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Mouse models of Alzheimer’s disease have commonly used transgenic overexpression of genes involved in production of
amyloid B (APP and/or PSEN1/2) or Tau (MAPT) with mutations that result in familial forms of dementia. We discuss possible
improvements that may create full models while avoiding the problems of overexpression and report synaptic results in APPKI
models. We stress use of inappropriate controls without overexpression of the normal human protein and the mismatch between
the learning deficits reported in mice with plaques but no tangles and the human condition. We focus on Tau overexpression,
including new data that support previous reports of the grossly nonlinear relationship between Tau overexpression and neuro-
fibrillary tangle load, with a twofold increase in Tau protein, resulting in a 100-fold increase in tangle density. These data also
support the hypothesis that a high concentration of soluble Tau, in overexpression models, plays an important direct role in
neurodegeneration, rather than only via aggregation. Finally, we hypothesize that there is an optimal concentration range over
which Tau can bind to microtubules and a threshold beyond which much of the overexpressed protein is unable to bind. The

excess thus causes toxicity in ways not necessarily related to the process in human dementias.

Alzheimer’s disease is the most common form of de-
mentia and, in its later stages, shares common pathologies
with frontotemporal dementia and other tauopathies. In all
ofthese dementias, the development of neurodegeneration
is closely correlated with the hyperphosphorylation and
aggregation of the microtubule-associated protein Tau
(MAPT), which typically presents as neurofibrillary tan-
gles or Pick bodies. In the case of Alzheimer’s disease,
this development is subsequent to a rise in amyloid  (Ap)
and deposition of plaques. Although more than 50 muta-
tions in the MAPT gene have been identified, along with
mutations in 21 other genes (for review, see Tacik et al.
2016), the etiology of the majority of tauopathies, includ-
ing Alzheimer’s disease, is sporadic.

Probably the single most important factor that is imped-
ing the progress toward treatments for Alzheimer’s disease
and other dementias is the lack of good animal models.
Although the models that have been used over the last
two decades are certainly useful and have given us consid-
erable information, some of the findings may be mislead-
ing. It is extremely important to assess carefully what is
being modeled and so ask questions that are within the
borders of the model used. Even then, of course, all model
and experimental tissues (including in vivo and postmor-
tem human tissue) have their limitations and so compari-
son of different models is often useful and indeed the best
approach.

There has been considerable discussion of the possible
artifacts due to overexpression of amyloid precursor pro-
tein (APP) in mouse models of Alzheimer’s disease (for
review, see Sasaguri et al. 2017) and some discussion of
overexpression of presenilins, which do not only affect
APP processing but also have other functions, including
modulating the Notch signaling pathway (De Strooper
et al. 1999; Selkoe 2001). The problem of overexpression
in mice carrying familial Alzheimer’s disease mutations
(referred to here as “amyloid mice”) is now being
addressed with the introduction of humanized APP mice
expressing combinations of familial mutations (Guo et al.
2013; Saito et al. 2014). With the introduction of recent
technologies such as CRISPR, generation of new models
has become considerably faster and easier and now these
will no doubt be followed by other knock-in and human-
ized models.

The question of using the correct controls has been a
problem across the whole field, with most studies, includ-
ing our own, using wild-type mice rather than mice bear-
ing the overexpressed human gene without mutations,
expressed similarly to the mutated gene in the test animals.
Again, this has been a factor of the difficulty and expense
of developing such models but is now being addressed.
Importantly, the correct controls of humanized APP mice
without mutations are now also becoming available for the
recently developed knock-in models.
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In contrast to APP, much less discussion has been raised
about the overexpression of Tau, despite transgenic mouse
lines overexpressing Tau isoforms or mutant forms of
Tau being studied for more than 20 years. A recent review
has given valuable insight into different models of Alz-
heimer’s disease with critical suggestions concerning tech-
niques, and this will not be repeated here (Gotz etal. 2018).
This same review also touched on the importance of over-
expression, and it is this point that we would like to expand
on here. Recently, several reports have suggested that solu-
ble hyperphosphorylated Tau may be more toxic than tan-
gles themselves (Kopeikina et al. 2012; Cowan and
Mudher 2013). It is further suggested that tangles may
initially be protective against soluble hyperphosphorylated
Tau (d’Orange et al. 2018). Hence, if overexpression of Tau
in rodents leads to excess Tau that cannot bind to microtu-
bules, the overexpression itself seems likely to be a major
factor in the toxic effects seen, unrelated to whether the Tau
carries a mutation that would cause tangles in humans.

