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Short amylin receptor antagonist
peptides improve memory deficits
In Alzheimer’s disease mouse
model

Rania Soudy'$, Ryoichi Kimura*, Aarti Patel, Wen Fu?, Kamaljit Kaur®, David Westaway®23,
JingYang' & Jack Jhamandas?

Recent evidence supports involvement of amylin and the amylin receptor in the pathogenesis of
Alzheimer’s disease (AD). We have previously shown that amylin receptor antagonist, AC253,

improves spatial memory in AD mouse models. Herein, we generated and screened a peptide library
and identified two short sequence amylin peptides (12-14 aa) that are proteolytically stable, brain
penetrant when administered intraperitoneally, neuroprotective against A3 toxicity and restore
diminished levels of hippocampal long term potentiation in AD mice. Systemic administration of

the peptides for five weeks in aged 5XFAD mice improved spatial memory, reduced amyloid plaque
burden, and neuroinflammation. The common residue SQELHRLQTY within the peptides is an essential
sequence for preservation of the beneficial effects of the fragments that we report here and constitutes
a new pharmacological target. These findings suggest that the amylin receptor antagonism may
represent a novel therapy for AD.

Alzheimer’s disease (AD) is the most common form of dementia that affects over 44 million individuals world-
wide, and its prevalence of this condition continues to rise'. One of the defining features of AD is the presence
of soluble oligomers of amyloid beta (AB3) protein that aggregate into extracellular fibrillary deposits known as
amyloid plaques. Progressive accumulation of intra- and extracellular A3 within brain regions, that are critical for
memory and cognitive functions, is linked to the neurodegeneration observed in this condition®*. Progressive
accumulation of AJ is an early pathological event in AD and may precede clinical symptom onset by 15-25
years®. Recent clinical trials aimed at reducing the levels of A(, either through increasing its brain clearance using
A vaccine-based therapies, or inhibiting its generation by blocking the involved secretase enzymes, have been
largely unsuccessful®’. Thus as yet, of the four FDA-approved therapies for AD, none are disease-modifying.

One potentially promising approach for the treatment of AD includes targeting specific receptors that serve
as mediators of the toxic effects of Af oligomers. Multiple receptors (the p75NTR receptor, scavenger receptors
such as SCARA1/2, neuronal nicotinic acetylcholine receptors), have been implicated in mediating A3-induced
disruption of neuronal and synaptic processes in AD and thus identified as potential drug targets for develop-
ing anti-Af therapies, although as yet none have fulfilled this goal®’. Nonetheless, identification of a target that
is implicated in the three key aspects of Alzheimer disease pathogenesis, i.e. neuronal loss, inflammation and
vasculopathy, could offer a promising avenue for the development of therapeutics aimed at mitigating disease
progression.

Emerging lines of evidence have highlighted the role of amylin receptor (AMY) as a putative target for the del-
eterious effects of AB in the context of AD'’. Amylin receptor is a Class B G-protein-coupled receptor comprised
of heterodimers of calcitonin receptor (CTR) and one of three receptor activity modifying proteins (RAMP1-
3) that generate multiple subtypes of amylin receptors, AMY1-3'"!2. Amylin receptor antagonist, AC253, is a
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24-amino acid peptide, originally derived from 8-32 fragment of salmon calcitonin hormone®. Data from our
group and others demonstrates that amylin receptors are abundantly expressed on neurons, microglia, and vas-
culature, three core elements implicated in the AD pathology'®!4'¢. Furthermore, A3-induced dysfunction and
death of neurons that are preferentially affected in AD is attenuated by administration of amylin receptor antag-
onists, AC253 and AC187"7-1°. Interestingly, AC253 also effectively reverses the impairment of A3- or human
amylin (hAmylin)-induced depression of hippocampal long-term potentiation (LTP), a recognized cellular
surrogate of memory*. Most importantly, a recent study demonstrated that intracerebroventricular (icv) infu-
sions of AC253 or intraperitoneal administration of the brain penetrant cyclized AC253 (cAC253), improved
age-dependent deficits in spatial memory and learning in transgenic AD mice without gross adverse effects®’.
These antagonists improved synaptic markers along with suppression of microglial activation and neuroinflam-
mation?'. Other studies have reported that peripheral administration of amylin or its synthetic analog, pramlint-
ide, resulted in improved spatial memory in mouse models of AD**?*. The improvement in behavioral measures
and accompanying reduction in amyloid burden in the brain in these studies was attributed to an efflux of brain
AR (including monomers and small oligomers) into the blood. Thus, the presence of amylin peptides in the cir-
culation was postulated to serve as a “peripheral sink” for the egress of amyloid across the blood brain barrier and
deemed to involve amylin receptors located on endothelial cells®. Collectively, these studies identify the amylin
receptor as a viable and potentially promising target for the development of AD therapeutics.

In order to optimize AC253 based peptides for AD therapy, we generated shorter peptide fragments based on
the AC253 sequence for additional translational studies. Shorter peptides offer several advantages over longer
sequences: higher stability and selectivity, better toxicity profile, significant brain penetration when administered
systemically and a lower cost for both small- and large-scale synthesis and purification**-2%. Hence, we screened
an AC253-based peptide fragment library and identified two promising shorter peptides, R5 (SQELHRLQTYPR),
and R14 (LGRLSQELHRLQTY), which demonstrate high affinity binding to the amylin receptor subtype 3
(AMY3) and also recapitulate neuroprotective properties of the full length AC253. In experimental in vitro and
in vivo transgenic AD models, these peptide fragments show a significant improvement in memory and learning,
and an attenuation of some characteristic features of AD pathology.

