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of human Tau in rat hippocampal neurons: requirement of Tau
phosphorylation for functional deficits
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Abstract Patients suffering from tauopathies including

frontotemporal dementia (FTD) and Alzheimer’s disease

(AD) present with intra-neuronal aggregation of micro-

tubule-associated protein Tau. During the disease process,

Tau undergoes excessive phosphorylation, dissociates

from microtubules and aggregates into insoluble neu-

rofibrillary tangles (NFTs), accumulating in the soma.

While many aspects of the disease pathology have been

replicated in transgenic mouse models, a region-specific

non-transgenic expression model is missing. Comple-

menting existing models, we here report a novel region-

specific approach to modelling Tau pathology. Local co-

administration of the pore-former polymeric 1,3-

alkylpyridinium salts (Poly-APS) extracted from marine

sponges, and synthetic full-length 4R recombinant human

Tau (hTau) was performed in vitro and in vivo. At low

doses, Poly-APS was non-toxic and cultured cells exposed

to Poly-APS (0.5 lg/ml) and hTau (1 lg/ml; *22 lM)

had normal input resistance, resting-state membrane

potentials and Ca2? transients induced either by glutamate

or KCl, as did cells exposed to a low concentration of the

phosphatase inhibitor Okadaic acid (OA; 1 nM, 24 h).

Combined hTau loading and phosphatase inhibition

resulted in a collapse of the membrane potential, sup-

pressed excitation and diminished glutamate and KCl-

stimulated Ca2? transients. Stereotaxic infusions of Poly-

APS (0.005 lg/ml) and hTau (1 lg/ml) bilaterally into the

dorsal hippocampus at multiple sites resulted in hTau

loading of neurons in rats. A separate cohort received an

additional 7-day minipump infusion of OA (1.2 nM)

intrahippocampally. When tested 2 weeks after surgery,

rats treated with Poly-APS?hTau?OA presented with

subtle learning deficits, but were also impaired in cogni-

tive flexibility and recall. Hippocampal plasticity

recorded from slices ex vivo was diminished in Poly-

APS?hTau?OA subjects, but not in other treatment

groups. Histological sections confirmed the intracellular

accumulation of hTau in CA1 pyramidal cells and along

their processes; phosphorylated Tau was present only

within somata. This study demonstrates that cognitive,

physiological and pathological symptoms reminiscent of

tauopathies can be induced following non-mutant hTau

delivery into CA1 in rats, but functional consequences

hinge on increased Tau phosphorylation. Collectively,

these data validate a novel model of locally infused

recombinant hTau protein as an inducer of Tau pathology

in the hippocampus of normal rats; future studies will

provide insights into the pathological spread and matu-

ration of Tau pathology.
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Introduction

Tau, a microtubule-associated protein which stabilises

axonal microtubules and regulates axonal transport [1, 2],

aggregates into insoluble neurofibrillary tangles (NFTs) as

the core pathology in what is commonly referred to as

tauopathies and includes frontal temporal dementia (FTD)

and Alzheimer’s disease (AD). Whilst mutations within the

Tau gene are causative to FTD [3], in AD, Tau pathology

occurs in the absence of identified Tau mutations, most

likely downstream from the accumulation of a variety of b-

amyloid species [4]. At the core of NFTs, Tau is abnor-

mally and excessively phosphorylated [5, 6] and this

correlates with disease-related cognitive impairments [7,

8].

Tau is phosphorylated at multiple serine/threonine (ser/

thr) [9, 10] and tyrosine residues [11–13] by several protein

kinases including glycogen synthase kinase 3 b (GSK3b)

[10–14] and CDK5 [15]. Overphosphorylated Tau loses its

restricted expression within axons, accumulates in soma-

todendritic compartments [16, 17] and correlates with a

loss of microtubule binding and a shift in Tau solubility to

a state of insolubility [10–18]. Thus, excessive Tau phos-

phorylation alone may be necessary and sufficient for

pathological impairment of neural function. Although some

studies in Tau mutant mice indeed correlate the onset of

behavioural deficits [19, 20] as well as disruptions in crit-

ical cellular signalling pathways [21] with soluble

phospho-Tau levels in the absence of an elevation of

insoluble Tau levels, such a demonstration without the

confounding influences of FTD mutations and/or gross Tau

overexpression remains elusive. Equally, the demonstration

of improved memory upon the suppression of FTD Tau

expression, despite continued formation/persistence of

NFTs [22, 23] further supports the notion that soluble Tau

phosphorylation is strongly connected with neuronal

dysfunction.

Kinase-mediated Tau phosphorylation is opposed by

phosphatases, of which protein phosphatase 2A (PP2A)

principally regulates Tau phosphorylation in vivo [14, 24,

25], though in vitro Tau is a suitable substrate for PP1,

PP2A, PP2B and PP5 [26–30]. In AD brains, there is strong

evidence for impaired phosphatase activity, primarily due

to a reduction in PP2A expression and activity, but also as

a consequence of up-regulation of the endogenous inhibitor

of PP2A (I1
PP2A), alongside a modest decrease in PP5

activity [30–33]. Intriguingly, several mutations in exons 9,

10, 12 and 13 of the Tau gene confer reduced affinity for

PP2A [34], providing a possible common pathway of

excessive Tau phosphorylation via diminished dephos-

phorylation between sporadic and familial tauopathies.

Indeed, the recent use of statins as potential therapeutic

strategy has demonstrated protective effects in both FTD

Tau variants and Okadaic acid (OA)-mediated Tau toxicity

via a shared mechanism augmenting Tau dephosphoryla-

tion [35].

In AD, Tau pathology advances in a stereotypical

fashion, led by the spread of phospho-Tau-positive pre-

tangle neurons and later the appearance of NFTs. Initially,

pathology is seen within the transentorhinal cortex before

spreading to the hippocampus and then to neocortical

regions [16–36]. We have recently reported a novel mouse

expressing truncated but non-mutated Tau 296–390, which

genuinely replicates pathology of Braak staging and pre-

sents with a predominantly cognitive phenotype [37].

Although it remains unclear how this expression pattern is

realised, pathology seems to invade other brain regions

following their connectivity pathways in a prion-like

fashion. Release from pre- and uptake into post-synaptic

structures is a widely proposed feature for mimicking AD

in experimental models and has been achieved in vivo by

the systemic intraperitoneal or the local inoculation of

aggregated beta amyloid (Ab) seeds or synthetic pre-ag-

gregated Ab into brains of transgenic APP mice, but

seeding was ineffective in non-transgenic mice [38, 39].

Similarly, Tau extracts recovered from P301L mutant mice

or preformed synthetic Tau fibrils initiated widespread

advanced Tau pathology when injected into young trans-

genic Tau-overexpressing animals, which alone have only

modest changes in phospho-Tau levels and no shift in Tau

solubility [40–42]. Yet, trans-synaptic pathological spread

of Tau has been demonstrated in wild-type rats locally

infected via lentivirus delivering wild-type hTau [43].

The increased use of rats has resulted in several benefits

to AD research [44] due to higher similarity with human

genetics and cell physiology compared to mice [45, 46].

Especially for the investigation of Tau, rats express not

only the 4R Tau isoforms of mice [47], but also the 3R

isoforms in adulthood [48] akin to the human proteome

[49]. Such human homology may be of critical importance

when modelling certain aspects of tauopathies given the

putative differences in pathological processing of 3R or 4R

isoforms of Tau [49].

