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Abstract

The social specie®ctodon degus (degu) is the only wild-type South American rod#ret
develops Alzheimer’s-like pathology with age. Hengs evaluated the ability of a natural
product (Andrographolide, ANDRO), a diterpene c& thbdane family obtained from the
Asian plantAndrographis paniculata, to recover the cognitive decline in this longeliv
animal model. We administered ANDRO to aged dedifs rionths old) for 3 months.
Additionally, in two control groups (young degus2 inonths old and aged degus: 56
months old) we administrated saline solution as ehicle. We evaluated cognitive
performance through several behavioral tests. \Me pérformed a series of physiological
and biochemical analyses (e.g., electrophysioldbgical immunoblotting assessment) to
identify possible mechanisms underlying cognitiefprmance associated with age. Our
results suggest that there is an effect of aginghenloss of cognitive function, and this
decrease in cognitive function was also related tiecrease in the synaptic functions and
an increase in the main hallmarks of Alzheimersedse (AD). More importantly, ANDRO
treatments showed the following beneficial effedfts; recovery of spatial memory and
learning performance; (2) recovery of synaptic b&sensmission; (3) partial or complete
protection of certain synaptic proteins; and (4pacific neuroprotective effect, including
the reduction of phosphorylated tau protein arfdafygregate maturation in aged degus.
Taken together, our results suggest that ANDROdbel used as a potential therapy for
AD and support the use @. degus as a natural model in which to study both neural
damage associated with aging processes and thevibettaand neuropathological

hallmarks of aging-related diseases such as AD.

Key words: Octodon degus, Alzheimer’s disease, Andrographolide, behavior,agnitive

performance
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1. Introduction

Alzheimer’'s disease is characterized by progreseieenory loss and neuropathological
changes in specific regions of the brain (Takashi2@®9; Duthey, 2013; Selkoe, 2013).
The major pathological hallmarks of brains with Wdmmer's disease include the
accumulation of neurofibrillary tangles (NFTs) anduritic plaques, primarily in the
hippocampus, cortex, and other brain areas linkedognitive processes (Glenner and
Wong 1984; Gotz and Ittner 2008; Takashima, 2009).

The absence of effective treatments that can reversstop the progression of
Alzheimer’s disease motivates the search for nexafteutics (e.g., natural products) (Ng
et al., 2015; Serrano et al., 2014). Previous stutiiave indicated that Andrographolide
(ANDRO), a diterpene of the labdane family, is @sgble for most of the biological
effects of Andrographis paniculata (Basak, 1999; Panossian et al., 2000; Iruretagogéna
al.,, 2005). This molecule has been reported totewmeuroprotective effects against
inflammation-mediated neurodegeneration (Wang ¢t24l04; Suebsasana et al., 2009),
oxidative stress in the brain (Das et al., 20089, eerebral ischemia (Chan et al., 2010).

Recently, Serrano et al., (2014) showed that ANDRE&duces several
neuropathological markers of Alzheimer’s diseasel@ding by protecting postsynaptic
proteins, reducing B aggregate maturation, and recovering synaptic tioms) and
recovers spatial memory performance in a transg®lziteimer’s mouse model of different
ages. However, although they are vital tools, the af these transgenic animal models has
been severely criticized because the developmeAtzbieimer’'s disease does not progress
at the same rate, it does not always affect theesagions of the brain, genetic and/or
pharmacological manipulation is needed to reach tmrinsic Alzheimer's
pathophysiological state, and the mutated genesoftsea overexpressed and unable to
recapitulate all of the pathological features a$ ttiisease (Games et al., 1995; Hock and
Lamb 2001; Braidy et al., 2012; Tarragon et al130

A caviomorph social rodent endemic to Chietodon degus, the degu, has gained
prominence as the only wild-type South Americanerddto develop Alzheimer’s-like
pathology in older age (Inestrosa et al., 2005ragon et al., 2013; Rivera et al., 2016).
Moreover, there is high homology (97.5%) betweea Human and degu pApeptide
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sequences (Inestrosa et al., 2005). The aged bwhidsgus (i.e., age 3-4 years) naturally
accumulate senile plaques and neurofibrillary teas@inestrosa et al., 2005, 2015), and the
affected rodents are insulin resistant, a featuaeis common in the clinical manifestations
of Alzheimer’s patients (Tarragon et al., 2014;sinesa et al., 2015). On the other hand,
degus exhibit a highly evolved social organizattbat can recapitulate the richness of
human social relationships (Reynolds and Wrightol@olonnello et al., 2011a; Rivera et
al., 2016). Consequently, the purpose of the ptesemly was to explore the potential
effects of ANDRO on memory and synaptic transmissiothis novel model animal. We
performed an integrative study of the effect of ARID in aged degus through the use of
behavioral, electrophysiological, and biochemigappraaches. We hypothesized that aged
degus treated with ANDRO would display improved mtige abilities compared with
aged degus treated with vehicle. To our knowlettys,is the first comparison of the effect

of a therapeutic drug to treat cognitive declin¢his long-lived animal model.

2. Materials and Methods

2.1. Animals

Adult female degus (56 months old) and young fenalgus (12 months old) weighing
200 £ 20 g and 153 £ 5 g (mean £ SD), respectiwedre obtained from our colony. These
animals were all derived from laboratory-bred linBggus were randomly divided into
three groups (n = 8 per group) and kept in pairelaited and unrelated females housed in
clear acrylic aquaria (length x height x depthx58 x 23 cm) with a bedding of hardwood
chips, and water and food (rabbit commercial pel&tampion, Santiago, Chile) were
providedad libitum. Each cage contained one nestbox made of clegica@2 x 12 x 15
cm). Animals were kept in a ventilated room andasegal to a natural photoperiod and
ambient temperature (yearly minimum = 13.4 + 0.2§€arly maximum = 24.9 + 0.2°C).
Under laboratory conditions, degus can live for8ygars (Ardiles et al., 2012); however,
between 85-95% of degus do not survive to theiomsgcyear under natural conditions
(Ebensperger et al., 2009).
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Intraperitoneal (IP) injections of 2.0 mg/kg or 4r@/kg ANDRO in saline vehicle
were administered three times per week as desciib¢ke literature (Panossian et al.,
2000; Hidalgo et al., 2005). Control animals wetecdted with only vehicle. Twenty-four
female degus were used in this study; eight 56 hsootd degus were used per ANDRO
group (2 mg/kg and 4 mg/kg ANDRO), and eight 56 therold degus served as controls.
Additionally, eight 12 months old degus (young gipwvere used as positive control.
ANDRO and vehicle were given over three months ewérie the behavioral tests (see
below) were being performed. Each week, we meashioely mass and the doses for IP
injections were re-calculated. For our study, we wiot consider the estrus cycle in the
design and performance of the experiments becawme is controversy regarding its
effects on the learning and memory performanceeaide rodents (Berry et al. 1997,
Stackman et al., 1997; Hornung et al., 2007; Tamag al., 2014).

All experiments followed guidelines of the Americ&ociety of Mammalogists
(Sikes and Gannon 2011) and the National InstituwésHealth guidelines (NIH,
Baltiomore, MD). All procedures were approved bye tiBioethical and Biosafety
Committee of the Faculty of Biological Sciencestod Pontificia Universidad Catdlica de
Chile (CBB-121-2013). All efforts were made to nmmize animals suffering and to reduce

the number of animals used.

