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    Abstract     Genetically modifi ed mouse models have been instrumental in decipher-
ing pathomechanisms in a large variety of human conditions. Similarly, transgenic 
and knockout mice have contributed to understanding neurodegenerative processes 
in Alzheimer’s disease (AD) and frontotemporal lobar degeneration (FTLD). While 
the fi rst models for AD and FTLD, based on mutations in APP and tau, respectively, 
have been generated more than a decade ago, recent years have seen the identifi ca-
tion of new genes involved in the disease. This led to the generation of a large num-
ber of new transgenic mouse models for FTLD. This chapter provides an overview 
of APP and tau-based mouse models of AD and FTLD and discusses in detail the 
more recent FTLD models expressing novel disease genes.  
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        Different Methods to Genetically Modify Mice 

 Transgenesis techniques to generate mouse models of disease rely on both gene 
transfer methods as well as methods to manipulate the early mouse embryo [ 1 ]. 
To date, the most commonly used technique involves microinjection of DNA 
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constructs into the pronucleus of a developing zygote, leading to random integra-
tion of a transgene into the endogenous DNA [ 2 ]. This then produces a “trans-
genic animal” that has a foreign gene(s) stably incorporated into its genome through 
human intervention. This integrated recombinant double-stranded DNA is called a 
“transgene.” 

 Over the years, the development of more sophisticated models has allowed for bet-
ter control of transgene expression, both temporally and spatially. This includes both 
inducible and conditional mouse models. Inducible mouse models enable the study of 
transgene expression in a strictly regulated manner, as they drive transgene expression 
exclusively upon induction, by either the presence or absence of a drug, in a dose-
dependent manner. This allows researchers to overcome some of the problems associ-
ated with constitutive transgene expression, such as embryonic lethality. Conditional 
models involve the generation of mice with altered gene expression in a cell specifi c 
manner, through the expression of recombinase enzymes, which are under the control 
of a selected promoter, that can remove, invert, or translocate DNA segments. 

 Site-specifi c manipulation of the genome (gene targeting) allows for the disrup-
tion of a specifi c gene (knockout approach) or the insertion of a transgene in a 
defi ned locus (knock-in approach). Very recently, targeted transgenesis has been 
introduced, which relies on a core technology based on the use of engineered nucle-
ases, such as zinc fi nger nucleases (ZfN) [ 3 ] or transcription activator-like effector 
nucleases (TALEN) [ 4 ]. This new technology enables investigators to manipulate 
virtually any gene in a diverse range of cell types and organisms with extreme preci-
sion (single base pair). Targeted transgenesis, used either for stable overexpression 
of a transgene or for disruption of endogenous genes, ultimately remains the most 
powerful tool to understand the mechanisms underlying physiological processes 
and their pathological counterparts.  

    Mouse Models of Alzheimer’s Disease 

 The past two decades have seen the generation of a large number of transgenic 
mouse models of AD, with a focus on amyloid-β (beta) (Aβ [beta])-forming models. 
These have assisted in a large number of studies investigating mechanisms underly-
ing neuronal dysfunction and neurodegeneration in AD, as well as in developing 
and testing novel treatments. Aβ (beta)-forming transgenic mouse models have 
been extensively reviewed before [e.g., [ 5 ]]. Therefore, this part of the chapter will 
provide a rather general overview and highlight only some discoveries made using 
AD mouse models. 

    Amyloid-β (Beta) Precursor Protein (APP) Models 

 Intensive efforts have been made to develop transgenic mouse models that recapitu-
late the pathology and symptoms of AD over the past decades. While overexpression 
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of human nonmutant APP did not result in plaque formation and memory defi cits, it 
was the identifi cation of pathogenic mutations in APP in familial cases of AD that 
paved the way for generating the fi rst disease models [ 6 ]. Since then, expression of 
human mutant APP reproduced Aβ (beta) plaque pathology in a large number of 
transgenic mouse models [ 5 ]. In most models, expression of mutant APP results in 
the production of Aβ (beta) throughout the brain with plaque formation, affecting 
memory performance of mice in different test paradigms, such as the Morris water 
maze. APP transgenic models have also been the basis for showing a prion-like 
transfer of Aβ (beta) pathology between APP transgenic mice in a strain- dependent 
manner [ 7 ]. 

 While initial studies did not report an overt neuronal loss, a limited number of 
subsequent studies of established lines reported a decrease in numbers of neurons in 
certain brain areas [ 8 ,  9 ]. However, the absence of pronounced neuronal loss remains 
a limitation of Aβ (beta)-forming APP transgenic mice. 

 To determine if loss of APP function contributes to the development of AD, APP 
knockout mice have been generated. However, their phenotypes are rather mild and 
possibly due to developmental anomalies [ 10 ]. Interestingly, early postnatal death 
of double knockout mice with deletion of APP and APLP2, the latter belonging to 
the same protein family, suggests a functional overlap between the family members 
during development [ 11 ]. APP-defi cient mice have contributed to the understanding 
of the possible physiological functions of APP, some of which have implications for 
the disease [ 12 – 14 ]. 