Consequently, we aimed at the induction of Tau

pathology in intact normal rats by the local administration

of synthetic full-length hTau with or without the promotion

of increased Tau phosphorylation via OA-mediated phos-

phatase inhibition. Reasoning that the first clinical signs are

dependent on Tau spread from entorhinal cortex to hip-

pocampus, with Tau pathology occurring as early as stage 2

in CA1 [50]. We therefore targeted CA1 for infusion to

establish proof of principle for Tau-mediated neuronal

deficits and cognitive impairment. The selection of CA1

was further supported by its well-characterised role in

learning and memory with underlying changes in synaptic

plasticity readily detectable by electrophysiological means.
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As a delivery tool, we co-administered polymeric 1,3-

alkylpyridinium salts (Poly-APS) to facilitate access of the

bulky Tau protein (1.69A: [51]) across the neuronal cell

membrane. Poly-APS isolated from a range of haplosclerid

marine sponges [52] forms transient pores within cell

membranes [53, 54], including rat hippocampal neurons

[55] and calculated by the Renkin equation to be 2.9 nm

(29 Angstrom) in diameter [56]. Chemically, Poly-APS

consists of a unique repeating structure incorporating a

positively charged pyridinium group linked from the

pyridinium N to the 3-position on the next pyridinium via

an alkyl chain, typically 5–12 carbons in length. The

connecting chain is mainly saturated alkyl, but has also

been shown to contain additional methyl branches or

double bonds [57, 58]. In many cases, the connecting chain

is a consistent length (i.e., the monomers are identical) but

in at least one case it has been shown that the monomer

units contain saturated alkyl chains of differing lengths

from C5 to C11 [59]. Overall polymer length can vary from

ca 20 monomer units (MW ca 5 kDa) to much larger, with

reports of 100 monomer units (ca 20 kDa) [60] to poten-

tially[100 kDa [61]. In most cases, mixtures with

different degrees of polymerisation are found, giving

cocktails of Poly-APS toxins with a large range of

molecular weights. Poly-APS has previously been used for

the intracellular delivery of enhanced green fluorescent

protein (EGFP) cDNA [54]; in this study, the transient

pores enabled the entry of recombinant hTau from the

extracellular space, thus modestly elevating total Tau

levels within the cell. Here, we report the initial confir-

mation and technical validation of Poly-APS-mediated

hTau loading in cultured hippocampal neurons and in rats.

In vivo, persistent Tau pathology and behavioural deficits

were observed in a phosphorylation-dependent manner

providing the basis for the future characterisation of Tau-

mediated pathological spread and maturation.

Methods

Drug preparation

Poly-APS was purified from the marine sponge Haliclona

sarai (previously Reneira sarai) as previously described

[52]. This preparation contained a mixture of mainly two

polymers with molecular weights of 5.5 and *19 kDa

[number of units in each polymer; n = 29 and n = 99,

with a connecting alkyl chain of (CH2)8]. Test solutions

containing Poly-APS were prepared from a stock solution

of 5 mg/ml Poly-APS in distilled water. Tau (Tau441 or

hTau; recombinant, Sigma-Aldrich, Poole UK) was

reconstituted in distilled water to a concentration of 1 mg/

ml (21.8 mM) and stored at -80 �C until the day of use.

Okadaic acid (OA; Sigma-Aldrich, Gillingham, UK) was

dissolved in 1 % dimethylsulfoxide (DMSO, Sigma-

Aldrich) to a stock concentration of 100 lM and stored at

-20 �C. Glutamate (Glu; Tocris, Bristol, UK) was dis-

solved in equimolar concentrations of NaOH to a stock

concentration of 100 mM and stored at -20 �C.

In vitro experiments

Cell culture and culture treatment

For functional experiments (electrophysiology and Ca2?

imaging), primary mixed hippocampal cultures were pre-

pared from 1- to 3-day-old Sprague–Dawley rats [62, 63].

Cells were plated on poly-1-lysine-coated coverslips and

bathed in minimal essential medium (Invitrogen Paisley,

UK) containing 0.002 mM L-glutamine (Sigma-Aldrich)

and 10 % foetal bovine serum (Invitrogen). Cultures were

maintained for up to 1 week at 37 �C in humidified air with

5 % CO2.

For immunocytochemistry, primary hippocampal cul-

tures were prepared from embryonic (day 18) Wistar rat

brains. Cells were plated on coverslips coated with poly-L-

lysine (30 lg/ml) and laminin (2 lg/ml) at a density of

75,000/well. Hippocampal cultures were grown in Neu-

robasal A medium (NB) supplemented with B27 and

L-alanyl-L-glutamine (Invitrogen). The cultures were

maintained for up to 13 days at 37 �C in humidified air

with 5 % CO2.

Poly-APS-mediated intracellular macromolecule deliv-

ery was achieved using a similar incubation protocol as

used to transfect HEK-293 cells with cDNA [54]. Cultures

were incubated for 3 h in NaCl-based recording solution

(mM: NaCl, 130; KCl, 3.0; CaCl2, 2.0; MgCl2, 0.6;

NaHCO3 1.0, HEPES 10.0, glucose 5.0) containing 5 lg/

ml bovine serum albumin (BSA), aiding the recovery of

cells from Poly-APS treatment [54]. In initial studies, the

5 lg/ml BSA containing NaCl-based solution was sup-

plemented with 1 mM Lucifer yellow (LY; Sigma-

Aldrich). Incubations were conducted either in the presence

or absence of 0.5 lg/ml Poly-APS for 3 h at 4 �C to

minimise the contribution of endocytosis to LY uptake

[64]. For all functional experiments, hTau loading was

achieved by application of 1 ml, 0.5 lg/ml Poly-APS,

0.05 mg/ml BSA containing HEPES buffered saline (HBS)

with the addition of hTau 441 at 1 lg/ml. Incubations were

conducted for 3 h at room temperature before wash and

return to sterile culture medium. Two further groups, Poly-

APS and Poly-APS?hTau-treated neurons, were returned

to culture medium containing 1.2 nM OA for 24 h fol-

lowed by recording. A small number of culture dishes were

stained for pan Tau and Tau441 expression; these dishes
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were incubated with 0.005 lg/ml Poly-APS solution con-

taining Tau441 at a concentration of 2 lg/ml. Cultures

were washed in pre-warmed HBS after completion of the

3 h Poly-APS incubation and fixed in ice-cold methanol,

supplemented with 1 mM EDTA at -20 �C for 5 min,

followed by a 5-min incubation in 4 % formaldehyde/4 %

sucrose in 0.1 mM phosphate buffered saline (PBS) at

room temperature. For details of immunostaining see

below.

In vitro cell culture electrophysiology

Whole-cell recordings [65] of hippocampal neurons were

conducted at room temperature (*21 �C) to determine

membrane potential, input resistance (evaluated from 100

to 300 ms electrotonic potentials evoked by -50 to -200

pA current commands) and the properties of action

potentials as described previously [53–59]. Whole-cell

configurations were achieved using low resistance

(4–10 MX) borosilicate glass pipettes and the voltage

clamp amplifier (Axoclamp-2A, Molecular Devices,

Wokingham, UK) operated at a sampling rate of

15–20 kHz. Both pH and osmolarity of extracellular and

patch solution (mM: KCl, 140; EGTA, 5; CaCl2, 0.1;

MgCl2, 2.0; HEPES, 10.0; ATP, 2.0) were kept neutral and

at 315 mOsmol/l. The electrophysiological data were

stored on digital audio tape and subsequently analysed

using CED voltage clamp software (Version 6, Cambridge

Electronic Design, Cambridge, UK). For monitoring

changes in membrane potential or holding current, con-

tinuous records were obtained on a chart recorder (Gould

2200 s pen recorder). For experimental groups and total

cell numbers, see Table 1.

All data are given as mean ± SEM, and statistical sig-

nificance (alpha set to 5 %) was determined using the

Student’s two-tailed t test, paired or independent where

appropriate, and P values are reported in the text.

