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Glossary

Scientific Commentaries

Non-coding RNA: Untranslated RNA species contributing to the post-transcriptional control of protein synthesis via binding and subsequent

inhibition of mMRNA translation

RILES or RNAi-inducible luciferase expression system: A plasmid-based system engineered to monitor the activity of endogenous RNAI

machinery. The miRNA of interest suppresses the expression of a transcriptional repressor and consequently switches on the expression of a

luciferase reporter gene.

degeneration. Thus, attempting to
ameliorate astrocyte dysfunction in
ALS by lowering the expression of
miR-218 globally within the CNS
would be likely to have adverse off-
target effects on motor neuron health.

The pathophysiological changes
contributing to neuronal injury and
perturbation of glial function in ALS
are complex and effective therapeutic
approaches are likely to require tar-
geting of multiple effectors simulta-
neously. Previous approaches, aiming
to inhibit or activate a single target,
have failed to deliver substantial
impact on ALS disease progression
in the clinic. Astrocyte involvement
in ALS is characterized by a complex
gain of toxic properties as well as loss
of neuroprotective functions, resulting
in an aberrant cellular phenotype,
which is unlikely to be corrected by
manipulation of a single target. In this
context, engineered  miRNA-like
molecules with selective cellular tar-
geting and a strong safety profile
would represent useful tools in the
effort to normalize multiple facets of
the cellular pathophysiology underly-
ing ALS. Hoye and colleagues have
elegantly dissected through in vitro
and in vivo studies one molecular
mechanism contributing to the per-
turbed cross-talk between neurons
and astrocytes in models of ALS
(Fig. 1). MiR-218 has not so far

emerged as a prominent candidate in
studies of the expression of
microRNAs in human biosamples
(Waller et al., 2017) and further
work is required to ascertain the
importance of this pathway in rela-
tion to human ALS.
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TauBl or not TauBl: what was the question?

This scientific commentary refers to
‘Induction of a transmissible tau
pathology by traumatic brain injury’,
by Zanier et al. (doi:10.1093/brain/
awy193).

In this issue of Brain, Zanier et al.
(2018) report their findings of tau
pathology in a cohort of patients who
survived for an average of 5 years after
a severe traumatic brain injury (TBI).

In parallel studies, they analyse the
spreading and potential transmission
of phosphorylated (P)-tau in a con-
trolled cortical impact (CCI) model of
TBI in wild-type mice (Fig. 1).
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T Tau spreading
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Figure | Schematic of the experimental design and results of Zanier et al. (2018). The authors describe the spreading of P-tau in
human brain after TBI and in a mouse model of traumatic brain injury, the CCl model, | year post-injury. Following bilateral inoculation of brain
homogenates from the CCl mice into wild-type mice, the authors describe the potential propagation and transmission of P-tau into neurons and
glial cells of the recipient mice, leading to impaired memory and increased synaptic loss. No effect was observed in controls, whereby homo-

genates from sham animals were injected instead.

Over the past decade, much work
has gone into determining the possible
long-term  consequences of multiple
concussions and repetitive mild TBI,
particularly in players of contact
sports. This has resulted in the identifi-
cation of a condition, chronic traumatic
encephalopathy (CTE), which is char-
acterized pathologically by the presence
of abundant neuronal and astroglial
tau in a perivascular distribution at
the base of cortical sulci. The clinical
phenotype associated with this pathol-
ogy is mixed. However, while there
seems to be a close association between
repetitive mild TBI and this tau pathol-
ogy, it is not clear if a single severe TBI
can give rise to the same pathological
changes. Here, in a cohort of 15
patients with severe TBI and 15 age-
matched controls, Zanier et al. report
the presence of tau pathology in both
groups, but with the extent and distri-
bution of the post-mortem brain
pathology being greater in patients
with TBL As acknowledged by the
authors, the interpretation of these find-
ings is not straightforward, with cause
and effect being difficult to establish.
Age-related tau astrogliopathy
(ARTAG) looks very similar to CTE
in terms of tau pathology but is not
associated with any clinical symptoms,
so age is a significant confound. In
addition, while all the TBI survivors

died from non-TBI causes it is not
clear whether they had any symptoms
related to the original TBL. An inherent
difficulty here is that head injury survi-
vors are generally discharged into the
community and lost to follow-up.
Going forward, detailed tracking of
these patients, with longitudinal cogni-
tive assessments, will be required to
decipher cause and effect.