Here we briefly discuss amyloid mice, touching on the
problems of overexpression and report data on initial
comparisons with APPKI models. We also suggest possi-
ble approaches that could be used to improve the knock-in
models. We then extend the discussion to problems of over-
expression of Tau. This is a feature of almost all the avail-
able “Tau models” as they are generally transgenic for
wild-type or mutated human Tau. We include new data,
demonstrating the strongly nonlinear effects that occur
when overexpression of Tau exceeds a certain, fairly low,
threshold, and we consider to what extent results from such
models are relevant to Alzheimer’s disease and other
dementias.

MOUSE MODELS EXPRESSING FAMILIAL
ALZHEIMER’S DISEASE MUTATIONS

Most of the mouse models that have been used for study-
ing Alzheimer’s disease are based on transgenic, or more
recently knock-in, expression of human genes carrying
mutations that cause the rare familial forms of the disease.
These mice generally have raised total AP levels and in-
creased ratios of AP, 4> compared to shorter forms, such as
AB_40 and AP _3g. This results in increasing deposition of
plaques over the life of the mouse with a wide range in the
rate at which this deposition begins. Interestingly, trans-
genic models expressing only single mutations in APP or
PSENI (as occurs in familial Alzheimer’s disease) gener-
ally do not feature plaques or not until very late in the life of
the mouse. For example, a transgenic mouse that only ex-
presses APP with the Swedish mutation starts to develop
plaques at ~18 mo of age, although mice with the same
mutation combined with a PSEN/y 46y mouse start to
deposit plaques at ~4 mo of age (Matarin et al. 2015;
Medawar et al. 2018). The PSENI mutation alone does
not result in plaques within the lifetime of the mouse (Mat-
arinetal. 2015; Medawar et al. 2018). Consequently, to see
plaques more rapidly, many models overexpress APP and
either PSENI or PSEN2, with both transgenes harboring
familial mutations.

Overexpression of APP and/or PSENI1/2

The problem of overexpression of APPand PSEN /2 has
been widely recognized. APP is cleaved by a variety of both
canonical and noncanonical secretases and caspases (An-
drew et al. 2016; Miiller et al. 2017), which produce not
only AP, but a range of other active peptides. These pep-
tides have been shown to exert effects on synaptic trans-
mission and plasticity, and it is clear that the deposition of
AP plaques is due to familial mutations carried by the mice
that alter the production of AR from APP via - and
y-secretases. However, other effects have been questioned
because of the potential role of overexpression. This sub-
ject has been recently thoroughly reviewed (Sasaguri et al.
2017). Moreover, this is not a new subject and the definite
advantages but also limitations of purely Ap pathway mod-
els have been discussed for more than a decade (e.g., Spires
and Hyman 2005; Radde etal. 2008). We will not repeat this
here but rather briefly discuss some initial data comparing
the recently developed knock-in mice from RIKEN (Saito
et al. 2014) to previous data from overexpression models.

Synaptic Transmission and Plasticity Could Be
Particularly Vulnerable to Overexpression
Artifacts

Briefly, although the effect of the mutations on patholo-
gy have not been questioned, the effects on synaptic trans-
mission, both early, as pathology is first developing
(Cummings et al. 2015), and at later stages (Busche and
Konnerth 2015; Medawar et al. 2018), could be highly
influenced by overexpression of other APP metabolites.
The earliest effect of rising AP is an increase in glutamate
release probability. Increased release probability occurs
even when AB concentrations are still very low and with
no detectable plaque deposition, and with A 4, dominat-
ing over other forms. This reflects the putative physio-
logical effect of AR, as shown in wild-type rats (Abramov
et al. 2009), and, perhaps not surprisingly, we find that
this effect also occurs in APPKI mice (APPN-"NEF op
APPNL-GENL-GEY bofore plaques are deposited (Fig. 1).
Thus, at least these early changes are probably not artifacts
of overexpression. We are in the process of establishing
how other changes develop in the knock-in mice with the
initial data suggesting that indeed some of the synaptic
effects are not recapitulated or at least not until much later
in the development of pathology.

Others, however, have already reported additional dif-
ferences between the knock-in and transgenic amyloid
models. For example, endoplasmic reticular stress report-
ed in transgenic mice is not seen in APPN-GFNEGF 00
(Hashimoto et al. 2018). Endoplasmic stress results in
increased cytoplasmic calcium concentrations, and, con-
sistent with this notion, the substantial accumulation of
ABy_4> in APPNYPNEF mice does not result in the intra-
neuronal calcium-dependent conversion of p35 to p25 by
calpain (Saito et al. 2016).