Ca2? imaging

Fura-2 Ca2? imaging was performed as previously

described [62, 63]. After loading with Poly-APS and/or

hTau/OA, cultures were incubated in HBS containing

5 lM Fura-2-AM for 1 h at room temperature and then

imaged via fluorescence time-lapse microscopy (Olympus

BX5W1, 409, Olympus, Southend-on-Sea, UK). Fura-2

was stimulated with alternating wavelengths of light (340/

380 nm) from a Lambda DG-4 illumination system (Sutter

Instruments, Novata, USA), and emission at 510 nm cap-

tured by a digital CCD camera (Orca-ER; Hamamatsu,

Japan) connected to a computer running Openlab (V.4.02,

Improvision, Coventry, UK). Ratiometric measurements

from regions of interest (ROI) positioned over the cell

bodies of neurons were recorded every 5 s. Cell depolari-

sation was induced with a 1-min 50 lM Glu or a 2-min

50 mM KCl (VWR, Lutterworth, UK) containing HBS

application through a gravity-fed perfusion system at a rate

of *5 ml/min. For experimental groups, see Table 1. All

solutions contained the sodium channel blocker Tetrodo-

toxin (TTX, 0.5 lM, Abcam Biochemicals, Cambridge,

UK) to prevent spontaneous discharges. Ca2? transients

were measured as peak change in Fura-2 fluorescence

(Fpeak - Fbaseline/Fbaseline = %DF/F). ROIs which pro-

duced\10 %DF/F were deemed to be non-responders and

were excluded from further analysis. The overall responder

rate was used as a metric for the viability of the cultures

following Poly-APS treatment [63]. Data are shown as

mean ± SEM, statistical significance was determined by a

non-parametric Kruskal–Wallis test and post hoc analysis

via a Dunn’s multiple comparison test. Alpha was set to

5 %.

In vivo/ex vivo experiments

Animals and design

Three-month-old male Lister-hooded rats (Harlan, UK)

weighting 250–300 g at the start of the study were used.

Animals were group housed in pairs or trios prior to sur-

gery and singly caged afterwards. They were maintained on

a 12-h day–night cycle (lights on at 7 am) and ad libitum

accesses to food and water; a summary of groups and

numbers is given in Table 2. Experiments were carried out

in accordance with the European Communities Council

Table 1 Groups and numbers for in vitro Electrophysiology and

Calcium Imaging experiments

Drugs group Replications Total

cell

number

Electrophysiology

Input resistance/

membrane

potentials

Poly-APS N/A 12

Poly-APS?hTau N/A 9

PolyAPS?OA N/A 7

Poly-APS?hTau?OA N/A 11

Ca2? imaging

Glutamate

depolarisation

Poly-APS 3 30

Poly-APS?hTau 3 39

Poly-APS?OA 2 21

Poly-APS?hTau?OA 3 30

KCl depolarisation Poly-APS 4 34

Poly-APS?hTau 3 39

Poly-APS?OA 2 18

Poly-APS?hTau?OA 3 26
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Directive (63/2010/EC) and a project license with local

ethical approval under the UK Scientific Procedures Act

(1986).

In practice, all rats underwent stereotaxic surgery for

administration of Poly-APS/hTau/OA (see Fig. 1 and

details below). Independent of treatment, behavioural

testing commenced 2 weeks post-surgery and lasted for

11 days spread out over 2 weeks. This was then followed

2–3 days later by tissue harvest for histochemistry or

during a further week for ex vivo electrophysiology.

Surgery

Surgery was performed in line with previous work [66]. In

total, 52 rats (44 for behavioural work and 8 for

immunohistochemistry) were anaesthetised with an

intraperitoneal (i.p.) injection of tribromoethanol (1 ml/

100 g) with regular top-ups as required and placed in a

large parallel rail stereotaxic frame (Stoelting, Wood Dale,

IL, USA). Three infusion sites along the dorsoventral axis

of the hippocampus were identified in each hemisphere

(Fig. 1a, from Bregma: (S1) anterior–posterior (AP)

-0.33 mm, lateral (L) ± 0.16 mm, depth (D) -0.28 mm;

(S2) AP -0.45 mm, L ± 0.30 mm, D -0.30 mm; (S3) AP

-0.56 mm, L ± 0.40 mm, D -0.32 mm). Animals were

acutely infused with 2 ll of solution using a Hamilton

syringe and PHD 2000 infusion pump (Harvard Apparatus,

Cambridge, UK) at a flow rate of 0.4 ll/min bilaterally. For

optimal vector spread, a 5-min interval was allowed before

a second infusion of 2 ll (Fig. 1b). The acute infusion

cannula consisted of a double barrel stainless steel cannula

(21 gauge) connected via polyethylene tubing with two

syringes. Poly-APS (0.005 lg/ml) was administered first

and in some groups followed by hTau441 (1 lg/ml)

through the second barrel, before moving to the next site.

In all OA groups, this was followed by the attachment of a

7-day osmotic micropump (Alzet, Charles River UK, Kent,

UK; flow rate 0.5 ± 0.1 ll/h over 7 days, reservoir volume

90 ± 10 ll) containing 1.2 nM OA infused at site 2

(Fig. 1a, b). All drugs were dissolved in sterile artificial

cerebrospinal fluid (aCSF; (in mM): 129.5 NaCl, 1.5 KCl,

1.3 MgSO4, 2.5 CaCl2, 1.5 KH2PO4, 25 NaHCO3 and 10

Glucose (pH 7.4)). Animals were given at least 1-week

recovery/washout after OA infusion prior to commence-

ment of behavioural testing.

Table 2 Cohorts and cohort sizes for in vivo behaviour and ex vivo

recordings

Group Behaviour I/O curves (no of slices/no

of animals)

LTP

Poly-APS 9 7/8 6/7

OA 9 – –

hTau 8 – –

Poly-APS?hTau 10 9/9 7/7

Poly-Aps?hTau?OA 8 11/8 7/8

Fig. 1 Surgical and behavioural protocol for in vivo loading of

hippocampal neurons with human Tau through Poly-APS. a Coronal

sections taken from rat brain atlas [125] and defined infusion sites

(S1–S3). All infusions were bilateral. From Bregma in mm: Site 1

(S1); anterior–posterior (A-P) -0.33, lateral (L) ± 0.16, depth

(D) -0.28, Site 2 (S2); A-P -0.45, L ± 0.30, D -0.30, Site 3

(S3); A-P -0.56, L ± 0.40, D -0.32. b Sequence of drug infusion:

2 ll of 0.005 lg/ml Poly-APS and 2 ll of 1 lg/ml hTau were infused

at a rate of 0.4 ll/min with an interval of 5 min into all sites. In

groups receiving 1.2 nM okadaic acid (OA), this was infused via S2

over a 7-day period via osmotic minipumps. A 7-day washout period

following the removal of the pump was given before behavioural

assessment. c Water maze spatial reference memory training/testing

protocol: all groups were trained for reference memory for 4 trials

(t) per day (d), and recall was then tested in 2 probe trials 24 h and

96 h post-completion of acquisition, 4 reversal trials (Rt) per day

were given followed by reversal probe trial (RProbe) (see text for

details)
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Water maze apparatus and testing procedure

Spatial reference memory was tested using an open-field

water maze protocol established previously [67]. The water

maze (circular pool, 150 cm diameter, 50 cm height) was

filled with water (23�C ± 1) and a circular clear Perspex

platform was placed in one of the four pool quadrants. The

platform was submerged 1 cm below surface of the water.

The animal’s swim paths were tracked by an overhead CCTV

camera, captured and analysed using PC-based Ethovision

3.1Pro (Noldus, Wageningen, The Netherlands).

Animals were trained for acquisition (Fig. 1c) to a

randomly assigned fixed platform (all pool quadrants used

as targets, fully counterbalanced by treatment cohort).

