquisition learning of APPswe Tg2576 mice was evaluated using the T-maze task
following i.c.v. injection of 0.2 μg NNC 26-9100 (T) or vehicle (V) (n = 3-4/group). (B)
Representative Western blot of soluble oligomeric Aβ42 forms extracted from extracellular
(Extra), membrane (Mem), and intracellular (Intra) fractions (cortical tissue). Bar graphs of
Aβ42 forms identified within (C) extracellular, (D) membrane, and (E) intracellular
fractions. Optical densities normalized to respective vehicles. *p < 0.05; ** p < 0.01; *** p
< 0.001 (Student’s T-test), values are mean ± S.E.M. ¥ indicates delineated split of the 25
kDa band with NNC 26-9100 treatment.
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Figure-7.
(A) Representative Western blot of oligomeric Aβ40 forms extracted from extracellular
(Extra), membrane (Mem1 - short exposure; Mem2 - longer exposure), and intracellular
(Intra) fractions (cortical tissue) from Tg2576 mice, following i.c.v. injection of 0.2 μg NNC
26-9100 (T) or vehicle (V) (n = 3-4/group). Bar graphs of oligomeric Aβ40 forms identified
within (B) extracellular, (C) membrane, and (D) intracellular fractions. Optical densities
normalized to respective vehicles. *p < 0.05; ** p < 0.01; *** p < 0.001 (Student’s T-test),
values are mean ± S.E.M.
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