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Elevated CSF GAP-43 is associated with
accelerated tau accumulation and spread in
Alzheimer’s disease

Nicolai Franzmeier 1,2,3 , Amir Dehsarvi 1, Anna Steward1, Davina Biel1,

Anna Dewenter 1, Sebastian Niclas Roemer 1, Fabian Wagner1, Mattes Groß1,4,

Matthias Brendel 2,4, Alexis Moscoso 3, Prithvi Arunachalam3, Kaj Blennow3,5,

Henrik Zetterberg 3,5,6,7,8,9, Michael Ewers 1,10 & Michael Schöll 3,11,12

In Alzheimer’s disease, amyloid-beta (Aβ) triggers the trans-synaptic spread of

tau pathology, and aberrant synaptic activity has been shown to promote tau

spreading. Aβ induces aberrant synaptic activity, manifesting in increases in

the presynaptic growth-associated protein 43 (GAP-43), which is closely

involved in synaptic activity and plasticity. We therefore tested whether Aβ-

related GAP-43 increases, as amarker of synaptic changes, drive tau spreading

in 93 patients across the aging and Alzheimer’s spectrum with available CSF

GAP-43, amyloid-PET and longitudinal tau-PET assessments. We found that (1)

higher GAP-43 was associated with faster Aβ-related tau accumulation, speci-

fically in brain regions connected closest to subject-specific tau epicenters and

(2) that higher GAP-43 strengthened the association between Aβ and

connectivity-associated tau spread. This suggests that GAP-43-related synaptic

changes are linked to faster Aβ-related tau spread across connected regions

and that synapses could be key targets for preventing tau spreading in Alz-

heimer’s disease.

In Alzheimer’s disease (AD), the accumulation of cerebral amyloid-beta

(Aβ) plaque pathology is assumed to initiate a cascade of pathological

processes, including the expansion of hyperphosphorylated tau

pathology from the temporal lobe to the cortex, thereby driving

neurodegeneration and cognitive decline1,2. From a mechanistic point

of view, in vitro and animal studies suggest that tau pathology spreads

across interconnected neurons,most likely through synapses3,4. In line

with these findings, we and others could previously confirm that the

expansion of tau pathology in AD patients specifically follows the

connectivity pattern of tau epicenters in which tau pathology emerges

first5–8, suggesting that neuronal connections and synapses are the

putative pathways along which tau spreads in AD.

Synaptic activity has been shown to play a crucial role in the trans-

synaptic spreading of tau, where higher synaptic activity and con-

nectivity are associated with accelerated secretion of hyperpho-

sphorylated tau at the synapse and faster trans-synaptic tau spread3.
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Aβ plaques induce aberrant activity in surrounding synapses and may

therefore promote tau spread along neural pathways9–11. Thus, Aβ-

related synaptic changes may be associated with accelerated tau

spreading along connected brain regions in AD.

The growth-associated protein GAP-43, also known as neuromo-

dulin, is apresynaptic protein strongly involved in synaptic plasticity and

neuronal development that is expressed inmedial temporal lobe regions

that are particularly vulnerable to earliest AD-associated tau pathology12.

GAP-43 has been found to play a key role in axonal growth and the

formation of new synaptic connections13; its expression is associated

with neuronal activity and is upregulated in rodent models of epilepsy

with strong hyperexcitatory neuronal activity14. In AD, earlier studies

have consistently found increased levels ofGAP-43 in cerebrospinalfluid

(CSF)15–17, suggesting that CSFGAP-43may captureAβ-relateddeviations

in synaptic integrity and activity. Furthermore, higher CSF levels of GAP-

43 have been associated with worse cognitive performance and faster

symptom worsening in AD, indicating that GAP-43 may be a proxy of

synaptic dysfunction that parallels cognitive decline in the disease16,18.