Acquisition training consisted of four trials (max 90 s) per

day (Monday–Thursday), in which the rats were released at

one of four cardinal sites (N, E, S, W) in a pseudorandom

fashion. Upon finding the platform or if the trial time had

elapsed, following a guided swim, animals were left on the

platform for 30 s, dried and returned to their holding cage

for an inter-trial interval (ITI) of 90 s. Two probe trials

were conducted 24 and 96 h (not shown) post-training, in

which the platform was removed and animals were

released into the maze from the site directly opposite to the

platform for a 60-s free swim.

The following day, a 2-day reversal training paradigm was

conducted, in which the platform position was shifted to the

opposite quadrant; all other parameters remained the same.

Similar to the acquisition phase, a probe trial was administered

24 h following completion of the reversal training.

Behavioural parameters extracted from the swim paths

included the overall path length of each trial as a spatial

proxy, the swim speed as a motor and activity read-out, and

thigmotaxis (wall hugging in the outer 10 cm of the pool)

as an index of failure to implement a spatial search strat-

egy. These were averaged for each group and are presented

as mean per trial and analysed using 2-way repeated

measures analysis of variance (ANOVA) with treatment as

between subject and trial as within-subject factor and

was followed by appropriate planned post hoc Bonferroni

corrected t tests. We also analysed the cumulative perfor-

mance in each group. Maximum performance (floor level)

was derived from the Poly-APS group over the last 4 trials

(168 cm) and the percentage of animals that reach this

performance level in each trial was plotted and fitted to a

nonlinear function. Probe trials were analysed for % time

in target relative to non-target quadrants. Alpha was set to

5 %.

Ex vivo slice electrophysiology

Following completion of behavioural assessment, tissue

from selected groups was harvested for ex vivo slice

electrophysiology. Animals were terminally anaesthetised

with halothane, decapitated, brains removed, hippocampi

dissected out and placed in ice-cold aCSF [68, 69]. Hip-

pocampal slices were prepared (*400 lm thick) using a

McIlwain tissue chopper, and transferred to pre-warmed

aCSF (37 �C) where they remained for a minimum of 1 h

before recording. All solutions were continuously gassed

(5 % O2: 95 % CO2) and heated (37 �C).

Extracellular field recordings of population spikes were

obtained using a monopolar stimulating electrode (WPI,

0.5 MX) positioned in the Schaffer-collateral fibre pathway

and a borosilicate glass aCSF-filled AgCl recording elec-

trode (3–4 MX) was inserted into the CA1 pyramidal cell

body layer. Input/output curves of basal synaptic trans-

mission were established by application of stimulations

(20 ls durations) increasing in 5 V increments from 30 V

until the evoked responses were saturated (85 V).

To measure synaptic plasticity, slices were stimulated at

50 % maximal stimulation every 30 s to determine stable

baseline responses (±10 % variation) for[10 min. Long-

term potentiation (LTP) was induced by a theta (5 Hz)

tetanus (150 bursts of four stimuli (100 Hz), 200 ls inter-

burst interval for 30 s). Post-tetanus responses were

recorded every 30 s for the proceeding 60 min. Two

responses recorded at 30-s intervals were averaged to

provide a mean response per min and calculated relative to

baseline (in percentage). The ex vivo recorded amplitude

of the system-relevant output summed as population spike

was used as a proxy for synaptic plasticity of hippocampal

synapses [68–70].

Data are expressed as group mean ± SEM and were

analysed using factorial two-way ANOVA with drug

treatment as between subject and step-wise increment of

input or time as repeated within-subject measure. The level

of tetanus-induced LTP was determined at 60 min post-

tetanus with one-way ANOVA comparison of treatments.

As for behaviour, alpha was set to 5 %.

Tissue fixation

For histological brain sections, animals were deeply

anaesthetised with Nembutal until loss of reflex function

followed by intra-cardial perfusion with cold (4 �C) 0.9 %

NaCl for 3–5 min, paraformaldehyde (4 % in 0.1 M

phosphate buffer, pH 7.4) for 5–7 min, and finally with

PBS containing 5 % glycerol with 2 % DMSO for

3–4 min. Brains were removed and placed for 1 h in fix-

ative and then immersed for cryoprotection in 10 %

followed by 20 % glycerol and 2 % DMSO in phosphate

buffer. Brains were positioned in a brain matrix (BAS Inc.,

Lafayette, USA) and evenly sliced into uniform blocks.

Coronal sections were cut throughout the dorsal hip-

pocampal region at 40-lm thickness with a cryostat (Leica
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Biosystems, Germany) and series of sections were col-

lected of each rat and processed.

Immunochemistry

For immunochemical determination, the following anti-

bodies and dilutions were applied: for total Tau,

monoclonal anti-Tau, clone Tau46 (1:1000, Sigma); for

human-specific Tau, monoclonal anti-Tau, clone TAU-2

(1:1000; Sigma); for Tau phosphorylation, anti-p-Tau(-

Ser396) PS396 (1:200, Santa Cruz Biotechnology Inc).

From 5 series of the sections collected, one set was pro-

cessed for Tau46 immunoreactivity, the second for

p-Tau(Ser-396) immunoreactivity, the third for TAU-2

immunoreactivity, the fourth was Nissl stained to verify

injection sites and the fifth corresponding series of sections

was stored at -20 �C in a cryoprotective solution as a

reserve.

Cultures and ex vivo free-floating sections were incu-

bated in PBS, pH 7.4 with the primary antibody overnight

at 4 �C and subsequently with goat anti-rabbit biotin-con-

jugated IgG (diluted 1:1000, Chemicon, Int., Inc.) or goat

anti-mouse biotin-conjugated IgG (diluted 1:1000, Sigma)

followed by peroxidase-conjugated streptavidin (1:1000,

The Binding Site Ltdmt.) for 1 h each. Sections for

p-Tau(Ser-396) were incubated in PBS containing 1 mM

sodium orthovanadate (Na3VO4) with appropriate anti-

bodies (as above). Sections were washed 3 times for 5 min,

incubated for 30 min with peroxidase conjugated with

streptavidin, washed, and amplified using tyramide signal

reagent (PerkinElmer LAS, Inc.). After another wash and

peroxidase incubation, slices reacted with 0.05 %

diaminobenzidine (DAB) in the presence of 0.01 %

hydrogen peroxide. Finally, sections were mounted on

glass microscope slides, air-dried, dehydrated in alcohol-

xylene serial solutions and cover-slipped.

Controls for the immunohistochemical procedure were

obtained running some slides through the entire procedure

with the omission of primary or secondary antibodies. No

staining was observed in these control slides. Images were

captured using bright field microscopy (Nikon Eclipse NiE

equipped with Nikon DS.-Ri1 camera and NIS Elements

software, Surrey, UK).

Results

Poly-APS enables intracellular delivery of Tau

protein

The transient pore-forming properties of Poly-APS, when

applied to cultured rat hippocampal neurons, have been

previously characterised [55]. Using a similar loading

protocol to that employed for the transfection of HEK 293

cells with cDNA [54], the ability of Poly-APS to deliver

membrane-impermeable macromolecules into the intra-

cellular compartment was established. We first explored

the permeability of hippocampal cultures for Lucifer Yel-

low (1 mM LY at 4 �C). The presence of Poly-APS during

the incubation substantially enhanced LY uptake and it

appeared ubiquitous throughout the cytoplasm and pro-

cesses of neurons (Fig. 2a). Cultures treated without the

pore-former showed no LY loading. In line with these

observations, delivery of the human 2N4R Tau protein

under similar conditions confirmed the penetration of Tau

into pyramidal cells as visualised by a total Tau (clone

Tau-46) and human Tau-specific (clone TAU-2)

immunostaining (Fig. 2b). Immunoreactivity toward clone

Tau-46 appeared strongly enhanced in cultures treated with

Poly-APS and hTau, thus confirming the ability of Poly-

APS to facilitate intracellular loading with hTau. Similarly,

Poly-APS and hTau treatment resulted in robust Tau-2

staining in all compartments of pyramidal cells, when there

was virtually no human-specific Tau labelling in controls.

