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Abstract

Progressive supranuclear palsy (PSP) is a neurodegenerative disorder characterized by early postural instability and falls,
oculomotor dysfunction (vertical supranuclear gaze palsy), parkinsonism with poor response to levodopa, pseudobulbar
palsy, and cognitive impairment. This four-repeat tauopathy is morphologically featured by accumulation of tau protein in
neurons and glia causing neuronal loss and gliosis in the extrapyramidal system associated with cortical atrophy and white
matter lesions. Cognitive impairment being frequent in PSP and more severe than in multiple system atrophy and Parkinson
disease, is dominated by executive dysfunction, with milder difficulties in memory, and visuo-spatial and naming dysfunc-
tions. Showing longitudinal decline, it has been related to a variety of pathogenic mechanisms associated with the underlying
neurodegenerative process, such as involvement of cholinergic and muscarinergic dysfunctions, and striking tau pathology
in frontal and temporal cortical regions associated with reduced synaptic density. Altered striatofrontal, fronto-cerebellar,
parahippocampal, and multiple subcortical structures, as well as widespread white matter lesions causing extensive connec-
tivity disruptions in cortico-subcortical and cortico-brainstem connections, support the concept that PSP is a brain network
disruption disorder. The pathophysiology and pathogenesis of cognitive impairment in PSP, as in other degenerative move-
ment disorders, are complex and deserve further elucidation as a basis for adequate treatment to improve the quality of life
of patients with this fatal disease.
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Abbreviations tgN Tegmental nuclei

AD Alzheimer disease WM White matter

bvFTD Behavioral variant frontotemporal dementia PSP Progressive supranuclear palsy

ChAT Choline acetyltransferase PSP-CBS PSP cortico-basal syndrome

CI Cognitive impairment PSP-CI PSP-cognitive impairment

FC Functional connectivity PSP-D PSP-dementia

FTD Frontotemporal dementia PSP-F PSP frontal behavioral/cognitive subtype
GM Gray matter PSP-MCI PSP with mild cognitive impairment

GP Globus pallidus PSP-NC PSP not cognitively impaired

HS Hippocampal sclerosis PSP-OM PSP with ocular motor dysfunction

MCI Mild cognitive impairment PSP-P PSP-parkinsonism

nbM Nucleus basalis of Meynert PSP-PGF  Gait-freezing form

NFTs Neurofibrillary tangles PSP-RS  PSP-Richardson's Syndrome

PD Parkinson disease PSP-SL PSP non-fluent agrammatical primary pro-
SN Substantia nigra gressive aphasia overlapping with nfvFTD
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Introduction

Progressive supranuclear palsy (PSP), a predominantly
sporadic neurodegenerative disorder, is the most common
atypical parkinsonian disease with an estimated prevalence
of 6.2 to 7.4/ per 100,000 and an annual incidence rang-
ing with increasing age from 1.7 to 14.7/100,000 (Coyle-
Gilchrist et al. 2016; Fleury et al. 2018), while it was 0.4
per 100,000 person-years in Olmsted County, MN, USA
(Stang et al. 2020). PSP is clinically featured by progres-
sive postural instability and falls, oculomotor dysfunc-
tion (supranuclear gaze palsy), parkinsonism with poor
response to levodopa, and pseudobulbar palsy and cogni-
tive impairment (CI) with predominant frontal executive
dysfunction (Agarwal and Gilbert 2022; Hoglinger et al.
2017). This four-repeat tauopathy is morphologically char-
acterized by accumulation of tau protein in neurons and
glia, with globose tangles and neuropil threads in cortex
and many subcortical regions, associated with neuronal
loss and gliosis causing atrophy of cortical and subcorti-
cal gray and white matter (Coughlin et al. 2021; Jellinger
2019). PSP shows high clinical and pathological hetero-
geneity (Campagnolo et al. 2023; Street et al. 2021). The
degeneration of specific neuronal pathways is associated
with a number of clinical variants that show significant
morphological and biochemical differences (Respondek
et al. 2017). The new Movement Disorder Society (MDS)
PSP criteria classified the core clinical features into four
domains: ocular motor dysfunction, postural instability,
akinesia, and cognitive dysfunction, thus distinguishing
several phenotypes: (1) the most common clinical pres-
entation is Richardson's syndrome (PSP-RS/classic PSP)
with early postural instability, falls, vertical gaze palsy,
axial rigidity, akinesia, oculomotor dysfunction, cogni-
tive and lingual disorders, and rapid course (Alster et al.
2020a). Other presentations include (2) PSP-parkinsonism
(PSP-P), which often mimics Parkinson disease (PD) and
accounts for about one-third of autopsy-confirmed cases
(Williams and Lees 2009), (3) gait-freezing form (PSP-
PGF) with predominant motor blocks, (4) PSP with ocu-
lar motor dysfunction (PSP-OM), (5) a frontal behavioral/
cognitive subtype (PSP-F) with apathy, bradyphrenia, dys-
executive syndrome, reduced verbal fluency, impulsivity,
disinhibition or perseveration and socially inappropriate
behavior, showing overlap to behavioral variant fronto-
temporal dementia/bvFTD, (6) oculomotor dysfunction
(PSP-OM), (7) PSP non-fluent agrammatical primary
progressive aphasia overlapping with nfvFTD (PSP-SL)
(Hoglinger et al. 2018), cortico-basal syndrome (PSP-
CBS), with orobuccal or limb apraxia, cortical sensory
deficits, alien limb phenomena, and movement disorder
signs (akinesia, myoclonus, dystonia), associated with

