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Pathological alterations of tau protein play a significant role in the emergence and progression of neurodegenerative disorders.

Tauopathies are characterized by detachment of the tau protein from neuronal microtubules, and its subsequent aberrant hyper-

phosphorylation, aggregation and cellular distribution. The exact nature of tau protein species causing neuronal malfunction and

degeneration is still unknown. In the present study, we used mice transgenic for human tau with the frontotemporal dementia with

parkinsonism-associated P301S mutation. These mice are prone to develop fibrillar tau inclusions, especially in the spinal cord and

brainstem. At the same time, cortical neurons are not as strongly affected by fibrillar tau forms, but rather by soluble tau forms.

We took advantage of the possibility to induce formation of neurofibrillary tangles in a subset of these cortical neurons by local

injection of preformed synthetic tau fibrils. By using chronic in vivo two-photon calcium imaging in awake mice, we were able for

the first time to follow the activity of individual tangle-bearing neurons and compare it to the activity of tangle-free neurons over

the disease course. Our results revealed strong reduction of calcium transient frequency in layer 2/3 cortical neurons of P301S

mice, independent of neurofibrillary tangle presence. These results clearly point to the impairing role of soluble, mutated tau

protein species present in the majority of the neurons investigated in this study.
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Introduction
The microtubule-associated protein tau modulates the

extent and the rate of microtubule assembly

(Weingarten et al., 1975). The underlying relationship

between tau dysfunction and neurodegeneration was es-

tablished when an inherited form of frontotemporal

dementia with parkinsonism (FTDP-17) was linked to

mutations in the MAPT gene located on chromosome

17, which codes for tau protein (Hutton et al., 1998;

Poorkaj et al., 1998; Spillantini et al., 1998).

Pathological tau protein modifications are critically

involved in the pathogenesis of numerous nervous

system disorders collectively known as tauopathies
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(Lee et al., 2001). Tauopathies, including Alzheimer’s

disease and FTDP-17, are characterized by tau hyperpho-

sphorylation, detachment of tau from axonal microtu-

bules and subsequent misfolding and aggregation.

Pathological aggregates can be observed as neurofibrillary

tangles (NFTs) in neuronal cell bodies and as neuropil

threads within neuronal processes. The exact nature of

neurotoxic tau protein species or species inducing neur-

onal malfunction is still not well understood (Ballatore

et al., 2007). The classical view implies that NFTs are

deleterious for neurons. This is corroborated by the nu-

merous studies that showed that the number and extent

of NFTs spread throughout the brain is positively corre-

lated with the progression of neurodegeneration, neur-

onal death and cognitive decline in patients with

Alzheimer’s disease (Arriagada et al., 1992; Gómez-Isla

et al., 1997; Nelson et al., 2012). On the

other hand, studies in transgenic mouse models chal-

lenged this view. A seminal paper by SantaCruz and co-

authors in conditional mouse model of tauopathy

(rTg4510 mice) suggested that NFT formation can be

dissociated from memory loss and neurodegeneration

(SantaCruz et al., 2005).

Further, no link could be established between the pres-

ence of NFTs and structural and functional degeneration

observed in frontal cortical pyramidal neurons (Rocher

et al., 2010). The studies coming from the Hyman lab sug-

gested that NFT-bearing neurons can survive for prolonged

periods of time and they are functionally integrated in neur-

onal circuits even in the late stages of the disease (de

Calignon et al., 2010; Kuchibhotla et al., 2014). Taken

together, these studies point to the possible toxic role of

tau species present before formation of mature NFTs:

mainly still soluble, misfolded and hyperphosphorylated

tau protein and probably to a lesser extent, early insoluble

tau filaments (Berger et al., 2007).

Recent studies showed that injection of brain extracts

containing tau fibrils or injection of synthetic tau fibrils

into brains of tau transgenic mice induce NFT formation

and spreading (Clavaguera et al., 2009; Iba et al., 2013). It

was suggested that tau fibrils serve as seeds to induce tem-

plated tau aggregation. In addition, tau fibrils are most

likely tau species that spread throughout the brain. These

findings opened new avenues to study the effects of tau

aggregates on neuronal structure and function. We

wanted to take advantage of this new possibility and

induce NFT formation in neurons and circuits that are nor-

mally not affected by this type of tau aggregates.

To investigate the effects of various pathological tau spe-

cies on neuronal network functioning, we combined tau

seeding with chronic in vivo two-photon calcium imaging

in awake head-fixed mice expressing human tau with the

P301S mutation (Allen et al., 2002; Andermann et al.,

2010; Iba et al., 2013; Stancu et al., 2015). This approach

enabled us to study the functional consequences of NFT

formation in intact neuronal circuits and to directly com-

pare the performance of NFT-bearing neurons with NFT-

free neurons over the disease course. Our results suggest

that soluble pathological tau species are responsible for

the observed reduction in neuronal activity of cortical

layer 2/3 neurons in P301S mice. NFT formation, induced

by templated misfolding and aggregation of tau protein, did

not induce additional deleterious effects in our assay.