Given the role of GAP-43 in synaptic remodeling and activity and

the consistent finding of increased levels of CSF GAP-43 in AD, we

hypothesize that elevated GAP-43 and associated synaptic changes

may be linked to facilitated trans-synaptic spread of tau pathology in

AD. However, this hypothesis has hitherto not been systematically

tested in AD patients. To investigate the relationship between Aβ-

related synaptic changes and tau spread across connected brain

regions, we examined cerebrospinal fluid (CSF) levels of growth-

associated protein 43 (GAP-43) in a cohort of 93 patients from the

Alzheimer’s disease neuroimaging initiative (ADNI) dataset, covering

the AD spectrum from cognitively normal to dementia as well as Aβ-

negative cognitively normal controls. All subjects underwent baseline

Aβ-PET and CSF GAP-43 assessments together with longitudinal Flor-

taucipir tau-PET over the course of approximately three years to

robustly determine tau accumulation over time. We further obtained

resting-state fMRI connectivity templates froman independent sample

of 42 healthyADNI controlswithout evidenceofAβor tau pathology to

determine the healthy brain’s connectome along which we modeled

tau spread5,19,20. Using these data, we report that higher baseline CSF

GAP-43 levels are associated with accelerated Aβ-related tau accumu-

lation and that higher CSF GAP-43 levels specifically increase the Aβ-

related spread of tau pathology from local epicenters across func-

tionally connected brain regions. Addressing these questions is key to

better understanding how Aβ and synaptic changes may conjointly

drive tau aggregation and spread, which ultimately triggers neurode-

generation and the development of dementia symptoms.

Results
We included a total of 39Aβ-negativeCNcontrols, 33CNAβ+ and21Aβ

+ patients with AD clinical syndrome (i.e., 18MCI, 3 ADdementia) from

the Alzheimer’s disease neuroimaging initiative (ADNI) database. All

subjects underwent baseline 18F-Florbetapir amyloid-PET to deter-

mine the global amyloid-PET load in centiloids, CSF assessments of

GAP-43, aswell as longitudinal 18F-Flortaucipir tau-PETwith anaverage

follow-up time of 3.21 ± 1.48 years. Tau-PET images were parcellated

into 200 cortical ROIs of the Schaefer atlas21, and intensity normalized

to the inferior cerebellar gray. Longitudinal tau-PET change rates were

determined per ROI using linearmixedmodels with random slope and

intercept in line with our previous studies20,22,23. Group demographics

and clinical characteristics are shown in Table 1. Group demographics

of the healthy control sample used to determine the connectome

template can be found in Supplementary Table 1. Brain surface ren-

derings of baseline tau-PET SUVR and longitudinal tau-PET change

rates are shown in Fig. 1, illustrating elevated cross-sectional tempor-

oparietal tau-PET SUVRs and longitudinal tau-PET increase in 54 Aβ+

patients on the AD spectrum patients vs. absent tau accumulation in

the 39 CN Aβ− controls.

Higher CSF GAP-43 is linked to faster Aβ-related global and
temporal lobe tau accumulation
In thefirst step,we testedwhether higher Aβwas associatedwith faster

tau accumulation in pre-defined summary ROIs that are typically used

to quantify tau-PET24 and whether this association was stronger at

higher CSF GAP-43 levels. To this end, we used linear regression

models and computed the CSF GAP-43 x centiloid interaction on

annual tau-PET change rates using global tau-PET and the temporal

meta-ROI as pre-defined readouts. As hypothesized, we found con-

sistent and significant CSF GAP-43 x centiloid interactions for global

(p = 0.009, Fig. 2A) and temporalmeta-ROIs (p =0.007, Fig. 2B), where

higher CSFGAP-43was associatedwith a stronger association between

centiloid and tau-PET increase over time, suggesting that higher CSF

GAP-43 is indeed linked to faster Aβ-related tau accumulation.

Fig. 1 | Tau-PET. Baseline tau-PET and longitudinal tau-PET change rates stratified

by diagnostic groups. CNCognitively Normal, MCIMild Cognitive Impairment, PET

Positron Emission Tomography, SUVR Standardized uptake value ratio, Aβ

amyloid-beta.
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Detailed model statistics are shown in Table 2. All models were

controlled for age, sex, diagnosis, and CSF p-tau181.

