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Arterial spin labeling demonstrates
preserved regional cerebral blood flow in
the P301L mouse model of tauopathy
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Abstract

There is growing evidence for the vascular contribution to cognitive impairment and dementia in Alzheimer’s disease

(AD) and other neurodegenerative diseases. While perfusion deficits have been observed in patients with Alzheimer’s

disease and tauopaties, little is known about the role of tau in vascular dysfunction. In the present study, regional

cerebral blood (rCBF) was characterized in P301L mice with arterial spin labeling. No differences in rCBF in P301L mice

compared to their age-matched non-transgenic littermates at mid (10–12months of age) and advanced (19–21months

of age) disease stages. This was concomitant with preservation of cortical brain structure as assessed with structural

T2-weighted magnetic resonance imaging. These results show that hypoperfusion and neurodegeneration are not a

phenotype of P301L mice. More studies are thus needed to understand the relationship of tau, neurodegeneration and

vascular dysfunction and its modulators in AD and primary tauopathies.

Keywords

Arterial spin labeling, cerebral blood flow, tau, P301L, mouse models

Received 7 May 2021; Revised 13 October 2021; Accepted 20 October 2021

Introduction

There is growing evidence for the vascular contribution

to cognitive impairment and dementia in Alzheimer’s

disease (AD) and other neurodegenerative diseases.1,2

While effects of b-amyloid on vascular function have

been well characterized,3 little is known about the cor-

responding role of tau. Neuropathological studies have

shown accumulation of tau oligomers in cerebral blood

vessels of patients with AD but also in patients with

primary tauopathies that do not have b-amyloid

pathology.4–6 Functional neuroimaging studies have

demonstrated reductions in regional cerebral blood

flow (rCBF) in patients with frontotemporal dementia

(FTD).7–12 The perfusion deficit has been shown to

correlate with the degree of behavioral disturbances

in FTD patients.10 Furthermore, hypoperfusion has

been found to occur presymptomatically in carriers of

microtubule-associated protein tau (MAPT) and pro-

granulin, which cause an autosomal dominant form of

FTD,13 raising the possibility that hypoperfusion is an

early pathogenic contributor to the disease process.

However, the cellular and molecular relationship
between tau deposition, vascular dysfunction and neu-
rodegeneration is not well understood. In this regard,
investigations in animal models that display tau pathol-
ogy may be useful.14

A variety of transgenic mouse lines with expression
of several MAPT mutations such as N279K, DK280,
P301L, P301S, v337 or R406 have been developed.15–21
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The mouse strains show pre-tangle formation and
hyperphosphorylation of tau and aggregation of neu-
rofibrillary tangles as well as neuroinflammation, cell
dysfunction and neuronal loss; though the onset and
severity of the phenotype varies among the different
strains. To this end, vascular function has not been
thoroughly studied in tauopathy models. Reports
have shown vascular abnormalities such as perivascular
accumulation of tau, changes in vessel morphology,
impairment of blood-brain barrier integrity, and calci-
fications in the brain.22–24 Studies assessing cerebral
perfusion in models of FTD with arterial spin labeling
(ASL) have yielded controversial results.25–29 Here we
characterized cerebral perfusion in P301L mice30 with
pulsed ASL. We asked the questions: (1) whether
P301L mice show a hypoperfusion as a phenotype,
and (2) if this is related to the disease stage.

Materials and methods

Animal model

Transgenic B6.Dg-Tg(Thy1.2-TauP301L)183Nitsch
(P301L) mice have been engineered to express the
human 4 repeat tau isoform under control of the
murine Thy 1.2 promoter.15 After generation, mice
were backcrossed with C57BL/6J mice for >20 gener-
ations and maintained on a C57BL/6J background. All
mice were maintained under specific pathogen-free
conditions. Animals were housed in ventilated cages
inside a temperature-controlled room (22�C, 50% air
humidity), under a 12-hour dark/light cycle. Each cage
housed up to five mice. Paper tissue and red Tecniplast
mouse houseVR (Tecniplast, Milan, Italy) shelters were
placed in cages as environmental enrichments. Cages
and pelleted chow (3437PXL15, CARGILL) were
steam-pressure sterilized. Water was acidified (pH 2.5–
3.0). Both food and water were provided ad libitum.