Observed reduction in neuronal activity of cortical layer

2/3 neurons in P301S mice did not show progression

with disease course.

Materials and methods

Animals

We used homozygous transgenic male and female mice express-
ing human mutant P301S tau (383 aa four-repeat isoform of
human tau) under the control of the Thy1.2 promoter (Allen
et al., 2002) kindly provided to us by Dr Michel Goedert
(Cambridge, UK). The P301S mice were backcrossed to
C57BL/6J line for at least nine generations to obtain animals
on a pure C57BL/6J background. Transgene homozygosity was
determined by real-time PCR. As control animals, we used mice
of C57BL/6J strain (wild-type). The mice were housed under a
12-h light/dark cycle and were given food and water ad lib-
itum. All procedures were performed in accordance with an
animal protocol approved by the Government of Upper
Bavaria (ref number GZ: 55.2–1–54–2532–163–13).

Stereotaxic injections of tau
preformed fibrils and virus

Two-month-old wild-type or P301S mice were anaesthetized
with an intraperitoneal injection of ketamine-xylazine (keta-
mine 140 mg/kg, xylazine 10 mg/kg). In addition, dexametha-
sone (6 mg/kg) was injected intraperitoneally to prevent the
development of cerebral oedema. Mice were then placed on
a heating blanket and stabilized in a stereotaxic frame.
Tau preformed fibrils (tau-PFFs) were prepared as described
previously (Stancu et al., 2015) and kindly provided to us
by Dr Ilse Dewachter. Before injection, tau-PFFs were soni-
cated and mixed with AAV1.hSyn1.mRuby2.GSG.P2A.
GCaMP6s.WPRE.SV4 virus (Rose et al., 2016; Cat. No.
50942-AAV1 Penn Vector Core). This AAV vector enables
bicistronic stoichiometric expression of calcium indicator
GCaMP6s and red fluorescent protein mRuby2 under a
human synapsin 1 promoter.

Unilateral stereotaxic injection (right hemisphere) was per-
formed in the frontal cortex (A/P, + 2.0 mm; L, + 1.4 mm,
D/V, �0.7 mm). Total injected volume was 5 ml (final tau-
PFFs concentration 333 mM, final virus titre 0.33 � 1013

genome copies (GC)/ml). Vehicle without tau-PFFs (5ml) was
injected in the control group. The mice were allocated to the
experimental groups randomly and matching with littermates
as controls was used.

Implantation of cranial window

Cranial window implantation was performed as described pre-
viously (Holtmaat et al., 2009). After stereotaxic tau-PFFs and
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virus injection a circular craniotomy was made using a dental
drill (Schick-Technikmaster C1; Pluraden), and immediately
covered with rounded coverslip (3 mm).

The coverslip was sealed to the skull using dental acrylic
(Cyano-Veneer fast; Schein). A custom made small metal bar
was cemented next to the coverslip to allow head-fixation
during training and imaging sessions. After surgery, mice
received subcutaneous doses of the analgesic carprofen (7.5 mg/
kg) and the antibiotic cefotaxime (5 mg/kg). The mice with cra-
nial window implanted were housed individually in cages.

Imaging in awake, head-fixed mice

Imaging was performed in awake, head-fixed mice as described
previously (Andermann et al., 2010). Mice were trained for
head-fixation for at least 7 days prior to imaging. On the
first day of training, mice were handled to habituate to the
researcher and to the set-up noise and they were allowed to
explore and habituate to the holding tube. A separate holding
tube was assigned to each mouse. On the next day, in addition
to habituation, mice would be occasionally head-fixed after
passing through the holding tube for a brief period of time
(10–30 s). In the following days, periods of head-fixation
were gradually increased up to 1 h at the end of training.
Care was taken to make the mice feel comfortable in the hold-
ing tube and individual adjustments were made for each mouse
if necessary. During head-fixation, mice typically showed long
episodes of quiet wakefulness (quiet) interrupted by brief epi-
sodes of intensive whisking and movement (active). Therefore,
we used whisking movement as an indicator of behavioural
state (quiet versus active) (Crochet and Petersen, 2006).

