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Abstract

In clinical trials for Alzheimer’s disease (AD), hydromethylthionine mesylate (HMTM) showed reduced
efficacy when administered as an add-on to symptomatic treatments, while it produced a significant
improvement of cognitive function when taken as monotherapy. Interference of cholinesterase inhibition
with HMTM was observed also in a tau transgenic mouse model, where rivastigmine reduced the
pharmacological activity of HMTM at multiple brain levels including hippocampal acetylcholine
release, synaptosomal glutamate release and mitochondrial activity. Here, we examined the effect of
HMTM, given alone or in combination with the acetylcholinesterase inhibitor, rivastigmine, at the level
of expression of selected pre-synaptic proteins (syntaxin-1; SNAP-25, VAMP-2, synaptophysin-1,
synapsin-1, a-synuclein) in brain tissue harvested from tau-transgenic Line 1 (L1) and wild-type mice
using immunohistochemistry. L1 mice overexpress the tau-core unit that induces tau aggregation and
results in an AD-like phenotype. Synaptic proteins were lower in hippocampus and cortex but greater
in basal forebrain regions in L1 compared to wild-type mice. HMTM partially normalised the expression
pattern of several of these proteins in basal forebrain. This effect was diminished when HMTM was
administered in combination with rivastigmine, where mean protein expression seemed supressed. This
was further confirmed by group-based correlation network analyses where important levels of co-
expression correlations in basal forebrain regions were lost in L1 mice and partially re-established when
HMTM was given alone but not in combination with rivastigmine. These data indicate a reduction in
pharmacological activity of HMTM when given as an add-on therapy, a result that is consistent with the
responses observed in the clinic. Attenuation of the therapeutic effects of HMTM by cholinergic
treatments may have important implications for other potential AD therapies.



Introduction

Alzheimer’s disease (AD) is a growing health concern with yet no disease-modifying therapy; the only
available treatments are symptomatic and include acetylcholinesterase inhibitors (AChEI), N-methyl-D-
aspartate (NMDA\) receptor antagonists (1) and recently approved anti-amyloid antibody therapies with
aducanumab (2-5) and lecanemab (6). AChEIs and NMDA receptor antagonists modulate brain function
broadly in a non-specific manner and their therapeutic benefits tend to be short-lasting (7). One disease-
modifying treatment for AD is based on targeting tau aggregation with methylthioninium chloride
(MTC) and its stably reduced form hydromethylthionine bis(hydromethanesulfonate) (HMTM;
N3,N7,N7,N7-tetramethyl-10H-phenothiazine-3,7-diaminium bis (methanesulfonate)). The
methylthioninium (MT) moiety exists in an equilibrium between oxidised (MT") and reduced (HMT)
forms and HMT rather than MT" is the active species of HMTM that blocks tau aggregation and
propagation in vitro (8, 9). MT/HMT is able to reverse behavioural deficiencies and tau pathology in
transgenic tau mice (10-12) and to halt cognitive decline and brain atrophy in mild/moderate AD
patients in a Phase 2 clinical trial (13, 14). MTC was found to facilitate tau clearance in vitro and in
animal models of AD by acting on the ubiquitin-proteasome-system and on autophagy (10, 15).

In addition to its activity as a tau aggregation inhibitor, MTC can exert several other beneficial effects
on pathways relevant to neurodegenerative disorders (16). It induces mitochondrial biogenesis;
increases mitochondrial complex I-1V activity, thereby enhancing electron transport and provision of
energy, and it activates NRF2-mediated antioxidant responses and inhibits microglial activation (17—
24). Using a proteomics approach, we have recently confirmed that HMTM influences oxidative
phosphorylation and NRF2 and highlighted its influence on neurotransmission and metabolism (25).
Given this preclinical evidence, it was surprising that HMTM failed to show efficacy in a phase 3 trial
in patients with mild to moderate AD (26). However, secondary analyses revealed a potential
interference of symptomatic treatments with HMTM (26, 27) and the inhibitory effects of AChEIs on
HMTM-related improvement of cognitive function and brain volume could not be overcome simply by
increasing the concentration of HMTM (28). The efficacy reported for MTC in a phase 2 trial in which
subjects receiving AChEI or NMDA receptor antagonists were either excluded or had undergone a wash-
out period before receiving MTC (14) would be consistent with a negative interaction.

It is conceivable that in response to long-term treatment with symptomatic drugs such as AChEls, a
homeostatic adaptation within neuronal networks is likely to occur. Such adjustments of neuronal
systems have been associated with neurodegenerative disorders, where changes in neuronal interactions
between different brain areas and functionally connected brain networks have been described (29-34).
On the other hand, immunocytochemistry of post-mortem tissue confirms that synapse loss, possibly
caused by tau aggregation, is the strongest correlate for cognitive decline in AD, and often precedes
clinical manifestations (for review, see (35, 36)). We therefore explored whether alterations in pre-
synaptic components underlying disease progression can be corrected by HMTM and predicted that pre-
exposure to AChEIs would interfere with this efficacy. Consequently, we measured the abundance of
several synaptic, SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) and
non-SNARE proteins, as these are crucial mediators of synaptic function (37).

We have reported in a tau-transgenic model of AD, Line 1 (L1), that chronic reduction of AChE
considerably altered a broad range of brain responses to HMTM (24). Multiple loci/systems for such
putative interactions, including hippocampal acetylcholine levels, glutamate release, mitochondrial
activity and levels of synaptic proteins were presented and the beneficial impact of HMTM treatment
appeared to be blunted by pre-treatment with the AChEI rivastigmine (24) . In this study, we set out to
determine the pre-synaptic changes in protein levels as surrogate indicators for structural synaptic
alterations and for functional linkage of selected brain areas which may underlie these negative
interactions. Both the SNARE proteins syntaxin-1, SNAP-25 and VAMP-2, as well as the non-SNARE
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proteins synaptophysin-1, synapsin-1 and alpha-synuclein were selected due to their particular
importance for synaptic vesicle assembly/mobilisation/fusion (38-42). L1 mice and wild-type controls
were pre-treated with rivastigmine, with HMTM treatment started later as an add-on therapy. This study
design was chosen to mimic the clinic where patients are chronically treated with symptomatic drugs,
e.g., AChEI, before receiving HMTM. The treatment regimens for HMTM in the current pre-clinical
study were based on successful lowering of tau pathology and on behavioural phenotype rescue in L1
mice (12). The core groups received high doses of rivastigmine or HMTM and a combination of the two
drugs, while satellite groups received low doses of both drugs and drug combinations attempting to
provide a mechanistic understanding of effects detected in the core groups. For this exploratory study,
the primary endpoints have been the levels of abundance for six selected synaptic proteins in six brain
regions.

Materials and Methods

Animals

All animal experiments were carried out in accordance with the European Communities Council
Directive (63/2010/EU) and approved by the Polish Law on the Protection of Animals and National
Institute of Health’s Guide for Care and Use of Laboratory Animals (Publication No. 85-23, revised
1985) and comply with the ARRIVE guidelines 2.0 (43).

