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A B S T R A C T

In tauopathies, tau accumulation and neuroinflammation are associated with progressive synaptic and network 
alterations that contribute to neurodegeneration. We used 8 PS19 and 12 C57Bl/6 (WT) mice undergoing 
consecutive [18F]UCB-H PET scans between 5.7 and 11.0 months of age to longitudinally evaluate SV2A 
expression levels, with terminal validation via immunohistochemistry. A desynchronization index (DI) quantified 
deviation from a reference-derived inter-regional SV2A expression pattern from whole-brain SV2A-PET data, and 
principal component analysis (PCA) further summarized these regional deviation profiles. Baseline translocator 
protein (TSPO, [18F]GE-180) and monoamine oxidase B (MAO-B, [18F]F-DED) imaging for activated microglia 
and reactive astrogliosis were performed to detect early neuroinflammation, which was subsequently correlated 
with serial SV2A expression, evaluated by the area under the curve (AUC) of [18F]UCB-H z-scores (PS19 vs. WT). 
We observed phased SV2A expression alterations in PS19 mice in the neocortex, hippocampus CA1, brainstem, 
thalamus, hypothalamus, and cerebellum, showing an increasing trend from 8.4 to 10.0 months of age (+8.1% ±
3.0%), followed by a rapid decline towards 11.0 months of age (-18.4% ± 4.7%), together with greater later- 
stage inter-regional SV2A expression pattern deviation. Tau burden tended to show a broadly negative associ
ation with SV2A expression levels across primary and exploratory regions. Associations of SV2A-PET signal 
variation with early microglial activation and reactive astrogliosis differed between PS19 and WT mice. In 
summary, these findings suggest that longitudinal [18F]UCB-H PET may provide a feasible approach for tracking 
stage-dependent regional SV2A expression alterations and inter-regional deviation in this mouse model of pri
mary tauopathy.

1. Introduction

Neurodegenerative diseases (NDDs) are a heterogeneous group of 
chronic progressive diseases (Wilson et al., 2023). Alzheimer's disease 
(AD) is one of the most widespread NDDs. The main characteristics of 
AD can be explained by a simplified A-T-N pathological model, which 
constitutes that β-amyloid (Aβ) aggregation is followed by tau protein 
accumulation, and ultimately leads to neurodegeneration (Jack et al., 
2018). Recent research finds that Aβ is a pathological catalyst, acceler
ating disease progression by enhancing the hyperconnectivity of the 

brain and paving the way for the rapid spread of tau pathological pro
teins (Roemer-Cassiano et al., 2025). Regional tau burden is more 
closely related to neural network dysfunction and is independent of Aβ 
plaque deposition (Wang et al., 2024). The critical pathogenic role of tau 
pathology in NDDs is becoming increasingly clear. Among the six spe
cific isoforms of tau protein, 1N4R tau is identified as the core toxic 
factor, with higher phosphorylation levels, leading to a significant 
decrease in neuronal resistance and increased vulnerability (Buchholz 
et al., 2025). In addition, a series of tauopathies such as progressive 
supranuclear palsy (PSP), corticobasal degeneration (CBD), and 
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frontotemporal dementia (FTD) are also associated with tau hyper
phosphorylation as the primary pathological feature (Chung et al., 
2021).

Neuroinflammation, characterized by activated microglia and reac
tive astrocytes, acts both as a neuroprotective mechanism, participating 
in debris and pathogen clearance, suppressing injury, initiating healing, 
and shaping neural circuits (Salter and Beggs, 2014, Hickman et al., 
2018, Vainchtein and Molofsky, 2020, Jha et al., 2018), and as a 
neurotoxic process that promotes neurodegeneration under the sus
tained stimulation of protein aggregates (Han et al., 2024, Heneka et al., 
2024). In addition, astrocytes are an important component of the 
tri-synaptic network, involved in maintaining glutamate homeostasis, 
and may directly cause synaptic defects by releasing extracellular factors 
(Jha et al., 2018, Liu et al., 2021). Meanwhile, ample evidence suggests 
that excessive activation of neuroinflammation is not merely a conse
quence of pathological protein stimulation but leads to protein aggre
gation in the early stages (Hong et al., 2016, Sosna et al., 2018, Zhang 
et al., 2023).

Synaptic loss in NDDs is associated with reduced functional con
nectivity in brain regions and acts as a major pathological factor that 
worsens cognitive impairment via neural network dysfunction (Mecca 
et al., 2022, Whiteside et al., 2023). Synaptic vesicle protein 2A (SV2A) 
participates in synaptic homeostasis regulation and is widely expressed 
at the membrane of synaptic vesicles in the terminal boutons (Rossi 
et al., 2022, Kwon and Chapman, 2012, Bajjalieh et al., 1992). Based on 
this, positron emission tomography (PET) targeting SV2A demonstrates 
excellent potential for visualization of SV2A changes in vivo (Finnema 
et al., 2016, Toyonaga et al., 2022, Ullrich Gavilanes et al., 2025). 
Clinical studies show that AD patients exhibit significantly reduced 
SV2A-PET uptake in the medial and lateral temporal lobes and 
neocortex compared to healthy controls (Wang et al., 2024, Mecca et al., 
2020). Globally lower SV2A expression is also found in PSP and CBD 
patients, even in brain regions without significant grey matter atrophy 
(Holland et al., 2020). However, the prolonged disease course and 
progressive deterioration characteristic of NDDs limit the ability of 
cross-sectional SV2A-PET studies to capture the temporal changes in 
SV2A expression, thereby making longitudinal assessment in disease 
models essential. To assess the longitudinal variation in SV2A expression 
levels and their connection with neuroinflammatory processes, we 
conducted longitudinal [18F]UCB-H PET scans using PS19 mice as a 
model of tauopathy and age-matched wild-type controls, along with 
baseline translocator protein (TSPO, [18F]GE-180) PET scans targeting 
activated microglia and monoamine oxidase B (MAOB, [18F]F-DED) PET 
scans targeting reactive astrogliosis. Moreover, we applied desynchro
nization index-based analysis of SV2A expression to assess the 
inter-regional deviation pattern at different stages. Finally, terminal 
immunohistochemistry was performed to validate the SV2A-PET results. 
We hypothesize that [18F]UCB-H PET may enable tracking of longitu
dinal SV2A expression level alterations and inter-regional pattern de
viation during the progression of tau pathology, and may help explore 
their relationships with tau deposition and early neuroinflammation.