 In summary, APP transgenic mice have been instrumental in reproducing aspects 
of AD pathology in vivo and in deciphering mechanisms underlying disease. Over 
the past decades, APP transgenic mice have become a central in vivo tool in study-
ing pathomechanisms and developing treatments for AD.  

    Combinatorial Models 

 In an attempt to accelerate Aβ (beta) pathology onset and progression and to more 
closely model the human pathology, mutant APP transgenic mice have been crossed 
with other mutation-harboring mice. For instance, mutations in the presenilin- encoding 
 PSEN  genes alter the activity of the γ (gamma)-secretase complex which presenilins 
are part of. Expression of mutant PSEN1 in mice crossed with Aβ (beta)-forming APP 
transgenic mice resulted in accelerated Aβ (beta) formation and earlier onset of behav-
ioral defi cits as well as neuronal loss [ 15 ,  16 ]. Interestingly, the effects of mutant 
PSEN was even more pronounced in the absence of the murine PSEN, achieved by a 
mutant human  PSEN1  knock-in approach [ 17 ]. Conversely, reduced β (beta)-secretase 
activity in BACE-defi cient mice reduced Aβ (beta) formation and ameliorated behav-
ioral defi cits when crossed on an Aβ (beta)-forming APP transgenic strain [ 18 – 20 ], 
while overexpression of BACE on an APP background increased pathology [ 21 ]. 

 Carriers of the APOEε (epsilon)4 allele have a 20-fold increased risk of 
 developing AD, making it the number one risk gene for developing sporadic 
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late-onset AD [ 22 ]. In support of a role for ApoE in Aβ (beta) pathology, crossing 
APP transgenic mice on a ApoE -/-  background reduced both Aβ (beta) levels and its 
deposition [ 23 ]. Conversely, expressing human ApoE4 in APP transgenic mice, by 
viral gene delivery, increased pathology [ 24 ]. 

 Aβ (beta)-forming APP mice were used to provide the fi rst in vivo evidence for 
the amyloid cascade hypothesis that places Aβ (beta) upstream of tau pathology and 
neurodegeneration in the sequence of pathogenic events. Accordingly, crossing of 
APP transgenic mice with human mutant tau-expressing mice resulted in increased 
neurofi brillary tangle (NFT) formation [ 25 ]. A similar result has been achieved by 
injecting synthetic aggregated Aβ (beta)1-42 into brains of P301L mutant tau trans-
genic pR5 mice [ 26 ]. 

 The central role of tau in AD development, particularly in mediating neuronal 
defi cits induced by Aβ (beta), has been shown when APP transgenic mice were 
crossed on a tau-defi cient background [ 27 ]. This approach prevented premature 
mortality and behavioral defi cits associated with Aβ (beta) formation, though 
the levels of Aβ (beta) and numbers of plaques were unchanged. In this context, 
we showed that tau mediates Aβ (beta)-induced excitotoxicity by controlling 
Fyn levels at the postsynapse and sensitizing NMDA receptors to become easily 
 hyperexcited [ 28 ]. This work provides the fi rst evidence for a non-axonal function 
of tau in the dendritic compartment of neurons [ 29 ], which has since been supported 
by other  studies since [ 30 ,  31 ]. 

 Taken together, combinatorial approaches using APP transgenic mice together 
with additional mutant strains have provided exciting new insight into the pathogen-
esis of AD. Although only a selected small number of studies have been presented 
here, it is reasonable to expect that combinatorial approaches using APP-based AD 
mouse models will continue to extend our understanding of AD.   

    Mouse Models of Frontotemporal Lobar Degeneration 

 Frontotemporal lobar degeneration (FTLD; also referred to as frontotemporal demen-
tia [FTD]) umbrellas a large number of related neurodegenerative conditions with 
overlapping clinical symptoms. This is paralleled by an increasing number of proteins 
that have been found to be present in deposits in FTLD brains as well as the identifi ca-
tion of more and more genes carrying pathogenic mutations, further distinguishing 
subforms of FTLD [ 32 ]. This chapter will discuss transgenic mouse models gener-
ated by expressing or deleting different genes, with an emphasis on more recent mod-
els. Tau models, some of which have been around for many years, will be addressed 
rather generally and by highlighting some of the recent fi ndings in these mice. 

    Tau Models 

 While tau deposits in neurons together with the formation of extracellular Aβ (beta) 
plaques in AD patient brains, tau forms inclusions in the absence of overt Aβ (beta) 
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pathology in FTLD. To model the tau pathology of AD and FTLD in mice, the fi rst 
transgenic strain was generated to express the longest human isoform of tau without 
mutations in neurons [ 33 ]. These mice presented with accumulation of hyperphos-
phorylated forms of tau, resembling a pre-tangle state, but they failed to reproduce 
NFT formation. Interestingly, aged mice of this tau transgenic line developed motor 
defi cits together with a Wallerian degeneration of axonal tracks in the spinal cord, 
indicating that pre-tangle hyperphosphorylated tau suffi ces to impair neuronal func-
tion and integrity without deposition. 

