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Although the discovery of the prion protein (PrP) resulted from its co-purification with scrapie
infectivity in Syrian hamsters, work with genetically defined and genetically modified mice
proved crucial for understanding the fundamental processes involved not only in prion
diseases caused by PrP misfolding, aggregation, and spread but also in other, much more
common, neurodegenerative brain diseases. In this review, we focus on methodological and
conceptual approaches used to study scrapie and related PrP misfolding diseases in mice and
how these approaches have advanced our understanding of related disorders including

Alzheimer’s and Parkinson’s disease.

he impact of the discovery that prions rep-
Tresent a new principle of infection, trans-
mitted by self-propagating misfolded proteins
lacking functional nucleic acid, extends far
beyond the classical prion diseases of humans
and animals. Diseases caused by misfolded prion
protein (PrP) include kuru, Creutzfeldt—Jakob
disease (CJD), and Gerstmann-—Straussler—
Scheinker disease (GSS) in humans and scrapie
in sheep and goats, bovine spongiform enceph-
alopathy in cattle, and chronic wasting disease
in cervids. For decades, studies on these trans-
missible neurodegenerative diseases focused on
identifying the peculiar infectious agent, which
was almost universally assumed to be a slow
virus (Prusiner 1997a,b). Classical genetic anal-
ysis of susceptibility to mouse-adapted scrapie

agent defined scrapie strains and host suscepti-
bility genes that, assuming the slow virus hy-
pothesis was correct, were reasonably interpret-
ed as compelling evidence for an independent
viral genome in the infectious particle (Bruce
and Dickinson 1987). However, application of
biochemistry, molecular genetics, and transgen-
esis in mice overturned this view, and the scra-
pie agent was redefined as a prion, which repli-
cates by templated misfolding of PrP.

The simple fact that disease was transmissi-
ble by inoculation enabled biochemical isola-
tion of the infectious prion protein (PrP%)
and showed that microbiological strain infor-
mation was enciphered by protein sequence
and conformation (Prusiner 1997b; Bartz
2016). Exploitation of mouse genetics and

Editor: Stanley B. Prusiner

Additional Perspectives on Prion Biology available at www.cshperspectives.org

Copyright © 2017 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a023549

Cite this article as Cold Spring Harb Perspect Biol 2017;9:a023549


mailto:george.carlson@ucsf.edu
mailto:george.carlson@ucsf.edu
mailto:george.carlson@ucsf.edu
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org

fco;ﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

B.N. Dugger et al.

transgenetics played a vital role in elucidating
prion biology. Generating mice that overex-
pressed various PrP transgenes enabled rapid
progress toward understanding prion infection,
in large measure by reducing prion incubation
time and accelerating pathology (for review, see
Watts and Prusiner 2014). Furthermore, serial
passaging experiments, in which brain homog-
enates from an inoculated mouse are inoculated
into a second mouse (Zlotnik and Rennie
1965), proved essential in unlocking the mech-
anisms of prion diseases.

Successful conceptual and methodological
approaches in prion disease research were ulti-
mately applied to other neurodegenerative dis-
eases, including Alzheimer’s disease (AD) and
Parkinson’s disease (PD). To provide a basic
overview, Figure 1 presents hallmarks of select
human neurodegenerative diseases and those
modeled in transgenic (Tg) mice expressing
the protein corresponding to each disease to
illustrate pathological similarities and differ-
ences. Figure 2 illustrates a chronology of select-
ed key discoveries in PrP prion research, with an
emphasis on mouse studies. These discoveries
are paired with counterparts in AD and PD re-
search. Most striking is the evidence that path-
ologic spread along neural pathways, not based
on proximal nuclei, in neurodegenerative dis-
eases involves templated misfolding. Transmis-
sion of various neurodegenerative diseases by

inoculation is a powerful research tool that orig-
inally was used to understand the mechanisms
of disease in PrP prion infections.

Although nomenclature is a controversial is-
sue, as it was when the prion hypothesis was
introduced, evidence is becoming increasingly
strong that aggregates of misfolded proteins
not only propagate within the brain (Li et al.
2008; Jucker and Walker 2013; Braak and Del
Tredici 2016) but also can transmit pathology
from mouse to mouse, and even human to
mouse, by inoculation (Kane et al. 2000; Mey-
er-Luehmann et al. 2006; Clavaguera et al. 2009;
Luketal. 2012a,b; Masuda-Suzukake et al. 2013;
Watts et al. 2013, 2014; Ahmed et al. 2014; Be-
temps et al. 2014; Boluda et al. 2015). Based
solely on the concept of prions as an endogenous
protein gone awry, the misfolded proteins in-
volved in neurodegenerative diseases, for which
evidence exists, will be called prions, with the
protein involved as a classifier—for example,
amyloid- (AB) prions, tau prions, a-synuclein
prions, and PrP prions. Here, we provide a his-
torical context for prion disease starting with
prion infection focusing on transmission
through inoculation, the use of genetically mod-
ified and unmodified mice, and prion strains
and how these were used to dissect mechanisms
of prion diseases. We relate each of these con-
cepts to the current state of mouse models of
other select neurodegenerative diseases.