2. Materials and methods

2.1. Animals and study design

The preclinical experiments were approved by the local animal care 
committee of the Government of Upper Bavaria (Regierung Oberbayern, 
approval number: ROB-55.2-2532.Vet_02-19-26) and were conducted in 
accordance with the National Guidelines for Animal Protection, Ger
many, overseen by a veterinarian. All experiments complied with the 
ARRIVE guidelines and the U.K. Animals (Scientific Procedures) Act, 
1986, and associated guidelines, EU Directive 2010/63/EU for animal 
experiments. Animals were housed in a temperature- and humidity- 
controlled environment with a 12 h light–dark cycle, with free access 
to chow (Sniff Spezialdiaeten GmbH, Soest, Germany) in standard 

pellets and water.
The PS19 transgenic mouse model (JAX stock #024841) expresses 

the P301S mutant form of human microtubule-associated protein tau 
with one N-terminal insert and four microtubule binding repeats 
(1N4R), driven by the mouse prion promoter (Prnp) (Yoshiyama et al., 
2007). PS19 mice develop hyperphosphorylated tau in the entorhinal 
cortex and hippocampus by 3 months of age, followed by neurofibrillary 
tangles (NFTs) in the prefrontal cortex and hippocampus at 6 months of 
age, with progressive accumulation. By 9 months of age, they exhibit 
motor deficits and increased frailty, and present with paralysis, inability 
to feed, and severe weight loss at 10 months of age (Yoshiyama et al., 
2007). 8 female PS19 mice and 12 female age-matched C57Bl/6 controls 
underwent longitudinal PET scans as described in Fig. 1 (created in 
BioRender. Li, Y. (2026) https://BioRender.com/ro29ol). Technical 
problems with scan acquisition or an insufficient amount of injected 
radiotracer activity concentration for a few mice led to variations in 
cohort size. These outliers were excluded, but sufficient data points were 
retained for analysis. Four mice from each cohort were randomly 
selected for immunohistochemistry to validate the [18F]UCB-H PET re
sults after the final scan. Mice were deeply anaesthetized and trans
cardially perfused with phosphate buffered saline (PBS). Brains were 
harvested and fixed in 4% paraformaldehyde at 4◦C for 10 h. Then, 
brains were stored at 4◦C in PBS containing 0.02% NaN3 until prepa
ration for staining.

2.2. PET imaging

Radiochemistry, PET image acquisition, and image pre-processing 
followed previously established protocols (Vogler et al., 2023, Ballweg 
et al., 2023, Brendel et al., 2016). Briefly, mice were anesthetized with 
isoflurane before being injected with an average dose of 14.8 ± 1.6 MBq 
[18F]UCB-H, 10.2 ± 2.3 MBq [18F]F-DED, and 13.1 ± 1.2 MBq [18F] 
GE-180. Imaging was performed dynamically 0-60 min p.i. on the 
Mediso NanoScan PET/CT 0-60. In between PET scans at baseline (5.7 
months of age), the mice were resting for at least two days.

2.3. PET image analysis

PET image analysis was performed in PMOD (version 3.5, PMOD 
Technologies, Zurich, Switzerland) as described previously (Overhoff 
et al., 2016). In brief, images were spatially normalized to a template 
and subsequently adjusted to the injected activity and the weight of each 
animal by calculating a standardized uptake value (SUV) (Pike, 2009). 
Based on evidence that spontaneous tau pathology in PS19 mice prop
agates along brain networks and progressively involves neocortex, 
hippocampus, limbic system, and subcortical regions (Ramirez et al., 
2025), we a priori defined the neocortex (92 mm3), hippocampus CA1 (5 
mm3), hippocampus CA3 (7 mm3), amygdala (12 mm3), brainstem (12 
mm3), thalamus (27 mm3), hypothalamus (10 mm3), and cerebellum (12 
mm3) as eight primary hypothesis-driven volumes of interest (VOIs). 
The entorhinal cortex (10mm3), piriform cortex (9 mm3), visual cortex 
(8 mm3), auditory cortex (7 mm3), motor cortex (20 mm3), somato
sensory cortex (16 mm3), and olfactory cortex (22 mm3) were addi
tionally included as seven exploratory cortical subregions to investigate 
potential uptake differences within the neocortex and to provide more 
detailed cortical uptake data. The respective VOIs were defined from the 
Ma-Benveniste-Mirrione atlas aligned on a T1 weighted magnetic reso
nance imaging (T1 MRI) template (Ma et al., 2005, Gnorich et al., 2023). 
To verify the results obtained for the SUV data, we performed an addi
tional analysis using volume-of-distribution (VT) images based on the 
image-derived input function (IDIF) in PMOD, according to a previously 
described method for [18F]UCB-H PET scans, as a tissue-independent 
image analysis (Logan et al., 1990). Therefore, we created a spherical 
VOI with a radius of 2.5 mm in the heart to obtain the blood input curve 
and controlled the maximum error tolerance to 10% between data 
points and the regression line with a threshold of 0% to retain all pixels 
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when modeling dynamic imaging data (Vogler et al., 2023). The thus 
obtained PET-data, both SUV and VT, was transformed to z-scores. In 
addition, we calculated the area under the curve (AUC) of [18F]UCB-H 
SUV z-scores to reflect the SV2A expression levels variation in PS19 and 
C57Bl/6 mice from 8.4 to 11.0 months.

For [18F]UCB-H voxel-wise comparisons between PS19 and C57Bl/6 
mice, we performed statistical parametric mapping (SPM) analysis 
(SPM12, 2016, Wellcome Department of Cognitive Neurology, London, 
UK) implemented in Matlab (MATLAB, 2016) (Brendel et al., 2016). 
Therefore, a two-sample t-test was performed in SPM to compare the 
[18F]UCB-H uptake differences between cohorts at each time point (in
dependence of groups; unequal variance). No grand mean scaling and 
masking were applied. SPM results were displayed at a voxel-wise 
threshold of p < 0.05 (uncorrected) with no extent threshold applied 
and no correction for multiple comparisons; thus, voxel-wise findings 
were considered exploratory.

2.4. Synaptic activity desynchronization index

We calculated the Desynchronization Index (DI), a quantitative 
score, to assess the SV2A expression level synchronization of the PS19 
and C57Bl/6 mice in longitudinal and horizontal comparisons at the 
individual level (Zatcepin et al., 2024). All calculations were performed 
using a custom-made Python script (Numpy and Pandas libraries). 
Briefly, an additional group of 5.3 months old C57Bl/6 mice that un
derwent [18F]UCB-H scan was first used as a reference cohort (n = 37) 
and mean [18F]UCB-H SUV values of all target VOIs were extracted. 
Using these values, we calculated a linear fit between each VOI pair 
(mean of 10000 bootstraps). Next, we extracted mean [18F]UCB-H SUV 
values of the PS19 and C57Bl/6 mice from 5.7 to 11.0 months of age. For 
each individual subject and each VOI pair, we calculated the perpen
dicular distance from that subject’s pair of values to the corresponding 
reference linear fit. Finally, to obtain the DI of a particular VOI, we 
summed up all the perpendicular distances of all the VOI pairs that 
included that VOI.