Elevated CSF GAP-43 is associated with faster amyloid-related
tau spreading across connected brain regions
Next, we specifically investigated whether elevated CSF GAP-43 was

linked to stronger tau accumulation in brain regions closely connected

to a given patient’s tau epicenter (i.e., regions inwhich tau pathology is

assumed to emerge first), and whether this effect weakened across

regions that are less connected to the tau epicenter to recapitulate

connectivity-associated tau spread across the brain. To this end, we

modeled individual tau epicenters as 5% of brain regions with the

highest baseline tau-PET signal and grouped the remaining brain

regions into four quartiles (i.e., Q1-4) depending on their average

template-based connectivity strength to the subject-specific tau epi-

centers. Probability mappings of tau epicenters and Q1-Q4 ROIs are

shown in Fig. 3A, showing that tau epicenters fall predominantly in the

inferior temporal lobe and that Q1 ROIs with the closest connection to

the epicenters cover temporoparietal and frontal tau vulnerable

regions. In contrast, Q4 ROIs with the least connectivity to the tau

epicenter cover primary visual and sensorimotor cortices, i.e., regions

that accumulate tau very late in AD. When using these subject-specific

Q1-Q4 ROIs to determine the effects of CSF GAP-43 on Aβ-related tau

accumulation, we, again, detected a significant centiloid x CSF GAP-43

interaction for Q1 (p =0.004, Fig. 3B) and Q2 (p =0.009, Fig. 3C),

which became statistically non-significant for Q3 (p =0.080, Fig. 3D)

and Q4 (p = 0.344, Fig. 3E). In line with these results, the variance

explained by the models (i.e., marginal R2) in annual tau-PET change

rates, gradually weakened across Q1-Q4 ROIs (see Table 2). The same

analyses were repeated across different connectivity density thresh-

olds for modeling tau spread, yielding consistent results (Supple-

mentary Table 2). As for the models on global and temporal meta ROI

tau-PET, all linear models were controlled for age, sex, diagnosis,

p-tau181. Together, these analyses suggest that CSF GAP-43 is linked to

stronger Aβ-related tau spreading from regional tau epicenters to the

most strongly connected regions, whereas this effect weakened across

regions that were less connected to the tau epicenter, suggesting that

GAP-43 specifically drives the spread of tau across connected brain

regions.

To further illustrate the effect of CSF GAP-43 on tau accumulation

rates across theQ1-Q4ROIs, we comparedROI-specific tau-PET change

rates stratified by high vs. low CSF GAP-43 defined by median split in

the subsample of 54 Aβ+ subjects that are on the AD trajectory

(Fig. 4A). In line with the previous analyses, we found consistently

higher tau-PET ROCs in the Aβ+ subjects with above median CSF GAP-

43 levels vs. Aβ+ subjects with below median CSF GAP-43 levels for Q1

(F = 10.592, p =0.0022, Cohen’s d =0.805), Q2 (F = 10.135, p =0.0027,

Cohen’s d =0.793), Q3 (F = 10.004, p = 0.0028, Cohen’s d =0.841) and

Q4 (F = 6.217, p =0.0165, Cohen’s d =0.619).

Higher CSF GAP-43 is associated with a stronger association
between tau epicenter connectivity and tau accumulation
patterns
Finally, we investigated whether higher CSF GAP-43 was specifically

related to faster connectivity-associated tau spreading in the presence

of elevated Aβ. To this end, we assessed the template-based functional

connectivity pattern of subject-specific tau epicenters (i.e., 5% of ROIs

with the highest baseline tau-PET) to the remaining 95%of brain regions

and tested whether the epicenter connectivity pattern was associated

with the tau-PET accumulation pattern in the rest of the brain using

linear regression for each subject. We hypothesized that brain regions

that are more closely connected to the tau epicenters (i.e., which show

shorter connectivity-based distance) exhibit greater tau-PET change

than regions that aremore weakly connected to the tau epicenters (i.e.,

which show higher connectivity-based distance), resulting in a negative

regression slope. As expected, the resulting regression-derived beta-

values were overall negative (T = −7.8103, p <0.001, indicating that

regions closely connected to subject-specific tau epicenters have faster

tau accumulation) and becamemore negative at higher centiloid levels,

suggesting that connectivity-associated tau spread can be observed

particularly at higher Aβ levels (B = −0.00351, CI = [−0.00537;−0.00165],

p <0.001). However, we found a significant centiloid x CSF GAP-43

interaction on these beta-values of connectivity-associated tau spread,

where higher CSFGAP-43 strengthened the association betweenAβ and

epicenter connectivity-associated tau accumulation (Fig. 4B, p =0.037).

These findings suggest that higher CSF GAP-43 is associated with

strongerAβ- and connectivity-related tau spread. As donepreviously, all

models were controlled for age, sex, diagnosis and p-tau181.