2.2. Behavioral testing

Animals underwent four behavioral tests as detalletbw. To minimize the effects of
behavioral experience on the results, experimergse wonducted from less to more
intrusive. The order of experiments was as folloWsopen field test, ii) novel object
recognition test, and iii) Barnes maze test. Angmaiderwent one test per day (except the
Barnes maze test, which is longer). Since degusdamnal, all behavioral tests were
performed during daytime (between 09:00 and 16:)00Ahthe end of each session, the
animals were returned to their home cages and ithe was wiped clean with a 70%

ethanol solution.
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2.2.1. Open field test

Animals were observed for 5 min in the open figstt The open field arena consisted of a

white Plexiglas box (100 x 100 x 100 cm). The frexey of total crossings and “central
crossings” (with a four-paw criterion) were scof€blonnello et al., 2011b). In addition,
the percentage of time in the corners and in thediarena and the speed and total
distance were assessed. At the end of each sedmomimals were returned to their home

cages and the area was wiped clean with a 70%atbalution.

2.2.2. Novel object recognition test

This test arena comprised an open box (length ghhei depth: 63 x 40 x 30 cm) made of
white Plexiglas. For this test, we followed theesftjrecognition protocol used for degus by
Tarragon et al. (2014). Briefly, animals were exgmbso a 10 min familiarization period
and then tested in two consecutive five min assatls a one hour inter-trial interval. For
Session 1 (familiarization), two objects (“Object And “Object B”) were placed in the
corners of the home cage and the animal was alltavéeely explore the field for 10 min.
Following this period, the objects were removedrrine cage and wiped with70% ethanol
solution and the test animal was returned to itadncage for one hour. In Session 2 (novel
location recognition, NLR), one of the familiar ebjs (Object B) was moved to an
adjacent unoccupied corner. The test animal was fitee to interact with the objects for
five min. Following this period, the objects weramoved from the cage and wiped with
70% ethanol solution and the test animal was retutio its home cage for one hour. In
Session 3 (novel object recognition, NOR), onehaf tamiliar objects (Object B) was
replaced by a different but similar object. We releal the familiarization and testing times
and the time spent exploring each object. “Explordttime was defined as approaching to
within 1 - 3 cm of the object. To quantify NLR alNDR, a recognition index (RI) was
calculated as the time spent with Object B dividgdhe sum of the time spent with Object
B and Object A.

2.2.3. Barnes maze test

The Barnes maze consisted of a circular 160 cm etanelevated platform made of white

Plexiglas surrounded by a 45 cm high wall. Eightelecular holes (8 cm in diameter) were
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bored through the platform equidistant from eadten{16 cm) and 5.5 cm from the outer
edge. All holes except the target hole were blockeplastic escape box (length x height x
depth: 31 x 13 x 16 cm) was positioned under threams hole. Accurate performance
requires subjects to learn and remember the lotatidhe escape hole; therefore, spatial
cues (combinations of different colors and shapesgelaw star, a red square, and a green
apple) were placed on the wall of the maze (Kumaz®anita et al., 2013). This test has a
strong spatial and hippocampus-dependent compofi@atnes, 1979). Briefly, the
procedure was divided into three phases—habituati@ming, and test phases—which
were implemented similarly to the methods descrilbgd Popowt et al. (2010) and
Tarragon et al. (2014). Session 1 (habituationjphegith placing the animal in the escape
box for two min. The animal was then placed neardhlcape hole and left for one min to
escape. If the animal did not enter the escape ibaxas gently picked up and helped
through the target hole into the escape box, witeveas left for two min. Finally, the
animal was placed in the center of the maze ariddeffour min to explore the platform
and enter the escape box. If the animal did natrehe escape box, it was placed into the
escape box as above and left there for two minSdasion 2 (training), two days after
Session 1, we trained each animal for 10 daysebsiBn 3 (test phase), seven days after
Session 2, we exposed the test animals to a meratigval session. Both the training and
the test phases consisted of four consecutiverfontrtrials separated by a five min resting
phase in the animal’'s homecage. At the beginnirgach trial, the animal was confined for
30 s in a start box in the center of the mazehdf animal did not enter the escape box
within the allotted time, it was manually picked apd placed in the escape box, where it
remained undisturbed for 2 min. The surfaces oftlagze platform were cleaned with 70%
ethanol between trials. We recorded the latencthéofirst visit of the escape hole, the
percentage of time in the quadrant of the escape Mde also analyzed the reference
memory errors (every first visit of a non escapé&hio each trial) and working memory
errors (repeated visits to the same non escape ihotbe same trial). To discarded
locomotors differences between groups we measteedgeed and the distance (in meters)
covered from the initiation of exploration of thecape hole to entrance into the escape
hole. Search strategies used during reversal tnigee categorized into three groups:

random, serial and spatial as described by (InmaodAét al., 2000; JaSaréat al., 2011).
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Briefly, searches were classified as random whealived searches of escape hole were
interrupted by center crosses or when no systersaticch pattern was discernible. Serial
searches were defined as searches of consecutles hmund the maze, and spatial
searches were defined as searches following atgietis to the escape hole (see Fig. 3A in
the Supplementary Data).

In all cases, a digital video camera (LifeCam SiuBull HD, Microsoft Corp.,
Redmond, WA) was mounted above the test arenahangerformance of each animal was

monitored with image tracking software (HVS Imagempton, UK).

2.3. Electrophysiological assessment

The hippocampi of degus were promptly removed autiegned into 35Qim-thick slices
using a vibratome (Leica VT1000S) in ice-cold desm buffer (5 mM KCI, 1.25 mM
NaH,PQ,, 26 mM NaHCQ, 212.7 mM sucrose, 10 mM dextrose, 3 mM Mg@hd 1 mM
CaCl, equilibrated with 95% ©and 5% CG@Q). The slices were transferred and maintained
for 1 h at room temperature in normal artificiakederospinal fluid (ACSF), which was
similar to the dissection buffer except that sueregas replaced by 124 mM NacCl,
MgCl,was decreased to 1 mM, and Ca@ls increased to 2 mM. All recordings were
performed in a submersion recording chamber pedfush ACSF (30 + 0.5°C; 2 ml/min).
Field excitatory postsynaptic potentials (fEPSPsjyerevoked by stimulating the Schaffer
collaterals with 0.2 ms pulses delivered throughcemtric bipolar stimulating electrodes
(FHC) and recorded extra cellularly in CA1 stratuadiatum. Baseline responses were
recorded using half-maximum stimulation intensity @033 Hz. Basal synaptic
transmission was assayed by determining input-augdationships from fEPSPs generated
by gradually increasing the stimulus intensity; airgd-pulse facilitation index was
calculated using the equation ((R2-R1)/R1), wheteaRd R2 are the peak amplitudes of
the first and second fEPSP in an inter-pulse ilenf 50 ms. Long-term potentiation
(LTP) was induced by theta burst stimulation caimggsof four theta epochs delivered at
0.1 Hz. Each epoch in turn consisted of 10 trainfoar pulses (at 100 Hz) delivered at 5
Hz.
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2.4. Immunablotting

