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A B S T R A C T   

Glutamatergic neurotransmission, important for learning and memory, is disrupted in different ways in patients 
with Alzheimer’s disease (AD) and frontotemporal dementia (FTD) tauopathies. We have previously reported 
that two tau transgenic mouse models, L1 and L66, produce different phenotypes resembling AD and FTD, 
respectively. The AD-like L1 model expresses the truncated core aggregation domain of the AD paired helical 
filament (PHF) form of tau (tau296–390) whereas the FTD-like L66 model expresses full-length tau carrying two 
mutations at P301S/G335D. We have used synaptosomes isolated from these mice to investigate K+-evoked 
glutamate release and, if abnormal, to determine responsiveness to hydromethylthionine, a tau aggregation 
inhibitor previously shown to reduce tau pathology in these models. We report that the transgenes in these two 
mouse lines cause opposite abnormalities in glutamate release. Over-expression of the core tau unit in L1 pro
duces a significant reduction in glutamate release and a loss of Ca2+-dependency compared with wild-type 
control mice. Full-length mutant tau produces an increase in glutamate release that retains normal Ca2+-de
pendency. Chronic pre-treatment with hydromethylthionine normalises both reduced (L1) and excessive gluta
mate (L66) and restores normal Ca2+-dependency in L1 mice. This implies that both patterns of impairment are 
the result of tau aggregation, but that the direction and Ca2+-dependency of the abnormality is determined by 
expression of the disease-specific transgene. Our results lead to the conclusion that the tauopathies need not be 
considered a single entity in terms of the downstream effects of pathological aggregation of tau protein. In this 
case, directionally opposite abnormalities in glutamate release resulting from different types of tau aggregation 
in the two mouse models can be corrected by hydromethylthionine. This may help to explain the activity of 
hydromethylthionine on cognitive decline and brain atrophy in both AD and behavioural-variant FTD.   

1. Introduction 

The majority of cases of Alzheimer’s disease (AD) and some members 
of the frontotemporal lobar degeneration (FTLD) syndromes are char
acterised by pathological aggregation of tau protein that have come to 
be known collectively as tauopathies [1–3]. Of the FTLD syndromes, the 
most prevalent is behavioural variant frontotemporal dementia (bvFTD; 
[4]). The tau pathology in AD affects primarily the pyramidal cells of 
layers III and V of the cortex [5] and there is a significant loss of 

glutamatergic pyramidal hippocampal neurons in the CA1 and CA3 re
gions [6]. In FTD, pathological tau accumulates primarily in GABA-ergic 
interneurons and astrocytes in molecular layers II and VI [7,8], where 
astrocytic pathology predominates [9] and is closely linked to disease 
severity [10]. There are also clinically important neurochemical differ
ences between AD and FTD. There is no cholinergic deficit in FTD [11] 
whereas this is an important feature of AD [12]. There is no benefit from 
treatment with either cholinesterase inhibitors [13] or memantine [14] 
in FTD, whereas both classes of drugs are licensed for treatment of AD 
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[15]. 
Despite the central role of glutamatergic synapses in learning and 

memory [16], and the importance of vesicular glutamate exocytosis as a 
critical underpinning of memory formation and synaptic plasticity 
[17–19], the relationship between tau pathology and glutamate function 
in AD and FTD remains unclear. A decrease in post-synaptic metabo
tropic glutamate receptor 5 (mGlu5) has been reported in the brain of 
bvFTD patients [20] suggesting that glutamate-mediated excitotoxicity 
plays a role in the pathogenesis of bvFTD. This may also explain the 
reduced expression of both ionic GluRs (AMPA and NMDA types) in 
frontal and temporal cortices of FTD patients [21] as a mechanism of 
homeostatic adjustment to chronically elevated glutamate levels. 
Chronic elevation of synaptic glutamate levels poses a severe challenge 
to the tripartite synapse (for review, see [22]) since the main clearance 
pathway is through Na+-dependent astrocyte specific glutamate trans
porters, GLT-1 and GLAST [23,24]. Furthermore, disease severity in 
bvFTD is closely linked to the extent of pathology in astrocytes [10], 
which are responsible for 90% of the clearance of glutamate from syn
apses [25,26]. 

Although studies in bvFTD, and FTD more generally, are consistent 
with the idea of chronic increase in glutamate levels, the situation in AD 
is more complex. This may be due to a difficulty in distinguishing be
tween the primary effects of the tauopathy in AD and secondary ho
meostatic enhancement as a compensation to loss of function in cortical 
tangle-bearing neurons. It may lead to compensatory glutamatergic 
hyperactivity in circuits which remain intact [27,28]. A dysregulation of 
glutamate release, receptor distribution, transport and uptake are 
common features of AD [29]. Diminished expression of vesicular 
glutamate transporter (vGLUT1; [30,31]) or reduced uptake through the 
excitatory amino acid transporter 2 (EAAT2; [32,33]) could lead to 
increased glutamate levels in the presynapse, reduced clearance from 
the synaptic cleft and excessive entry of Ca2+ ions through post-synaptic 
NMDA receptors, and hence provide an explanation for the utility of 
memantine in AD [34,35]. Cryopreserved synaptosomes from the brains 
of AD patients show a release of truncated tau fragments from presyn
aptic terminals [36], suggesting a relationship between transmitter 
release and tau propagation. Tau has been reported to be in different tau 
forms in pre- and postsynaptic compartments [36–39]. 

Some light has been shed on abnormalities in glutamate physiology 
from studies in tau transgenic mice. Most studies on glutamate release in 
tauopathy models to date have focused on mutations of tau at position 
P301 which is present in some bvFTD cases but not in AD. Tau pathology 
in tau transgenic models in which tau aggregation is expressed in as
trocytes (using either the mouse prion promoter [40] or the GFAP pro
moter [41]) produces impairment in glutamate clearance via reduction 
in expression of GLUT1, the principal transporter required for astrocytic 
glutamate uptake. In the tau P301L Tg4510 mouse model, a 40% in
crease in hippocampal VGLUT1 and a 40% decrease in glutamate 
transporter 1 (GLT-1) has been demonstrated [40,42,43], suggesting 
that tau may contribute directly to glutamate excitotoxicity through 
elevated glutamate vesicle packing and reduced glutamate clearance 
from the extracellular space. This hyperactivity of glutamatergic release 
may drive the release of pathological tau from the presynapse [44,62], 
contributing to the spread of tau through neuronal connections between 
anatomically connected brain regions. This extracellular tau, or frag
ments thereof, may provoke acute presynaptic deficits in transmitter 
release from hippocampal synaptosomes along with loss of mitochon
dria, deregulation of presynaptic proteins and alterations in calcium 
homeostasis [45]. 