 It took close to fi ve more years after the fi rst tau model had been published, until 
transgenic expression of human tau carrying a pathogenic FTDP-17 mutation, 
P301L, achieved NFT formation in vivo [ 34 ]. These mice are characterized by 
severe motor and behavioral defi cits, axonal degeneration, and early death, resem-
bling aspects of the human disease. Since the generation of this fi rst mutant tau- 
expressing mouse model, many additional lines have been generated that 
recapitulated different aspects of the human condition [ 5 ]. Interestingly, neuronal 
loss that characterizes the human disease has not been reproduced in the earlier 
mutant tau transgenic mice. But eventually, this has been achieved, when mice 
expressing distinct mutations (N279K [ 35 ] or P301S [ 36 ,  37 ]) using conventional 
neuronal promoters or particularly high levels of P301L mutant human tau using an 
inducible modifi ed CMV promoter [ 38 ] showed pronounced neuronal loss. These 
lines are characterized by early-onset NFT formation. Neuronal loss has also been 
achieved in an elegant transgenic model expressing a mutant but truncated tau that 
is limited to the microtubule-binding repeats and characterized by rapid tau fi bril 
formation and deposition [ 39 ]. This model used an inducible modifi ed CMV pro-
moter too and in combination with a complementary model that expresses the same 
truncated tau variant but with inclusion of two aggregation-preventing point muta-
tions (I277P and I308P) forms an excellent in vivo tool to study tau fi bril formation 
and test anti-aggregation drugs [ 39 ]. 

 Since tau pathology in human FTLD is not limited to neurons, transgenic mouse 
models with non-neuronal mutant tau expression have been generated [ 40 ,  41 ]. 
Interestingly, both expression in astrocytes and in oligodendrocytes resulted in neu-
ronal dysfunction and axonal degeneration. This is possibly due to impairment of 
glia in supporting neuronal function and integrity. 

 Mutant tau transgenic mice have become a highly valuable tool for studying 
pathomechanisms underlying tau pathology and neurodegeneration in FTLD but 
also in AD. Accordingly, transgenic mice are currently extensively used to inves-
tigate the prion-like disease progression hypothesis for tau, which includes 
release of distinct tau species from diseased neurons that are then taken up by 
healthy neurons to form a seed for disease propagation [ 42 ]. So far, it has been 
shown that tau pathology can be transferred from a mutant tau transgenic line 
with NFT formation to a transgenic strain that expresses nonmutant human tau 
and does not form NFTs unless inoculated with brain extracts from NFT-forming 
mice [ 43 ] or human patient brains with tau pathology [ 44 ] by stereotaxic injec-
tion. Furthermore, inducible mutant tau expression limited to a distinct brain area 
(entorhinal cortex) leads to NFT formation in connected brain areas ( hippocampus) 
as mice age [ 45 ]. 
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 Mutant tau transgenic mice are also regularly used for preclinical drug develop-
ment and testing. For instance, more recently, several groups have developed vacci-
nation strategies targeting pathological tau, either by active or passive immunization 
[ 46 – 49 ]. Each of these studies used different mutant tau transgenic mouse lines to 
show effi cacy and safety of this approach, providing the preclinical evidence needed 
to further this approach to clinical trials. Similarly, mutant tau transgenic mice have 
been used to determine the effects of compounds on different aspect of tau pathol-
ogy [ 37 ,  50 ]. 

 Taken together, it was the generation of mutant tau transgenic mice that provided 
in vivo evidence that pathogenic FTLD mutations accelerate tau aggregate forma-
tion and deposition and drive neuronal dysfunction and loss. Furthermore, mutant 
tau transgenic mice are important tools for studying pathomechanisms in vivo and 
to develop and test new therapeutic approaches. Finally, although the pathogenic 
mutations expressed in these lines originate from FTLD patients, tau transgenic 
mice are also valuable for studying tau-related aspects of AD, given the similarity 
of tau pathology in AD and FTLD.   

    TAR DNA-Binding Protein 43 (TDP-43) Models 

 In 2006, Neumann and colleagues identifi ed in a groundbreaking publication TDP- 
43 as the major component of, until then, unidentifi ed ubiquitin-positive deposits in 
FTLD [ 51 ]. Moreover, they showed that similar deposits in amyotrophic lateral scle-
rosis (ALS) (also referred to as Lou Gehrig’s disease or motor neuron disease [MND]) 
are also made up of TDP-43. TDP-43 is a nuclear protein with two RNA/DNA bind-
ing motifs. Consistent with these domains, TDP-43 is involved in RNA/DNA-related 
processes in cells, including RNA traffi cking, RNA splicing, and promoter binding 
[ 52 ]. In disease, TDP-43 accumulates in the cytoplasm due to unknown reasons and 
undergoes secondary modifi cations, such as truncation, phosphorylation, and ubiq-
uitination, eventually leading to the formation of aggregates [ 53 ]. 

 Similar to tau transgenic mice, the identifi cation of mutations in the TDP-43-
encoding  TARDBP  gene has paved the way for the generation of a number of trans-
genic mouse models with mutant TDP-43 expression. Furthermore, non-disease 
mutants of TDP-43 with deletion of function domains have been expressed in mice. 