Phosphorylation of Poly-APS-delivered hTau alters

electrophysiological properties and Ca21 signalling

in cultured hippocampal neurons

Having established the successful intracellular delivery of

hTau into cultured rat hippocampal neurons, the modula-

tion of basic membrane properties and excitability changes

caused by exposure of cells to Poly-APS, hTau and OA

was assessed. Treatment of neonatal rat hippocampal cul-

tures with Poly-APS, or Poly-APS in combination with

hTau or OA had no effect on resting-membrane potentials,

input resistance to depolarising stimuli or action potential

firing properties (Fig. 3a, b). However, combining the

intracellular delivery of hTau via Poly-APS with a 24-h

OA incubation dramatically reduced the excitability of

hippocampal neurons and prevented action potential firing

even when cells were held by constant current injection at

-70 mV before application of depolarising current stimu-

lus (Fig. 3a, b). Treatment with Poly-APS?hTau?OA

collapsed resting-membrane potentials from -63 ± 5 mV

(control) to -22 ± 5 mV (Fig. 3b; n = 11 for Poly-

APS?hTau?OA and n = 12 for controls, p\ 0.001).

Similarly, the input resistance was lowered from

1192 ± 183 (n = 12) to 550 ± 105 MX (n = 11;

p\ 0.01) in Poly-APS?hTau?OA-treated neurons.

Despite the reduction in input resistance and a collapse of

resting-membrane potential, Poly-APS?hTau?OA-treated

neurons were still viable (see responder rates, Fig. 3c, d).

Using fura-2 imaging, Ca2? homeostasis and Ca2? sig-

nalling was assessed. Whilst none of the treatments

affected resting Ca2? levels (p[ 0.05, data not shown),
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Ca2? transients evoked by a 1-min application of 50 mM

KCl or evoked by a 2-min application of glutamate (Glu)

were reduced following Poly-APS?hTau?OA treatment

(Fig. 3c, d). Overall comparison of KCl-induced peak Ca2?

influx (%DF/F) revealed a significant effect of treatment

(p\ 0.001, n = 18–39, see Table 1), and the post hoc

multiple comparison highlighted a significant reduction in

neurons exposed to Poly-APS?hTau?OA compared to

Poly-APS only (Fig. 3d; p\ 0.01, n = 26 for Poly-

APS?hTau?OA and n = 34 for Poly-APS). No other

comparison proved significant (p’s[ 0.05). Similarly,

responses towards 50 lM Glu were also affected by treat-

ment (Fig. 3d; p\ 0.0001, n = 20–39) and Glu-induced

Ca2? responses were significantly lower in Poly-

APS?hTau?OA-treated cultures in comparison to all other

groups (Fig. 3d, p’s\ 0.05). Neither Poly-APS?OA nor

Poly-APS?hTau altered the glutamate response (p[ 0.05).

Poly-APS enables intracellular delivery of hTau

into rat hippocampal CA1 in vivo

Since passage of hTau through the cell membrane was

enabled by Poly-APS in vitro, we next explored the effi-

cacy of Poly-APS to deliver hTau intracellularly in vivo.

Three-month-old hooded Lister rats underwent intra-hip-

pocampal surgery, in which Poly-APS/hTau was

administered at three sites (S1-3; see methods, Fig. 1a),

with a subset of animals receiving an additional 7-day

Fig. 2 Poly-APS-mediated intracellular macromolecule delivery in

hippocampal cultures. a Cultures incubated with 1 mM Lucifer

yellow (LY) in the presence of 0.5 lg/ml Poly-APS for 3 h resulted in

strong expression of intracellular LY in the soma and processes of

neurons (right column). Only a superficial staining with LY is seen in

absence of Poly-APS (left column). b, i Incubation of cells with Poly-

APS and 1 lg/ml of human Tau (hTau) for 3 h drastically increased

immunoreactivity towards the Tau-46 pan Tau antibody, in contrast to

untreated cultures (controls). b, ii Human Tau immunoreactivity was

established with the TAU-2 antibody only on Poly-APS-treated

cultures. Bar = 50 lm
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bilateral infusion of OA into the CA1 (S2 administration

site, Fig. 1a) via indwelling cannulae to prompt Tau over

phosphorylation. Following completion of OA infusion and

a 7-day wash out period, rats were sacrificed and Tau

expression and phosphorylation examined via immuno-

histochemistry. Relative to untreated controls, intensity of

the pan Tau Tau-46 antibody immunostaining appeared

elevated in Poly-APS?hTau groups confirming the intra-

cellular accumulation of Tau in rat CA1 neurons (Fig. 4a).

While controls did not return immunoreactivity for the

human-specific TAU-2 antibody (Fig. 4b), there was a

clear hTau labelling after Poly-APS?hTau treatment with

a similar outcome independent of OA administration. Tau

phosphorylation was also assessed using the p-Tau(S396)

antibody. Phospho-Tau in Poly-APS-treated subjects was

observed in cellular compartments different from controls

(Fig. 4c). Somewhat fainter in controls and stronger in

Poly-APS?hTau-treated rats, p-Tau(S396) was distributed

in both cell bodies and neuronal fibres, showing a charac-

teristic pattern of the morphological organisation of the

pyramidal layer in CA1 area. The additional administration

of OA caused a redistribution of p-Tau from neuronal

processes to the soma. This is reminiscent of the age-de-

pendent redistribution of Tau in rats [71] observed in the

soma of hippocampal, cortical and basal forebrain neurons

and could here be a result of excessive phosphorylation of

loaded hTau. Critically, no overt lesions or tumour growth

was observed in OA-treated animals as has been reported

following the infusion of OA at much higher concentra-

tions (mM) compared to nM used here; [72, 73].

Spatial learning deficits in Poly-APS1hTau animals

is phosphorylation dependent

The differences in compartmentalisation of hTau in CA1

neurons may translate to functional differences. We rea-

soned that in agreement with human patients,

phosphorylation of Tau may lead to stronger behavioural/

cognitive decay than Tau exposure alone. This was con-

firmed in a spatial reference memory test conducted in the

open-field water maze. In the five treatment conditions,

three global observations in terms of path length were made:

(1) all cohorts showed spatial learning and achieved floor

level after 4 days of training (Fig. 5a, c; F(15,624) = 62.85,

p\ 0.0001 for factor trial); (2) control groups (Poly-APS,

OA or hTau) were comparable to each other (Fig. 5a; no

treatment effect); (3) there was a subtle but reliable differ-

ence in the experimental groups (Fig. 5c; effect of

treatment: F(2,384) = 9.1; p\ 0.0001; interaction between

treatment and trial: F(30,384) = 1.5; p = 0.047). Planned

Fig. 3 Physiological voltage clamp and calcium responses of

hippocampal cultures treated with Poly-APS, Tau (hTau), and/or

OA. a Membrane potential in response to depolarising and hyperpo-

larising stimulation under current clamp. Poly-APS?hTau?OA-

treated neurons failed to discharge action potentials in response to

450 pA current injection, from a holding potential of -70 mV. In

comparison, injection of a 50 pA current into Poly-APS neurons

resulted in a chain of action potentials. Likewise, the altered input

resistance is highlighted by the disproportionate hyperpolarisation of

membrane potentials established in response to -450 pA current step

command. b Comparison of input resistance (mean ? SEM) and

resting-membrane potential (mean - SEM) following different Poly-

APS treatments. Only neurons treated with Poly-APS?hTau?OA

demonstrated depressed input resistance and reduced membrane

potential, compared to all other conditions. Cultures treated with

Poly-AP ?hTau?OA also showed a reduced Ca2? influx in response

to a 1-min application of KCl (c; 50 mM) or a 2 min application of

glutamate (d; Glu; 50 lM) as measured by %DF/F (Mean ? SEM)

via Fura-2 Ca2? imaging. Insets display example traces from each

treatment. Scale in seconds (s) and ratiometric value (340/380).