We have previously reported the characterisation of two mouse 
models which demonstrate transgene-dependent differences in their 
phenotypic expression [46]. In the L1 mouse, there is overexpression of 
tau296–390, a core component of the paired helical filaments (PHFs) 
characteristic of AD. These mice show a deficit in spatial learning and 
memory from 3 months onwards and the spread of pathology from 
medial temporal lobe structures to isocortex as the animals age that is 

somewhat characteristic of the Braak staging of tau pathology observed 
in AD [47]. L66 mice express full-length human tau carrying two mu
tations (P301S/G335D). These mice show aggressive early-onset 
neurofibrillary degeneration, but the behavioural phenotype is largely 
in the motor function domain. We have further reported that the tau 
aggregation inhibitor, hydromethylthioninium mesylate (HMTM), re
duces tau aggregation pathology and reverses behavioural deficits in 
both mouse models [48]. We have also reported recently that HMTM 
produces very similar exposure-dependent benefits on clinical decline 
and brain atrophy in both AD and bvFTD [49,50]. 

Given the similarity of the benefits of HMTM in both AD and bvFTD 
clinically and in the corresponding tau transgenic mouse models, and 
the importance of glutamate in learning and memory via its role as the 
primary neurotransmitter of cortical and hippocampal pyramidal neu
rons [16], we sought to determine how differential overexpression of tau 
species involved in AD and bvFTD affect basal glutamate release in 
synaptosomes prepared from two tau transgenic models (L1 and L66) 
with and without HMTM treatment. Functional assessment of glutamate 
release from the presynapse can be achieved indirectly through potas
sium chloride challenge of intact, viable synaptosomes [51,52]. We 
demonstrate that there is a reduction in synaptic glutamate release in 
synaptosomes from the brains of the AD-like, L1 mice which is Ca2+- 
independent and, following HMTM treatment, is normalised to wild- 
type levels. In contrast, for synaptosomes from the FTD-like L66 mice, 
glutamate release is increased, remains sensitive to Ca2+ and also is 
normalised by HMTM treatment. The ability of HMTM to reverse 
opposite abnormalities in glutamate release in both mouse models may 
provide a possible explanation for the similarity of the HMTM exposure- 
dependent pharmacological activity observed in both AD and bvFTD. 

2. Materials and methods 

2.1. Transgenic animals 

Female homozygous transgenic L1, L66 and wild-type (NMRI) litters 
were generated as previously described [46]. L1 mice express truncated 
tau296–390 fused with an N-terminal endoplasmic reticulum-directing 
signal sequence while L66 mice express full-length human tau40 
(htau40; 1–441 amino acids) carrying two mutations (P301S and 
G335D). Transgene constructs were inserted under the control of the 
murine Thy1 cassette, for neuronal expression. All animals were bred 
commercially at Charles River (UK), and transported to the Medical 
Research Facility, University of Aberdeen, UK by road about 1 month 
prior to use to allow for ample acclimatisation. Mice were colony housed 
(up to 6 per cage) in wire-lid cages (Macrolon III) with corn cob bedding 
and enrichment (paper strips and cardboard tubes: DBM Scotland Ltd) in 
a controlled facility (temperature 20–22 ◦C, 60–65% humidity, 17–20 
air changes per hour), with ad libitum access to water and food pellets 
(Special Diet Services, Witham, UK) and under a 12-h light/dark cycle 
(lights on at 07:00 am, simulated dawn 30 min). Experiments were 
carried out in accordance with the European Communities Council 
Directive (63/2010/EU) and a project license with local ethical approval 
under the UK Animals (Scientific Procedures) Act (1986) and following 
Animal Research: Reporting of in vivo Experiments (ARRIVE 2019) 
guidelines [53]. 

2.2. HMTM treatment and dosing regimen 

Animals were allocated to the two treatment groups, HMTM (15 mg/ 
kg; TauRx Therapeutics Ltd.) or vehicle (deionised water) at 6.5 months 
of age according to genotype. Previous experiments [46,48] had 
confirmed the establishment of full pathological and behavioural phe
notypes at this age. Treatments were administered orally by gavage (n =
6–8 per genotype and treatment group, without blinding (since HMTM is 
turquoise) and no a priori power calculation was conducted. Animals 
were allocated to dosing group by Latin Square design. HMTM (15 mg/ 
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kg; expressed as weight of free HMT base) was dissolved in nitrogen- 
sparged water and administered within 20 min of dissolution, to avoid 
oxidation of HMTM. This dose was selected on the basis of previous 
experiments [48]. Once administered, HMT remains primarily in the 
reduced form [54] and is the active species inhibiting tau aggregation in 
vitro [55]. HMTM was administered daily in the morning 
(08.00–10.00h), Monday to Friday, for 3 weeks by oral gavage and this 
was followed by tissue harvest for synaptosomal preparation. 

2.3. Synaptosomal preparation 

One hour following the final gavage of either HMTM or saline, mice 
were sacrificed for isolation of P2 synaptosomes. All animals were killed 
humanely by cervical dislocation followed by decapitation and whole 
brain dissection. This was carried out in accordance with Schedule 1 
from the UK Animals (Regulated Procedures) Act, 1986. All dissection 
equipment was kept on ice prior to tissue harvest. Once isolated, the 
whole brain was placed immediately in ice-cold sucrose/EDTA solution 
(320 mM sucrose, 1 mM EDTA, 5 mM Tris; pH 7.4). The tissue was then 
homogenised using a 30 ml borosilicate glass homogeniser (Wheaton, 
USA), using an automatic homogeniser (IKA Eurostar 20, Germany), for 
7 up and down strokes, at 700 rpm. All centrifugation steps that followed 
were carried out at 4 ◦C (Beckman Avanti, J-20XP centrifuge). The ho
mogenate was centrifuged at 2800 rpm, for 10 min. The supernatant 
(S1) was kept on ice, and the pellet (P1) was suspended in ice-cold su
crose/EDTA and centrifuged again for 10 min at 2800 rpm. The second 
supernatant (S2) was also kept on ice, combined with S1 and then 
centrifuged for 15 min at 13,000 rpm. The resultant pellet and the P1 
pellet were combined in Krebs solution (118.5 mM NaCl, 4.7 mM KCl, 
1.18 mM MgSO4, 10 mM glucose, 1 mM Na2HPO4, 20 mM HEPES, pH 
7.4), and centrifuged for 10 min at 13,000 rpm to obtain a final pellet 
used as the synaptosomal P2 fraction. Synaptosomes were used either 
fresh or frozen as aliquots for immunoblotting. 