Results

Identification of short peptide fragments that selectively bind to amylin receptor. In order
to identify shorter peptides with selective recognition and binding to amylin receptor, enhanced metabolic sta-
bility and brain penetrability than the linear full length peptide, we designed a peptide library comprised of 14
different sequences, namely, R1-R14. Fragments (R1—R13) are 12 amino acids in length and peptide R14 is 14
amino acids. The initial fragment comprised the first 12 amino acids from the N-terminus of AC253 sequence,
and subsequent fragments derived from shifting one amino acid at a time, as depicted in Supplemental Fig. S1A.
The library was synthesized on non-cleavable cellulose membrane (aminoPEG500) using SPOT synthesis, where
the C-terminus of the peptide was attached to the surface of the amino-PEG500 cellulose membrane through
(-ala spacer as described previously?”’. Each amino acid was added to the free amino functional group using a
stepwise Fmoc-SPPS procedure. Each peptide was synthesized in duplicate at approximately 50 nmol on a spot
on the membrane with a diameter of 4 mm (Supplemental Fig. S1B). Since our previous studies identified AMY3
receptor subtype as the preferential target for the direct actions of A3 (and hAmylin) at the level of the cell mem-
brane!?, we targeted this receptor isoform in the current study. A peptide library membrane was incubated with
green fluorescent protein (GFP) labeled AMY3-expressing HEK293 cells (HEK-AMY3) to identify the highly
binding sequences (Supplemental Fig. S1B). The relative binding affinities of peptide fragments were determined
through measuring and plotting the net fluorescence intensity of the bound GFP labeled live cells on each spot as
measured with a fluorescence Kodak imager (Supplemental Fig. S1C). Furthermore, to evaluate amylin receptor
specificity of binding, the library was further screened against transfected CTR, and Wild-type HEK293 cells
(HEK-WT). (Supplemental Fig. S1C).

The screening identified several peptide fragments that demonstrated significant specific binding to
HEK-AMY3 cells compared to either HEK-WT or HEK-CTR cells (Supplemental Fig. S1C,D). Fragments from
the N-terminus domain showed higher affinity binding to the AMY3 receptor compared to those generated from
the C-terminal region. Among the array of peptide fragments, peptides R5, and R14 were selected as demonstrat-
ing the highest specific binding to HEK-AMY3 expressing cells (Supplemental Fig. S1D). Both peptide R5, and
R14 bind with 2- fold more affinity to HEK-AMY3 cells based on intrinsic fluorescence measurement compared
to HEK-WT cells, which confirmed their specificity for the amylin receptor and thus they were chosen for further
investigation.

R5 and R14 fragments showed significant binding to AMY3 receptor and are neuroprotective
against A3-induced neuronal cell death in vitro. Peptide fragments R5, and R14 that demonstrated
specific binding to AMY3 were synthesized for further in vitro studies, and R11, a peptide sequence with minimal
binding to AMY3 expressing cells, was used as a negative control. Synthetic peptides were obtained in high yields
(>75%), and purity exceeding 95% (Supplementary Table S1).

Next, we labeled R5, R14 peptides with Cy5.5 to examine their in vitro binding efficacy and specificity com-
pared with AC253 in HEK-AMY3 cells using flow cytometry and fluorescence microscopy (Fig. 1A,C). Flow
cytometry data (Fig. 1A,B) revealed that R5, and R14 both displayed enhanced binding to HEK-AMY3 cells
similar to AC253 with mean fluorescence intensity arbitrary units of 70 & 10, 50 £ 15, and 20 + 5, respectively. In
HEK-WT cells, R5, R14 and AC253 demonstrated reduced binding and uptake compared to that for HEK-AMY3
cells, thus confirming AMY3 binding specificity. The R11 fragment showed minimal binding to AMY3, further
supporting our library screening results. Uptake of R5 and R14 into HEK-AMY3 cells was competitively inhibited
when cells were pre-incubated with unlabeled AC253 with mean fluorescence intensity of 1 x 106, 1.5 x 10° for

SCIENTIFIC REPORTS |

(2019) 9:10942 | https://doi.org/10.1038/s41598-019-47255-9


https://doi.org/10.1038/s41598-019-47255-9

www.nature.com/scientificreports/

A HEK-AMY3 HEK-WT B = s - OHEK-WT WHEK-AMY3
Control R5  =——R11 Control R5 =——=R11 ;
100 e R14 ——AC253 100 ~——— R14 —AC253 ‘;
£ g
3 £
S % ) ! g
T | ! c
O !g ]
[ ]
0 A : . 0+ go-
1 10’ 10° 10° 100 1 10 10° 10° 10* 2 AC253 RS R14 R11 _R5 __ R14
Fluorescence Intensity (Cy5) +Unlabeled AC253
C DAPI Cy5 DAPI Cy5 D
*
" -
wn
o~
O J
>
£ 50
c
E -
£
0 g 7
(]
e J
wv
g
5 J
>
[ 0 -
< 52 :goe;
= . e
HEK-AMY3 HEK-WT
HEK-AMY3 HEK-WT
E F G
—O—hAmylin 3 i | i | I |
100 1 _—Ac253+hAmylin = 1 T *. ENza
_ RS+hAmylin ;/ - T 100 100 % 4 x %% OHFNs
g —o—R14+hAmylin X no o< =
c R11+hAmylin ] 2
2 g * s
k- < * =
o 50 S 50 Z 50
: S . z
v - —
& ]
_ ¢ [
0 B —_— . . . 0 T T T 1
1 10 100 1000 0 +AC253 +R5 +R14 Medium 0 AC253 R5 R14 RI1
hAmylin (nM) hAmylin only AB.,

Figure 1. Fragments R5 and R14 retain amylin receptor antagonist and neuroprotective properties against A3
toxicity. (A) Flow cytometry histograms showed that Cy5.5 labeled AC253, R5 and R14 have enhanced specific
binding to AMY3 cells (HEK-AMY?3) compared to wild type HEK cells (HEK-WT). R11 showed minimal
binding activity. (B) Bar graphs showing quantification of flow cytometry uptake of Cy5.5 labeled AC253, R5
and R14 peptides in HEK-AMY3 compared to HEK-WT cells. There was no significant difference between
AC253, R5 and R14. The uptake of R5 and R14 was significantly reduced in presence of unlabeled AC253
peptide (competitive binding inhibitor for amylin receptor). (Data is expressed as mean £ SE, n = 6, one-way
analysis of variance followed by Tukey’s test, *denotes significant difference between HEK-WT and HEK-
AMY3 cells, p < 0.05). (C) Representative fluorescence microscopy images showing Cy5.5 labeled peptides
binding to HEK-AMY?3 cells compared to HEK-WT cells (scale bar, 10 pm, DAPI = blue nuclear stain).