2.4.1. Western blot analysis
The hippocampi of aged degus (56 months old) tdeaith ANDRO or control degus (12

months old and 56 months old) treated with vehisdee dissected on ice and immediately

frozen at-150°C or processed as previously degtrifpeestrosa et al., 2013; Serrano et al.,
2014). Briefly, the hippocampus tissues were homizgel in RIPA buffer (50 mMTris-Cl,
pH 7.5, 150 mM NacCl, 1% NP-40, 0.5% sodium deoxjateo and 1% SDS) supplemented
with a protease inhibitor cocktail (Sigma-Aldrict8320) and phosphatase inhibitors (50
mMNaF, 1 mM NgvO, and 30uM NasP,0;) using a Potter homogenizer and were then
passed sequentially through different caliber gygg Protein samples were centrifuged
twice at 14,000 rpm at 4°C for 15 min. The proteomcentration was determined using the
BCA Protein Assay Kit (Pierce Biotechnology, Roakfo IL). Twenty and forty
micrograms of protein samples were separated by $0%-PAGE and transferred to a
PVDF membrane. The membranes were incubated witimenuse, anti-goat, or anti-rabbit
IgG peroxidase-conjugated antibodies (Pierce, RwdkflL) and developed using an ECL
kit (Western Lightning Plus ECL, PerkinElmer). Toalyze the results, all target protein
signals were normalized against the loading cor{tralfubulin or -Actin). In case of the
anti-phosphorilated epitopes antibodies the sigwals also normalized against the
respective total protein signal (E.g: tau-Thr23d diotal tau signals were both normalized

against Tubulin and tau-Thr231 signal was also atim®d against Total tau signal).

2.4.2. Detection and quantification of AS

To determine the concentrations ofp Apeptides, two sandwich enzyme-linked
immunosorbent assays (ELISAs) specific fopsfand A3, were used as previously
described (EZBRAIN40O, EZBRAIN42; EMD Millipore Coopation, Billerica, MA).
Hippocampal homogenates of all animals were dilaoeB1g/ul in homogenization buffer
containing protease and phosphatases inhibitorsprodgmately 50 pl of diluted
homogenate was prepared to measupal/APas. levels according to the manufacturer’s
instructions. Plates were read at the respectiveeMagths on a Metertech 960 ELISA

Analyzer.

10



282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312

To detect soluble B oligomers using Western blot analysis, 1@®f protein was
separated in a Tris-Tricine buffer system [0.2 N5TpH 8.9) as an anode buffer and 0.1 M
Tris, 0.1 M Tricine, 0.1% SDS (pH 8.25) as a cathddiffer] and then transferred to a
PVDF membrane. The transfers were followed by iatiolp with the primary antibody
anti AB-4G8 (Covance) and anti-oligomer-All antibody aegiedoped using an ECL kit
(Luminata Forte Western HRP Substrate, Milliporeg@oation).

2.5. Thioflavin-S (Th-S) staining

To detect amyloid formation, Th-S staining was pearfed using brain slices mounted on
gelatin-coated slides as previously described (@maat al., 2004; Toledo and Inestrosa
2010). Slices were dehydrated and rehydrated irneyland ethanol baths and then
incubated in distilled water for 10 min. The sliogere then immersed in Th-S solution
(0.1% ThS in 70% ethanol) for 5 min, washed twite’/0% ethanol for 30 s, and cover-
slipped with mounting medium in the dark. The saaplere analyzed using a Zeiss LSM

5 Pascal confocal microscope. The images were zathlysing NIH ImageJ software.

2.6. Immunofluorescence

Immunofluorescence was performed in brain slicedessribed previously (Cancino et al.,
2008; Varela-Nallar et al., 2009). The slices wesshed three times in ice-cold PBS and
then permeabilized for 30 min with 0.2% Triton X6l PBS. After several rinses in ice-
cold PBS, the samples were incubated in blockingtism (0.2% bovine serum albumin in
PBS) for 1 h at room temperature followed by anroigt incubation at 4°C with primary
antibodies. After primary antibody incubation, thlces were extensively washed with
PBS and then incubated with Alexa-conjugated seamgnédntibodies (Molecular Probes,
Carlsbad, CA) for 2 h at 37°C. The primary antilesdused were rabbit 4G8 and mouse
anti-6E10 (Covance, Princeton, NY). The nucleainstg was performed by treating the
slices with Hoechst (Sigma-Aldrich, St. Louis, MOe slices were subsequently mounted
on slides using mounting medium and analyzed usingeiss LSM 5 Pascal confocal

microscope. The images were analyzed using NIH édagftware.

11
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2.7. Satistical analysis

All data are presented as the mean = SE. In thed3amaze, values are expressed as the
mean of the four assays for the test phase (seeepblo the NOR test, the recognition
index was analyzed. Comparisons among treatments werformed with a one-way
ANOVA, and Tukey’s post hoc comparison test wasdustaen appropriate at = 0.05.
The assumptions of normal distribution and homogmé variances were confirmed with

a fitting test of the data. We used nonparamemiglyses (Mann-Whitney and Kruskal-
Wallis) when data could not be transformed to nmibese assumptions. Additionally,
repeated-measures ANOVA followed by Tukey’s post test was used to analyze Barnes
maze training data of the different age group amel ¢lectrophysiological data. All
statistical analyses were performed using the SSiEdi (StarSoft, Tulsa, OK) software

package.

3. Results

3.1. ANDRO recovers the hippocampus-dependent cognitive performance in aged degus

We performed several behavioral task assays teiigate the possible role of ANDRO in

aged degus:

3.1.1. Openfield test

To evaluate the general state of animals, we paddrthe open field test. In this context,

no significant differences were found between youegus (12 months old) and aged
degus (56 months old) treated with the vehicle agetl degus (56 months old) treated with
ANDRO (all P > 0.05), suggesting a normal general behavior glidgsee Fig. 1 in the
Supplementary Data).

3.1.2. Novel object recognition test
We studied the effect of ANDRO on Novel LocationcBgnition (NLR)/Novel Object

Recognition (NOR), which is a double test used talwate cognition, particularly

12
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recognition memory. Taking the recognition index)(Bs the dependent variable, the
analysis of the effect of ANDRO measured with tHeRNrial revealed a significant effect
between treatments {kR7 = 8.471;P < 0.01). Tukey post hoc test indicated a significan
effect of age, with a decline in the Rl in agedutegompared with young degus (Fig. 1A).
The aged control group showed no preference foeethe moved or familiar object and
thus no significant difference between exploratiomes for each object (s = 0.798;P =
0.397; Fig. 1B). More importantly, we observed acreéase in the Rl in aged degus treated
with ANDRO, suggesting that ANDRO treatments imm@ad\he spatial working memory
in aged degus (Fig. 1A). When we evaluate the eaptm times, aged degus treated with
ANDRO were able to identify the novel object locatisignificantly better than the aged
control ones (Eg= 7.615;P = 0.025 and H = 4.364 = 0.037; Fig. 1B). Similarly, during
the NOR assay, we observed a significant differdrateieen treatments{k;= 5.274,P <
0.01). More extensive analyses revealed a significkecrease in the RI in aged degus
compared with young animals (Fig. 1C). The agedugrshowed no preference for the
novel object, indicating a lack of memory of thengde object (F s = 0.039;P = 0.847,
Fig. 1D). ANDRO treatments significantly increadbéd RI, moreover, aged degus treated
with ANDRO had spend more time with the new objdn the familiar ones (Fg =
40.52;P < 0.01 and H = 5.28 = 0.022; Fig. 1D), suggesting a recovery in the wsm

and predilection for novel experiences in aged degu

3.1.4. Barnes maze

The Barnes maze test indicated a significant efbégroups (R, 153= 8.951; P < 0.001)
and time (R, 153= 12.313; P < 0.001), but not of interaction greugime (F27, 1539= 0.428;