Discussion
The key aim of this combined neuroimaging and biofluid biomarker

study was to investigate whether synaptic changes are associated with

accelerated tau spreading in AD, thereby contributing to disease pro-

gression. Supporting this, our main findings were that higher levels of

the presynaptic protein GAP-43 in the CSF typically increased in AD

patients18,25, are associatedwith faster Aβ-related tau accumulation and

spreading across connected brain regions. Specifically, the effect of Aβ

on tau accumulation was increased at higher CSF GAP-43 levels, par-

ticularly in those brain regions that are most closely connected to

patient-specific epicenters of highest baseline tau pathology. Further,

the connectivity patterns of tau epicenters aligned more closely with

longitudinal tau accumulation patterns in patients with both high PET-

assessed Aβ and CSF GAP-43, suggesting that elevated CSF GAP-43

specifically promotes the Aβ-associated spreading of tau from local

epicenters across connected regions. Together, our findings indicate

that higher CSF GAP-43 is associated with faster Aβ-related tau accu-

mulation and connectivity-mediated spread in AD, rendering synaptic

changes as a potential target for attenuating tau accumulation in AD.

Our key finding of higher GAP-43 being related to accelerated tau

accumulation in AD supports a mechanistic model of AD pathophy-

siology in which synaptic changes are critically involved in the

Table 1 | Sample characteristics

CN Aβ

− (n = 39)

CN Aβ

+ (n = 33)

MCI/Dementia

Aβ+ (n = 21)

p-value

Age 72.8 ± 5.06 76.6 ± 6.36 77.9 ± 7.06 0.003

Sex

(female/

male)

29/19 23/10 8/13 0.063

Centiloid 8.67 ± 7.12 67.6 ± 41.8 69.2 ± 32.5 <0.001

CSF GAP-43 4780 ± 2220 5570 ± 3820 5560 ± 3070 0.473

CSF p-tau181 19.1 ± 6.79 27.1 ± 13.3 31.5 ± 18.6 <0.001

Tau glo-

bal SUVR

1.05 ±0.070 1.11 ± 0.092 1.13 ± 0.137 0.002

MMSE 29.1 ± 1.05 28.6 ± 1.85 26.3 ± 2.89 <0.001

ADAS13 7.52 ± 4.14 8.35 ± 5.56 16.9 ± 8.94 <0.001

Tau-PET fol-

low-up years

3.72 ± 1.58 2.93 ± 1.23 2.71 ± 1.42 0.014

Number of

tau-PET visits

2.79 ± 1.13 2.88 ±0.893 2.81 ± 0.928 0.491

Group comparisons were assessed using ANOVAs for continuous or Chi-squared tests for

categorical variables, using two-sided alpha thresholds of 0.05without adjustments formultiple

comparisons. For Continuous measures, means and standard deviations are shown, for cate-

gorical measures, absolute numbers are shown.

MMSEMini Mental State Exam, ADAS13 Alzheimer’s disease Assessment scale, CSF cere-

brospinal fluid, p-tau phospho tau 181, GAP-43 growth-associated protein 43, PET positron

emission tomography.
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Aβ-associated spreading of tau pathology, i.e., the key driver of neu-

rodegeneration and cognitive decline in AD2,26,27. This model builds on

in vitro, animal and post-mortem data, showing that (1) tau spreads

across synapses in an activity-dependent manner9,10,28–30 and (2) Aβ

induces synaptic hyperactivity and synaptic dysfunction by attenuat-

ing glutamate re-uptake and reducing the sensitivity to GABA31,32.

Congruently, patient studies have reported a higher prevalence of

subclinical epileptiform brain activity related to Aβ deposition and

APOE ε4 carriage33,34 as well as Aβ-related hyperactivity and hyper-

connectivity on EEG and resting-state fMRI14,35, providing converging

evidence that Aβ induces a hyperexcitatory shift in neuronal activity.

GAP-43 has been implicated in presynaptic vesicle cycling and its

expression and serum levels are upregulated in hyperexcitatory con-

ditions such as epilepsy14,35 and GAP-43 CSF levels increase in AD

already at preclinical stages18,25. Further, inhibition of GAP-43 has been

shown to drastically reduce synaptic glutamate release36,37, together

supporting a key role of GAP-43 in neurotransmitter release and

synaptic activity, which might be exacerbated in AD38. Thus, CSF GAP-

43 increases in AD may mirror Aβ-induced hyperexcitatory synaptic

changes39, yet this remains to be specifically tested in future studies

combining electrophysiological measures of neuronal activity with

soluble GAP-43 measures in AD patients and/or AD model systems.