2.4. Lowry protein assay 

Protein was determined by the colorimetric Lowry assay (Bio-Rad DC 
Protein Assay Kit II). In a clear 96-well plate, 5 μl of bovine serum al
bumin (BSA) standards (0.15–1.5 mg/ml) were added in triplicate. Five 
μl of synaptosomes were added to the plate, again in triplicate. Twenty- 
five μl of alkaline copper tartrate solution (Bio-Rad DC), and 200 μl of 
Folin’s phenol reagent (Bio-Rad DC) were loaded into each well, and the 
plate was incubated for 15 min at room temperature (RT). 

Absorbance was determined at 750 nm using a FLUOstar Omega 
plate reader (BMG Labtech, Germany). Protein concentration was 
determined from the standard curve and linear regression of the stan
dard absorbance controls. Synaptosomes were then diluted in Krebs 
solution to 0.6 mg protein/ml, dispensed into 1 ml aliquots and were 
collected by centrifugation for 4 min at 4500 rpm (Eppendorf 5424/ 
5424R Microfuge). Pellets were kept on ice until ready to use in the 
glutamate release assay, to prevent degradation. Synaptosomal pellets 
were also retained fresh at 4 ◦C for ultrastructure visualisation or frozen 
at − 20 ◦C for immunoblotting. 

2.5. Electron microscopy 

Synaptosome P2 pellets (500 μl), were prepared for electron micro
scopy by adding 500 μl of cacodylate buffer (0.2 M, pH 7.4) and 
centrifuged briefly. The pellet was fixed by addition of 1 ml of 5% 
glutaraldehyde (5% in 0.1 M cacodylate; Sigma-Aldrich) for 30 min on 
ice. Samples were washed 3 × 5 minutes with 0.1 M cacodylate, fixed for 
30 min in OsO4 (1% in 0.1 M cacodylate; Sigma-Aldrich) and washed 2 
× 5 min with 0.1 M cacodylate. Synaptosomal preparations were 
dehydrated gradually in aqueous solutions of ethanol from 30 to 100% 
(each for 3 min) and then 100% acetone (three changes, each for 3 min). 
Specimens were infiltrated with a mixture of 50% epoxy resin and 50% 

pure acetone for 2 h at RT, then the mixture was replaced with pure resin 
which was cured at 60 ◦C for 48 h. Samples were micro-sectioned with a 
Diatome diamond knife into 70-nm ultrathin sections (Leica UC7 ul
tramicrotome), collected using slot copper grids with a carbon-coated 
Pioloform® film and then counterstained with 3.5% aqueous uranyl 
acetate followed by Reynolds’ lead citrate. Sections were viewed on a 
JEM1400 transmission electron microscope (JEOL) at 80 kV acceler
ating voltage and images were acquired with an AMT XR60 CCD camera. 

2.6. Immunoblotting 

Protein concentration for immunoblotting of synaptosomal prepa
rations was determined using a standard bicinchoninic acid assay (BCA). 
BSA standards (0–1000 μg/ml) were prepared in NP-40 lysis buffer: 1 ml 
HEPES (1 M), 1.5 ml NaCl (5 M), 50 ml EDTA (0.1 M in 2 M NaOH), 500 
ml Igepal (1%), 47 ml distilled water, 1 protease inhibitor tablet and 1 
phospho-STOP (Sigma-Aldrich); pH adjusted to 7.6. Standards (10 μl) 
were added to the wells of a 96-well plate and soluble homogenates (2.5 
μl) included in triplicate. BCA (200 μl; Sigma-Aldrich) and 4% cupric 
sulphate (1:50; Sigma-Aldrich) were loaded into each well, and the plate 
incubated (30 min at RT). Absorbance at 562 nm was determined using a 
FLUOstar Omega plate reader (BMG Labtech, Germany). 

Samples for electrophoresis were prepared to a final concentration 
using NuPAGE® lithium dodecyl sulfate (LDS) sample buffer (Invi
trogen®) and 15 mM dithiothreitol (DTT; Sigma-Aldrich). Samples (2 
μg/μl) were separated by SDS-PAGE (sodium dodecyl sulfate- 
polyacrylamide) gel electrophoresis using 17-well pre-cast poly
acrylamide NuPAGE® Bis-Tris 4–12% (Life Technologies, USA), in 
MOPS (3-(N-morpholino)propanesulfonicacid; 50 mM; pH 7.5). Magic 
Mark protein (1.5 μl) and SeeBlue marker (3 μl; Thermo-Fisher Scien
tific) were included as molecular weight markers. Proteins were trans
ferred from gels onto nitrocellulose membranes (0.45 μm; Thermo- 
Fisher Scientific), using wet transfer (5% transfer buffer, 20% meth
anol), for 1 h, 25 mV. Ponceau S Red (Sigma Aldrich) dye was used for 
immediate protein transfer detection via protein ladders, followed by 3 
× 5 minute washes with Tris-buffered saline containing 0.05% Tween 20 
(TBST). Membranes were blocked with 5% milk powder (Marvel) in 
TBST for 1 h at RT. The membranes were incubated with primary 
antibody (mAbs 27/499 diluted 1:10, or 7/51diluted 1:20; Wischik 
et al., 1996) overnight, then secondary antibody (goat anti-mouse 
horseradish peroxidase HRP (H + L; AP308P, Merck: 1/2500) was 
applied. Blots were incubated for 1 min in freshly prepared chem
iluminescence substrate reagent (0.015% hydrogen peroxide, 30 μM 
coumeric acid in 1.25 mM luminol; Sigma-Aldrich), and images 
captured using a digital camera (PEQLAB, BioTechnologie GmbH, Ger
many) with auto exposure set for high sensitivity. Exposure times were 
adjusted according to image saturation. Blots were normalised using 
Coomassie blue staining as a loading control. 