An alternative approach to humanizing mouse APP us-
ing knock-in approaches has been to use adeno-associated
virus-based transfer of human APP and PSENI to the
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Figure 1. Paired-pulse ratios in transgenic and knock-in APP mice before plaque deposition. Patch clamp recordings of CA1 cells were
made to record responses to paired stimulation of CA3 axons. Paired-pulse ratio is inversely proportional to glutamate release prob-
ability. (4) TASTPM (transgenic APPgyo/PSENIy146v) mice at 2 mo of age (plaques from 4 mo). Data replotted from Cummings et al.
(2015) in which detailed methods can be found. (B) APP™™F mice at 9 mo of age ( plaques from 10 mo). (C') APPNEGFNLGT e
at 2 mo of age (plaques from 4 mo). Sample sizes are indicated in parentheses. Sidak post hoc tests are indicated following a significant
genotype X interstimulus interval interaction (two-way ANOVA). (*) P<0.05, (¥*) P<0.01, (****) P<0.0001.

mouse hippocampus, resulting in expression levels similar
to that seen in human brain (Audrain et al. 2016). In these
mice, AP accumulated and resulted in hyperphosphoryla-
tion of murine Tau. Although plaques were not detected,
synaptic changes were identified at 3 mo postinjection.

It would appear, therefore, that AP does in fact have
direct effects on synaptic function, independent of other
APP metabolites that may be artifactually increased by
using overexpression models.

The Problem of Behavioral Deficits; a Mismatch
of Model and Experimental Aims

Behavioral outcomes in Alzheimer’s mouse models are
a particular problem. Many studies have attempted to
define cognitive deficits as an end point in amyloid mod-
els and consider the reversal of cognitive deficits to be an
important signifier of potentially therapeutically relevant
modification of disease progression (Webster et al. 2014;
Jankowsky and Zheng 2017).

However, in man, the development of sufficient cogni-
tive deficits to result in diagnosis of the disease does not
occur without the development of a substantial tangle load
and neurodegeneration (Ridha et al. 2006; Brier et al.
2016). These are the very features that do not occur in
such amyloid mice, unless mutations and overexpression
of Tau are also included in the model. Hence, the fact that
most mouse models with familial mutations in APP (and/or
PSEN1/2) do not go on to develop severe behavioral def-
icits makes them a good model of Alzheimer’s disease, at
the stage before when it can presently be diagnosed. The
advent of severe cognitive deficits in such models is pos-
sibly an artifact of transgenic overexpression or due to use
of different promoters, resulting in nonphysiological ex-
pression patterns. Hence, the aim of finding and reversing
cognitive deficits as a relevant measure in models which do
not show Tau pathology and substantial neurodegeneration
is a clear mismatch with the stage of the model. This is not
to say that there may not be behavioral changes associated

with the synaptic effects and subtle network changes
caused by the buildup of soluble AP and plaques, but
that these behaviors are more likely to be reflected in anx-
iety-related changes, locomotor activity, aggression, and
possibly alteration in more natural behaviors. Recent de-
velopment of in-cage automated monitoring, allowing
close observation of normal behaviors, rather than trained
cognitive tasks, may lead to a better insight of more rele-
vant behavioral changes (Bains et al. 2018). Such behav-
iors include nesting, stereotyped behaviors, interaction
between mice, sleep patterns, and other activities, particu-
larly during the night when mice are naturally most active.