Figure 1. (See figure on following page.) Pathological hallmarks of select human neurodegenerative diseases (left)
and those found in transgenic (Tg) mice expressing the protein involved in each disease listed above each panel
(right). Hematoxylin and eosin (H&E) staining reveals spongiform changes in the cortex of a 74-year-old
sporadic Creutzfeldt—Jakob disease (sCJD) case (A) and in the hippocampus/corpus callosum of a Tg mouse
(Tg4053 overexpressing mouse PrP-A) intracerebrally inoculated at 54 days of age with Rocky Mountain
Laboratory (RML) prions euthanized at 114 days of age (B). Same mouse and human samples stained for prion
protein (PrP) using immunohistochemistry (C,D, respectively). Immunohistochemistry for phosphorylated
a-synuclein: (E) glial cytoplasmic inclusions in the putamen of a 66-year-old multiple system atrophy (MSA)
case (left), and a Lewy body in the substantia nigra pars compacta of a 72-year-old incidental Parkinson’s disease
(iPD) case (right); (F) intraneuronal accumulation within the cortex of a 110-d-old clinically ill transgenic
a-synuclein mouse (M83 overexpressing SNCAwith the A53T mutation) that was intracerebrally inoculated with
brain homogenate from a 66-year-old MSA case different from the one shown. Amyloid-B (AB) immuno-
histochemistry of the parahippocampal area of a 73-year-old Alzheimer’s disease (AD) case (G) and an amyloid
precursor protein gene (APP) mouse (APP23 overexpressing Swedish mutant human APP) euthanized at 688
days of age (H ). Phosphorylated tau immunohistochemistry of the hippocampus of a 73-year-old AD case (I)
and a clinically ill Tg tau mouse (Tg2541 overexpressing microtubule-associated protein tau [MAPT] with
the P301S mutation) euthanized at 195 days of age (J). Scale bars, 50 pm (A-D,G—H ); 20 wm (E,EL]).
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Figure 1. (See legend on previous page.)
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Figure 2. (See legend on following page.)
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Tg mice expressing high levels of GSS mutant PrP develop
disease that is transmissible to Tg mice expressing low
levels of GSS mutant PrP

(Hsiao et al.1990, 1991)

Mice devoid of PrP develop normally and are viable but
are resistant to scrapie and do not produce PrPS¢ or
infectious prions (Bueler et al.)

Elimination of endogenous mouse PrP and insertion of
human PRNP transgenes (Collinge et al.1995;

Telling et al. 1994) and mice expressing mouse—human
chimeric PrP transgenes (Telling et al. 1994) are
susceptible to human prions

Synthetic PrP peptides convert PrPC to PrPSc
(Kaneko et al.)

Use of FFIl and CJD Tg mice show prion strain properties
can be encoded by PrP conformation (Telling et al.)

1991

1992;
1993

1994;
1995

1995

1996

1997

1998

Identification of mouse prion incubation time modifier loci in  2000—

mouse genome (Stephenson et al. 2000; Lloyd et al.
2001; Manolakou et al. 2001; Moreno et al. 2003)

Transmission of disease to mice with synthetic mammalian
prions (Legname et al.)

Hectd2 is a modifier of prion disease in mice and humans.
Modest effect of this and other non-Prnp genes
(Lloyd et al.)

2003

2002

2003

2004

2005

2006

2008

2009

2012

2013

2014

Mutations in the APP gene linked to familial AD

(Brown et al.; Chartier-Harlin et al.; Van Duijn et al.)
Anatomic staging of aggregated tau (NFTs) in human brain
(Braak and Braak)

Mice with ablation of the mouse Mapt (tau) gene developed
normally and are viable (Harada et al.1994)

First APP Tg line (PDAPP) with amyloid pathology reported
(Games et al.)

First tau (2N4R) Tg mouse reported (Gétz et al.)
APP-deficient mice developed normally and are viable
(Zheng et al.)

Mutation in the SNCA (a-synuclein) gene linked to familial
PD (Polymeropoulos et al.)
Lewy bodies contain a-synuclein (Spillantini et al.)

Mutations in MAPT linked to frontotemporal dementia with
parkinsonism-17 (FTDP-17) (Hutton et al.)

Inoculation of AD brain into APP-Tg mice (Kane et al. 2000)
First mouse line expressing WT a-synuclein transgenes
reported (Masliah et al. 2000)

Anatomic phases of amyloid plaques described in humans
(Thal et al.)

Mice lacking endogenous mouse tau expressing human
WT tau develop significant tau pathology (Andorfer et al.)

Mice lacking endogenous mouse a-synuclein expressing
human mutant A53T a-synuclein have exacerbated
synuclein pathology (Cabin et al.)

Evidence for Ap deposition in mouse models governed by
agent and host interaction (Meyer-Luehmann et al.)

Evidence for host to graft transfer of PD pathology in
humans (Li et al.)

Inoculation of aggregated mutant tau into WT tau Tg mice
transmits pathology (Clavaguera et al.)

Recombinant mouse brain homogenate and a-synuclein
fibrils initiate pathological a-synuclein conversion when
introduced into young Tg a-synuclein mutant and WT mice
(Luk et al. 2012a,b)

Inoculation of MSA brain extracts to a-synuclein Tg mice
accelerates disease (Watts et al.)

Serial passaging of distinct Ap, tau, and a-synuclein strains
demonstrates propagation through multiple generations in
mice (Watts et al.; Sanders et al.; Betemps et al.)

Figure 2. Chronology of selected key discoveries in PrP prion research (left), with an emphasis on mouse studies.
These discoveries are paired with select counterparts in other neurodegenerative diseases (right).
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STRATEGIES AND CONCEPTS ARISING
FROM PrP PRION RESEARCH

PrP Transmission and Transgenesis

Prions cause neurodegenerative diseases whose
histopathological hallmarks include spongi-
form changes, neuronal loss, gliosis, and extra-
cellular PrP plaques or aggregates (for review,
see Dugger and Dickson 2017) that have char-
acteristics of amyloid (Prusiner et al. 1983).
Clinically, CJD in humans presents as a rapidly
progressive dementia, with death typically with-
in 2 years of symptom onset. Significant to the
discovery of prions was their transmissibility by
inoculation, albeit after long incubation peri-
ods, which are defined as the intervals between
inoculation and the appearance of clinical signs.
Prion diseases are endemic in sheep and goats as
scrapie and in cervids as chronic wasting disease
(for review, see Prusiner et al. 2004; Moreno and
Telling 2016). Although known as a clinical en-
tity since the early 18th century (Cuillé and
Chelle 1936), scrapie was not adapted to mice
until 1961 (Chandler 1961). At that time, be-
cause scrapie was clearly an infectious disease,
microbiological approaches and interpretations
were applied to its study.

Similarities in the pathologies of kuru, a
neurological disease endemic in a remote tribe
in the highlands of Papua New Guinea, and
scrapie led to experimental transmission of
kuru to nonhuman primates (Hadlow 1959;
Gajdusek et al. 1966; Gibbs et al. 1980). Some
PrP prion diseases that shared pathological fea-
tures of kuru and scrapie were known to be
inherited over multiple generations (Stockman
1913; Gerstmann et al. 1936). Transmissibility
of familial CJD (fCJD) to nonhuman primates
was achieved in 1973 (Roos et al. 1973), and
shortly after, kuru, CJD, and GSS samples
were inoculated into wild-type (WT) mice, al-
though only a minority of the mice became ill
and then only after very long incubation periods
(Brownell et al. 1975; Tateishi et al. 1979).