Imaging started at least 20 days after surgery to allow mice
to recover and cranial windows to become clear. Before each
imaging session, mice were head-fixed and placed under the
microscope for 5 min to habituate. Imaging was performed in
the dark without any stimuli. In vivo time-lapse imaging series
of spontaneous activity of layer 2/3 frontal cortex neurons
were acquired using a La Vision Trim Scope (La Vision
BioTec) equipped with tunable Ti:sapphire two-photon lasers
(Coherent Chameleon, Coherent and Mai Tai, Spectra
Physics). The setup was controlled using La Vision Imspector
software (La Vision BioTec). For recording calcium transients
from layer 2/3 neurons, the laser was tuned to 940 nm, which
enabled simultaneous excitation of mRuby2 and GCaMP6s.
To visualize NFTs in vivo we injected the fluorescent Congo
red derivative FSB [(trans,trans)-1-fluoro-2,5-bis(3-hydroxycar-
bonyl-4-hydroxy)styrylbenzene] 24–48 h prior to imaging
(Velasco et al., 2008; Schön et al., 2012). Mice were intraper-
itoneally injected with 300ml of 0.1% FSB (2.4 mM, Cat. No.
344101–5MG, Merck) in PBS containing 2% mouse albumin
(Cat. No. 126674–25MG, Merck). When excited at 700–
750 nm by two-photon laser, FSB provided robust and bright
NFT labelling. To avoid photo-bleaching and photo-damage,
laser power was kept under 80 mW at all times (measured at
the back-focal plane of the objective). All time-lapse movies
were taken at the frame rate of 410 Hz. For simultaneous
imaging of NFTs and cortical layer 2/3 neurons labelled with
GCaMP6s/mRuby2, Mai Tai tuned to 700–750 nm and
Chameleon tuned to 940 nm were used in alternate laser
scan protocol. Emitted fluorescence was split at 495 nm and
560 nm and detected by photomultiplier tubes. Figures 1E and
2A represent 450 time-series images acquired at 410 Hz and

averaged. For representation purposes in Figs 1E and 2A,
images were combined using ‘screen’ function in Photoshop
software (Adobe) and gamma was adjusted non-linearly. For
recording mouse behaviour, a web camera was installed and
controlled by La Vison Imspector software, which allowed
synchronous recordings with the same frame rate for mouse
behaviour and calcium transients.

Mice were imaged in repeated sessions up to 7 (�50 days)
weeks after seeding. Only datasets from mice with more than
three imaging sessions in total were analysed further. A single
imaging session would typically last around 45 min. During
this time period, images from three to four areas of interest
were acquired (�10 min per area, 50–150 neurons per area).

Immunohistochemistry, confocal
microscopy and image processing

Mice were perfused transcardially with PBS followed by 4%
paraformaldehyde (PFA) in PBS. Brains were removed and
fixed overnight in 4% PFA in PBS at 4�C. Fifty micrometre-
thick free-floating brain sagittal section were cut using a micro-
tome. The sections were incubated in 10% normal goat serum
(Sigma-Aldrich), 1% bovine serum albumin, and 0.1%
TritonTM X-100 in PBS and stained with AT8 antibody recog-
nizing human and murine tau phosphorylated at S202 and
T205 (Thermo Fisher Scientific Cat. No. MN1020). Images
were acquired with a LSM 780 confocal microscope (Zeiss)
equipped with a 40� /1.4 oil immersion objective. For represen-
tation in Fig. 1A–D, spectral channels of confocal maximum
intensity projections were combined in pseudocolour by using
the ‘screen’ function in Photoshop (Adobe) software. Gamma
was adjusted non-linearly to show low-intensity objects.

Data processing and image analysis

Collected images were processed and analysed using custom
written codes in MATLAB and ImageJ software. A typical re-
cording consisted of two image series simultaneously recorded
using two-photon microscopy. One series contained cell bodies
labelled with mRuby2 (calcium insensitive, red channel,
4560 nm). The other series contained fluorescence of the
cytoplasmic calcium indicator GCaMP6s (green channel,
495–560 nm). Behavioural state was recorded by a camera
focused at the whiskers and classified as active or quiescent
(quiet) using custom written MATLAB code. A behaviour
would be classified as quiet or active if it persisted for 57
frames (0.7 s).

Two-photon calcium imaging data were analysed using
custom written MATLAB code. In brief, individual images
from a single time series were aligned to each other in the
x–y plane. Image registration parameters (x/y shift) were
estimated using a Fourier transform based approach
(Guizar-Sicairos et al., 2008) on image data from the
mRuby2 (structural) channel (Rose et al., 2016). Regions of
interest (regions of interest) were manually identified using
custom written software in MATLAB. For each region of inter-
est, a raw GCaMP6s fluorescence time series was constructed
by averaging the pixel values within the region of interest for
each individual imaging frame.

Time series were corrected for contamination by local
neuropil fluorescence and for changes in fluorescence caused
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by movement along the z-axis (in/out of plane movement)
using the following method. First, local neuropil fluorescence

was calculated by averaging all pixel values in a �30-mm ring

around the region of interest, excluding other regions of
interest. Next, the effect of z-movement on the fluorescence

intensity of a region of interest was determined from the

mRuby2 fluorescence within the region of interest. Using

linear regression (Equation 1) we could now infer the contri-
bution of the local neuropil signal (Fneuropil) and z-motion

(Fmotion) to the fluorescence within the region of interest

(FROIraw
). Finally, the resulting corrected time series

(FROIcorrected
) was readjusted to the median of the original

time series (FROIraw
).

FROIraw
¼ FROIcorrected

þ a�Fneuropil þ b�Fmotion ð1Þ

The relative fluorescence change over baseline, �F/F, was

calculated according to Equation 2, where Ft is the absolute
fluorescence at imaging frame t. Baseline fluorescence F0t

was

calculated using a sliding window approach by, for each frame,

averaging the lowest 50% fluorescence values in a 30-s sliding

window before imaging frame t (Kerr and Denk, 2008).