TAU MODELS; THE PROBLEM
OF OVEREXPRESSION OF TAU

In human tauopathies, the pathological changes in Tau
and neurodegeneration are not generally related to chang-
es in the level of Tau protein expression per neuron but
rather changes in the sequence of Tau or to imbalances of
the different isoforms of Tau or other unknown factors.
For example, progressive supranuclear palsy can be
caused by variants of the MAPT gene that result in relative
accumulation of four-repeat Tau compared to three-repeat
Tau (Im et al. 2015). Interestingly, some forms of fronto-
temporal dementia feature a decrease in soluble Tau pro-
tein without the development of neurofibrillary tangles
(Zhukareva et al. 2003), suggesting that there is a window
of concentration of soluble Tau required for proper func-
tion. In Alzheimer’s disease, there is no evidence for mu-
tations in Tau or in altered levels of Tau. However, almost
all the mouse models of tauopathy, including some for
Alzheimer’s disease, are created by transgenic expression
of human Tau with mutations related to frontotemporal
dementia with parkinsonism or other forms of tauopathy.
Effects of these mutations are certainly relevant at least to
the diseases in which they occur but the effects of over-
expression are probably not.
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The question arises: What happens when you overex-
press Tau? As recently reviewed (Gotz et al. 2018), the
problem of overexpression of Tau in transgenic mice was
recognized more than a decade ago. In mice overexpress-
ing different fragments of full-length human Tau, even
without mutations (Goétz et al. 1995; Duff et al. 2000;
Andorfer et al. 2003), or indeed overexpressing mouse
Tau (Adams et al. 2009), neurofibrillary tangle-like inclu-
sions eventually occur as the expression levels increase
and animals age.

Tau is a microtubule-binding protein that is thought to
stabilize (Gong and Igbal 2008) or at least promote assem-
bly of microtubules (Qiang et al. 2018). Tau has also been
implicated in the transport of proteins along the axon by
competing with binding of kinesin and dynein to the
microtubules (Dixit et al. 2008). Tau has many sites of
phosphorylation, which relate to normal physiological
function. Depending on its phosphorylation state, Tau
binds and unbinds from the microtubules, possibly in re-
lation to the transport of proteins up and down the axon
(Sengupta et al. 1998). Tau mutations such as P301S or
P301L that lead to frontotemporal dementia bind less well
to microtubules than wild-type Tau, resulting in increased
phosphorylation and loss of function.

We know little about the equilibrium between the num-
ber of microtubules and the amount of Tau that can bind to
them. Presumably there is an optimal level of Tau protein
to allow the correct balance of binding. Excess Tau will be
more likely to be unbound and thus more likely to become
phosphorylated, resulting in a feed-forward loop inhibit-
ing its ability to bind. Hence, overexpression of Tau may
undermine the functional balance between Tau and the
microtubules and so tend to allow hyperphosphorylation
and permanent dissociation of Tau, resulting in pathology.
However, whether phosphorylation of Tau is important for
seeding tangle formation is not clear (Goedert et al. 2017).
Although, in humans, aggregated Tau is phosphorylated,
in vitro experiments suggest that hyperphosphorylation
does not make Tau any more prone to aggregation. It is
possible that conformational changes lead to hyperphos-

phorylation rather than the reverse (Falcon et al. 2015) and
likely that other factors are important in aggregation.

It has been suggested that soluble hyperphosphorylated
Tau, rather than the Tau tangles themselves, may be the
primary factor in cell death (Fox et al. 2011; Gendreau and
Hall 2013). Overexpression could also play a role here in
mouse models but not in Alzheimer’s disease or most other
tauopathies, in which there is little evidence for increased
levels of Tau protein (Pooler et al. 2014). The presence of
“ghost” tangles suggests that at least some neurons with
tangles die but cell death exceeds tangle number (Spires-
Jones and Hyman 2014). However, this could be due to
microglia playing a role in removal of extracellular Tau
“ghosts™ as they can clearly phagocytose phosphorylated
Tau in mice with neurofibrillary tangles caused by over-
expression of Taupsg p (Fig. 2). As soluble unbound Tau
levels and tangles are likely to be closely correlated, this
does not discount the possibility that both soluble hyper-
phosphorylated Tau and neurofibrillary tangles are toxic
via different mechanisms.

Effects of Different Transgene Copy Numbers; a
Threshold Level for Toxicity

In a recent study, we have compared two lines of Tau
mice developed by GlaxoSmithKline. The model was
originally developed as a single line “TauD35” on a
C57BL/6] background, via conventional pronuclear injec-
tion techniques. The transgene construct contained the
ON4R isoform of Tau encompassing the P301L mutation,
under the CaMK2a promoter (Fig. 3). CaMK2u has a
similar expression distribution within the brain to that of
Tau. It is expressed from birth in mice but dramatic in-
creases in CaMK2o levels are evident by postnatal day 8,
by which time expression within all hippocampal subre-
gions and other forebrain regions appears comparable to
that observed in adult mice (Parsley et al. 2007). Such
expression minimizes transgene effects on embryonic de-
velopment and restricts expression to the forebrain.