Female homozygous transgenic L1 and wild-type NMRI litters were generated as previously described
(44). L1 mice overexpress the repeat domain 296-390 of the longest human CNS tau isoform (htau40)
fused with an N-terminal endoplasmic reticulum-directing signal sequence and inserted into the murine
Thyl cassette for neuronal expression. The truncated repeat domain of tau overexpressed in L1
corresponds to the core fragment of tau in the paired helical filament (PHF) found in AD brain tissue.
L1 mice show evidence of neuroanatomical spread and amplification of tau pathology with age that
result in prominent cognitive impairments reminiscent of AD. A detailed characterisation of these
transgenic mice was reported earlier, and male and female mice show similar behavioural and
pathological phenotypes (44, 45).

Mice were bred commercially (Charles River, UK) in positive-pressure isolators in specific pathogen-
free conditions. They were delivered to the experimental holding areas of the investigating institution
(Nencki Institute, Warsaw, Poland) one month before testing for acclimatisation. They were housed, by
genotype, in small colonies up to five mice in open housing (Type Ill, 382 x 220 mm) with corn cob
bedding and paper strips and cardboard tubes as enrichment (cleaning rota once per week). Holding
rooms were on constant temperature (20-22°C), humidity (60-65%), and air exchange rate (17-20
changes/h) with 12 hours light/dark cycle (lights on at 6 am, simulated dawn). Animals had free access
to food and water. A total of 118 mice were used (for group sizes, see Table 1) and were 5-7 months old
when they entered the study based on previously established phenotypes of these mice (44). Animal
body weights were determined once prior to dosing for assignment to treatment based on equal group
weight (week 0) and then five times per week during the dosing phase (weeks 1-11). The weekly body
weight (average of 5 days) was used for body weight change calculations (percent change of week x
relative to week 0). During the first two weeks of treatment, we performed visual observations for
anomalous behaviour, but these were not quantified. Experimenters were not blinded during allocation,
conduct of the experiment and behavioural assessment.

Drugs and treatments



N3,N7,N7’,N7’-tetramethyl-10H-phenothiazine-3,7-diaminium  bis  (methanesulfonate)  (leuco-
methylthioninium bis(hydromethanesulfonate); HMTM; hydromethylthionine mesylate) was supplied
by TauRx Therapeutics Ltd., Aberdeen UK. Rivastigmine was purchased from Tocris Bioscience
(Bristol, UK, #4440). The interference by the AChEI rivastigmine on the efficacy of HMTM was
modelled in an 11-week study which included two phases. During phase 1 (weeks 1-5), mice received
rivastigmine at 0.5 mg/kg/day and, during phase 2 (weeks 6-11), mice received both rivastigmine (0.5
mg/kg/day) and HMTM (15 mg/kg/day). Control mice received vehicle throughout the study (weeks 1-
11); HMTM mice received only HMTM during phase 2 (6-11); and another treatment group received
only rivastigmine (weeks 1-11). Satellite groups of L1 mice were treated with lower doses of
rivastigmine (0.1 mg/kg/day), HMTM (5 mg/kg/day), and their combination and were treated
simultaneously to the core groups. Treatment details and individual group sizes are given in Table 1.

Table 1: Treatment groups and cohort sizes for wild-type NMRI and L1 tau-transgenic mice. All drug doses are
expressed in mg/kg/day. Three mice (labelled with *) were excluded from experiment reducing N in these groups.
Riva: rivastigmine; COMB = combination of rivastigmine and HMTM.

Group  Name-dose Treatment phase 1  Treatment phase 2 Genotype Number
(Weeks 1-5) (Weeks 6-11) of mice
. . ) NMRI 9
Vehicle Vehicle Vehicle
L1 9
NMRI 10
HMTM-15 Vehicle HMTM-15
o L1 9* (8)
(@}
© ] ] ) NMRI 9* (8)
Riva-0.5 Riva-0.5 Riva-0.5
L1 9* (8)
. i NMRI 10
COMB-0.5/15 Riva-0.5 Riva-0.5 + HMTM-15 L1 9
HMTM-5 Vehicle HMTM-5 L1 9
© Riva-0.1 Riva-0.1 Riva-0.1 L1 9
E COMB-0.1/5 Riva-0.1 Riva-0.1 + HMTM-5 L1 9
3+
» COMB-0.1/15 Riva-0.1 Riva-0.1 + HMTM-15 L1 9
COMB-0.5/5 Riva-0.5 Riva-0.5 + HMTM-5 L1 8

Drugs were administered via oral gavage at a volume of 5 ml/kg of body weight daily for 5 days per
week (Monday to Friday) in the morning between 8 and 10 a.m. Nitrogen-sparged deionised water was
used as vehicle for both drugs. HMTM was administered within 20 min of dissolution while rivastigmine
aliguots were used for 2 — 3 weeks and stored at 4°C. Treatment regimen and dose selection for HMTM
were based on successful lowering of tau pathology and on behavioural phenotype rescue in the tau-
transgenic mice (12). The dose of rivastigmine (0.5 mg/kg/day) was chosen based on successful
inhibition of cholinesterase in cortex and hippocampus — the most affected regions in AD brains — and
on rescue of cognitive deficits in mice and rats (46—49). This dose is comparable with oral dosages
administered to AD patients (1.5 mg capsules twice a day (see (50) for dose conversion between human
and mouse).

Animal sacrifice and brain tissue collection

Terminally anaesthetised mice (sodium pentobarbital, 150 mg/kg) were transcardially perfused with 30
ml PBS (0.1 M, pH 7.4) containing heparin (0.1 ml of heparin solution (WZF 5000 IU/ml, Polfa
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Warszawa SA, Warsaw, Poland) for 100 ml PBS), followed by perfusion with 50 ml of 4%
paraformaldehyde with 15% saturated picric acid in 0.1 M PBS pH 7.4 and another 30 ml of 5% glycerol
with 2% DMSO in 0.1M PBS (pH 7.4). Skulls were then immediately dissected and whole brains
retrieved. The left hemisphere of all subjects was dissected, incubated in formalin, embedded in paraffin
(see below), and used to quantify the abundance of synaptic proteins by immunohistochemistry. The
right brain hemisphere was frozen and used to perform immunohistochemical tau localisation studies.
Tissue collection was performed over three days post treatment.

Tissue sectioning, immunohistochemistry, microscopy, and tissue analyses for the quantification of
synaptic proteins

Left brain hemispheres from formalin were transferred to tap water for 30min and thereafter dehydrated
in a tissue processor (Epredia™ Citadel 2000, Thermo Fisher Scientific, Waltham, MA, USA) in a series
of ethanol solutions with increasing concentrations (1h 70% (v/w) ethanol, 1h 96% (v/w) ethanol, 3x 1h
100% (v/w) ethanol), followed by 2x incubation in Neoclear (#109843, Merck, Darmstadt, Germany)
for 30min, and 2h in paraffin type 6 (12066669, Thermo Fisher Scientific) and at least 5h in paraffin
type 9 (12076669, Thermo Fisher Scientific). At the end, tissue was embedded in paraffin (type 9) using
a tissue embedder (Leica® EG1150 Modular Tissue Embedding Centre, Leica Biosystems, Nussloch,
Germany).