 The fi rst TDP-43 mouse model published in 2009 expressed human TDP-43 car-
rying the A315T mutation under the murine prion protein promoter to generate the 
Prp-TDP43 A315T  mice [ 54 ]. These mice have an approximate threefold expression 
over endogenous TDP-43 with highest expression present in the brain and spinal 
cord. Ubiquitination of proteins in layer V neurons of the cortex concomitantly 
occurs with loss of nuclear staining of TDP-43 in selective neurons in these mice. 
Reactive gliosis is also present in this region of degenerating neurons. 

 This initial TDP-43 transgenic line [ 54 ] was followed by several new models 
generated over the past years [ 55 – 59 ]. Wils and colleagues expressed nonmutant 
human TDP-43 under the neuronal murine Thy1 promoter to generate the 
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TDP- 43 WT    lines TAR4 and TAR6 [ 55 ]. Hemizygous TAR4 and TAR6 have 2.8- 
and 1.9-fold, and homozygous TAR4/4 and TAR6/6 have 5.1- and 3.8-fold expres-
sion over endogenous TDP-43. These mice have nuclear and cytoplasmic inclusions 
in cortical layer V neurons that are ubiquinated and phosphorylated as well as a 
marked astrogliosis. The limited neuronal loss observed in these mice correlated 
with expression levels of TDP-43. In addition, homozygous TAR4 have an accumu-
lation of cytoplasmic full length TDP-43 as well as the 25 kDa and 35 kDa 
C-terminal fragments. Phenotypically, these mice exhibit complex motor impair-
ments, with hind limb clasping, reduced footstep length, reduced motor perfor-
mance on the Rota-Rod, as well as reduced survival rate with disease onset and 
severity dependent on TDP-43 expression levels. 

 Xu and colleagues expressed nonmutant human TDP-43 under the murine prion 
protein promoter to generate the TDP-43 PrP  with a 1.9–2.5-fold expression over 
endogenous TDP-43 [ 56 ]. An increased human TDP-43 mRNA level was observed 
with a concomitant decrease in mouse TDP-43 mRNA levels. These mice produce 
~25 kDa C-terminal TDP-43 fragments, which are urea insoluble, as well as phos-
phorylated and ubiquinated cytoplasmic inclusions, reactive gliosis, and argyro-
philic degenerating neurites and neurons in the spinal cord. Interestingly, these mice 
also have abnormal clustering and degeneration of mitochondria in their spinal cord 
neurons. TDP-43 PrP  mice display lower body weights compared to wild-type litter-
mates at 14 days, together with hindlimb clasping, body tremors, and a “swimming” 
gait at 21 days. Their survival is limited as they die between 1 and 2 months of age. 

 Swarup and colleagues generated three TDP-43 transgenic mice (nonmu-
tant human TDP-43, TDP-43 A315T  and TDP-43 G348C ) from DNA subcloned from 
 TARDBP  bacterial artifi cial chromosomes containing the endogenous Δ4 kB pro-
moter [ 59 ]. These mice present with an approximately threefold overexpression of 
transgenic TDP-43 over the endogenous protein. Signifi cantly more ~25 kDa and 
35 kDa C-terminal fragments were observed in TDP-43 A315T  and TDP-43 G348C  com-
pared to nonmutant TDP-43 expressing mice. Ubiquitination of cytoplasmic TDP-
43 was observed only in the mutant TDP-43 lines. Abnormal aggregates containing 
peripherin and neurofi lament proteins were also present in TDP-43 G348C  mice. In 
addition, gliosis and neuroinfl ammation were observed in all lines. Furthermore, 
all lines presented with cognitive and motor defi cits in the passive avoidance test, 
Barnes maze test, and Rota-Rod at 7–10 months with these impairments being most 
severe in the TDP-43 G348C  line. Interestingly, they revealed that there is signifi cant 
increase of GFAP promoter activity or astrogliosis before the onset of behavioral 
impairments. 

 Igaz and colleagues generated transgenic mice with inducible overexpression of 
either nonmutant human TDP-43 (hTDP-43 WT) or human TDP-43 with mutated 
nuclear localization signal (hTDP-43-ΔNLS) [ 57 ]. Mutation of the NLS prevents 
TDP-43 from entering the nucleus, and, hence, it accumulates in the cytoplasm [ 60 ]. 
Neuronal expression was achieved by using a CaMK2α promoter to drive tet-off 
rTA and a tetracycline responsive promoter to drive hTDP43 expression. hTDP-43 
WT mice had an 8- to 9-fold expression over endogenous TDP-43 and hTDP-43- 
ΔNLS mice 0.4- to 1.7-fold, respectively. Doxycycline treatment started at birth to 
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suppress expression during postnatal brain development was removed at weaning 
(3 weeks of age) and mice were analyzed at various time points after doxycycline 
removal. Both models present with urea-insoluble TDP-43 with no concomitant 
presence of C-terminal fragments. In addition, ubiquitinated and phosphorylated 
TDP-43 aggregates were found to be present in hTDP-43-ΔNLS mice. Signifi cant 
neuronal loss was observed in the dentate gyrus of both lines with the hTDP-43- 
ΔNLS mice having a more acute and severe dentate gyrus degeneration. The pres-
ence of axonal loss and gliosis of the corticospinal tract of hTDP-43-ΔNLS mice 
occur in a time-dependent manner relative to the developments of motor defi cits. 