All experiments were performed in accordance with
the Swiss Federal Act on Animal Protection and were
approved by the Cantonal Veterinary Office Zurich
(permit number: ZH044/19). All animal experiments
are reported in compliance with the ARRIVE guide-
lines 2.0.31 A total of 9 hemizygous P301L and 10 non-
transgenic littermates of 10-12-months of age (i.e. mid
disease stage), and 16 hemizygous P301L mice and 13
non-transgenic littermates of 19-21-months of age (i.e.
advanced disease stage) were used. From previous
studies, we estimated variances in rCBF values from
ASL measurements.32,33 A sample size of n¼ 3 was cal-
culated a priory for the primary end point rCBF,
Wilcoxon-Mann-Whitney test with 2 groups to detect
an estimated effect size of f¼ 3.25 (corresponding to
10% differences in rCBF values) with a¼ 0.05 and
b¼ 0.2.

Magnetic resonance imaging protocol

Magnetic resonance imaging (MRI) data was collected
on a 7/16 small animal MR scanner (Pharmascan,
Bruker Biospin GmbH, Ettlingen, Germany), equipped
with an actively shielded gradient set of 760mT/m with
an 80 ms rise time and operated by a Paravision 6.0
software platform (Bruker Biospin GmbH). A circular
polarized volume resonator was used for signal trans-
mission and an actively decoupled mouse brain quad-
rature surface coil with integrated combiner and
preamplifier for signal reception (Bruker BioSpin
GmbH). Mice were anesthetized with an initial dose
of 4% isoflurane (Abbott, Cham, Switzerland) in
oxygen/air (200:800ml/min) mixture and anesthesia
were maintained with 1.5% isoflurane in oxygen/air
mixture (100:400ml/min), supplied via a nose cone.
Mice were placed in prone position in the MRI scan-
ner. Body temperature was monitored with a rectal
temperature probe and kept within 36.5� 0.5�C. T2-
weighted anatomical reference images were acquired
in coronal and sagittal orientations and served for
accurate positioning of the arterial spin labeling
(ASL) slice. A spin-echo sequence was used for posi-
tioning of the ASL slice with rapid acquisition relaxa-
tion enhancement (RARE) sequence. Five contiguous
sagittal slices were acquired with a slice thick-
ness¼ 1mm; field-of-view¼ 20� 20mm; image
matrix¼ 256� 256; spatial resolution¼ 78 mm� 78mm,
echo time¼ 60ms, relaxation time¼ 1700ms, RARE
factor¼ 8, and 2 averages.

For pulsed ASL, a flow-sensitive alternating inver-
sion recovery (FAIR) sequence,34 with a 2-shot seg-
mented echo planar imaging (EPI) readout was
implemented with the following parameters:32,33

one axial slice, slice thickness¼ 1mm, field-of-view¼
20� 20mm; image matrix¼ 128� 96, with a spatial
resolution¼ 156 mm� 208 mm. Sixteen images with
increasing inversion times (40, 100, 200, 300, 400,
500, 600, 800, 1000, 1200, 1500, 1800, 2100, 2400,
2700 and 3000ms), inversion slab thickness¼ 4mm,
slice margin¼ 1.5mm, echo time¼ 13ms, recovery
time¼ 10000ms were obtained for the T1 calculation.
Inversion recovery data from the imaging slices was
acquired after selective inversion interleaved with
non-selective inversion. One slice was positioned on
the midbrain to include the cortex and caudate puta-
men using the sagittal RARE image as a reference.
A second slice was acquired more dorsal to include
the thalamus. Fieldmap-based shimming was per-
formed prior data acquisition using the automated
MAPshim routine to improve the homogeneity of the
magnetic field. To obtain structural information, a T2-
weighted spin-echo sequence was acquired with a
RARE sequence for measurement of cortical thickness.
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Two axial slices were acquired with a slice thick-
ness¼ 1mm; field-of-view¼ 20� 20mm; image
matrix¼ 200� 200; spatial resolution¼ 100 mm�
100 mm, echo time¼ 33ms, relaxation time¼ 2500ms,
RARE factor¼ 8, and 2 averages. The total scan time
per animal was approximately 30min.