Paraffin-embedded brain tissue was sectioned at 5-um thickness at the desired brain levels (Bregma 0.86
+ 0.24 mm for front brain and -2.7 + 0.24 mm for midbrain) in accordance with the Mouse Brain
Stereotaxic Atlas (51) using a rotary microtome (Microm HM325, Leica Biosystems). Regions of
interest were pre-defined as hippocampal CA1 (CAL), visual cortex (VC), primary motor cortex (MC),
medial septum (MS), vertical limb of the diagonal band of Broca (VDB) and nucleus accumbens (AcB).
The levels of syntaxin-1 (SNTX-1), synaptosomal-associated protein 25 (SNAP-25), vesicle-associated
membrane protein 2 (VAMP-2), synaptophysin-1 (SYNPY-1), synapsin-1 (SYN-1) and alpha-synuclein
(A-SYN) were quantified in these six regions.

Brain sections from left hemispheres were collected on SuperFrost™ glass slides (Thermo Fisher
Scientific). Four sections from front brain were collected on one glass slide and four sections from
midbrain were collected on a second glass slide, resulting in two slides for each mouse and antibody.
Each section series was 50-60 pum apart from each other to avoid reanalyses of the same cells/synapses.

Slide series (for each antibody and region) were randomised over seven immunohistochemistry staining
boxes in a way that each box contained at least one slide from each of the thirteen study groups, and the
same randomisation scheme was used throughout. For immunohistochemistry, the protocol described
earlier was applied (52). Briefly, sections were dewaxed, rehydrated, boiled in citrate buffer (10 mM,
pH 6.0), washed with distilled water, and incubated in 0.3% (v/v) hydrogen peroxidase solution for 5
min. After washing three times in PBS (pH 7.4) and 20 min blocking in 0.1 % (w/v) bovine serum album
(BSA)-PBS, sections were incubated for 1 h in primary antibody, washed three times in PBS, incubated
for 30min in biotinylated secondary antibody (polyclonal goat anti-rabbit, BA-1000, or polyclonal goat
anti-mouse, BA-9200, both from VECTOR labs, Burlingame, CA, USA, diluted 1:200) and washed a
further three times in PBS. Thereafter, sections were incubated for 30 min in VECTASTAIN® ABC-
HRP (PK-4000, VECTOR labs), washed shortly three times in PBS, incubated with ImmPACT DAB
(3,3’-diaminobenzidine tetrahydrochloride) peroxidase (HRP) substrate (SK-4105, VECTOR labs),
washed shortly in distilled water, dehydrated, and mounted with coverslips. Primary and secondary
antibodies were diluted in PBS containing 0.1 % (w/v) BSA. Details for primary antibodies used are
given in Table 2.



Table 2: List of antibodies. SNAP-25: synaptosomal-associated protein 25, VAMP-2: vesicle-associated
membrane protein 2, mAb: monoclonal antibody, pAb: polyclonal antibody.

Antibody Antigen/epitope Source ID Dilution
Syntaxin-1 Crude synaptic preparation from Abcam ab112198  1:2,000
(mAb) human brain

SNAP-25 Crude synaptic preparation from Biolegend 805001 1:5,000
(mADb) human brain

VAMP-2 Residues 2-17 of rat VAMP-2 Synaptic Systems 104202 1:1,000
(PAb)

Synaptophysin-1  Residues 301-313 of human Synaptic Systems 101002 1:250
(pAb) synaptophysin-1

Synapsin-1 Proline rich D-domain of rat Synaptic Systems 106001 1:20,000
(mAD) synapsin-1

Alpha-synuclein Synthetic peptide surrounding Cell Signaling 4179 1:2,000
(mAb) Glu105 of mouse alpha-synuclein

s1D12 Human tau; epitope - residues Genting TauRx s1D12 1:100
(mAD) 337-355 Diagnostic Centre

Sections were viewed by light microscopy using an Axio Imager M1 microscope (Carl Zeiss, Jena,
Germany). The investigator was blinded to all treatment details aside from the antibody. Pictures were
taken from the pre-defined regions (MS, VDB, AcB and MC from front brain, VC and CALl from
midbrain) at 200x- magnification and saved as jpg. The relative abundance of the synaptic proteins was
measured as integrated density in 8-bit images by a different investigator, also blinded to all treatment
details (aside from the antibody), using the ImageJ tool (version 1.48v, NIH National Institutes of
Health, Bethesda, MD, USA) at default threshold settings. Integrated density values were exported into
an Excel data sheet. For each individual mouse, the mean over the four analysed sections for each region
and antibody was calculated and used for analyses. Raw data for protein abundance are displayed in the
supporting information (Supplementary Table 1).

Tissue sectioning, immunohistochemistry, and microscopy for localisation of tau

Frozen brain tissue from the right hemispheres was defrosted from -80 to -20°C and then further to 4°C
in steps of 6 hours each and immersed into 4% PFA in 0.1 M PBS for 5 days and stored at 4°C. Then,
brains were moved to 70% ethanol for 2 days and processed in a series of ethanol solutions of increasing
concentration until pure water-free alcohol. Next, the hemispheres were exposed to xylene three times
and finally infiltrated with histological paraffin wax twice. Paraffin blocks of tissue were stored at room
temperature.

The paraffin-embedded brain tissue was sectioned coronally at 6 um at preselected regions (Bregma
1.94 mm to -2.7 mm) in accordance with the Mouse Brain Stereotaxic Atlas (51) using a rotary
microtome (Microm HM325, Leica Biosystems, Nussloch, Germany). Sections from each mouse were
collected on SuperFrost™ glass slides (Thermo Fisher Scientific, Waltham, MA, USA).
Immunohistochemical staining started with dewaxing steps (xylene 1, xylene 2, xylene 3, 1: 1 xylene:
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ethanol, 100% ethanol, 100% ethanol, 96% ethanol, 96% ethanol, 70% ethanol, 50% ethanol) and
rehydration in tap water twice, each for 1 min. Exposure of the antigen was performed in a citric acid
solution (10 mM, pH 6.0) heated to 95-98°C for 30-35 min and cooled slowly to room temperature.
Subsequently, the tissue was washed twice with distilled water and then treated with 3% hydrogen
peroxide in methanol for 15 min at room temperature. Sections were washed with water for 10 min and
with 0.1 M PBS (pH 7.4) for 5 min and incubated at 4°C overnight in anti-tau s1D12 antibody solution
(diluted in 3% BSA in 0.1 M PBS). On the next day, after washing three times for 5 minutes in 0.1 PBS
with 0.3% Triton X 100 (PBST), the tissue was incubated with a secondary goat anti-mouse antibody
conjugated with horseradish peroxidase (HRP) at a concentration of 1:100 (AP124, Merck) in a buffered
(0.1 M PBST) solution of 5% normal goat serum (S-1000-20, VECTOR labs) and 1% BSA for 1 hour
at room temperature. The sections were then washed three times for 5 min in 0.1 M PBS. DAB (Sigma-
Aldrich, St. Louis, MO, USA) with H,O, and NiSO4 at concentrations of 0.025%, 0.0125% and 0.04%,
respectively was used to visualize the primary-secondary antibody complex. After drying, the samples
were mounted using DePeX (Serva, Heidelberg, Germany). Two control stains were performed omitting
the first or second antibody and no immuno-positive reaction was observed for any of these control
slides. Sections stained against tau were analysed using a bright field microscope (Nikon Eclipse Ni-E
400, Tokyo, Japan) equipped with the Nikon DS-Ri2 camera and NIS image analysis software.
Microscopic images taken from the pre-defined brain regions at 100x magnification were digitalized
and saved as TIFF files.