 Since the abnormal localization of TDP-43 in disease means that the protein is 
depleted from the nucleus, TDP-43 might not be able to execute its normal func-
tions (=loss of function). To test this in vivo, Kraemer and colleagues employed a 
gene trap insertion strategy to generate mice lacking TDP-43 [ 61 ]. Heterozygous 
mice are viable in contrast to homozygous mice, which is embryonically lethal. 
Heterozygous (Tardbp +/− ) mice have reduced grip strength with no reportable differ-
ences in pathology observed. 

    Progranulin (PGRN) Models 

 Mutations in the progranulin (PGRN) gene have been shown to cause tau-negative, 
ubiquitin-positive, and TDP-43-positive FTLD [ 62 ,  63 ]. The majority of these 
mutations are known to cause messenger RNA (mRNA) instability (resulting in 
degradation), while other mutations can cause loss of the entire mutant allele [ 63 ], 
cause prematurely truncated protein [ 63 ], or result in the generation of mutant 
PGRN protein that cannot be secreted effi ciently [ 64 ] or appropriately cleaved [ 65 ]. 
Therefore, through a variety of mechanisms, these mutations all result in either 
reduced PGRN levels or loss of PGRN function. It is for this reason that PGRN 
knockout mice have been used to study this particular disorder. 

 A variety of PGRN knockout strains have been generated [ 66 – 70 ]. Except for 
one report [ 71 ], all of these knockout strains produce offspring with genotypes at an 
expected Mendelian ratio, suggesting that loss of PGRN does not impair embryonic 
development and/or survival. One common feature of all of these strains is that 
aged, homozygote mice all develop severe astrogliosis and microgliosis that 
increases with age (generally fi rst detected around 12 months of age). Hence, neu-
roinfl ammation may play a role in the disease process. Interestingly, PGRN homo-
zygote knockout mice react less effi ciently and with more severe infl ammation to 
bacterial listeria infections [ 67 ], and both PGRN-defi cient microglia and macro-
phages are more cytotoxic to cultured neurons [ 67 ,  69 ]. In addition to this, hippo-
campal slices from PGRN homozygote knockout mice show greater neuronal 
sensitivity to glucose and oxygen starvation [ 67 ]. This suggests that FTLD-PGRN 
may arise from a combination of deregulated infl ammation as well as increased 
neuronal vulnerability to certain stressors. 
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 In all but one strain [ 68 ], homozygote PGRN knockout mice have been found 
to display signifi cantly more ubiquitinated structures in various brain regions by as 
early as 7 months (ranging from 7 to 18 months), which increase with age. In sup-
port of a compromised ubiquitin-proteasome system, increased p62 and cathepsin 
D (markers of autophagy and lysosomes) were found in addition to increases in 
neuronal ubiquitin in PGRN knockout mice [ 70 ]. These pathological changes are 
common features of FTLD-TDP but are also associated with aging. Furthermore, in 
three of the PGRN knockout strains, levels of lipofuscin, a marker of cellular aging, 
were signifi cantly increased (throughout the brain and also in the liver in one strain) 
by as early as 8 months. Hence, PGRN knockout mice may undergo accelerated 
aging, thereby potentially contributing to the disease process. Interestingly, levels of 
PGRN progressively increased in the brains of aging wild-type animals, suggesting 
a role for PGRN in aging [ 71 ]. However, no neuronal loss or markers of apoptosis 
have been observed in any of the knockout strains, though some lines have shorter 
life spans [ 70 ,  72 ]. 

 Although PGRN mutations are associated with TDP-43 neuropathology in 
humans, it is not clear whether this is also the case in PGRN knockout mice. To 
date, only some pathologically phosphorylated TDP-43 has been identifi ed in the 
brains of two strains [ 67 ,  70 ,  73 ]. It therefore remains unclear what role PGRN 
mutations play in the development of TDP-43 pathology, though it does not appear 
that loss of PGRN alone suffi ces to cause TDP-43 relocalization or aggregation. 

 The behavioral assessment of different PGRN knockout lines has produced vari-
able results. This could be the result of variation in genetic background or differ-
ences in protocols and equipment used. PGRN knockout mice do not have any 
signifi cant motor impairments (although reduced muscle strength has been reported 
by Ghoshal and colleagues); however, there have been multiple reports of reduced 
social engagement and aggression [ 68 ,  72 ,  73 ] and depression-like behavior and 
disinhibition [ 73 ], which mimics several major behavioral hallmarks of FTLD. In 
addition, aged PGRN knockout mice show reduced performance during Morris 
water maze testing [ 70 ,  72 ,  73 ] and novel object testing [ 68 ], suggesting late-onset 
learning and memory impairments. Although the mechanism by which PGRN defi -
ciency causes these behavioral phenotypes is unclear, Petkau and colleagues (2012) 
utilized electrophysiological recordings to demonstrate that hippocampal slices 
from PGRN homozygote knockout mice display reduced postsynaptic responsive-
ness and occasional LTP dysfunction. Furthermore, CA1 pyramidal neurons 
showed reduced dendritic length and reduced spine density. Therefore, synaptic 
dysfunction may play a role in the disease process underlying FTLD-PGRN. 