P = 0.994) on the latency to the first visit ofase hole (Fig. 2A). Tukey test indicated that
young animals significantly needed less time thg@&dacontrol degus to the first visit the
escape hole (P < 0.001). Moreover, under ANDROtrireats animals found the escape
hole sooner than aged control group (P < 0.001fergy to the first visit of escape hole
decreased over training days in all groups (Fig., Mawever only animals under ANDRO
4 mg/kg were statistical significant (P = 0.022)ridg days 3, 7-10. Statistical differences
between young and aged animals were found dur@gitie days of training. Differences
between aged degus and ANDRO 2 mg/kg were founmhglutays 3, 4, 6 and 7. More

13
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importantly, during the test phase of the Barnegartast we found a significant effect of
ANDRO on the time to the first visit of the escapsde (H = 8.248P = 0.041). Post hoc
analysis revealed that aged degus required appabeiyrfive-fold longer time to locate the
escape hole compared with young degus, whereas agethls treated with ANDRO
required only twice as long to find the escape lolapared with young animals (Fig. 2B
and Fig. 3). When the maze was split into four zpmee found that young and aged degus
treated with ANDRO expressed a similar spatial gnegfice for the target area compared
with aged degus treated with vehicle (H = 9.1B8; 0.028; post hoc analysiB;< 0.05,
Fig. 2C and Fig. 3).

The analyses of the reference memory errors duraiging sessions produced
similar results. Briefly, a significant effect ofayps was present (153 = 19.278; P <
0.001). There was a tendency for a decrease asoti®ining progressed, §Rs3= 3.027;

P = 0.002), but not in the interaction group x ti(fe;, 1s3= 0.0903; P = 1.000; Fig. 2D).
Post hoc analysis demonstrated that the aged ¢amtop had more reference errors that
the young ones (P < 0.001). Interestingly aged slaguder both ANDRO treatments
committed less errors than the aged control gréug 0.001). As shown in Figure 2D, we
detect statistic differences between young and agettol degus during day 1, 2, and 3.
Statistical differences were found between agedrocbdegus and animals treated with
ANDRO 4 mg/kg only during day 7. During the tesapé of the Barnes maze aged control
degus made more errors compared to young and &ge treated with ANDRO, although
such differences did not rise to the level of statal significance. Working memory errors
were analyzed similarly, the analysis showed aifsogmt effect of groups (R 153 =
37.070; P < 0.001) and time @153 = 2.082; P = 0.034), but no statistical effect in
interaction group x time (g 153 = 0.0903; P = 1.000; Fig. 2E). Tukey test indidatieat
aged degus committed more errors than young ani(Rats0.001). Moreover, under both
ANDRO treatment aged degus committed few errors #ged control degus (P < 0.001).
As shown in Figure 2E, post hoc analysis demorestréttat young degus had significant
more working memory errors on days 3, 7, and 10cgMally no significant differences
were found during days 5, 8 and 9. During test phas differences were found between
the different groups. Overall, no differences weetected in average speed and total
distance traveled during the test phasg {#= 2.874;P = 0.07 and k 17 = 0.423;P =
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0.739, respectively), indicating that ANDRO treatrhdid not cause differences in activity
levels of aged degus while exploring the maze Bge2A and 2B in the Supplementary
Data).

Random and spatial search strategies showed dicagmieffect of groups (k 153=
11.589; P < 0.001 anddF53= 3.421; P = 0.041) and time ¢Rs3= 9.680; P < 0.001 and F
9. 153= 5.846; P < 0.001), but not of interaction grecugime (F,7, 1539= 0.522; P = 0.975
and Fg 153= 0.793; P = 0.755), respectively. For serial mae strategy we observed a
significant effect of groups (§153= 5.978; P < 0.01), but no significant effectiofe (Fg,
153=1.328; P = 0.277), or interaction group X tirA@A 1s39= 0.693; P = 0.868).

The dominant strategy for aged control degus wadamm across the ten days of training
(see Fig. 3B in the Supplementary Data). Howevdowaproportion of serial and spatial
search also were present after day 4 (P < 0.00W)in@ test phase aged control degus
navigated by using a random strategy (see Fign3Be Supplementary Data). Most young
animals started with a random and serial strategpsa the two first days of training
sessions. After that, they alter their research tmmbination of spatial and serial search
across the next days (P < 0.001), finally after 8ayoung degus acquired a more efficient
spatial search, to the end of training and duriegt tphase (see Fig. 3C in the
Supplementary Data). Whereas, most aged degusdreath ANDRO 2mg/kg alter their
search strategy from a combination of the 3 strasegearch during the 3 first days to a
more spatial oriented strategy by day 6 of trainingl test phase (P < 0.001; Fig. 3D in the
Supplementary Data). Finally aged degus under ANRR®Og/kg acquired a combination
of random and serial search strategy during fiest of training, changing to a combination
of serial and spatial oriented strategy duringl&st days of training sessions (P < 0.001)
and during test phase (see Fig. 3E in the SupplEmebata).

3.2. ANDRO improves synaptic strength in aged degus but does not have an effect on
synaptic plasticity

To assess the effects of aging and the pathologrogression of AD hallmarks on synaptic
physiology, we performed electrophysiological expents to measure field excitatory
postsynaptic potentials (fEPSPs) in the stratunmtach of the CAl area of hippocampal

15



437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467

slices in response to the stimulation of the Sdnafbllaterals. As Fig. 4A shows, aged
degus exhibited reduced synaptic strength comparddyoung animals, as measured by
the relationship of stimulus strength to fEPSP sl@pput-output relationship; repeated-
measures ANOVA main effect of age; ls= 0.903;P = 0.462; Fig. 4B).This difference
between young and aged degus increased with imecgeaimulus intensities (repeated-
measures ANOVA main effect of stimulus;, s= 38.224;P < 0.001; Fig. 4B). However,
this decrease in synaptic strength was recoveted ANDRO treatments, as evidenced by
the increase in the fEPSP magnitude in respong&teasing stimulus intensities in aged
degus (Fig. 4A-B). The paired-pulse facilitatiolP@ index, measured as the ratio between
two pulses separated by 50 m, was not affectedthgreage or the ANDRO treatment (Fig.
4C).

Next, we assessed whether synaptic plasticity wéesctad at the CA3-CAl
synapses in the aged degus by measuring the lomggetentiation (LTP). Theta burst
stimulation (TBS) induces a long-lasting potentiati(60 min) of the fEPSP in young
degus; however, the LTP magnitude was significadégreased after 60 min of induction
in aged degus (fEPSP slope increases by TBS: 225415r.u. for young degus, n = 4,
and 1.732 + 0.092 r.u. for aged degus, n = 3, BjigThen, we evaluated whether ANDRO
treatment in aged degus would result in improvedapyic plasticity. The ANDRO
treatments did not significantly increase LTP magge after 60 min of induction by TBS
(fEPSP slope increase by TBS: 1.732 £ 0.092 ruafeed degus treated with vehicle, n =
3; 1.887 + 0.186 r.u. for aged degus treated withg?Zkg of ANDRO, n = 3; and 1.736 *
0.077 r.u. for aged degus treated with 4 mg/kg NDRO, n = 3, Fig. 5).