2.5. Immunohistochemistry

Terminal immunohistochemistry was performed to assess SV2A 
expression level and tau accumulation, validating the [18F]UCB-H PET 
results. The left sagittal hemisphere of four randomly selected mice per 
group was cut into 50 µm thick slices using a vibratome (VT1200S, 
Leica, Germany). Then, we performed free-floating staining of the sec
tions as previously described (Vogler et al., 2023, Xiang et al., 2021, 

Kunze et al., 2025). To this end, two lateral and two medial slices from 
each mouse were incubated at 4◦C overnight in PBS with 0.5% Triton 
X100 and 5% normal goat serum (NGS) containing rabbit polyclonal 
anti-SV2A primary antibody (1:500, Synaptic Systems, 119002), 
chicken polyclonal anti-NeuN primary antibody (1:500, Sigma-Aldrich, 
ABN91), and mouse monoclonal anti-AT8 primary antibody (1:1000, 
Thermo Fisher, MN1020). Furthermore, all slices were incubated for 2 h 
at room temperature with suitable secondary antibodies.

Image acquisition was performed with the THUNDER Imager Tissue 
(Leica Microsystems CMS GmbH, Wetzlar, Germany). The target regions 
involved the neocortex, hippocampus CA1, hippocampus CA3, and 
brainstem for quantifying SV2A signal in the NeuN area coverage. The 
target regions were acquired with a × 63 oil objective, and the z-stack 
consisted of 19 slices with a 0.27 µm step size, covering a total depth of 5 
µm. In addition, we also acquired the overview images stained with 
NeuN and AT8 by using a × 10 objective. In each slice, 2-3 fields of view 
for each region with equal distribution were selected for zoom-in with a 
× 20 objective, and the z-stack consisted of 8 slices with a 0.57 µm step 
size, covering a total depth of 5 µm. The LAS X Software (version 
3.9.1.28433) was used for image pre-processing. Image analysis was 
performed on 16-bit images using ImageJ (version 1.54k) (Schindelin 
et al., 2012) by quantifying the area above a threshold of 35 for assessing 
SV2A in NeuN+ area coverage (%Area) and by quantifying the area 
above a threshold of 20 for assessing AT8+ coverage (%Area).

2.6. Statistics

Statistical analysis of PET and immunohistochemical data was per
formed using GraphPad Prism (version 10.1.2 for Windows, GraphPad 
Software, San Diego, CA, USA). Unless otherwise stated, all statistical 
tests were two-tailed. To define the scope of multiple comparisons, the 
eight primary VOIs and the seven exploratory cortical subregions were 
treated as two independent families of tests. Multiple comparisons were 
controlled using the Benjamini-Hochberg false discovery rate (BH-FDR) 
correction (q = 0.05) within corresponding families of tests. Results with 
q value (BH-FDR-adjusted p value) < 0.05 were considered statistically 
significant, whereas results that did not survive correction were inter
preted descriptively and reported as trends or exploratory findings. Ef
fect sizes were reported as partial eta-squared (ηp2) for mixed-effects 
models and one-way ANOVA, and as Cohen’s d for pairwise compari
sons. For mixed-effects models, we additionally reported conditional R2 

as a model-level index of explained variance.
Longitudinal group differences for [18F]UCB-H SUV and VT z-score 

were statistically evaluated by a two-way mixed-effects model (fixed 

Fig. 1. The flow chart shows the study design. [18F]UCB-H PET scans were performed at 5.7, 8.4, 10.0, and 11.0 months of age, [18F]F-DED and [18F]GE-180 PET 
scans were performed at 5.7 months to assess baseline reactive gliosis. For additional PET-data analysis, the desynchronization index (DI) was calculated for each 
brain region. After the last PET-scan at 11.0 months of age, mice were perfused and four mice from each cohort were randomly selected for terminal immuno
histochemical analysis. Abbreviations: BL, baseline; FU, follow-up; DI, desynchronization index.
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effects: genotype, time, and genotype × time; random intercept: indi
vidual animal). The primary inferential test was the genotype × time 
interaction, used to assess longitudinal uptake trajectory differences 
between PS19 and C57Bl/6 mice.

To characterize phase-specific features of changes in [18F]UCB-H 
uptake, three adjacent intervals based on the scan time points were 
defined (5.7-8.4 months of age, 8.4-10.0 months of age, and 10.0-11.0 
months of age). In PS19 mice, the slopes of the different time intervals 
of [18F]UCB-H SUV z-scores were treated as repeated measures out
comes to test the overall interval effect using a one-way mixed-effects 
model (fixed effects: time; random intercept: individual animal). Pre
defined adjacent interval comparisons were then performed to localize 
the timing and direction of slope changes as pre-specified contrasts in 
the same mixed effects model.

An unpaired t-test was applied to examine the differences between 
PS19 and C57Bl/6 mice at 11.0 months of age in [18F]UCB-H uptake, 
SV2A expression levels in the NeuN+ area, and tau accumulation with 
AT8+.

Pearson's correlation coefficient was used to determine the associa
tion between [18F]UCB-H uptake and tau accumulation at 11.0 months 
of age, as well as the association between SV2A expression level varia
tion degrees and baseline reactive gliosis. Spearman correlation was 
performed when the data did not follow a Gaussian distribution.

The DI differences between genotypes at different time points were 

assessed by unpaired t-tests. Raw p-values from these tests were subse
quently BH-FDR adjusted (q = 0.05), treating all genotype comparisons 
across all time points within the corresponding VOI as a single family of 
tests. Principal component analysis (PCA) was performed based on VOIs 
showing significant DI differences between PS19 and C57Bl/6 mice at 
10.0 or 11.0 months after BH-FDR correction, and the first principal 
component (PC1) was compared across groups using one-way ANOVA, 
followed by unpaired t-tests with BH-FDR correction across all pairwise 
comparisons. These statistical processes were performed using Python 
3.7 (Scikit-learn library).

3. Results

3.1. [18F]UCB-H PET signal increase before it decreases in most brain 
regions in PS19 mice

A significant genotype × time interaction was observed for SV2A 
expression levels as measured by [18F]UCB-H SUV z-scores in the 
neocortex (q = 0.047) and hippocampus CA3 (q = 0.022), surviving BH- 
FDR correction across the eight primary VOIs, indicating differential 
longitudinal changes between PS19 and C57Bl/6 mice (Figs. 2B, 3B and 
Supplemental Table 1). In exploratory analyses of cortical subregions, a 
significant genotype × time interaction was also observed in the ento
rhinal cortex (q = 0.041) and somatosensory cortex (q = 0.037) after 

Fig. 2. (A) SPM images show differences in SV2A expression level between PS19 and C57Bl/6 mice in the neocortex, hippocampus CA1, brainstem, thalamus, 
hypothalamus, and cerebellum at 5.7, 8.4, 10.0, and 11.0 months of age, with a substantial increase (depicted in red) before a decrease (depicted in blue) in PS19 
mice. The coronal and sagittal planes of target VOIs are projected on a mouse brain MRI atlas. (B) Two-way mixed-effects model analysis of [18F]UCB-H SUV z-scores 
of PS19 and C57Bl/6 mice at 5.7, 8.4, 10.0, and 11.0 months of age. Significance levels is BH-FDR-adjusted p value < 0.05 (*).
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BH-FDR correction within the subregions family of tests (Supplemental 
Fig 1 and Supplemental Table 1).