(D) Bar graphs summarize the average fluorescent intensity in HEK-AMY3 and HEK-WT cells incubated with
Cy5.5 labeled AC253, R5 and R14 peptides. The fluorescence intensity is significantly increased in HEK-AMY3
compared to HEK-WT cells. (E) R5 and R14 peptides (and AC253), but not R11, inhibited the increased

levels of cyclic adenosine-monophosphate (cAMP) evoked by human amylin (hAmylin) activation of AMY3
receptors on HEK-AMY3 cells. Graphs shows changes in cAMP levels in HEK-AMY3 cells after exposure to
different concentrations of hAmylin in presence of peptides (10 uM). (F) In HEK-AMY?3 cells, AC253, R5 and
R14 peptides (10 pM) reduce increases in phosphoERK1/2 evoked by hAmylin (1 uM) (n=3,%p < 0.05).

(G) Both fragments block the effect of oligomeric AB3,_,, (10 uM)-induced cell death in primary cultures of
human fetal neurons (HFNs) and N2a cells as shown with MTT cytotoxicity assay (n =5, *p < 0.05).

R5, and R14, respectively, thus supporting amylin receptor based peptide cell uptake (Fig. 1B). With fluorescence
microscopy, we observed strong binding of R5 and R14 fragments to the cell membrane of HEK-AMY3 cells
compared to AC253, with minimal binding in HEK-W'T cells (Fig. 1C,D).

We next examined the antagonistic properties of R5, and R14 at the AMY3 receptors and whether these pep-
tides showed neuroprotective properties against A§3 toxicity. Human amylin is a potent agonist at amylin recep-
tor stimulating cAMP production in cells'. In the first in vitro bioassay, we examined ability of R5 and R14 to
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block the hAmylin-evoked cAMP generation in HEK-AMY3 cells. R11 peptide served as a negative control. Results
showed that R5 and R14, but not R11, peptides blocked the cAMP increases in a dose-dependent manner (Fig. 1E).
Additionally, these peptides also blocked downstream activation of ERK1/2 signaling pathway (Figs 1F and S4A),
which is activated by hAmylin and AB,_,, in HEK-AMY3 cells'’. In a second in vitro assay, we examined whether
peptides R5, and R14 could protect human fetal neurons (HFNs) and N2a (mouse neuroblastoma cell line) from
AB,_,, induced cytotoxicity. Using the MTT assay, we observed that in both cell cultures, R5 and R14 peptides were
equally effective as the full length AC253 in attenuating cell death induced by A83,_,,. Cell survival was increased
from 70% to 90% after pretreatment of cultures with fragments R5 and R14; in contrast, R11 did not show any effect
in attenuating A3 neuronal toxicity (Fig. 1G). Thus, these findings validated the library screening results, and indi-
cated that the two fragments not only retained their antagonist activity at the amylin receptor, but also demonstrated
neuroprotective properties against A3 toxicity as seen with the full length AC253 peptide.

Fragment R5 has significant blood brain barrier permeability in vivo after ip administration and
its brain uptake correlates to the degree of amylin receptor expression. Blood brain barrier (BBB)
penetration can limit the potential of long sequence peptides as therapeutic agents in central nervous system
(CNS). Previously, we have reported that a cyclized form of AC253 peptide and to a lesser degree its linear form
can both penetrate the BBB at therapeutically relevant levels, and are localized to the hippocampus and cortex,
regions relevant to memory and learning processes!. Therefore, we examined the ability of Cy5.5 labeled peptide
fragments (R5, and R14) to penetrate BBB in wild-type mice using NIR fluorescence ex vivo brain imaging. Brain
fluorescence resulting from either R5 or R14 was assessed against full length AC253 2h after a single intraperi-
toneal (ip) injection of peptides. In an earlier study, using LC-MSMS, we demonstrated the intact Cy5.5 labeled
cAC253 was present in the mouse brain when injected ip and that the Cy5.5 label was not hydrolyzed off the pep-
tide?!. All three peptides had some ability able to penetrate the BBB, but that the fluorescence signal for peptide
R5 was significantly higher in the brains of these mice compared to either R14 or AC253 with mean fluorescence
intensity of 9 x 10%,7.2 x 106, 7.0 x 106, respectively (Fig. 2A,B). Fluorescence signals were distributed throughout
the cortex, but particularly strong within the hippocampal regions, where a very high density of amylin receptor
expression has been reported'®. Histological analysis of ex-vivo imaged brains further confirmed that our peptides
mainly accumulated in the hippocampal region (Fig. 2C).

Next, we examined the pharmacokinetic profile and the proteolytic stability of R5, and R14 compared to
AC253 in vitro and in vivo. We analyzed peptides fluorescence levels in wild-type mice that received 0, 0.6, 2, 10,
20mg/kg as ip single dose after 2h. Results demonstrate that accumulation of R5, and R14 peptides in the brain
appears to be dose-dependent (Fig. 2D,E). Bio-distribution evaluation of R5, R14 compared to AC253 in differ-
ent organs (liver, kidney, spleen, heart, and brain) was investigated 2 h after injecting 20 mg/kg peptide. Ex-vivo
fluorescence signals from tissues indicated that all peptides were distributed within all organs examined although
uptake in the lung, spleen, and heart was considerably less than that in the kidney and the liver, which showed
a strong NIR fluorescence intensity likely reflecting renal and hepatic clearance of the peptide (Supplemental
Fig. S2A,B).

Subsequently, we investigated the proteolytic stability of R5, and R14 compared to AC253. R5 and R14 showed
comparable serum stability with half-life of 1 h and 1.5h, respectively, which is comparable to AC253 (1h)
(Supplemental Fig. S2C). By assessing the main degradation fragments for both peptides using MALDI-TOF, we
found both peptides to be cleaved at the basic arginine amino acids.