Figure 1 Injection of tau-PFFs induces rapid formation of NFTs in P301S mice. (A–D) Frontal cortex of a wild-type mouse 3 weeks

after injection with vehicle (A), with tau-PFFs (B) and a P301S homozygous mouse 3 weeks after injection with vehicle (C), with tau-PFFs

(D) stained with FSB (white) and AT8 antibody (magenta). All mice were injected at 2 months of age. Scale bar = 20 mm. (E) Top: Principle of

chronic two-photon calcium imaging in tauopathy model. AAV1 transduced neurons are labelled with mRuby2 (red) and GCaMP6s (green). NFTs

are labelled with FSB (white). The same neuronal population can be found over time [3 weeks post-injection (p.i.) left versus 4 weeks post-

injection right]. Images are made by averaging 450 time-series frames acquired in vivo at 410 Hz with two-photon lasers tuned to 940 nm for

GCaMP6s/mRuby2 and to 750 nm for FSB. Bottom: Schematic of a head-fixed mouse in the experimental setup with the camera for recording of

behaviour. Scale bar = 50 mm. (F) Schematic of the experimental protocol. (G) Density of NFTs over time. Black circles represent mean

values � SEM. Grey values represent individual fields of view (n = 9 mice, 53 areas imaged, not significant, one-way ANOVA).
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�Ft ¼
Ft � F0t

F0t
ð2Þ

Transients were detected as peaks in the fluorescent time
series that exceeded 43.5 standard deviations (SD) of the
overall time series, had a rising time of 0.2 s, decay time of
0.5 s and interpeak interval 40.7 s.

Correlations between time series of �F/F calcium activity
were calculated using the Pearson correlation coefficient on
z-scored segments and then averaged.

Statistics

Statistical analysis was performed using one-way ANOVA,
two-way ANOVA, multivariate analysis of variance
(MANOVA) and Student’s t-tests with GraphPad Prism and
STATISTICA software. P-values are reported and outlined as
follows: *P50.05, **P50.01, ***P5 0.001 and
****P5 0.0001. The mean and standard error of the mean
(SEM) are indicated.

Data availability

Raw data were generated at Center for Neuropathology and
Prion Research, Ludwig-Maximilians-University Munich,
Munich, Germany. Derived data supporting the findings of
this study are available from the corresponding author on
request.

Results

Injection of tau preformed fibrilss
induces rapid formation of NFTs in
P301S mice

Using histological analysis, we did not observe formation of

NFTs in the frontal cortex of wild-type mice stereotactically

injected with vehicle or tau-PFFs, (Fig. 1A and B).

Similarly, histological analysis revealed no formation of

NFTs in P301S mice injected stereotactically with vehicle

(Fig. 1C). However, injection of tau-PFFs in P301S mice

caused rapid and robust formation of tau aggregates in

the frontal cortex. These aggregates were consisting of

hyperphosphorylated (AT8-positive) and fibrillar tau (FSB-

positive) (Fig. 1D). Additional Bielschowsky staining con-

firmed that these structures are silver positive and therefore

can be considered as NFTs (data not shown).

Next, we aimed to detect NFTs in vivo using cranial

window preparation. Typically, in our experiments, it

takes �3 weeks after surgery for the cranial window to

become clear for in vivo imaging. At this time point,

using intraperitoneal injections of FSB dye, NFTs were

easily detectible in vivo in the frontal cortex of P301S

mice injected with tau-PFFs (Fig. 1E). This gave us an ex-

cellent opportunity to investigate the functional conse-

quences of NFT formation at the single neuron level

using two-photon in vivo calcium imaging (Fig. 1E). We

were able to repetitively record over time from the same

neuronal populations and follow individual neurons

(Fig. 1E). Furthermore, using FSB staining we could easily

differentiate between the tangle-bearing neurons (NFT-

bearing) and their tangle-free neighbours (NFT- free). Our

experimental design (Fig. 1F) allowed us to record from

4580 neurons over three or more time points in a total

of 23 mice. Of tracked neurons, 410 of the 4580 were

NFT-bearing.

To investigate how fast the NFTs formed in our model

and to probe whether novel NFTs could form over time,

we used intraperitoneal injections of FSB to label all the

NFTs formed at a given time point. We performed this

experiment in a separate cohort of mice that we followed

up to 10 weeks after tau-PFF injection (Fig. 1G). In this

way, we were able to compare the number and presence of

NFTs in the same area (field of view) over time.

Surprisingly, in vivo two-photon imaging revealed that

NFTs had already formed at 1 week after injection.

However, the number of NFTs did not change significantly

over time (Fig. 1G). In rare cases, we could observe the

formation of novel NFTs [in 7 of 53 areas (13.2%)

imaged in nine mice, totalling eight new NFTs]. All of

these NFT formation events occurred within the first 3

weeks after injection, i.e. when functional imaging is still

not possible because of limited clarity of the cranial

window. No NFTs disappeared during imaging period.

Neuronal activity is reduced in P301S
mice independently of presence of
NFTs

To investigate functional consequences of NFT formation

we used two-photon calcium imaging in awake head-fixed

mice. We were able to simultaneously record calcium tran-

sients from 50–150 neurons in one field of view (Fig. 2A).