Figure 2. Microglia phagocytose phosphorylated Tau. (4) Representative 2D maximum intensity projection of a z-series confocal scan
of the cell body layer of the CAl region of a 24-mo-old lowTAU TauD35 mouse. Microglia are in green (Ibal) and Tau phosphorylated at
residue $202 (CP13) are in red. Solid white arrowheads indicate microglia that have phagocytosed pS202-Tau. Solid yellow arrowheads
indicate microglia in which very low CP13 positive signal was detected. Open arrowhead indicates a microglia that lacked CP13 signal.
Scale bar, 30 pm. (8) Zoom of indicated area in 4. Projections in yz and xz are shown at the levels of the crosshairs, demonstrating the

internalization of pS202-Tau within the microglia.



EFFECTS OF OVEREXPRESSION OF TAU 5

A |CaMmhmmHWmH ON4R human P301L tau cONA )
3 Wild type
P301L == LowTAU
B 4 months 13 months E HighTAU
wT wowTAU oo TAU WT uwTAU VAU
30+ +
o
E — G0k g 20~
=
— o 2 LA
senhe s
— S0k Da g 1&
=
I
C 4 months 13 months
WT wwTAU i TAU WT 1w TAU i TAU
]
-
2
-
=2
- _E
2 g
() — ek &
-
B 11 g
et
- & - - HSPAY e
4 months 13 months 24 months
D WT towTAU o TAU WT LowTAU ey TAU - w0 TAU
%
o - —on §
o Saele - teeWw  FEC
(a8
o
£
D - ———— — v s HSPAS §
E 4 months 13 months 24 months L
WT wowTAU  auTAU wT wowTAU o TAU w1 TAU 2
o
—— 2
I
]
a
=
— i E
, —rhtn
n . "
Lo LL.eBenle o seaild —
a £
a
— T 2
Y S
@
2
— - F——--------—-HSFAQS’! 4 13 24
F Age (months)
4 months 13 months 24 months
l"_‘- WT Low TAU o TAU WT LowTAU  jyqnTAU WT 1owTAU
=
E —0h D
e
=
8 -
.E . . ' . . —tlia
B SO
z wanbs
o
- Amido
r GG - - e w ey (I
v

Figure 3. Tau protein expression and phosphorylation in TauD35 mice. (4) Schematic showing TauD35 transgene construct.
(B—F) Western blots were performed using antibodies specific to various Tau epitopes and quantified by normalizing intensities to
HSPA9. (B) The human Tau-specific antibody HT7 demonstrates the TauD35 transgene is translated into protein. Two-way ANOVA
genotype x age interaction, P <0.002. (C) The pan-Tau antibody DAY was used to examine total Tau (endogenous mouse and transgenic
human). Values are normalized to wild-type Tau levels. Note the different sized bands evident in wild type. Two-way ANOVA, main
effects of genotype (1) £ <0.003 and age P <0.01; age * genotype interaction P = 0.06; Sidak post hoc tests at 4 mo: P<0.01, 13 mo: P
>().2). (D) Levels of pS202-Tau (CP13). Age x genotype interaction: P<0.0001. (E) Levels of pS396/S404-Tau (PHF-1). Two-way
ANOVA age x genotype interaction: P<0.05. (F') Human Tau (HT7) within the sarkosyl-insoluble fraction. Note, amido black (total
protein) was used as a loading control; however, the low levels of protein in this fraction make quantification impractical. Sample sizes
(animals) for all antibodies are indicated by the numbers within columns in £. Sidak post hoc tests with respect to wild type are indicated
by (*) P<0.05, (**) P<0.01, (***) P<0.001, (****) P<0.0001; and with respect to lowTAU by (f) P<0.05, (7T) P<0.01,
(11) P<0.001, (f11+) P<0.0001. (Note main effect of genotype indicated in C, (i) P<0.003.)
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Despite coming from one initial founder line, when we
estimated the transgene copy number, we found that there
were in fact two separate lines; a lowTAU line with about
five transgene copies and a highTAU line with around
twice as many copies. We thus assessed the transgene
copy number in all mice by designing a qPCR experiment
using uniquely designed TagMan primers/probe for the
CaMKZ2a promoter sequence and comparing this to the
endogenous level of two copies of CaMK2a.

Although we could not analyze the original founder and
F, offspring, the most likely explanation for the emer-
gence of two lines with different copy numbers was that
the original line had two separate integration sites, with a
higher and lower copy number, and that, as hemizygous
offspring were bred, these two transgene integrants rapidly
segregated. Hence, although the development of the two
lines was identical (using the same method of generation,
the same promoter, and coming from the same source),
they may also have different integration sites in addition to
their different copy numbers.