@ Springer

severe cortical involvement (Dickson et al. 2010), and
other rare variants, such as PSP-primary lateral sclero-
sis (PSP-PLS), PSP-cerebellar ataxia (PSP-C), and sev-
eral others (Ali and Josephs 2018; Shoeibi et al. 2019).
Furthermore, single cases of PSP showed either a short
disease duration or a protracted course with unusual long
duration (Couto et al. 2022; Forrest et al. 2022; Zhang
et al. 2021). Most of these subtypes show different dis-
tribution and density of tau pathology and cellular char-
acteristics as the expression of different progressive pat-
terns of tau pathology (Campagnolo et al. 2023). The
most frequent PSP-RS has more severe and extensive tau
pathology in basal ganglia, brainstem, and prefrontal cor-
tex, whereas PSP-P and PSP-PGF have a lower tau score
with more restricted involvement of substantia nigra (SN),
subthalamus, and internal pallidum (Coughlin et al. 2021).

Cognitive and behavioral abnormalities

Cognitive impairment (CI) is a common clinical feature of
PSP (Brown et al. 2010; Gerstenecker et al. 2013). It is more
frequent and more severe than in multiple system atrophy
and PD and shows longitudinal decline (Jia et al. 2022;
Sulena et al. 2017). PSP patients have greater difficulty with
complex numerical tasks than patients with Lewy body dis-
orders (Howard et al. 2022). They show significant greater
impairment in verbal fluency and executive functions than
PD patients (Luca et al. 2021). The current MDS criteria
for PSP (Hoglinger et al. 2017) do not list dementia among
supporting features, although its presence may be relevant
to consider a possible diagnosis of PSP together with other
core features (Campagnolo et al. 2023). Frontal executive
dysfunction and verbal fluency deficits are the most distinct
and earliest forms of CI in PSP, while memory, construction,
naming, and visuo-spatial and social cognition can also be
affected (Gerstenecker et al. 2013; Parthimos and Schulpis
2020). PSP in moderate stages of disease shows mild cogni-
tive deficits with predominant executive dysfunction (Caso
et al. 2016), about 16% of PSP patients progress to dementia
within 1.5 years (Fiorenzato et al. 2019).

Cl is evident in early stages of disease in about 50% of
PSP patients, with frontal executive dysfunction in 40.62%
(Brown et al. 2010), while in a smaller cohort, at baseline,
15.2% were PSP-NC (not cognitively impaired), 43.4%
were classified as PSP-MCI (mild cognitive impairment),
and 41.4% as PSP-dementia. Frontal cognitive—behavioral
(Han et al. 2010; Hassan et al. 2012) and speech—language
disorders (Boeve et al. 2003; Josephs and Duffy 2008) have
been consistently reported in PSP. In a small cohort, 52%
of PSP patients displayed more than one cognitive—behav-
ioral abnormality, with 81% showing executive dysfunc-
tion, 64% cognitive slowing, 55% inefficient memory, 33%
impaired word finding, 22% impaired orientation, and 17%
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visuo-spatial impaired (Kobylecki et al. 2015). After a fol-
low-up of 3 years, 73% of PSP-NC and PSP-MCI converted
to dementia, 90% of them developed bvFTD phenotype
(Pilotto et al. 2017), while in another study, after 1.5 years,
16% of PSP patients progressed to dementia (Fiorenzato
et al. 2019). Among 121 autopsy-confirmed cases of PSP,
CI was reported in 74%, among which it was most frequent
in PSP-F (100%), followed by PSP-RS (75%) and PSP-P
and PSP-CBS (57%), and 80% in unclassified cases, while
depression was most frequent in PSP-cognitive impairment
(PSP-CI) (59%) (Koga et al. 2017). Recent studies showed
that at baseline, MCI was present in 77.8% of PSP patients
(48.4% in PD). The 10-year cumulative probability of
dementia was 71% in PSP (54% in PD); the cumulative prob-
ability of any CI prior to death was 79%; MCI or dementia
affected almost all PSP patients during follow-up. The type
of cognitive dysfunction in PSP subjects differed from that
in PD, with poorer performance in language, episodic mem-
ory and psychomotor speed, and attention. Risk factors and
predictors of cognitive decline in PSP were impaired olfac-
tion, slow eye movement saccades and peripheral inflamma-
tion, and striatal dopamine transporter (DAT) activity (like
in PD) (Backstrom et al. 2022).

