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ABSTRACT

Alzheimer’s disease amyloid-3 (AR) oligomers angapgotoxic, inappropriately increasing
extracellular glutamate concentration and glutamedeptor activation to thereby rapidly
disrupt synaptic plasticity. Thus, acutely promgtbrain glutamate homeostasis with a
blood-based scavenging system, glutamate-oxaldadetgmsaminase (GOT), and blocking
metabotropic glutamate 5 (mGIu5) receptor or itsexeptor cellular prion protein (PrP),
prevent the acute inhibition of long-term potentiat(LTP) by exogenous Al3. Here, we
evaluated the time course of the effects of sutdrventions in the persistent disruptive
effects of Al3 oligomers, either exogenously injdatewild type rats or endogenously
generated in transgenic rats that model Alzheindissase amyloidosis. We report that
repeated, but not acute, systemic administraticeasmbinant GOT type 1, with or without
the glutamate co-substrate oxaloacetate, revehngepersistent deleterious effect of
exogenous Al on synaptic plasticity. Moreover, Eintiepetitive treatment reversibly
abrogated the inhibition of LTP monitored longitaaiy in freely behaving transgenic rats.
Remarkably, brief repeated treatment with an m@aceptor antagonist, basimglurant, or an
antibody that prevents Al3 oligomer binding to RESMS35, also had similar reversible
ameliorative effects in the transgenic rat modeder@ll, the present findings support the
ongoing development of therapeutics for early Alatex’s disease based on these

complementary approaches.

Keywords:Alzheimer’s disease; long-term potentiation; glutédéeaoxalate transaminase;

metabotropic glutamate receptor®? P transgenic rat.



1. I ntroduction

The, albeit relatively limited, clinical effectivess of the NMDA receptor antagonist
memantine in the treatment of Alzheimer’s diseasmngly supports the search for
alternative glutamate-based therapeutic strat€Bieardorff and Grossberg, 2016).
Consistent with a key role for glutamate-mediatgthptotoxic mechanisms, postmortem
glutamatergic synaptic loss is a very strong molquioal correlate of cognitive impairment
in Alzheimer’s disease (Davies et al., 1987; DeKoshkd Scheff, 1990; Overk and Masliah,
2014; Terry et al., 1991). Indeed, there is nowvaming evidence for a causal role for
amyloid-3 (AR) at the early stages of Alzheimersedse and oligomeric AR, which is a
potent synaptotoxin, associates with disease (Bdwa et al., 2016; Cohen et al., 2015;

Dohler et al., 2014; Lesne et al., 2013; Mc Dorsldl., 2010).

In animal models of Alzheimer’s disease amyloiddisese is growing evidence of
functional glutamate overload and disruption oftginate homeostasis (Rudy et al., 2015).
The disturbance is likely caused by a combinatiofactors including excessive release of
glutamate from glial cells and disinhibited neurangpaired glutamate clearance by loss of
functional glutamate transporters, and distortedlaghate receptor trafficking (Matos et al.,
2008; Mucke and Selkoe, 2012; Renner et al., 20a@ntova et al., 2013; Ulrich, 2015).
Although blocking certain NMDA receptors has bediafi effects in many models, the
deleterious and dose-limiting side effects of NMBs&eptor antagonists are well
documented (De Felice et al., 2007; Ronicke e@lll; Zadori et al., 2014). There is
growing evidence of the potential superiority afjeting metabotropic glutamate rather than
NMDA receptors, in particular antagonists selectoresubtype 5 (mGIlu5) (Haas et al.,
2016; Hamilton et al., 2014; Hamilton et al., 20IL6éuren et al., 2009; Um et al., 2013; Viola

and Klein, 2015). Importantly, some of these antégje have been tested in humans,



displaying an apparently good safety profile (Befnavis et al., 2016; Reilmann et al., 2015;

Scharf et al., 2015; Tison et al., 2016).

Antagonists at the mGlu5 receptor not only blocteptal adverse effects of Al3-
triggered excess glutamate but also prevent Aldwolar-mediated aberrant mGlu5 receptor
trafficking (Renner et al., 2010) and coupling tmahstream effectors via binding to cellular
prion protein (PrP) (Beraldo et al., 2016; Haaslgt2016; Hamilton et al., 2015; Lauren et
al., 2009; Um et al., 2013). Indeed, PrP is a rexdpr certain synaptotoxic AR oligomers
and blocking the binding of AR oligomers to PrRlso a potentially attractive option (Chung

et al., 2010; Jarosz-Griffiths et al., 2016; Resegér et al., 2011).

Alternative strategies being investigated to coughetamate dyshomeostasis in
Alzheimer’s disease include agents that increasiumglate removal from the interstitial fluid
in the brain directly by inducing glutamate trangprs, or indirectly by increasing the

metabolism of glutamate (Takahashi et al., 201%nghet al., 2016).

Plasticity at glutamatergic synapses is extremehggive to disturbance by
endogenously generated and exogenously appliegp®yoaic soluble AR species (Cullen et
al., 1997; Lambert et al., 1998; Randall et all®@®Ghankar et al., 2008; Walsh et al., 2002),
at least partly through mechanisms involving gliagerdyshomeostasis (Lei et al., 2015; Li
et al., 2009). Previous studies of the acute effetenzyme-mediated glutamate scavenger
systems have shown potential beneficial effectinagthe acute plasticity disrupting effects
of exogenously applied AR bait vitro andin vivo (Li et al., 2009; Varga et al., 2015; Zhang
et al., 2016)In the latter case a blood-based scavenger sysiagisting of glutamate
oxaloacetate transaminase (GOT) with oxaloace@X&\] was found to transiently abrogate
synthetic AR and Alzheimer’'s disease brain AR3-medianhibition of long-term potentiation

(LTP) in acutely anaesthetized rats. By increasivegconversion of glutamate in bloodoto



ketoglutarate, the efflux of excessive glutamatbrain is accelerated (Campos et al., 2011b;

Castillo et al., 2016; Zlotnik et al., 2007).

Similar to agents that lower extracellular glutaenedncentration in the brain, antagonists
at glutamate receptors can prevent the acute disrupf synaptic plasticity by exogenously
applied AR (Hu et al., 2008; Li et al., 2009; Rarsreeal., 2011; Wang et al., 2004). In
particular, the mGlu5 receptor may be criticallboth inhibition of LTP and facilitation of
long-term depression (LTD) (Hu et al., 2014; Lakt 2009; Ronicke et al., 2011; Wang et
al., 2004). Furthermore, consistent with findinigattcellular PrP acts as a co-receptor for
mGlu5 receptors, blocking Al binding to PrP presehe acute disruption of synaptic
plasticity by AR(Barry et al., 2011; Freir et al., 2011; Hu et al., 2014; Klyubin et al.,

2014a; Lauren et al.,, 2009; Nicoll et al.,, 2013)

Here we directly compare the time course and efficd blood based glutamate
scavengers, mGlu5 receptor antagonists and arodgtfireventing Af3 binding to PrP, to
ameliorate AR-mediated persistent disruption ofgyic plasticityin vivo. We examined the
persistent inhibition of LTP caused by either exuges i.c.v. application of a synthetic AR1-
42 oligomer-enriched preparation or endogenousnf®viery complete APP-based
transgenic (TG) rat model of amyloidogigon et al., 2010). In longitudinal studies in
freely behaving TG rats the reversal of the symrgufsticity deficits caused by repeated

treatment with these agents was monitored in iddiai animals.

2. Material and Methods

2.1  Animals and surgery



Rats were housed under a 12 h light-dark cycle@nrtemperature (19-22 °C). The animal
care and experimental protocol were approved byp#@artment of Health, Republic of

Ireland and the Irish Health Products Regulatoryhatity in accordance with EU law.

The effects of AR were studied in adult (250-358-4,3 weeks old) male Wistar and
Lister Hooded rats. In order to record synaptiograission the surgical and
electrophysiological methods were similar to thosed previously (Hu et al., 2014). For
electrophysiolgical recording anaesthesia was ied@nd maintained with urethane (1.5-1.6
g/kg, i.p.). Monopolar recording electrodes (#B inner core diameter, 112n external
diameter) (3.4 mm posterior to bregma and 2.5 mierdato midline) and twisted bipolar
stimulating electrodes (50m inner core diameter, 1Bn external diameter) (4.2 mm
posterior to bregma and 3.8 mm lateral to midlimeje constructed from Teflon coated
tungsten wires. Field excitatory postsynaptic podés (fEPSPs) were recorded from the
stratum radiatum in the CA1 area of the dorsal dgapus in response to stimulation of the
ipsilateral Schaffer collateral-commissural pathwhye final placement of electrodes was

optimized by using electrophysiological criteriadazonfirmed via post-mortem analysis.

In order to inject AR or antibody into the brairstainless-steel cannula (22 gauge, 0.7
mm outer diameter) was implanted ipsilaterally abthe right lateral ventricle (1 mm lateral
to the midline and 4 mm below the surface of thejlurhe solution was injected
intracerebroventricularly (i.c.v.) via an interrt@nnula (28 gauge, 0.36 mm outer diameter)
at a rate of 1-2l per min with a Hamilton syringe (Reno, NevadaA).S~or AR} injection
the cannula was temporarily implanted under regoaanesthesia using a mixture of
ketamine and xylazine (80 and 8 mg/kg, respectjvady). Following the i.c.v. injection of
AR or vehicle the guide cannula was removed. Tlysoflac.v. injection was termed day O,

following which, these animals were housed indiaidiuin their home cages. Seven to



fourteen days later, the animals were implantedrandrded under non-recovery anesthesia,

as described above.

In the studies of synaptic plasticity disruptivéeefs of endogenous AR adult male TG
rats expressing humaPP751with Swedish and Indiana mutations under the cbwofrthe
murineThyl.2promoter (McGill-R-Thy1-APP) (lulita et al., 2014eon et al., 2010) and
their age-matched wild type (WT) littermates wettedged. The TG animals were genotyped

as outlined in (Qi et al., 2014) and ages variedhfB to 13 months old.

For the chronic recording the implantation proceduas carried out under anaesthesia
using a mixture of ketamine (80 mg/kg) and xylazi®deng/kg) (both i.p.) according to
methods similar to those described previously armbmparable to that described above (Li
et al., 2003). The recording site was located 38 posterior to bregma and 2.5 mm lateral
to midline, and the stimulating site was locate@lfm posterior to bregma and 3.8 mm
lateral to midline. All chronically implanted anitsaalso had a cannula inserted over the
lateral ventricle, as described above. These rate allowed at least 14 days after surgery
before recordings began and were housed indiviguatheir home cages between recording

sessions.

2.2 Stimulation and recording

Test EPSPs were evoked by square wave pulses €dziration) at a frequency of 0.033 Hz
and an intensity that triggered a 50% maximum resp@s determined after constructing an
input/output curve. Baseline synaptic transmisswas recorded for at least 30 min. In some

experiments paired-pulse stimulation was appliedgua 40 ms inter-pulse interval.

Awake recordings in the recovery animals were edraut in a well-lit room. The

recording compartment consisted of the base ofittmee cage, including normal bedding and



food/water, but the sides were replaced with astrarent Perspex plastic box (27x 22x 30
cm) with an open roof. The rats had access to &vatwater throughout the whole recording
session from the same position as in the home édiganimals were first habituated to the

recording procedure over the post-surgery recoperiod.

LTP was induced using 200 Hz high frequency stitma(HFS) consisting of 10 trains
of 20 stimuli with an inter-train interval of 2 A.single series was used in the awake rat
recordings whereas, apart from in Fig. 1, three @eter-set interval 5 min) were applied in

the anaesthetized rats. The stimulation intenséty mot changed during HFS.