Even after serial passages in mice, incuba-
tion periods of intracerebrally inoculated
mouse-passaged prions into WT mice ranged
from 100 to 250 days depending on the strains
of mice and prions, making experiments time-

consuming and expensive. A few years after the
seminal paper defining prions (Prusiner 1982),
the first mouse line expressing PrP transgenes
was created (Scott et al. 1989), enabled by mo-
lecular clones of the PrP prion protein gene
(Chesebro et al. 1985; Oesch et al. 1985; Locht
et al. 1986). A cosmid clone of Syrian hamster
PrP (SHaPrP) that contained its open reading
frame, promoter, and regulatory sequences was
used to produce multiple lines of Tg mice (Scott
et al. 1989; Prusiner et al. 1990). Fortuitously,
this ~40 kbp cosmid clone contained insulator
sequences that enabled position-independent
expression with protein levels proportional to
transgene copy number. This feature was ex-
ploited to create the widely used cosTet expres-
sion vector, in which any cDNA could be insert-
ed in place of the hamster PrP open reading
frame (Scott et al. 1992).

A series of experiments using lines of
Tg(SHaPrP) mice that express various amounts
of Syrian hamster PrP and normal levels of en-
dogenous mouse PrP produced several results
that changed the course of neurodegenerative
disease research (Scott et al. 1989; Prusiner
et al. 1990). First, the species origin of the scra-
pie inoculum determined whether mouse or
Syrian hamster prions and PrP% were pro-
duced. Second, incubation time for Syrian
hamster prions was inversely proportional to
the concentration of the normal form of ham-
ster PrP (PrP©); the highest expressing line had
incubation times of <60 days. This dramatic
acceleration of disease course by transgene over-
expression proved pivotal for modeling aspects
of a variety of neurodegenerative diseases.
Third, the species barrier to prion transmission
reflected inefficient interaction between nonho-
mologous PrP® and PrP* . For example, only a
small proportion of non-Tg mice inoculated
with Syrian hamster prions became ill only after
exceptionally long incubation periods. Howev-
er, inocula from the few mice that became ill
passaged into non-Tg mice produced incuba-
tion times expected for mouse scrapie. Fourth,
the pathology of the disease in Tg(SHaPrP)
mice inoculated with Syrian hamster prions
was more similar to hamster scrapie, with ex-
tensive amyloid plaque deposition, than to
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mouse scrapie. Finally, in Tg(SHaPrP) mice, the
presence of Syrian hamster PrP slightly pro-
longed incubation time for mouse prions; use
of Prup knockout mice showed that the con-
verse was also true. These studies introduced
the concept of matching agent and host, with
like-seeding-like being most efficient.

That the a and b alleles of Prnp encode PrPs
(PrP-A and PrP-B) that differ in amino acid se-
quence provided an explanation for the proper-
ties of some mouse scrapie strains. PrP-A RML
prions inoculated into mice expressing PrP-B
had longer incubation times than RML prions
passaged in PrP-B mice (Carlson et al. 1989,
1994). Before the isolation of PrP, multiple
strains of the presumed scrapie “virus” were de-
fined according to their incubation times and
distribution of pathological lesions in Sinc*’
(Prup“) and Sinc?” (Prnpb) mice, at the time as-
sumed to result from nucleic acid differences
in the scrapie agent (Dickinson and Meikle
1971; Dickinson 1975; Bruce and Fraser 1991;
Bruce et al. 1991). Prion strains, such as 87V,
that had very long incubation times in Prup”
mouse strains were maintained in Prnpb mice.
These PrP-B prion strains often had much
longer incubation times in Prnp®/Prup” hetero-
zygous mice than in either parent, a pheno-
menon termed overdominance (Bruce et al.
1991). Conversion of PrP®-A into PrP%“-A is
more efficient for PrP*-A prions than for
PrP%-B prions; the converse also is seen. Cou-
pled with the effects of PrP® concentration
on the rate of prion replication, the overdo-
minance of PrP-B reflects a reduced concen-
tration of the preferred PrP“-B substrate in
heterozygous mice. Similarly, the apparently
paradoxical shortening of RML (PrP-A) incuba-
tion times by expression of PrP-B encoding
transgenes reflects an increased supply of the
less efficiently converted PrP€ substrate, which,
although less efficient for PrP“-A prions, still
supports their conversion (Westaway et al.
1991; Carlson et al. 1994).

However, distinct, true breeding prion
strains with identical PrP amino acid sequences
also exist, and their properties are independent
of passage history. Fatal familial insomnia (FFI)
and fCJD are distinct human prion diseases that

ND Transmission and Transgenesis in Mice

can be linked to a D178N mutation whether
codon 129 encodes valine (V) or methionine
(M) determines which disease occurs (for
review, see Watts and Prusiner 2016). Inocula-
tion of Prnp”/? mice expressing a human PrP
transgene with homogenate from a familial or
sporadic CJD (sCJD) patient’s brain produces
disease with distinct pathology from that in
the same line inoculated with FFI brain homog-
enate (Telling et al. 1996). Isolates from brains of
these mice produced two distinct, disease-de-
pendent fragment sizes following treatment
with proteinase K, indicative of conformational
differences on identical protein backbones.
When the fCJD- and sCJD-inoculated mice
were compared with the FFI-inoculated mice,
it was shown that FFI produced no vacuoliza-
tion in the hypothalamus; however, a mild to
moderate degree of hypothalamic spongiform
change followed both fCJD and sCJD injections.
Furthermore, FFI uniquely produced moderate
to severe vacuolization of the corpus callosum.
These histopathologic results paralleled PrP*®
production based on histoblot analysis. These
conformational and pathological differences
were maintained over passage in humanized
mice.