To address the question of whether
a single TBI can evoke similar tau
changes in rodents, Zanier and collea-
gues used a CCI model. It is unlikely
that a single cortical impact injury is
going to cause CTE in an animal,
because CTE is more typically seen
with repetitive injuries or blast inju-
ries (see review Donat et al., 2017).
In addition, by definition CCI is not
a model of human CTE because the
mouse brain is lissencephalic and has
no sulci, but it may shed light on how
tau pathology might arise post TBL

Increased tau phosphorylation has
been demonstrated in models of severe
TBI, including CCI, fluid percussion
and blast injuries. However, mild TBI
triggered in closed head injury models
has not been associated with increased
tau phosphorylation (Mouzon et al.,
2014). In severe TBI it was proposed
that the phosphorylated form of tau
that contributes predominantly to the
ensuing tau pathology and brain

dysfunction (cis P-tau) differs from the
physiological form (trans P-tau) owing
to proline stereoisomerism (Kondo
et al., 2015). Cis P-tau was reported
to spread to other brain regions, includ-
ing the contralateral hemisphere, as late
as 6 months after the initial injury
(Kondo et al, 2015). In the present
study, Zanier et al. propose a similar
propagation of tau pathology through
active neuronal circuits, with the
pathology remaining detectable long-
term post injury in wild-type animals.
Studies of TBI performed in trans-
genic mice expressing human tau or
in wild-type rats have demonstrated
tau aggregation and/or oligomeriza-
tion, contrasting with the lack of
endogenous tau aggregates observed
in  wild-type mouse TBI (Kondo
et al., 2015). Therefore, the presence
of endogenous mouse tau aggregates
in wild-type mice observed by Zanier
et al. is unexpected and should be
analysed further. Humans and rats
express all six isoforms of tau, stem-
ming from alternative MAPT mRNA
splicing of exons 2 and 10 to either
retain or remove a specific N-terminal
region, and to generate either the
three repeat (3R) or four repeat (4R)
microtubule binding domain. Adult
mouse brain contains mainly, if not
only, the 4R isoform. In addition,
although human and mouse tau
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proteins are quite similar, they still
differ in 54 amino acids including sev-
eral phosphorylation sites (Andorfer
et al., 2003). Therefore, the work of
Zanier et al. and others indicates that
in wild-type mice, severe TBI can lead
to increased tau phosphorylation, and
to the spreading of tau along neuro-
nal circuits even long after injury, but
nonetheless this process does not need
to be dependent on or attributable to
oligomeric forms of tau protein.

In the last few years, experimental
intracerebral injection of various forms
of tau protein obtained from different
sources (e.g. brain tissue from patients
with a tauopathy and from transgenic
tau models) and of differing purity,
have been shown to induce transmis-
sion and spreading of tauopathy in
transgenic tau animals (see review by
Goedert et al., 2017). Similar results
were obtained using isolated tau oligo-
mers and fibrils as well as viral vectors
that express protein tau. Most recently,
a similar outcome was observed when
the recipient was a wild-type mouse,
but only with tau oligomers extracted
from  Alzheimer’s  disease  brain
(Narasimhan et al., 2017) and not
when wild-type mice were inoculated
with recombinant tau fibrils (Sanders
et al., 2014). The results from Zanier
and colleagues showing widespread tau
pathology in wild-type mice injected
with homogenates from mice that suf-
fered TBI are therefore surprising. In
fact, all studies published to date have
shown that human tau is required to
induce seeding of non-transgenic tau
(Narasimhan et al., 2017). These obser-
vations are in line with Gerson et al.
(2016), showing limited oligomeriza-
tion of protein tau in transgenic
human tau mice injected with tau oli-
gomers isolated from two rat models of
TBI. Unlike in Zanier et al., in all pre-
vious studies, the recipient and donor
mice expressed ‘exogenous’ protein
tau from other species, mostly together
with endogenous protein tau.

The current study also allows critical
discussion of some methodological
issues. These include immunohisto-
chemical staining to detect tau phos-
phorylation and aggregation with the
ATS8 antibody that is known to react

with phosphorylated human tau in
pathological brain (Petry et al., 2014).
However, AT8 also reacts in physiolo-
gical and reversible conditions, like
hypothermia, and is extremely promi-
nent in hibernation. Furthermore, spe-
cial care has to be taken with AT8 on
mouse brain sections, where it reacts
with great non-specificity compared to
human brain sections (Petry et al.,
2014). Therefore, the staining of P-tau
with AT8 in wild-type mice should be
further analysed by other methods,
including immunohistochemistry  for
established pathological epitopes, e.g.
PHF1 or MC1, and additionally by his-
tological staining, e.g. Gallyas silver,
Thiazine red, or similar.