2.3 Preparation of synthetic A3-derived diffusildj@nds (ADDLS)

An Al solution enriched with oligomers includingppofibrils (ADDLS) was prepared using
synthetic AR1-42. B1-42 was synthesized and purified by the ERI Antylaboratory
Oxford, CT, USA. Two slightly different methods wensed. For the electrophysiology
experiments, as described previously (Hu et all420a 1 mM solution of AR1-42 was
prepared in hexafluoroisopropanol and incubat&¥ &C for 1 h and briefly vortexed every
10 min. The hexafluoroisopropanol was evaporatéwus speedvac and the dried peptide
film stored overnight over desiccant at —20 °C.é&pfpde solution of 22.5 mg/ml was then
prepared in anhydrous dimethylsulfoxide (DMSO) andsequently diluted 1:50 with Hams
F-12 media. After incubation at 4 °C for ~14 h findution was centrifuged at 16,000xg for
10 min. The supernatant was recovered and absalzdr&¥5 nm recorded. The
concentration of oligomeric AR was determined usizg exclusion chromatography.
Aliquots of ADDLs were frozen on dry ice and stoegd-80 °C until needed. For
standardizing the DELFIA (dissociation-enhancedHanide fluorescence immunoassay),
~25 mg peptide was dissolved in 2% w/v anhydrousSaMand gently rocked for ~ 5

minutes, then diluted to 0.5 mg/ml in phenol reekfHam’s F12 medium without L-



glutamine (Caisson Labs) and incubated quiescantlyom temperature. Aggregation was
monitored using asymmetric field flow fractionatidk3 oligomer formation was judged to
be complete when <20% of the injected mass elwgadanomer, typically after 24 - 36 h
incubation. The ADDLSs were further assessed by thegatain electron microscopy.

Depending on the batch of ADDLSs, the amount injg@et@s either 480 or 585 pmol (in 5-12

ul).

2.4  Drugs and chemicals

Oxaloacetate was purchased from Sigma-Aldrich, WiekIreland. The oxaloacetate
dose chosen (35 mg/kg in 1 ml, i.v.) was basedrewipus research (Perez-Mato et al.,
2014). The dose of recombinant glutamate-oxaloteétansaminase type 1 (rGOT)
(Megazyme, Bray, Ireland) given (0.39 mg/rat iwgs previously reported to significantly
increase GOT serum concentration for over 20 h @Rt al., 2015). Treatment (s.c.) with
rGOT started immediately after i.c.v. A3 using aelof 0.39 mg/rat, followed by a

maintenance dose of 0.13 mg/rat/day to day 6 &t idervals.

In the awake animal recordings, the co-adminisiratif OXA (35mg/kg) and rGOT
(0.39 mg/rat) or venhicle (saline, 1 ml) was given via tail vein to TG rats and WT
littermates under transient recovery anaethesiai¢®¥urane). After full recovery, the rats
were transported to the recording cage and therdeg was initiateddow wasrGOT

given?

Basimglurant and 2-chloro-4-((2,5-dimethyl-1-(4if{troromethoxy)phenyl)-H-
imidazol-4-yl)ethynyl)pyridine (CTEP) (both DC charals, Shanghai, China), were initially
dissolved in 10% DMSO (Sigma, Dorset, UK), and adstered as a suspension in corn oll
(volume 0.3-0.4 ml) vehicle. A dose of 2 or 3 mgikg was chosen to obtain high mGIlu5

receptor occupation (Jaeschke et al., 2015; Lindeneaal., 2011; Lindemann et al., 2015).



For repeated dosing we chose a 3 day schedulehwhit proven effective in preventing
LTP deficits in the APP transgenic rats using défe anti-Al3 interventions (Qi et al., 2014).
In preliminary studies a lower dose of 0.4 mg/kgi¢e over 3 days, i.p.) failed to
significantly reverse the LTP deficit (n=3; datd shown). Because of their different half-
lives basimglurant was injected once daily whe@&EP was administered twice, on day 1

and 3. The last injection was 2 h before applicatibHFS.

The anti-PrP antibody ICSM35 and isotope contrdibay BRIC126 were stored as
stock solutions of 6mg/ml in phosphate-buffereinsga{PBS). Injections (10 pl over 3-5
min) were made via a Hamilton syringe connecteithéanternal cannula. Based on pilot
studies and our previous studies (Qi et al., 2014he effect of the anti-Al3 monoclonal
antibody McSA1, we chose a protocol of 5 injectioh§0 pg, over 3 days, th& njection

being carried out at 2 h before application of HFS.
2.5 Homogenisation of rat brain tissue for AR oligey DELFIA

Hemi-brains from TG and WT rats varying in age fr8#3 months were frozen at -80

until needed for AR oligomer ELISA. All of the gagpes of the rat brain hemispheres were
anonymized, and then homogenized using a Prec&yRibolyser in Dulbecco’s PBS
containing Roche Complete protease inhibitor tmal toncentration of 10% (w/v). The
homogenates were assayed for total protein coratemtrusing the Bradford assay by two
different users until a percentage coefficient afiation less than 10% per sample between
users was obtained. The homogenates were aliquatedingle thaw volumes in low

binding eppendorfs (Fisher Scientific).

2.6 Detection of Aoligomers using the antiffoligomer antibody 1C22
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The anti-AB oligomer antibody 1C22 is a monoclonal murinelaody that binds strongly to
AP oligomers but only weakly toAmonomers (Yang et al., 2015). 1C22 (30 pl at 28nlg
in 10 mM sodium carbonate, pH 9.6) was immobilieach Lumitrac high binding 384 well
plate (Greiner Bio-one #781074). The plate washated at 400 rpm for 1 h at 37 °C then
washed. All washes were performed with three 100euvell washes of PBS (0.05%
Tween-20). The plate was blocked with 100 pl pei $eperblock (Thermo Scientific) with
shaking at 400 rpm at 37 °C for 2 h and washed.r@hbrain homogenates were defrosted,
benzonase treated, and diluted in Dulbecco’s PBffveoequivalent total protein
concentrations (as assessed by the Bradford ags#dijionally, a serial dilution of synthetic
ADDLs was prepared in age-matched wild-type rairbn@mogenate to produce the standard
curve for each experiment. Aliquots of 30 ul ofiblaomogenates and standards were
incubated in the plate for 1 h at 25 °C with shgkan 400 rpm followed by a plate wasH3 A
was detected by 30 ul of 0.2 pg/ml biotinylated 82EDELFIA assay buffer (PerkinElmer)
for 1 h at 25 °C with shaking at 400 rpm. The @lats washed then incubated for 1 h at 25
°C with shaking at 400 rpm with 333 ng/ml of DELFEAI-N1 streptavidin antibody in
DELFIA assay buffer (PerkinElmer), washed beforkasting with 80 pl of DELFIA
Enhancement Solution (PerkinElmer) for 10 min. é4atere scanned for time-resolved
fluorescence intensity of the europium prokg 820 nm£.m615 nm) using a PerkinElmer

EnVision plate reader. All samples were run in qupticate.

The standard curve obtained from the serial ditubADDLSs was used to convert the
time resolved fluorescence intensity of each ofltfa@n homogenates into the concentration
of AB oligomers. The standard curve was also used trdate the lower limit of
guantification (LLOQ) defined as the lowest stamldaith a percentage backfit of 100+20%
and a percentage coefficient of variation of <20% aver 9 times the standard deviations of

negative blank signal.
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2.7 Serum glutamate assay

Blood samples were collected in test tubes, cemeid at 600xg for 10 min, serum was
removed and immediately frozen and stored at —-8@G82um glutamate concentration was
determined by means of a glutamate assay kit (@atMAK004, Sigma-Aldrich, Wicklow,

Ireland) following the manufacturer’s technicaltimstions.

2.8 Statistical analysis

The strength of synaptic transmission is expreasetlpercentage of the baseline fEPSP
amplitude recorded over at least a 30 min perided Magnitude of LTP was measured at 3 h
post-HFS and expressed as the mean £+ SEM % baddbriata were excluded. Control
experiments were interleaved randomly throughopedarmental sets. Sample sizes including
animal numbers were chosen to ensure adequatgistdtpower comparable to previously
published papers. Data distribution of experimevds assumed to be normal. For statistical
analysis and graphical display EPSP amplitude waspgd into 10 min epochs. One-way
ANOVA followed by Bonferroni’s multiple comparisdest was used to compare the
magnitude of LTP between multiple groups; paired anpaired Studentistests were used

to compare within and between groups, respectiBdyum glutamate concentration is
expressed as the mean + SEM and analysed stdlysirca similar manner. The levels of A3
oligomers in TG rats were assessed by Fisher'stégsicand Pearson’s r.Avalue of <0.05

was considered statistically significant.

3. Results

3.1. Acute treatment with blood-based glutamateegers fails to reverse synthetic AR-

mediated persistent disruption of synaptic plasticecorded in anaesthetized rats
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The ability of the peripherally acting glutamatagenger oxaloacetate to reverse the
synaptic plasticity disrupting action of A3 wassfitested in a delayed model. Previously,
soluble extract of Alzheimer’s disease brain tlmattains A3 was reported to persistently
inhibit LTP, without significantly affecting basek synaptic transmission, after a single i.c.v.
injection (Klyubin et al., 2014b). Here, an ADDLgparation of synthetic A31-42 (i.c.v.) was
injected under recovery anaesthesia and the atolityduce LTP was determined 7-9 or 14 d
later under non-recovery anaesthesia. Whereagfiieation of HFS failed to induce LTP in
the animals tested on d 7-9 (AR7, 107.4+5.4%, ree8BM% pre-injection baseline EPSP
amplitude at 3 h post-HFS, n58:0.05 compared with 132.6+£4.8% in controls, n=8,
ANOVA followed by Bonferroni test), in animals imgeed i.c.v. with AR 14 d previously the
magnitude of LTP was comparable to control levAlg314, 131.6+3.5p>0.05) (Fig. 1A, B).
The inhibition of LTP appeared to be relativelyestive since there was no significant effect
of AR} injection on baseline excitatory transmissa@mmeasured by the amplitude of the
fEPSP (maximum fEPSP amplitude: vehicle group, @.5mV; AR7 group, 4.4+0.5 mV;
AR14 group, 5.3£0.5 m\f>0.05), and short-term plasticity as measured bytiel of
paired-pulse facilitation at a 40 ms inter-pulseival (paired-pulse ratio: vehicle group,

1.49+0.06; AR7 group, 1.64+0.18; A314 group, 1.406%0p>0.05) (Fig. 1C, D).

Initially we studied the effect of oxaloacetaténgsa single bolus injection of a dose (35
mg/kg, i.v.) that previously has been reportedettuce free blood and brain glutamate
concentration (Campos et al., 2011b; Perez-Ma#b. €2014). We previously reported that
this intervention fully prevented the acute disroptof hippocampal synaptic plasticity
caused by AR and reduced blood glutamate conciemtiay ~30-50% when measured 30
min and 1 h after injection (Zhang et al., 2016)tHe present studies, however, the delayed
LTP inhibition by AR injection 7 d previously wast significantly affected by a single i.v.

injection of oxaloacetate under non-recovery ainesst. Similar to above, in the AR group
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that received an i.v. injection of saline vehithee application of HFS failed to induce LTP
(106.1+£6.7%, n=6p<0.05 compared with 137.6+2.1% in controls thaenreed i.c.v. and i.v.
vehicle injections, n=5, ANOVA followed by Bonfenptest) (Fig. 2A, D). Moreover Al
also blocked LTP in animals that received an njedation of oxaloacetate either 20 min or 1
h before the application of HFS (20 min pre-injenti110.6+£4.0%, n=5 data not shown;
p>0.05 compared with 106.1+6.7%, n=6 in AR+vehicle; pre-injection: 116.8+4.6%, n=5;
p>0.05 compared with 109.7+5.5, n=5, in animals thatived AR followed by vehicle) (Fig.