Alleles of the PrP gene, Prnp, were geneti-
cally linked to prion incubation time in mice
(Carlson et al. 1986; Westaway et al. 1987),
and spurred the search for linkage of human
disease to PRNP. The finding that a mutation
in the prion protein was linked to familial GSS
disease in humans (Hsiao et al. 1989) prompted
experiments to determine whether genetic pri-
on disease could be recapitulated in mice. Mice
overexpressing a mouse PrP transgene with the
GSS codon 102 mutation at the analogous po-
sition in mice (codon 101) were produced, and
lines with high levels of transgene expression
spontaneously developed disease, including
spongiform changes (Hsiao et al. 1990, 1991).
Disease in high-expressing mice could be trans-
mitted with short incubation times to mice that
expressed low levels of GSS mutant PrP and
developed spontaneous disease only after hun-
dreds of days, if at all. Similar approaches were
subsequently applied to a variety of neurode-
generative diseases in which inoculation of
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low-expressing Tg mice was used to accelerate
transmission experiments.

Somewhat surprisingly, based on the aboli-
tion of the species barrier to hamster prions by
expression of SHaPrP transgenes (Scott et al.
1989; Prusiner et al. 1990), infection of Tg
mice expressing human PrP with CJD brain
homogenates was as inefficient as infection
of WT mice, with only 10% of the mice devel-
oping disease =500 days after inoculation (Tell-
ing et al. 1994). To enable efficient human
prion replication, a chimerical PrP transgene
(MHu2M) containing mouse (Mo) and human
(Hu) sequences was constructed; HuPrP differs
from MoPrP at 28 of the 254 amino acids,
whereas chimeric Hu-Mo PrP differs from
MoPrP at nine positions. Mice expressing the
MHu2M transgene had abbreviated incubation
times (~200 days) (Telling et al. 1994). Expres-
sion of HuPrP in Tg mice that did not express
MoPrP (Prnp /%) was equally permissive for in-
fection with human prions (Collinge et al.
1995). The effects of chimeric MHu2M PrP
and PrP ablation suggest an inhibitory interac-
tion of endogenous MoPrP with human prions,
reminiscent of slightly prolonged incubation
times for mouse prions in TgHaPrP mice (Scott
et al. 1989).

PrP Knockouts

The value of gene knockout or null mice for
research on PrP prions and on other neurode-
generative diseases cannot be overstated. Target-
ed deletion of the mouse Prnp gene produced
healthy, viable PrP null Prnp”! homozygous
mice (Btieler et al. 1992). The viability of appro-
priately targeted Prnp®? mice provided evi-
dence that neurodegeneration in prion disease
is not due to loss of PrP function but to a gain of
function (Biieler et al. 1993). PrP null mice in-
oculated with prions did not develop disease
and failed to replicate infectivity or to produce
PrP5¢ (Biieler et al. 1992, 1993; Sailer et al.
1994), providing further evidence that the ex-
pression of PrP® is essential for prion replica-
tion and that PrP° is the functional component
of infectious prions. Neurological dysfunction
and neurodegeneration are also dependent on

expression of PrP“. For example, transplanta-
tion of brain tissue from Tg mice overexpressing
PrP€ into PrP-deficient mice followed by inoc-
ulation with scrapie prions led to accumulation
of high levels of PrP*® and associated neuro-
pathological changes in the graft but not in
the parenchyma of the host brain (Brandner
et al. 1996). However, substantial amounts of
PrP° migrated from the graft via the interstitial
fluid and accumulated in the host brain. Never-
theless, no pathological changes were visible in
the PrP-deficient tissue, indicating that prion-
mediated tissue damage requires expression of
PrP©.

The lack of toxicity of PrP*° to cells that do
not express PrP“ on their surface wasalso evident
in Tg mice expressing PrP that lacked the signal
for attachment of glycophosphatidylinositol
(GPI), which anchors it to the cell membrane
(Chesebro et al. 2005; Stohr et al. 2011). Follow-
ing inoculation with RML prions, or spontane-
ously in high-expressing mice, amyloid plaques
are deposited throughout the brain, but patho-
logical changes are limited and similar to those
seen directlyadjacentto Alzheimer’s AR plaques.
Clinical signs of scrapie are absent, although
typical scrapie is observed in mice expressing
both anchorless and cell-membrane PrP°.

Models for Common Neurodegenerative
Diseases

Neurodegenerative brain diseases are not en-
demic in rodents. The transmissibility of both
sporadic and familial human PrP prion diseas-
es did not prompt inoculations with human
brain homogenates from more common neu-
rodegenerative diseases such as AD or PD,
which also have familial and sporadic manifes-
tations, until nearly 40 years later (Kane et al.
2000; Meyer-Luehmann et al. 2006; Masuda-
Suzukake et al. 2013; Watts et al. 2013, 2014;
Boluda et al. 2015), with a single exception that
produced equivocal results (Goudsmit et al.
1980).

Adapting the inoculation paradigm to other
neurodegenerative diseases is not a radical idea.
There is evidence in many neurodegenerative
diseases of pathologic spreading as shown by

8 Cite this article as Cold Spring Harb Perspect Biol 2017;9:a023549
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hierarchical staging of tau, a-synuclein, and A
deposits in human brain, such as those pro-
posed by Braak and Braak (1991), Kosaka
et al. (1994), and Thal et al. (2002). For intra-
cellular aggregates, such as tau and a-synuclein,
brain regions containing deposits are anatomi-
cally interconnected (for review, see Braak and
Del Tredici 2016), and grafts of human fetal
tissue as an experimental therapy for PD and
analogous studies in mice have shown host-to-
graft transfer of Lewy body pathology (Li et al.
2008; Hansen et al. 2011). AR is deposited ex-
tracellularly, and although hierarchical staging
has been suggested, a concept of transsynaptic
neuronal transfer of these pathologies may be
more difficult to decipher. Anatomic spread has
also been reported in mouse scrapie and in Tg
models that have features of AD and PD, pro-
viding further support for the hypothesis of in-
tercellular transmission of pathologies (Kim-
berlin et al. 1983; Clavaguera et al. 2009; de
Calignon et al. 2012; Luk et al. 2012a; Ma-
suda-Suzukake et al. 2013; Ahmed et al. 2014;
Walker et al. 2016). Inoculation is now an effec-
tive tool for studying a variety of neurodegen-
erative diseases.