Cognitive and behavioral profiles varied among clini-
cal PSP phenotypes, although cognitive testing could not
clearly differentiate between PSP subtypes. The typical PSP-
RS group demonstrated greater impairment in processing
speed and executive function compared to the "brainstem
predominant” phenotypes (PSP-P and PSP-PGF) (Lee et al.
2018). Early verbal fluency deficit identifies patients with
PSP-RS, apathy those with PSP-P (Burrell et al. 2014; Pel-
licano et al. 2017). In a study of 304 patients with PSP-RS,
cognitive scores on the Repeatable Battery for the Assess-
ment of Neuropsychological Status (RBANS) were sig-
nificantly related to other markers of PSP (e.g., motor and
functional disabilities, depression, and global cognition).
Impairment involved visuo-spatial perception and con-
struction, and attention (Duff et al. 2019). PSP is associated
with specific impairment of visuo-spatial cognition which
is caused by degeneration of the ocular structures that sup-
port exogenous spatial attention and memory, depending on
an intact oculomotor system (Smith and Archibald 2020;
Smith et al. 2021). Recurrent falls of patients with PSP are
associated mainly with executive and visuo-spatial dysfunc-
tions (Kim et al. 2014). Another study revealed more CI in
the PSP-RS and PSP-SL groups (with speech and language
disorders) than in PSP-PGF and PSP-P groups, mainly due
to increased impairment of frontal executive domains in the
earlier ones (Horta-Barba et al. 2021). PSP-RS is the sub-
type with the greatest lifetime prevalence of dementia, while
PSP-P has a more benign course (Picillo et al. 2019). Cogni-
tive slowing, executive impairments, and ineffective memory
recall were seen in the majority of patients; 32% fulfilled

cognitive—behavioral criteria for possible FTD at initial
assessment (Kobylecki et al. 2015). In the Mayo Clinic
brain bank, almost 50% of pathologically verified PSP cases
showed the clinical features of bvFTD (PSP-F), associated
with disinhibition (Sakae et al. 2019), whereas in a retro-
spective multicenter study, FTD-like features were reported
in only 10% (Respondek et al. 2014). According to a recent
review, cognitive dysfunction was seen in 32% of all clinical
PSP phenotypes, with values ranging from 0% in PSP-P to
83.3% in PSP-CBS, with 11.1% in PSP with predominant
postural instability, 28.6% in PSP-OM, 47.8% in PSP-RS,
and 66.7% in PSP-F (Giagkou et al. 2019). The PSP-F sub-
group shows predominant frontal presentation (Donker Kaat
et al. 2007), with the typical pattern in the non-fluent variant
of primary progressive aphasia and hypometabolism in left
frontal-insular and superior—medial frontal cortex involve-
ment (Dodich et al. 2019). Among behavioral abnormali-
ties, apathy (91%), disinhibition (36%), depression (50%),
anxiety (37%), and obsessive—compulsive symptoms in 24%
were reported (Agarwal and Gilbert 2022). Moreover, there
is a broad deficit of social cognition in PSP impairing the
recognition of emotion and mind, arising from a variety of
related disorders (de Souza et al. 2022; Ghosh et al. 2012).
Deficits in emotion recognition correlated with the severity
of cognitive deficits but not with disease duration (Ghosh
et al. 2009).