Data analyses

Data for body weight is expressed as group mean with standard deviation (x S.D.) and statistical analyses
were conducted using 2-way ANOVA with time and genotype x treatment or time and treatment as
independent variables.

Values for synaptic protein abundance were transformed to z-scores in Microsoft Excel (version 16.0
Office 365, Microsoft, USA) using the formula

zZ =
o

where z is the z-score, x is the observed value, p and ¢ are the group mean and the standard deviation
of the reference group for that given protein. VVehicle-treated, wild-type mice were used as the reference
group. Values were then plotted individually with group mean and S.D. Cohort sizes are indicated in
Table 1 and in the figure legends. GraphPad Prism software (version 8.00; GraphPad Software Inc., San
Diego, CA, USA) was used for statistical analyses and for generation of graphs, as well as for generation
of expression / correlation heatmaps and estimation plots. Differences between groups were analysed
using 1-way or 2-way ANOVA, followed by post-hoc comparison with Bonferroni corrected Student’s
t test. The differences were considered statistically significant for p <0.05 and only significant outcomes
are reported in the text.

For generation of expression heatmaps, z-scored data (from above) was transcribed to GraphPad and
assigned a colour depending on their relative location to the population average: values near the
population average are shown in black, values below the average are displayed in red, while values
above the average are presented in green. The colour intensity indicates the distance from the population
average (dark colours are closer to the average than light colours). Correlation heatmaps were calculated
based on z-scored data in GraphPad and Pearson’s correlation was applied to the data set with resulting
R- and p-values plotted in Figures. Positive correlations were coloured blue, inverse correlations were
labelled yellow and when no correlation was seen (R close to 0) then the correlation value was displayed
in white. Corresponding p-values were coloured purple if significant (p < 0.05) and lack of significancy



is shown in white. Estimation plots — for determination of drug effect sizes — were also created using
GraphPad.

Results

In clinical trials for AD, HMTM showed reduced efficacy when administered as an add-on to
symptomatic treatments with either AChEIs and/or memantine, while it produced a significant
improvement of cognitive function when given as monotherapy. The current study design in mice was
chosen to mimic this clinical study design for rivastigmine with HMTM; HMTM treatment regimens
were based on successful lowering of tau pathology and on behavioural phenotype rescue in L1 mice
(12). and has, as primary readout, the histopathological quantification of six selected synaptic proteins
in predefined brain areas. The study was conducted for 11 weeks, with mice treated with rivastigmine
and HMTM added later.

Mouse body weight differs between genotype and treatment cohorts

There was a global difference between body weights for wild-type and L1 mice considering all 13 study
groups at the beginning of the study (37.7g + 3.0g for wild-type and 30.9g + 3.0g for L1 (mean with
SD), p <0.0001). Two mice were euthanised because of poor tolerance of the oral gavaging procedure
(one L1 mouse treated with HMTM-15 on day 38 and one NMRI wild-type mouse treated with Riva-
0.5 on day 53) and a third mouse was euthanised due to body weight loss that exceeded 15% following
animal welfare recommendations (L1 mouse treated with Riva-0.5 on day 46). These mice were
excluded from further analyses (Table 1); the remaining mice showed no signs of unexpected adverse
events or distress. Each of the treatments led to initial body weight reductions for the 8 core groups (Fig.
1A, effect of time F (5.5, 346); p < 0.0001), which plateaued after 4-5 weeks of treatment and the
reduction was generally more pronounced in L1 compared to wild-type mice (effect of genotype x
treatment F (7, 63) = 3.18; p = 0.006). Additionally, there was a significant interaction effect between
time, genotype, and treatment (F (77, 693) = 1.655; p = 0.0007) confirming the weight loss differed over
time in both genotypes and was dependent on drug exposure. By the end of the study, no differences
between treatments were seen any longer (Fig. 1B), but genotype-related differences persisted, and L1
mice still showed greater body weight reductions compared to wild-type mice independent of the drug
applied (effect of genotype: F (1, 63) = 7.761; p = 0.007). A similar time course was observed for the
five L1 satellite groups (Fig. 1C and D).

These results support the tolerance of mice to HMTM and rivastigmine when each drug was given alone
or in combination at daily doses up to 15 mg/kg/day for HMTM and 0.5 mg/kg/day for rivastigmine.
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Fig. 1 Body weight changes for L1 and wild-type mice. Weekly average body weight change (A and C), expressed
as the percentage change relative to the pre-dose body weight (each weekly point is calculated as an average of
five measurements obtained during each given week), and total body weight change (B and D), expressed as the
percentage change after 11 weeks of treatment relative the pre-treatment weight, for wild-type and L1 core groups
(A-B) and L1 satellite groups (C-D). For clarity, values are shown as group mean only (A and C), and the total
body weight change shown as mean and S.D (B and D). Statistical analyses were conducted using 2-way ANOVA
with time and genotype x treatment (A/C) or time and treatment (B/D) as independent variables.
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Synaptic protein expression in L1 mice differs from wild-type in a protein and brain region specific
manner

We first established histologically that transgenic human tau accumulated in synapses in L1 mice.
Immunopositive tau labelling presented as puncta clearly visible in CA1 and MC, but also in the basal
forebrain regions MS and VDB, and to a lower extent in VC and AcB (Fig. 2A). This confirms tau
accumulation in synapses of these regions in L1 mice. By contrast, wild-type mice were devoid of any
such tau-staining. A detailed quantification of tau staining will be reported separately.

We quantified several synaptic proteins as an indicator for structural synapse alterations. The abundance
of the SNARE proteins SNTX-1, SNAP-25, and VAMP-2, as well as the non-SNARE proteins SYNPY -
1, SYN-1 and A-SYN was measured in regions of interest as integrated density in immunohistological
micrographs (representative images are shown in Fig. 2B). Data were converted into z-scores,
normalised to tissue from vehicle-treated wild-type mice (for each given protein in each of the regions
individually), and displayed as scatter plots or expression heatmaps (Fig. 3-5 and 7).
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wild-type

L1

SNAP-25 SNTX-1

VAMP-2

SYN-1 SYNPY-1

A-SYN

Fig. 2 Synaptic immunohistochemistry in vehicle-treated L1 and wild-type mice. Tau immunoreactivity with the
antibody s1D12 showed prominent synaptic staining in L1 but not wild-type mice (A). Representative micrographs
of a vehicle-treated wild-type mouse (ID 43, for protein abundance raw data see Supplementary Table 1 in
the supporting information) showing high abundance of SNTX-1, SNAP-25, VAMP-2, SYNPY-1, SYN-
1, and A-SYN in synapses (B). Analysed brain regions included the visual cortex (VC), the primary motor
cortex (MC), the vertical limb of the diagonal band of Broca (VDB), hippocampal CAL region (CAL), the medial
septum (MS), and the nucleus accumbens (AcB). Scale bars: (A) 50 um and (B) 100 pm.
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In vehicle-treated cohorts, abundance of synaptic proteins was similar between genotypes for most
proteins and examined brain areas (Fig. 3A). To visualise expression patterns, individual protein
abundance z-scores are expressed as heatmaps, clustered by brain region, in wild-type (Fig. 3B) and L1
mice (Fig. 3C). Individual cells in each heatmap represent the z score for individual mice (9 wild-type
and 9 L1 mice). In wild-type AcB for example, A-SYN values were below the average for three mice
(mice #1, #3 and #8: red colour), near the average for three mice (mice #5, #6 and #9) and above the
average for the other three mice (mice #2, #4 and #7). In contrast, with L1 mice AcB, A-SYN values
were below the average for two mice (mice #1 and #2), near the average for three other mice (mice #3,
#4 and #5) and above the average for the remaining four mice (mice #6, #7, #8 and #9: green colour).
When group medians for each genotypes are plotted, the overall abundance of the six synaptic proteins
of interest were lower in CA1 and VVC (Fig. 3D, red cluster), but greater in MS, VDB and AcB (Fig. 3D,
green cluster) for L1 compared to wild-type mice and, in general, protein expression in L1 was
significantly different from wild-type mice (effect of genotype F(1, 576) = 8.64; p = 0.0034).