2B,E).

Next we attempted to enhance the blood-scavendiagt®f oxaloacetate by increasing
the blood concentration of GOT using recombinantein type 1 (rGOT) (Perez-Mato et al.,
2014; Ruban et al., 2015; Zlotnik et al., 200/ previously reported that co-treatment with
rGOT (0.39 mg/rat) prolonged the oxaloacetate-nmedieeduction in serum glutamate
clearance and the abrogation of the acute deletegtiect of AR on LTP (Zhang et al.,
2016). However, in animals that received AR (i)cAxd previously, neither rGOT alone nor
the co-administration of rGOT and oxaloacetate n&aak the delayed disruption of LTP when
applied 1 h prior to the HFS (117.0£1.4, n=5 anfl.2#6.0%, n=5 respectivelp>0.05

compared with pre-HFS baseline or compared withvefdicle) (Fig. 2B,C,E).

3.2. Repeated systemic treatment with blood-bakgdngate scavengers reverse synthetic

AR-mediated persistent disruption of synaptic jpdagt

We hypothesized that the apparent lack of effia#ccute treatment with the blood
glutamate scavenging interventions against theyddlahibition of LTP by AR given 7 d
before may be due to a gradual build up of exckdamate during the post-AR injection.
Previously, repeated subcutaneous (s.c.) injeciaGOT was reported to persistently

increase the blood levels of GOT and to exert aopmotective effect against glutamate

14



excitotoxicity in an amyotrophic lateral sclerosiedel (Ruban et al., 2015). Therefore in
addition to acutely injecting blood-based glutanst@avengers i.v. on day 7, we repeatedly
applied rGOT for 7 d (0.39 mg/rat, s.c on the da® administration, day 0, followed by a
daily maintenance dose of 0.13 mg/rat on days In@nimals pre-treated with i.c.v., AR
followed by control vehicle systemic injections, R Tas strongly inhibited (107.1+3.7%,
n=6; p<0.05 compared with 128.5+£1.6%, n=6, in the congroup, which received vehicle
for the i.c.v., s.c. and i.v injections) (Fig. 38). Importantly, repeated daily s.c. injection of
rGOT followed on day 7 with an acute i.v. injectiohrGOT (0.39 mg/rat), either with or
without oxaloacetate (35 mg/kg), abrogated theyagelaynaptic disruption by AR given 7 d
previously (121.5+1.6% and 129.2+3.6%, respectivehp per groupp<0.05 compared with
the ARR+vehicle groug>0.05 compared with vehicle control group) (Fig. 8. Although
the addition of oxaloacetate on day 7 appearedharece the beneficial effect of GOT
treatment, there was no significant difference leetwthe AR+rGOT+veh/rGOT and
AR+rGOT+OXA/rGOT groupsp>0.05). Moreover, the combination treatment schedid
not significantly affect the magnitude of contrdl. (133.3£2.6%, n=5>0.05 compared

with vehicle control group).

Consistent with the electrophysiological findingsth of the effective treatment
protocols significantly decreased serum glutamateentration to similar extents (65.4+5.9
and 64.1+9.7M, for rGOT s.c. followed by an i.v. injection oitleer rGOT alone or in
combination with oxaloacetate, respectively, n=6greup;p<0.05 compared with
137.7£21.1uM in samples taken from a vehicle control grougb)nat 1 h post-i.v. injection,

the time point when HFS was applied (Fig. 3D).

3.3 Both acute and repeated metabotropic glutarBateptor antagonist treatment

reverses synthetic AR-mediated persistent dismmisynaptic plasticity
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The efficacy of repeated treatment with blood-bagathmate scavengers to abrogate the
persistent inhibition of LTP by AR is likely due itmdirectly reducing excessive brain levels
of glutamate. Therefore we hypothesized that cytaating antagonism of mGlu5
receptors, one of the main mediators of acute simplasticity disruption by A3, would also
be effective in reversing the persistent inhibitadr. TP. We gave the selective mGIlu5
receptor negative allosteric modulator basimglyrashich acts as a non-competitive
antagonist of the receptor i.p. (2 mg/kg, eithertaly or 3 times at 24 h interval with the last
injection given 2 h prior to HFS). Either the acataepeated treatment with basimglurant
reversed the inhibition of LTP. Thus applicationHiS 2 h after acute treatment triggered
robust LTP (145.1+£8.1% at 3 h post-HBS0.05 compared with 89.5+£18.5% in AlR pre-
injected rats, n=4 per group) (Fig. 4A,D8imilarly, repeated injection on days 5-7 of
basimglurant abrogated the persistent inhibitiob TP caused by i.c.v. injection of AR 7
days previously (120.5£4.8% n=350.05 compared with 96.7+5.0% in the Al3+vehicle
group, n=6) (Fig. 4B,E)This repeated basimglurant treatment regime haglgmaficant

effect on control LTP (128.9+4.0% n=530.05 compared with 131.4+3.7% n=5 in vehicle

control group) (Fig. 4C,F).

3.4 Acute treatment with blood-based glutamate estgers fail to reverse the disruption of
synaptic plasticity in freely behaving transgeratsrmodeling Alzheimer’s disease

amyloidosis

In order to determine if agents that lower bloogtgiate levels can reverse synaptic
plasticity deficits caused by endogenously produdugdan AR, we tested their effectiveness
in preventing LTP impairment in freely behavingsraterexpressing APP. Rats expressing
humanAPP751with Swedish and Indiana mutations (McGill-R-Th&PP, TG) have an
age-dependent, AR-mediated, impairment in LTP ihdncompared with age-matched WT
littermates (Qi et al, 2014).
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To establish if and when TG rats accumulate pathcédly relevant & aggregates we
employed a variant of the highly sensitiv@ dligomer-specific immunoassay developed to
guantify soluble & aggregates in AD brain (Yang et al., 2015}.digomers were not
detected in any WT animals tested (n=10, age r@rg&3 months). In contrast, at 3-13
months of age there were significantly more TG atémvith A3 oligomer level above the
lower limit of quantification (LLOQ, 80 pM) (11 &8 TG ratsp<0.05 compared with WT
rats, Fisher’s exact test). Indeefl dligomers were detected in TG rats as young asrtims
(Fig. 5A). Whereas at 3 - 7 months of age oligomezee detectable in 7 out of 23 TG rats, at
12 — 13 months of age 4 out of 5 TG animals hadatable amounts of Aoligomers. Thus
there was a highly significant correlation betweage and B oligomer level of TG rats with

readings above the LLOQ (n=17, Pearson r=(089,05, R squared=0.79).

By studying chronically implanted animals it wasgible to carry out both cross-
sectional and longitudinal analyses of the treatsi@iVe studied a range of ages just before

or at the start of plaque deposition (6-10 montf).ol

First we confirmed that this group of TG rats hatkécit in LTP (103.0+4.6% n=6,
p<0.05 compared with 142.5£7.0% n=6 in WT litter engtoup) (Fig. 5B, D). Next we
examined the effect of acute treatment with the@tibased glutamate scavengers. Co-
administration (i.v.) of oxaloacetate and rGOT a&ingle bolus injection 1 h prior to HFS did
not appear to affect control LTP in WT litterma{@&84.0+4.7% n=6p<0.05 compared with
pre-HFS baseline) or the LTP deficit in TG ratsdBt6.9% n=6p>0.05 compared with

pre-HFS baselingg<0.05 compared with WT) (Fig. 5 C, E).

3.5 Repeated systemic treatment with blood-basddmghte scavengers reverse the
disruption of synaptic plasticity in freely behayittansgenic rats modeling Alzheimer’'s

disease amyloidosis
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In view of the ability of repeated administratioihbdood-based glutamate scavengers to
abrogate the persistent inhibition of LTP by exagenAl3, next we studied the effect of the
same rGOT and oxaloacetate treatment schedulesddlth deficit in amyloid precursor
protein (APP) TG rats. Hence, repeated subcutan@ou} injection of rGOT (0.39 mg/rat
initially, and a daily maintenance dose of 0.13 naigfor 7 d), was followed by an acute (i.v.)
co-injection rGOT and oxaloacetate at 1 h priad&S on day 7. The ability to induce LTP

was tracked longitudinally before, during and afteatment.

Consistent with our hypothesis, in drug treatedrats HFS induced robust LTP
(130.5+2.3%, n=5p<0.05 compared with 107.4+£2.8%, n=5 in the TG tiads received
vehicle treatment) (Fig. 6A, B). We also carried alongitudinal analysis. As can be seen in
Fig. 5C, D, HFS failed to induce persistent LTP wiagplied either just before initiating
drug treatment or 7 days after treatment (99.2+3ah%109.7+7.8%, respectively, n=5;
p>0.05). In the WT littermates, the repeated rGQT isjection combined with acute
OXA/rGOT i.v. injection did not significantly afféed. TP (134.2+3.7% n=(>0.05 compared
with 135.6+£1.0% n=6 in the vehicle treated contnaup) (Fig. 6E, F). Moreover, in the
longitudinal analysis it can be seen that the ntageiof LTP did not significantly change
between pre-, during and post-treatment recordasgiens (131.8+2.5% at 1 week post-
treatmentp>0.05 compared with 142.5+7.0% n=6 in the same alsifrior to treatment,

n=6) (Fig. 6G, H).

3.6 Repeated systemic treatment with metabotrdptamgate 5 receptor antagonists rapidly
reverses the disruption of synaptic plasticityrgefy behaving transgenic rats modeling

Alzheimer’s disease amyloidosis

For comparison with the study that examined thectfbf acute treatment with OXA/rGOT

in McGill-R-Thy1-APP TG rats we tested the effetaasingle injection of the mGlu5
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receptor antagonist basimglurant on the abilitywttuce LTP in freely behaving animals.
Similar to acute OXA/rGOT treatment, acute treattweith basimglurant failed to
significantly reverse the LTP deficit in 5 montld dlG rats. Thus, application of HFS 2 h
after i.p. injection of a dose of 2 mg/kg did naduce significant LTP (99.3£2.8%, n=5,
p>0.05 compared with 100.3+4.6% in the same animadsweek prior to drug testing) (Fig.
6A-C). Somewhat similarly, in 5 month old TG aniséhat were tested 16 h after a dose of
3 mg/kg the magnitude of LTP was not significan8 &t (102.7+3.5%, n=%>0.05

compared with 108.61£5.4% in the same animals orek\geor to drug testing), although it

appeared to decay more slowly in these animals @bgF).

As explained in the Methods section, because wephadously reported that 3 day
treatment with anti-AR interventions reversed tA@ldeficit in the transgenic rat model (Qi
et al., 2014) we also examined the effects of simreatment with mGlu5 antagonists.
Three-day treatment with basimglurant (2 mg/kg/dgy) caused a strong but transient
reversal of the LTP deficit in 5 month old TG rakbus, in the week prior to initiating drug
treatment, application of HFS only induced a de@mtal potentiation (101.6+£3.3% n=6 at 3
h post-HFSp>0.05 compared with pre-HFS baseline, patresgbt). In contrast, 2 h after the
third daily injection of basimglurant, the same HbStocol now triggered robust and stable
LTP in the same animals (120.8+3.3%, np€0.05 compared with pre-HFS baseline, paired
t-test). However, seven days after the last injaatibbasimglurant, the LTP deficit had
returned since HFS now only induced a decremewtainiation (102.0+1.9%, n=6>0.05

compared with pre-HFS baseline, paitadst) (Fig 6).