Aβ-related synaptic changes toward hyperexcitatory activity may

putatively drive tau spreading in AD since higher neuronal activity has

been shown to induce faster neuronal tau secretion, ensuing trans-

synaptic propagation of seeding competent tau in vitro and in animal

models3,40–42. Similarly, AD patient studies have shown that hyper-

phosphorylated tau (p-tau) is actively secreted to the CSF in the pre-

sence of Aβ43, potentially due to Aβ-induced neuronal

hyperexcitability10,11. Further, we found previously that higher CSF

p-tau predicts faster spreading of tau across connected brain regions,

supporting the view that secretion of Aβ-related p-tau contributes to

tau spreading20,44. Our current results extend these previous findings

and provide further support for a specific role of synaptic changes in

connectivity-dependent tau spreading using actual ADpatient imaging

and biomarker data. In particular, our findings of elevated GAP-43

being specifically related to Aβ-associated tau accumulation in brain

regions that weremost strongly connected to the initial temporal lobe

Table 2 | Centiloid x CSF GAP-43 interaction

Tau-PET ROC ROI Estimate 95%CI T-value P Model marginal R2

Pre-defined ROIs Global 0.0002 0.0000–0.0003 2.685 0.009 0.378

Temporal meta 0.0003 0.0001–0.0005 2.757 0.007 0.524

Personalized ROIs Q1 0.0002 0.0001–0.0004 2.926 0.004 0.404

Q2 0.002 0.000–0.003 2.661 0.009 0.363

Q3 0.0001 −0.00001 to 0.0002 1.771 0.080 0.282

Q4 0.0000 −0.00001 to 0.0001 0.952 0.344 0.231

Statistical indices were derived from linear regression models and displayed the centiloid by CSF GAP-43 interaction on tau-PET change rates in different ROIs.

GAP-43 growth-associated protein 43, PET positron emission tomography, CI confidence interval.

Fig. 2 | GAP-43 is associated with faster amyloid-related tau accumulation in

meta ROIs. Scatterplots illustrating the interaction between amyloid-PET (i.e.,

centiloid) and CSF GAP-43 levels on tau-PET changes in a global cortical ROI (A), as

well as in a temporal meta ROI (B). Regressionmodels were corrected for age, sex,

diagnosis, and CSF p-tau181. Note that all interactions were computed using con-

tinuous GAP-43 measures across the entire study cohort (N = 93), median split was

only performed for visualization. β-values reflect standardized regression weights.

All T- and two-sided p-values were derived from linear regression. Linear model fits

(i.e., least squares line) are indicated together with 95% confidence intervals dis-

played as error bands. Source data are provided as a Source Data file. PET Positron

Emission Tomography, SUVR Standardized uptake value ratio, CSF cerebrospinal

fluid, GAP-43 Growth-associated protein 43.
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epicenters of tau pathology suggest that synaptic changes do not

simply lead to brain-wide and diffuse tau accumulation but specifically

facilitate tau spreading across connected brain regions18. Of note, all

associations between CSF GAP-43 and faster Aβ-related tau accumu-

lation and spread were statistically independent of p-tau181, which we

previously showed to mediate the association between Aβ and tau

accumulation20. CSF p-tau levels are correlated with CSF GAP-4318,

which further supports the view that GAP-43-related synaptic changes

may foster the secretion of p-tau in AD. Here, an important next step

will be to further determine the complex timing and interplay of p-tau

and synaptic biomarker changes, PET-assessed tau accumulation and

changes in neuronal activity and connectivity45. As an alternative
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explanation, GAP-43 and p-tau maymirror higher Aβ-related neuronal

activity and metabolism, which may lead to overall higher transcrip-

tional and translational activity of GAP-43 and tau, ensuing faster local

tau aggregation independent of trans-synaptic spread46. Yet, our

findings of GAP-43, specifically promoting the spread of tau across

connected brain regions, speak against this hypothesis. Alternatively,

GAP-43 may also passively increase following AD-related synaptic

degeneration and therefore parallel tau spreading. However, synaptic

biomarker studies have shown simultaneous increases and decreases

of different synaptic proteins, suggesting that synaptic biomarker

changes are more complex47. Thus, it will be important for future

studies to address these open questions and potential alternative

explanations in order to develop a better mechanistic understanding

of AD pathophysiology and progression beyond Aβ and tau and to

identify potential therapeutic targets to prevent tau spreading.