Increase in Tau Protein Levels as Expected from Dou-
bling the Gene Copy Number. Using western blots, the
relative levels of human Tau, compared to a housekeeping
protein, were estimated in the highTAU and lowTAU mice
at 4 mo of age (Fig. 3). Total Tau was also measured and
compared to the endogenous mouse Tau. Tau protein levels
were close to what would be expected from the estimated
copy numbers, with the highTAU mice showing approxi-
mately double the level of human Tau protein as the low-
TAU mice. When total Tau was measured compared to
mouse Tau, the lowTAU mice showed approximately four
times more Tau than the wild-type mice, whereas the high-
TAU showed approximately 6.5 times the mouse Tau level.
As the transgenic mice are hemizygous for human Tau but
retain two copies of the mouse Tau, this is consistent with
expected expression levels, considering the approximate
copy number estimates.

Interestingly, at 13 mo of age, the differences in soluble
Tau expression between the highTAU and lowTAU mice
was almost lost. This is likely to be due to Tau forming into
insoluble tangles, which are not detected by the western
blot as it only measures soluble Tau levels.

Doubling Human Mutated Tau Levels Had a Dra-
matic Effect on Occurrence of Tau Tangles and Neuro-
degeneration. We went on to analyze different phos-
phorylation sites and the appearance of tangle-like Tau
deposits in the cell bodies of the hippocampal pyramidal
neurons (Fig. 4). At 13 mo of age, the primary signal for
phosphorylated Tau was within the axons, for example,
between the CA3 and CAl regions of the hippocampus.
A few tangle-like structures could be detected in the cell
bodies of CA1 cells. However, the highTAU mice at the
same age showed weaker axonal staining but a very heavy
load of deposited Tau in the cell bodies, particularly of
CA1l cells but also in the dentate and CA3 (Fig. 4C,D).
The Tau tangle load in the CAl region of the highTAU
mice was around 100-fold the level seen in the lowTAU

mice, despite the protein having the same mutation and the
levels being only around double.

Note that, as mentioned above, the soluble Tau levels at
this age were almost equal but more Tau was detectable in
the sarkosyl-insoluble fraction from the highTAU mice
than the lowTAU mice. We interpret this to mean that
much of the Tau in the highTAU mouse was not detected
on the western blot because it had dissociated from micro-
tubules and deposited in the cell bodies as neurofibrillary
tangles. The remaining level of soluble Tau was not sub-
stantially different from the level at 4 mo, suggesting that
this is close to a threshold for the concentration of over-
expressed Tau that can remain soluble and in equilibrium,
binding to microtubules without deposition (Fig. 3).

Hence, the relationship between protein level and tangle
formation is far from linear. This was also true for neuro-
degeneration. Once the mice had aged to ~18 mo, the
highTAU mice developed a distinctive neurodegenerative
phenotype, presenting as immobility, piloerection, and a
hunched posture. It was therefore necessary to cull the
mice at this point and their brains were analyzed and com-
pared to age-matched wild-type littermates. The brains of
highTAU mice at this stage showed distinct neurodegen-
eration with a smaller brain size and large ventricles (Fig.
5). Cell counts revealed that there was substantial loss of
around two-thirds of the neurons in the CA1 region com-
pared to wild-type mice. This neurodegeneration started
by 13 mo and progressed rapidly in highTAU mice. In
lowTAU mice, the tangle load eventually reached a similar
level to the highTAU mice at 13 mo, but there was no
detectable neurodegeneration. It was also notable that
the CAI1 region was considerably more prone to neuro-
degeneration than the CA3 region (Fig. 5B,C).

This supports previous suggestions that not only is the
relationship between mutated Tau protein level to tangles
nonlinear, but that the neurodegeneration is not entirely
dependent on tangle load, depending, at least partly, on the
history of exposure to soluble Tau. It is interesting to note
that rather than age increasing the effect of a particular
tangle load, the effect on neuronal loss in the 24-mo-old
lowTAU mice was so little as to be undetectable, unlike
the significant loss of neurons in the 13-mo highTAU
mice, despite a similar tangle count.