Membranes were stained in Coomassie blue (0.2% solution; x1 
Coomassie tablet; PhastGelBlue-R350 (GE Healthcare), 80 ml distilled 
water, 120 ml methanol) for 1 min to allow visualisation of protein 
bands, washed (20 ml ethanol, 16 ml water, 4 ml acetic acid) on a rocker 
for 15–20 min, rinsed with water and allowed to dry. Images were ob
tained by HP Scanjet. Densitometric analysis of 16-bit immunoblot im
ages was carried out using ImageJ (NIH) software. 

For quantification of the L1-specific tau296–390 fragment, synap
tosome preparations were prepared at 3 μg/μl in sample buffer (Thermo 
Scientific non-reducing Sample buffer Cat # 11819340). The protein 
concentration was determined by BCA analysis and 10 μl/30 μg total 
protein was loaded per lane. Samples were separated on Bio-Rad Any Kd 
TGx Criterion gels (Bio-Rad Cat # 5671125) at 70 mA constant current 
for 30 min and transferred to 0.2 μM PVDF membranes using Bio-Rad 
Trans Blot Turbo Transfer System and reagents on the mixed Mr. pro
gram 2.5 A, 25 V, for 7 min. 

Membranes were first labelled with anti-tau antibody S1G2 which 
was raised against tau297–391 (sheep mouse chimeric IgG2a produced 
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by Scottish Biologics Facility Aberdeen University, details to be pub
lished paper in preparation) using the following protocol. Membranes 
were blocked for 1 h at room temperature in blocking buffer (5% Marvel 
dried milk powder in PBS 0.1% Tween20) and then incubated overnight 
at 4 ◦C with 1:5000 (0.2 μg/mL) S1G2 diluted in blocking buffer. 
Membranes were washed 5× with PBST and labelled with goat anti- 
mouse IgG HRP-conjugated second antibody (Bio-Rad Cat # 1706516) 
diluted 1:20,000 in blocking buffer for 1 h at room temperature. After 
washing 5× with PBST, membranes were developed using Clarity ECL 
substrate (Bio-Rad Cat # 1705061) and imaged with UVP Biospectrum 
810 and tau-immunoreactive bands quantified using UVP Visionworks 
LS v8.2. 

To provide a loading control, membranes were then re-probed with 
rabbit anti-synaptophysin (1:2000; SYSY cat no 101002) followed by 
goat anti-rabbit IgG HRP-conjugated secondary antibody (1:10,000; 
Biorad Cat #1721019) using the same protocol as above. 

2.7. Glutamate release assay 

Potassium (K+) chloride-dependent glutamate release was quantified 
indirectly through enzyme-linked spectrofluorimetry. Synaptosomes 
(0.6 mg in 2 ml) were suspended in Krebs solution, either in the presence 
of Ca2+ (0.4 mM CaCl2) or its absence (including 1 mM EGTA (ethylene 
glycol-bis (β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid, Sigma- 
Aldrich) at 37 ◦C, in 3.5 ml flat-bottomed cuvettes (Starna Scientific 
Ltd). Experiments were started at t = 0 by the addition of NADP+ (1 mM; 
Sigma-Aldrich) to synaptosomes with an 8-mm magnetic stirrer (Fisher 
Scientific, UK) in the sample chamber of the spectrofluorometer (Photo 
Technology International Deltascan Model 4000–45). After equilibrium 
reached, at t = 60 min, glutamate dehydrogenase (50 U/ml) was added 
to the synaptosome suspension, and stimulation initiated at t = 240 min 
by the addition of KCl (30 mM). Fluorescence was recorded at λex = 340 
nm, λem = 460 nm. Experiments were standardised by the addition of L- 
glutamate (0.5 mM) at t = 660 min and recordings terminated at t = 900 
min. Data were collected at 1-s intervals. 

2.8. Quantification of synaptosomal glutamate release 

Traces were saved in ASCII format (Lab Master Series Software, 
version 1.22, 1986; Scientific Solutions® Inc.) and exported to Microsoft 
Excel. Raw absorbance was converted to glutamate release (according to 
0.6 mg/ml per synaptosome) after alignment of all traces to 240 min, 
followed by quantification of the time point at which the 0.5 mM 
glutamate standard is added (t = 660 min to t = 900 min), and then by 
normalisation of fluorescence to WT. Quantification of glutamate 
release (nmol/mg) was calculated for 0.6 mg/ml per synaptosome. 
Maximal release is presented as values derived from t = 660 minus those 
from t = 240 for quantification of K+-evoked glutamate release. All 
traces were smoothed to reduce noise artefacts, using second-order 
polynomial smoothing (GraphPad Prism 8). 

2.9. Statistical analysis 

All data are expressed as mean ± standard deviation (SD) for the 
number of experiments indicated in both figure and table legends. Data 
were analysed using 1-way ANOVA, followed by planned post-hoc 
comparisons using two-tailed Student’s t-tests, or repeated measures 
2-way or 3-way ANOVA for multiple comparisons, followed by post-hoc 
comparison using multiple t-tests, as appropriate. The differences be
tween means were considered statistically significant when *p < 0.05. 
Statistical outliers were removed using Grubbs test. All statistical ana
lyses were carried out using GraphPad Prism Software (Version 8; 
GraphPad Software, San Diego, USA). 

3. Results 

3.1. Body weight remains stable following repeated HMTM dosing in 
transgenic L1 and L66 mice 

Prior to gavage, both transgenic lines were significantly smaller and 
presented with reduced body weights compared with wild-type (WT) 
mice (Fig. 1A). Following the 3-week HMTM (15 mg/kg) dosing period, 
body weight appeared relatively stable in both vehicle- and HMTM- 
treated groups (no effects of days) in all genotypes (Fig. 1B-D). In 
addition, no significant difference between treatments (HMTM 15 mg 
versus vehicle) was observed, indicating that oral gavage of HMTM was 
tolerated by both transgenic and WT animals. 