In order to determine if the rapidly reversible étial effects of basimglurant were a
drug class effect not caused by the vehicle treatnve decided to compare the effects of
corn oil with another mGIlu5 receptor antagonistE€THamilton et al., 2016; Jaeschke et
al., 2015; Lindemann et al., 2011). Treatment ofdnth old TG rats with CTEP (2 mg/kg
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over 3 days, i.p.) caused a rapid and transiemtrsay of the LTP deficit (Fig. 7). Thus, in the
week prior to initiating drug treatment, applicatiof HFS only induced a decremental
potentiation (98.4+1.6% n=5 at 3 h post-HBS0.05 compared with pre-HFS baseline,
pairedt-test). In contrast, 2 h after the second injectb@TEP, the same HFS protocol now
triggered robust and stable LTP in the same anifd@s.5+2.4% n=5<0.05 compared

with 100.4£2.0% n=5 in corn oil vehicle control) okkover, seven days after the last
injection of CTEP, the LTP deficit had returnedcg&HFS now only induced a decremental

potentiation (100.8+1.5%, n=p>0.05 compared with pre-HFS baseline, patrazkt).

3.7 An antibody that prevents AR oligomer bindmgsllular prion protein restores LTP in

freely behaving transgenic rats modeling Alzheiméisease amyloidosis

Previously, we and others reported that the aciibition of LTP by synthetic A
aggregates is prevented by acute pretreatmentantthodies against PrP that block, but not
by those that do not affect, high affinitygAligomer bindingBarry et al., 2011; Freir et al,,
2011; Hu et al., 2014; Klyubin et al., 2014a; Lauren et al., 2009; Nicoll et al,, 2013). Here
we employed the monoclonal antibody ICSM35 whictirscted against thefRoligomer-
binding PrP 95-110 region (Freir et al., 2011; Kir&hirazi et al., 2007). In a blind study
(Fig. 8), we found that repeated i.c.v. injectio$CSM35 (5x60ug over 3 days), reversed
the LTP deficit in 4.5-5 month-old freely behavin@ animals (131.0+5.6%, n=5, p<0.05,
compared with 104.4+7.2%, in TG animals of simédge treated with an isotype control
antibody, Bric126, n=6). Notably, full reversaltbk effect of ICSM35 had not occurred by 2
weeks after ceasing treatment. Thus HFS appliedeksvafter injections of ICSM35 (post)

still induced LTP in 3 of the 5 rats (Fig. 8).

4. Discussion
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Repeated systemic treatment with agents that regitleer excess glutamate, activation of
mGlu5 receptors or binding to cellular PrP wereeii/e in reversing persistent synaptic
plasticity disruption caused by AR oligomers. Adisiiration of the blood-based glutamate
scavenger rGOT alone or in combination with oxadbaie lowered blood glutamate
concentration and overcame the inhibition of LTRhday exogenously applied synthetic
AR1-42 aggregates in WT rats or endogenously gt in pre-plague transgenic rats.
Moreover, brief repeated treatment with the mGlkgeptor antagonists basimglurant and
CTEP, or the PrP antibody ICSM35, exerted simitardiicial effects. Longitudinal
monitoring of individual freely behaving transgenats revealed that the enhancement of
LTP caused by these interventions is also relatikegbidly reversible. These data strongly
indicate that the persistent impairment of LTP lilyex exogenous or endogenous Al
oligomers is mediated by excessively increasedlglatamate, inappropriate mGlu5
receptor activation and A3 oligomer binding to wkalt PrP. In addition, the findings are
potentially relevant to the development of clinisakrventions designed to reverse synaptic

deficits in patients with early Alzheimer’s disease

Blood-based glutamate scavengers offer a novel snglgoromoting brain glutamate
homeostasis. The prediction, based on our predtudies on the abrogation of the acute
inhibition of LTP by soluble synthetic or Alzheinedisease brain A3 (Zhang et al., 2016),
that acute treatment with the blood-based scavengeuld ameliorate the persistent
disruption of LTP by AR was not supported. Howegepplementation of the acute
injections with repeated systemic treatment of rG@iE very effective in reversing the
persistent inhibition of LTP caused by either exoges or endogenous A3 exposure.
Physiological homeostasis of glutamate concentratiaghe body is promoted by the blood
resident enzyme GOT, which converts glutamaieketoglutarate in the presence of

oxaloacetate (Campos et al., 2011b; Castillo eR8lL6; Zlotnik et al., 2007). In the present
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experiments this system was supplemented by systajaction of both oxaloacetate and
rGOT, neither of which cross the blood brain bareany significant extent (Boyko et al.,
2012; Hassel et al., 2002). Blood-based glutamzeengers preferentially promote excess
glutamate clearance from the brain by increasiegtincentration gradient between the
blood and luminal side of endothelial cells in ¢#ed blood vessels, which in turn promotes
removal of any excess glutamate in the brain’satiteal fluid (Castillo et al., 2016; Cohen-
Kashi-Malina et al., 2012; Gottlieb et al., 2003/an et al., 2015). The effects of
oxaloacetate and rGOT on brain glutamate conceémrahould be selective for excessive
levels, with minimal effects on physiological leseThis is because under physiological
conditions glutamate is cleared primarily by nealcand glial transporters and therefore
would not reach sufficient levels to activate tiaorsers on the abluminal side of the
endothelial cells (Castillo et al., 2016; Gottlietal., 2003; Zlotnik et al., 2007). In the
present studies it is unclear whether or not tleeess of supplementation with daily s.c.
rGOT treatments was principally due to a boostifhtpe brain glutamate lowering effect of
the acute i.v. injections or also because prolongedd-based glutamate scavenging by
rGOT is necessary to prevent persistent downstaedaterious effects of elevated brain

glutamate concentration that mediate A3-induceditibn of LTP.

The ability of repeated systemic treatment withreBlu5 receptor antagonist to mimic
the ameliorative effect of the blood-based glutasaavengers in the two chronic AR
models lends support to the critical role of inaypiate glutamate receptor activation in
mediating the persistent inhibition of LTP by exngas and endogenous AR3. These data
extend previous studies on the efficacy of acatiment with mGIlu5 receptor antagonists
on synaptic plasticity disruption by acute AR (Halk, 2014; Jaeschke et al., 2015;
Lindemann et al., 2015; Rammes et al., 2011) aaad@nsistent with reports that repeated

administration of these agents in APP transgencerameliorates deficits in the performance
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of learning tasks (Hamilton et al., 2016; Um et 2013). In addition to blocking over-
activation of these receptors that has been tregghby excessive extracellular glutamate
levels, selective antagonists can also prevent B@&ceptors being inappropriately activated
by AR-bound PrP, which, in conjunction with mGliga major extracellular toxic receptor
for certain AR oligomers (Beraldo et al., 2016; slatal., 2016; Hamilton et al., 2015;
Lauren et al., 2009; Um et al., 2013). Hence, wan@red the action of ICSM35, an antibody
that prevents AR oligomer binding to residues 96-dficellular PrP, and found that it was as
effective as the mGlu5 receptor antagonists whemradtered repeatedly over a similar
period of 3 days. This time frame is consistenhwaitir previous finding that 3-day treatment
with agents that either lower or bind AR was sigfit to abrogate the impairment of LTP in
the transgenic rat model (Qi et al., 2014). Thdifig of age-dependent accumulation of A3
oligomers in the brains of these rats supportsipusvobservations of the presence of Al3
oligomers intracellularlylulita et al., 2014; Leon et al., 2010). The levels we detected in
younger rats were near the LLOQ, consistent withpoevious research which failed to
detect AR oligomers using less sensitive Westasttibg techniques (Qi et al., 2014).
Despite the relatively low levels of detectableyoiners in the brains of younger rats, the
ability of ICSM35 to reverse the LTP deficit strdymgndicates that sufficient amounts are
present extracellularly to bind PrP, which is atraoellular receptor for synaptotoxic Af3

aggregates.

Some differences emerged between the acute effédut different treatments in the two
AR models. Thus, acute basimglurant was effectiveversing the disruption of synaptic
plasticity by injection of synthetic A3 7 days piaysly, whereas a single administration of
basimglurant either 2 or 16 h prior to HFS failedd¢instate LTP induction in the transgenic
rats. On the other hand acute OXA/rGOT failed t@rse the LTP deficit in either the

delayed AR model or the transgenic rats. In the oashe persistent inhibition of LTP by
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exogenous Al3, it seems likely that the deletereftect is due to continued presence of the
injected ADDL oligomers in the brain. It is knowmat A3 concentration remains elevated for
at least 7 d after i.c.v. injection of ADDLs (Figjredo et al., 2013; Zhang et al., 2014) and
we found that injection of an anti-Al3 antibody pror to HFS on day 7 completely reversed
the LTP deficit (Ondrejcak et al., 2016). It seams$kely that major structural changes
mediate the disruption of LTP since baseline syna@nsmission and short-term plasticity
were not significantly impaired on day 7 and thaigito induce LTP had recovered by day
14. Nevertheless we cannot rule out the possilihidy a synaptotoxic conformation of AR is
stabilized in vivo or that structural changes acpany the functional deficit. In the case of
the impairment of LTP in the transgenic animals sthimg between 16 h and 3 days after
initiating basimglurant treatment was requiredftdr recovery. This could be taken to imply
that structural changes may mediate the disrumtigriasticity, though again, we failed to
detect interference with baseline AMPA receptor-mmated synaptic transmission or short-
term plasticity in the transgenic rats at 5-6 merdhage (Qi et al., 2014). Consistent with
these findings, Martino Adami et al (2017) reportieat hippocampal CAL structural
integrity, as measured by synaptic density usiegtedn microscopy or PSD-95 using
western blots, is normal at 6 months. However-@mnsonths of age both CA1 synaptic
mitochondrial bioenergetics (Martino Adami et @0D17) and NMDA receptor-mediated
transmission (Qi et al., 2014) are reduced. Fudtudies should examine the possibility that
the time course of recovery triggered by basimglucarresponds to the time needed to
restore normal synaptic bioenergetics, distribubbNMDA receptors or possibly synaptic

structure.

By carrying out longitudinal studies, in additianthe direct comparison with control
treatment groups, it was possible to track the tbmarse of reversal of the beneficial effects

of the interventions in individual TG rats. In mgsoups the treatment effect had fully
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reversed within one week of ceasing treatment,laio the anti-Al} strategies investigated
previously in this rat model using an anti-Al3 aatl or secretase inhibitors (Qi et al., 2014).
However, the rate of reversal of the beneficiateffiof the anti-PrP antibody appeared to be
somewhat slower than that present in animals weaith either the mGlu5 receptor
antagonists or the blood-based glutamate scavenyyersiave no explanation for this

apparent difference.

Many different AR cellular mechanisms have beewontep to mediate AR-induced
increases in extracellular brain glutamate levet$ synaptic plasticity disruption (Viola and
Klein, 2015; Zadori et al., 2014). Currently itusknown if AR-induced increases in
extracellular glutamate concentration are at Ipagly mediated by binding to cellular PrP.
Since activation of the PrP co-receptor mGlu5 remrspon astrocytes can trigger non-
vesicular glutamate release (Angulo et al., 200AsBenzo et al., 2007; Fellin et al., 2004) it
is possible that AR binding to PrP on astrocyteg merease glutamate release. Interestingly
mGlu5 receptor triggered glutamate release fromoeggies appears to preferentially access
extrasynaptic GIuN2B-containing NMDA receptors (Aimet al., 2004; D'Ascenzo et al.,
2007; Fellin et al., 2004), and these receptore tieen strongly implicated in mediating the
acute inhibition of LTP by AR oligomers (Hu et &Q08; Li et al., 2009). Moreover, AR
oligomer-induced glutamate release from astrodyéssbeen reported to increase
extrasynaptic NMDA receptor activation that mayteidmute to synaptic damage (Talantova

et al., 2013).