3.3. ANDRO recovers the synaptic functions in aged degus

To observe the composition of the synapses, weopeed Western blot analysis of the
pre- and postsynaptic proteins in the hippocampud. @legus. No consistent differences
were observed in presynaptic proteins (Fig. 6A)rtlkermore, no differences were
observed for synapsin (SYN) in young vs. aged dégaded with vehicle or in aged degus
treated with ANDRO (a slight change at 2 mg/kg,.E8). In the case of the vesicular

glutamate transporter 1 (VGIuT1) protein, a deaeaas observed in aged degus, which
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was partially recovered with 2 mg/kg and completedgovered with 4 mg/kg ANDRO
(Fig. 6C). Finally, in the case of synaptophysiYP$, a slight decrease was observed in
aged animals; however, ANDRO treatments were nlettalrecover this effect (Fig. 6D).

In the case of postsynaptic proteins, we observetkar decrease in aged degus
compared with young degus (Fig. 6E). More impoftanthe GIuUN2A subunit of the
NMDA receptor was partially recovered with 2 mg/&gd completely recovered with 4
mg/kg ANDRO (Fig. 6F), whereas in the case of posiptic density 95 (PSD-95), an

opposite effect was observed (Fig. 6G).

3.4. Tau phosphorylation decreases after ANDRO treatmentsin aged degus

Tau is one of the earliest hallmarks of AD, speally in its phosphorylated state. Tau has
several aminoacid sites that can be targets fot-tpamsslational modifications by many
kinases, including glycogen synthase kinasp @SK3), MAP/microtubule affinity-
regulating kinase (MARK), and cyclin-dependent k@a& (CDK5). To examine whether
ANDRO treatment affects the level of tau phosphatigh in the hippocampus @f. degus,
Thr231, Ser235and Thr205-Ser202 (AT8) phosphooatvere evaluated. Fig. 7 shows
that the phosphorylation of these residues waseasad in aged degus (Fig. 7A).
Consistent with previous results, ANDRO 2 mg/kg ptetely decreased these effects for
Thr231 and Ser235 (Fig. 7B-C), whereas ANDRO 4 mgignificantly reduced all the
observed phosphorylated tau epitopes (Fig. 7D)o,Adsshift in the molecular weight of
total tau is observed, this may be due to multgiiesphorylations presented at this protein

which causes a slight increase in its moleculaghtei

3.5. Ap40 and Ap42 peptides decrease after ANDRO treatmentsin aged degus

To determine whether ANDRO treatments could interfa the processing of the amyloid
precursor protein (APP), we analyzed the solublgoAand AB,, peptides in the
hippocampus of. degus using an ELISA. Fig. 8 shows that aged degus ptedean
increased level of Py, peptide and that ANDRO treatments decreased tfiecte

especially at the 4 mg/kg concentration.
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To observe the B soluble oligomers and other BAspecies levels in the
hippocampus of degus, we performed a Western bliysis using the 4G8 antibody. Fig.
9 shows that higher levels of low-molecular-weigB6 and 42 kDa) B oligomers are
present in the hippocampus of young and aged dagased with vehicle (Fig. 9A);
specifically, we found an increase of 34-kD# Aligomers in aged degus (Fig. 9B).
ANDRO treatments significantly decreased the lev&sall low-molecular-weight A
oligomers (Fig. 9B-D). Together, these resultséatBd that ANDRO treatment decreased

the levels of B4, peptide and the oligomers.

3.6. ANDRO reduces Ap aggregatesin the brain of aged degus

To determine whether treatment with ANDRO coulceeffthe A burden, we performed
thioflavin (Th-S) staining in the hippocampus ofupg and aged degus (Fig. 10A). In
young animals, we did not observe the formatiomsbluble forms of & (senile plaques).
However, we observed several plaques in the aggasddNDRO treatments significantly
decreased the number of senile plaques in the &goppus in a concentration-dependent
manner (Fig. 10B). We also studied the expressighpoaggregates (soluble and insoluble
forms of AB) using the 6E10 antibody, which is reactive tgacgic amino acid sequence,
1-16 of the B peptide (Zhang et al., 2012). In young degus, lendt observe any 6E10,
but high levels of expression were found in the dagkegus. ANDRO treatments
significantly decreased the 6E10 levels in agedug€fig. 10C-D). We also used a second
antibody, 4G8, which is specific for another amawid sequence, 17-24 of th§ peptide
(Thakker et al., 2009). Similarly to 6E10, youngyde did not show expression of 4G8
compared with aged degus, and we found a signifdacrease in theAaggregates in the
hippocampus of aged degus treated with ANDRO (Fg-F).

4. Discussion

Aging is a progressive functional decline charazésl by a gradual deterioration of
physiological function, including changes in anayomndocrine systems, neural circuitry,
and behavior (Shoji and Mizoguchi2010; Lopez-Otirale 2013). There is evidence for a

18



530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560

causal role of the aging process in the developroeneural and psychopathologies such
as Alzheimer’s disease (AD) (Galluzzi et al., 208&dish et al., 2009; Duthey, 2013;
Scheff et al., 2014). AD is the most common forndefmentia, and it is characterized by
progressive memory loss and neuropathological adsmgspecific regions of the brain that
lead to death (Selkoe, 2013). Although no effectiwee exists for AD, recent clinical
studies have proposed new natural products to &medtprevent the progression of this
neurodegenerative disease (Ng et al.,, 2015). Antbiege products, Andrographolide
(ANDRO) seems to be a good candidate. In recensysaveral studies using transgenic
mouse AD models have examined the positive rokNIDRO (Serrano et al., 2014; Tapia-
Rojas et al., 2015; Varela-Nallar et al., 2015)widwer, these transgenic animal models
rely on genetic manipulations and are unable tapitalate all of the pathological features
of AD (Hock and Lamb 2001; Inestrosa et al., 2(®&idy et al., 2012).

Recently,Octodon degus has been identified as a very valuable model ésearch
in neurodegenerative disease associated with g&ragdly et al., 2012; Tarragon et al.,
2013; Rivera et al.,, 2016). Degus spontaneouslgldpvneuropathological hallmarks of
AD after 3-4 years of age (Inestrosa et al., 200&)reover, degus between 12 and 36
months naturally develop the neuropathologicalmatks of AD (i.e., accumulation offA
oligomers and phosphorylated tau proteins) andlayspnpairment in spatial and object
recognition memory and decreased synaptic fund#adiles et al., 2012). In the present
study, we evaluated ANDRO using this natural madelporadic AD.

Overall, our results suggest that there is an efféaging on the loss of cognitive
functions; aged degus (56 months old) treated wathicle showed decreased cognitive
function compared with young degus (12 months twkBted with vehicle. This decrease in
cognitive function was also associated with a deszein the synaptic functions and an
increase in the main hallmarks of AD. More impottgnANDRO treatment had the
following effects: (1) recovery of spatial memonydalearning performance; (2) protection
of postsynaptic proteins and recovery of synaptieengith; and (3) a specific
neuroprotective effect, including the reduction mifosphorylated tau protein andg A
aggregate maturation in aged degus (56 months old).

A major clinical manifestation of age-related dseas the decline in cognitive

capacities; we first evaluated whether ANDRO treaitmaffected this response in aged
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degus (56 months old). To study the general behafiaegus, we performed the open
field test. We performed a novel object recognitiest to evaluate cognition, particularly
recognition memory, and finally, we used the Banmegze test to study spatial learning and
memory, processes that both depend, in part, ggobhgmpal structure (Sunyer et al., 2007,
Kumazawa-Manita et al., 2013; Rosenfeld and Femgy@8d 4).