Neuroimaging findings in PSP with cognitive
impairment

Conventional brain imaging in PSP usually reveals atrophy
of midbrain and superior cerebellar peduncle (Luca et al.
2021; Quattrone et al. 2008; Whitwell et al. 2013). MRI
in PSP patients with CI showed reduced gray matter (GM)
volumes in several cortical and subcortical areas, includ-
ing frontal, temporal and parahippocampal structures, basal
ganglia, midbrain, and cerebellum, reduced cortical thick-
ness in left entorhinal and fusiform gyrus (Nicastro et al.
2020). A data-driven model of brain volume changes esti-
mated that the earliest atrophy occurs in the brainstem and
subcortical regions followed by progression caudally into
the superior cerebellar peduncle and deep cerebellar nuclei,
and rostral to the cortex. The sequence of cortical atrophy
progresses in an anterior to posterior direction, beginning
in the insula and then the frontal lobe before spreading to
the temporal, parietal and finally the occipital lobe (Scot-
ton et al. 2022). This in vivo model accords with the post-
mortem neuropathological staging of tau pathology in PSP
(Kovacs et al. 2020). PSP-CI has been related to decreased
GM volume in frontotemporal regions, thalamus and globus
pallidus (GP), with predominant involvement of midbrain,
subcortical structures, basal ganglia, and cerebellum (Stezin
et al. 2017). Significant correlation has been found between
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fronto-cerebellar GM atrophy and executive CI (Giordano
et al. 2013); prominent executive dysfunction is related to
bilateral cortical thinning in prefrontal/precentral cortex and
temporal poles as well as in dorsolateral anterior cortical
regions (Caso et al. 2016). Episodic memory impairment
correlated with hippocampal/ parahippocampal volume
(Macedo et al. 2022a) or with lesions to striatofrontal struc-
tures (Macedo et al. 2022b). The involvement of the limbic
and paralimbic systems contributes to memory impairment
and personality changes (Braak et al. 1992; Higuchi et al.
1995). Voxel-based morphometry shows GM atrophy in
orbitofrontal and medial frontal cortices (Brodman areas
44,45, 47), in cingulate and paralimbic association cortex
(Brodman areas 23, 24, 32) (Cordato et al. 2005). Involved
are also frontal operculum, insula, precentral, superior
frontal, postcentral gyrus, and the superior parietal lobule
(Ghosh et al. 2012). Corpus callosum atrophy may reflect
the changes in the cerebral cortex, accentuated in the frontal
region, which contributes to frontal lobe dysfunction in PSP
(Yamauchi et al. 1997). A systemic review of GM abnor-
malities in PSP showed significant reduction in both cortical
and subcortical regions including frontal motor, medial and
lateral frontal cortices, superior temporal gyrus, insula, stria-
tum, thalamus, midbrain, and anterior cerebellum, causing
involvement of cortico-subcortical circuits (Pan et al. 2017).
PSP clinical variants have different patterns of involvement
of subcortical areas and circuitries, suggesting different pat-
terns of disease spreading through the brain. Volume loss
in frontal lobes is seen in PSP-SL, PSP-CBS, and PSP-F
(Whitwell et al. 2020), which can be considered PSP-cortical
phenotypes (Guasp et al. 2021; Jabbari et al. 2020; Kovacs
et al. 2020), while PSP-P and PSP-OM show more restricted
patterns of neurodegeneration involving striatum, thalamus,
GP, and subthalamic nucleus. PSP-SL shows greater vol-
ume loss and tau burden in supplementary motor area and
motor cortex, but less involvement of midbrain and subtha-
lamic nucleus, while PSP-P has larger midbrain volume and
greater tau load in the putamen. Both PSP-F and bvFTD
show similar patterns of brain changes with atrophy in fron-
tal medial cortex, cingulum, insular, and limbic structures,
with significant cluster in anterior temporal lobe (de Souza
et al. 2022).

White matter (WM) atrophy involves dorsomedial mid-
brain, corpus callosum and periventricular WM (Cordato
et al. 2005). It was greatest in midbrain, cerebellar tracts,
and cerebral peduncles, but was also present in orbitofron-
tal and superior frontal regions (Ghosh et al. 2012). Diffu-
sion tensor MRI shows abnormalities of corpus callosum,
superior cerebellar peduncle, cingulum, uncinate fascicles
bilaterally, in right inferior longitudinal fasciculus as best
predictor of executive dysfunction (Agosta et al. 2014). WM
tract degeneration further affects corona radiata, corticospi-
nal tract, superior longitudinal fasciculus, anterior thalamic
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radiation, medial lemniscus, anterior limb of internal cap-
sule, and right posterior thalamic radiation (Worker et al.
2014). Moreover, widespread WM changes affect cerebellar
peduncles, thalamic radiations, corticospinal tracts, corpus
callosum, and superior longitudinal fasciculi (Nicastro et al.
2020; Piattella et al. 2015b). Lesions involving the main
tracts including superior cerebellar peduncle, corpus cal-
losum, corticospinal tracts, inferior fronto-occipital, and
superior longitudinal and uncinate fascicles bilaterally are
associated with cognitive deficits in PSP (Caso et al. 2016).
Increased mean diffusivity was observed on superior cer-
ebellar peduncle, sagittal striatum, posterior corona radiata,
body of corpus callosum, anterior and superior corona
radiata (Sintini et al. 2019), and hypometabolism in medial
prefrontal and frontal cortices, caudate nucleus, and mesen-
cephalon (TomSe et al. 2022).

Functional imaging

PSP has long been proposed as a network-based disorder,
showing altered functional connectivity (FC). fMRI in PSP
patients shows significant disruptions within the connec-
tions between brainstem—cerebellar, diencephalic—basal
ganglia, and cortical connections, particularly within cor-
tico-subcortical and cortico-brainstem interactions. Patients
with more severe CI showed lower mean midbrain—corti-
cal network connectivity scores and widespread disruption
of cortico-subcortical connectivity (Gardner et al. 2013).
Decreased pallidum functional connectivity correlated with
CI. Lower FC in resting state networks mainly involves basal
ganglia, thalamus anterior cingulate, dorsolateral prefrontal
and temporo-occipital cortices, supramarginal gyrus, sup-
plementary motor cortex, and cerebellum (Piattella et al.
2015a). Increasing tau burden in midbrain and deep nuclei
is associated with disrupted cortico-subcortical and cortico-
brainstem connections (Cope et al. 2018). Earlier stage sub-
cortical—anterior cortical lesions with declining FC are fol-
lowed by later-stage subcortical-posterior cortical changes
with prefrontal-paralimbic FC decline (Brown et al. 2017).
Disrupted structural connectivity of frontal-deep GM path-
ways (Abos et al. 2019) and decreased FC in prefrontal cor-
tex is significantly correlated with cognitive and behavioral
performance (and dementia severity) (Rosskopf et al. 2017).
Local frontal language networks may be impaired in PSP-
RS (Ransmayr et al. 2022). In PSP-RS, alterations in the
structural connectivity of the whole brain connectome are
seen, in particular affecting frontal connections, deep GM
connections between basal ganglia structures, and between
frontal lobe and basal ganglia, supporting the concept that
PSP is a network-based disorder.