Consistent with our findings from previous studssicute i.v. treatment with
oxaloacetate alone or in combination with rGOTnaesthetized rats (Zhang et al., 2016) we
now report that repeated administration of rGOT bimrad with acute i.v. treatment with
these agents also did not to disrupt control LTBitiner anaesthetized or awake freely
behaving animals. The lack of detectible deletevieffiects of repeated treatment with these
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blood-based glutamate scavengers on control LT8uprably reflects, as discussed above,
their relative selective ability to reduce excessivon-physiological, levels of brain
glutamate (Castillo et al., 2016). The lack of gigant effect on LTP in control animals
indicates that potentially there is a beneficiad@loange of the agents against Al3 that does
not disrupt physiological plasticity. Further stual be required to rule out the possibility
that other synaptic functions and plasticity indiibg different protocols in other pathways
are not affected by repeated treatment with bloasktd glutamate scavengers. Significantly,
the blood concentration of endogenous GOT correladsitively with stroke outcome and is
known to reach relatively high levels in healthyrans(Campos et al., 2011a; Castillo et al.,

2016; Tian et al., 2012).

Similarly, the repeated dosing schedule for the ud@éceptor antagonists used here did
not affect control LTP at 3 h post-HFS. Howevegdaems probable that later time points or
other forms of plasticity may be impeded in theedange that ameliorated the detrimental
effects of AR. Extensive research has shown théiodorms of LTP, LTD and
depotentiation are inhibited by these agents imkageas including the hippocampus under
physiological conditions (Anwyl, 2009; Buschler addnahan-Vaughan, 2016; Collingridge
et al., 2010; Qi et al., 2013; Zarnadze et al.,630Ihdeed, mGIu5 receptor activation can
“reinforce” the induction of longer-lasting form§ 0T P, and late-phase LTP may be more
sensitive than early phase LTP to block of growgceptors (Balschun et al., 1999; Manahan-
Vaughan, 1997). Somewhat similarly, behavioral@ffef blocking these receptors in
animals appear to be relatively task specific (Ahnat al., 2015). Indeed, doses of mGlu5
receptor antagonists that were effective in attengdoehavioural deficits in APP transgenic
mouse models also slightly interfered with perfomg®in non-TG mice (Hamilton et al.,
2014; Um et al., 2013). Thus on the one hand, tisemegenerally accepted view that ongoing

activation of mGlu5 receptors is likely to be nesagy for normal cognitive function and
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underlying plasticity mechanisms. On the other hamdlinical trials of antagonists,
including basimglurant, at potentially therapeuloses, dizziness and visual hallucinations
rather than cognitive impairment have been founketdose-limiting in humans (Berry-

Kravis et al., 2016; Reilmann et al., 2015; Scleasdl., 2015; Tison et al., 2016).

Further pre-clinical studies of rGOT treatment tleiend our present findings will be
required to determine if such an approach may ppoemising as a potential therapeutic in
very early stages of the disease. In the case dfitn@ceptor antagonists that have already
been used safely in human studies the current metdiedicates that adverse effects may not
markedly limit their potential benefits. A similaase can be made for antibodies preventing
Al oligomer binding to PrP, although to date thayeéhonly been tested in preclinical models
(Klyubin et al., 2014a). Certainly, a strategy afgeting both glutamate clearance and mGlu5
receptors/PrP mechanisms warrants further invegiigéo determine if such a dual approach

can limit potential adverse effects while maintagefficacy.

Funding

This research was supported by Science Foundagtantl (grant numbers 10/IN.1/B3001
and 14/1A/2571) (M.R.), the Health Research Bodriledand (grant number HRA-POR-
2015-1102) (MR), the UK Medical Research CounciC()] the Leonard Wolfson
Experimental Neurology Centre (CS) and the Canaltistitutes of Health Research - CIHR

(ACC).

Competing financial interests

John Collinge is a director and shareholder of DrGenited (London), an academic spin-

out company in the field of prion diagnosis, deeomnation and therapeutics. D-Gen

27



supplied the ICSM35 antibody used in this studye Témaining authors declare no

competing financial interests.

28



References

Ahnaou, A., Langlois, X., Steckler, T., BartolomeiNeda, J. M., Drinkenburg, W. H., 2015.
Negative versus positive allosteric modulation eftabotropic glutamate receptors
(mGIuRb5): indices for potential pro-cognitive drpgpperties based on EEG network
oscillations and sleep-wake organization in rasycRopharmacology (Berl) 232, 1107-
1122.

Angulo, M. C., Kozlov, A. S., Charpak, S., Audingt, 2004. Glutamate released from glial
cells synchronizes neuronal activity in the hippopas. J Neurosci 24, 6920-6927.

Anwyl, R., 2009. Metabotropic glutamate receptop@®dent long-term potentiation.
Neuropharmacology 56, 735-740.

Balschun, D., Manahan-Vaughan, D., Wagner, T., Beln T., Reymann, K. G., Wetzel,
W., 1999. A specific role for group | mGIuRs in pgcampal LTP and hippocampus-
dependent spatial learning. Learn Mem 6, 138-152.

Barry, A. E., Klyubin, I., Mc Donald, J. M., Mabl. J., Farrell, M. A., Scott, M., Walsh, D.
M., Rowan, M. J., 2011. Alzheimer’s Disease Braieried Amyloid-3-Mediated
Inhibition of LTP In Vivo Is Prevented by Immunoggting Cellular Prion Protein. J
Neurosci 31:7259-63.

Beraldo, F. H., Ostapchenko, V. G., Caetano, FGiimaraes, A. L., Ferretti, G. D., Daude,
N., Bertram, L., Nogueira, K. O., Silva, J. L., Wasay, D., Cashman, N. R., Martins, V.
R., Prado, V. F., Prado, M. A., 2016. Regulatioofyloid beta oligomer binding to
neurons and neurotoxicity by the complex prion @rdtnGIluR5. J Biol Chem.

Berry-Kravis, E., Des Portes, V., Hagerman, R.qdamont, S., Charles, P., Visootsak, J.,
Brinkman, M., Rerat, K., Koumaras, B., Zhu, L., 8aiG. M., Jaecklin, T., Apostol, G.,
von Raison, F., 2016. Mavoglurant in fragile X sgorde: Results of two randomized,

double-blind, placebo-controlled trials. Sci Trakkd 8, 321ra325.

29



Bilousova, T., Miller, C. A., Poon, W. W., Vinterd, V., Corrada, M., Kawas, C., Hayden,
E. Y., Teplow, D. B., Glabe, C., Albay, R., 3rd,|I€0G. M., Teng, E., Gylys, K. H., 2016.
Synaptic Amyloid-beta Oligomers Precede p-Tau aifféi@ntiate High Pathology
Control Cases. Am J Pathol 186, 185-198.

Boyko, M., Melamed, I., Gruenbaum, B. F., Gruenba8uE., Ohayon, S., Leibowitz, A.,
Brotfain, E., Shapira, Y., Zlotnik, A., 2012. Thiezt of blood glutamate scavengers
oxaloacetate and pyruvate on neurological outcan@erat model of subarachnoid
hemorrhage. Neurotherapeutics 9, 649-657.

Buschler, A., Manahan-Vaughan, D., 2016. Metabatrgutamate receptor, mGlu5,
mediates enhancements of hippocampal long-ternnpation after environmental
enrichment in young and old mice. Neuropharmacalogy

Campos, F., Rodriguez-Yanez, M., Castellanos, MasA S., Perez-Mato, M., Sobrino, T.,
Blanco, M., Serena, J., Castillo, J., 2011a. Blesels of glutamate oxaloacetate
transaminase are more strongly associated with gatmbme in acute ischaemic stroke
than glutamate pyruvate transaminase levels. @irfl$nd) 121, 11-17.

Campos, F., Sobrino, T., Ramos-Cabrer, P., ArgiBayAgulla, J., Perez-Mato, M.,
Rodriguez-Gonzalez, R., Brea, D., Castillo, J.,220Neuroprotection by glutamate
oxaloacetate transaminase in ischemic stroke: pargrental study. J Cereb Blood Flow
Metab 31, 1378-1386.

Castillo, J., Loza, M. |., Mirelman, D., Brea, Blanco, M., Sobrino, T., Campos, F., 2016. A
novel mechanism of neuroprotection: Blood glutanga#dber. J Cereb Blood Flow Metab
36, 292-301.

Chung, E., Ji, Y., Sun, Y., Kascsak, R. J., KascBalB., Mehta, P. D., Strittmatter, S. M.,
Wisniewski, T., 2010. Anti-PrPC monoclonal antibadfusion as a novel treatment for

cognitive deficits in an alzheimer's disease modelise. BMC Neurosci 11, 130.

30



Cohen, M. L., Kim, C., Haldiman, T., EIHag, M., Mairatta, P., Pichet, T., Lissemore, F.,
Shea, M., Cohen, Y., Chen, W., Blevins, J., AppldhyS., Surewicz, K., Surewicz, W.
K., Sajatovic, M., Tatsuoka, C., Zhang, S., Mayg Butkiewicz, M., Haines, J. L., Lerner,
A. J., Safar, J. G., 2015. Rapidly progressive Ailater's disease features distinct
structures of amyloid-beta. Brain 138, 1009-1022.

Cohen-Kashi-Malina, K., Cooper, I., Teichberg, V2012. Mechanisms of glutamate efflux
at the blood-brain barrier: involvement of gliallseJ Cereb Blood Flow Metab 32, 177-
189.

Collingridge, G. L., Peineau, S., Howland, J. Ganyy, Y. T., 2010. Long-term depression in
the CNS. Nat Rev Neurosci 11, 459-473.

Cullen, W. K., Suh, Y. H., Anwyl, R., Rowan, M. 1997. Block of LTP in rat hippocampus
in vivo by R3-amyloid precursor protein fragmentgukbreport 8, 3213-3217.

D'Ascenzo, M., Fellin, T., Terunuma, M., Revillarishez, R., Meaney, D. F., Auberson, Y.
P., Moss, S. J., Haydon, P. G., 2007. mGIuR5 stteslgliotransmission in the nucleus
accumbens. Proc Natl Acad Sci U S A 104, 1995-2000.

Davies, C. A., Mann, D. M., Sumpter, P. Q., YatesQ., 1987. A quantitative morphometric
analysis of the neuronal and synaptic contentefrtbntal and temporal cortex in patients
with Alzheimer's disease. J Neurol Sci 78, 151-164.

De Felice, F. G., Velasco, P. T., Lambert, M. Ral&, K., Fernandez, S. J., Ferreira, S. T.,
Klein, W. L., 2007. Abeta oligomers induce neuromaldative stress through an N-
methyl-D-aspartate receptor-dependent mechanisnistbéocked by the Alzheimer drug
memantine. J Biol Chem 282, 11590-11601.

Deardorff, W. J., Grossberg, G. T., 2016. Pharnfeajpeutic strategies in the treatment of

severe Alzheimer's disease. Expert Opin PharmaGdtHi.

31



DeKosky, S. T., Scheff, S. W., 1990. Synapse Ingsointal cortex biopsies in Alzheimer's
disease: correlation with cognitive severity. Anauxbl 27, 457-464.

Dohler, F., Sepulveda-Falla, D., Krasemann, Smafipen, H., Schluter, H., Hildebrand, D.,
Zerr, l., Matschke, J., Glatzel, M., 2014. High smllar mass assemblies of amyloid-beta
oligomers bind prion protein in patients with Alainer's disease. Brain 137, 873-886.

Fellin, T., Pascual, O., Gobbo, S., Pozzan, T.,ddayP. G., Carmignoto, G., 2004.
Neuronal synchrony mediated by astrocytic glutarttateugh activation of extrasynaptic
NMDA receptors. Neuron 43, 729-743.