3.2. Abundance of synaptosomes obtained in the synaptosomal P2 
fraction 

The ultrastructure of synaptosomes was investigated for WT mice 
(6.5 months old) using electron microscopy. The P2 pellet was enriched 
in synaptosomes, with several intact, sealed synaptosomes (Fig. 2A, 
framed in black, and B), but it also contained pieces of non-myelinated 
(pre, Fig. 2A) and myelinated axons (Mem, Fig. 2A), and numerous 
mitochondria (*, Fig. 2A-B) either free floating or located inside struc
tures. Higher magnification underlined the existence of intact P2- 
enriched presynaptic glutamatergic synaptosomes containing both 
post-synaptic densities (black arrows, Fig. 2B) and a large vesicle pool 
(white arrows, Fig. 2B). Mitochondria (* in Fig. 2B) were also confirmed. 
These data establish that the P2 fraction contains morphologically 
complete glutamatergic synaptosomes with intact post-synaptic con
nections that makes it suitable for the measurement of glutamate release 
from these structures. 
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Fig. 1. (A) Body weight of L1, L66 and WT mice prior to treatment at 6.5 
months of age. Overall effect of genotype was determined using 1-way ANOVA 
(p < 0.01), followed by post-hoc comparison using t-tests with control as pre
specified comparator (**, p < 0.01). Body weight over the 3-week dosing period 
for (B) WT, (C) L1, and (D) L66 mice at 6.5 months for groups treated with 
either vehicle (green) or HMTM (15 mg/kg) (blue). Overall effect of treatment 
was determined using either 1-way ANOVA followed by two-tailed Student’s t- 
test (A) or 2-way ANOVA (B-D): all F values<1, p values >0.05. All data pre
sented as mean ± SD with individual scatter (A). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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3.3. Tau levels in synaptosomal preparations were reduced following 
HMTM treatment 

We next determined whether synaptosomes derived from transgenic 
mice were enriched for tau, and whether this can be lowered by long- 
term treatment with HMTM. Tau levels were investigated in P2 synap
tosomes isolated from WT, L1 and L66 mice, at 6 months of age. In L66 

mice, human tau having a gel mobility of 65–70 kDa was detected in 
synaptosomes using mAb 27/499, an antibody that recognises a human- 
specific epitope near the N-terminus (Wischik et al. 1996). This was 
absent in synaptosomes from WT and L1 mice (Fig. 3A; hTau40). The 
mAb 7/51, which recognises a generic tau epitope within the repeat 
domain (residues 315–376) (Harrington et al. 1991), detected endoge
nous mouse tau with mobility of 50 kDa in all genotypes (WT, L1 and 

Fig. 2. Electron micrographs of 70-nm ultrathin sections from P2 synaptosomes from WT mice at 6–7 months. 
(A) Electron micrograph displaying intact synaptosomes (framed in black) alongside identifiable presynaptic boutons (pre), mitochondria (*), and large structures 
encircled with membrane such as myelin (Mem). (B) Magnified electron micrographs of individual, intact P2 synaptosomes and synaptic vesicles. Pre-synaptic 
vesicles are indicated by white arrows, while the post-synaptic densities are marked by black arrows. Mitochondria are labelled by asterisks (*). 

Fig. 3. Tau immunoblots of synaptosomes using mAbs 499 (A) and 7/51 (B, C) and quantification of tau (D, E) in P2 synaptosomal pellets in WT (n = 4), L1 (n = 4) 
and L66 (n = 4) animals, each aged 6 months. Bands at 50 kDa (B, C, D) and 70 kDa (A, C, E) indicate endogenous murine and transgenic human tau, respectively. (F) 
S1G2 labelled truncated tau296–390 in synaptosomes from L1 but not WT. (G) There was a significant decrease in human tau in the presence of HMTM (n = 5, veh; 
and n = 7, HMTM). Data were normalised to total protein load (Coomassie stain control, not shown), except for (F), where data were normalised to synaptophysin 
(Syn). Differences were considered statistically significant when *p < 0.05 using two-tailed Student’s t-test. Data are presented as mean values + SD. 
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L66; Fig. 3B). Increased levels were detected in the 50-kDa mouse tau 
band in L1 synaptosomes compared with those from WT mice (Fig. 3B). 
No significant differences were detected in the HMTM (15 mg/kg)- 
treated groups compared to vehicle controls for either L1 or WT mice 
(Fig. 3B). For L66 synaptosomes, mAb 7/51 detected full-length human 
tau (ca. 65–70 kDa) that was not observed in WT synaptosomes from 
animals of the same age (Fig. 3C; hTau40). The mAb 7/51 also detected 
50-kDa tau in both L66 and WT synaptosomes (Fig. 3C). No statistical 
differences, however, were observed across genotype or treatment group 
for the 7/51-reactive 50-kDa band (Fig. 3D). There was a directional 
reduction in the 65–70 kDa band in HMTM-treated mice, although this 
did not reach statistical significance (Fig. 3E). The truncated tau in L1 
was visualised with the mAb S1G2 (raised against tau297–391) (Fig. 3F) 
but absent in WT controls. HMTM significantly reduced levels of the 
tau296–390 fragment in L1 (Fig. 3G; p = 0.019). Data suggest that 
HMTM did reduce the levels of the transgenic tau species in both L66 
and L1. 

3.4. Basal glutamate release in synaptosomes from AD and FTD mouse 
models mirrors the distinctive glutamate abnormalities of each disease 

This study was conducted as a single experiment. A counterbalanced 
Latin square design was implemented with all genotypes and treatments 
included. Consequently, all data were acquired at the same time to avoid 
variability due to repetitions. However, for clarity, the data have been 
broken down into fragments below to accommodate the research 
questions asked. 

In order to determine whether basal glutamate release differed in 
transgenic L1 and L66 mice compared with WT mice, K+-evoked 
glutamate release was measured in synaptosomes prepared from mouse 
brain tissue harvested from animals at 6–7 months of age. Qualitative 
analysis of sample traces revealed a strong reduction in K+-evoked 
release of glutamate in synaptosomes from L1 AD mice compared to age- 
matched WT mice (Fig. 4A; compare blue and green lines, respectively). 
By contrast, K+-evoked glutamate release in L66 FTD mice was 
enhanced (Fig. 4A purple line). A main effect of genotype (1-way 
ANOVA; F(2,19) = 3.019; p < 0.01) was significant and pairwise com
parisons confirmed that both the reduction in the AD-like mice and the 
increase in the FTD-like mice were significant compared with WT con
trol mice (see asterisks in Fig. 4B). Therefore, overexpression of different 
pathogenic tau species in the two models produces distinct abnormal
ities in glutamate release from synaptosomes. 