Apathy in PSP is rather frequent. In the apathetic subtype,
marked atrophy was observed in GM volumes in the inferior
frontal gyrus, anterior cingulate cortex, and in subcortical
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areas that were positively correlated with apathy scale and
tau deposition. This phenotype may arise from tau aggrega-
tion and oxidative stress compromising the neuronal circuit
resilience in the posterior cortex along with neuronal loss in
the anterior cortex (Matsuoka et al. 2023).

Tau imaging

Tau PET imaging detected the distribution and severity of
specific forms of tau pathology (Saint-Aubert et al. 2017;
Whitwell et al. 2017). '®F-AV 1451 PET binds to the PSP-
specific subcortical areas with tau pathology, showing
increased retention in basal ganglia, midbrain and cerebel-
lar dentate nucleus (Cho et al. 2017; Passamonti et al. 2017,
Whitwell et al. 2017). In PSP-CI patients, higher '*F-AV
PET binding correlated with cortical thinning in parietooc-
cipital areas (Nicastro et al. 2020). *FFlortaucipir uptake
increased in striatum, GP, and thalamus. Volume loss in
frontal lobes in PSP-SL, PSP-F, and PSP-CBS was associ-
ated with highest cortical tau burden (Whitwell et al. 2020).
Tau uptake appears related to GM volume reduction and
WM degeneration (Sintini et al. 2019). Executive dysfunc-
tion relates to tau deposition in superior frontal gyrus and
supramarginal cortices, language deficits to neuronal loss
and tau deposition in perirhinal gyrus and Broca's area,
while visuo-spatial dysfunctions and global CI relate to tau
deposition in supramarginal gyrus (Schofield et al. 2012).

Recent tau-PET studies in PSP patients showed tracer
uptake in the midbrain, followed by GP, frontal cortex,
and medulla oblongata, which correlated well with clinical
severity (Brendel et al. 2018), and improved the imaging
diagnosis of PSP (Messerschmidt et al. 2022). The distri-
bution patterns of '®F-Florzolotau PET imaging in living
brains showed a remarkable similarity to those reported in
post-mortem studies, with binding intensity being mark-
edly higher in PSP-RS (Liu et al. 2023a). Patients with PSP
showed significant hypoperfusion predominantly in thala-
mus, caudate nucleus, and anterior cingulate cortex, fitting
the topology of the 4-repeat tauopathies disease spectrum
(PSP and CBS) (Katzdobler et al. 2023).

The topography of tau deposition in PSP patients dif-
fered from that of other neurodegenerative disorders (Jin
et al. 2023). It confirmed that the patient-level tau patterns
are associated with the tau connectivity of subcortical tau
epicenters (Franzmeier et al. 2022). Network incorporating
GM structures demonstrated hyperconnectivity and cerebel-
lar hypoconnectivity, while cortico-subcortical connections
showed variable changes. Tau load in right GP and left den-
tate nucleus is associated with functional networks which
strengthen intra-opercular and intra-cerebellar connections
and weaken operculo-cerebellar connections. These find-
ings support the concept of tau-dependent functional net-
work changes in PSP, providing evidence for downstream

effects of tau pathology on brain functionality in this disor-
der (Aghakhanyan et al. 2022).