To explore whether protein abundance for the given proteins differed between regions and are dissimilar
in wild-type and L1 mice, a different normalisation approach was taken. Unlike the analysis of the data
above, where normalisation within the same protein and brain area was applied, the second
normalisation approach used the VVC values as reference for all other regions, as the VC (but also the
CAL region) showed the largest similarity between genotypes and treatments in our mice and is known
to be the last region impacted by tau pathology in AD brains (53). In wild-type mice, levels of SNTX-1
and VAMP-2 were reduced in MS and VDB but unchanged in CA1, MC and AcB (Supplementary Fig.
1). For SNAP-25 and SYNPY-1, levels were lower in VDB, greater in AcB, and not different in CA1,
MC and MS. SYN-1 was lower in MS, VDB and AcB, but unchanged in CA1, and MC. A-SYN showed
the same pattern of expression as SYN-1 except for AcB, where its expression was greater than, for
example, in VC or MC. For L1 mice, all proteins showed the same region-specific behaviour seen in
wild-type mice.

Taken together, these results provide compelling evidence of two features. (i) Differential levels of each
protein in regions of interest in both genotypes. For example, the SNARE proteins SNTX-1 and VAMP-
2 had low protein abundance in MS and VDB, but moderate abundance in the remaining brain regions,
while for example A-SYN also showed low protein abundance in MS and VDB but heightened
expression in AcB. (ii) A change in the level of proteins was found for L1 and this was region-specific,
such that protein abundance was decreased in cortical and increased in subcortical structures (Fig. 3D).
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Fig. 3 Effect of the genotype on expression of synaptic proteins in vehicle-treated L1 and wild-type mice.
Abundance (z-scores) of the synaptic proteins SNTX-1, SNAP-25, VAMP-2, SYNPY-1, SYN-1, and A-SYN in
regions of interest, shown as scatter plots (A). To visualise expression patterns, individual protein abundances
were converted into expression heatmaps organised by region of interest in wild-type (B) and L1 mice (C); each
column depicts a different individual (9 mice per genotype). Group medians for each protein directly comparing
wild-type and L1 mice treated with vehicle (D).
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Region-specific effect of HMTM, Riva and their combination

For the core groups, the effect of therapeutic doses of AD treatments (vehicle, HMTM-15, Riva-0.5 and
COMB-15/0.5) on this phenotype was examined next (Fig. 4). To visualise region-specific expression
patterns, protein abundance z-scores were averaged to create a region-specific protein value for each of
the given six region. These are shown as expression heatmaps for individual mice in wild-type (Fig. 4A)
and L1 cohorts (Fig. 4B), as well as group medians (Fig. 4C).

In wild-type mice, protein expression is unaffected following treatment with HMTM-15 and Riva-0.5
except for MC (greater expression with Riva-0.5), CA1 (lower expression with Riva-0.5) and AcB
(greater expression with HMTM-15 and COMB-15/0.5). In L1 mice compared to vehicle-treated wild-
types, protein expression is greater in MC/VDB/MS following vehicle, HMTM-15 and Riva-0.5
treatment, but lower in these same three regions following treatment with COMB-15/0.5. By contrast,
protein expression was lower compared to vehicle-treated wild-types in CA1 following vehicle, HMTM-
15 and Riva-0.5 treatment, but corrected to vehicle-treated wild-type levels in the same region following
treatment with COMB-15/0.5. These changes when averaged over all regions, however, did not reach
statistical significance for either genotype (Fig. 4C). Note that the VC region showed the largest
similarity between genotypes and treatments and was therefore used for the alternative normalisation
approach as stated before (Supplementary Fig. 1).

These results suggest that synaptic interference of rivastigmine with the pharmacological activity of
HMTM - reflected as differential abundance of selected synaptic proteins in the COMB-15/0.5 cohort
— can be shown in the tau-overexpressing L1 mouse model and, to a lesser extent, in wild-type mice.
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Fig. 4 Effect of the different treatments on average synaptic protein expression in L1 and wild-type mice. The
abundance (z-score) of all six synaptic proteins was averaged for each region of interest to visualise a region-
specific expression pattern in wild-type (A) and L1 mice (B), treated with vehicle, HMTM-15, Riva-0.5 or their
combination (COMB-15/0.5). The group medians for each of these treatments are shown for each genotype (C).
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Effect of HMTM, Riva and their combination on SNARE and non-SNARE proteins

Next, protein- and region-specific expression patterns (heat maps and estimation plots) for SNARE (Fig.
5-6) and non-SNARE (Fig. 7-8) proteins were created.

We first explored the expression patterns of the SNARE proteins SNTX-1, SNAP-25, and VAMP-2. In
wild-type mice (Fig. 5A), HMTM-15 decreased expression of the three SNARE proteins in VC/MC.
Riva-0.5 decreased SNARE expression in VC/MC and additionally in CA1. COMB-15/0.5 showed
similar effects to Riva-0.5 alone in VC/CAL, but in MC protein expression was reversed to vehicle-
treated levels. In L1 mice (Fig. 5B), the effect of the drugs was mixed; for example, expression was
unaffected in MS/AcB with HMTM-15 and Riva-0.5 compared to vehicle-treated L1 but was globally
decreased with COMB-15/0.5 treatment in most areas. Overall, when group medians were plotted (Fig.
5C), HMTM-15 had subtle effects on protein expression. By contrast, Riva-0.5 led to a significant
reduction of cortex proteins (VC/MC/CAL; F(1, 270) = 11.38; p = 0.0009). This effect was reiterated
by COMB-15/0.5 (F(1, 288) = 11.31; p = 0.0009). In L1 mice, SNARE protein abundance was
significantly heightened in basal forebrain and lowered in cortex (main effect of genotype F(1, 288) =
5.88; p = 0.016). While HMTM-15 globally heightened SNARE protein expression this was not found
with Riva-0.5, and the combination of both drugs (COMB-15/0.5) caused yet a greater decrease in global
expression.
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Fig. 5 Treatment heatmaps for SNARE proteins in L1 and wild-type mice. To visualise expression patterns for
SNARE proteins, individual protein abundances (z-scores) are shown for the SNARE proteins SNTX-1, SNAP-
25 and VAMP-2 as expression heatmaps organised by region of interest in wild-type (A) and L1 mice (B), as well
as for each genotype, where the group median is shown for each protein and each treatment (C).
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Estimation plots for wild-type mice, showed that SNTX-1 (Supplementary Fig. 2A) was significantly
reduced following HMTM-15 (Difference 6 = -0.37, p = 0.038), Riva-0.5 (6 = -0.73, p = 0.002) and
COMB-15/0.5 (6 = -0.21, p = 0.027). L1 mice had a significantly greater SNTX-1 protein abundance
over all areas when compared to vehicle-treated wild-type mice (6 = 0.63, p = 0.018) and this was
corrected to wild-type levels when L1 (Fig. 6A) were treated with HMTM-15 (6 = 0.19, p: ns) or Riva-
0.5 (6 =-0.14, p: ns), but decreased much below the levels for wild-type with COMB-15/0.5 (6 =-0.33,
p = 0.008). The corrective effect for HMTM when given alone was dose-dependent and this correction
did not occur in the HMTM-5 cohort (6 =0.31, p = 0.016, Supplementary Fig. 3A). The negative impact
of COMB-15/0.5 (6 =-0.33, p = 0.008, see above), that reduced SNTX-1 much below wild-type levels,
appeared to depend on the dosing as it was not seen in low-Riva in COMB-15/0.1 (6 = 0.35, p: ns) and
depended on the higher dose of HMTM (COMB-5/0.1, 6 =-0.24, p = 0.049).