In PS19 mice, slope analyses across the different time intervals 
revealed significant overall time effects in the neocortex (q = 0.001), 
hippocampus CA1 (q = 0.004), hippocampus CA3 (q = 0.012), brain
stem (q = 0.015), thalamus (q = 0.004), hypothalamus (q = 0.005) and 
cerebellum (q = 0.004), indicating phased alterations in [18F]UCB-H 
uptake. Among cortical subregions, the piriform cortex (q = 0.001), 
visual cortex (q = 0.004), auditory cortex (q = 0.001), motor cortex (q <
0.001), somatosensory cortex (q < 0.001), and olfactory cortex (q =
0.005) also showed significant overall time effects, consistent with the 
phased pattern observed in the neocortex (Table 1). [18F]UCB-H PET 
imaging and adjacent interval slope comparisons suggested a substantial 
increase trend between 8.4 and 10.0 months of age (+8.1% ± 3.0%) in 
the neocortex (q = 0.053), hippocampus CA1 (q = 0.056), brainstem (q 
= 0.301), thalamus (q = 0.053), hypothalamus (q = 0.053), and cere
bellum (q = 0.323), followed by a rapid decline from 10.0 to 11.0 
months of age (-18.4% ± 4.7%) (neocortex: q = 0.053; hippocampus 
CA1: q = 0.053; brainstem: q = 0.098; thalamus: q = 0.053; hypothal
amus: q = 0.053; cerebellum: q = 0.053); however, none of these 
interval-specific changes remained statistically significant after BH-FDR 
correction. In exploratory cortical subregion analyses, the uptake 
alteration with an initial increase followed by a decrease was significant 
in the piriform cortex (both increase and decrease q = 0.033) and the 
somatosensory cortex (both increase and decrease q = 0.033). The 
motor cortex also showed a significant decrease from 10.0 to 11.0 
months of age (q = 0.033) (Fig. 2A and Supplemental Table 2). In 
contrast, the hippocampus CA3, amygdala, and entorhinal cortex 
showed a more continuously decreasing pattern (-8.8% ± 4.8%) from 
5.7 to 11.0 months of age, but this did not survive BH-FDR correction 
(Fig. 3A and Supplemental Table 2).

The SV2A expression levels showed a trend toward reduction in PS19 
mice compared with C57Bl/6 controls across the primary VOIs at 11.0 
months of age (-8.7% ± 3.1%). After BH-FDR correction, none of the 
regional differences reached statistical significance (neocortex: q =
0.079; hippocampus CA1: q = 0.079; hippocampus CA3: q = 0.056; 
amygdala: q = 0.077; brainstem: q = 0.079; thalamus: q = 0.077; 

hypothalamus: q = 0.079; cerebellum: q = 0.146). In the exploratory 
cortical subregions, similar decreases in SV2A expression were observed 
at 11.0 months of age across subregions (-6.6% ± 3.0%), though none 
survived correction (Supplemental Fig 2).

To address potential limitations of SUV in small animal PET, we 
analyzed the [18F]UCB-H PET data using SV2A volume of distribution 
(VT) images to normalize for the activity concentration in the blood as an 
additional tissue-independent normalization approach. Similar patterns 
of initially elevated and subsequently decreased [18F]UCB-H VT were 
observed in the neocortex, hippocampus CA1, thalamus, hypothalamus, 
and cortical subregions. [18F]UCB-H VT persistently decreased in the 
hippocampus CA3 and amygdala with a noticeable reduction in the 
entorhinal cortex at 10.0 months of age. These VT findings were 
consistent with the SUV results trendwise (Supplemental Fig 3). How
ever, the differences did not reach statistical significance, likely due to 
the high natural variance of IDIF-based VT computation.

3.2. The desynchronization index based on [18F]UCB-H PET signal shows 
longitudinal deviation from a reference-derived normative inter-regional 
SV2A expression pattern in PS19 mice

To allow network level analysis, we calculated the desynchroniza
tion index (DI) for the SV2A expression level in PS19 and C57Bl/6 mice 
at different time points. Therefore we performed the calculations at the 
hemispheric level. The linear fit obtained from the reference cohort 
represented the normative inter-regional relationship between each VOI 
pair. DI is a distance-based and non-directional metric that can only be 
interpreted as the deviation magnitude of SV2A expression levels in 
PS19 and C57Bl/6 mice from the reference. After BH-FDR correction, a 
greater deviation appeared in the left hemisphere, with significant dif
ferences between PS19 and C57Bl/6 mice in the left hippocampus CA3 
and left motor cortex at 10.0 months of age, as well as in the left visual 
cortex and left thalamus at 11.0 months of age. In the right hemisphere, 
significant differences were shown in the entorhinal cortex at both 10.0 
and 11.0 months of age. The bilateral amygdala, hypothalamus, and 
cerebellum exhibited significant differences at 10.0 months of age as 
well (Table 2). After that, principal component analysis (PCA) was 

Fig. 3. (A) SPM images show differences in SV2A expression level between PS19 and C57Bl/6 mice in the hippocampus CA3, amygdala, and entorhinal cortex at 5.7, 
8.4, 10.0, and 11.0 months of age, with a continuous reduction (depicted in blue) in PS19 mice. The coronal and sagittal planes of target VOIs are projected on a 
mouse brain MRI atlas. (B) Two-way mixed-effects model analysis of [18F]UCB-H SUV z-scores of PS19 and C57Bl/6 mice at 5.7, 8.4, 10.0, and 11.0 months of age. 
Significance levels is BH-FDR-adjusted p value < 0.05 (*).
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performed using the combined data from the above VOIs with signifi
cant deviations in SV2A expression to obtain a single read-out for each 
mouse. We obtained highly differentiated principal component 1 
explaining 70.7% of the variance (PC1: F (8, 89) = 19.29, p < 0.0001, 
ηp2 = 0.634) with strong intergroup discrimination ability. SV2A 
expression deviation magnitude indicated by PC1 was consistent with 
SUV z-score findings. Relative to the normative inter-regional pattern, 
PS19 mice showed the greatest deviation at 10.0 and 11.0 months of age 
(Ref. vs. 10.0 m PS19: q = 0.001; Ref. vs. 11.0 m PS19: q = 0.004). In 
PS19 mice, PC1 was significantly larger at 10.0 and 11.0 months of age 
compared with 5.7 months of age (5.7 vs. 10.0 m: q = 0.004; 5.7 vs. 11.0 
m: q = 0.020), and the deviation magnitude at 10.0 months exceeded 
that at 8.4 months (q = 0.032). However, C57Bl/6 mice showed 
measurable deviation from the reference at 5.7, 8.4, and 11.0 months as 
well (all q = 0.004), despite being less pronounced than in PS19 mice. 
PS19 mice exhibited greater PC1 than C57Bl/6 mice at 10.0 and 11.0 
months of age (10.0 m: q = 0.011; 11.0 m: q = 0.038) (Fig. 4 and 
Supplemental Table 3).