Image analysis and quantification

Maps of rCBF were generated by fitting the
ASL images and T1 maps in MATLAB R2019b
(Mathworks, MA, USA).34,35 The determination of
selective T1 and non-selective T1 was performed by
matching the mediated signal intensities in each voxel
with a 3-parameter monoexponential T1 relaxation
curve. Furthermore, the residuals of both fits were
assessed as the Euclidean distance between the actual
data point and the T1 curve fitted in each experiment.
Image analysis was performed by a person blinded to
the genotype of the animal. Region-of-interests (ROIs)
were manually drawn using ImageJ (National Institute
of Health, USA). A mouse brain atlas was used as ana-
tomical reference.36 ROIs were drawn over the left and
right cortex, caudate putamen, and thalamus.
Individual ROIs for each region were averaged. The
cortical thickness was measured on the T2-weighed
axial images and values were averaged for each slice.

Immunofluorescence staining. Three P301L and three non-
transgenic littermate mice were perfused under keta-
mine/xylazine/acepromazine maleate anesthesia
(75/10/2mg/kg body weight, i.p. bolus injection) with
ice-cold 0.1M PBS (pH 7.4) and in 4% paraformalde-
hyde in 0.1M PBS (pH 7.4), and fixed for 24 h in 4%
paraformaldehyde (pH 7.4) and then stored in 0.1M
PBS (pH 7.4) at 4�C. Coronal brain sections (40mm)
were cut around Bregma 0 to �2mm and stained with
anti-phosphorylated tau (pSer202/pThr205) antibody
AT-8 (Invitrogen, MN1020, 1:1000). As 2nd we used
antibody goat-anti-Rabbit Alexa488 (Invitrogen
A11034, 1:200). Sections were counterstained using
DAPI Sigma D9542-10MG, 1:1000, and mounted
with VECTASHIELD fluorescent mounting media
(Vector Laboratories H-1000-10). The brain sections
were imaged at �20 magnification using Axio
Oberver Z1 slide scanner (Zeiss, Germany) using the
same acquisition setting for all brain slices and magni-
fication and using a Leica SP8 confocal microscope
(Leica, Germany). The images were analyzed by a
person blinded to the genotype using Qupath and
ImageJ (NIH, U.S.A).

Statistical analysis. Data are presented as mean�SD.
Statistical testing was performed using SigmaStat 13
(Systat Software Inc) and GraphPad Prism 9

(GraphPad). Gender differences across P301L and
non-transgenic littermates were examined using a
Fisher exact test. ROI data was tested using the
Shapiro–Wilk test, which showed that not all data is
normally distributed. Thus, Mann-Whitney Rank Sum
tests were used to examine differences in rCBF, cortical
thickness and area of AT8-antibody coverage between
P301L and non-transgenic littermates at a given age
level. The statistical significance level was set to
p< 0.05.

Results

Animal characteristics

The animal characteristics for images analyzed are
shown in Table 1. Post hoc, 5 of the 48 data sets
were excluded due to health issues (3), or low data
quality (2). The differences in the proportion of male
and female mice was not different across the cohort
of 10–12-months old animals (n¼ 18, p¼ 1.0) and
19–20-months old animals (n¼ 25, p¼ 0.07). There
were no statistically significant differences between
the ages of P301L mice and non-transgenic littermates
for the 10–12-months-of-age cohort (P301L: 11.4� 0.2
vs non-transgenic littermates: 11.4� 0.2, p¼ 1.0) and
19–21-months of age cohort (P301L: 21.1� 0.6 vs
non-transgenic littermates: 20.8� 0.5, p¼ 175).