In the present study, we also compared the brain uptake of R5 to that of davalintide, a second-generation syn-
thetic amylinomimetic peptide possessing pharmacological properties superior to those of its congener, pramlin-
tide®. We used heterozygous CTR mice that exhibit 50% CTR expression (“het CTR”) and hence 50% reduction
in the functional amylin receptor®’, and Wild-type mice, both groups receiving ip injections of either R5, or
davalintide (0.1 mmole). Imaging of the intact brain at 2 h post-injection showed greater brain permeability of R5
compared to davalintide. As anticipated, CTR (amylin receptor) hemizygous mice showed significantly reduced
peptide concentrations in comparison to the Wild-type mice (Supplemental Fig. S3).

R5 and R14 fragments, but not R11, antagonize A3 and hAmylin-induced depression of hip-
pocampal long-term potentiation (LTP). We examined whether the peptide fragments were capable
of influencing AB- or hAmylin-induced reduction of hippocampal LTP in mice. Exposure of hippocampal slices
from wild-type mice to hAmylin (50 nM) or A3 (50 nM) depressed LTP induced by a weak tetanization protocol
at the CA1 region as previously reported?>*. To determine whether peptides affected hAmylin or A3- induced
depression of LTP, we applied 250 nM R5 or R14 continuously for 5 min prior to exposure of the hippocam-
pal slices to 50 nM hAmylin or Af and the subsequent LTP induction. Both R5 and R14, but not R11 peptide,
reversed hAmylin and AB-induced depression of hippocampal LTP, while application of any of the three peptides
alone did not affect basal hippocampal LTP levels (Fig. 3A-C). The composite data from these experiments are
shown in Fig. 3E. In a prior study we had demonstrated that in aged TgCRND8 mice, which demonstrate an
over-expression of A3, AC253 substantially improved the normally depressed basal levels of hippocampal LTP
in these mice?!. We therefore sought to determine whether peptide fragments were also capable of improving
LTP levels in the same TgCRND8 AD mouse model. In 8 month old TgCRNDS8 mice, R5 and R14, but not R11,
applications resulted in significant increase in LTP to levels approaching those recorded from age-matched wild
type littermates (Fig. 3D,F). Importantly, doses of the short peptide fragments used in these experiments were
equimolar to those used for AC253 and pramlintide in our previous studies?**.

Treatment with R5 peptide improves spatial memory and features of AD pathology in 5XFAD
mouse model. To evaluate the effect of amylin treatment on learning and spatial memory, we employed
established methods using the Morris Water Maze in an aggressive mouse model of AD, the 5XFAD. The 5XFAD
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Figure 2. Fragments R5, R14 and AC253 demonstrate brain permeability in vivo. (A) Representative ex vivo
fluorescence brain images for Cy5.5 labeled peptides (0.1 mmole in 200 pl normal saline) demonstrating their
accumulation in the mouse brain 2 h after intraperitoneal (ip) injection. Scale bar =1 mm. (B) Histograms
showing brain fluorescence intensity was significantly increased 2 h following a single ip injection with labeled
peptides (AC253, R5 and R14) compared to saline injection, but there was not difference between these
peptides. (Mean & SE, n =10 in each group, one-way ANOVA followed by Tukey’s test, *p < 0.05). (C) Brain
sections from ex vivo experiments in (A) showing AC253, R5 and R14 fluorescent labeling with Cy5.5 (red)
within the hippocampal region, and nuclear staining with DAPI (blue). Scale bar =200 pm. (D) Ex vivo
fluorescence brain images showing dose-dependent accumulation of R5, R14 and AC253 after a single ip
injection with different doses of the peptides in 200 uL saline. (E) Quantification of brain accumulation of
labeled peptides at different concentration (n= 3 for each concentration).

mouse model is widely used as it recapitulates many AD related phenotypes with a relatively early onset and
aggressive presentation of pathology and cognitive impairment’!. The initial amyloid deposition begins by 2
months, and by 6 months the brain is characterized by the presence of a large number of amyloid plaques and
other features of AD pathology®'. At 6 months of age, these mice showed a significant difference in spatial mem-
ory, as measured by escape latencies, compared to wild-type mice (Fig. 4A). We therefore chose this mouse model
for our in vivo studies to examine the efficacy of R5 peptide after the onset of cognitive deficits and AD pathology.

In addition to testing the R5 peptide, we also used cAC253 as a comparator peptide since we have previously
shown it to have superior blood brain barrier penetration compared to its linear form. The determination of
injection amount of R5 (200 ug/kg) was based on achieving equimolar concentrations as the full length peptide,
cAC253%! and prior studies that used pramlintide injections®»**. The normal mouse circulated endogenous amy-
lin level is 0.7 + 0.4 pmol/L in plasma’? and based upon our in vitro data (Fig. 1E) unlikely to perturb the function
of peptides in vivo at these concentrations. After 5 weeks of treatment with ip injections of R5 and cAC253 three
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Figure 3. R5 and R14 peptides improve hippocampal long term potentiation (LTP). (A) The fragments R5,
R14 and R11 (250 n1M) alone did not impair LTP in hippocampal slices from wild type mice. (B) R5 and

R14 but not R11 reverse human amylin (50 nM) and (C) AB,_4, (50 nM)-evoked reduction of LTP. (D) In
hippocampal brain slices from 8 month old of TgCRND8 mice in which LTP is chronically depressed, R5 and
R14, but not R11, restored LTP levels comparable to those observed in age-matched wild type littermate control
mice. (E) Summary of the effects of R5, R14, and R11 fragments on hippocampal LTP in wild type mouse and
(F) TgCRNDS8 AD mice. All data are presented as mean 4= SEM. (n = 6 recordings for each group*p < 0.01,

**p < 0.05; one-way ANOVA followed Tukey’s test).

times a week, 5XFAD mice showed a marked improvement in spatial memory compared to the transgenic litter-
mates receiving sterile saline (Fig. 4B); Age-matched wild-type control mice showed no alterations in the memory
task with systemic administration of either AC253, R5 or saline (Fig. 4B). Additionally, 5XFAD mice that were
treated with cAC253 or with R5 showed improved retentive memory for location of the target quadrant (Probe
Test) compared to transgenic mice receiving saline (Fig. 4A,B). None of the mice receiving cAC253 or R5 showed
any signs of off-target effects (e.g., sedation, impairment of gait, abnormal feeding or drinking behavior, weight
loss, changes in gross appearance such as hair loss, and lack of grooming) throughout the 5 weeks of treatment,
and no significant changes in body weight.