 It should be noted that the majority of studies discussed above utilized homo-
zygote PGRN knockout mice, despite the fact that PGRN mutations cause haplo-
insuffi ciency in humans. For this reason, it is important to highlight some results 
obtained from heterozygote PGRN knockout mice [ 74 ]. These mice express approx-
imately 50 % less PGRN mRNA and protein (and were maintained on two different 
genetic backgrounds), but unlike homozygote PGRN knockout mice, they do not 
develop any signifi cant astrogliosis, microgliosis, and lipofuscinosis or show any 
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electrophysiological changes, nor do they have any motor impairments or memory 
and learning impairments. Despite this, these animals (regardless of the genetic 
background) still show social and emotional dysfunction. 

 In summary, PGRN knockout mice recapitulate a number of hallmark features of 
FTLD-TDP43, including neuroinfl ammation, ubiquitinated aggregates, and behav-
ioral impairments. However, the exact role of TDP-43 in this disease and the effects 
of PGRN haploinsuffi ciency versus homozygous defi ciency remain to be 
determined.  

    Valosin-Containing Protein (VCP) Models 

 Mutations in the valosin-containing protein (VCP) gene are known to cause the 
multisystem degenerative disorder inclusion body myopathy associated with Paget’s 
disease of the bone and frontotemporal dementia (IBMPFD) [ 75 ]. Although muscle 
weakness and myopathy are the most common clinical features of this disorder, 
approximately 30 % of patients also develop language and behavioral impairments 
typical of FTLD [ 76 ]. Furthermore, TDP-43- and ubiquitin-positive inclusions are 
found in both the brain and muscle of IBMPFD patients. Interestingly, some reports 
also link VCP mutations to amyotrophic lateral sclerosis [ 77 ,  78 ]. Over 20 muta-
tions have been identifi ed in  VCP , all of which are thought to alter the 3D structure 
of VCP and thereby perturb the interactions between VCP and its various substrates 
[ 79 ]. Substitution of arginine 155 to histidine (R155H) is the mutation most com-
monly associated with IBMPFD. It is for this reason that the majority of mouse 
models utilize this particular mutation. 

 To develop an animal model of IBMPFD, a number of groups have generated 
transgenic mice that express mutant VCP [ 80 – 84 ]. Although these strains all express 
a similar mutant protein, there are a number of inherent differences among the 
strains. For example, because mouse VCP differs from the human protein by only 
one amino acid, some groups chose to express human mutant VCP in the mouse 
model, whereas other models express mutant mouse VCP; various promoters have 
been used to generate mice that overexpress the mutant protein exclusively in the 
muscle [ 81 ], the brain [ 80 ], or ubiquitous expression in all tissues [ 82 ]; while other 
groups generated knock-in mice that express mutant VCP at levels similar to that of 
the endogenous protein [ 83 ,  84 ]. 

 Despite these inherent differences, however, all mutant VCP mouse strains have 
been reported to develop VCP-negative, TDP-43-positive, and ubiquitin-positive 
aggregates. These develop in regions where the mutant protein is expressed, i.e., 
the muscle, brain, and spinal cord. In heterozygote animals these aggregates appear 
at around 10–15 months in the muscle and the spinal cord, and at 14–20 months in 
the brain; and in homozygote mice [ 84 ] TDP-43 aggregates were observed as early 
as 15 days in the muscle, brain, and spinal cord. In some strains, cytoplasmic and 
nuclear clearance of TDP-43 was observed, as well as insoluble and high molecular 
weight TDP-43 species [ 80 ,  82 ,  85 ]. In one particular strain, TDP-43 aggregates 
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were observed to co-localize with the stress granule marker TiA-1, and overall lev-
els of TiA-1 were increased, suggesting an increased stress response, which could 
potentially alter mRNA transport and translation. Altered stress granule dynamics 
and/or altered mRNA metabolism may therefore play a role in the disease processes 
associated with TDP-43 proteinopathies. Despite the presence of TDP-43 aggre-
gates, however, none of the strains show any sign of neurodegeneration in the brain 
[ 80 ,  82 ,  83 ], although loss of motor neurons in the spinal cord has been reported [ 85 ]. 

 Other pathological features commonly observed in these mice include signifi cant 
increases in levels of general protein ubiquitination [ 80 ,  81 ,  84 ,  85 ] and upregula-
tion of markers of autophagy [ 83 – 85 ] in the muscle, brain, and spinal cord. 
Combined with the knowledge that VCP is known to play a role in regulating ubiq-
uitin degradation of a number of proteins, this data suggest that dysfunctional pro-
tein degradation and accumulation of ubiquitinated proteins may play a role in the 
development of this disorder. In addition to this, high molecular weight species of 
TDP-43 were found to pull down with VCP, suggesting a direct interaction between 
VCP and high molecular weight TDP-43 isoforms in these mice [ 80 ]. One possible 
explanation for this interaction is that VCP may be trying to direct TDP-43 to the 
proteasome for degradation, and that disruptions to this interaction may cause TDP- 
43 to accumulate in the cytoplasm and eventually aggregate. 