SNAP-25 levels in wild-type mice (Supplementary Fig. 2B) remained unchanged following HMTM-15
(6 =-0.19, p: ns) but was significantly reduced following, Riva-0.5 (6 = -0.92, p = 0.03) and COMB-
15/0.5 (6 = -0.70, p = 0.045). In L1 mice the abundance of SNAP-25 over all areas (Fig. 6B) did not
differ significantly from vehicle-treated wild-type mice (6 = 0.14, ns), and none of the treatments in the
core groups had any effect (6 = -0.27 for HMTM-15; & = -0.07 for Riva-0.5 and 6 = -0.30 for COMB-
15/0.5, all p’s=ns).

In wild-type mice, VAMP-2 (Supplementary Fig. 2C) was significantly elevated following HMTM-15
(6 =0.57, p = 0.005), but not significantly changed with Riva-0.5 (6 = 0.49, ns) or COMB-15/0.5 (6 =
0.36, ns). In L1 mice VAMP-2 protein abundance over all areas (Fig. 6C) did not differ significantly
from vehicle treated wild-type mice (6 = 0.10, ns). Treatment with HMTM-15 and Riva-0.5 but not
COMB-15/0.5 significantly increased VAMP-2 in L1 cohorts (& = 0.75, p = 0.01 for HMTM-15; 6 =
0.52, p = 0.01 for Riva-0.5 and & = 0.30, ns for COMB-15/0.5). The increase with HMTM was also
achieved by the lower dose HMTM-5 (& = 0.43, p = 0.003) but the Riva effect is dose dependent and
was not seen with the lower dose Riva-0.1 (6 = 0.09, ns). All other COMB-treatments wiped out the
HMTM increase (Supplementary Fig. 3C).
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Fig. 6 Estimation of treatment effects on SNARE proteins in L1 mice. To visualise treatment effects on SNARE
proteins in L1 mice, estimation plots are shown for the SNARE proteins SNTX-1 (A), SNAP-25 (B) and VAMP-
2 (C), under vehicle (first column from left, yellow circles), HMTM-15 (second column from left, blue circles),
Riva-0.5 (third column from left, red circles), and their combination COMB-15/0.5 (right column, purple circles),
all compared to vehicle-treated wild-type mice (black symbol set to 0) in the 6 different regions VC, MC, VDB,
CAl, MS, and AcB. Additionally, the average genotype/treatment effect is shown as a scatter plot on the right-
hand side (median and 95% confidence interval) for each panel.
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For the non-SNARE proteins SYNPY-1, SYN-1 and A-SYN, the effect of the drugs was more subtle
than for the SNARE proteins, but there was a decrease of protein abundance in VDB/CA1/MS from
wild-type mice following COMB-15/0.5 treatment, which was not seen when individual drugs HMTM-
15 or Riva-0.5 were administered (Fig. 7A). Similar effects were observed in L1 mice in
VDB/CAL/MS/AcB (Fig. 7B), however individual treatments led to a weak increase of global
abundance of non-SNARE proteins. As with the SNARE proteins, this increase was converted to a

reduction by COMB-15/0.5 (Fig. 7C).
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Fig. 7 Treatment heatmaps for non-SNARE proteins in L1 and wild-type mice. To visualise expression patterns
for non-SNARE proteins, individual protein abundances (z-scores) are shown for SYNPY-1, SYN-1 and A-SYN
as expression heatmaps organised by region of interest in wild-type (A) and L1 mice (B), as well as for each
genotype, where the group median is shown for each protein and each treatment (C).
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Estimation plots for the three non-SNARE protein abundance z-scores following the different drug
treatments are depicted for wild-type in Supplementary Fig. 2D-F and L1 mice in Fig. 8. Again, the
vehicle-treated wild-type mice were used as reference for all other groups (black symbol).

In wild-type mice, estimation plots revealed no significant protein z-score changes for any of the non-
SNARE proteins SYNPY-1, SYN-1 and A-SYN following treatment with HMTM-15, Riva-0.5 or
COMB-15/0.5 (Supplementary Fig. 2D-F).

In L1 mice, abundance of SYNPY-1 over all areas (Fig. 8A) was significantly reduced when compared
to vehicle-treated wild-type mice (8 = -0.39, p = 0.014). This was normalised to wild-type levels when
mice were treated with HMTM-15 (6 = 0.41, ns), Riva-0.5 (6 = 0.37, ns) and COMB-15/0.5 (6 = 0.01,
ns). The same effect was achieved with the lower dose of HMTM-5 (6 = 0.01, ns), but not the lower
dose of Riva-0.1 alone (6 = -0.44, p = 0.036) or combined (COMB-5/0.1, 8 = -0.77, p = 0.041). This
negative effect was overcome by the dominant effect of the higher dose of HMTM (COMB-15/0.1, & =
0.38, ns; Supplementary Fig. 3D). SYN-1 in L1 (Fig. 8B) was significantly elevated when compared to
vehicle-treated wild-type mice (6 = 0.75, p = 0.048) and was not corrected by either treatment (6 = 0.71,
p = 0.005 for HMTM-15; 6 = 0.98, p = 0.003 for Riva-0.5 and 6 = 0.97, p = 0.012 for COMB-15/0.5).
A-SYN in L1 (Fig. 8C) was significantly increased when compared to vehicle-treated wild-type mice
(6 =0.35, p =0.041), corrected by HMTM-15 (6 = 0.09, ns) and Riva-0.5 (6 = 0.13, ns), but decreased
below wild-type levels with COMB-15/0.5 (6 =-0.72, p = 0.06). This negative interaction was dependent
on the high dose of Riva-0.5 and not seen at the lower dose (6 = -0.73, ns for COMB-5/0.1 and & = -
0.04, ns for COMB-15/0.1; Supplementary Fig. 3F).

Taken together, these results suggest a normalisation of synaptic protein abundance following treatment
with HMTM in the tau-transgenic L1 mouse model, e.g., SNTX-1, SYNPY-1, and A-SYN. There was
a wide-spread negative interference with the efficacy of HMTM by co-treatment with rivastigmine. This
inhibitory effect of rivastigmine on HMTM-related synaptic protein normalisation was less prominent
when the lower dose of rivastigmine was used for pre-treatment.