During the open field test, neither group showdtedtnces compared with young
control (12 months old) degus, suggesting normategd behavior (Fig. 1 in the
Supplementary Data). In the novel object/local geition test, we observed a decrease in
spatial working memory in aged control (56 monthd) @legus compared with young
control (12 months old) degus. More importantly, sieserved an increase in spatial
working memory in degus treated with ANDRO. FortbbiLR and NOR sessions (Fig. 1A
and 1C), we observed a significant increase inr¢leegnition index (RI) in degus treated
with ANDRO, a result that confirms a recovery of@gnition memory (Antunes and Biala
2012). During NLR sessions aged degus (control ANORO groups) spend more time
exploring the objects than young ones (Fig. 1B),reuaver during NOR session no
differences in the exploration time between growps found (Fig. 1D), suggesting that
aged degus present similar motivation to exploeedbjects compared to the young ones,
so the differences that we observed are not beitggfered by this factor. With regard to
the NOR test, Ardiles et al. (2012) demonstrateat #iged degus cannot recognize the
novel object, unlike animals of different ages. TBarnes maze test is a highly
hippocampal-dependent spatial learning task useass$ess reference memory in rodents
(Kennard and Woodfruff-Pak 2011). Animals with citiye impairments associated either
to normal aging or neurodegenerative pathology, ibéxhimpairment performance,
indicated by increased latency and error ratertd the escape hole, compared to control
animals (Huang and Kandel 1995; Barreto et al. 020 this way, the latency to the first
visit of the escape hole, one of the most widelgdumeasure of learning in the Barnes
maze (Harrison et al., 2006; Patil et al., 2009asvthe most sensitive for detecting
differences between aged control degus (56 monlths amd aged degus treated with
ANDRO. The training sessions of Barnes maze shoth, bgpung (12 months old) and
aged control degus, progressively reduce the tion¢hé first visit to the escape hole

through the consecutive days (Fig. 2A). Moreovgedadegus under ANDRO treatments
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reduce significantly the latency to the first visampared with aged control degus (Fig.
2A). Results on the test phase (i.e., long terment&in, measured 7 days after the last
training trial) show a significant increase in latg time to find the escape hole for aged
degus treated with vehicle compared with the yogmogip, suggesting impaired long-term
memory retention in the aged animals. In contragged degus treated with ANDRO
presented improved latency time. ANDRO groups vabie to find the escape hole in a
similar time as young degus treated with vehiclig.(EB and Fig. 3). Additionally, these
results were confirmed by the percentage of tinensm the quadrant of the escape hole
(Fig. 2C), suggesting that ANDRO recovers spaéiatiing and memory.

Analysis of reference memory and working memoryomsrracross 10 days of
training revealed a significant effect, indicatiaglecrease in the number of errors for all
groups (Fig. 2D and Fig. 2E), and that all growgerhed to use the spatial cues to find the
escape hole. Additionally, there was a significaffect of ANDRO treatments, these
animals committed significantly less number of esrinan aged control degus (Fig. 2D and
Fig. 2E). No significant interaction was presenfi@dboth error analyses. During retention
phase, aged animals injected with vehicle committede errors that young degus and
aged degus under ANDRO treatments, although sufdrefices did not rise to the level of
statistical significance, indicating that ANDRO atments had no effect on long term
retention in the Barnes maze. This last result tagaused by the fact that aged control
degus, if well made more errors, also exhibitedagme intra-individual differences.
Additionally, measurement of number of errors wasesensitive enough to detect learning
impairment on the test phase of Barnes maze, beamgus, similar to other rodents, may
be more likely to explore other holes instead akeng the escape hole, even when the
location of escape hole has been learned (Grootsheloal., 2001).

The Barnes maze revealed differences in the sstmategies used by female degus.
In general the strategy was dependent of groupstfandlay of training session. In this
way, young female degus (12 months old), tend tangk from a combination of the 3
search strategies, used at the beginning of tgirion a more frequently spatial oriented
strategy during the test phase, in accordanceRagovt et al. (2010). Aged degus treated
with vehicle (56 months old) failed to shift to tepatial-oriented strategy by the end of

training or during test phase, suggesting that agechals present alterations in cognitive
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or attentional abilities. Moreover, aged degus u#d¢DRO treatments navigated by using
a combination of the 3 strategies during first @&yraining, followed by a prevalence of
serial search during the last day of training asd during test phase for aged degus treated
with ANDRO 2 mg/kg and a prevalence of combinatadrserial and spatial strategy for
degus under treatment of ANDRO 4 mg/kg.

Its known that animals tend to alter their navigatstrategy from random search, used at
the beginning of training, to a more efficient sglabrientated search when training
progresses (Harrison et al., 2006; JaSarevil., 2011). The spatial strategy is cognitively
more demanding because requires the use of muiBf@donships among extra-maze cues
to guide the animal to the escape hole (Bach et18P5; Inman-Wood et al., 2000).
Whereas, serial strategy is less efficient becaegeires an animal to remember to search
each consecutive hole (Inman-Wood et al., 2000)yelver it can support considerably
better escape performance and also have lessthaioranimals that randomly search for
the escape hole (Gallagher et al., 1993; Harris@h.,£2006). Taken together; these results
suggest that aged degus (56 months old) underAWBRO treatments showed significant
improvements in reaching the escape hole quickty efficiently, and more importantly
ANDRO treatment, particularly ANDRO 2 mg/kg, wadeato compensate the alteration in
cognitive or attentional abilities observed in agedtrol degus.

Together, these data support the notion that ag@datss perform poorer
performance in memory task in comparison with yoangnals, similar to the reported by
Ming and Song (2005). More important, aged deguketgoing ANDRO treatment showed
restored cognitive function approximating that otigg degus (12 months old).

For our design, we did not take into considerattbhae effect of the females’
hormonal fluctuation during the behavioral testéhese there is controversy regarding the
effects of this cycle on the memory of female rddein a recent study with young degus
(16months), the authors reported sex differencesglthe training phase in the BM when
they considered the diestrus phase of females gegiod in which females do not differ
significantly from males). However, in the samedgtuduring the test phase, there were no
significant gender differences in memory capacRpgovt et al., 2010). Similarly, Frye
(1995) did not found hormone-dependent differertieng the training phase in the water

maze task in rats. Other studies performed throufglive estrus cycle did not report
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differences during the acquisition phase or ingegormance of the working memory task
by female rats in the water maze and the radialenBerry et al., 1997; Stackman et al.,
1997). Our results indicate that no differencesraigroups were detected in the
performance of behavioral tests.