We initiated treatment of 5XFAD and wild-type control mice at 6 month age at a time point when they had
also developed very significant amyloid burden in addition to the spatial memory deficits noted above (Fig. 4A).
Compared with saline treated controls, a 5-week treatment regimen (ip injection three times a week) with either
cAC253 or the shorter peptide (R5) significantly reduced amyloid pathology in the cortex, hippocampus and thal-
amus (Fig. 5A). There was significant reduction in the amyloid plaque numbers, and the overall amyloid burden
(as judged by the area covered by plaques) in these brain regions in the peptide treated mice (Fig. 5B, p < 0.05).
Western blot data also showed significant decrease in A3 proteins from cortical tissue (Fig. 5C, p < 0.05).
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Figure 4. Systemic administration of R5 peptide improves cognitive function in transgenic AD mice.

(A) Morris Water Maze (MWM) testing and Probe Test show significant cognitive function impairment in
escape latencies and quadrant preference in 6 month old 5xFAD mice compared to their age-matched wild type
(WT) littermate control mice before initiation of treatment. However, no difference was observed within the
5XFAD or WT groups destined to receive intraperitoneal (ip) injections of either R5, cyclized AC253 (cAC253)
or normal saline (NS). (B) 5XFAD mice that either received R5 or cAC253 ip injections three times a week for 5
weeks demonstrated a marked improvement in escape latencies over those 5XFAD littermates receiving NS. In
Probe trials, 5XFAD mice that were treated with R5, or cAC253 also showed preference for the target quadrant
where the platform had been located. Wt littermate controls showed no memory deficits with either groups
(n=9 mice in each group; *p < 0.05, **p < 0.01).

Furthermore, activated microglia CD68, the inflammasome NLPR3 and caspase-1, which are markers of neu-
roinflammation that is observed in AD pathology, were also significantly attenuated in 5XFAD that received
either cAC253 or R5 peptides. (Fig. 5C,D, p < 0.05).

Discussion
Our results show that short sequence peptide fragments (Fig. 6), which are derived from the amylin antagonist,
AC253, retain the antagonist activities of the parent peptide, are neuroprotective against A3 toxicity in cell cul-
ture paradigms and improve hippocampal LTP in transgenic AD mice. Importantly, one of these fragments, R5,
administered systemically not only improves spatial memory and learning in a transgenic AD mouse model, but
also attenuates AB plaque load and neuroinflammation in the brain. This R5 peptide shows significant penetrabil-
ity across the BBB and binding in the brain when administered systemically in mice. The improvements in spatial
memory, reduction of amyloid load and neuroinflammation in the brain are noteworthy in two other respects.
First, the improvement in spatial memory is apparent after a relatively short treatment in the AD mice (three
ip injections per week for 5 weeks). Second, R5 treatment conferred benefit in 5XFAD mice that are 6-month
old, an age at which both the AD pathology and behavioral deficits are well established. The latter observation is
particularly relevant for clinical application since past and current anti-amyloid therapeutic interventions in AD
patients after disease onset have been unsuccessful®. Thus, R5 or drugs based upon this peptide may represent an
important advance in mitigating AD disease progression across a significant age span of the condition.

There are several potential mechanisms whereby R5 administration could improve measures of cognition
and pathology in AD mice. First, R5 confers neuroprotection against A3 in neuronal cell cultures and restores, in
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Figure 5. R5 peptide administration attenuates amyloid pathology and neuroinflammation in AD mice.

(A) Brain amyloid plaques are significantly reduced after 5 weeks of ip injections of the R5 fragment or cAC253
in 5XFAD mice. Scale bar = 1000 pm. (B) Quantitative analysis revealed brain amyloid plaque number and
density were significantly reduced in AD mice compared to normal saline (NS) control group (¥*p < 0.05).

(C) Composite of Western blots showing amyloid proteins (A3, 6E10), CD68 (to identify activated microglia),
and markers of inflammasome activation and neuroinflammation (Caspase-1, NLRP3) were all significantly
reduced after a course of cAC253 or R5 ip injections compared to normal saline (NS). The full gels for CD68,
Caspase-1 and NLRP are provided under Supplementary Information (Supplementary Fig. S5). Data shown in
histograms (D) are normalized to 3-actin signal (n =6, *p < 0.05).
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Agonist hAmylin: KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY
rAmylin: KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY
Pramlintide: KCNTATCATQRLANFLVHSSNNFGPILPPTNVGSNTY

Davalintidle KCNTATCVLGRLSQELHR L QTYPRTNTGSNTY
sCTg.at VLGKLSQELHK L QTYPRTNTGSGTP
AC253: LGRLSQELHR L QTYPRTNTGSNTY
R14: LGRLSQELHR L QTy
Antagonist RS: SQELHR L QTYPR

Figure 6. Alignment and comparison of sequences for amylin peptides. The amylin peptide sequences were
aligned according to their known activity related to amylin receptor. The block of residues SQELHRLQTY
comprises a common sequence amongst peptides that demonstrate antagonist activity at the amylin receptor
and mediate their beneficial effects; this makes it an attractive potential therapeutic drug targets for AD.

part, the disruption of hippocampal long term potentiation observed in AD mice as shown in the present study.
Second, in vitro blockade of microglial amylin receptors, which we have shown to reduce recruitment of the
inflammasome, NLRP3, and the secretion of pro-inflammatory cytokines', explains our observations of attenu-
ation of neuroinflammatory markers consequent to R5 administration in 5XFAD AD mice. Cytokines have been
shown to upregulate APP processing and hence increase the generation of A3* that could serve as a source for
amyloid plaque formation. Thus blockade of microglial amylin receptors by R5 (and AC253) could attenuate A3
production. Finally, administration of amylin based peptides have been shown to promote of efflux of A3 from
the brain through increased expression of LRP1?**3* and would explain the reduced amyloid burden following
R5 treatment in our study.