CONCLUSION

The above data strongly support previous suggestions
(as reviewed in Gotz et al. 2018) that overexpression is a
major factor in the degree to which mouse models show
neurofibrillary tangles. In this experiment, the comparison
is between two lines of otherwise identical mice, express-
ing the same mutation hemizygously, under the same con-
ditions on the same promoter, with the only difference
being copy number (and possibly transgene insertion
site). Serendipitously, the copy number difference seems
to span a threshold at which tangles begin early and ag-
gressively in the highTAU mice and hardly at all until
almost a year later in the lowTAU mice. Moreover, this
aggressive onset of tangles in the highTAU mice, or the
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Figure 4. Neurofibrillary tangles in highTAU mice. (4i) Overall image of transverse section of hippocampus from a 13-mo-old highTAU
mouse, double stained using HT7 (human Tau, red) and DAPI (nuclei, blue). (Composite image using a 20 objective on an EVOS FL
Auto Cell Imaging System.) Scale bar, 200 um. (4ii) CA3 region of a 4-mo-old highTAU mouse double stained using CP13 (pS202-
Tau) and DAPIL. Note diffuse Tau staining within all cellular compartments, in particular the somatodendritic compartment. Scale bar,
20 um. (4iii) A single CA3 neuron from Ai showing twisted Tau filaments filling the soma. Scale bar, 5 um. (Images 4ii and Aiii
obtained using a Zeiss LSM 510 confocal microscope with 60 oil immersion objective.) (B7) Quantification of Tau immunofluores-
cence detected with either AT8/HT7 double staining, CP13, MC1, or PHF-1 in CAl. (Bii) Data from Bi normalized to the number of
neurons counted (Fig. 5C). (C') Example of immunofluorescence images obtained from CA1, CA3, and dentate gyrus at the ages and
genotypes indicated. Sections were incubated with the primary antibody CP13, which detects pS202-Tau. Scale bar, 25 pum.
(D) Example of immunofluorescence images obtained from CA1l, CA3, and dentate at the ages and genotypes indicated. Note the
strong staining of axons that decreases as Tau tangle density increases. Sections were incubated with the primary antibody MC1, which
detects misfolded Tau. Scale bar, 25 pm.
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Figure 5. Neuronal cell loss in TauD35 mice. (4) Cresyl violet-
stained sections of brain from 18-mo-old or 24-mo-old animals,
as indicated, showing hippocampus, dorsal ventricle, and sur-
rounding cortex. Note the distinct shrinkage of total brain tissue,
an enlargement of the ventricle and thinning of the cortex in the
highTAU mice. Scale bar, 500 pm. (B) Sections of primary neu-
ronal cell body layers of CA1, CA3, and dentate gyrus stained in
brown for AT8 (Tau) and counterstained with cresyl violet. Insets
show mislocation of Tau to the somatic and dendritic compart-
ments and neurofibrillary tangle-like structures within the soma
in Tau mice. Scale bar, 50 pm. (C') Neuronal cell counts in CA1
and CA3 indicate substantial cell loss. (CA1) Two-way ANOVA
age x genotype interaction for wild-type versus highTAU mice,
P<0.03. Sidak post hoc test (¥*) P<0.01. No significant main
effects or interaction for wild type versus lowTAU. (Separate
two-way ANOVAs run for lowTAU vs. wild type and highTAU
vs. wild type to accommodate missing age groups.) (CA3) Main
effect of genotype, P<0.01. (NB) HighTAU mice are eutha-
nized at 16.5-19 mo of age due to the advanced neurodegener-
ative phenotype; n=2-4 per genotype per age.

greater concentration of soluble Tau causing them, is
much more damaging than the lower level of mutated
human Tau in lowTAU mice from which tangles gradually
develop, even when the tangle load in the lowTAU mice
eventually reaches the same level as had occurred, nearly a
year earlier in the highTAU mice.

Hypothesis

A particular type of axon may have a certain range of
concentrations of Tau that provides the optimal binding to
allow its physiological functions in relation to microtu-
bules. In mice overexpressing Tau, the concentration of
Tau is higher. Up to a certain concentration the Tau present
will continue to contribute functionally. However, with
more competition between molecules, each molecule
would be bound less of the time than would be the case
at a lower concentration. This would result in a gradual
tendency for molecules that are more often unbound to
become hyperphosphorylated, leading to toxicity. Howev-
er, past a certain concentration threshold, many molecules
would bind very rarely, or not at all, increasing their vul-
nerability to rapid hyperphosphorylation and formation of
Tau tangles and/or to causing toxicity directly.