 IBMPFD is most commonly characterized by myopathy. In accordance with this, 
in all the mutant VCP mice strains that express the transgene in muscle tissue, sig-
nifi cant pathology is observed. This includes the following: vacuoles, disordered 
architecture, variation in muscle fi ber size, and swollen mitochondria [ 81 – 85 ]. On 
average, these features were observed at around 6–15 months of age; however, in 
mice that were bred to homozygosity, muscle abnormalities were already observed 
after 15 days. Radiographic and biochemical bone deformities consistent with 
Paget’s disease are also commonly observed in IBMPFD. Similar characteristics 
have been reproduced in the mutant VCP mice, including loss of bone structure, 
decreased bone density, hypomineralization, and sclerotic lesions at around 
13–16 months of age [ 82 – 84 ]. Therefore, these mice recapitulate the wide range of 
pathological features associated with IBMPFD within the muscle, brain, and bone. 

 In general, all mutant VCP mouse strains show signs of muscle weakness and 
reduced Rota-Rod performance, which is in accordance with the clinical presenta-
tion in human patients [ 81 – 84 ]. Although some reports show weight loss and 
reduced survival in certain strains [ 82 ,  85 ], particularly in the homozygote mice 
which only survive to 14–21 days [ 84 ], this has not been observed in all strains. 
Custer and colleagues (2010) reported increased anxiety in these mice in the ele-
vated zero maze and reduced performance in the novel object test, while other 
strains did not show any memory defi cits [ 82 – 84 ]. Rodriguez-Ortiz and colleagues 
(2013) used a neuron-specifi c promoter to overexpress mutant VCP specifi cally in 
the forebrain [ 80 ]. These mice showed no difference in swim speed and distance in 
the Morris water maze but showed signifi cant impairment in the probe trial, as well 
as impairments in object recognition testing, indicating learning and memory 
impairments. Furthermore, in these studies, higher expressing mutant VCP mice 
were shown to have greater cognitive defi cits than lower expressing mice, and both 
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lines showed greater impairment with age, suggesting that neuronal, mutant VCP 
expression impairs cognition in an age- and dose-dependent manner in these mice. 

 In summary, mutant VCP mice develop muscle and brain pathology as well as 
bone abnormalities that closely match with that observed in human IBMPFD 
patients. In addition, the spinal cord pathology closely matched that observed in 
human ALS patients. This therefore raises the question whether inclusion body 
myopathy, Paget’s disease, ALS, and FTLD share a common underlying mecha-
nism. Because these mice develop ubiquitin-positive, TDP-43 aggregates and show 
relocalization of TDP-43, they can be used not only to study IBMPFD but also 
mechanisms underlying the development of TDP-43 pathology in general, particu-
larly the neuron-specifi c expressing mice.   

    Charged Multivesicular Body Protein 2B (CMBP2B) Models 

 Although rare, mutations in the charged multivesicular body protein 2B ( CHMP2B)  
gene are associated with familial forms of FTLD that display ubiquitin- and 
p62-positive inclusions that are negative for tau, FUS, and TDP-43 [ 86 ]. All muta-
tions identifi ed have been shown to cause a loss of the C-terminus of CHMP2B; 
therefore, the disease pathogenesis could be caused by either loss of normal 
CHMP2B function or, more specifi cally, loss of the CHMP2B C-terminus. To 
investigate this in greater depth, Ghazi-Noori and colleagues (2012) generated 
both wild- type (CHMP2B wt ) and C-terminally truncated (CHMP2B trunc ) CHMP2B 
transgenic mice, as well as CHMP2B knockout mice [ 87 ]. Initially, both the 
CHMP2B transgenic and knockout mice showed normal survival curves; how-
ever, after 500 days the CHMP2B trunc  mice showed increased mortality. 
Interestingly, the CHMP2B trunc  mice were shown to develop p62- and ubiquitin-
positive inclusions (but TDP-43- and FUS-negative) that were absent in the 
CHMP2B wt  and knockout mice, suggesting that the formation of these inclusions 
was dependent on the expression of mutant CHMP2B. Furthermore, these 
 inclusions were absent in the knockout mice, this suggests that the pathology is 
not caused by a loss of function but rather a gain of toxic function. These inclu-
sions were found in a number of brain regions and motor neurons in the spinal 
cord, as early as 6 months, and were found abundantly by 18 months of age. In 
addition to the formation of inclusions, the CHMP2B trunc  were also shown to 
develop astrogliosis and microgliosis, which was absent in the CHMP2B wt  and 
knockout mice. Interestingly, there were no signs of astrogliosis in the CHMP2B trunc  
mice until 12 months of age and thus occurred only after the formation of inclu-
sions, whereas reactive microglia were already present at 6 months of age and 
therefore coincided with the formation of inclusions. Another feature that was 
found to develop exclusively in the CHMP2B trunc  mice was axonal swellings. 
These swellings were apparent at 6 months and increased with age and were found 
to contain mitochondria as well as vesicles from the lysosomal and autophagy 
degradation pathways. This suggests that axonal dysfunction and impairment, and 
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possibly even axonal transport, may play a role in the disease process underlying 
FTLD caused by  CMHP2B  mutations. 