23



>
nN
o

154 4
vl-g 10' 4
& =05, TR
o C
[ g 0.04- = S ]
w0 3—0.5‘ o 4
§-1.0 Vi Ve |
-1.54 |
B 25, 3
g 2.0 v 1
g 1.5' M - B
; 5 1.0/ % pAcB | MC‘.__\‘D
Eg O.SIP” : e : - “
& 0.0]-- ./_:’°._V‘?#.,_. I
‘o5l e &M
C 10, vog, 1 1
§ o e VO.PVDB -
zloo] = CAPVG é
® " A ..MS
< 405/ ]
£-1.04 1
15
@ wild-type / vehicle @ wild-type / venicle @ wid-type / vehicle @ wild-type / vehicle
O L1/ vehicle @L1/HMTM-1 ®L1/Rivall @L1/COMBISN S

Fig. 8 Estimation of treatment effects on non-SNARE proteins in L1 mice. To visualise treatment effects on non-
SNARE proteins in L1 mice, estimation plots are shown for SYNPY-1 (A), SYN-1 (B) and A-SYN (C), under
vehicle (first column from left, yellow circles), HMTM-15 (second column from left, blue circles), Riva-0.5 (third
column from left, red circles), and their combination COMB-15/0.5 (right column, purple circles), all compared
to vehicle-treated wild-type mice (black symbols) in the 6 different regions VC, MC, VDB, CAl, MS, and AcB.
Additionally, the average genotype/treatment effect is shown as a scatter plot on the right-hand side (median and
95% confidence interval) for each panel.
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Correlation of SNARE and non-SNARE proteins is different between genotypes and affected by drugs
in a brain region-specific manner

Group-based, pair-wise correlation matrices were created using Pearson’s correlation for wild-type and
L1 mice and the effect of the different drugs in the core groups (vehicle, HMTM-15, Riva-0.5 and
COMB-15/0.5) on the six synaptic proteins was assessed and clustered by brain regions (Fig. 9A). Co-
expression relationships (positive correlation coefficients) are blue, while inverse expression
relationships (negative correlation coefficients) are shown in yellow in the correlation matrix and p-
values for statistically significant correlations are purple (Fig. 9B). The maps show prominent
differences between both genotypes and treatments.

Highlighted in black squares are correlations between basal forebrain regions (MS, VBD and AcB).
There was a minor increase in negative (yellow) correlations between vehicle-treated L1 and wild-type
cohorts. Furthermore, relative to wild-type controls, more positive (blue) correlations emerged in groups
administered with HMTM or COMB-15/0.5. In L1 mice, the most prominent increases were observed
for treatments of rivastigmine and COMB-15/0.5. This distinction suggests heightened sensitivity to
rivastigmine in L1 mice possibly due to cholinergic deficiencies.

The red squares highlight the correlations between the basal forebrain and cortex. These become more
positive in L1 (vehicle) compared to wild-type. Negligible effect in wild-type mice was seen with
monotherapy but a prominent increase in positive correlations was achieved following COMB-15/0.5
treatment. By contrast, both HMTM and rivastigmine increased positivity of correlations in L1 (HMTM
between CA1/VC vs. MS/VDB, and rivastigmine between MC vs. MS/VDB/AcB). Intriguingly,
COMB-15/0.5 treatment in L1 heightened negative correlations. For intracortical correlations, there is
therefore a negative interference between the two treatments, most prominent in L1 mice.

These results confirm the differential actions of HMTM on synaptic protein correlations either when
given alone or when given as add-on to mice pre-treated with rivastigmine.
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Fig. 9 Effect of the different treatments on correlation of SNARE and non-SNARE protein abundance in L1 and
wild-type mice. Pearson’s correlations (R) and the resulting p-values are shown as correlation heatmaps for wild-
type and L1 mice. The protein correlations are shown for the six proteins SNTX-1, SNAP-25, VAMP-2, SYNPY -
1, SYN-1, and A-SYN clustered by region (A). Positive correlations are blue, inverse correlations are yellow, if
correlation is lacking (R close to 0) then cells are labelled in white. Corresponding p-values are coloured purple,
lack of significancy is shown in white (B). The black squares highlight protein correlations within the basal
forebrain (MS, VDB and AcB) while the red squares highlight protein correlations between the basal forebrain
and the cortex (CA1, VC and MC).
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Discussion

In two large clinical trials for mild and mild/moderate AD (NCT01689233 and NCT01689246,
respectively), HMTM failed to show the same efficacy when administered as an add-on to ongoing
symptomatic treatment with AChEI (e.g., rivastigmine, donepezil or galantamine) and / or the NMDA
receptor antagonist memantine, while it produced significant arrest of cognitive and functional decline
in subjects receiving the drug as monotherapy (26, 27). This reduction in pharmacological activity of
HMTM when given as an add-on was also reproduced in a tau transgenic mouse model L1, in which
chronic pre-treatment with the AChEI rivastigmine blunted the pharmacological efficacy of HMTM at
multiple brain systems including hippocampal acetylcholine levels, behavioural performance in the
water maze, synaptosomal glutamate release and mitochondrial activity (summarised in (24)).
Alterations in neurotransmitter release might be explained by changes in the synaptic structure or
function, both of which can be deduced from the proteins analysed here.

In the current study, we examined the levels of synaptic proteins following treatment with HMTM either
administered singly or given as an add-on to rivastigmine. The key findings that we report are that:

0] for L1 tau-transgenic mice, levels of synaptic proteins were reduced in cortex, but heightened
in the basal forebrain relative to wild-type mice.

(i) protein levels in wild-type cohorts were most altered in rivastigmine cohorts (single and
combination treatment).

(ili)  HMTM in L1 normalised the expression pattern of SNTX-1/A-SYN in basal forebrain; and

(iv) HMTM combined with rivastigmine in L1 led to a large decrease in these synaptic proteins,
well below wild-type levels.

From these data, we determined correlations between proteins and regions and confirmed that:

Q) anomalies for intra- (basal forebrain) and extra-regional (basal forebrain to cortex) protein
correlations in L1.

(i) normalisation of correlations most prominently for SNARE proteins in L1 treated with HMTM;
and

(ili)  heightened positive correlations induced by HMTM were lost by pre-treatment with
rivastigmine.