Neuropathology in PSP with cognitive impairment

The pathological hallmark of PSP consists of 4-R tau
deposition in both neurons and glial cells as neurofibril-
lary tangles (NFTs), neuropil threads, tufted astroglia, and
coiled bodies, accompanied by neuronal loss and gliosis
predominantly affecting GP, subthalamic nucleus, and SN
and cerebellar dentate nucleus (Hauw et al. 1994; Litvan
et al. 1996). In general, subcortical and brainstem tau may
deposit earlier before cortical tau, the earliest lesions being
NFTs in the SN before tufted astrocytes develop. It is well
documented that cognitive decline in PSP is associated with
more severe tau burden in the neocortex and hippocampus
(Bigio et al. 1999; Jellinger 2008) and that the occurrence
of Cl/dementia in PSP is influenced by the distribution and
severity of tau pathology (Koga et al. 2017; Williams et al.
2007; Williams and Lees 2009). Histopathological findings
are qualitatively similar in the various subtypes of PSP but
differ in the relative distribution and severity of neuronal
loss and gliosis as well as in the regional intensity of the tau
pathology (Williams and Lees 2009). Tau burden in PSP-P
was significantly lower than in PSP-RS (Robinson et al.
2020), whereas frontal and temporal neuronal tau pathol-
ogy as well as that in WM was greater in PSP-F than in
PSP-RS (Sakae et al. 2019). In general, the PSP-related tau
burden is significantly correlated with executive, language
and visuo-spatial impairments, less severe with memory and
behavioral impairments. A comparison between PSP-CI and
PSP-NC cases showed that although Braak tau stage, Thal
amyloid phase, and the frequency of other lesions were not
different between both subtypes, the total and regional tau
burden in pontine base and cerebellar WM was significantly
higher in PSP-CI (Koga et al. 2017), supporting previous
studies showing that multiple cognitive domains, in particu-
lar executive functions, are affected in PSP (Bak et al. 2005;
Brown et al. 2010). These data were confirmed in a recent
study showing that PSP-F has more severe tau pathology in
frontal cortex, extending to precentral gyrus, associated with
cortical atrophy and decreased frontal blood flow with right-
sided predominance, while tau pathology was mild in SN,
locus ceruleus, and subthalamic nucleus (Ono et al. 2022).
PSP-RS cases show marked changes in cortical neurophysi-
ology, associated with a decline in cognitive functions due
to a reduction of synaptic density in inferior frontal cortex,
affecting superficial and granular layer glutamatergic excita-
tion (Adams et al. 2022). In PSP, there is general synaptic
loss of both excitatory executive and inhibitory bipartite
synapses in the frontal cortex (Briel et al. 2021). Higher
8F_.AV-1451 PET binding correlates with higher synaptic
density in PSP, but this association diminishes with disease
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severity; moreover, higher cortical '®F-AV-1451 binding cor-
relates with lower subcortical synaptic density. Given the
importance of synaptic function for cognition and action, the
complex relationship between molecular pathology includ-
ing tau and synaptic density may explain changes in cogni-
tive and motor physiology, elucidating the pathophysiology
of PSP and other primary tauopathies (Holland et al. 2022).

Co-pathologies

CI in PSP patients, primarily involving executive func-
tions, is related to specific PSP-related tau burden but not to
Alzheimer-type tau pathology, although PSP may co-exist
with AD (Koga et al. 2017; Sakamoto et al. 2009). A com-
parison of pathological changes between PSP and PSP with
coexisting AD (PSD/AD) showed that Braak NFT stage and
Thal amyloid phase were higher in patients with PSD/AD.
However, the latter had lower total tau burden, although the
frequency of CI did not differ between both groups, indi-
cating that coexisting AD did not significantly impact the
frequency or severity of CI in PSP (Koga et al. 2017). Other
comparative studies of a cohort of PSP cases revealed that
APOE €4 carriers had more plaques, while APOE €2 car-
riers had fewer plaques. TDP-43 co-pathology was present
in 14% of PSP cases and was significantly associated with
age at onset and death. The distribution of TDP-43 pathol-
ogy in PSP was primarily observed in limbic-predominant
age-related TDP-43 encephalopathy (LATE) pattern (Nelson
et al. 2019). Lewy body co-pathology was seen in 15% of
PSP cases and was not age-associated. Taken together, the
primary tauopathy burden is the strongest correlate of CI
in PSP, while co-pathologies are principally determined by
age and genetic risk factors, and do not correlate with clini-
cal symptoms (Koga et al. 2017; Robinson et al. 2020). In
another study, TDP-43-positive inclusions were observed in
26% of PSP cases, in which regional tau burden tended to be
higher, and a significant correlation between tau and TDP-43
burden was noted in the occipitotemporal gyrus. Hippocam-
pal sclerosis (HS) was found in 3/5 TDP-43-positive PSP
cases, but HS was more frequent in TDP-43-positive than
-negative cases. Dementia was present in 58% of PSP cases
(Pillon et al. 1991) but in 4/5 of TDP-43-positive ones. TDP-
43 and tau were frequently co-localized in the amygdala but
not in hippocampus. These data suggest that PSP is a pri-
mary tauopathy in which TDP-43 accumulation can occur
in the limbic system, and may be associated with the occur-
rence of HS (Yokota et al. 2010). Although in this particular
cohort, the frequency of CI/dementia in PSP cases with both
TDP-43 and HS (100%) and that with TDP-43 pathology
(80%) was higher than in those lacking both lesions (50%),
the potential comorbid effect of concurrent TDP-43 pathol-
ogy and/or HS on CI in PSP needs to be further elucidated.
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Genetic influence on cognition in PSP