Percentage of neurons responding is shown above the respective bars.

*p\ 0.05, **p\ 0.01 and ***p\ 0.001

Polymeric alkylpyridinium salts permit intracellular delivery of human Tau in rat hippocampal… 4621

123



comparison between treatments finally confirmed that Poly-

APS?hTau?OA was significantly different from all other

Poly-APS groups (F’s[ 12; p’s\ 0.01) or any control

group (F’s[ 8, p’s\ 0.01). Since both treatment and trial

interacted, we confirmed that variability occurred in a trial-

dependent manner and indeed experimental groups differed

for the average of trials 1 and 2 of each day (F’s[ 6;

p\ 0.05), but not for the average of trials 3 and 4 (F’s\ 1).

Drug exposure had no effect on swim speed (Fig. 5e),

but some alterations in thigmotaxis became apparent in

the OA and Poly-APS?hTau?OA groups. Okadaic acid

increased thigmotaxis relative to other control groups

(Fig. 5b, F’s[ 7.1; p’s\ 0.01), while Poly-APS?h-

Tau?OA increased thigmotaxis relative to all groups

(Fig. 5d, F[ 7.9; p’s\ 0.01).

A more in-depth analysis of swim path length across all

training trials was conducted by calculation of the cumu-

lative performance to achieve floor level (Fig. 5f). As is

summarised in Fig. 5f, the number of achievers progres-

sively increased in the different treatment conditions until

reaching maximum level of 100 %. Only the Poly-

APS?hTau group levelled out at 90 % due to one single rat

not reaching criterion throughout. Of note is the rightward

shift of the sigmoidal curve of the Poly-APS?hTau?OA

group indicating an overall learning deficit in the early

phase of training (trials 1–7); this was followed by a

steeper part of the sigmoid so that 100 % of animals in this

group did reach maximal performance at trial 10. Statistical

comparison of the nonlinear fit was based on the null

hypothesis that all data sets return the same mean. This

Fig. 4 Qualitative analysis of hTau loading and Tau phosphorylation

following in vivo loading. Digital images of hippocampal CA1 region

from brains of representative examples of untreated controls (left

column), animals treated with Poly-APS?hTau (middle column), or

treated with Poly-APS?hTau?OA (right column; for details, see

‘‘Methods’’). a Tau-46 antibody labelling revealed an increase in Tau

immunoreactivity in sections taken from both Poly-APS?hTau and

Poly-APS?hTau?OA-treated animals. b Selective staining in Poly-

APS?hTau groups with human-specific Tau-2 antibody. c Phospho-

rylated Tau [p-Tau(Ser396)] was confirmed in Poly-APS?hTau

cohorts. However, a translocation of Tau from the axonal processes

into the soma is apparent in sections taken from animals also treated

with OA. Images taken at 109 and 409 (Bar = 50 lm)
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hypothesis was rejected [F(4,70) = 36; p\ 0.0001) due to

a reliably different fit for the Poly-APS?hTau?OA group

relative to all other treatments (F’s[ 42; P’s\ 0.0001),

thus strongly supporting the notion that the rightward shift

in performance was dependent on the phosphorylation of

the exogenously delivered Tau molecules.

In the probe trial 24 h post-acquisition (platform

removed), control (Fig. 5g, i) and experimental groups

(Fig. 5h, i) presented with a significant spatial bias for the

target platform (p’s\ 0.05 compared to chance; unpaired

t test, two tailed) and was significantly above the average

time spent in the other three quadrants (p’s\ 0.05; paired

t test, two tailed). There was no effect of treatment on the

% time spent in the target quadrant (F\ 1) and no dif-

ferences were found following a second probe trial

conducted 96 h post-acquisition (data not shown).

Subtle impairment in behavioural flexibility in hTau

group is phosphorylation dependent

Subsequent reversal training, in which the submerged

platform was shifted to the opposite quadrant, yielded

Fig. 5 Subtle long-term memory deficits in rats with overphospho-

rylated hTau loading in hippocampus. Mean ± SE. a Path length to

acquire a spatial reference memory task in the water maze of control

groups consisting of S1–S3 injection of Poly-APS, or injection of

hTau, or a minipump administration of OA into S2. There was no

difference between cohorts. b Wall hugging behaviour as percent time

in outer perimeter (10 %) of pool plotted over trials. All control

groups readily abandoned thigmotaxis in favour of more spatial

strategies. c Path length to acquire a spatial reference memory task in

experimental groups consisting of Poly-APS as representative control,

Poly-APS?hTau, and Poly-APS?hTau?OA. Only the latter group

was impaired, mainly during trial 1 of each day. Note that there was

no performance deficit on day 4 (trials 13-16). d Wall hugging

behaviour was higher in Poly-APS?hTau?OA-treated subjects

during trials 1–8, but normal in the Poly-APS ? hTau cohort.

e Swim speed during acquisition learning was not different between

treatment groups, but peaked on the first daily trials. f Cumulative

performance expressed as percent animals of each treatment (ordi-

nate) reaching floor level in the respective trial (abscissa). All cohorts

presented the same time course of learning except the Poly-

APS?hTau?OA group which was retarded and displayed a rightward

shift in the learning curve. g, h Probe trial data expressed as percent

time spent in target (Tg) or other (O) quadrants (average for three

quadrants) 24 h post-learning. All treatment groups presented a

spatial bias for target which was significantly above chance

($ = p\ 0.05, t test against chance) and different from other

quadrants (asterisks, p\ 0.05, paired t test). i Example probe trial

swim paths for Poly-APS control and Poly-APS?hTau?OA exper-

imental group; the target quadrant is shaded. OA okadaic acid
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results similar to the original acquisition (Fig. 6). Glob-

ally, all cohorts acquired the task (main effects of trial in

all comparisons: p’s\ 0.001). The control cohorts

(Fig. 6a) acquired the novel location within 2 days and

achieved floor level performance (\124 cm) already in

trial 6 (see Fig. 6f, F’s\ 1 for treatment and interaction

with trial). In the experimental groups, however (Fig. 6c),

there was a slowing of reversal learning in the Poly-

APS?hTau?OA-treated animals for the path length across

the trials and the treatment factor interacted with trial

[F(14,192) = 2.6; p = 0.002]. Importantly, the difference

was solely due to an impairment in the Poly-

APS?hTau?OA cohort compared to Poly-APS ? hTau

and Poly-APS alone groups (F’s[ 2.8; p’s\ 0.05 for

effects including treatment as factor) mainly due to poor

performance in trial two (asterisk in Fig. 6c; p\ 0.001).