APP Transgenics and Transmission
of AB Pathology

Mutations in the amyloid precursor protein
gene (APP) are genetically linked to rare familial
forms of AD and lead to increased production
of AB peptides (Brown et al. 1991; Chartier-
Harlin et al. 1991; van Duijn et al. 1991; TCW
and Goate 2016). As with the PrP-linked dis-
eases, such genetic mutations serve as starting
points for producing mouse models of disease.
Attempts to create AD mouse models by over-
expression of WT APP were started soon after
isolating a cDNA clone for APP by exploiting
the amino acid sequence of the major peptide in
the amyloid plaques of AD patients (Glenner
and Wong 1984; Kang et al. 1987; Beer et al.
1991). Tg mice that recapitulated a pathological
hallmark of AD, amyloid plaques, were not re-
ported until 1995 when the PDAPP Tg mouse,
which expressed human Indiana mutant
APPy;,7r under the control of the platelet-de-

ND Transmission and Transgenesis in Mice

rived growth factor (PDGF) promoter, was pub-
lished (Games et al. 1995). A series of APP Tg
lines were produced using the cosTet expression
vector and provided an explanation for the fail-
ure of many lines to produce amyloid plaques
(Hsiao et al. 1995). Swedish mutant (KM670/
671NL) or WT HuAPP constructs were micro-
injected into FVB/NCr embryos because of
their easily injectable pronucleus and the high
fertility of FVB mice. FVB-Tg(APP) lines ex-
pressed APP at levels proportional to transgene
copy number; premature death and behavioral
abnormalities, most prominently neophobia,
correlated with the level of transgene expression
(Hsiao et al. 1995). None of these FVB Tg lines
achieved levels of APP expression sufficient for
the development of AR amyloid plaques. Pre-
mature death was not dependent on the Swedish
FAD mutation, as early death was also observed
in mice overexpressing WT human APP. In
contrast, one line (Tg(APPs,)2576) was pro-
duced by microinjecting B6SJLF1 embryos,
rather than FVB, producing a line with a mixed
B6;SJL  background that overexpressed the
transgene at fivefold higher levels than endoge-
nous mouse APP (Hsiao et al. 1995, 1996). Dif-
fuse and core amyloid plaques were identified
by using various antibodies against AB1-42
peptides and by thioflavin and Congo red stain-
ing; these plaques appeared at different times in
the cortex and hippocampus starting between
9 and 11 months of age (Hsiao et al. 1996).
The length of time between the creation of
the first APP Tg line (Beer et al. 1991) and a
line expressing levels of APP with amyloid
plaques (Games et al. 1995) may, at least in
part, reflect the susceptibility of the genetic
background to APP-induced premature death
(Carlson et al. 1997). B6, DBA/2], and FVB
are among the susceptible strains, whereas SJL
and 129 mice are resistant to the lethal effects of
APP overexpression. Although the Tg(APPs,,)23
plaque-forming line was produced on a nomi-
nal B6 background, the line was distinct from
C57BL/6], which is susceptible to APP overex-
pression (Sturchler-Pierrat et al. 1997). Quanti-
tative trait analysis revealed two chromosomal
regions harboring genes that modified suscept-
ibility, but each locus contributed to only a
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small portion of the variance (Krezowski et al.
2004). The relatively small impact of individual
quantitative trait loci (QTL) was similar to ear-
lier results from genetic analysis of the effects of
genes other than Prnp on scrapie incubation
periods.

Strains of mice of identical Prnp genotype
vary widely in prion incubation time (Carlson
et al. 1988). Quantitative trait analysis, which
takes advantage of naturally occurring poly-
morphisms among inbred strains of mice, iden-
tified incubation time modifier loci scattered
throughout the mouse genome (Stephenson
et al. 2000; Lloyd et al. 2001; Manolakou et al.
2001; Moreno et al. 2003). Despite considerable
effort and a variety of approaches, few of the
genes underlying these QTL have been identi-
fied despite the fact that independent studies
identified the same chromosomal regions (for
review, see Lloyd et al. 2011). Much of this diffi-
culty, as with the loci determining susceptibility
to APP-induced premature death, can be attrib-
uted to the fact that each individual QTL ac-
counts for only a fraction of the variance in in-
cubation time, generally between 10% and 20%.

More than 150 mouse models have been
generated in the field of AD and dementia re-
search, with nearly 40% of these expressing mu-
tant transgenes (APP, PSEN1, or PSEN2) that
alter APP metabolism and increase AP peptide
levels (Table 1). It is important to stress that
although many Tg lines expressing familial
AD mutant APP develop AB plaques, to date

none have developed extensive neuron loss,
neurofibrillary tangles (NFTs), or progressive
cognitive decline (for review, see Morrissette
et al. 2009; Ashe and Zahs 2010). Although Tg
mice expressing mutant APP, PSENI, or
PSEN?2, which are each sufficient to cause AD,
faithfully recapitulate the biochemistry of APP
processing in humans, they fail to cause the
most salient features of AD.

With the transmissibility of PrP prion dis-
eases by inoculation as the model, studies
tested whether inoculation of material from
AD patients, Tg mice, or protein aggregates
could transmit pathology or even disease. Hu-
man AD brain homogenates inoculated into
Tg(APPs,,)2576 mice accelerated amyloid
plaque formation (Kane et al. 2000). In inocu-
lated mice, A plaques were present at 5 months
in contrast to uninoculated Tg2576 mice, which
typically develop amyloid plaques at 9-11
months of age. This led to an explosion of stud-
ies inoculating additional Tg(APP) lines with
various preparations of AB, including synthetic
AP fibrils, soluble and insoluble fractions of AD
brain homogenates, or simple AD brain ho-
mogenates (for review, see Watts et al. 2014;
Eisele and Duyckaerts 2016). Seeding of AR am-
yloid formation was governed by agent and
host, with matching of amino acid sequence,
which determines conformation, being most ef-
ficient, reminiscent of prion strain behavior
(Carlson et al. 1989; Meyer-Luehmann et al.
2006; Stohr et al. 2014).