In the case of a mouse also expressing physiological
levels of wild-type murine Tau, the murine Tau may bind
more efficiently to the microtubules than the human Tau,
especially if the latter carries a mutation, and this will keep
the microtubules healthy for longer but will further
decrease the chance of transgenic Tau binding. In the ab-
sence of murine Tau, the human Tau may never fully fulfill
the physiological functions of the murine Tau on murine
microtubules and so, although competition for binding to
the microtubules would be less, the effect of overexpres-
sion may occur at even lower levels of Tau. It is interesting
to note that in a mouse in which the P301L mutation was
knocked in (and so was not overexpressed), there was no
evidence of tangle formation (Gilley et al. 2016). More-
over, when a doxycycline-regulatable P301L-overexpress-
ing mouse was studied, turning off expression of the
transgene halted or even reversed phenotype progression
(Spires et al. 2006). Furthermore, immunization with anti-
bodies to Tau have been successful in ameliorating the
effects of overexpression in several mouse models which
may simply reflect loss of toxic overexpression rather than
a clinically relevant effect (for review, see Novak et al.
2018).

Overexpression of normal human Tau shows some pa-
thology but not to the extent seen in the data presented here
or in other mutant Tau models. Nevertheless, the question
arises as to how much of a role the overexpression takes in
the formation of Tau tangles and in neurodegeneration; this
also applies to the many other conclusions from Tau studies
that are largely dependent on overexpression models, such
as the prion-like propagation of Tau through anatomically
connected regions (for review, see Goedert et al. 2017). Is
the release of transgenic Tau dependent on the concentra-
tion of phosphorylated Tau present in the neuron? There is
at least some evidence that aggregated Tau can propagate
through the network in wild-type mice without overexpres-
sion if extracts from the brains of people who have died
with advanced-stage tauopathies are injected into the
mouse brain (Clavaguera et al. 2013). Although this effect
is much stronger if the extracts are injected into mice over-
expressing Tau, so that overexpression again clearly has a
role, it nevertheless shows that propagation is possible in
wild-type mice and moreover the aggregates distal from the
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injection site contain mouse Tau. Further questions also
arise considering the types of Tau that make up the differ-
ent tangles and how these different forms of Tau would
behave under normal and overexpression conditions (Fitz-
patrick et al. 2017). Certainly, in Alzheimer’s disease, in
which Tau shows neither overexpression nor mutations,
and in which the tangles contain both three- and four-re-
peat Tau, the dysfunctional Tau may behave very differ-
ently from the mutant Tau or even normal human Tau that is
overexpressed beyond certain thresholds in mouse models
and its pathological behavior may depend on different
factors.

How Do We Improve the Mouse Models for
Alzheimer’s Disease and Other Tauopathies?

Certainly, knock-in of proteins is generally more likely
to avoid artifacts due to overexpression or expression at
nonphysiological times or places. However, this tends
not to produce full models of the various dementias, and
in particular, without overexpression, it seems to be diffi-
cult to get a mouse to form Tau tangles, even with muta-
tions. Mouse Tau may be more resistant to toxic change,
and so replacing mouse with human Tau may be effective,
although this may also cause artifacts if human Tau is
incompatible with mouse microtubules. Rats may be an
interesting alternative to mice, as rat Tau is more similar
to human Tau and rats live longer (Hanes et al. 2009;
Cohen et al. 2013). Knock-in of the appropriate forms of
the genes that are known to trigger the diseases (4PP,
PSENs, or MAPT) and adding other risk factors may help
to change the course of disease progression. For example,
some of the microglial genes such as TREM?2 seem to be
protective in Alzheimer’s disease and when mutated lose
their protective function (Ulland et al. 2017; Ulrich et al.
2017). In mice, such genes are strongly expressed in re-
sponse to plaque development (Matarin et al. 2015; Salih
et al. 2018), and this may provide the mouse with protec-
tion from the full effects of rising AR (Keren-Shaul et al.
2017). Knocking down or mutating these genes in the
mouse or rat, together with other risk factors, may be ef-
fective. The approach of using knock-in of familial Alz-
heimer’s genes to supply the trigger for the initial rise of A
and combining this with manipulation of other genetic or
environmental risk factors may well increase the chance of
exacerbating disease progression. Even if not creating a full
model of Alzheimer’s disease, this approach will certainly
be informative in terms of the role of different pathways in
disease progression and the link between AP and Tau. The
search for additional risk factors that may lead to toxicity
due to Tau, without overexpression, is only just beginning.
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