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Alzheimer's disease (AD) and dementia with Lewy bodies (DLB) are
the two major forms of neurodegenerative dementia, characterised by
distinct pathological hallmarks involving aggregation of misfolded pro-
teins. One proposed key pathophysiological mechanism in AD and
DLB, as well as in other neurodegenerative disorders, is synaptic
dysfunction.2™® The details of human synaptic pathology in AD and
DLB besides synaptic loss are, however, poorly characterised, and the
underlying processes remain unknown.

Our previous studies identified distinct patterns of aberrant pro-
tein expression in AD and DLB,>? raising the possibility that manifes-
tation of AD and DLB may differ at the local synaptic level. To directly
address this, we employed immunostaining, confocal and super-
resolution microscopy to visualise synaptic structure in post mortem
human brain isolates (Figure S1). Samples represented Brodmann Area
9 (BA9), a key part of the prefrontal cortex implicated in
neurodegeneration,® from a cohort of 32 control subjects and cases
with severe AD and DLB.

We first assessed synaptic structure in 24 cases (Table S1.1,
Figure S2) by immunostaining for presynaptic active zone (AZ) protein
Bassoon (Bsn) and postsynaptic density (PSD) protein Homer. The
Homer/Bsn ratio showed no correlation with the post mortem interval
(PMI), suggesting that synaptic structure was largely unaffected by
preparation and storage (Figure S2c). There were no significant differ-
ences in Bsn levels in Bsn-positive puncta, in area of Bsn-positive
puncta, in levels of Homer or in levels of another AZ protein Rab-
interacting molecule (RIM) (Figures 1A and S3a-c,e), indicating that
AD or DLB did not majorly alter the general morphology of the AZ
and PSD.

We then performed double immunostaining for Bsn and vGlut1, a
key component of synaptic vesicles (SV) that has been implicated in
AD, as well as in Parkinson’s disease (PD), which shares many neuro-
pathological features of DLB. Synaptic vGlutl levels were elevated in
both AD and DLB male samples compared with the controls, but the
increase in AD samples was not statistically significant. In contrast,
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synaptic vGlutl levels were significantly increased in male DLB
samples compared with male controls or female DLB samples
(Figures 1A,B and S3d). Therefore, we conclude that vGlutl is
specifically enriched in synapses from male subjects with DLB.

Recent evidence shows that neuronal activity regulates nanoscale
clustering of the AZ°; we therefore reasoned that aberrant synaptic
activity in AD may lead to nanoscale changes in AZ architecture and
investigated this in an extended cohort including 24 control and AD
female and male cases (Table S1.2, Figure S4). We assessed Bsn clus-
tering using confocal microscopy and a ratiometric assay developed

by us previously!® (Figure S5a). Clustering in AD samples was
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FIGURE 1 Disease-specific structural signatures of dementia in the male brain. (A) Representative confocal microscopy images of human
brain synaptoneurosomes fixed and immunostained for Bassoon (Bsn) (cyan) and vGlut1 (magenta). Scale bar, 10 pm. (B) vGlut1 synaptic levels in
control, Alzheimer's disease (AD) and dementia with Lewy bodies (DLB) samples from female (F) and male (M) brains. ***p < 0.0001, **p < 0.01,
one-way ANOVA and Holm-S3idak’s post-test. (C) Representative images of synaptoneurosome samples labelled for a ratiometric Bsn clustering
assay. Scale bar, 10 pm. (D) Ratiometric clustering measured in control vs AD samples. **p < 0.0083, Mann-Whitney's test. (E) Ratiometric
clustering in samples from female brains shows no significant difference between control and AD. p = 0.4399, t-test. (F) Ratiometric clustering in
male brains shows significant difference between control and AD. *p < 0.05, t-test. (G) Representative image of the synaptoneurosome
preparation immunostained for Homer (Alexa Fluor 488, green) and Bsn (Alexa Fluor 647, red). Arrows show multiple instances of Bsn puncta
overlaying or adjacent to Homer puncta, indicative of synaptic structures. The right panels show the corresponding STORM image of the Bsn
channel; scale bar, 5 um. (H) Area and size of Bsn clusters in control samples, expressed as a normalised 2D histogram heatmap for the control
condition. (I) Same for AD samples. (J) The difference in relative distribution of clusters into the histogram bins between the control and AD
conditions. N = 3036 and 4153 clusters for control and AD, respectively, 4 brains per condition. (K) A putative model of disease-specific
presynaptic remodelling in male Brodmann Area 9 (BA9) synapses with AD and DLB. DLB results in increased recruitment of vGlut1. AD results in
an increased density of active zone (AZ) matrix clustering, whereas postsynaptic density (PSD) remains relatively unaffected by either DLB or AD.

significantly increased in male but not in female brains (Figure 1C-F),
indicative of an increased density of Bsn packing within the
AZ. Clustering did not significantly correlate with age (Figure S4d),
suggesting that the difference between control and AD samples was
not due to the difference in median age (Figure S4a).

Finally, we used super-resolution imaging and machine learning
clustering analysis developed by us'! to directly quantify Bassoon
clustering in four control and four AD male brains. A decrease in
median cluster area and an increase in the median number of clusters
were observed (Figure 1G-J). However, nested two-tailed t-tests
showed no significant difference between median values in control
and AD samples (Figure S5b,c), indicative of considerable variability
in super-resolution data obtained from post mortem human brain
samples. Taken together, these data show that AD in the male brain
is associated with nanoscale reorganisation of presynaptic
architecture.

Our findings show that two major forms of dementia are associ-
ated with distinct changes in presynaptic organisation, providing
direct evidence for disease-specific synaptic defects in neurodegen-
eration (Figure 1K); furthermore, we present evidence for sex-specific
effects in dementia at the level of synaptic structure, in line with asso-
ciation between biological sex and clinical manifestation of demen-
tia.121% Some data from female samples showed similar trends to
those observed in male samples, yet failed to reach the threshold of
significance (Figure 1E,F), possibly reflecting the higher incidence of
‘pure’ dementia in men vs a mixed LBD/AD pathology reported in
women.* It remains to be determined whether the observed changes
represent a direct effect of pathology or a form of compensatory syn-
aptic plasticity.>

In order to enhance the exploratory power of the approach
described in this paper, further investigation will require larger case
cohorts combined with testing for multiple synaptic markers, with par-
ticular relevance for quantitative analysis of nanoscale synaptic struc-
ture. Thus, our initial observations reported here pave the way for
deeper investigation of synaptic architecture in neurodegeneration,
with the long-term potential for development of targeted
diagnostics and therapies for dementia.® Last but not least, in-depth

structural analysis of human synaptic dysregulation will allow for

knowledge-based validation of animal models,*> providing a much-
needed boost for experimental investigation and therapeutic develop-
ment in neurodegeneration.
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