During both quiet and active behavioural states, neurons in

P301S mice showed a clear reduction of activity measured

by the number of calcium transients per minute (Fig. 2B).

Tested by two-way ANOVA, we found a significant effect

of the main factor genotype [wild-type versus P301S:

F(1,19) = 15.61, P5 0.001]. Effects of injection and inter-

action were not significant: (vehicle versus tau-PFFs)

F(1,19) = 0,05, P = 0.83 and F(1,19) = 0.16, P = 0.69, re-

spectively. Closer analysis revealed no difference between

NFT-bearing neurons and their NFT-free neighbours

(Fig. 2B, red triangles versus red squares). Similar results

were obtained when we analysed activity during active

phases. Again, only effect of genotype was significant:

F(1,19) = 27.79, P5 0.0001. Effects of injection (vehicle

versus tau-PFFs) and interaction were not significant:

F(1,19) = 0.6454, P = 0.4317 and F(1,19) = 0.01604,

P = 0.9006, respectively. Similar to the quiet state, no dif-

ference in transient frequency between NFT-bearing neu-

rons and their NFT-free neighbours was observed during

the active state (Fig. 2B). To present the distribution of

In vivo imaging reveals reduced activity BRAIN 2019: 142; 1051–1062 | 1055

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article-abstract/142/4/1051/5371512 by M

ax Planck Institut fur Biochem
ie user on 06 August 2020



Figure 2 Neuronal activity is reduced in P301S mice independently of presence of NFTs. (A) Left: Representative in vivo recordings

from wild-type vehicle and P301S tau-PFFs mice. AAV1 transduced neurons are labelled with mRuby2 (red) and GCaMP6s (green). NFTs are

labelled with FSB (white). Images are made by averaging 450 time-series frames acquired in vivo at 410 Hz with two-photon lasers tuned to

940 nm for CGaMP6s/mRuby2 and to 750 nm for FSB. Scale bar = 50mm. Right: Traces (blue) extracted from annotated regions of interest (black)

during quiet and active (grey shade) behavioural states classified based on changes in whisking movement (grey trace in the bottom). Note that

traces 2 and 4 in P301S tau-PFFs group are from NFT-bearing neurons. Black bars mark detected calcium transients. (B) Top: Mean frequency of

calcium transients during quiet state of all neurons detectable in three or more time points. Wild-type vehicle (WT) (black), wild-type tau-PFFs

(cyan) P301S vehicle (green), P301S tau-PFFs: all neurons are denoted as magenta circles, with NFT-free as magenta squares and NFT-bearing as

magenta triangles. Data points represent individual mice, n = 5–7 mice per group; black lines represent mean value � SEM. ***P5 0.001,

****P5 0.0001, wild-type versus P301S [two-way ANOVA, genotype factor, not significant (Student’s t-test)]. Bottom: Cumulative frequency plots

of the data shown in the top panel.
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frequencies of individual neurons we plotted the results as

cumulative frequency graphs. In both quiet and active

states a clear shift to the left of the P301S curves is evident,

indicating lower activity (Fig. 2). No difference was

observed between NFT-bearing and NFT-free neurons.

Next, we investigated if the duration and amplitude of

the transients is different between the groups. To analyse

this, we calculated the area under the curve (AUC) normal-

ized to the duration of transients (i.e. AUC/s,

Supplementary Fig. 1). The results of AUC analysis were

similar to the results of frequency analysis. Tested by two-

way ANOVA we found significant main factor of genotype

[wild-type versus P301S: F(1,19) = 12,79, P50.01]. Effects

of injection and interaction were not significant: (vehicle

versus tau-PFFs), F(1,19) = 0.16, P = 0.86 and

F(1,19) = 0.04, P = 0.43, respectively. Closer analysis re-

vealed no difference between NFT-bearing neurons and

their NFT-free neighbours (Supplementary Fig. 1).

Reduced neuronal activity in P301S
mice does not change with time and
pathology progression

To investigate how activity of the neuronal ensembles

changes over time we calculated the percentage of neurons

with low activity (51 transient/min) and high activity (43

transient/min) averaged in 10-day bins over the whole ima-

ging period (up to 50 days after seeding). Interestingly, in

all groups the distribution of neurons according to their

activity in both quiet and active phases was similar over

time. (Fig. 3 and Supplementary Fig. 2). Both wild-type

groups (wild-type vehicle and wild-type tau-PFFs) had a

relatively small fraction of neurons with low activity and

much larger fraction of neurons with high activity, both

during quiet and active phases (Fig. 3 and Supplementary

Fig. 2). In contrast, P301S mice, both injected with vehicle

and tau-PFFs had a large fraction of neurons with low ac-

tivity and a small fraction of neurons with high activity

(Fig. 3 and Supplementary Fig. 2). When we only con-

sidered NFT-bearing neurons we did not detect significant

changes in the distribution of neurons according to their

activity during quiet and active phases. This group of NFT-

bearing neurons, similar to NFT-free neurons, had no sig-

nificant change in fractions of neurons with low and high

activity over time (Fig. 3 and Supplementary Fig. 2).