Peptide-based therapeutics display favorable attributes because of their high potency and selectivity for their
receptor targets, and often demonstrate a lower incidence of off-target effects compared with small molecule com-
pounds™®. As a step towards generating and identifying shorter peptide fragments based on AC253 sequence that
demonstrate improved pharmacokinetic and/or pharmacodynamic profile, we used a cell-based peptide library
screening assay®. This screening identified two peptides, R5, and R14, which retain not only the antagonist activ-
ity of the full length peptide, but also demonstrate comparable bioavailability, stability and brain penetrability.
Our study also identifies regions within the AC253 peptide sequence that are likely responsible for amylin recep-
tor binding and antagonistic activity (Fig. 6). Based upon the chosen cell-based screening assay, it appears that it
is the short peptide sequences (R5 and R14) containing sequences derived from the N-terminal and middle rather
than the C-terminal region of parent peptide (AC253) that demonstrate selective binding to the AMY3 receptor
subtype (Supplemental Fig. S1). The three bioactive peptides (AC253, R5 and R14) share a common 10 amino
acid sequence (SQELHRLQTY, Fig. 6), which not only confers the antagonistic activity at the AMY3 receptor, but
also improves spatial memory and aspects of AD pathology in amyloid precursor protein (APP) over-expressing
AD mice

The relationship of R5 and R14 peptides, which both demonstrate neuroprotective activity against A3 evoked
toxicity and improvement in spatial memory in transgenic AD mice, to other synthetic amylinomimetics such as
pramlintide and davalintide deserves comment. Systemic injections of pramlintide have been shown to improve
spatial memory in AD mouse models, a benefit that is presumably attributable to its amylin mimetic properties
at the receptor?>*. However, in other experimental paradigms, pramlintide demonstrates an antagonist activity
at the amylin receptor in a manner similar to AC253, R5 and R14 peptides'*?!. Interestingly, davalintide, also an
amylinomimetic, was synthesized to improve upon pramlintide’s pharmaceutical properties (short half-life and
low bio-availability)?®. However, our data indicate that davalintide, and in an earlier study pramlintide?!, both
demonstrate lower brain permeability after systemic administration than either cAC253 or R5. Thus, although
longer half-life, stability and bioavailability are desirable attributes in the search for amylin based peptides as ther-
apeutic agents for diabetes and other systemic conditions, in the case of AD, the ability of such peptides to cross
the blood brain barrier is an important consideration for their therapeutic potential in the CNS. Hence, based in
part on its superior brain permeability, we selected R5 to test its potential in reversing spatial memory deficits in
transgenic AD mice. Salmon calcitonin (8-32), was the first peptide of the amylin family to be recognized for its
antagonist activity at the amylin receptor and has been well recognized as having a slow receptor dissociation rate
from receptors®. R5 sequence is embedded in a portion of the salmon calcitonin (8-32) sequence (Fig. 6) and
would be consistent with demonstration of its antagonist activity at the amylin receptor that we have observed in
vitro and in vivo.

In summary, we describe the synthesis and testing of short sequence amylin based peptides that demonstrate
selective and full antagonist activity at the amylin receptor, are capable of attenuating the deleterious effects of A3
on neurons and improve spatial memory and features of pathology in transgenic AD mice. The R5 peptide and
its pharmacological characteristics described in this study offer many therapeutic advantages and could serve as
platform for the design of novel non-peptide mimetics using computational modeling to treat AD.

Methods

Detailed materials and methods are presented in the Supplementary Information. All in vivo experiments were
carried out in accordance with the relevant laws and guidelines set by the Canadian Council for Animal Care and
with the approval of the Animal Care Use Committee (Health Sciences) at the University of Alberta.
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A shorter peptide library was derived from AC253 peptide sequence comprising 12-14 amino acid peptides.
These shorter peptides were synthesized on a cellulose membrane using SPOT synthesis and screened for amylin
receptor binding affinity with stable expressed amylin receptor GFP-positive cells. The effected shorted peptides
from the library were labeled with a near-infrared fluorescent dye Cy5.5-NHS ester and further screened the
receptor binding and uptake used AMY3 receptor and wild type control cells. To determine the activity of these
shorter peptides to block AMY3 receptor signaling, cellular cAMP levels (measured using a parameter cyclic
AMP assay kit, R&D Systems) and phosphorylation ERK1/2 (Western blot) were measured. We assessed neuro-
protective properties of the peptide fragments against Af3 cytotoxicity in vitro using the MTT assay in N2a cell
line and human fetal neurons (HFNs), which were prepared from 12- to 15-gestational week fetuses with approval
of the Human Ethics Research Board at the University of Alberta as previously reported'”’.

In vivo brain penetration and pharmacokinetics of the peptides were determined in 6-month-old male or
female wild-type (C57BL/6 background) and heterozygous CTR mice (het-CTR). Het-CTR mice (on C57BL/6]
background) demonstrate a 50% depletion of CTR expression?. Excised mouse brains were imaged in Kodak
imager at 2 h after ip injection with Cy5.5 labeled peptides at 0.2 nano-moles of peptides. These brains were then
embedded in OCT and sliced into 20-pum slices, fixed with 4% paraformaldehyde, stained with DAPI and imaged
Axio Zeiss fluorescent microscopy.

For electrophysiology experiment, hippocampal slices (400-pm thick) were prepared using a vibratome from
wild type and TgCRND8 mice (8 month of age, male or female). For long-term potentiation (LTP) measurement,
the stimulus strength was set to elicit 40-50% of the maximum fEPSP (field excitatory postsynaptic potential)
amplitude and test pulses were delivered once every 30s. LTP was induced by 3-theta-burst stimulation protocol
(each burst consisted of four pulses at 100 Hz with a 200-ms interburst interval). All drugs and chemicals were
applied directly to the slice via bath perfusion.

For in vivo studies, 5XFAD mouse breeding stocks were obtained from the Jackson Laboratory (JAX #006554).
Intraperitoneal injection (ip) administration of fragment R5 and cAC253 was carried out in 5XFAD mice and
wild-type littermate control mice (both male and female). These mice were equally and randomly distributed into
6 groups (n= 10 for each group), and received either normal saline (NS), cAC253 or R5 fragment (200 ug/kg) i.p.
injections 3 times a week starting at 6 months of age for 5 weeks.