Figueiredo, C. P., Clarke, J. R., Ledo, J. H., Rthd-. C., Costa, C. V., Melo, H. M., Mota-
Sales, A. P., Saraiva, L. M., Klein, W. L., Seblal]eéA., De Felice, F. G., Ferreira, S. T.,
2013. Memantine rescues transient cognitive impamtingaused by high-molecular-weight
abeta oligomers but not the persistent impairmahi¢ced by low-molecular-weight
oligomers. J Neurosci 33, 9626-9634.

Freir, D. B., Nicoll, A. J., Klyubin, 1., Panico,Mc Donald, J. M., Risse, E., Asante, E.,
Farrow, M. A., Sessions, R. B., Saibil, H. R., RgrA. R., Rowan, M. J., Walsh, D. M.,
Collinge, J., 2011. Interaction between prion proad toxic A3 assemblies can be
therapeutically targeted at multiple sites. NatDoenmun 2:336. doi:
10.1038/ncomms1341.

Gottlieb, M., Wang, Y., Teichberg, V. I., 2003. Bibmediated scavenging of cerebrospinal
fluid glutamate. Journal of Neurochemistry 87, 17%.

Haas, L. T., Salazar, S. V., Kostylev, M. A., UmW,, Kaufman, A. C., Strittmatter, S. M.,
2016. Metabotropic glutamate receptor 5 coupldsileglprion protein to intracellular

signalling in Alzheimer's disease. Brain 139, 52&-5

32



Hamilton, A., Esseltine, J. L., DeVries, R. A., Gas, S. P., Ferguson, S. S., 2014.
Metabotropic glutamate receptor 5 knockout redeogmitive impairment and
pathogenesis in a mouse model of Alzheimer's deséds| Brain 7, 40.

Hamilton, A., Vasefi, M., Vander Tuin, C., McQuaH, J., Anisman, H., Ferguson, S. S.,
2016. Chronic Pharmacological mGIuR5 Inhibition\vr@s Cognitive Impairment and
Reduces Pathogenesis in an Alzheimer Disease Mdadel. Cell Rep 15, 1859-1865.

Hamilton, A., Zamponi, G. W., Ferguson, S. S., 20 kitamate receptors function as
scaffolds for the regulation of beta-amyloid antlutar prion protein signaling complexes.
Mol Brain 8, 18.

Hassel, B., Brathe, A., Petersen, D., 2002. Celelizarboxylate transport and metabolism
studied with isotopically labelled fumarate, malatel malonate. J Neurochem 82, 410-
4109.

Hu, N. W., Nicoll, A. J., Zhang, D., Mably, A. D/Malley, T., Purro, S. A, Terry, C.,
Collinge, J., Walsh, D. M., Rowan, M. J., 2014. m&teceptors and cellular prion protein
mediate amyloigi-facilitated synaptic long-term depression in vilature
Communications 5, 3374.

Hu, N. W., Smith, I. M., Walsh, D. M., Rowan, M, 2008. Soluble amyloid-beta peptides
potently disrupt hippocampal synaptic plasticityhe absence of cerebrovascular
dysfunction in vivo. Brain 131, 2414-2424.

lulita, M. F., Allard, S., Richter, L., Munter, IM., Ducatenzeiler, A., Weise, C., Do Carmo,
S., Klein, W. L., Multhaup, G., Cuello, A. C., 2Qlatracellular Abeta pathology and
early cognitive impairments in a transgenic ratrexpressing human amyloid precursor
protein: a multidimensional study. Acta NeuropatGolnmun 2, 61.

Jaeschke, G., Kolczewski, S., Spooren, W., VidiraBitter-Stoll, N., Boissin, P., Borroni,

E., Buttelmann, B., Ceccarelli, S., Clemann, N.yiDaB., Funk, C., Guba, W., Harrison,

33



A., Hartung, T., Honer, M., Huwyler, J., Kuratli,. MNiederhauser, U., Pahler, A., Peters,
J. U., Petersen, A., Prinssen, E., Ricci, A., Ruebe Rueher, M., Schneider, M., Spurr,
P., Stoll, T., Tannler, D., Wichmann, J., PorterHR Wettstein, J. G., Lindemann, L.,
2015. Metabotropic glutamate receptor 5 negatilgstadric modulators: discovery of 2-
chloro-4-[1-(4-fluorophenyl)-2,5-dimethyl-1H-imidak4-ylethynyl]pyridine
(basimglurant, RO4917523), a promising novel medi¢or psychiatric diseases. J Med
Chem 58, 1358-1371.

Jarosz-Griffiths, H. H., Noble, E., Rushworth, J, Mooper, N. M., 2016. Amyloid-beta
Receptors: The Good, the Bad, and the Prion Praidéol Chem 291, 3174-3183.

Khalili-Shirazi, A., Kaisar, M., Mallinson, G., Jes, S., Bhelt, D., Fraser, C., Clarke, A. R.,
Hawke, S. H., Jackson, G. S., Collinge, J., 20@taBrP form of human prion protein
stimulates production of monoclonal antibodiespiiagpe 91-110 that recognise native
PrPSc. Biochim Biophys Acta 1774, 1438-1450.

Klyubin, I., Nicoll, A. J., Khalili-Shirazi, A., Faner, M., Canning, S., Mably, A., Linehan,
J., Brown, A., Wakeling, M., Brandner, S., Walsh,ND, Rowan, M. J., Collinge, J.,
2014a. Peripheral administration of a humanizedfi antibody blocks Alzheimer's
disease Abeta synaptotoxicity. J Neurosci 34, 6314b.

Klyubin, I., Ondrejcak, T., Hayes, J., Cullen, W, Klably, A. J., Walsh, D. M., Rowan, M.
J., 2014b. Neurotransmitter receptor and time dégece of the synaptic plasticity
disrupting actions of Alzheimer's disease Abetaiwo. Philos Trans R Soc Lond B Biol
Sci 369, 20130147.

Lambert, M. P., Barlow, A. K., Chromy, B. A., Edwiat C., Freed, R., Liosatos, M.,
Morgan, T. E., Rozovsky, I., Trommer, B., Viola, K, Wals, P., Zhang, C., Finch, C. E.,

Krafft, G. A., Klein, W. L., 1998. Diffusible, noifdrillar ligands derived from A beta(1-

34



42) are potent central nervous system neurotoRireceedings of the National Academy
of Sciences of the United States of America 95 868453.

Lauren, J., Gimbel, D. A., Nygaard, H. B., GilbertW., Strittmatter, S. M., 2009. Cellular
prion protein mediates impairment of synaptic ptastby amyloid-beta oligomers.
Nature 457, 1128-1132.

Lei, M., Xu, H., Li, Z.,, Wang, Z., O'Malley, T. TZhang, D., Walsh, D. M., Xu, P., Selkoe,
D. J., Li, S., 2015. Soluble Abeta oligomers imgappocampal LTP by disrupting
glutamatergic/GABAergic balance. Neurobiol Dis 8%]1-121.

Leon, W. C., Canneva, F., Partridge, V., Allard,Frretti, M. T., DeWilde, A.,

Vercauteren, F., Atifeh, R., Ducatenzeiler, A.,iK|aV., Szyf, M., Alhonen, L., Cuello, A.
C., 2010. A novel transgenic rat model with a Altheimer's-like amyloid pathology
displays pre-plaque intracellular amyloid-beta-aggted cognitive impairment. J
Alzheimers Dis 20, 113-126.

Lesne, S. E., Sherman, M. A., Grant, M., Kuskowski, Schneider, J. A., Bennett, D. A.,
Ashe, K. H., 2013. Brain amyloid-beta oligomersageing and Alzheimer's disease. Brain
136, 1383-1398.

Li, S., Cullen, W. K., Anwyl, R., Rowan, M. J., ZB0Dopamine-dependent facilitation of
LTP induction in hippocampal CA1 by exposure totgpaovelty. Nat Neurosci 6, 526-
531.

Li, S., Hong, S., Shepardson, N. E., Walsh, D.8hankar, G. M., Selkoe, D., 2009. Soluble
oligomers of amyloid Beta protein facilitate hippogpal long-term depression by
disrupting neuronal glutamate uptake. Neuron 63;8@L.

Lindemann, L., Jaeschke, G., Michalon, A., Viekta,Honer, M., Spooren, W., Porter, R.,
Hartung, T., Kolczewski, S., Buttelmann, B., Flamé&h, Diener, C., Fischer, C., Gatti, S.,

Prinssen, E. P., Parrott, N., Hoffmann, G., Weitsteé G., 2011. CTEP: a novel, potent,

35



long-acting, and orally bioavailable metabotrogictgmate receptor 5 inhibitor. J
Pharmacol Exp Ther 339, 474-486.

Lindemann, L., Porter, R. H., Scharf, S. H., Kuaskeg B., Bruns, A., von Kienlin, M.,
Harrison, A. C., Paehler, A., Funk, C., Gloge, &chneider, M., Parrott, N. J., Polonchuk,
L., Niederhauser, U., Morairty, S. R., Kilduff, $., Vieira, E., Kolczewski, S., Wichmann,
J., Hartung, T., Honer, M., Borroni, E., Moreaul_J.Prinssen, E., Spooren, W.,
Wettstein, J. G., Jaeschke, G., 2015. Pharmacabhgsimglurant (RO4917523,
RG7090), a unigue metabotropic glutamate recept@mdgative allosteric modulator in
clinical development for depression. J Pharmacq Bxer 353, 213-233.

Manahan-Vaughan, D., 1997. Group 1 and 2 metabotghptamate receptors play
differential roles in hippocampal long-term depressand long-term potentiation in freely
moving rats. J Neurosci 17, 3303-3311.

Martino Adami, P. V., Quijano, C., Magnani, N., &aho, P., Evelson, P., Cassina, A., Do
Carmo, S., Leal, M. C., Castano, E. M., CuelloCA.Morelli, L., 2017. Synaptosomal
bioenergetic defects are associated with cogningairment in a transgenic rat model of
early Alzheimer's disease. J Cereb Blood Flow M&&69-84.

Matos, M., Augusto, E., Oliveira, C. R., Agostiniia, 2008. Amyloid-beta peptide decreases
glutamate uptake in cultured astrocytes: involveno¢ioxidative stress and mitogen-
activated protein kinase cascades. Neuroscience8986910.

Mc Donald, J. M., Savva, G. M., Brayne, C., WelZelT., Forster, G., Shankar, G. M.,
Selkoe, D. J., Ince, P. G., Walsh, D. M., 2010. presence of sodium dodecyl sulphate-
stable Abeta dimers is strongly associated witth@imer-type dementia. Brain 133, 1328-
1341.

Mucke, L., Selkoe, D. J., 2012. Neurotoxicity ofydond beta-protein: synaptic and network

dysfunction. Cold Spring Harb Perspect Med 2, aG863

36



Nicoll, A. J., Panico, S., Freir, D. B., Wright,,Orerry, C., Risse, E., Herron, C. E.,
O'Malley, T., Wadsworth, J. D., Farrow, M. A., WalD. M., Saibil, H. R., Collinge, J.,
2013. Amyloid-beta nanotubes are associated witngrotein-dependent
synaptotoxicity. Nat Commun 4, 2416.

Ondrejcak, T., Perkinton, M., Dudley, A., Chessk|IBillinton, A., Rowan, M. J., 2016.
MEDI1814, a high-affinity antibody directed to tBeterminus of Al3x-42 is able to
rapidly prevent or reverse synaptic plasticity imnpeent in the rat hippocampus in vivo.

http://www.physiology2016.org/sites/default/files /files /Abstracts /P16 abstracts.p

df, PCB256.

Overk, C. R., Masliah, E., 2014. Pathogenesis oaptic degeneration in Alzheimer's
disease and Lewy body disease. Biochem Pharmagc6088516.