Table 1. Top 10 most frequent genes used in mouse models listed on http: //www.alzforum.org /research-models

Gene Associated neurodegenerative disease(s) Number of models Total (out of 147) (%)
APP AD 60 40.8
PSEN1 AD 27 18.4
MAPT FTLD/PSP/CBD 24 16.3
TARDP ALS/FTLD 14 9.5
APOE AD 10 6.8
PSEN2 AD 7 4.8
BACE]1 AD 5 3.4
FUS ALS/FTLD 5 3.4
SODI ALS 4 2.7
C90ORF ALS/FTLD 3 2.0

Groups are not mutually exclusive.

AD, Alzheimer’s disease; FTLD, frontotemporal lobar degeneration; PSP, progressive supranuclear palsy; CBD, corticobasal

degeneration; ALS, amyotrophic lateral sclerosis.
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APP Knockouts

The function of the APP protein and its corre-
sponding gene APP is still unknown, although
some evidence supports roles in neurite out-
growth and cell adhesion (for review, see Matt-
son 1997; Thinakaran and Koo 2008). By isolat-
ing the APP promoter region from a 129-mouse
library, Zheng and colleagues (1995) created the
first homozygous APP-deficient mice. APP null
mice are viable, but various abnormalities have
been reported, including growth and brain
weight deficits, synaptic deficits, attenuated mi-
croglial activation in the substantia nigra, hy-
persensitivity to seizures, reduced grip strength,
and impaired spatial learning associated with
long-term potentiation defects (Zheng et al.
1995; Seabrook et al. 1999; DeGiorgio et al.
2002; Yang et al. 2005; Mallm et al. 2010). Ce-
rebral AR amyloidosis was induced by inoculat-
ing A3 seeds into APP Tg mice but not into APP
null mice (Ye et al. 2015). However, extracts
from the APP null mice inoculated up to 6
months previously induced B-amyloidosis in
Tg(APP) hosts, indicating the stability of amy-
loid (Ye et al. 2015).

Transmission of Tau Pathology and Transgenic
Mouse Models for Tauopathies

Along with AR amyloid plaques, a diagnostic
pathological hallmark of AD is the presence of
intraneuronal NFTs. NFTs and other forms of
aggregated tau also feature in many other neu-
rodegenerative diseases (for review, see Dugger
and Dickson 2017). Discovered in 1975,
microtubule-associated protein tau (MAPT)
(Weingarten et al. 1975) was not connected to
neurodegenerative diseases until nearly a dec-
ade later when it was discovered that its hyper-
phosphorylated form was the main component
of paired helical filaments in AD (Grundke-Ig-
bal et al. 1986; Mandelkow and Mandelkow
2012). Six tau isoforms are produced in the
human brain through alternative mRNA splic-
ing of a single tau gene (MAPT). Inclusion of
an additional 31-amino-acid repeat in the
C-terminal region gives rise to three tau iso-
forms with four repeats each, whereas the other

ND Transmission and Transgenesis in Mice

three isoforms contain three repeat sequences
(Mandelkow and Mandelkow 2012). These re-
peats constitute a portion of the microtubule-
binding domains of tau. Some tau-related dis-
eases are characterized by the accumulation of
predominantly three-repeat tau (3R tau), such
as Pick’s disease, whereas others accumulate
four-repeat tau (4R tau) (e.g., progressive
supranuclear palsy [PSP] and corticobasal de-
generation [CBD]). Tau is the major compo-
nent of NFTs in AD and is composed of an
equimolar ratio of both 3R and 4R isoforms
(Goedert et al. 1989).

One of the first Tg (tau) lines expressed the
longest WT human brain tau isoform (2N4R)
under the control of the human Thy-1 promot-
er (Gotz et al. 1995). In these mice, tau mRNA
levels varied among brain regions and even
within a single brain region, perhaps because
of species differences in gene regulation, given
that a human transgene and promoter were ex-
pressed, or to genetic modifiers in the B6;D2
mixed background. Another WT tau Tg model,
Tg(MAPT)8cPdav/] (line 8c), has the complete
human WT tau gene in a P1-derived artificial
chromosome (PAC) transgene and is capable of
expressing all six tau isoforms (Duff et al. 2000).
However, this line showed predominance of the
embryonic 3R tau isoform with neuritic pro-
cesses containing various tau species and did
not develop significant pathology (Duff et al.
2000). Overexpressing forms of WT human
tau in multiple lines of Tg mice failed to pro-
duce significant neurofibrillary pathology (for
review, see Eriksen et al. 2008).

Although no mutations in tau have been
associated with AD, three missense mutations
(G272V, P301L, and R406W) and three muta-
tions in the 5 splice site of exon 10 in the gene
for tau protein, MAPT, cause familial fronto-
temporal dementia and parkinsonism linked
to chromosome 17 (FTDP-17T) (Hutton et al.
1998). This led to the construction of several
mutant tau Tg models (for review, see Gotz
et al. 2007; Eriksen et al. 2008). Three widely
used mouse models express codon 301 human
mutant tau: rTg4510, Tg2541, and PS19 (Allen
et al. 2002; SantaCruz et al. 2005; Yoshiyama
et al. 2007).
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The rTg4510 line uses a tetracycline-respon-
sive promoter element in front of ON4R P301L
mutant MAPT that is activated by Camk2a pro-
moter-driven tet transactivator (tTA) (Mayford
et al. 1996; SantaCruz et al. 2005). This bigenic
system provides temporal and spatial control
over transgene expression. Temporal control is
produced by administration of tetracycline
to turn off tau expression, whereas spatial con-
trol is achieved by selecting which promoter is
used to drive the transactivator. Camk2a-tTA is
used as the transactivator in rTg4510 and in
rTg(tauywr)21221, which expresses WT human
tau at levels very similar to those in rTg4510
(Hoover et al. 2010), whereas a line that uses
an entorhinal cortex (EC)-specific transactiva-
tor was used to evaluate transsynaptic spread
of tau aggregates (de Calignon et al. 2012; Liu
et al. 2012). To produce rTg(MAPTp3411.)4510
mice (rTg4510), FVB-Tg4510 mice were
crossed with Camk2a-tTA mice on a B6, 129,
or mixed B6;SJL background. The rTg4510
line shows cognitive deficits as early as 5 months
of age and neuronal loss, gliosis, and tau
accumulation in limbic cortices and a decrease
in brain weight starting at around 5.5 months
of age (Ramsden et al. 2005; SantaCruz et al.
2005). Although the forebrain atrophies severe-
ly, the hindbrain, including the brainstem and
spinal cord, is spared, and life span is not ap-
preciably shortened.