3.3. Significant reduction in SV2A expression and tau accumulation is 
confirmed by terminal immunohistochemistry in PS19 mice

Terminal immunohistochemical staining was performed for the 
purpose of PET signal validation and revealed a significant reduction of 

SV2A in NeuN+ area (%Area) in PS19 mice compared to C57Bl/6 ani
mals (neocortex: q = 0.031, Cohen’s d = -2.236; hippocampus CA1: q =
0.012, Cohen’s d = -3.448; hippocampus CA3: q = 0.012, Cohen’s d =
-3.798; brainstem: q = 0.161), confirming the PET results at 11.0 
months of age (Fig. 5). The NeuN staining for mature neurons showed a 
lower signal in PS19 mice than C57Bl/6 controls in the amygdala (q =
0.020, Cohen’s d = -3.087) and thalamus (q = 0.008, Cohen’s d =
-3.980). However, there were no significant group differences in other 
cortical regions, limbic system regions, brainstem, and cerebellum 
(Supplemental Fig 4). AT8 coverage (%Area) was significantly higher in 
the hippocampus CA3 (q = 0.016, Cohen’s d = 6.586) of PS19 mice than 
in C57Bl/6 mice. Furthermore, the tau accumulation as assessed by AT8 
showed a trend towards negative correlation with the SV2A-PET results 
in the primary regions and cortical subregions at 11.0 months of age. 
However, these associations were not statistically significant and should 
be interpreted cautiously due to the small sample size (n = 4) (Fig. 6 and 
Supplemental Fig 5).

3.4. Longitudinal [18F]UCB-H PET signal variation shows a negative 
association with early activated microglia and a disturbed association with 
reactive astrogliosis in PS19 mice compared to wild-type mice

The area under the curve (AUC) of [18F]UCB-H SUV z-scores from 8.4 
to 11.0 months of age was calculated to reflect the SV2A expression level 
alterations. To assess if [18F]GE-180 as marker for activated microglia or 
[18F]F-DED as marker for reactive astrogliosis might display any pre
dictive value, we performed a Pearson's correlation for both neuro
inflammation biomarkers. In PS19 mice, a negative association was 
observed between [18F]GE-180 SUV z-score and [18F]UCB-H AUC in the 
hypothalamus (R = -0.839, p = 0.037) and piriform cortex (R = -0.879, 
p = 0.021). Conversely, the positive associations were observed in the 
neocortex (R = 0.887, p = 0.018), amygdala (R = 0.841, p = 0.036), and 
cerebellum (R = 0.842, p = 0.036), as well as in cortical subregions 
including the piriform cortex (R = 0.822, p = 0.045), entorhinal cortex 
(R = 0.813, p = 0.049), visual cortex (R = 0.886, p = 0.019), auditory 
cortex (R = 0.817, p = 0.047), motor cortex (R = 0.815, p = 0.048), and 
somatosensory cortex (R = 0.918, p = 0.010) in C57Bl/6 mice. 

Table 1 
Slopes of [18F]UCB-H SUV z-scores across the different time intervals in the 
primary VOIs and exploratory cortical subregions in PS19 mice and overall in
terval effect.

VOIs Overall interval effect Time interval slopes (mean ±
SD)

(F(df1, 
df2); q)

ηp2; 
conditional 
R2

Slope 1 Slope 2 Slope 3

Primary ​ ​ ​ ​ ​
Neocortex 32.30 (2, 

18); 0.001
0.782; 0.755 0.04 ±

0.33
0.87 ±
0.82

-3.03 
± 1.22

Hippocampus 
CA1

16.36 (2, 
18); 0.004

0.645; 0.609 -0.01 
± 0.33

0.63 ±
0.76

-2.11 
± 1.45

Hippocampus 
CA3

8.38 (2, 
18); 0.012

0.482; 0.444 -0.16 
± 0.42

0.01 ±
0.88

-2.23 
± 1.76

Amygdala 1.10 (2, 
18); 0.338

0.109; 0.095 -0.15 
± 0.39

-0.14 
± 0.97

-0.88 
± 1.50

Brainstem 6.99 (2, 
18); 0.015

0.437; 0.399 -0.12 
± 0.48

0.30 ±
0.73

-1.32 
± 1.15

Thalamus 16.08 (2, 
18); 0.004

0.641; 0.605 -0.12 
± 0.37

0.53 ±
0.65

-1.96 
± 1.32

Hypothalamus 12.99 (2, 
18); 0.005

0.591; 0.553 -0.18 
± 0.38

0.73 ±
0.76

-1.87 
± 1.53

Cerebellum 9.20 (2, 
18); 0.004

0.505; 0.467 -0.11 
± 0.33

0.24 ±
0.63

-1.05 
± 0.63

Exploratory ​ ​ ​ ​ ​
Piriform Cortex 24.55(2, 

18); 0.001
0.732; 0.700 -0.17 

± 0.36
0.73 ±
0.69

-2.08 
± 1.09

Entorhinal 
Cortex

0.86(2, 
18); 0.403

0.087; 0.076 -0.15 
± 0.45

-0.69 
± 1.05

-0.38 
± 0.94

Visual Cortex 17.61(2, 
18); 0.004

0.662; 0.627 0.27 ±
0.44

1.02 ±
1.06

-3.14 
± 2.22

Auditory 
Cortex

23.78(2, 
17); 0.001

0.725; 0.704 0.12 ±
0.27

0.79 ±
0.88

-2.82 
± 1.52

Motor Cortex 29.55(2, 
18); 
<0.001

0.767; 0.738 0.16 ±
0.45

0.80 ±
0.84

-2.52 
± 1.07

Somatosensory 
Cortex

39.41(2, 
18); 
<0.001

0.814; 0.790 0.14 ±
0.46

1.30 ±
0.97

-3.41 
± 1.42

Olfactory 
Cortex

12.29(2, 
18); 0.005

0.577; 0.539 -0.11 
± 0.36

1.05 ±
1.48

-2.23 
± 1.41

Abbreviations: q, BH-FDR-adjusted p value; ηp2, partial eta-squared; Slope 1-3 
refer to the slopes for 5.7-8.4, 8.4-10.0, and 10.0-11.0 months of age, 
respectively.

Table 2 
VOIs with significant desynchronization index differences between PS19 mice 
and C57Bl/6 controls at 10.0 and 11.0 months of age.