Perez-Mato, M., Ramos-Cabrer, P., Sobrino, T., &aM., Ruban, A., Mirelman, D.,
Menendez, P., Castillo, J., Campos, F., 2014. Humeombinant glutamate oxaloacetate
transaminase 1 (GOT1) supplemented with oxaloacétdtices a protective effect after
cerebral ischemia. Cell Death Dis 5, €992.

Qi, Y., Hu, N. W., Rowan, M. J., 2013. Switchindg bff P: mGlu and NMDA receptor-
dependent novelty exploration-induced depotentiaticthe rat hippocampus. Cereb
Cortex 23, 932-939.

Qi, Y., Klyubin, I., Harney, S. C., Hu, N., Cullew. K., Grant, M. K., Steffen, J., Wilson, E.
N., Do Carmo, S., Remy, S., Fuhrmann, M., AsheiiK Cuello, A. C., Rowan, M. J.,
2014. Longitudinal testing of hippocampal plasticgveals the onset and maintenance of
endogenous human Ass-induced synaptic dysfunatiamdividual freely behaving pre-
plaque transgenic rats: rapid reversal by anti-gkgmnts. Acta Neuropathol Commun 2,

175.

37



Rammes, G., Hasenjager, A., Sroka-Saidi, K., Dagssi. M., Parsons, C. G., 2011.
Therapeutic significance of NR2B-containing NMDAeptors and mGIuR5 metabotropic
glutamate receptors in mediating the synaptotaoftects of beta-amyloid oligomers on
long-term potentiation (LTP) in murine hippocamplates. Neuropharmacology 60, 982-
990.

Randall, A. D., Witton, J., Booth, C., Hynes-Allek, Brown, J. T., 2010. The functional
neurophysiology of the amyloid precursor proteif? A processing pathway.
Neuropharmacology 59, 243-267.

Reilmann, R., Rouzade-Dominguez, M. L., Saft, @Qss®nuth, S. D., Priller, J., Rosser, A.,
Rickards, H., Schols, L., Pezous, N., GaspariniJéhns, D., Landwehrmeyer, G. B.,
Gomez-Mancilla, B., 2015. A randomized, placebotailed trial of AFQO056 for the
treatment of chorea in Huntington's disease. M@oRi 30, 427-431.

Renner, M., Lacor, P. N., Velasco, P. T., Xu, &ntactor, A., Klein, W. L., Triller, A,,
2010. Deleterious effects of amyloid beta oligonaatng as an extracellular scaffold for
MGIuRS5. Neuron 66, 739-754.

Resenberger, U. K., Harmeier, A., Woerner, A. Go@nan, J. L., Muller, V., Krishnan, R.,
Vabulas, R. M., Kretzschmar, H. A., Lindquist, Bartl, F. U., Multhaup, G., Winklhofer,
K. F., Tatzelt, J., 2011. The cellular prion proteiediates neurotoxic signalling of beta-
sheet-rich conformers independent of prion repbhcatEMBO J.

Ronicke, R., Mikhaylova, M., Ronicke, S., Meinhardlt Schroder, U. H., Fandrich, M.,
Reiser, G., Kreutz, M. R., Reymann, K. G., 201Irly{faeuronal dysfunction by amyloid
beta oligomers depends on activation of NR2B-caoirigiNMDA receptors. Neurobiol
Aging 32, 2219-2228.

Ruban, A., Cohen-Kashi Malina, K., Cooper, I., Grandt, N., Babakin, L., Jona, G.,

Teichberg, V. I., 2015. Combined Treatment of anyAtrophic Lateral Sclerosis Rat

38



Model with Recombinant GOT1 and Oxaloacetic AcidN8vel Neuroprotective
Treatment. Neurodegener Dis 15, 233-242.

Rudy, C. C., Hunsberger, H. C., Weitzner, D. Sed®Ré&/. N., 2015. The role of the tripartite
glutamatergic synapse in the pathophysiology ohaimer's disease. Aging Dis 6, 131-
148.

Scharf, S. H., Jaeschke, G., Wettstein, J. G.,dumahn, L., 2015. Metabotropic glutamate
receptor 5 as drug target for Fragile X syndromar ©Opin Pharmacol 20, 124-134.

Shankar, G. M., Li, S., Mehta, T. H., Garcia-MunBz, Shepardson, N. E., Smith, I., Brett,
F. M., Farrell, M. A., Rowan, M. J., Lemere, C. Regan, C. M., Walsh, D. M., Sabatini,
B. L., Selkoe, D. J., 2008. Amyloid-beta proteimdrs isolated directly from Alzheimer's
brains impair synaptic plasticity and memory. NatdvlL4, 837-842.

Takahashi, K., Kong, Q., Lin, Y., Stouffer, N., $dle, D. A., Lai, L., Liu, Q., Chang, L. C.,
Dominguez, S., Xing, X., Cuny, G. D., Hodgetts, JK.Glicksman, M. A,, Lin, C. L.,
2015. Restored glial glutamate transporter EAATiEfion as a potential therapeutic
approach for Alzheimer's disease. J Exp Med 212;38P.

Talantova, M., Sanz-Blasco, S., Zhang, X., Xia ARhtar, M. W., Okamoto, S.,
Dziewczapolski, G., Nakamura, T., Cao, G., PrattEA Kang, Y. J., Tu, S., Molokanova,
E., McKercher, S. R., Hires, S. A., Sason, H., 8esuD. G., Buczynski, M. W., Solomon,
J. P., Michael, S., Powers, E. T., Kelly, J. W.pRis, A., Tong, G., Fang-Newmeyer, T.,
Parker, J., Holland, E. A., Zhang, D., Nakanishi,Ghen, H. S., Wolosker, H., Wang, Y.,
Parsons, L. H., Ambasudhan, R., Masliah, E., HearemS. F., Pina-Crespo, J. C.,
Lipton, S. A., 2013. Abeta induces astrocytic ghuse release, extrasynaptic NMDA

receptor activation, and synaptic loss. Proc NaddA\Sci U S A 110, E2518-2527.

39



Terry, R. D., Masliah, E., Salmon, D. P., Buttéis,DeTeresa, R., Hill, R., Hansen, L. A.,
Katzman, R., 1991. Physical basis of cognitiverattens in Alzheimer's disease: synapse
loss is the major correlate of cognitive impairmen Neurol 30, 572-580.

Tian, Z., Liu, H., Su, X., Fang, Z., Dong, Z., YQ,, Luo, K., 2012. Role of elevated liver
transaminase levels in the diagnosis of liver yaiter blunt abdominal trauma. Exp Ther
Med 4, 255-260.

Tison, F., Keywood, C., Wakefield, M., Durif, F.pfvol, J. C., Eggert, K., Lew, M.,
Isaacson, S., Bezard, E., Poli, S. M., Goetz, CT@&nkwalder, C., Rascol, O., 2016. A
Phase 2A Trial of the Novel mGluR5-Negative Allogtéviodulator Dipraglurant for
Levodopa-Induced Dyskinesia in Parkinson's Disdées. Disord 31, 1373-1380.

Ulrich, D., 2015. Amyloid-beta Impairs Synaptic ibtion via GABA(A) Receptor
Endocytosis. J Neurosci 35, 9205-9210.

Um, J. W., Kaufman, A. C., Kostylev, M., HeissKJ, Stagi, M., Takahashi, H., Kerrisk, M.
E., Vortmeyer, A., Wisniewski, T., Koleske, A. Gunther, E. C., Nygaard, H. B.,
Strittmatter, S. M., 2013. Metabotropic glutamagdeeptor 5 is a coreceptor for Alzheimer
abeta oligomer bound to cellular prion protein. Meu79, 887-902.

Varga, E., Juhasz, G., Bozso, Z., Penke, B., FllgBzegedi, V., 2015. Amyloid-betal-42
Disrupts Synaptic Plasticity by Altering Glutam&ecycling at the Synapse. J Alzheimers
Dis 45, 449-456.

Viola, K. L., Klein, W. L., 2015. Amyloid beta olamers in Alzheimer's disease
pathogenesis, treatment, and diagnosis. Acta Nathiop129, 183-206.

Walsh, D. M., Klyubin, I., Fadeeva, J. V., Cull&i, K., Anwyl, R., Wolfe, M. S., Rowan,

M. J., Selkoe, D. J., 2002. Naturally secretedarhgrs of amyloid beta protein potently

inhibit hippocampal long-term potentiation in viugature 416, 535-539.

40



Wang, Q., Walsh, D. M., Rowan, M. J., Selkoe, DAhwyl, R., 2004. Block of long-term
potentiation by naturally secreted and synthetiglait beta-peptide in hippocampal slices
is mediated via activation of the kinases c-Jureiatnal kinase, cyclin-dependent kinase
5, and p38 mitogen-activated protein kinase as agethetabotropic glutamate receptor
type 5. J Neurosci 24, 3370-3378.

Yang, T., O'Malley, T. T., Kanmert, D., Jerecic,Zeske, L. R., Zetterberg, H., Hyman, B.
T., Walsh, D. M., Selkoe, D. J., 2015. A highly sgine novel immunoassay specifically
detects low levels of soluble Abeta oligomers imlan cerebrospinal fluid. Alzheimers
Res Ther 7, 14.

Zadori, D., Veres, G., Szalardy, L., Klivenyi, Pqgldi, J., Vecsei, L., 2014. Glutamatergic
dysfunctioning in Alzheimer's disease and relabentgpeutic targets. J Alzheimers Dis 42
Suppl 3, S177-187.

Zarnadze, S., Bauerle, P., Santos-Torres, J., B@hngchmitz, D., Geiger, J. R., Dugladze,
T., Gloveli, T., 2016. Cell-specific synaptic plagly induced by network oscillations.
Elife 5.

Zhang, D., Mably, A. J., Walsh, D. M., Rowan, M.2016. Peripheral Interventions
Enhancing Brain Glutamate Homeostasis Relieve Ardydeta- and TNFalpha- Mediated
Synaptic Plasticity Disruption in the Rat HippocampCereb Cortex.

Zhang, L. L., Sui, H. J., Liang, B., Wang, H. MuQW. H., Yu, S. X., Jin, Y., 2014.
Atorvastatin prevents amyloid-beta peptide oligoineluced synaptotoxicity and memory
dysfunction in rats through a p38 MAPK-dependenhway. Acta Pharmacol Sin 35, 716-
726.

Zlotnik, A., Gurevich, B., Tkachov, S., Maoz, |h&pira, Y., Teichberg, V. I., 2007. Brain

neuroprotection by scavenging blood glutamate. Ee&prol 203, 213-220.

41



ACCEPTED MANUSCRIPT

42



Fig. 1. A single injection of ADDLs persistently inhibitsTP in the CA1 area of the rat
hippocampusn vivo. (A) In control animals, that were injected i.c.v.lwatehicle (Veh)
under recovery anaesthesia and recorded from 7ld#mdunder non-recovery anaesthesia,
the application of HFS (arrow) induced robust LTiBRttlasted at least 3 p<0.05 compared
with pre-HFS baseline, pairédest). In contrast, in animals injected 7-9 dayes/usly with
an ADDL preparation of A31-42 enriched in protoi®fAR7, 480 pmol, i.c.v.), a
decremental LTP was inducgab0.05 compared with pre-HFS baseline at 3h post)HFS
Interestingly, the inhibition of LTP by AR was minger detectible 14 d after the injection
(AR14). Insets show representative EPSP tracé®dimes indicated. Calibration bars:
Vertical, 1.0 mV; horizontal, 10 msBY Summary bar chart comparing the magnitude of
synaptic potentiation between treatment groupshap8st-HFS. Values are the mean + SEM
fEPSP amplitude expressed as a percentage of¢hdf® baseline, D) Lack of change
in either C) the input/output relationship as measured bymhgnitude of the response to
different intensities of stimulation (50, 75 and¥ maximum) orD) short term plasticity
as measured by the magnitude of the paired-putdédton ratio at a 40 ms inter pulse

interval. *<0.05, one-way ANOVA followed by Bonferroni test.