Levels of synaptic proteins in neurodegeneration

Motor and cognitive impairments in many neurodegenerative disorders such as AD are associated with
structural synapse alterations (for review see (35)). These alterations involve thousands of proteins
constituting the synaptic machinery with highly complex biological and signalling properties (54-57).
It is intuitively clear that the lifetime of both structural (such as tau protein) and functional proteins (for
instance SNARE proteins) is critical for synapse maintenance, remodelling and ageing. Especially for
cortical and hippocampal synapses, the lifetime synaptome atlas has shown that short-lived proteins are
enriched in young subjects, while during ageing, proteins with long lifetimes are enriched in the synapse
(58). Since a reduction of presynaptic proteins in cortex and hippocampus in AD is consistently reported
(59), and confirmed here in this study for our tau mouse model, it is in particular the proteins with a
normally long lifetime that are decaying in L1. However, these are not readily regenerated in aged
subjects and under tau oligomerisation. We hypothesise that both abundance and thus function of
synapse proteins are rescued in L1 with HMTM treatment. By contrast, combined administration of
rivastigmine and HMTM led to a further reduction in synaptic protein levels (see Fig. 4C&5C
contrasting HMTM versus HMTM + rivastigmine). Such an action would be considered detrimental for
the cortical/hippocampal network and its function such as memory formation, recall of stored
information, and learning.
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L1 mice overexpress tau297-391, the truncated repeat domain of tau that corresponds to the core
fragment of PHF-tau found in AD brain tissue. The mice present with neuroanatomical spread of
pathological tau with age that results in cognitive decline, cholinergic loss in basal forebrain, and altered
brain bioenergetics (12, 45, 60). Additionally, we show here that the core fragment of tau in L1 is present
and accumulates in multiple brain regions and. most likely, in the presynaptic compartment (as reported
for another transgenic tau mouse, Line 66 (61)). Especially in hippocampus and cortex, this may lead
directly to a reduction of synaptic proteins in L1. Reduction of pre-synaptic proteins in AD brains occurs
prominently in hippocampus and frontal cortex, mainly for syntaxin-1, SNAP-25, and VAMP-2,
synaptophysin-1, and synapsin-1, while in basal forebrain rather post-synaptic markers such as Ras
GTPase-activating protein (downstream effector of e.g. glutamate receptors) are reduced (59). The
interactions between syntaxin-1, SNAP-25, and VAMP-2 and synapsin/synaptophysin, are crucial for
the formation of synaptic vesicles and their quantal release in response to incoming electrophysiological
discharges (37, 62). Although no direct protein interaction experiments between tau and other synaptic
proteins were attempted here, the binding of truncated tau to transmembrane proteins is likely to interfere
with the formation of synaptic vesicles in general and the SNARE complex assembly in particular (63—
65), as shown in this study for L1 mice.

It is conceivable that heightened expression of presynaptic proteins in basal forebrain of L1 is likely due
to strengthened afferents compensating for cholinergic loss. Heightened presynaptic protein levels, and
thus increased number of synapses, could arise from a multitude of connections with high contents of
glutamatergic (66, 67), GABAergic (68, 69), and serotonergic origin (70). While these have not been
differentiated in this study, this may be interpreted as an attempt by the brain to increase tonic activity
of basal forebrain centres, and potentially correct for decreased acetylcholine release in target structures
such as hippocampus or prefrontal cortex (45, 71, 72). Functionally, such a neurophysiological trait
residing in basal forebrain of L1, may be considered a noisy brain state with the potential to limit
memory formation by way of signal suppression due to uncoordinated synaptic hyper-activity (73-75).
HMTM may therefore not only have corrected levels of synaptic proteins exemplified by SNTX-1 or A-
SYN but may also have improved physiological fingerprints of synaptic function/neurotransmitter
release. In this way, HMTM may directly recover cholinergic function (49) as well as cognition in L1
mice (12). That rivastigmine given at therapeutically relevant doses was unable to correct the change in
expression of synaptic proteins in cortex/basal forebrain is due to its pharmacologically different profile
and mode of action. HMTM has strong tau aggregation inhibition activity ((8, 9); yet rivastigmine is a
selective cholinesterase inhibitor which does not appear to correct mechanistic modifications at the
synaptic level and does not seem to rescue cognitive function in mild cognitive impairment (76, 77).
Quite the opposite, the long-term pre-exposure reduces the sensitivity of synapses to HMTM. This is
mechanistically unexplained by our data and would require a more detailed approach to distinguish drug
action on the different transmitter systems and their synaptic connectome.

Correlations between synaptic proteins and brain structures

We have previously shown, by structural correlation network analysis, that an abnormal increase in
correlations occurs in AD relative to healthy elderly control subjects for functionally connected brain
areas (33). We suspect these structural correlations to be mediated, at least in part, by variable expression
of synaptic proteins. For example, a significant decline in levels of the SNARE protein SNAP-25 was
recorded in AD brains by Bereczki and colleagues (78) and later confirmed by others (79, 80). Moreover,
the lowering of SNAP-25 in cortex of patients was associated with the rate of cognitive decline
confirming the importance of synaptic integrity for memory formation. A similar network analysis was
conducted for L1 mice with the aim to determine whether synaptic protein levels correlate intrinsically
or extrinsically within or between regions of interest. Globally, cortical structures were contrasted with
basal forebrain regions. The network analysis established abnormal co-expression correlations of
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SNARE proteins within basal forebrain or long-distance between basal forebrain and cortex in L1, and
these were modulated by HMTM. However, similar modifications were not observed in the groups
treated with rivastigmine or rivastigmine/HMTM combinations strongly suggesting that pre-exposure
to AChEIs prevents the synaptic benefit offered by HMTM.

A recent study confirmed a direct correlation between dysregulation of SNARE proteins and cognitive
decline (81). Similar alterations in SNARE correlations are reported here for our L1 model. These
alterations may indeed be due to the accumulation of tau, since the abundance of several synaptic
proteins changes with advancing Braak stage of neuropathology in AD (82). Again, synaptic expression
of tau is likely to interfere prominently with SNARE complex assembly (61, 63, 65, 83), and this would
explain the loss of correlation of SNARE protein co-expression observed in L1 mice. Tau accumulation
in L1 is also held responsible for the reduction in cholinergic neurons in basal forebrain and hippocampal
acetylcholine levels, and these can indeed be rescued by the treatment with HMTM (24).

Dynamic modulation of HMTM effects by prior exposure to cholinesterase inhibition

Although this work confirms that the expression of the tau core domain in synaptic structures in all
regions of interest, a more quantitative analysis has shown a strong reduction of this immunoreactivity
in the presence of HMTM (24). Our approach did not allow differentiation of origins of input for the
presynaptic structures examined here, or transmitters released at individual synapses (see above).
However, it is likely that specific subpopulations of afferents are differentially sensitive to tau-toxicity
and glutamatergic and cholinergic synapses seem particularly vulnerable and sensitive to HMTM
treatment (49). Importantly, we have also shown that the negative impact of the combination treatment
on synaptic protein levels/correlations was not readily overcome by reducing the dose of rivastigmine
and/or increasing the dose of HMTM (e.g., VAMP-2 and SYNPY-1 but not the other proteins)
suggesting that chronic pre-treatment with AChEIs may lead to irreversible homeostatic adjustments in
the physiology of the demented brain and our correlation analysis supports this notion. The only HMTM-
treatment effect that is not subject to pharmacological interference is the primary effect on tau
aggregation pathology (24). Recent failures of trials for novel therapies of AD administered on the
background of symptomatic treatment seem to corroborate this hypothesis (7). Thus, the assumption
that symptomatic treatment does not interfere with disease-modifying therapy might need revision (24).

In summary, we have shown that several HMTM effects can be modulated by the prior administration
with the AChEI rivastigmine and these include increase in hippocampal acetylcholine
release/mitochondrial complex IV activity, reversal of behavioural impairment (24) and, in this study,
abnormal increase/decrease of levels and network correlations of synaptic proteins.
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Highlights

o Interference of cholinesterase inhibition with HMTM was observed in AD clinical trials.
e The interference on expression of pre-synaptic proteins was investigated in L1 mice.

e L1 mice overexpress tau that leads to dysregulation of synaptic proteins.

o HMTM alone partially normalised the expression pattern of several of these proteins.

e The effect was diminished when HMTM was administered in combination with rivastigmine.
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