DI (mean ± SD)

PS19 C57Bl/ 
6

T 
value

p q Cohen’s 
d

10.0 months of age ​ ​ ​ ​ ​ ​
Hippocampus 
CA3 LH

4.1 ±
1.1

1.9 ±
0.6

4.032 0.006 0.015 2.250

Amygdala LH 2.5 ±
0.5

1.6 ±
0.2

3.859 0.005 0.030 1.857

Amygdala RH 2.2 ±
0.5

1.3 ±
0.2

4.622 0.002 0.027 2.219

Hypothalamus 2.3 ±
0.2

1.6 ±
0.2

5.865 0.004 0.024 3.950

Cerebellum 3.2 ±
1.0

1.6 ±
0.3

3.785 0.006 0.044 1.786

Entorhinal 
Cortex RH

5.8 ±
1.4

2.0 ±
0.8

5.459 0.001 0.005 2.965

Motor Cortex LH 3.1 ±
0.9

1.6 ±
0.3

3.769 0.006 0.030 1.784

11.0 months of age ​ ​ ​ ​ ​ ​
Thalamus LH 2.7 ±

0.5
1.9 ±
0.3

3.029 0.013 0.035 1.749

Entorhinal 
Cortex RH

4.4 ±
1.2

2.9 ±
0.8

2.771 0.019 0.047 1.600

Visual Cortex LH 2.6 ±
0.5

1.8 ±
0.3

3.424 0.007 0.034 1.977

Cohen’s d is reported as PS19 mice minus C57Bl/6 mice (positive values indicate 
higher DI in PS19 mice). Abbreviations: DI, desynchronization index; p, raw p 
value; q, BH-FDR-adjusted p value; LH, left hemisphere; RH, right hemisphere.
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However, none of the correlations remained significant after BH-FDR correction (Fig. 7A and Supplemental Table 4).

Fig. 4. First principal component (PC1) derives from the VOIs with significant differences in DI. The p value of one-way ANOVA is shown on top. Abbreviations: Ref., 
reference cohort.

Fig. 5. Representative maximum projections of immunohistochemical stainings in the neocortex, hippocampus CA1 and CA3, and the brainstem together with 
immunohistochemical analysis of SV2A expression level in the respective regions of PS19 mice and C57Bl/6 controls. q denotes p-values after correction, whereas p 
denotes raw p-values. Scale bar = 50 μm.
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A significant positive correlation between [18F]F-DED SUV z-score 
and [18F]UCB-H AUC was shown in the brainstem (R = 0.949, q =
0.032) in C57Bl/6 mice. Additionally, the positive association was 
observed in the thalamus (R = 0.895, p = 0.016) and piriform cortex (R 
= 0.878, p = 0.021) in C57Bl/6 mice; however, these associations did 
not survive BH-FDR correction (both q > 0.05). In PS19 mice, the cor
relations across the primary regions and cortical subregions were mostly 
weak and varied widely (R = -0.246 to 0.733), and none were significant 
either before or after BH–FDR correction (Fig. 7B and Supplemental 
Table 5).

4. Discussion

In this study, we performed multi-tracer PET imaging to assess lon
gitudinal SV2A expression changes in a tauopathy mouse model and 
investigated the association of SV2A expression levels, terminal tau 
accumulation, and early neuroinflammation. Our key findings are: (1) 
SV2A expression levels in selected regions change in a phased manner 
rather than along a linear trajectory in PS19 mice, together with greater 
deviation from the reference-derived normative inter-regional pattern 
than in C57Bl/6 mice. (2) The terminal 4R tau pathology is profound 
and shows a trend towards a negative association with SV2A expression 

Fig. 6. Representative maximum projections of immunohistochemical stainings for the overview images (scale bar = 1500 μm) and high-magnification images (scale 
bar = 200 μm) of mature neurons and tau accumulation together with immunohistochemical analysis in PS19 mice, and the correlation between [18F]UCB-H uptake 
and tau accumulation in PS19 mice at 11.0 months of age. q denotes p-values after correction, whereas p denotes raw p-values.
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level loss in PS19 mice. (3) Exploratory correlation analyses suggest that 
the associations between longitudinal variations in SV2A expression 
levels and early neuroinflammation differ between PS19 and C57Bl/6 
mice.

The significant genotype × time interactions remained in the 
neocortex and hippocampus CA3 after BH-FDR correction, indicating 
that longitudinal trajectories indeed differed between PS19 and C57Bl/6 
mice. VT image analysis results verified the main SUV-derived findings 
for [18F]UCB-H in the corresponding regions. Building upon this, we 
analyzed time interval slopes to characterize non-linear temporal tra
jectories and the time windows of SV2A-PET uptake changes in PS19 

mice. The PS19 mice exhibited a sustained decrease in SV2A expression 
levels in the hippocampus CA3, amygdala, and entorhinal cortex. The 
global reduction trend in SV2A-PET uptake was shown in PS19 mice at 
11.0 months of age, consistent with the severe and widespread synaptic 
loss reported in AD, PSP, and CBD patients (Mecca et al., 2020, Holland 
et al., 2020, Bastin et al., 2020). However, compared with the 
age-matched C57Bl/6 controls, the PS19 mice had an upward trend in 
SV2A expression level between 8.4 and 10.0 months of age, followed by 
a rapid decline from 10.0 to 11.0 months of age in the neocortex, hip
pocampus CA1, brainstem, thalamus, hypothalamus, and cerebellum. 
This biphasic pattern of change reached statistical significance in the 

Fig. 7. (A, B) Correlation of SV2A expression level variation (AUC) from 8.4 to 11.0 months with baseline [18F]GE-180 and [18F]F-DED uptake. (C) The overview of 
the correlation between [18F]UCB-H AUC and baseline [18F]F-DED and [18F]GE-180 uptake across the primary VOIs and exploratory cortical subregions by heatmap 
with separated data from PS19 and C57Bl/6 mice. q denotes p-values after correction, whereas p denotes raw p-values. Significance levels are q < 0.05 (*). Ab
breviations: AUC, area under the curve.
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piriform cortex and somatosensory cortex. Given the limited sample size 
in the present study, repeating equivalent slope tests in the C57Bl/6 
mice would increase the burden of multiple comparisons while 
providing limited benefit in explaining disease-related trajectory dif
ferences; therefore, it was not prioritized.

To our knowledge, this study is the first to report elevated SV2A 
expression levels in multiple brain regions in a mouse model of pure tau 
pathology using SV2A-PET imaging. However, this finding contrasts 
with most reports describing reduced SV2A expression levels in patients 
with NDDs (Wang et al., 2024, Mecca et al., 2020, Bastin et al., 2020, 
Chen et al., 2018, Coomans et al., 2021). We initially considered that 
this divergence might be attributable to the long disease duration in 
clinical cohorts, coupled with imaging being conducted at relatively 
advanced stages, such that a transient early increase in SV2A expression 
could be missed. However, available evidence has suggested that 
healthy aging does not lead to significant changes in SV2A expression 
levels (Michiels et al., 2021), and patients with amnesic mild cognitive 
impairment, an early state of dementia, have still shown significantly 
reduced SV2A-PET signals in the temporal lobe and hippocampus (Chen 
et al., 2018, O'Dell et al., 2021, Vanderlinden et al., 2022). Only isolated 
cases have reported focal increases in SV2A binding (Chen et al., 2018). 
A recent study further suggested that longitudinal SV2A expression 
levels may show a positive association with cortical tau burden, yet 
definitive evidence of increased SV2A expression remains lacking (Wang 
et al., 2025). One possible explanation for the transient and phased in
crease in SV2A-PET signals observed here is neuronal hyperexcitability. 
This possibility is biologically plausible because neuronal hyperexcit
ability has been linked to tau progression and cognitive decline (Wilson 
et al., 2023, Robbins et al., 2021), and synaptic vesicle proteins may 
participate in activity-dependent tau release (Tracy et al., 2022). 
Notably, a similar rise in SV2A expression has also been detected in a 
model of pure Aβ pathology (APPSL70), although the peak signal of 
SV2A-PET occurred later than in PS19 mice (11.0 vs 10.0 months) 
(Kunze et al., 2025). This is potentially due to a longer latency period 
between Aβ deposition and the onset of neurodegeneration, or a tighter 
spatiotemporal coupling between tau aggregation and synaptic activity 
(Vanderlinden et al., 2022, Jack et al., 2013, Jansen et al., 2015, Groot 
et al., 2024). It should be emphasized that SV2A-PET reflects synaptic 
vesicle protein levels rather than directly measuring neuronal activity or 
function. Moreover, we lack direct evidence for transient increases in 
SV2A during disease progression, as well as electrophysiological data; 
therefore, the interpretation above should be regarded as speculative.