One more factor that is likely to be
extremely important in the regional
spreading of CNS pathology in gen-
eral, and in TBI in particular, is
inflammation. Microglial activation
is evident soon after TBI and can per-
sist for years (Donat et al., 2017). Of
note, sites of microglial activation
often coincide with neuronal degen-
eration and axonal abnormalities.
Imaging studies have documented
the spreading of inflammation into
brain regions distant from the injury
site, including the thalamus (Donat
et al., 2017). In addition, a number
of reports support the notion that
increased neuroinflammation exacer-
bates tau phosphorylation. Microglia
have also been implicated in the pro-
pagation of tauopathy by mechanisms
involving or mediated by exosomes
(Asai et al., 2015). Therefore, to rule
in or out the role of glial cells in the
regional spreading of tau pathology
and synaptic loss, protein tau should
be immunodepleted from the homoge-
nates before injection. One final issue
to consider is the crude homogenates
(10% in phosphate-buffered saline)
that were isolated and injected into
the brains of wild-type mice. These
homogenates were not further puri-
fied or analysed, other than being
selected for ©... the highest amounts
of P-tau by western blot .... Most
likely, these brains also contained
the highest levels of other, as yet
undefined mouse brain constituents
that might play a secondary or even
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primary role in the observed induction
of P-tau neuropathology, defined by
AT8 immunostaining. Further studies
will be needed to answer these
and other open questions in this impor-
tant area of neurodegenerative disease.
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Your brain scan

genes

This scientific commentary refers to
‘Molecular  properties  underlying
regional vulnerability to Alzheimer’s
disease pathology’, by Grothe et al.
(doi:10.1093/brain/awy189).

Over the past few decades, MRI and
FDG-PET have given us a window
into the neurodegenerative sequelae of
Alzheimer’s disease. More recently, the
development of other imaging methods
has made the pathological hallmarks of
Alzheimer’s disease visible within the
living brain. PET imaging of the amy-
loid burden in the brain started with
the discovery of Pittsburgh compound
B (PiB) about 15 years ago (Klunk
et al., 2003; Mathis et al., 2003), and
imaging of tau has been possible in the
last 5 years thanks to the development
of AV-1451 (Xia et al., 2013; Chien
et al., 2014). From the very first amy-
loid image, it became apparent that
amyloid accumulation in the brain is
diffuse, often present in cognitively
unimpaired elderly people, and is also
seen in cognitively normal younger
people. These observations were further
supported by autopsy data, at least in
the elderly. This was surprising because
the longstanding neurodegenerative
biomarker findings in MRI and FDG
had demonstrated regional patterns of
abnormality that were very distinct sig-
natures of different disease phenotypes
in dementia syndromes (Grimmer et al.,
2013; Whitwell et al,, 2013). In this
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may be a reflection of your

issue of Brain, Grothe and co-workers
have attempted to further investigate
the disagreement between amyloid
deposition patterns and regions of neu-
rodegeneration ~ within  the  brain
by testing for gene expression associa-
tions in the differing imaging patterns
(Grothe et al., 2018).

In their study, Grothe et al. investi-
gated PET and MRI data in 76 patients
with Alzheimer’s disease dementia and
126 healthy controls enrolled in the
Alzheimer’s  Disease  Neuroimaging
Initiative (ADNI). They excluded cogni-
tively normal individuals with biomar-
ker evidence of brain amyloidosis. To
test gene expression associations with
a hypothesis-driven experiment, they
correlated the gene expression profiles
for APP and MAPT genes found in a
cortical transcriptome map generated
from the Allen Human Brain Atlas
with their findings of amyloid distribu-
tion using PET and neurodegeneration
imaging with MRI. They then derived
regional gene expression profiles from
brain-wide microarray measurements
provided by the Human Brain Atlas
of the adult human brain transcriptome
that includes data from 3700 brain
regions of six normal adults aged 24—
57 years. To explore the genetic proper-
ties underlying regionally selective
vulnerability to amyloid deposition
and neurodegeneration, Grothe and
co-authors used gene set enrichment
analysis (GSEA) of the data. They

explored 497 functional pathways
from the human reactome database
and 1036 gene sets from gene ontology
using the GSEA method to determine if
predefined gene sets have an association
with imaging biomarker phenotypes.
In agreement with previous reports,
the current study showed a lack of
correlation between the regional distri-
butions of brain amyloid and neurode-
generation.  Further, the authors
showed that the expression profiles
for APP and MAPT genes on the cor-
tical transcriptome map coincided with
the respective findings of amyloid ima-
ging with PET and neurodegeneration
imaging tracked by MRI and FDG-
PET. On GSEA, in the regions of amy-
loid deposition, gene sets that regulate
various aspects of protein synthesis,
response to viral infection and immu-
nity were negatively enriched. Other
gene sets that were negatively enriched
represent pathways of mitochondrial
respiration, including the citric acid
cycle and oxidative phosphorylation.
In the brain regions vulnerable to neu-
rodegeneration, GSEA revealed 11
positively enriched gene sets encoding:
‘cellular differentiation and neurite for-
mation’, ‘extracellular signal-regulated
kinase (MAPK/ERK) pathways’, and
‘proteoglycan  metabolism’.  Further
neurodegeneration-specific genes
coding for diverse classes of molecules
jointly involved in developmental pro-
cesses such as neurite outgrowth,