Thigmotaxis and swim speed were unaffected by treat-

ment, but significantly varied over the course of reversal

learning (Fig. 6b, d–f’s[ 4.4; p’s\ 0.001). As for the

analysis of animals in each treatment condition and their

achievement of floor level performance, we observed a

much higher variability than for acquisition learning

(compare Figs. 5f, 6f). Unexpected was a lag in perfor-

mance in the Poly-APS alone group (small rightward

Fig. 6 Impaired behavioural flexibility in rats with overphosphory-

lated hTau loading in hippocampus. Mean ± SE. a Reversal path

length in control groups (Poly-APS, hTau, OA). There was no

difference between cohorts but note the heightened path length at first

trial of second day (trial 5) in all groups. b Wall hugging behaviour

was low in control cohorts during reversal learning. c Reversal path

length in experimental groups revealed impairment in Poly-APS?h-

Tau?OA group with noticeable difference in trial 2 (asterisk

p\ 0.05; Bonferroni corrected post hoc test against either Poly-

APS alone or Poly-APS ? hTau). d Heightened wall hugging

behaviour in Poly-APS?hTau?OA-treated subjects. e Swim speed

during reversal learning was not different between treatment groups.

f Cumulative performance expressed as percent animals of each

treatment (ordinate) reaching reversal floor level in the respective trial

(abscissa). Cohorts followed different learning curves. A shallow

learning curve was revealed for Poly-APS?hTau?OA-treated sub-

jects. g, h Probe trial data expressed as percent time spent in target

(Tg) or other (O) quadrants (average for three quadrants) conducted

24 h after reversal learning. All treatment groups presented with a

spatial bias for the reversal target except the Poly-APS ? h-

Tau ? OA group. No spatial bias was indexed for this group

($ = p\ 0.05, t test against chance; asterisks, p\ 0.05, paired t test

for within-group comparison of quadrant time). i Example probe trial

swim paths for Poly-APS control and Poly-APS?hTau?OA exper-

imental group; target quadrant is shaded. Note the focal swim of the

Poly-APS animal in comparison to the random search of the Poly-

APS?Tau?OA animal
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shift), but we observed a more dramatic change in the time

course in the Poly-APS?hTau?OA group (Fig. 6f).

Again, the null hypothesis of similar means in reversal

learning was rejected [(F 3,30) = 18; p\ 0.0001] and the

Poly-APS?hTau?OA reliably differed from all other

cohorts (F’s[ 3.6; p’s\ 0.05). A subsequent probe test

conducted 24 h after the last reversal trial returned a

strong spatial preference for the reversal target in all

control and experimental groups apart from Poly-

APS?hTau?OA animals (Fig. 6g, h, comparative swim

paths shown in 6I). These triple infused rats spent equal

amounts of time in each pool quadrant (lack of asterisks in

Fig. 6h) providing strong evidence for impairment in

spatial flexibility and memory.

Tau phosphorylation impairs synaptic plasticity

ex vivo

Hippocampal slices were prepared from selected cohorts at

the end of the behavioural testing (Fig. 7). To remain

within a comparable time window, we focussed on the

experimental cohorts as no cognitive differences were

observed in control groups. Ex vivo recorded population

spikes in CA1 were probed for alterations in basal synaptic

transmission (input–output relationship) and synaptic

plasticity (LTP). In the experimental groups, a step-wise

increase in intensity of Schaffer collateral stimulation led

to an increase in spike amplitudes, which attained a plateau

at 75–85 volts (Fig. 7a). There was a small leftward shift in

the input–output relationship for the Poly-APS?h-

Tau?OA-treated tissue, but there was no overall difference

between groups (F’s\ 1.2; p’s[ 0.3 with factor treat-

ment). Following the establishment of a stable baseline,

LTP was induced by a theta burst stimulation protocol.

Both Poly-APS and Poly-APS ? hTau slices displayed

robust long-lasting LTP up to 60 min post-tetanus

(Fig. 7b). Although there was a post-tetanic elevation in

the population spike amplitudes for Poly-APS?hTau?OA

exposed slices, this was significantly below the level of the

other experimental groups (F’s[ 1.6; p’s\ 0.004 for

interactions relative to Poly-APS and Poly-APS?hTau)

confirming that behavioural deficit is paralleled by an

impairment in synaptic plasticity.

Discussion

Poly-APS delivers macromolecules into neurons

in vivo

In this report, we extend our previous investigations into

the use of Poly-APS as a pore-forming agent into cultured

rat hippocampal neurons [55] and provide evidence for its

utility for intracellular loading of neurons with hTau pro-

tein. This was confirmed in both neonatal cultures and for

the first time in hippocampal cells in vivo in rats. Poly-APS

exerted notable potential as a delivery agent, despite the

induction of transient Ca2? permeable inward currents in

conjunction with a suppression of membrane excitation and

action potential generation. A recovery period of 24 h was

sufficient to completely restore membrane properties [55].

Here, such recovery was also observed in cultures with

Poly-APS and co-treatment including hTau or OA. Equally

safe was the dose of 0.005 lg/ml Poly-APS used to achieve

transfection in vivo. We also explored the toxicity profile

of a dose 100-fold higher (5 lg/ml), which also did not

result in lasting behavioural effects in our rats (data not

shown) but opted for a lower concentration in connection

with hTau and OA. This intriguing mechanism of in vivo

intracellular macromolecule delivery is clearly an attrac-

tive alternative over currently explored methods including

(1) viral delivery of human Tau genes, which requires long

expression times before Tau shows built-up [74] and

Fig. 7 Altered synaptic plasticity as a result of loaded hTau

phosphorylation in rat hippocampal slices ex vivo. Mean ± SE.

a Despite somewhat higher population spike amplitudes in Poly-

APS?hTau?OA group, this was not reliable for the input–output

relationship of Schaffer collateral ? CA1 synapses. b Time course of

population spike amplitudes (% of baseline) in hippocampal slice

ex vivo. Black bar indicates application of theta burst stimulation to

induce LTP (for details see methods). Slices prepared from Poly-

APS?hTau?OA show significantly reduced level of LTP compared

to controls. Insets display representative recordings from Poly-APS

control and Poly-APS?hTau?OA groups at baseline (i), immediately

post-tetanus (ii) and at 60 min (iii)
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expression is isotype and receptor dependent, or (2) the

seeding of Tau protein extracted and re-inoculated [42, 75]

for which the mechanisms and thus the prerequisites

mediating the initiation of intracellular uptake are currently

elusive. The Poly-APS pore-forming method thus has the

potential for ubiquitous use in any animal of choice and the

compound itself appears when opting for low doses to

enable full recovery of the transfected target cells. More-

over, it may be applied in conjunction with any

macromolecule/drug, given the fact that pores of 29 Ang-

strom enable sizable complex molecules to pass through

the pores. This is a clear advantage over viral approaches

which require the expression of genetic material over

longer periods of time and each macromolecule of interest

would need the design and cloning of a novel viral

construct.

Limitations to the Poly-APS approach may arise from its

chemical properties such that selective macromolecules

may directly interact with the lining or the surface charge

of the pore and thereby lower its kinetics or block it alto-

gether [76]. Its non-toxic dose range may be limited further

owing to its mix in polymer length determining some of its

biological properties [77–79] (including anticholinesterase

activity at higher concentrations [80] and complex in vivo

toxicity[2.7 mg/kg lethal in rats, [81]). Based on the

localised detection of hTau within the CA1 stratum pyra-

midale and the preferential entry of both Luficier yellow

and hTau into neurons in mixed cultures, it would appear

that Tau loading more readily occurs in neurons and not

glial cells. We currently have no explanation for this

preference and this requires further investigatory work.

However, Tau pathology in human AD is very infrequent

in glia [82, 83]. Moreover, the current hypothesis of the

seeding and regional expression assumes that Tau pathol-

ogy occurs along the fibre paths of neurons, not glia [43].

Nevertheless, the overall intriguing outcome of this

work is the observation that a transient inhibition of

phosphatases via OA was sufficient to render the exoge-

nously applied hTau neurotoxic with consequential long-

lasting impairments in cell physiology, cognition and

synaptic plasticity. At the same time, delivery of exoge-

nous hTau per se using Poly-APS, at least at intracellular

concentrations achieved here and within the short time

frame under scrutiny, was not detrimental to basic neuronal

properties, synaptic plasticity or learning and memory.