PSP is genetically and phenotypically a complex disorder.
The major genetic risk factor for sporadic PSP, which rep-
resents around 85% of all cases, is a variant in the MAPT
(microtubule-associated tau) gene with over-representation
of the H1 haplotype and the H1/H1 genotype (Chen et al.
2019; Heckman et al. 2019; Houlden et al. 2001), and
within H1, a sub-haplotype (Hlc) is associated with PSP
(Im et al. 2015). MAPT mutations/variants and its haplo-
types are the major genetic risk factors of PSP, both in the
sporadic and familial forms (Debnath et al. 2022). The H1
haplotype present in 95% of the PSP patients compared to
75% in the general population, indicates it as a risk for PSP
similar to that of APOE &4 risk allele for AD (Farrer et al.
1997; Stefansson et al. 2005). While MAPT mutations are
the most common causes of familial PSP, the leucine-rich
repeat kinase 2 (LRRK?2) is a rare monogenic cause of PSP.
More than 15 MAPT mutations have been identified in cases
with PSP, and the mean age at onset is earlier in carriers of
LRRK?2 or dynactin subunit 1 (DCTN1) mutations (Wen
et al. 2021). LRRK2 has been associated with sporadic and
familial forms of PD, which may suggest a genetic overlap
with PSP (Jabbari et al. 2021). Genome-wide association
studies (GWAS) also identified several novel risk variants,
and it has become apparent that interactions between genetic
and environmental factors, the latter mediated through epi-
genetic modifications, significantly contribute to PSP devel-
opment (Debnath et al. 2022). Although CI is common in
PSP, the influence of genetics on cognition in this atypi-
cal parkinsonism is poorly understood. In a study of 305
patients with possible or probable PSP, genetic information
determined by genotyping assays revealed no significant dif-
ferences between individuals homo- or heterozygous for the
MAPT HI haplotype, although it varied considerably at the
sub-haplotype level: According to the MAPT status, Hlc-
specific rs242557/A allele carriers showed better cognitive
abilities than noncarriers (Gerstenecker et al. 2017). While
the H1 haplotype has been associated with progression of
MCI to dementia (Samaranch et al. 2010), there were no
clinical or pathological differences between H1/H1 and H1/
H2 carriers and no significant differences in any regional tau
burden between APOE genotype or MAPT haplotype carri-
ers. Moreover, cognition in this cohort was not significantly
affected by APOE genotype, and no associations were found
for other genes. In a series of 121 autopsy-confirmed PSP
cases, genetic analysis also revealed no significant differ-
ences for either APOE €4 frequencies or the MAPT H1/H1
haplotype carriers between PSP with and without CI (Koga
et al. 2017). Although APOE €4 carriers have higher Thal
amyloid plaques, the frequency of CI was lower in these
carriers, suggesting that €4 is not associated with CI in PSP.
In conclusion, both studies clearly indicated that, whereas
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AD-related pathology is driven by APOE &4, this genotype
does not increase the frequency or severity of CI in PSP.
Analysis of modular gene co-expression revealed changes in
the molecular pathology underlying AD and PSP: Immune-
inflammatory responses preponderate in younger, those
associated with synaptic transmission in older AD patients,
whereas in PSP, both of these changes overlap. Twelve AD
and 4 PSP genetic risk factors were detected (Iohan et al.
2022). On the other hand, AD and PSP have been shown to
share similar transcriptomic changes in distinct brain regions
(temporal and cerebellar cortices). Many genes have con-
cordant protein changes and evidence of epigenetic control,
indicating that complex molecular alterations are similar in
both disorders (Wang et al. 2022). A recent genetic survival
study of the mitochondrial genome suggested that mitochon-
drial haplogroups may be associated with the progression of
cognitive decline in PD over time (Liu et al. 2023b). Similar
studies in PSP, to the best of our knowledge, are currently
not available, but could bring further insight into the cogni-
tive progression in this and other movement disorders.

Pathogenic factors of cognitive impairment in PSP

Whereas the contribution of a-synuclein, AP and tau pathol-
ogies as well as cerebrovascular lesions and TDP-43 pathol-
ogy appear well documented in the pathogenesis of CI in
PD (Jellinger 2022), the pathogenic factors implicated in
cognitive decline in PSP are poorly understood. There is
evidence from both in vivo and post-mortem studies sug-
gesting that mitochondrial energy metabolism is impaired in
PSP. Failure in mitochondrial energy production may act as
an upstream event in the chain of pathological events lead-
ing to the aggregation of tau protein and neuronal cell death
(Ries et al. 2011). In the SN of PSP patients, strong mito-
chondrial ferritin, a mitochondrial iron storage protein, was
observed, which is related to mitophagy. Mitochondrial fer-
ritin was localized in dopaminergic neurons, microglia and
astroglia in SN and ventral tegmental area in PSP, and was
co-localized with tau immunoreactivity. This may explain
the function of mitochondrial ferritin in PSP progression
(Abu Bakar et al. 2021, 2022). Furthermore, pathological tau
was noticed in PSP astrocytes and microglia (Montalbano
et al. 2023), leading to general synaptic loss, suggesting a
hyperphosphorylated tau protein pathology-associated role
of astroglia in maintaining connections between neuronal
circuits, considered as the microscopic substrate of cognitive
dysfunction in PSP (Briel et al. 2021).