The Morris Water Maze (MWM) and probe test were carried out for behavioral testing. The mice were trained
for 3 days (4 trials per day) to find a submerged platform (target quadrant, TQ). The trial ended when a mouse
found and climbed onto the platform within 120s. Mice were tested with inter-trial interval of 50 min. Memory
was evaluated in probe trial, administered on day 4 as the first trial of the day. During probe trial, the platform
was removed from the pool. Memory for the platform location was expressed as the percent of time spent in TQ.

After completion of treatments, the mouse brains were harvested and the right hemisphere was frozen for
biochemical analysis (Western blot, ELISA), and the left hemisphere was fixed with PAF for further processed.
The thicker brain sections were stained thioflavin-S for detecting AS plaques.

For statistical analysis, all values are present as means & SD. Significance was determined using either student
t test, or one-way analysis of variance, followed by Tukey’s test when appropriate, with Prism software (GraphPad
Prism 5, GraphPad Software, San Diego, CA). p < 0.05 was considered significant.

References
1. Alzheimer’s.net. 2017 Alzheimer’s Statistics. http://www.alzheimers.net/resources/alzheimers-statistics/ Accessed January 28, 2019.
2. Hardy, J. & Selkoe, D. J. The amyloid hypothesis of Alzheimer’s disease: progress and problems on the road to therapeutics. Science.
297, 353-6 (2002).
3. Selkoe, D. J. Normal and abnormal biology of the beta-amyloid precursor protein. Annu Rev Neurosci. 17, 489-517 (1994).
4. Selkoe, D. J. The therapeutics of Alzheimer’s disease: where we stand and where we are heading. Ann Neurol. 74, 328-36 (2013).
5. McDade, E. & Bateman, R. J. Stop Alzheimer’s before it starts. Nature 547, 153-155 (2017).
6. Liu, Y. H,, Giunta, B., Zhou, H. D, Tan, J. & Wang, Y. J. Inmunotherapy for Alzheimer disease: the challenge of adverse effects. Nat
Rev Neurol. 8, 465-9 (2012).
7. Graham, W. V,, Bonito-Oliva, A. & Sakmar, T. P. Update on Alzheimer’s Disease therapy and prevention strategies. Annu Rev Med.
68, 413-430 (2017).
8. Patel, A. N. & Jhamandas, J. H. Neuronal receptors as targets for the action of amyloid-beta protein (A3) in the brain. Expert Rev Mol
Med. 14, €2 Jan 20 (2012).
9. Danysz, W. & Parsons, C. G. Alzheimer’s disease, 3-amyloid, glutamate, NMDA receptors and memantine - searching for the
connections. Br ] Pharmacol. 167, 324-52 (2012).
10. Fu, W. et al. Amyloid 3 (AB) peptide directly activates amylin-3 receptor subtype by triggering multiple intracellular signaling
pathways. ] Biol Chem. 287, 18820-30 (2012).
11. Hay, D. L., Christopoulos, G., Christopoulos, A., Poyner, D. R. & Sexton, P. M. Pharmacological discrimination of calcitonin
receptor: receptor activity-modifying protein complexes. Mol Pharmacol. 67, 1655-65 (2005).
12. Hay, D. L., Poyner, D. R. & Sexton, P. M. GPCR modulation by RAMPs. Pharmacol Ther. 109, 173-97 (2006).
13. Hay, D. L., Chen, S, Lutz, T. A., Parkes, D. G. & Roth, J. D. Amylin: pharmacology, physiology, and clinical potential. Pharmacol Rev.
67, 564-600 (2015).
14. Fu, W. et al. Role of microglial amylin receptors in mediating beta amyloid (AB)-induced inflammation. ] Neuroinflammation. 14,
199 (2017).
15. Fu.,, W, Patel, A., Kimura, R,, Soudy, R. & Jhamandas, J. H. Amylin receptor: A potential therapeutic target for Alzheimer’s disease.
Trends Mol Med. 23,709-720 (2017).
16. Qiu, W. Q. Amylin and its G-protein-coupled receptor: A probable pathological process and drug target for Alzheimer’s disease.
Neuroscience 356, 44-51 (2017).
17. Jhamandas, J. H. et al. Actions of 3-amyloid protein on human neurons are expressed through the amylin receptor. Am J Pathol. 178,
140-9 (2011).
18. Jhamandas, J. H. & MacTavish, D. Antagonist of the amylin receptor blocks beta-amyloid toxicity in rat cholinergic basal forebrain
neurons. ] Neurosci. 24, 5579-84 (2004).
19. Jhamandas, J. H. & Mactavish, D. 3-Amyloid protein (AB3) and human amylin regulation of apoptotic genes occurs through the
amylin receptor. Apoptosis. 17, 37-47 (2012).

SCIENTIFIC REPORTS |

(2019) 9:10942 | https://doi.org/10.1038/s41598-019-47255-9


https://doi.org/10.1038/s41598-019-47255-9
http://www.alzheimers.net/resources/alzheimers-statistics/

www.nature.com/scientificreports/

20. Kimura, R., MacTavish, D., Yang, J., Westaway, D. & Jhamandas, J. H. Pramlintide antagonizes beta amyloid (AB3)- and human
amylin-Induced depression of hippocampal long-term potentiation. Mol Neurobiol. 54, 748-754 (2017).

21. Soudy, R. et al. Cyclic AC253, a novel amylin receptor antagonist, improves cognitive deficits in a mouse model of Alzheimer’s
disease. Alzheimers Dement (N Y). 3, 44-56 (2016).

22. Adler, B. L. et al. Neuroprotective effects of the amylin analogue pramlintide on Alzheimer’s disease pathogenesis and cognition.
Neurobiol Aging. 35,793-801 (2014).

23. Zhu, H. et al. Intraperitoneal injection of the pancreatic peptide amylin potently reduces behavioral impairment and brain amyloid
pathology in murine models of Alzheimer’s disease. Mol Psychiatry 20, 252-62 (2015).

24. Fadnes, B., Uhlin-Hansen, L., Lindin, I. & Rekdal, @. Small lytic peptides escape the inhibitory effect of heparan sulfate on the
surface of cancer cells. BMC Cancer 11, 116 (2011).