Although the distribution of neurons according to their

activity seems to be constant over time, it is still possible

that individual neurons significantly change their activity

frequency from one time-point to another. For example, a

neuron could become highly active and, in the same time,

another neuron could become hypoactive without affecting

the overall population distribution. To investigate this in

more detail, we calculated the average absolute change in

activity between time points for each individual neuron in

the early phase after injection (535 days post-injection)

and in the late phase (435 days post-injection). Our results

show that individual neurons undergo comparable absolute

activity changes from one imaging point to the other in

early and in late phase after seeding (Supplementary Fig. 3).

Correlation coefficients in imaged
neuronal populations remain stable
over time

Finally, we assessed how strong the interactions in imaged

local neuronal populations were. For each neuronal popu-

lation (i.e. each field of view) we calculated the average

correlation coefficient of all pairs of imaged neurons. This

analysis revealed that, in contrast to the frequency of spon-

taneous activity, the average correlation coefficient was not

different among the groups (Fig. 4A). The correlation co-

efficient values were comparable among the groups when

calculated for entire recordings (quiet and active together),

as well as when calculated separately using segments for

only quiet or only active phases. In mice injected with

tau-PFFs, we calculated the average correlation coefficient

between only NFT-free, only NFT-bearing or pairing NFT-

free with NFT-bearing neurons. Interestingly, no difference

was observed among these groups as well (Fig. 4B).

The underlying connectivity within a given neuronal

population can be indirectly inferred from the pattern of

correlations in recorded calcium dynamics (Ko et al.,

2011). If the present pathology induced progressive changes

of such connectivity, this would be reflected in alterations

of correlation patterns over time.

Figure 3 Reduced neuronal activity in P301S mice does not

change with time and pathology progression. Average fraction

(% mean � SEM) of neurons with low activity (51 transients/min)

during quiet state (left graph) and active state (right graph) averaged

within 10-day time bins over whole experimental period. **P5 0.01

wild-type versus P301S (MANOVA, genotype factor) ***P5 0.001

wild-type versus P301S (MANOVA, genotype factor). Wild-type ve-

hicle (black), wild-type tau-PFFs (cyan) P301S vehicle (green), P301S

tau-PFFs: all neurons in magenta, with NFT-free neurons as magenta

squares and NFT-bearing neurons as magenta triangles.
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To assess this, the pattern of an individual time point was

defined as all pairwise correlations from an imaged neur-

onal population. Next, to evaluate the pattern change be-

tween a given two time points we calculated how strongly

the pattern of correlations persisted (expressed as correl-

ation of the pattern across time points) and averaged

within 10-day time bins (Fig. 5A). The analysis showed

that despite existing pathology, the pattern of neuronal

pairwise correlations remained stable over time in all

groups and for the different behaviours (i.e. quite and

active).

To illustrate and visualize the pattern in the correlation

coefficient matrix for individual neuronal populations, we

sorted the neurons into four clusters exhibiting similar cal-

cium activity patterns (using k-means clustering) in all ex-

perimental groups (Fig. 5B). Examples of correlation

matrices for four time points are shown, highlighting that

some pairwise correlations are persistent while others are

lost over time.

More detailed analysis in tau-PFFs group showed that

when analysed separately for NFT-free, NFT-bearing and

NFT-free versus NFT-bearing neurons, correlation coeffi-

cient values were comparable among all groups and

showed no changes over time (Fig. 5C and D). Taken to-

gether, the analysis of correlation patterns over time sug-

gests that presence of pathological tau does not induce

progressive changes in connectivity of investigated neuronal

circuits.

Discussion
To assess the impact of pathological tau species on neur-

onal functioning, we combined injections of tau-PFFs with

chronic in vivo two-photon calcium microscopy in a tau-

overexpressing mouse model. This approach enabled us to

directly compare the effects of soluble pathological tau with

the effects of NFTs formation on the activity of individual

neurons and neuronal circuits. In addition, by recording

ongoing cortical activity in the same neuronal population

repetitively over a prolonged period of time, we were able

to mimic, to some extent, disease conditions in which

pathological changes take place gradually over the disease

course.