The PS19 line expresses the P301S mutation
on IN4R tau controlled by the mouse Prnp
promoter on a B6;C3H background and shows
neuronal loss, gliosis, and tau accumulation
mainly in the brainstem and spinal cord, with
80% mortality by 12 months of age (Yoshiyama
etal. 2007). The Tg2541 line has the same P301S
mutation as PS19 but in the ON4R tau isoform
driven by the mouse Thyl.2 promoter. The
Tg2541 line overexpresses the P301S mutation
twofold over endogenous levels and shows tau
accumulation mainly in the spinal cord and
brainstem, with mortality around 6—7 months
of age (Allen et al. 2002). These three models, as
well as a plethora of others, have been used to
advance understanding of the pathophysiology
of tau aggregation and its relationship to neuro-
degeneration. However, experiments are still

needed to understand the propagation and
transmission of tau pathology as suggested by
human Braak NFT staging (Braak et al. 1991).

Tau pathology was assessed in another mod-
el (the ECrTg4510 line, sometimes referred to as
rTg4510EC) up to 34 months of age (beyond
the typical life span of laboratory mice) (Fu
et al. 2016). By using routine two-dimensional
immunohistochemistry and three-dimensional
brain-clearing methods, there was progressive
spread of tau pathology along anatomically di-
rected routes as the animals aged. Initially, pa-
thology was apparent in the EC and parasubic-
ulum, followed by involvement of the amygdala,
pyriform cortex, anterior olfactory area, and in-
sular cortex. Visualization of tau pathology was
enhanced by using the three-dimensional ap-
proach. Tau pathology was accompanied by sig-
nificant gliosis and later by neuronal loss. These
findings are congruent with the proposed se-
quence of the spread of tau pathology and as-
sociated clinical manifestations in human AD
(Braak et al. 1991).

To further investigate abnormal tau trans-
mission, inoculation experiments were con-
ducted (for review, see Clavaguera et al. 2016).
Brain extracts from aged Tg mice expressing a
mutant form of human tau (P301S) were inoc-
ulated into ALZ17 Tg mice expressing WT hu-
man tau that never develop filamentous tau pa-
thologies spontaneously. Inoculating misfolded
tau induced assembly of WT human tau into
filaments that spread pathology from the site of
injection (Clavaguera et al. 2009). Subsequent
studies inoculating mice in different anatomical
locations showed tau spreading consistent with
neuroanatomic connectivity (Ahmed et al
2014; Boluda et al. 2015). Furthermore, as
shown with PrP prions and AR, tau also showed
strain-specific properties in inoculation experi-
ments (Clavaguera et al. 2013; Sanders et al.
2014; Lewis and Dickson 2016). Tg human
tau mice (ALZ17) and non-Tg C57BL/6 mice
inoculated in their hippocampi and cerebral
cortices with human brain homogenates from
a variety of tauopathies showed pathological
features of each disease in a disease-specific
manner (Clavaguera et al. 2013; Boluda et al.
2015).
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Tau Knockouts

The first tau knockout mouse was created in
1994 (Harada et al. 1994). Tau null mice are
viable and have been a very useful tool for un-
derstanding host—agent interactions and mech-
anisms of tau pathology spread (for review, see
Ke et al. 2012). For example, when mice lack
endogenous tau with an insertion of human
WT tau, they develop significant tau pathology
in a time-dependent manner (Andorfer et al.
2003). Another model with a promoter that
drives expression of tTA in layer II of the EC
was used to limit expression of human P301L
mutant tau (HaTaupsg;r) to this region of the
forebrain (de Calignon et al. 2012; Liu et al.
2012). Asthe ECrTgTau mice aged, pathological
aggregates formed in the EC and spread down
neural pathways to induce aggregates in hippo-
campal structures, recruiting endogenous
mouse tau (de Calignon et al. 2012), human
mutant tau expressed by leaky expression at
low levels in the downstream cells (Liu et al.
2012), or both. These experimental studies
showed transsynaptic propagation and replica-
tion of misfolded tau aggregates. When tau null
mice expressing HuTaupsg;1 in the EC (ECrTg-
Tau—Mapto/ %) were produced and aged, tau
aggregates also spread to downstream cells,
suggesting that misfolded tau did not require
the normal form in downstream cells to
spread (Wegmann et al. 2015). This propaga-
tion to cells lacking tau was contrasted with
PrP* transmission, which requires PrP“ for
cell-to-cell propagation. Similarly, mutant
tau expressed throughout the forebrain in
rTg4510 mice showed markedly less neuronal
loss in a tau null background than in mice ex-
pressing endogenous mouse tau; tangles were
present in both endogenous tau null and tau
WT mice. Although one conclusion is that tau
does not fulfill the criteria to be a prion, the
results more likely reflect the fact that tau is
intracellular, whereas PrP“ is on the cell surface.
Tau aggregates may not require expression of
tau in downstream cells to spread transsynapti-
cally, but may require intracellular tau to repli-
cate and cause neurotoxicity. Therefore, inter-
nalization of misfolded tau may be the first step
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in tau prion propagation and may not require
tau expression. Replication and toxicity require
tau substrate. It seems that ECrTgTau-Mapt®/°
mice could provide a tool to test therapies that
block misfolded tau internalization.