In this study, the DI is a non-directional distance metric derived from 
linear relationships between VOI pairs in the reference cohort, quanti
fying the magnitude of deviation in SV2A expression levels from the 
normative inter-regional pattern established in reference cohort 
(Zatcepin et al., 2024). It therefore provides no directional information, 
cannot distinguish strengthening, weakening, or reorganization of 
inter-regional relationships, and is limited in capturing potential 
non-linear inter-regional network interactions. Alterations in SV2A 
expression levels are region-selective and stage-dependent 
(Vanderlinden et al., 2022, Luan et al., 2025); thus, such deviations do 
not emerge synchronously across all brain regions. Accordingly, after 
identifying VOIs with significant DI differences, we restricted the PCA 
input to affected regions to reduce noise introduced by unaffected re
gions and to avoid dilution or masking of disease-related deviation 
signals. We acknowledge that this thresholding may introduce selection 
bias and potential circularity. Accordingly, PC1 is presented only as a 
descriptive summary of deviation in affected regions at corresponding 
time points. Future studies with larger cohorts should assess robustness 
and generalizability by predefining VOI sets, sensitivity analyses, 
cross-validation, and unsupervised PCA across all VOIs.

We observed measurable deviations in the inter-regional uptake 
patterns of C57Bl/6 mice relative to the reference, which may reflect 
physiological variation or individual differences during normal ageing. 
However, PS19 mice showed a greater deviation magnitude from the 

reference, most pronounced at 10.0 and 11.0 months of age, exceeding 
that observed in age-matched C57Bl/6 controls. In parallel, longitudinal 
multi-timepoint, multi-region SV2A-PET analyses suggested a potential 
spatiotemporal mismatch in SV2A expression in PS19 mice. It should be 
noted that the non-linear evidence in this study arises primarily from the 
temporal dimension (phased alterations in uptake), whereas quantifi
cation of inter-regional relationships is still based on a linear model. We 
did not directly measure spatiotemporal synchronization or connectiv
ity, and we lack independent validation that DI corresponds to genuine 
network dysfunction. Whether this deviation or mismatch relates to 
specific functional disturbances remains unclear, however, we speculate 
that this deviation or mismatch may relate to neuronal hyperexcitabil
ity, potentially involving more complex network disruptions. Conse
quently, we strictly interpret DI and PC1 as indices of deviation 
magnitude, and we use desynchronization index solely as a label for this 
quantitative measure. Future integration of functional MRI (e.g., time- 
resolved connectivity) (Panda et al., 2022), electrophysiological re
cordings, and spatiotemporal dynamical modeling would help clarify 
the biological meaning of DI.

SV2A expression levels were significantly reduced in PS19 mice at 
11.0 months of age, as assessed by immunohistochemical staining. 
Moreover, these mice showed profound tau accumulation in the hip
pocampus CA3, and the tau pathology burden showed a strong but non- 
significant negative association with SV2A expression levels across most 
brain regions, suggesting progressive disease involvement. However, 
this association was weaker in other regions, particularly in the amyg
dala, hypothalamus, and somatosensory cortex. This attenuated associ
ation likely reflects the spatiotemporal progression of tau pathology. In 
PS19 mice, tau pathology originates in the entorhinal cortex and pro
gresses rostrally, involving the piriform cortex early in disease pro
gression, and subsequently advances to the hippocampus and amygdala, 
with continued accumulation in the limbic system, thalamus, and hy
pothalamus. At later stages, tau pathology extends to deep neocortical 
layers and subcortical nuclei, accompanied by neurodegenerative 
changes (Hurtado et al., 2010). Accordingly, region-specific stage dif
ferences in tau burden may contribute to a heterogeneous association 
between tau and SV2A expression levels. In addition, given the small 
sample size, these correlation estimates are likely unstable and sensitive 
to individual data points and should be interpreted cautiously.

Most studies investigating the relationship between tau accumula
tion and SV2A expression levels in AD primarily focus on clinical pa
tients rather than rodent models. This is mainly because commonly used 
preclinical models, amyloid precursor protein (APP) transgenic mice (e. 
g., APP/PS1, Tg-ArcSwe, APPNL-GF), do not reliably recapitulate the 
proportional 3R/4R tau pathology observed in humans (Yokoyama 
et al., 2022). Although a PS19 × PDAPP double transgenic mouse model 
has been developed and shows a tau spreading pattern similar to that in 
PS19 mice, tau pathology remains predominantly 4R (Hurtado et al., 
2010). To date, mouse models expressing endogenous 3R/4R tau pro
teins can be generated via stereotactic injection or genome editing 
(Hosokawa et al., 2022); however, these models have not yet been used 
to assess differences in SV2A expression. The clinical studies revealed a 
negative correlation between baseline tau burden and SV2A-PET uptake 
across the entire cortex among AD patients (Coomans et al., 2021, Wang 
et al., 2025). An additional study demonstrated a negative association 
between tau accumulation in the entorhinal cortex and SV2A-PET up
take in the hippocampus of AD patients, suggesting that tau pathology 
arising from entorhinal neurons may contribute to synaptic loss in hip
pocampal neurons receiving projections from this region (Mecca et al., 
2022). Other research suggested the synaptic loss pattern was also 
associated with brain network connectivity (Luan et al., 2025). Overall, 
the direct relationship between regional tau accumulation and the 
propagation of synaptic loss remains unclear. Given the substantial 
heterogeneity of tauopathies, SV2A expression levels and alteration 
patterns may differ across distinct tau pathological contexts (4R tau, 
3R/4R tau, or 3R tau). Therefore, there is an urgent need to develop and 
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compare animal models that more accurately reflect the underlying 
mechanisms of the disease.

Quantitative analysis of neuronal staining revealed no significant 
differences in most regions between PS19 and C57Bl/6 mice despite a 
reduction in SV2A expression level, suggesting that synaptic loss and 
degeneration typically precede neuronal loss and that the resulting 
neural network dysfunction is an early event contributing to disease 
progression (Selkoe, 2002, Palop and Mucke, 2010, Henstridge et al., 
2016, Palop and Mucke, 2016).

