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Ovtscharoff et al., 1993; Singec et al., 2002), the dorsal horn of the
spinal cord (Chung et al., 2019), dorsal root ganglia (Sun et al., 2006),
and recently also in regions within the auditory system (Reuss et al.,
2023).

Neurodegenerative diseases go along with massive synaptic loss, e.g.,
in the hippocampus (e.g., (Scheff et al., 2006)) or the cerebral cortex (e.
g., (DeKosky and Scheff, 1990)). Apart from first in vivo studies which
applied PET tracers to measure synapse density (e.g., SV2A tracers
(Finnema et al., 2016)), the dynamics and selectivity of synapse loss can
only be traced using properly characterized post mortem human tissue.
To preserve the three-dimensional (3D) aspect and to specifically navi-
gate the analysis to subregions that are known to be more prone to
synapse loss (e.g., cortical layer III in Alzheimer's disease (Scheff et al.,
1990)), immunostaining is the method of choice. Presynaptic SYP is a
popular target since it is expressed at most synapses (Fykse et al., 1993;
Jahn et al., 1985; Wiedenmann and Franke, 1985) and it was found to be
stable also after longer post mortem intervals (Siew et al., 2004). On the
contrary, there is growing evidence for a large diversity of human syn-
apse subtypes (recently reviewed in (van Oostrum and Schuman,
2025)), making it more difficult to use one single marker protein. For
instance, the presynaptic protein SV2A has been proposed as suitable
‘pan-synaptic’ marker; however, its expression is restricted to synaptic
subpopulations in the human brain (Wong et al., 2025). Such results, in
turn, are highly relevant to guide the development of novel tracers or
targets tested in clinical studies (see above).

Only little is known about SPO expression in the human brain. In a
previous study that focused on the hippocampus, we were able to show
that SPO is expressed in nearly all hippocampal layers at excitatory, and
most likely also at inhibitory synapses (Woelfle and Boeckers, 2021).
The aim of this study was to analyze SPO protein expression in central
human brain regions. In addition, the conservation of SPO expression in
the auditory system was analyzed. Importantly, in light of the findings
from rodent tissue, co-staining of SYP and SPO was performed to assess
whether SPO is exclusively expressed at SYP-positive synapses or
whether total synapse counts are underestimated when applying SYP as
‘pan-synaptic’ marker. To this end, human cortical tissue from four
different sources (i.e., different fixation techniques, Table 1) was
analyzed.

2. Results
2.1. Enrichment of synaptoporin in human hippocampus lysates

To gain a first general overview on the expression of SPO in the
human brain, protein expression was analyzed in tissue lysates (Fig. la,
upper row and Fig. 1b, left). As expected, SPO was enriched in the
hippocampus (HC), but considerable levels were also detected in the
cerebral cortex (CTX) and amygdala (AMY). Weak SPO levels were
measured in the entire diencephalon and the cerebellum (CB). Among
the analyzed regions, no SPO was detected in the thalamus (THA) and

Table 1
Demographics of the n = 8 cases.
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the brainstem (medulla oblongata and pons). In contrast, SYP was pre-
sent in comparable levels in the AMY, HC, and the CTX (Fig. la, lower
row and Fig. 1b, right). In the diencephalon, expression levels were
around half of the cortical levels. In the THA in particular and in the
brainstem regions, SYP expression was clearly lower than in the CTX
(~20%). Only a faint SYP signal was obtained for the CB.

2.2. Synaptoporin expression in central human brain regions

Immunofluorescence (IF)-based analysis of human post mortem brain
sections from n = 3 body donors was performed to confirm western blot
findings and to screen additional brain regions (Table 2 and Nissl
staining in Fig. S1) for SPO expression. To analyze the number of syn-
apses that express SPO or SYP, the density of IF-positive 3D structures —
most likely synapses — was determined in the neuropil: Using Imaris
software, these IF-positive structures were transformed into 3D surfaces,
whose number and sum intensity was exported and summarized as
explained in detail in the “Methods” section. The sum intensity of all
detected puncta can be interpreted as a measure for the protein
expression level. Since this method does not count single proteins, the
sum intensity is referred to as relative expression level.

SPO puncta were enriched in cornu Ammonis 3 (CA3) of the HC and
lamina I of the dorsal horn of the cervical spinal cord (SC DH) (Fig. 1c, 2
and 10). High puncta densities were obtained in layer V of the CTX
(Fig. 1lc, 1); in the AMY and the CB (Fig. 1c, 3 and 8), only half the
number of SPO puncta was found (Fig. 1d). The putamen (PUT) showed
a low density in comparison to the CTX (~20%, Fig. 1lc, 4) and SPO
puncta were virtually absent from the THA, brainstem (pons, inferior
olive, 10), and lamina IX of the ventral horn of the spinal cord (SC VH)
(Fig. 1c, 5-7 and 9). Notably, IF-based analysis is only cross-sectional
and a negative result does not exclude a possible expression in a sub-
layer/nucleus that was not subject to the present analysis. However, the
western blots from brain lysates had shown the absence of SPO in the
entire THA, pons, and medulla oblongata. As seen, e.g., for the CB, the
SPO antibody sometimes stained nuclei. This occurred case-dependent
and was not observed in the tissue resectates or in mouse sections
(data not shown). Since the analysis was performed in regions of interest
within the neuropil, the nuclear signals are not reflected by the graphs.
In addition to the density, the sum intensity of the detected puncta was
analyzed which can be interpreted as relative protein expression level
(Fig. 1e). In the HC, the expression is three times higher as in the CTX. In
contrast, the difference in puncta density was less pronounced (~1.3
times higher). In the AMY, PUT, and SC DH, the normalized puncta
densities were reflected by the sum intensities. The CB had a moderate
number of SPO-positive puncta with in summary very low SPO levels.

To determine the colocalization of SPO and SYP, SYP was always co-
stained (Fig. 1f). In a first step, SYP puncta density (Fig. S2a) and SYP
sum intensity (Fig. S2b) were analyzed individually. In the CB and SC
DH, puncta densities were slightly higher than in the CTX. In the HC,
THA, and IO, SYP puncta density was between 50 and 72% of cortical

Case ID Age (yrs) Sex Tissue NFT stage Ap phase PD stage PMI (hours) Fixation year Cause of death
#1 64 M Table 2 I 3 0 72 2021 Septic shock
#2 83 M Table 2 I 1 0 48 2021 Food refusal
#3 86 M Table 2 I 4 0 72 2022 Cardiac/
pulmonal decompensation

#4 71 M SN I 5 0 120 2021 Cardiogenic shock
#5 61 F Cerebral cortex N.a. N.a. N.a. 4-6 N.a. N.a.
#6 217 F Temporal pole - - - Fixation delay 2019 -

~45 min
#7 74" F Frontal lobe N.a. N.a. N.a. Immediate fixation 2025 -
#8 43" F Frontal lobe N.a. N.a. N.a. Immediate fixation 2026 -

Yrs years, F female, M male, NFT neurofibrillary tangle, Ap amyloid-p, PD Parkinson's disease, PMI post mortem interval, SN substantia nigra, N.a. not available.

# At the time point of surgery.
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