Exogenous hTau and phosphatase activity interact

to induce physiological changes in neurons in vitro

Of all protocols, physiological impairments such as sup-

pression of neuronal excitability, reduced input resistance

and membrane potential were found in cultured hip-

pocampal neurons only when intracellular hTau loading

was combined with the application of OA. OA is a com-

monly used non-specific inhibitor of Ser/Thr phosphatases

active in the nM range (PP2A\PP5\PP1) [84–86], which

alone can lead to cytoskeletal disruption, changes in

synaptic signalling, excessive Tau phosphorylation and

toxicity when applied in vitro [62, 87–89]. Here, OA was

applied in a concentration (1.2 nM) low enough to avoid

such toxicity and this corroborates our previous work, in

which KCl-mediated Ca2? signalling was unaffected in

cultures treated with OA alone [62]. The intact electro-

physiology and Ca2? signalling in Poly-APS?hTau-treated

cultures indicates that intracellular delivery of hTau alone

(at least at low concentrations) is benign to neuronal

function, a finding which is in agreement with the pre-

served KCl-induced Ca2? signalling reported following

wild-type hTau expression in vitro [90]. Only in the com-

bined group of Poly-APS?hTau?OA was neuronal

excitation persistently compromised (Fig. 3), suggesting an

interaction between loaded hTau and phosphatase

inhibition.

In contrast to wild-type hTau, mutant variants of hTau

can induce suppression of neuronal excitability in the

absence of phosphatase inhibition (P301L/R406W; [91]);

this may be explained by their reduced affinity for PP2A

[34]. Collectively, our in vitro data provide compelling

evidence that hTau can be delivered into cells via pore-

former Poly-APS, and Tau proteins overphosphorylated by

phosphatase inhibition lead to mechanistic changes such

that the principal characteristics of neurons are

compromised.

Phosphorylation of hTau in hippocampus leads

to cognitive deficits in rats

The in vivo impairment of cognition required the interac-

tion of hTau with OA, and neither molecule was sufficient

on its own. In this context, the redistribution of phospho-

rylated Tau (p-Tau(S396)) into the soma in the Poly-

APS?hTau?OA group, but not in the Poly-APS?hTau

only group, is of particular importance. This somatoden-

dritic localisation of phospho-Tau is reminiscent of the

age-dependent redistribution of murine Tau in 28-month-

old laboratory rats [71] and is in line with the toxic

potential of mis-compartmentalisation of Tau reported by

others (for review see [92]). Such old animals also present

with cognitive decline and diminished plasticity. In our

model, when OA is absent, hTau may not be readily

phosphorylated in the relative short time between hTau

loading and tissue harvest. Typically, Tau phosphorylation

in transgenic Tau models of non-mutant Tau appears to

have a slow build up taking months rather than weeks [93–

95] and this time course may have been accelerated by OA.

Thus, our work supports these observations in that wild-
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type hTau must first become abnormally phosphorylated to

render the species pathological.

Perhaps the closest comparison can be made with

models in which Tau loading was achieved by adeno-as-

sociated or lentiviral gene transfer in rats [96–99]. Again, a

slow onset of Tau pathology including increased phos-

phorylation and conformational changes were detected

after at least 7 weeks with a more full blown histopathol-

ogy revealed 8 months after infusion; any cognitive

consequences in these models remain unclear. A similar

approach may be taken in our Poly-APS-mediated hTau

model in future. Previous studies employing PP2A inhibi-

tors, which report behavioural deficits in the water maze

following acute intra-hippocampal [100–102] or chronic

[103] administration, typically employ high doses of drug

(ranging from 100 nm to *320 lM) and assess learning

and/or memory during or closely after administration (24 h

post-injection). As a consequence of such an experimental

design, determination of the putative mechanism underly-

ing the memory disruption in prior studies is difficult and

may include alterations such as indirect up-regulation of

kinase activity [104], receptor modulation [105], deficient

Ca2? signalling, inhibition of LTP [62] or indeed hip-

pocampal lesioning as reported 24 h post-OA injection at

high mM range [73, 74].

Both a low dose of OA and time course of administra-

tion were selected specifically because they proved non-

toxic [106]. Functional consequences in neuronal plasticity

and learning and memory were only apparent when hip-

pocampal neurons were pre-loaded with hTau. Acute

toxicity of intracellular hTau and/or OA infusion are

unlikely to explain the functional change given that

respective control groups behaved normally, yet cellular

alterations were long lasting and observed more than

3–4 weeks after the termination of the OA containing

minipumps.

Phosphorylation of Tau is of physiological relevance as

a biomarker for Alzheimer’s disease given that (1) total

Tau levels are increased in hippocampus of AD patients,

(2) phosphorylated Tau is increased in hippocampus of AD

sufferers [107–110]; and (3) there is an inverse relationship

between p-Tau in cerebrospinal fluid and mini-mental

score in AD patients at Braak stage C3 [111]. This is

congruent with the ‘hippocampal’ stage of the disease

when first cognitive defects become apparent [36, 112].

Towards this end, it appears that our infusion model

qualitatively reiterates: (1) the human AD pathology of

excessively phosphorylated Tau. A more quantitative

analysis would be warranted, which should also include a

more extended time course with the aim to explore possible

longitudinal spreading of the pathology along anatomical

pathways in line with the recent Tau seeding studies. While

this was not the overall aim in this proof-of-principle study,

it would be interesting to also evaluate whether loading of

hTau will, over extended time periods, lead to tangle-like

aggregates in hippocampal cells. (2) Aspects of cognitive

impairment seen in early AD. There were subtle deficits in

spatial learning and flexibility in the Poly-APS?hTau?OA

group; all other treatment groups were unaffected. Early

diagnostic stages of AD present with difficulties in forming

novel event memories within familiar spatio-temporal

contexts [113, 114]. (3) Physiological changes likely to

underlie the cognitive decline. In line with both cognitive

and histopathological endpoints, synaptic plasticity was

only compromised in tissue harvested from animals

receiving Poly-APS ? hTau ? OA. The concept of

impaired synaptic plasticity is widely held responsible for

early impairments in learning and memory. LTP is one

mechanism associated with memory [115, 116] and many

AD and FTD models report deficits in learning and mem-

ory alongside those in LTP [69, 117–119].

In terms of cognitive deficit, it is noteworthy that ani-

mals in the Poly-APS?hTau?OA group failed

predominantly in the first daily trials, but there was sig-

nificant improvement in within-session learning. This is

interesting as it seems to suggest an overall deficient con-

solidation process which would enable the storage of the

acquired information long term (Riedel et al. 1999).

However, most memory studies recently conducted using

genetic models of Alzheimer mice (including our own: [37,

120, 121] have not distinguished between trials and this

information may have gone amiss. Given these mouse

models do not express their pathology in a region-specific

manner, their deficits may have a more global origin. By

contrast, we here purposefully selected CA1 for the trans-

fection of hTau and our previous work has highlighted the

role of the hippocampus and particularly CA1 in cohesion

and long-term consolidation [66] by selective distinction

between first and last daily trials [122, 123]. Previous work

was concerned with the GABAergic input to the principle

cells and led to a similar consolidation deficit as the Poly-

APS?hTau?OA applied here.

Further application of Poly-APS-mediated Tau

Future work needs to establish in more detail (1) the time

course of tauopathy over longer periods; (2) quantitatively

what levels of Tau are achieved and how far the injection

spreads within CA1; (3) what Tau species (oligomeric or

fibrils or others) are generated within the cell and how they

are modulated by phosphorylation; (4) optimisation of

intracellular delivery may further be achieved by synthetic

Poly-APS with preselected polymeric length (as recently

described [124]). In addition, Poly-APS-mediated intra-

cellular macromolecule delivery should be exploited in
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greater detail as it provides high flexibility for (1) the

region of administration, (2) the Tau species or gene con-

struct of interest that is delivered (for example mutant or

wild type; full length or truncated), (3) enables the co-

administration of other disease-related toxins (for example

synuclein, amyloid, etc.), (4) avoids complications arising

from hyperexpression of multiple gene copies, and (5) may

be adopted to any experimental species of choice.
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