Earlier studies provided insight into widespread degen-
erative changes in PSP involving subcortical cholinergic and
muscarinergic systems. In PSP, there is a significant loss
of neurons immunoreactive for choline acetyltransferase
(ChAT) in the nucleus of Edinger—Westphal, rostral medial
longitudinal fasciculus, interstitial nucleus of Cajal, and the

deep layers of the superior colliculus (69-93%), whereas
the other ChAT-immunoreactive cells in cranial nerves III
and I'V and other mesencephalic cholinergic nuclei were not
involved (Juncos et al. 1991). In the nucleus basalis of Mey-
nert (nbM), the number of neurons and the ChAT-positivity
rate of remaining neurons are reduced, as they are in the
pedunculopontine tegmental nuclei (tgN), where many NFTs
are present. In PSP, cholinergic neurons in the laterodor-
sal tgN are more vulnerable than those in the posterior tgN
and in the nbM (Kasashima and Oda 2003). Other studies
revealed a selective and marked degeneration of choliner-
gic and dopaminergic terminals in the striatum with sig-
nificant reduction of vesicular acetylcholine transporter
(VAChHT) density in caudate, putamen and SN compacta,
consistent with degeneration of dopaminergic nigrostriatal
projection neurons in PSP (Suzuki et al. 2002). Furthermore,
in PSP, muscarinic M2 receptors were reduced in the tha-
lamic nucleus, M4 receptors in the mediodorsal thalamus
as well as in subthalamic nucleus, with normal binding in
other thalamic nuclei, indicating loss of cholinergic affer-
ents that may contribute to behavioral and cognitive dis-
turbances in PSP (Warren et al. 2007a, b), while cortical
muscarinic receptors M1, M2, and M4 densities and M1
coupling were preserved (Warren et al. 2008). On the other
hand, PSP showed reduced acetylcholinesterase activity in
precentral cortex (9.4%) and thalamus (24%) (Hirano et al.
2010). Recent studies revealed that the volume of nbM is
reduced both in PD and PSP. The lack of significant cor-
relation between nbM volume and cognitive measures sug-
gests that other factors, such as frontal atrophy, may play
a more important role than subcortical cholinergic atrophy
in PSP (Rogozinski et al. 2022). Furthermore, tau pathol-
ogy and neuroinflammation have been shown to colocal-
ize in PSP, and correlate with clinical severity (Malpetti
et al. 2020). Neuroinflammation in PSP has been reviewed
recently (Alster et al. 2020b). Other pathogenic factors of CI
in PSP—and related movement disorders—include autoso-
mal/proteasomal dysfunction, oxidative stress (Aoyama et al.
2006; Matsuoka et al. 2023), loss of neurotrophic factors,
and others (Schapira 2011), but their complex interplay in
the development of cognitive deterioration in PSP deserves
further elucidation.

Conclusion and outlook

PSP, a primary 4-repeat tauopathy, is a pathological entity
with a wide range of presenting clinical features, among
which CI is an important and frequent lesion associated
with progressive dysfunction. Its neuropathology is char-
acterized by the deposition of phosphorylated tau protein
in neurons and glia, associated with neuronal and synapse
loss and gliosis in widespread disease-specific cortical and
subcortical regions. Both tau pathology and the related
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neurodegenerative lesions are more extensive and more
severe in PSP patients with CI that is dominated by execu-
tive dysfunction but also difficulties in memory, naming,
language, visuo-spatial, and other domains. Modern neu-
roimaging methods have demonstrated the distribution and
intensity of tau depositions in widespread brain regions that
mirror quite well the tau pathology detected post-mortem.
MRI and related methods revealed both extensive GM
lesions in cortical and other subcortical regions with hypo-
metabolism in frontal and other cortical regions, as well as
widespread WM lesions involving the corona radiata and
many cortico-basal ganglia—cerebellar pathways. These
lesions are accompanied by widespread disturbances of
cortico-cortical, cortico-subcortical, fronto-striatal, and
other related connections causing widespread disruptions of
cognition—/behavior-related and other important functional
brain networks. However, the available data about functional
disconnections associated with CI in PSP are still limited.
Further lesions associated with PSP-CI are disorders of cho-
linergic, dopaminergic, and muscarinic dysfunctions caused
by degeneration of subcortical nuclei. The pathophysiol-
ogy and pathogenesis of cognitive dysfunctions in PSP are
complex as in related movement disorders. There are both
similarities and differences in the pathogenic and genetic
mechanisms in PSP and AD, although combinations of PSP
with AD-like pathology occur. Despite available standard
diagnostic criteria for both PSP and cognitive deficits, the
basic pathogenic mechanisms are still poorly understood,
and adequate treatments of CI in PSP are still limited since
despite severe involvement of cholinergic mechanisms, treat-
ment with cholinesterase inhibitors had no reliable effects.
Although improved specific biomarkers (Coughlin and Lit-
van 2020) and quite exact methods for the assessment of
cognitive dysfunctions in PSP are available, better insight
into its complex molecular pathogenesis may expand access
to hopefully beneficial clinical trials.
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