Several limitations should be considered when interpreting the

results of the current study. First, our findings are limited to the

synergistic contribution of synaptic marker CSF GAP-43 abnormalities

on Aβ-related tau accumulation, while CSF increases in numerous

other synapticmarkers have been reported previously in AD, including

SNAP-25, synaptotagmin-1 or neurogranin25,47. We specifically focused

on GAP-43 due to its strong presynaptic expression, which might be

particularly relevant for the putative anterograde direction of tau

spreading3 and due to its role in synaptic signaling and neuronal

activity14,35, whichweconsidered critical for translating in vitro findings

of activity-dependent tau spreading across connected neurons to

human data3,40–42,48. Nevertheless, a breadth of other CSF synaptic

biomarker increases have been shown in AD patients but their specific

mechanistic meaning and contribution to AD pathophysiology

remains elusive, including a dedicated analysis of the underlying

mechanisms that drive CSF GAP-43 increases in AD15,16,18,47,49. Also, no

other synaptic biomarker beyondGAP-43 is currently available in close

enough proximity to longitudinal tau-PET assessments in open-access

datasets such as ADNI, which clearly limits the study of synaptic

changes in tau spreading in AD. Measuring these biomarkers in future

studies or in potentially available ADNI biosamples would be critical

since we believe that synaptic CSF or PET imaging biomarkers hold

high potential to specifically determine the role and contribution of

presynaptic and post-synaptic changes to the progression of AD

pathophysiology, neurodegeneration and symptom manifestation.

Specifically, the combination of multiple markers of synaptic changes

and primary AD pathophysiology (i.e., Aβ and tau) will be critical in

determining a more mechanistic disease model and help identify

whether and how amyloid-associated pre- or post-synaptic changes

contribute to tau spreading and how tau induces synaptic

degeneration47. To this end, it will be particularly important to also

elucidate the exact molecular and biological meaning of synaptic

biomarkers and their respective increases/decreases in biofluids or on

PET imaging to allow drawing biological conclusions about their spe-

cific involvement in the AD pathophysiological cascade50. Of note, our

study did not report significant increases in CSF GAP-43 related to Aβ

positivity in the current studydespite numerically higherGAP-43 levels

in Aβ+ subjects in the current sample. This lack of statistical sig-

nificance is potentially related to the lower sample size (N = 93) of the

current study compared to a previous study reporting this group

Fig. 4 | Tau spreading across connected regions is accelerated athigherGAP-43

levels.Boxplots illustrating the effect of GAP-43 levels on tau-PET increase inQ1-Q4

ROIs in the Aβ+ subjects (N = 54) (A). Scatterplot (B), illustrating the interaction

between amyloid-PET (i.e., centiloid) and CSF GAP-43 on connectivity-based tau

spreading (y-axis) in the entire study cohort (N = 93). Regression and ANCOVA

models were corrected for age, sex, diagnosis and CSF p-tau181. Note that interac-

tions for Panel B were computed using continuous GAP-43 measures and that the

median split was performed only for visualization. β-values reflect standardized

regression weights. All T- and two-sided p-values were derived from linear regres-

sion. Linear model fits (i.e., least squares line) are indicated together with 95%

confidence intervals. Boxplots are displayed as median (center line) ± interquartile

range (box boundaries) with whiskers including observations falling within the 1.5

interquartile range. Source data are provided as a Source Data file. PET Positron

Emission Tomography, SUVR Standardized uptake value ratio, CSF cerebrospinal

fluid, GAP-43 Growth-associated protein 43.