Fig. 2. Acute systemic treatment with the blood-based giate scavenger oxaloacetate
alone or in combination with recombinant glutamataloacetate transaminase failed to
reverse synthetic ARR-mediated persistent inhibiGbhTP. (A) In control animals, that were
injected i.c.v. with vehicle for AR and seven détsr injected i.v. (‘plus’ symbol) with
vehicle for oxaloacetate (Veh+Veh), the applicatd® sets of HFS (3 arrows) induced
robust LTP that was relatively stable for at leabt (<0.05 compared with pre-HFS
baseline, pairetitest). In contrast, in animals injected with anDpreparation of AR1-42
enriched in protofibrils (AR3, i.c.v.) 7 days befare vehicle (AR+Veh), a decremental LTP

was induced by the same HFS protopoid.05 compared with pre-HFS baseline at 3h post-
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HES). B) In animals that received oxaloacetate i.v. (gy®bol, 35 mg/kg in 1 ml) 1 h prior
to HES (arrows) on day 7 post-Al3 administratioe, dpplication of HFS failed to induce
stable LTP (AR+OXA)§>0.05 compared with pre-HFS baseline at 3 h pos$-Hitd

AR+Veh group). C) We tested the effect of a dose (0.39 mg/rat akrecombinant type 1
GOT (rGOT) that when administered alone did novene the inhibition of LTP by AR
(rGOT/Veh+AR) p>0.05 compared with pre-HFS baseline at 3 h posHHtegether with
oxaloacetate (rGOT/OXA+AR). However, no significaeneficial effect was observed
(p>0.05 compared with pre-HFS baseline at 3 h pos$HP, E) Summary bar chart
comparing the magnitude of synaptic potentiatiomvben treatment groups at 3 h post-HFS.
Values are the mean £ SEM fEPSP amplitude expressadercentage of the pre-HFS

baseline. p<0.05, unpaired-test or one-way ANOVA followed by Bonferroni test.

Fig. 3. Repeated treatment with rGOT alone or in combimatidh acute treatment of
oxaloacetate reverses synthetic AR-mediated pensisthibition of LTP. A) HFS (arrows)
induced robust LTP in control animals that receiveticle injections (i.c.v. on day 0; 0.2
mi/day, s.c. on days 0-6; and 1 ml i.v. on the ofasecording, plus symbol) (Veh+Veh+Veh)
(p<0.05 compared with pre-HFS baseline). In contltaBB, was inhibited seven days after
i.c.v. injection of AR (AR+Veh+Veh)&0.05 compared with pre-HFS baselipe).05
compared with Veh+Veh+Veh groupB)(In AR pre-treated rats followed by repeated rGOT
alone (s.c. +i.v.) (ARB+rGOT+Veh/rGOT), or in comaiion with oxaloacetate on day 7
(AB+rGOT+OXA/rGOT), application of HFS induced LTiRat was indistinguishable from
vehicle control grouppt0.05 compared with Veh+Veh+Veh groys0.05 compared with
AR+Veh+Veh group).@) Summary bar chart comparing the magnitude of gyna
potentiation at 3 h post-HFS between treatmentggoJalues are the mean + SEM fEPSP
amplitude expressed as a percentage of the preb§d&ine. D) Compared with vehicle

control group, the serum glutamate levels wereifsogmtly reduced in both
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ARB+rGOT+Veh/rGOT (n=5) and AR+rGOT+OXA/rGOT (n=5pgps. 1<0.05, one-way

ANOVA followed by Bonferroni test.

Fig. 4. Both acute and repeated treatment with the mGlo@pter antagonist basimglurant
abrogates synthetic Al3-mediated persistent inbiitif LTP. &) Whereas LTP was

inhibited in AR (i.c.v.) pre-injected animals, &ts$ given basimglurant (2 mg/kg i.p., single
injection) (AR+BMG) HFS now induced a robust LTpx0.05 compared with pre-HFS
baseline, pairettest). 8) Similarly, in rats given basimglurant (3 dailyentions of 2

mg/kg i.p.) (AB+BMG) the application of HFS 2 heafthe last injection induced robust LTP
(p<0.05). C) In control rats that received vehicle (0.3ml, ercday for 3 days) (Veh), the
application of HFS, 2 h after the last injectiamjuiced robust LTP that was relatively stable
for at least 3 hg<0.05). HFS induced similar LTP in animals treateth basimglurant (2
mg/kg/day for 3 days) in the same manmp0(05). D-F) Summary bar charts comparing
the magnitude of synaptic potentiation at 3 h pdiSE between treatment groups. Values are
the mean + SEM fEPSP amplitude expressed as arpageeof the pre-HFS baseline.

*p<0.05, unpaired-test.

Fig. 5. Acute co-treatment with the blood-based glutamed@eangers oxaloacetate and
rGOT fails to reverse the inhibition of LTP in figdehaving APP over-expressing
transgenic ratsA) An oligomer-specific DELFIA reveals an age-depamidaccumulation of
AP assemblies in the brain of McGill-R-Thy1-APP T@steSoluble extracts of rat brains
were assayed by DELFIA using the anfi-8ligomer selective monoclonal antibody 1C22.
The lower limit of quantification (LLOQ, dotted k) was 80 pM. Oligomers were detected
in 11 of 28 TG rats aged 3-13 months but in nonefL0 WT littermates of a similar age
range. Values are the meanzSD for each BytA(single set of HFS (arrow) failed to induce
LTP in APP TG animals (TG)¢$0.05 compared with pre-HFS baseline), while thisH

protocol induced robust LTP in WT littermates (W([p¥0.05 compared with pre-HFS
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baselinep<0.05 compared with TG rats)C) In TG animals that received oxaloacetate and
rGOT (35mg/kg and 0.39mg/rat respectively, i.vpplecation of HFS 1 h later failed to
induce LTP >0.05 compared with pre-HFS baseline). This treatrd&l not appear to
affect control LTP in WT littermate$€0.05 compared with pre-HFS baselipg0.05
compared with TG rats)D(E) Summary bar chart comparing the magnitude of gyna
potentiation at 3 h post-HFS between treatmentggoJalues are the mean + SEM fEPSP

amplitude expressed as a percentage of the preb§&ine. p<0.05, unpaired-test.

Fig. 6. Repeated treatment of rtGOT combined with acutdrtreat of rGOT and
oxaloacetate reverse the LTP deficit in APP TG. (@&ysIn TG rats, HFS (arrow) failed to
induce robust LTP in animals that received repeated0.2 ml/day, not illustrated) and i.v.
(12 ml, not illustrated) injection of proper vehigdeh+Veh) £>0.05 compared with pre-HFS
baseline). Repeated s.c. injection of rGOT (0.3%atgcombined with oxaloacetate (35
mg/kg, i.v.) and rGOT (0.39 mg/rat, i.v.) pre-treg@tl h prior to HFS, LTP was reversed
(rGOT+rGOT/OXA) (<0.05 compared with pre-HFS baselipe).05 compared with
Veh+Veh group).B) Summary bar chart comparing the magnitude of giyon@otentiation

at 3 h post-HFS between treatment group®)n(C, D) The recovery from the impairment
in synaptic plasticity lasted for less than a weethe drug-treated group. The same HFS
protocol applied either just before (pre) or onekvafter (post) the injections of drugs failed
to induce LTP. Data for individual animals are shaw (C) and summarized statistically in
the bar chartdY). (E) In WT litter mates of Tg animals, either vehi({&eh+Veh) or drug
(rGOT+rGOT/OXA) treatments have significant effeatLTP <0.05 compared with pre-
HFS baselingp>0.05 compared with Veh+Veh groupf) (Summary bar chart comparing
the magnitude of synaptic potentiation at 3 h pdiSE between treatment groups k). ((G,

H) The same HFS protocol applied either just befpre) or one week after (post) the

injections of drugs n=6 induced LTP that have mgmigicant difference. Data for individual
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animals are shown in (G) and summarized statisticathe bar chartsH). Values are the
mean + SEM fEPSP amplitude expressed as a pereeotdge pre-HFS baselingy<¢0.05,

unpaired-test or one-way ANOVA followed by Bonferroni test.

Fig. 7. Acute treatment with the mGIlu5 receptor antagdmasimglurant failed to reverse the
LTP deficit in APP TG ratqA) In TG rats HFS failed to induce LTP 2 h aftemuggireated
with basimglurant (BMG, n=5, 2 mg/kg, i.p.), simita 7 days before treatment (Pré&)) (
Similarly, HFS failed to induce LTP 16 h after bgitmeated with basimglurant (BMG, n=5, 3
mg/kg, i.p.). Magnitude of LTPB(E) measured 3 h post-HFS tracked in individual oats
(C,F) summarized statistically in a bar chart. Valuesthe mean + S.E.M. % pre-HFS

baseline EPSP amplitude.

Fig. 8. Repeated treatment with the mGIu5 receptor antagbasimglurant transiently
reversed the LTP deficit in APP TG rat8) In TG rats HFS triggered robust and stable LTP
while being treated with basimglurant (n=6, 2 mgdey for 3 days, i.p.) but not before (pre)
or 7 days after (post) treatmerB) Magnitude of LTP measured 3 h post-HFS tracked in
individual rats (B) or summarized statisticallytire bar chart@). *p<0.05 compared with
pretreatment levels of potentiation in the samenais. Values are the mean £ S.E.M. % pre-

HFS baseline EPSP amplitude<9.05, one-way ANOVA followed by Bonferroni test.

Fig. 9. Repeated treatment with the mGlu5 receptor antag@TEP transiently reversed the
LTP deficit in APP TG ratsA) In TG rats that received vehicle (0.3 ml, twiceen3 days)
(Veh), the application of HFS, 2 h after the lag¢ction, failed to induce robust LTP>0.05
compared with pre-HFS baseline, paitadst). However, HFS induced robust LTP that was
relatively stable for at least 3 h in animals teglawvith CTEP (2 mg/kg, twice in 3 days)
(p<0.05 compared with Veh)Bf Summary bar chart comparing the magnitude of syna

potentiation at 3 h post-HFS between treatmentggau @). (C, D) The recovery from the
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impairment in synaptic plasticity lasted for lekart a week in the drug-treated group. The
same HFS protocol applied either just before (pre)ne week after (post) the injections of
drugs failed to induce LTP. Data for individual mails are shown irQ) and summarized
statistically in the bar chart®J. *p<0.05, unpaired-test or one-way ANOVA followed by

Bonferroni test.

Fig. 10. Repeated treatment with an antibody that block®Wgdmer binding to cellular

prion protein, ICSM35, transiently reversed the Ldeé®icit in APP TG rats.A) Three-day
treatment with ICSM35 (5 X 60 ug injections ovelldys, i.c.v.) transiently restored the
ability to induce LTP in TG rats. In animals tredteith ICSM35, but not with an isotype
control IgG antibody BRIC126, HFS triggered robU§P. Insets show representative EPSP
traces at the times indicated. Calibration barstiva, 1.0 mV; horizontal, 10 msB)
Summary bar chart of the magnitude of synapticmi@gon at 3 h post-HFS pk0.05,
unpaired-test. C) Data for individual animals are shown for bef¢pee), during and 2
weeks after ICSM35. Data fro@ summarized statistically in bar charts. *P<0.0mpared
with pre. Values are the mean = S.E.M. % pre-HFl@e EPSP amplitudep%0.05, one-

way ANOVA followed by Bonferroni test.
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Highlights
A blood-based glutamate scavenger reverses the persistent disruption of synaptic plasticity by AR oligomers
An mGIlu5R antagonist or antibody that prevents AR oligomer binding to PrP, act similarly

Longitudinal studies in freely behaving transgenic rats reveal the rapid time-course