Because behavioral analyses alone may not be aldetermine the mechanisms
that underlie the observed cognitive impairmenbeisged with age and the subsequent
recovery observed with ANDRO treatment, we perfatnge series of functional and
biochemical analyses. A direct measure of age-dpdrchanges in neuronal activity and
plasticity is provided by electrophysiological seslin hippocampal slice preparations. In
electrophysiological experiments, we observed aredse in the basal synaptic
transmission, as measured by the I-O relationshipged control (56 months old) degus
compared with young control (12 months old) degusich is in agreement with previous
findings in aged rats (Norris et al., 1998; Kumad &oster 2013), mice (Weber et al.,
2015), and degus (Ardiles et al., 2012). As a dategest of impaired learning and memory
in aged degus, we measured hippocampal LTP andwvasa significant reduction in its
magnitude in the aged control degus compared tgdbag degus. Previous studies of the
effects of aging on TBS-induced hippocampal LTPehproduced different results; some
reports showed age-dependent deficits, whereagsotiid not (Deupree et al., 1993;
Barnes et al., 1996; Norris et al., 1996; Rosengwedi al., 1997; Bach et al., 1999;
Rosenzweig and Barnes 2003). However, in degusgagidetrimental to the magnitude of
hippocampal LTP, which was explained by the contamiiincrease in the pathological
hallmarks of AD, including oligomeric forms of Apeptide (Ardiles et al., 2012).
Interestingly, ANDRO treatments improved the symapasal transmission (Fig. 5), which
is consistent with the recovery in cognition, blé ttreatments did not have significant
effects on LTP reduction. This finding is consisteith previous studies showing that
ANDRO treatment does not affect the induction ofPLih young or aged wild-type mice
(Serrano et al., 2014). LTP involve several of tt@ecular and structural changes that are
underling to the processes of learning and mentoowever in our hands, the induction
and magnitude of LTP is not affected by ANDRO tneait. Most studies, report a positive
correlation between LTP and spatial memory, howeter dissociation between LTP and

distinct forms of spatial memory has been observedeveral different mouse strains
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(Zamanillo et al., 1999; Kaksonen et al., 2002;eHa et al., 2004; Rutten et al., 2008;
Meiri et al 1998). Interestingly, the group of Kiet al., recently showed that the oral
administration of  4-(2-hydroxyethyl)-1-piperazinepanesulphonic acid (EPPS)

substantially reduces hippocampus-dependent batad\deficits but not alters the LTP

induction in APP/PS1 transgenic mouse model (Kinalgt2015). Another study shown

that the use of a volatile anesthesic, sevofluranproves cognitive performance in mice,
but does not influence LTP induction and magnitiddhe hippocampus (Haseneder et al.,
2013).

The decrease in the synaptic strength, plastieitgl cognition could be explained
by the concomitant decrease in several synaptiteip® such as PSD-95 (Zhang and
Lisman 2012), GIuN2A (Wang et al., 2004), vGlutTBalschun et al., 2010), and SYP,
which are important in excitatory synaptic transias. All these proteins are essential for
excitatory synaptic transmission; PSD-95 affectgagyic maturation, specifically the
amplitude of the excitatory postsynaptic curre®$Cs), a direct measure that indicates
the synaptic strength, but it is not required fondtional changes during an early LTP
(Ehrlich et al., 2007; Zhang and Lisman 2012; \alket al., 2016). Another primary factor
in the synapse is the NMDA receptor, which is stgnnvolved in synaptic strengthening
and weakening in response to activity patternsiefbes, the 2A subunit of the NMDA
receptor has been strongly associated with the infiDction process (Shipton and Paulsen
2016).

Despite these synaptic changes, the SYN level dicshow significant changes in
the aged degus, suggesting that this protein iaffetted by aging and/or the progression
of AD hallmarks in this animal model. Thus, thetoeative properties of ANDRO may be
related to its ability to increase the levels adf synaptic proteins to levels similar to those
in the young control degus. Interestingly, ANDROswmt able to restore SYP levels in the
aged degus. SYP is among the most abundant andrgedssynaptic vesicle proteins, but
its function is not fully understood (Sudhof, 199%everal studies suggest that SYP
function is largely redundant because its knock@k) model does not affect
neurotransmitter release and plasticity (McMahoralet 1996). However, other studies
suggest that SYP has a role in the induction of (VRllany and Lynch 1998; Li et al.,

2012), which may be more pronounced if other praptin components are also affected
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(Janz et al., 1999). The fact that ANDRO could restore SYP levels in the aged degus
(and most likely other synaptic proteins not eviddain this study) may indicate a

pathological mechanism that is unaffected by AND&®@ thus maintains the induction of

LTP in treated aged degus. Consistent with thesd#infgs, Serrano et al., (2014) showed
that in a double transgenic model, 2mg/kg ANDRO was able to restore the level of

presynaptic proteins, including SYP.

In agreement with previous observations (Ardilealgt2012), the hippocampus of
aged degus (56 months old) showed an increasevémadeAD hallmarks, including all the
phosphorylated tau epitopes evaluated (Thr231,35ehr205, and Ser202) and the levels
of both the A4 and A34, peptides. Interestingly, thep#y peptide is the most toxic in the
brain (Giese, 2012; Bodani et al., 2015). Additibnave assessed the levels of Aoluble
oligomers; the low-molecular-weight (approximatdgkDa) oligomers were also increased
in aged degus compared to young degus (12 montls Bkperimental data using
transgenic animal models demonstrate that low-ntdeaveight A oligomers can affect
neuronal synapses (e.g., attenuation of LTP, indluaif LTD) (Walsh and Selkoe 2007;
Hayden et al., 2013). Moreover, Cleary et al., howed that soluble oligomeric forms,
including trimers and dimers, were sufficient tooguice impaired cognitive functions
without inducing permanent neurological deficitsirthermore, in a deeper analysis, we
observed that both (Atotal aggregates (soluble and insoluble) and thendoluble forms,
commonly known as senile plagues, are increasdleémged degus compared with the
young degus, in concordance with our results ferp&ptides and soluble oligomers. An
important finding of our work is that the recovarycognitive performance observed in
ANDRO treatments was also associated with a smgmfi reduction of tau protein
phosphorylation, A peptides, soluble [ oligomers, A aggregates, and pAplaques,
which is in agreement with previous studies in ABnsgenic animal models. Another
interesting observation is that in the study ofr&sw et al., (2014), ANDRO treatment
reduced the levels of Aaggregates only in the young group (7 months ahd) not in the
mature group (12 months old), suggesting that ANDBt€vents & aggregation in the
early stages of AD development. These results @nsistent with the idea that 56 months
old degus correspond to an early stage in the pssgyn of sporadic AD because we were

able to reduce Blevels with ANDRO treatments.
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Part of the molecular mechanism mediating the &ffeE ANDRO observed in our
work may involve the modulation of other previoudBscribed signaling pathways (Godoy
et al., 2014). For instance, ANDRO inhibits certpathways related to inflammation and
apoptosis, including Akt, NikB, and MAPK signaling (Hidalgo et al., 2005; Caraett al.,
2009; Lu et al.,, 2011). More recently, we showedt tANDRO could inhibit GSK-8
activity through two mechanisms: via non-ATP contpegt inhibition and by favoring a
misbalance in its autoregulation (Tapia-Rojas et aD15), leading to downstream
activation of the canonical Wnt pathway, which haskey role in AD pathogenesis
(Inestrosa and Arenas 2010). Additional experimargmg the degu as a study model
should be performed to determine the potentialcedfeof ANDRO on Wnt signaling
modulation.

In summary, our results support the potential Us€NDRO to treat AD. Using the
degu, a social long-lived animal, enabled us toewstdnd the processes underlying the
cognitive decline associated with brain aging amdiradegenerative disorders and to
observe the subsequent recovery with ANDRO treatn@@ur results validat®. degus as a
natural model in which to study both neural damaggociated with aging processes and

the neuropathological hallmarks of aging-relatestdses such as AD.
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Figure Legends

1. NLOR test in young control (12 months old: 12-oid; n = 6) and aged control (56
months old: 56-mo-old; n = 5) degus treated withiele or aged degus (56-mo-old) treated
with 2 mg/kg and 4 mg/kg of ANDRO (n =5 respedyye(A) Analysis of the recognition
index for the “local recognition” trial (time speexploring the novel location object/time
spent exploring the novel location and the familiexation objects). (B) Average
exploration time for novel vs. familiar objects &ion. (C) Analysis of the recognition
index for the “object recognition” trial (time speexploring the novel object/time spent
exploring the novel and the familiar objects). @)erage exploration time for novel vs.
familiar objects. Results are expressed as meak #Sterisks indicate significant

observed differences: *P < 0.05, **P < 0.01, withk&y’s post hoc comparison.