a-Synuclein Transmissions and Transgenics

Clinically diagnosed PD, PD with dementia,
and dementia with Lewy bodies (DLB) are typ-
ically amalgamated into one entity, Lewy body
diseases, upon postmortem examination be-
cause Lewy bodies are detected in most cases
(for review, see Dugger and Dickson 2017).
Lewy body diseases and multiple system atrophy
(MSA)—historically known as olivopontocere-
bellar atrophy (OPCA), striatonigral degenera-
tion, or Shy—Drager syndrome (Graham et al.
1969)—are distinguished from one another by
whether deposits of a-synuclein are mainly
within neurons (termed Lewy bodies) or glia
(termed glial cytoplasmic inclusions) (Papp
et al. 1989; Dugger and Dickson 2017). The
discovery of two familial PD mutations, A30P
and A53T, in a-synuclein, which is the major
component of the disease’s pathological hall-
mark, the Lewy body (Polymeropoulos et al.
1997; Spillantini et al. 1997; Nussbaum 2016),
led to the creation of Tg lines (for review, see
Eriksen et al. 2008; Lee et al. 2012). No muta-
tions in a-synuclein have been linked to the rare
familial cases of MSA. Studies have suggested
that polymorphisms in the SNCA gene and
the coenzyme Q2 gene may increase the risk
for developing MSA in patients with Asian
backgrounds (Scholz et al. 2009; Multiple-Sys-
tem Atrophy Research Collaboration 2013).
However, replication of these findings in non-
Asian cohorts is lacking (Sailer et al. 2016).
One of the first PD mouse models expressed
human WT a-synuclein under the control of
the platelet-derived growth factor—8 (PDGF-
) promoter on a C57Bl/6;DBA2 genetic back-
ground (Masliah et al. 2000). By 2 months of
age, mice showed accumulation of human, not
mouse, a-synuclein immunoreactive inclusions
in neurons within the neocortex, hippocampus,
and substantia nigra. These Tg mice also had
motor deficits, and when compared with non-

Cite this article as Cold Spring Harb Perspect Biol 2017;9:a023549 13



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

www.cshperspectives.org

B.N. Dugger et al.

Tg littermates, displayed decreases in tyrosine
hydroxylase levels (the rate-limiting enzyme of
catecholamine biosynthesis) in the striatum but
not in the substantia nigra (Masliah et al. 2000).

With respect to mutant a-synuclein mouse
models, the M83 Tg line expresses SNCA with
the A53T mutation, which is the normal codon
in mice, under the control of the Prnp promoter
on a C57BL;C3H background (Giasson et al.
2002). The M83 mouse develops age-dependent
intracytoplasmic a-synuclein neuronal inclu-
sions that parallel the onset of motor features
(Giasson et al. 2002). Other a-synuclein mouse
models have been created that overexpressed
WT a-synuclein or A30P or A53T mutations,
or other related genes (for review, see Eriksen
et al. 2008; Lee et al. 2012). Although recapitu-
lating certain disease aspects and providing in-
sight into molecular mechanisms of disease, no
Tg(SNCA) lines thus far have developed the
substantia nigra dopaminergic neuronal death
or the circumscribed Lewy bodies that are the
pathologic hallmarks of PD.

As with other neurodegenerative diseases,
inoculation experiments have also been per-
formed with a-synuclein mouse models. Ho-
mogenates of the brainstem and spinal cord
from aged symptomatic M83 mice and purified
synthetic a-synuclein fibrils were intracerebral-
ly inoculated into younger mice of the same line
(Luk et al. 2012b). Animals inoculated with ei-
ther brain homogenates or synthetic fibrils
showed a more rapid progressive disease than
their uninoculated littermates. The demise of all
M83 mice inoculated with synthetic fibrils or
symptomatic M83 brain lysates occurred within
126 d postinjection, whereas M83 mice injected
with asymptomatic lysate or phosphate-buft-
ered saline (PBS) remained disease-free at least
175 d postinjection (Luk et al. 2012b). In the
same year, the group also showed that a-synu-
clein transmission could initiate PD-like neuro-
degeneration in non-Tg mice (young WT
C57BL6;C3H) (Luk et al. 2012a). Time-depen-
dent spread of the a-synuclein pathology in this
model was consistent with propagation along
central nervous system pathways and cell-to-
cell transmission. Subsequent work has been
performed with human brain homogenates

from Lewy body diseases and MSA cases (Ma-
suda-Suzukake et al. 2013; Watts et al. 2013;
Jones et al. 2015). There have been mixed results
with inoculation of Lewy body disease samples,
perhaps because of variation in sample prepa-
ration. However, MSA results have shown trans-
missibility very similar to that of the original
human PrP prion diseases (Prusiner et al.
2015). Lastly, some work has suggested that bi-
ological and molecular compatibility between
host fibril a-synuclein influences pathogenicity
(Luk et al. 2016).

a-Synuclein Knockouts

As with PrP, APP, and tau, a-synuclein knock-
out mice are viable, suggesting that a-synuclein
has little impact on the development of the
mouse brain (Greten-Harrison et al. 2010).
When mutant A53T SNCA transgenes are ex-
pressed on a mouse Snca null background, syn-
uclein pathology is exacerbated (Cabin et al.
2005). These mice showed limb weakness and
paralysis beginning at 16 months of age accom-
panied by a-synuclein accumulation in the ven-
tral spinal cord and motor neurons and axons in
the sciatic nerve. Although these results do not
recapitulate the pathology of PD, they suggest
that WT a-synuclein in the mouse is protective
against the pathologic effects of the mutant hu-
man protein. In another study, transfer of hu-
man a-synuclein was compared in two separate
lines of a-synuclein null mice versus their re-
spective WT controls. The lack of endogenous
a-synuclein expression resulted in a more pro-
nounced propagation of exogenous a-synuclein
but did not impede extracellular diffusion (Hel-
wig et al. 2016).

CONCLUDING REMARKS

The average life span of a laboratory mouse is
~ 3 years; many believe that this short life span is
not sufficient to assess the contribution of ag-
ing, which is the number one risk factor for
most neurodegenerative diseases. Although Tg
mice have aided in the understanding of numer-
ous aspects of dementia and parkinsonism, they
have yet to entirely mimic their human coun-
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terparts, especially progressive neuronal loss,
the hallmark of all neurodegenerative diseases.
Here, we have discussed certain experimental
approaches using the mouse to understand the
original PrP prion diseases. These include the
inoculation paradigm in combination with Tg
technologies, knockout models, and investigat-
ing how mouse genetics can influence disease
complexity, touching on strain differences. Ex-
amining the history of PrP prion diseases in
mice shows that the approaches and concepts
used to understand these diseases have been
successfully applied to other neurodegenerative
diseases, such as PD, AD, and other tauopathies,
as well.
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