25. Lyu, Y, Yang, Y., Lyu, X., Dong, N. & Shan, A. Antimicrobial activity, improved cell selectivity and mode of action of short PMAP-
36-derived peptides against bacteria and Candida. Sci Rep. 6, 27258 (2016).

26. Fosgerau, K. & Hoffmann, T. Peptide therapeutics: current status and future directions. Drug Discov Today 20, 122-8 (2015).

27. Soudy, R., Ahmed, S. & Kaur, K. NGR peptide ligands for targeting CD13/APN identified through peptide array screening resemble
fibronectin sequences. ACS Comb Sci. 14, 590-9 (2012).

28. Mack, C. M. et al. Davalintide (AC2307), a novel amylin-mimetic peptide: enhanced pharmacological properties over native amylin
to reduce food intake and body weight. Int ] Obes (Lond). 34, 385-95 (2010).

29. Davey, R. A. et al. Calcitonin receptor plays a physiological role to protect against hypercalcemia in mice. ] Bone Miner Res. 23,
1182-93 (2008).

30. Kimura, R., MacTavish, D., Yang, J., Westaway, D. & Jhamandas, ]. H. Beta amyloid-induced depression of hippocampal long-term
potentiation is mediated through the amylin receptor. ] Neurosci. 32, 17401-6 (2012).

31. Oakley, H. et al. Intraneuronal beta-amyloid aggregates, neurodegeneration, and neuron loss in transgenic mice with five familial
Alzheimer’s disease mutations: potential factors in amyloid plaque formation. J Neurosci. 26, 10129-40 (2006).

32. Wong, W. P. et al. Spontaneous diabetes in hemizygous human amylin transgenic mice that developed neither islet amyloid nor
peripheral insulin resistance. Diabetes 57, 2737-44 (2008).

33. Blasko, L., Marx, F, Steiner, E., Hartmann, T. & Grubeck-Loebenstein, B. TNFalpha plus IFNgamma induce the production of
Alzheimer beta-amyloid peptides and decrease the secretion of APPs. FASEB J. 13, 63-8 (1999).

34. Wang, E. et al. Amylin treatment reduces neuroinflammation and ameliorates abnormal patterns of gene expression in the cerebral
cortex of an Alzheimer’s disease mouse model. ] Alzheimers Dis. 56, 47-61 (2017).

35. Goodwin, D., Simerska, P. & Toth, I. Peptides as therapeutics with enhanced bioactivity. Curr Med Chem. 19, 4451-61 (2012).

36. Ahmed, S., Mathews, A. S., Byeon, N., Lavasanifar, A. & Kaur, K. Peptide arrays for screening cancer specific peptides. Anal Chem.
82, 753341 (2010).

37. Hilton, J. M., Dowton, M., Houssami, S. & Sexton, P. M. Identification of key components in the irreversibility of salmon calcitonin
binding to calcitonin receptors. ] Endocrinol. 166, 213-26 (2000).

Acknowledgements

We thank Dr. Khem Jhamandas (Queens University, Kingston, Ontario) for comments on the manuscript and
Drs. R. Davey and J. Zajac (University of Melbourne, Australia) for providing breeding pairs of hemizygous
CTR mice. This research was supported by grants from the Canadian Institutes of Health Research, Alberta Bio-
Solutions (Alberta Prion Research Institute), the Alzheimer’s Society of Alberta and Northwest Territories, the
University Hospital Foundation and the Natural Sciences and Engineering Research Council of Canada (NSERC).
Rania Soudy was recipient of Alberta Innovates Heath Sciences (AIHS) Clinician Postdoctoral Fellowship and
Department of Medicine Translational Fellowship.

Author Contributions
R.S.,, R.K., A.P. and WE helped design and perform experiments, and analyzed data; D.W,, J.Y. and K.K. provided
transgenic mice, reagents/analytic tools; W.E, R.S., D.W. and J.]. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-47255-9.

Competing Interests: The corresponding author (J], University of Alberta) has filed the following patents
related to this manuscript: United States Patent Application Serial No. 15/705,789 and Canada Application
Serial No. 2,967,616. Inventors are: Jhamandas, Jack; Soudy, Rania; Kaur, Kamaljit; Fu, Wen; MacTavish, David
and Patel, Aarti. Title: Brain Penetrant Amylin Receptor Based Peptides for Alzheimer’s Disease. The patent
relates to the generation and application of short amylin receptor antagonist peptides that are used in the studies
described in this manuscript.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019, corrected publication 2022

SCIENTIFIC REPORTS |

(2019) 9:10942 | https://doi.org/10.1038/s41598-019-47255-9


https://doi.org/10.1038/s41598-019-47255-9
https://doi.org/10.1038/s41598-019-47255-9
http://creativecommons.org/licenses/by/4.0/

	Short amylin receptor antagonist peptides improve memory deficits in Alzheimer’s disease mouse model

	Results

	Identification of short peptide fragments that selectively bind to amylin receptor. 
	R5 and R14 fragments showed significant binding to AMY3 receptor and are neuroprotective against Aβ-induced neuronal cell d ...
	Fragment R5 has significant blood brain barrier permeability in vivo after ip administration and its brain uptake correlate ...
	R5 and R14 fragments, but not R11, antagonize Aβ and hAmylin-induced depression of hippocampal long-term potentiation (LTP) ...
	Treatment with R5 peptide improves spatial memory and features of AD pathology in 5XFAD mouse model. 

	Discussion

	Methods

	Acknowledgements

	Figure 1 Fragments R5 and R14 retain amylin receptor antagonist and neuroprotective properties against Aβ toxicity.
	Figure 2 Fragments R5, R14 and AC253 demonstrate brain permeability in vivo.
	Figure 3 R5 and R14 peptides improve hippocampal long term potentiation (LTP).
	Figure 4 Systemic administration of R5 peptide improves cognitive function in transgenic AD mice.
	Figure 5 R5 peptide administration attenuates amyloid pathology and neuroinflammation in AD mice.
	Figure 6 Alignment and comparison of sequences for amylin peptides.