Preserved rCBF and cortical structure in mid and
advanced disease stage of tau pathology

We used P301L mice to investigate the effect of tau
pathology on rCBF with ASL. Mice were studied at
10–12 and 19–21months-of-age at which they show
mid and advanced disease stage pathology such as
tau deposition, calcifications and microstructural
abnormalities.15,24,37,38 Model fits were similar between
animals of both groups (Supplementary Figure 1). At
both disease stages, we did not detect significant differ-
ences in rCBF between P301L and non-transgenic lit-
termates in the neocortex, caudate putamen and
thalamus (Figure 1(a) and (c)). There were no statisti-
cally significant differences in rCBF values when com-
paring male and female mice of each group separately.
Furthermore, we estimated cortical thickness on
T2-weighed structural MR images as a marker of

Table 1. Animal characteristics.

Non-transgenic P301L

Age Male Female Total Male Female Total

10–12 months 3 7 10 3 5 8

19–21 months 7 3 10 4 11 15
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neurodegeneration. No statistical differences in cortical
thickness between P301L mice and non-transgenic
littermates were recognized for both age groups
(Figure 1(b) and (d)). When comparing male and
female mice of each group separately, there were also
no statistically significant differences in cortical thick-
ness between animals of the same gender and different
genotypes.

Cerebral tau pathology

To verify the presence of tauopathy we prepared brain
sections of P301L and non-transgenic littermates
and performed immunofluorescence stainings with
Alexa488-AT-8 antibody, which binds to sarkosyl-
insoluble tau and soluble hyperphosphorylated
tau,39,40 and DAPI. Confocal imaging and quantifica-
tion of tau coverage with a slide scanner in the hippo-
campus demonstrated tauopathy deposits in P301L
mice at mid disease stage (Figure 2(a) and (b)).
No tau deposits were observed in non-transgenic
littermates.

Discussion

Different transgenic tauopathy mouse lines based on
MAPT mutations have been developed.15–21 While
these lines commonly display tau accumulation,

neuroinflammation and neuronal loss, ASL studies

assessing cerebral perfusion in these models have

yielded inconsistent results. Studies by Wells et al.

(2015) and Homes et al. (2016) did not find differences

in 7-months and 7.5-months old rTG4510 mice com-

pared to age-matched non-transgenic littermates

respectively,25,29 whilst an ASL study by Park et al.

(2020) has reported normal rCBF values in rTG4510

mice at 2–3months of age.27 Govaerts et al. (2019)

found in a longitudinal study rCBF values to be similar

in 3, 6 and 12months-old Tau.P301L mice compared to

non-transgenic littermates.28 In a bigenic mouse model

that was generated from the Tau.P301L strain and that

displayed also b-amyloid pathology in addition to tau

pathology, had reductions in rCBF.28 This demon-

strates relation of b-amyloid deposition with hypoper-

fusion that have also been found in mouse models of

cerebral amyloidosis.32,33,41–43 In contrast, a study by

Holmes found elevated cortical but normal thalamic

rCBF in 7.5-months old rTG4510 mice.29 Wells et al.

(2015) has revealed hyperperfusion in cortical, hippo-

campal and thalamic brain regions in 8.5–9.5months

old rTG4510 mice.26 A cortical hypoperfusion was

recently reported by Park et al. (2020) in 2–3months

old PS19 mice.27 In the current study, we observed

a preserved perfusion in P301L mice at mid (i.e. 10–

12-months of age) and advanced (i.e. 19–21-months of

Figure 1. Preserved rCBF in the P301L mouse model of tauopathy a) rCBF maps derived from ASL measurements and b) axial
T2-weighted images for calculation of cortical thickness. c) ROI analysis of rCBF maps shows no differences in regional CBF in the
neocortex (CRX), caudate putamen (CPu) and thalamus (TH) between 10–12-months and 19–21-months old male (grey triangle) and
female (grey circle) non-transgenic littermates (NTL) compared to age-matched male (black triangle) and female (black circle) P301L
mice. A Mann-Whitney Rank Sum test. d) No differences in cortical thickness between groups is observed. A Mann-Whitney Rank
Sum test.