Fig. 3 | GAP-43 is associated with faster amyloid-related tau spreading. Illus-

tration of determining subject-specific ROIs for tau accumulation using tau

epicenter-based connectivity (A). Scatterplots illustrating the interaction between

Aβ-PET (i.e., centiloid) and CSF GAP-43 on tau-PET changes in connectivity-derived

ROIs across the entire study cohort (N = 93), ranging from regions that are closely

connected to subject-specific tau epicenters (Q1, Panel B) to regions that are less

strongly connected to subject-specific tau epicenters (Q2-Q4, Panels C–E). Tau

epicenters were defined as 5% of brain regions with the highest baseline tau-PET

SUVRs. Connectivity was derived using a connectome template based on 3Tmulti-

band resting-state fMRI data from healthy controls. Regression models were cor-

rected for age, sex, diagnosis, and CSF p-tau181. Note that all interactions were

computed using continuous GAP-43 measures, median split was only performed

for visualization. β-values reflect standardized regression weights. All T- and two-

sided p-values were derived from linear regression. Linear model fits (i.e., least

squares line) are indicated together with 95% confidence intervals as error bars.

Source data are provided as a Source Data file. PET Positron Emission Tomography,

SUVR Standardized uptake value ratio, CSF cerebrospinal fluid, GAP-43 Growth-

associated protein 43.
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difference in the ADNI cohort (N = 786)18. In addition, it will be critical

to validate our findings in other datasets, yet no suitable replication

dataset was available to the authors at the time of data analysis. Fur-

ther, we used a resting-state fMRI template based on healthy controls

tomodel tau spreading in linewith our previous studies20,51, since high-

quality resting-state fMRI data was not consistently available across all

patients included in the current study. Therefore, we were not able to

determine whether CSF GAP-43 increases may explain previous

reports ofAβ-relatedhyperconnectivity andwhether increases in inter-

regional connectivity promote the spreading of tau52. However, once

larger AD patient datasets with high-quality resting-state fMRI and

biomarker data become available, addressing this question will be

critical in helping us better understand how Aβ, synaptic and con-

nectivity changes relate to tau spreading.

In conclusion, the current results suggest a key involvement of

synaptic changes related to GAP-43 in Aβ-related tau spreading. Our

results highlight that the link between Aβ and tau spreading may be

linked to synaptic changes and potentially synaptic activity, rendering

synaptic changes as promising targets for further research45,50. Ulti-

mately, synapses are considered the pathway for the spreading of tau

pathology in AD3, hence a better understanding of how synapses and

synaptic changes contribute to this process will be critical to develop

targeted therapies for attenuating tau spreading to prevent down-

stream neurodegeneration and cognitive decline.

Methods
All research complies with ethical regulations for human subjects.

Ethical approval was obtained by each respective ADNI site, and writ-

ten informedconsentwas collected fromall participants in accordance

with the declaration of Helsinki.

Sample
We included 93 ADNI participants based on the availability of long-

itudinal flortaucipir tau-PET (i.e., at least one follow-up flortaucipir-

PET visit), baseline florbetapir Aβ-PET and baseline CSF GAP-43

measures. All subjects were classified as Aβ-positive or -negative

(Aβ+/−) based on an established global florbetapir Aβ-PET threshold

(SUVR > 1.11)53. ADNI investigators assessed and diagnosed subjects

as either cognitively normal (CN; Mini Mental State Examination

[MMSE] ≥ 24, Clinical Dementia Rating [CDR] = 0, non-depressed),

mildly cognitively impaired (MCI; MMSE ≥ 24, CDR = 0.5, objective

memory-impairment on education-adjusted Wechsler Memory Scale

II, preserved activities of daily living) or demented (MMSE = 20-26,

CDR > 0.5, NINCDS/ADRDA criteria for probable AD). The sample

included 39 Aβ− CN subjects and 54 Aβ+ individuals covering the AD

spectrum: (CN/MCI/Dementia n = 33/18/3), Aβ− subjects with a

diagnosis other than CN were excluded owing to suspected non-AD

pathology (i.e., SNAP).

CSF measurements
CSF GAP-43 concentration was measured at the University of

Gothenburg using an in-house enzyme-linked immunosorbent assay as

previously described in detail15,18. CSF p-tau181 levels were determined

using the Elecsys system, as previously reported for ADNI54.

MRI and PET acquisition
Structural MRI was acquired using 3T Siemens, GE and Philips scan-

ners. T1-weighted structural scans were collected using an MPRAGE

sequence (TR = 2300ms; Voxel size = 1 × 1 × 1mm); 10-min Resting-

state fMRI data was acquired on 3T Siemens scanners (TR/TE = 3000

ms/90ms). PET data was assessed post intravenous injection of
18F-labeled tracers flortaucipir (collection of 6 × 5min time-frames,

75–105min post-injection) and florbetapir (collection of 4 × 5min

time-frames, 50–70min post-injection); for detailed information, see

http://adni.loni.usc.edu/methods/pet-analysis-method/pet-analysis/.