This study was conducted in P301S mice, which is a well-

characterized mouse model that exhibits the essential fea-

tures of a human tauopathy (Allen et al., 2002). In the

neurons of these mice, human tau protein and undergoes

well-defined time course of phosphorylation, misfolding,

oligomerization and building of filamentous aggregates

(Delobel et al., 2008). We deliberately chose to use

P301S transgenic mice, since only a small subset of frontal

cortex neurons contains filamentous tau (Fig. 1C and

Hoffmann et al., 2013). However, upon injection of tau-

PFFs, these mice show rapid formation of NFTs that could

be readily detected in vivo using FSB fluorescent dye

(Velasco et al., 2008; Schön et al., 2012). In this study,

we used synthetic pre-aggregated tau fragments, containing

the four-repeat domain of TauP301L—tau-PFFs (Stancu

et al., 2015). Therefore, there is the possibility that the

observed tau aggregates might simply represent passive

uptake of injected fibrils and not result from templated

misfolding and aggregation of cell-endogenous tau. Two

lines of evidence argue against such a possibility. The ag-

gregates are strongly stained with anti-tau P-S202/T205

antibody (AT8). The AT8 epitope is not present on tau-

PFFs used for injection and therefore the aggregates that we

observed derive, at least partially, from full-length

Figure 4 Correlation coefficients in imaged neuronal

populations are comparable among the groups. (A) Pearson

correlation coefficient (mean � SEM) calculated for each imaged

field of view for entire recording (quiet and active), and separately

for quiet and active states. Wild-type vehicle (black), wild-type tau-

PFFs (cyan) P301S vehicle (green), P301S tau-PFFs (magenta). Data

points represent individual mice, n = 5–7 mice per group; black lines

represent mean value � SEM (not significant, two-way ANOVA).

(B) Pearson correlation coefficient (mean � SEM) calculated for

each imaged field of view for entire recording (quiet and active), and

separately for quiet and active states for P301S tau-PFFs group.

Correlations were calculated including only NFT-free neurons

(magenta squares), only P301S tau-PFFs NFT-bearing neurons

(magenta triangles) or only between NFT-free neurons and NFT-

bearing neurons (magenta diamonds). Data points represent indi-

vidual mice; n = 5–7 mice per group; black lines represent mean

value � SEM (n.s. one-way ANOVA).
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Figure 5 Correlation coefficients in imaged neuronal populations remain stable over time. (A) The change of the pairwise cor-

relation pattern from an imaged neuronal population over whole experimental period. Correlation change for a given neuronal population was

expressed as correlation patterns of different time points and averaged within 10-day time bins (mean � SEM). Correlation change was calculated

using recordings from active and quiet phases together (left), and separately for quiet (middle) and active phase (right). Wild-type vehicle (black),

wild-type tau-PFFs (cyan) P301S vehicle (green), P301S tau-PFFs (magenta). (B) The pattern in the correlation coefficient matrix for individual

neuronal populations in wild-type experimental group. Neurons were sorted into four clusters exhibiting similar calcium activity patterns using k-

means clustering. Examples of correlation matrices for four time-points are shown (24, 30, 35 and 40 days post-injection). (C) The change of the

pairwise correlation pattern from an imaged neuronal population over the whole experimental period in the P301S tau-PFF experimental group.

Correlation changes for NFT-free neurons (magenta squares), NFT-bearing (magenta triangles) and NFT-free versus NFT-bearing neurons were

calculated separately (magenta diamonds) and expressed as correlation across time points and averaged within 10-day time bins (mean � SEM).

Correlation change was calculated taking recordings from active and quiet phases together (left), and separately for quiet (middle) and active phase

(right). (D) As in B, but using data of an example P301S mouse. Black line distinguishes the subpopulation of NTF-bearing from NFT-free neurons.

Examples of correlation matrices for four time points are shown (21, 25, 29 and 41 days post-injection). p.i. = post-injection; WT = wild-type.
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endogenously expressed human tau. In addition, neurons in

wild-type mice do not accumulate tau upon injection of

tau-PFFs further opposing the passive uptake possibility.

To investigate the formation of novel NFTs in the frontal

cortex over time, we imaged the mice in vivo up to

10 weeks after tau-PFF injection. Interestingly, we did not

observe significant formation of de novo NFTs during this

period, suggesting that mechanisms of local spreading are

not present in our model. Indeed, at the injection site, all

the NFTs formed within the first week after tau-PFF injec-

tion. We believe that rare cases in which we observed ap-

pearance of NFTs in our images are rather due to FSB

accumulation with repeated injections and/or improved

clarity of cranial window. Previous studies mainly used

histological analysis to assess the level of NFTs spreading

upon injection of seeding material (tau-PFFs or brain hom-

ogenates containing the tau fibrils). In all these studies a

relatively slow progression (46 months) of NFTs was re-

ported and predominately in anatomically connected brain

regions (Clavaguera et al., 2009; Iba et al., 2013; Peeraer

et al., 2015). Therefore, it is still possible that in our mice

too, novel NFTs would appear after prolonged periods of

time. Unfortunately, this is not possible to study in homo-

zygote P301S mice because this line develops severe motor

deficits with 5–6 months of age due to strong expression of

the transgene in the brainstem (Allen et al., 2002). These

results also raise an important question of careful titration

of injected tau-PFF dose and appropriate choice of recipient

mouse line to optimally mimic the templated misfolding

and spreading observed in human patients.