Kindler et al. 689



age) stage of tau pathology compared to their age-
matched non-transgenic littermates. This was concom-
itant with no visible cortical atrophy.

Variations in the perfusion phenotype of different
transgenic mouse models of tauopathy may arise due
to a number of factors. Important ones are the type of
tau mutation, promoter of transgene expression used
and zygosity, all determining the transgene expression
levels and cellular localization and thus the phenotype
severity. Moreover, previous studies using ASL in
mouse models of tauopathy have assessed cohorts of
mice of different ages, that translate in different disease
stages. In the rTG4510 mouse line transgenic tau
P301L expression is driven by a Ca2þ/calmodulin
kinase II promoter and displays a pronounced loss of
neurons, rapidly progressing between 2-7months of
age.16,17 Tau.P301L express the P301L mutation
under the Thy1 promoter,44 while the P301L mice
used in our study express the P301L mutation under
the Thy 1.2 promoter,15 exhibiting early tau accumula-
tion and neuronal cell death.15,44 However, T2-weighed
structural MR images revealed that no cerebral atro-
phy in P301L mice, even at an advanced disease stage.
PS19 mice have the P301S mutation expressed under
the mouse prion protein promoter and display neuro-
nal loss at 9-12months of age.21 Hence, the observed
changes in rCBF do not seem to be related to the sever-
ity of neurodegeneration in these models. A study in
FTD patients has shown a regional discordance
between atrophy and perfusion deficits.7–9,12

Furthermore, hypoperfusion is not deemed to be
linked to the cortical tau accumulation as in PS19
mice hypoperfusion occurred at an age where tau is
phosphorylated, but without the formation of neurofi-
brillary tangles,27 whereas in rTG4510, Tau.P301L and
P301L mice the rCBF was preserved in the presence of
strong tau accumulation. This may point to a role of
tau oligomers that have the ability to translocate across
the brain and which have also been found in the vessels

and perivascular spaces.4–6,22 However, the exact role
of the species in vascular function has not been eluci-
dated. Moreover, as patients with the same MAPT
mutation can show distinct phenotypes,45 a different
genetic modifier might play a role. Thus, the genetic
background of the strains or the transgene insertion
may account for differences in the perfusion
phenotype.46

Another important modulating factor for the disease
phenotype is gender. In AD there is not only a higher
prevalence of the disease in women as compared to
men,47,48 but it is also associated with a higher tau
cerebrospinal fluid level, cortical tau load and degree
of neurodegeneration (Filon et al., 2016; Hohman
et al., 2018).49–51 Sexual dimorphism of the behavioral
and neuropathological phenotype in animal models of
tauopathy have been reported, but yielded mixed
results. In both studies by Wells et al. (2015) and
Holmes et al. (2016) rCBF was assessed in female
rTg4510 mice.25,26,29 It has been reported that female
rTG4510 mice display higher levels of hyperphosphory-
lated tau associated with more severe impairment in
spatial learning and memory than male mice,52 that
have been used in the ASL study by Park et al.
(2020).27 In contrast, P301S showed a stronger cogni-
tive deficit and neuropathology in male transgenic
mice,53 that have been used in the perfusion study by
Park et al. (2020).27 Gender differences in P301L mice
have so far not been reported. In a recent study, we
have seen no differences in the number of cerebral cal-
cifications between male and female P301L mice and
have thus used mice of both gender. Statistical analysis
has not identified any gender-related effects on the
rCBF values and cortical atrophy.