One potential mechanism responsible for these divergent tau trans
gene effects may be their Ca2+ dependence. Typically, K+-evoked 
release of glutamate is dependent on the influx of extracellular Ca2+

which triggers a continuous rise in transmitter release. This response can 
be blocked by adding the Ca2+-chelator EGTA to the medium. As ex
pected, Ca2+-dependent glutamate release was reduced by EGTA in WT 
mice (Fig. 5A – red line). The same strong reduction in glutamate release 
was also seen in synaptosomes from L66 mice (Fig. 5C - red line). Sur
prisingly, adding EGTA had no effect on glutamate release in L1 mice 
(Fig. 5B - red line). These differences were confirmed statistically using a 
factorial 2-way ANOVA (Fig. 5D; treatment, F(2,38) = 7.314; p < 0.01; 
genotype, F(2,38) = 5.755; p < 0.01). Post-hoc analyses confirmed that 
the pairwise EGTA-dependent differences were each significant in WT 
and L66 mice, but not in L1 mice (Fig. 5D - asterisks). Therefore, the 
abnormally increased glutamate release seen in the FTD mouse model 
retains normal dependence on extracellular Ca2+. By contrast, the 
reduction K+-evoked glutamate release seen in the AD mouse model is 
not sensitive to reduction in extracellular Ca2+, implying a defect either 
in the voltage-gated Ca2+ channel or an impairment in glutamate release 
mechanisms. 

3.5. Chronic pre-treatment with HMTM normalises glutamate release 
abnormalities in both L1 and L66 mice 

Since HMTM has been shown to inhibit pathological aggregation of 
tau in vitro [55,56] and reduce tau aggregation pathology in both L1 and 
L66 mouse models following long-term (> 3 weeks) administration of 
HMTM [48; see Fig. 3], we investigated the effect of chronic pre- 
treatment with HMTM on the transgene-specific abnormalities in K+- 
evoked glutamate release. The findings are summarised in Fig. 6 for the 
effect of HMTM treatment on basal K+-evoked glutamate release and in 
Fig. 7 for the effect of EGTA on glutamate release. 

A 2-way ANOVA yielded significant effects of both treatment and 
genotype (treatment, F(6,75) = 5.077; p < 0.001; genotype, F(2,75) =

5.840; p < 0.01, respectively). As can be seen from Figs. 6A & D, HMTM 
marginally reduced glutamate release in synaptosomes from WT mice. 
In L1 animals however, HMTM treatment led to a significant increase in 
glutamate release (Figs. 6B & D), bringing the mean level back to that 
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Fig. 4. (A) Ca2+-dependent P2 synaptosomal glutamate release (nmol/mg) in 
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determined using 1-way ANOVA (p < 0.01), and effect of genotype was 
determined using two-tailed Student’s t-test. Data presented as mean ± SD with 
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seen in WT controls. Post-hoc pairwise comparisons confirmed the sig
nificant increase in K+-evoked glutamate release in L1 mice following 
HMTM treatment whereas there was no significant HMTM effect in WT 

mice. By contrast, HMTM treatment normalised K+-evoked glutamate 
release in L66 mice bringing it to a level that could no longer be 
distinguished from WT control mice, although the difference with 
respect to vehicle-treated L66 controls did not reach statistical signifi
cance. Therefore, HMTM treatment normalises K+-evoked glutamate 
release by producing directionally opposite effects in synaptosomes 
isolated from the AD and FTD mouse models respectively. Furthermore, 
the results confirm that the abnormalities in glutamate release in both 
mouse models are dependent on the aggregation of pathogenic tau 
species. 

We further examined how normalisation of glutamate release is 
linked to Ca2+-dependency. For all groups, a 2-way ANOVA showed that 
genotype (F(2,75) = 5.840; p < 0.01) and treatment (F(6,75) = 5.066; p <
0.001) were both significant. The expected EGTA-induced reduction in 
glutamate release in WT mice was seen in both vehicle- and HMTM- 
treated mice, although this achieved significance in the post-hoc pair
wise comparisons only in the vehicle-treated mice (Figs. 7A & D). In L1 
mice, the significant increase in glutamate release produced by HMTM 
treatment was eliminated in synaptosomes incubated with EGTA 
(Figs. 7B & D). This implies that, in the AD mouse model, HMTM 
treatment both restores K+-evoked glutamate release to normal levels 
and also restores normal Ca2+-dependency in synaptosomes. In synap
tosomes from L66 mice, the reduction in K+-evoked glutamate release 
produced by HMTM treatment was further enhanced by addition of 
EGTA to synaptosome preparations such that the combined effect 
reached statistical significance in post-hoc pairwise comparisons. This 
indicates that the normalisation of glutamate release in L66 synapto
somes produced by HMTM pre-treatment was not the result of an 
interference with normal Ca2+-dependent mechanisms. The direction
ally opposite glutamate release abnormalities produced in the two tau 
transgenic mouse models were each reversed by HMTM. 

4. Discussion 

We have previously reported two different tau transgenic mouse 
models (L1 and L66) that display some phenotypic features of AD and 
FTD, respectively. The findings we now report demonstrate that syn
aptosomes from brains of these mice present directionally opposite ab
normalities in K+-evoked glutamate release. The AD L1 mouse model 
expresses only the core aggregation domain of tau and produces a 
cognitive defect from as early as 3 months [46]. In synaptosomes iso
lated from these mice, glutamate release was significantly reduced, and 
residual K+-evoked glutamate release appeared independent of extra
cellular Ca2+ influx. We further report that chronic pre-treatment with 
the tau aggregation inhibitor HMTM reversed the glutamate release 
deficit and restored sensitivity to extracellular Ca2+. Therefore, both 
reduced glutamate release and resistance to chelation of extracellular 
Ca2+ are caused by pathological aggregation of the AD PHF core in this 
model. Conversely, synaptosomes from the FTD L66 mouse model, 
expressing a mutant form of full-length tau carrying dual pathogenic 
mutations at P301S/G335D [46,48], demonstrated excessive K+-evoked 
glutamate release but retained normal Ca2+ sensitivity. As with the AD 
model, chronic pre-treatment with HMTM normalised excessive gluta
mate release. The results therefore establish that opposite abnormalities 
in glutamate release seen in the two mouse models are both determined 
by aggregation of the specific form of pathogenic tau that is expressed in 
each mouse and that both respond to treatment with HMTM. These re
sults raise the intriguing question as to the mechanisms whereby 
different forms of oligomeric tau produce such different glutamate 
release abnormalities but which both remain responsive to treatment 
with HMTM. We have previously shown that HMTM is a potent tau 
aggregation inhibitor in vitro and in vivo [48,55,56] and that it reduces 
clinical decline and brain atrophy in a similar concentration-dependent 
manner in both AD and bvFTD [49,50]. The fact that normalisation of 
glutamate release can be achieved by blocking tau aggregation implies 
that pathological aggre gation of tau can affect synaptic function in 
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different ways that are specific to the tau species that accumulate in each 
disease. 