We found a non-significant negative association between SV2A 
expression variation and the 18 kDa translocator protein (TSPO) 
expression, which is upregulated in activated microglia (Eckenweber 
et al., 2020), in the hypothalamus and piriform cortex. Therefore, we 
speculated that early microglia-related inflammatory signals may show 
a region-specific association with longitudinal SV2A expression level 
changes. Previous studies reported that microglial activation can pro
mote pathological propagation and is related to neurotoxicity 
(Spangenberg et al., 2016, Leyns et al., 2017, Pascoal et al., 2021, Wang 
et al., 2022), and may contribute to neuronal circuit remodeling by 
affecting synaptic homeostasis and sustained inflammatory signaling 
(Dejanovic et al., 2022, Chen et al., 2025, Chia et al., 2025, Hansen et al., 
2018). We previously observed in APPSL70 mice that microglial acti
vation propagated jointly with increasing SV2A expression, more closely 
than reactive astrogliosis did, which may indirectly reflect an associa
tion between activated microglia and excitotoxicity (Kunze et al., 2025). 
However, an opposite correlation pattern was observed in C57Bl/6 
mice. Existing evidence indicates that microglia possess both inflam
matory immune functions and non-inflammatory housekeeping roles, 
and that the microglial activation subtypes show disease stage-specific 
characteristics (Hansen et al., 2018, Hamelin et al., 2016, Deczkowska 
et al., 2020, Kim et al., 2022). On this basis, the TSPO activity detected 
in the early-stage PS19 mice may reflect heterogeneous microglial re
sponses rather than a single disease-related mechanism. It should be 
emphasized that these interpretations are primarily based on correla
tional observations and prior literature, and currently lack direct 
experimental validation.

SV2A expression variation was significantly positively correlated 
with baseline monoamine oxidase (MAO-B) activity, a marker of reac
tive astrogliosis (Ballweg et al., 2023), in the brainstem. However, this 
correlation was primarily contributed by C57Bl/6 mice, with no sig
nificant associations observed across brain regions in PS19 mice. These 
findings suggest that early astrocytic activation may be more closely 
linked to healthy aging than to the disease state. Astrocytes are a crucial 
component of the tripartite synaptic network, involved in maintaining 
glutamate homeostasis and modulating synaptic transmission (Liu et al., 
2021). However, early dysfunction of astrocyte support may also occur 
in disease states. The extensive research indicates that reactive astro
gliosis could lead to impaired neurotransmitter clearance and dysregu
lated Ca2+ (Piacentini et al., 2017), thereby triggering excitotoxicity 
(Song et al., 2018, Gamba et al., 2021, Quincozes-Santos et al., 2021, 
Brandebura et al., 2023) and disrupting synaptic homeostasis 
(Staurenghi et al., 2021, Bhalla et al., 2025). Therefore, although our 
results did not identify a correlation between reactive astrogliosis and 
SV2A expression levels in PS19 mice, and the current evidence is 
insufficient for mechanistic inference, the potential role of reactive 
astrogliosis in driving disease progression warrants further 
investigation.

This study has additional limitations. First, voxel-wise SPM analyses 
were displayed at an uncorrected voxel-level p < 0.05 without multiple- 
comparison correction and should therefore be interpreted as explor
atory. Second, the sample size in this study was relatively modest (PS19: 
n = 8; C57Bl/6: n = 12), but is comparable to that commonly used in 
prior preclinical PET studies (Takkinen et al., 2018, Endepols et al., 
2024). Not all animals contributed usable data at every follow-up time 
point, which reduced the effective sample size at certain time points (n =
4 or 6), thereby decreasing statistical power and increasing estimation 

uncertainty. Although several correlation analyses yielded high corre
lation coefficients, such estimates are unstable and highly sensitive to 
single data points in small samples. Furthermore, SUV may be influ
enced by peripheral metabolism, clearance, and tracer delivery in small 
animal PET studies. However, our key findings were trendwise 
confirmed by VT, which has been described as a more unbiased approach 
(Vogler et al., 2023), across major brain regions. Nevertheless, periph
eral confounding effects on SUV-derived measures cannot be fully 
excluded. Finally, to further investigate the biological basis of the 
observed increase in SV2A expression levels, additional electrophysio
logical studies would be valuable, such as multi-electrode array re
cordings, electroencephalography, and Ca2+ imaging at corresponding 
time points of elevated SV2A expression. We recorded baseline TSPO 
and MAO-B activity to explore whether early activated gliosis is asso
ciated with longitudinal SV2A expression changes and may also have 
predictive value. In this context, conducting further longitudinal 
multi-tracer imaging scans at matched time points or depletion experi
ments of microglia and astrocytes would hold great research value. In 
summary, the interplay among pathology, SV2A-related synaptic alter
ations, and glial activation states reflects a complex and dynamic reg
ulatory network that requires a deeper exploration of the 
spatio-temporal relationships among them.

5. Conclusion

In this multimodal imaging study, [18F]UCB-H PET reflected phased, 
non-linear changes in SV2A expression levels during pathology pro
gression in an animal model of 4R tauopathy, characterized by an in
crease followed by a rapid decrease in selected regions. Meanwhile, 
PS19 mice exhibited a significantly greater deviation from the reference- 
derived normative inter-regional pattern of SV2A expression levels than 
C57Bl/6 mice.

Late-stage 4R tau deposition was profound and tended to show a 
negative association with the loss of SV2A expression levels detected by 
[18F]UCB-H PET in PS19 mice.

Associations of longitudinal SV2A expression variation with TSPO 
and MAO-B PET measures differed between PS19 and wild-type mice, 
with negative trends observed for activated microglia in selected regions 
and disturbed associations with reactive astrogliosis in PS19 mice. We 
thus speculate that the observed increase and deviation magnitude in 
SV2A expression levels may potentially reflect neuronal hyperexcit
ability preceding neurodegeneration, and early microglial-driven 
pruning and astrocytic dysfunction in vulnerable regions may 
contribute to these changes, but causality cannot be inferred.

Concluding, [18F]UCB-H PET provides a feasible approach to 
monitor the dynamic changes of SV2A expression levels in the mouse 
model of primary tauopathy, and inter-regional deviation metrics may 
provide an indirect marker of regional synaptic alterations.
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Benjamini-Hochberg false discovery rate; partial eta-squared, ηp2; 
IDIF, image-derived input function; MAO-B, monoamine oxidase; NDDs, 
neurodegenerative diseases; NFTs, neurofibrillary tangles; PSP, pro
gressive supranuclear palsy; PET, positron emission tomography; PCA, 
principal component analysis; PC1, first principal component; SV2A, 
synaptic vesicle protein 2A; SUV, standardized uptake value; SPM, sta
tistical parametric mapping; TSPO, translocator protein; VOI, volume of 
interest; VT, volume-of-distribution.
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