    Fused in Sarcoma (FUS) Models 

 Mutations in the fused in sarcoma (FUS) gene have been identifi ed not only in rare 
cases of FTLD [ 88 ] but also in a number of familial ALS cases [ 89 ,  90 ]. In contrast 
to the pathology in ALS, however, FUS-positive inclusions identifi ed in cases of 
FTLD co-localize with the RNA-binding proteins TAF15 and EWS and are also 
ubiquitinated. The majority of FUS mutations cluster within the extreme C-terminus 
of the protein and interfere with the nuclear localization sequence residing in the 
C-terminus [ 91 ]. However, it has been demonstrated that overexpression of nonmu-
tant FUS is suffi cient to cause an aggressive phenotype and neuropathology in mice 
[ 92 ] as well as in rats [ 93 ]. 

 Mitchell and colleagues (2013) generated both heterozygote (FUS tg/+ ) and 
homozygote (FUS tg/tg ) mice overexpressing human nonmutant FUS in the brain, 
spinal cord, and testis [ 92 ]. Although the FUS tg/tg  mice expressed higher levels of 
transgenic human FUS, this was found to decrease endogenous levels of murine 
FUS. FUS tg/tg  mice were found to have a signifi cantly shorter life span that only 
averaged 82 days, whereas FUS tg/+  mice seem to have similar survival to that of 
nontransgenic littermates. Both the FUS tg/tg  and (to a lesser extent) FUS tg/+  mice 
show signifi cant increases in overall levels of nuclear FUS. In addition, the FUS tg/

tg  mice also show signifi cant increases in levels of cytoplasmic FUS. This matches 
with the histological fi nding of numerous perinuclear inclusions throughout the 
brain and spinal cord and cytoplasmic FUS within cortical neurons of end-stage 
FUS tg/tg  mice, whereas only perinuclear inclusions are found (to a lesser extent) in 
the brains of FUS tg/+  mice. Because nuclear levels of FUS are higher in the FUS tg/

tg  mice, this suggests that localization of FUS to the cytoplasm is dependent upon 
the levels of nuclear FUS. Despite the formation of the cytoplasmic FUS aggre-
gates, no nuclear clearance of FUS was observed. In addition to FUS aggregates, 
signifi cant increases in the levels of ubiquitin were observed in the FUS tg/tg  mice, 
and to a lesser extent in the FUS tg/+  mice. However, there was no obvious co-
localization between FUS and ubiquitin. Furthermore, these FUS aggregates do 
not co-localize with EWS and TAF15, as is observed in FTLD. The molecular 
composition of the FUS aggregates in these mice therefore more closely resembles 
that observed in ALS rather than in FTLD. 

 Despite the formation of FUS aggregates, FUS transgenic mice showed no signs 
of neuronal loss or gliosis in the brain. However, in the spinal cords of FUS tg/tg  
mice (and to a lesser extent in FUS tg/+  mice), a signifi cant decrease was observed in 
the number of motor neurons, as well as astrogliosis and microgliosis. The FUS tg/

tg  mice also showed signifi cant muscle atrophy and reduced muscle force, while 
FUS tg/+  mice showed signifi cant disorganization of muscle fi bers. This suggests that 
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overexpression of nonmutant FUS is more toxic to motor neurons than cortical neu-
rons, particularly when it aggregates in the cytoplasm. 

 FUS tg/tg  mice develop a severe early-onset motor phenotype, whereas FUS tg/+  
mice show no signs of motor dysfunction. By 4 weeks the FUS tg/tg  mice developed 
a tremor and stilted gait, and from 4 weeks onward they failed to gain weight and 
showed signifi cant impairments on the Rota-Rod. By 8 weeks of age, the mice 
showed signifi cant decreases in general locomotor activity, clenching, and hindlimb 
paralysis. 

 In summary, these mice recapitulate various pathological and behavioral features 
of both ALS and FTLD patients, making them a good model to study these disor-
ders. Exactly how overexpression of FUS causes these features, and whether a simi-
lar process occurs in the presence of mutant FUS, and whether the same process 
occurs in both ALS and FTLD remain to be determined [ 94 ].   

    Conclusion 

 Genetically modifi ed mouse models are central to in vivo studies in AD and FTLD. 
Such models have provided insight and in some aspects a detailed understanding of 
pathological processes. With the identifi cation of new proteins that form intracel-
lular inclusion and novel pathogenic mutations in genes in FTLD, the number of 
different mouse models has dramatically increased. However, keeping in mind that 
each of the models reproduces and addresses only certain aspect of the human con-
dition, it is likely that we will see a lot more transgenic models of even long-known 
candidates such as APP and tau. In addition, many of the new models of FTLD 
await being used in combination with other genetically modifi ed strains to address 
complex pathological processes in vivo.     
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