The two main differences in the transgenes we have used are that, in 
the bvFTD model, the tau is full-length carrying two mutations in the 
repeat domain whereas, in the AD model, the tau is truncated but 
without any mutations. The filaments in the brains of subjects with AD 
and bvFTD differ in structure. In AD, the filaments are predominantly 
PHFs, whereas those in Pick disease are straight filaments [57,58]. 
Furthermore, the core tau unit expressed in L1 mice has been shown to 
form PHFs in vitro [59]. Multiple conformations of tau, however, may 
exist in high molecular weight soluble tau oligomers [60]. 

The more likely factor responsible for differences in effects on 
glutamate release is the presence or absence of domains outside the core 
repeat domain which may be subject to further secondary post- 
translational modifications including phosphorylation [39]. We have 
shown previously that the core tau unit is present in synaptic boutons in 
L1 mice, and that the normal quantitative relationship among synaptic 
proteins is severely disturbed in the ventral striatum of L1 mice [61]. 
Likewise, we and others have shown that mutant full-length tau accu
mulates in synaptosomes from the L66-like mouse models with mutation 
of Pro-301 [62] and is abnormally phosphorylated [39,62]. Therefore, 
although different species of oligomeric tau are found within synapses 
and synaptosomes in these mouse models, they are able to exert different 
effects on both the Ca2+-dependence and magnitude of the glutamate 
response to a K+ pulse. 

We consider Ca2+-dependency first. As far as we are aware, no work 
has been published on Ca2+ responses in any tauopathy models. 
Compromised calcium signalling is among the earliest events underlying 
synaptic pathology in AD [64,65]. A possible role for voltage-dependent 
calcium channels, presumably Cav2.1 and Cav2.2 (P/Q-type and N- 
type), at glutamatergic synapses has been suggested (see [66] for recent 
review). The role of these channels is to transduce the incoming elec
trical signal into ionic influx and thereby promote the vesicular fusion to 
the presynaptic membrane, triggering neurotransmitter release. The 
transduction of the K+-pulse into a neurotransmitter response is non- 
linear and very few Cav 2.2 and Cav 2.3 channels, which cluster 
randomly around vesicles, can induce release from multiple glutamate- 
containing vesicles [67]. In addition to the location of the Cav around 
the active presynaptic zone, the number and density of Cav channels and 
the coupling distance (distance between Cav channels and exocytotic 
release sites) are critical for fast release and may be compromised by the 
exact presynaptic localisation of tau oligomers in L1 mice. The role of 
Ca2+ in different brain regions may differ [68]. While a persistent in
crease in presynaptic Cav 2.2 -mediated transients was recorded at 
mossy fibre dentate gyrus synapses [69], no change in Ca2+ transients 
were noted during synaptic potentiation applied at cerebellar parallel 
fibre to Purkinje cells [70]. 

In synaptosomes from L66 mice, EGTA reduces the K+-evoked 
glutamate response and brings it to the same level as in WT control mice. 
Therefore, there does not appear to be any inherent impairment in the 
functioning of the voltage-dependent calcium channels in L66 mice. The 
same is true following HMTM treatment, implying that HMTM also does 
not affect the functioning of the channel. By contrast, chelation of extra- 
synaptosomal Ca2+ has no effect in L1 mice. This lack of response could 
be due either to dysfunction of these channels caused by truncated tau 
oligomers, or to dysfunction in downstream Ca2+-dependent effector 
mechanisms needed for glutamate release. Since the data indicate that 
normal Ca2+-dependence is restored following HMTM treatment, we can 
conclude that oligomerisation of truncated tau in L1 mice is responsible 
for the dysfunction but does not explain the mechanism. However, we 
have shown previously that there is a substantial disturbance in the 
quantitative relationships among proteins of the SNARE (soluble N- 
ethylmaleimide-sensitive factor attachment protein receptor protein) 
complex in the ventral striatum of L1 mice and presumably elsewhere 
[61]. This would support the idea that oligomers of truncated tau, but 
not full-length tau, interfere with the synaptic machinery needed for 

vesicles to fuse with the synaptic membrane and release glutamate. We 
cannot make any predictions as to how this alteration in glutamate 
release in L1 of L66 correlates with putative tau release and its propa
gation, but the synaptic localisation of high levels of human tau in both 
mouse lines corroborates previous work by Mazzo et al. [63] and Kremer 
and co-workers [62]. Although we have demonstrated intact synaptic 
vesicles in presynaptic compartments, we did not simultaneously label 
the sub-compartmental expression and putative species of tau. However, 
synaptic expression of tau in both our transgenic mouse lines has been 
proven previously [71]. 