2. Barnes maze in young control (12 months oldmiReld; n = 6) and aged control (56
months old: 56-mo-old; n = 5) degus treated withisle or aged degus (56-mo-old) treated
with 2 mg/kg and 4 mg/kg of ANDRO (n = 5 respectyye(A) Learning curve of latency

of the first visit to escape hole through the 1@sd&aining sessions and test phase. (B)
Latency to first visit of the escape hole across phase. (C) Percentage of time spent in
the quadrant with the escape hole across test pfiagé.earning curve of the reference
memory errors through the 10 days training sessamastest phase. (E) Learning curve of
working memory errors through the 10 days trainsegsions and test phase. Results are
expressed as mean + S.E. Asterisks indicate signifiobserved differences: *P < 0.05,

**P < 0.01, with Tukey’s post hoc comparison.

3. Paths taken by representative animals (e.gedlmthe group mean) of the latency to the
first visit of the escape hole. (A) Young contr@aP(months old: 12-mo-old; n = 6) degus
treated with vehicle, (B) aged control (56 montls 66-mo-old; n = 5) degus treated with
vehicle, (C) aged degus (56-mo-old; n = 5) treavetd 2 mg/kg ANDRO, (D) aged degus
(56-mo-old; n = 5) treated with 4 mg/kg ANDRO. Tdpary area represents the quadrant of

the escape hole. The escape hole is indicatecakbl
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4. Impaired hippocampal synaptic plasticity @ degus. (A) Representative traces of
fEPSP at different stimulus intensities from youwagtrol (12 months old: 12-mo-old) and
aged control (56 months old: 56-mo-old) degus éeatith vehicle or aged degus (56-mo-
old) treated with 2 mg/kg and 4 mg/kg ANDRO (sché&s: 0.1 mV, 10 ms). (B) Input-
output curves for different groups of degus. (CdtR¥f paired-pulse facilitation (PPF)
between groups. Results are expressed as mean .tASt&risks indicate significant
observed differences: *P < 0.05, *P < 0.01, wituhk€y’s post hoc comparison. 2-3

hippocampal slices was used per animals. 3 aniwwetls used per group.

5. Impaired hippocampal synaptic plasticityOndegus. Representative fEPSPs recorded 1
min before TBS (1) and 60 min after TBS (2). LTRtpcol was delivered at the time
indicated by the arrow. Averaged LTP magnitudesnduthe last 10 min of recording in
different groups of degus. Results are expressedn@an + S.E. Asterisks indicate
significant observed differences: *P < 0.05, *®91, with Tukey’s post hoc comparison.
2-3 hippocampal slices was used per animals. 3asimere used per group. r.u. refers to

relative units.

6. Treatment with ANDRO modified synaptic protegvéls in the hippocampus @.
degus. (A) to (D) represent presynaptic protein. (A) Regentative Western blot analysis.
Relative levels of (B) synapsin (SYN), (C) Vesiau@utamate Transporter 1 (VGIuT1),
and (D) synaptophysin (SYP). (E) to (G) represastgynaptic protein. (E) Representative
blot analysis. Relative levels of (F) GIuN2A and) (BSD-95 from young control (12
months old: 12-mo-old) and aged control (56 momthk 56-mo-old) degus treated with
vehicle or aged degus (56-mo-old) treated with Zkgygnd 4 mg/kg ANDRO. Each lane
represents samples from a different animal. Resnéiexpressed as mean = S.E. Asterisks
indicate significant observed differences: *P <5).8P < 0.01, with Tukey’s post hoc

comparison (rz 3).

7. Treatments with ANDRO reduced tauphosphorylatexels in the hippocampus Q.
degus. (A) Representative Western blot analysis of thagphorylation (age and treatment

with vehicle or ANDRO above lanes). Relative levefs(B) Threonine 231, (C) Serine
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235, and (D) both Serine 202 and Threonine 205 JAd &ippocampal lysates from young
control (12 months old: 12-mo-old) and aged con(é@ months old: 56-mo-old) degus
treated with vehicle or aged degus (56-mo-oldtéeavith 2 mg/kg and 4 mg/kg ANDRO.
Each lane represents samples from a different dnResults are expressed as mean + S.E.
Asterisks indicate significant observed differencds < 0.05, **P < 0.01, with Tukey’s

post hoc comparison (n3).

8. Treatment with ANDRO reduced solublepsA and A3, peptide levels in the
hippocampus ofD. degus. Real values from ELISAs of (A) o and (B) A3, peptide
performed on hippocampal lysates from young conft@ months old: 12-mo-old) and
aged control (56 months old: 56-mo-old) degus &egatith vehicle or aged degus (56-mo-
old) treated with 2 mg/kg and 4 mg/kg ANDRO. ELISAsay performed using 50ul of
total soluble protein fraction for the detectionsofuble forms of 840 and A34,. Each lane
represents samples from a different animal. Resnét®expressed as mean + S.E. Asterisks
indicate significant observed differences: *P <5).8*P < 0.01, with Tukey’'s post hoc

comparison (rz 3).

9. Aged degus treated with ANDRO present lower leeva# low-molecular-weight A
species. (A) Representative image of the Westarmndolalysis. Protein samples (100 pg) of
each animal were separated in a Tris-Tricine gehsferred onto a PVDF membrane, and
incubated with the anti B&4G8 antibody. Densitometry analysis of (A) threelecular
weights from young control 12-months-old degus {e/tbars), aged control 56-months-old
degus (light gray bars), aged degus treated witiDRN 2 mg/kg (dark gray bars), and
aged degus treated with ANDRO 4 mg/kg (black bdB).34kDa, (C) 43kDa, (D) 55kDa.
Each lane represents samples from a different dnResults are expressed as mean £+ S.E.
Asterisks indicate significant observed differencds < 0.05, **P < 0.01, with Tukey’s

post hoc comparison ¢n3).

10. Representative immunofluorescence f¢r iA the hippocampus of young degus (12
months old: 12-mo-old) and aged degus (56 montts 58-mo-old) treated with vehicle
and aged degus (56-mo-old) treated with ANDRO. D&}tection of A insoluble forms
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(AP fibrillary species/ & plaques) using thioflavin-S stain. (B) Quantifioat of (A) by
area (m?). (C) Detection of 8 aggregates (soluble and insoluble species [f By
immunostaining using antiA\6E10 antibody. (D) Quantification of (C) by arean(). (E)
Detection of A8 aggregates (soluble and insoluble speciesp)fitdr immunostaining using
anti-AB 4G8 antibody. (F) Quantification of (E) by areanf). The dotted squares indicate
the site of magnification. Each lane representspéesrfrom a different animal. Results are
expressed as mean + S.E. Asterisks indicate signifiobserved differences: *P < 0.05,
**P < 0.01, with Tukey’s post hoc comparison. Sdade: 100 and 40m, n> 3.
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Highlights
» O. degus constitutes a natural model to study aging-related diseases such as AD.
* ANDRO treatment recovers spatia memory and learning performance.
* ANDRO treatment protects of postsynaptic proteins loss and recovers synaptic
strength
* ANDRO treatment exerts a neuroprotective effect, including the reduction of
phosphorylated tau protein and A aggregates levels.