In addition, methodological differences in rCBF
assessment may play a role to explain differences
between studies, with the choice of anesthesia being
very important in this regard. Isoflurane, that is com-
monly used in mouse ASL studies and that we have

Figure 2. Tauopathy in the P301L mouse. a) Immunofluorescence stainings of brain sections of non-transgenic littermates and P301L
mice with Alexa488-AT-8 antibody (green) and DAPI (blue). Confocal images of the hippocampus demonstrated tau deposits in P301L
mice at mid disease stage that were not observed in non-transgenic littermates. Scale bar¼ 100 mm and 20mm for the zoom-ins.
b) Quantification of the mean area covered by the AT-8 antibody staining (tau coverage) in NTL (n¼ 3) and P301L (n¼ 3) mice.
Mann-Whitney Rank Sum test, *p< 0.05.
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used in the current study, is a vasodilator, affects
peripheral hemodynamics and can impair cerebral
autoregulation in a dose-dependent fashion.54–56

Different concentrations of isoflurane have been used
in breathing gases in ASL studies of tauopathy model.
Even when similar concentrations of the anesthetic are
used, differences in the delivery systems (flow rates of
carrier gases, tubing, potential accumulation in MRI
supports etc.) between labs will result in slightly differ-
ent concentrations of isoflurane transmitted to the
animal and hampers a precise comparison of results.
We have assessed rCBF using 1.5% isoflurane, at a
concentration where we previously detected differences
in rCBF and vascular reactivity in the arcAb mouse
model of cerebral amyloidosis.32,33 However, as isoflur-
ane at that concentration increases rCBF and serves as
a vascular stimulus it may be a confounding factor in
functional studies assessing rCBF in P301L mice.
Holmes at al. (2016) has shown differences in measured
rCBF values in 9-months old rTG4510 mice, where
hyperperfusion was seen when 2% but not when
1.5% isoflurane were used. However, in two publica-
tions from Wells et al. (2015) increased rCBF in
8.5-months old rTG4510 mice was found when 1.5%
isoflurane was used,26 while no change in rCBF was
seen in 7.5-months old rTG4510 mice when 2% isoflur-
ane was used.25 However, Govaert et al. (2018) used a
ketamine/midazolam anesthesia, which is known to
decrease rCBF,57 and have not found differences in
rCBF in Tau.P301L mice.28

Currently, the mechanisms underlying tau-related
hemodynamic dysfunction are not well understood.
Neuroimaging studies have shown the co-existence of
hypoperfusion and hypometabolism in certain brain
areas in patients with frontotemporal dementia and
animal models, which may indicate a reduced neuronal
activity/metabolic demand may underlie the observed
hypoperfusion.58,59 Several studies in mouse models of
tauopathy have provided evidence for pathological
alteration of the cerebral vasculature related to
tau,22–24 but, unlike to b-amyloid whose effects on
vascular function and integrity have been largely
shown,32,33,41–43,60 the effect of tau deposition on
hemodynamic dysfunction is largely unknown. Recent
work by Park et al. (2020) demonstrated a tau-induced
impairment of neurovascular coupling.27 They showed
that during glutamatergic synaptic activity there is tau-
induced dissociation of neuronal nitric oxide synthase
from postsynaptic density 95 and a reduced production
of nitric oxide, which reduces the vasodilation of cere-
bral arterioles and thus reduces rCBF. However, more
research is needed to elucidate the role of tau in AD
and other tauopathies.

In summary, no differences in rCBF, as quantified
with pulsed ASL, were identified in P301L mice at mid

and advanced stage of tau pathology with no changes

manifested also in their brain structure. These results
indicate an absent phenotype in P301L mice, further

suggesting that hypoperfusion and neurodegeneration
are not related to accumulation of tau. More work is

needed to understand the relationship of tau, neuro-
degeneration and vascular dysfunction and its modula-
tors in AD and primary tauopathies.
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