We next consider the direction of the K+-evoked glutamate response. 
To date, studies on glutamate release in tauopathy models have focussed 
predominantly on mutations of tau at the Pro-301 position, including 
L66 mice. Heightened glutamate signalling has been widely confirmed 
in these models, although available data relate mostly to postsynaptic 
signalling cascades mediated through NMDA receptors [72]. However, 
there are also contradictory findings. Strongly reduced releasable pools 
of glutamatergic vesicles were observed in aged rTg4510 mice 
(expressing P301L, [73]), resulting in an overall reduction of glutamate 
release from the presynapse. When studying the hippocampus in the 
same mouse model, Hunsberger [40] confirmed a 4- and 7-fold increase 
in K+-evoked glutamate release in the dentate gyrus and CA3, respec
tively, as an early event during the progression of tau pathology. Shi
mojo [74] suggested this hyperexcitability was due to a reduction of 
inhibitory synapses during ageing. In the hT-337 M mouse model, 
Warmus and colleagues [75] reported diminished expression of both 
GluR1, GluR2 and GluN1, GluN2A, GluN2B in synaptosomes from the 
ventral striatum and insular cortex at 14 months of age, together with 
lowered input-output relationships in neurons and impaired network 
activity of the ventral striatum. Hill and colleagues [76] loaded mouse 
CA1 hippocampus pyramidal or cortical layer V tufted pyramidal cells 
with oligomeric full-length 2N4R tau through patch clamp pipettes 
while at the same time recording their action potential. They reported 
reduced action potential amplitudes and greater run-down of presyn
aptic unitary excitatory post-synaptic potentials relative to control 
neurons in both regions tested. Moreover, no effect on basal synaptic 
transmission was observed by introduction of oligomeric 2N4R tau into 
the post-synapse but impaired high frequency induced synaptic poten
tiation [76,77], an observation consistent with a number of studies with 
mice expressing N-terminal or C-terminal tau fragments in neuronal 
tissue [45,76,78,79]. 

The increase in the K+-evoked glutamate response seen in the L66 
mice is therefore consistent with some, but not all, of the studies re
ported to date. The fact that HMTM reduces both the magnitude of the 
evoked response and the levels of both mutant tau and endogenous 
mouse tau found in synaptosomal extracts point to a cystoskeletal 
mechanism. Increased tau in synaptosomal preparations is consistent 
with recent work by Zhou and co-workers [38] who found in mutant tau 
models (0N4R tau carrying R406W, V337M and P301L mutations) of 
both Drosophila and mouse that pathological tau mislocalises to pre
synaptic terminals where it promotes presynaptic actin polymerisation 
to crosslink vesicles and restrict mobilisation. Disruption of this inter
action is sufficient to rescue the defect, a result similar to that seen with 
HMTM. In addition, mutant human IPSC cells expressing the V337M 
mutation show impaired activity-dependent plasticity of the cytoskel
eton particularly in the axonal initial segment. This impairment resulted 
in neural hyperactivity in response to continuous depolarisation in line 
with increased accumulation of structural components of the axonal 
initial segment such as end-binding proteins [80]. In the hippocampus of 
P301L (pR5) mice, where expression levels of mutant tau are greatest, 
overall glutamate homeostasis was found to be disrupted with signifi
cant reduction in glutamate levels [81]. However, this is in contrast with 
the cortex in these pR5 mice, in which radiolabelled glutamate, gluta
mine and GABA were increased in both neurons and astrocytes. This 
suggests there is heightened glutamate turnover due to hyperexcitation 
in the cortex of these mice. However, diminished glutamate release and 
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impairment in hippocampal synaptic plasticity have also been reported 
in full-length human tau mouse models [77]. Overall, a plausible hy
pothesis might be that mislocalisation of full-length mutant tau disturbs 
the normal control and transport of glutamate vesicle populations 
resulting in increased numbers in synapses and in synaptosomal ex
tracts. The normalisation of this following HMTM would then be 
consistent with the reduction in levels of mutant tau pathology in L66 
mice. 

Although the tissues we have studied were not micro-dissected to 
differentiate cortical from other brain regions, it is likely that, similar to 
the rat [82], the neocortex contributes to >30% of the total brain mass of 
the mice, and therefore constitutes the largest contribution to gluta
matergic synapses, i.e. to the results that we report. Ultra-thin sections of 
our synaptosome preparation revealed dense vesicular pools in the 
presynapse of EM micro-photographs and confirmed the widespread 
presence of asymmetrical synapses with post-synaptic densities typical 
of excitatory synapses and in line with previous reports [83]. Other 
potential weaknesses in the present study relate to the incomplete 
characterisation of transgenic tau species in the synaptosomal prepara
tions, particularly those from L1 mice. There were only low levels of the 
tau296–390 fragment in line 1 but these levels were lowered with 
HMTM; other tau species await more detailed analysis. A more complete 
characterisation of tau protein in L66 mice has been reported recently 
[39] showing that the human tau is insoluble and abnormally phos
phorylated in similar synaptosomal preparations. Although the signifi
cant elevation in glutamate release from L66 synaptosomes compared 
with those from wild-type control mice was eliminated by HMTM 
treatment, the reduction compared to vehicle-treated L66 control did 
not reach statistical significance and would require confirmation in a 
larger study. 

In summary, we present several new and surprising results showing 
that different forms of pathogenic tau induce completely different pat
terns of abnormality in glutamate release in synaptosomes isolated from 
brains of tau transgenic mice. In the L1 AD mouse model, truncated tau 
is responsible for impairment in K+-evoked glutamate response and loss 
of Ca2+-dependency. Both these abnormalities can be corrected by 
chronic pre-treatment with HMTM, implying that oligomers of trun
cated tau are responsible. We hypothesise, in light of the disturbance in 
the quantitative relationships among members of the SNARE complex in 
the L1 mouse that we have recently reported [71], that the primary site 
of the disturbance is in the mechanisms responsible for the transport and 
membrane fusion of vesicles that are needed to permit K+-evoked 
glutamate release to occur. In the L66 FTD model, on the other hand, the 
primary abnormality is one of glutamate hypersecretion, consistent with 
imaging and post-mortem studies in bvFTD. This abnormality is also 
driven by pathological aggregation of tau since it can be reversed by 
prior chronic treatment with HMTM. We hypothesise that the difference 
in the effects of aggregated tau is determined largely by whether the 
aggregating species is full-length or truncated, although a subtle effect of 
the mutations or different folding conformations within the core ag
gregation domain cannot be ruled out. Overall, our results lead to the 
conclusion that the group of diseases known as tauopathies cannot be 
considered to be a single entity in terms of the downstream effects of 
pathological aggregation of tau protein. Despite this, directionally 
opposite disease-associated abnormalities in glutamate release resulting 
from different forms of pathogenic tau can both be corrected by HMTM. 
This goes some way towards providing an explanation for the similarity 
in exposure-dependent activity of HMTM on clinical decline and brain 
atrophy that we have recently reported in both AD and bvFTD [49,50]. 
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