Our in vivo recordings indicate clear overall reduction in

spontaneous activity of layer 2/3 neurons in P301S mice

compared with wild-type mice. The P301S mouse model

provides a unique opportunity to study three neuronal

populations at the same time. The majority of cortical neu-

rons overexpress human mutated tau protein, which is mis-

localized in their somata (recognized by phophorylation

independent HT7 antibody, Hoffmann et al., 2013). Few

neurons in the cortex have pathologically phosphorylated

tau and filamentous tau aggregates (AT8- and FSB-positive,

respectively; Fig. 1C and Hoffmann et al., 2013). Finally,

due to stochastic expression driven by the murine Thy1.2

promoter, there is also a small subset of neurons that do

not express the transgene (520%, data not shown;

Marinković et al., 2015). Our results clearly show that

the presence of pathological mutated tau in the majority

of neurons is sufficient to reduce the activity of the entire

imaged neuronal population. A central goal of this study

was to address whether introduction of additional and pos-

sibly also toxic tau species in the form of NFT had a spe-

cific impact on neuronal circuits. Interestingly, after

injection of tau-PFFs in P301S mice and subsequent forma-

tion of NFTs in a subset of neurons, neuronal circuits

showed spontaneous activity rates comparable to the cir-

cuits in P301S mice injected with the buffer. Specifically,

when analysed at the single neuron level, the NFT-bearing

neurons had similar calcium transient frequencies during

both quiet and active phases as compared to their NFT-

free neighbouring neurons. This indicates that formation of

NFTs in neurons do not induce additional effects in neur-

onal functioning in our model. Using our chronic in vivo

imaging approach, we were able for the first time to follow

the effects investigate impact of soluble versus fibrillar tau

in same individual neurons over prolonged periods of time.

Interestingly, no significant changes in distribution of neu-

rons according to their activity or correlation patterns

could be detected in imaged circuits over the whole time

course of our experiment (�50 days after seeding). This

was surprising as we expected an emergence of progressive

alterations due to the strong presence of pathological tau

and ongoing neurodegeneration in CNS. This finding might

suggest that there is remaining intrinsic capacity of circuits

to compensate and maintain their function. However, we

cannot exclude that subtle structural and functional

changes take place which cannot be detected in our

assay. It is also important to keep in mind that calcium

transients do not fully represent neuronal functioning and

that possible functional changes could have been detected

by more suitable techniques like patch-clamp recordings.

Alternatively, or additionally, it is possible that significant

changes in neuronal activity develop after longer periods of

time than in our experiment.

Numerous studies tried to elucidate the effects of NFTs

formation on neuronal activity. Of interest for our work

are those studies that investigated this matter at the single

neuron level and which differentiated between the NFT-

bearing and NFT-free neurons. Elegant studies coming

from the Lübke lab investigated this in great detail in cor-

tical neurons using acute slice preparation (Rocher et al.,

2010). Their results indicated that structural and functional

changes in tau mutant mice are not linked to the presence

of NFTs. They reported increased activity of neurons in

transgenic mice in response to stimulation. An in vivo

study from the Hyman lab showed that NFT-bearing neu-

rons are functionally intact and do not impair local circuits

(Kuchibhotla et al., 2014). Kuchibhotla and co-authors

show that NFT-bearing and NFT-free neurons preserve

their resting calcium levels and neuronal tuning. They

also report that NFT-bearing and NFT-free neurons have

comparable characteristics to the neurons in wild-type con-

trol group, which is different from our findings. Finally,

relevant to the work here is a recent in vivo study that

investigated ongoing activity in cortical neurons in intact

circuits with significant NFT load (Menkes-Caspi et al.,

2015). Similar to our results, this study revealed an overall

reduction in the neuronal spontaneous activity confirming

the disrupting role of the pathological tau protein. Since the

authors did not differentiate between cortical neurons

based on NFT presence it cannot be concluded which tau

species is responsible for the observed effect.

All these studies were conducted in rTg4510 mouse

model where the NFT formation is driven by strong over-

expression of human mutated P301L tau (13-fold increase

versus 2-fold increase in P301S mice; Allen et al., 2002;
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SantaCruz et al., 2005). The first NFTs in this model are

detectable already at 2.5 months of age. However, the cir-

cuits in human patients are challenged by NFT formation

believed to happen through interneuronal transfer of tau

fibrils and subsequent seeding and aggregation. We tried

to model this mechanism by injecting exogenous fibrils

into circuits that normally do not develop strong fibrillar

pathology—no study so far investigated the functional con-

sequences of such NFT formation in vivo at single neuron

level.

Taken together our results point to the pathological role

of tau species present before formation of NFTs. The

source for all these species is mislocalized tau protein pre-

sent in the somatodendritic compartment, which becomes

misfolded and pathologically phosphorylated. In addition,

it is reasonable to assume that species could also involve

small tau fibrils which still do not reach critical concentra-

tion to form NFTs. NFT formation, on the other hand,

might be the part of disease ‘off pathway’ as proposed by

Bradley Hyman and co-authors (Spires-Jones et al., 2011;

Kopeikina et al., 2012; Kuchibhotla et al., 2014).

The results of this study could have implications for the

choice of the right therapeutic strategy in treating patients

suffering from tauopathies. Therapy approaches should be

focused on eliminating toxic soluble tau species rather than

trying to eradicate NFTs. Furthermore, our results advise

caution in therapeutic approaches aimed at dissolving or at

preventing the formation of tau aggregates.
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