Neuroimage processing
All images were screened for artifacts before preprocessing. T1-

weighted structural MRI scans were bias-corrected, segmented into

gray matter, white matter and cerebrospinal fluid segments, and non-

linearly warped to Montreal Neurological Institute (MNI) space using

the CAT12 toolbox (https://neuro-jena.github.io/cat12-help/). Dyna-

mically acquired PET images were realigned and averaged to obtain

single flortaucipir/florbetapir images, which were rigidly registered to

the T1-weighted MRI scan. Reference regions (i.e., inferior cerebellar

gray for flortaucipir, whole cerebellum for florbetapir)55, the cortical

Schaefer atlas including 200 regions of interest (ROIs) were warped

from MNI to T1-native space using the CAT12-derived non-linear nor-

malization parameters, masked with subject-specific gray matter and

applied to PET data to determine standardized uptake value ratios

(SUVRs) for each region of the Schaefer 200 atlas21. Tau-PET in the pre-

defined temporal meta ROI was determined as the mean of Braak

stages I, III and IV, based on our previously established mapping of

Schaefer ROIs to Braak-stage ROIs (see Supplementary Data 1)5,56.

Global florbetapir SUVRs were converted to centiloid using equations

provided by ADNI. To determine longitudinal tau-PET change for each

ROI, we employed linear mixed models with tau-PET SUVRs as the

dependent variable and time from baseline as the independent fixed

effect controlling for random slope and intercept as described

previously20,22,23.

Assessment of a functional connectivity template
For the independent sample of 42 cognitively normal controls (see

Supplementary Table 1 for demographics) that were used to generate

the connectome template, resting-state fMRI (i.e., EPI) images were

slice-time andmotion corrected (i.e., realigned to the first volume) and

co-registered to their respective T1-weighted images. Using rigid-

transformation parameters, T1-derived gray matter, eroded white

matter and eroded cerebrospinal fluid (CSF) segments were trans-

formed to EPI space. To denoise EPI images, we regressed out nuisance

covariates (i.e., eroded white matter and eroded CSF time series plus

sixmotionparameters) and applied detrending and band-passfiltering

(0.01–0.08Hz) in EPI native space. To further reduce movement arti-

facts that may compromise connectivity assessment57, we performed

motion scrubbing in which volumes exceeding a 0.5mm frame-wise

displacement threshold were removed, as well as one prior and two

subsequent volumes. All subjects had at least 5min of resting-state

fMRI remaining after scrubbing58. Spatial smoothing was not carried

out to avoid artificially enhancing functional connectivity caused by

signal spilling between adjacent brain regions. Pre-processed rs-fMRI

images were subsequently warped to MNI space using the CAT12-

derived spatial normalization parameters.

Subject-specific functional connectivity matrices were deter-

mined across the 200 ROIs of the Schaefer atlas as Fisher-z-

transformed Pearson moment correlations between ROI-specific

time series. All individual matrices were averaged and thresholded at

30% density, with negative connections excluded, following our pre-

viously established protocol to maximize consistency across

studies5,23. The average functional connectivitywas then converted to a

distance-based connectivity matrix59, where shorter path-lengths

between ROIs represent stronger connectivity, in line with our pre-

vious work5,20. Note that analyses were repeated across different den-

sity thresholds between 10 and 40%, which yielded fully consistent

results (Supplementary Table 2).

Assessment of connectivity-mediated tau spreading
To determine connectivity-associated tau spread, we employed a

previously established approach, defining subject-specific tau epi-

centers as the 10 ROIs (i.e., 5% of ROIs) with the highest baseline tau-

PET SUVRs20. For each subject, we then assessed the seed-based con-

nectivity of these 10 ROIs to the remaining 190 ROIs using the
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connectome template and determined the regression-based associa-

tion between connectivity of the subject-specific tauepicenter and tau-

PET rate of change in the 190 non-epicenter regions as a metric of

connectivity-associated tau spread20. Negativeβ-valueswereexpected,

meaning that stronger connectivity (represented as smaller values

given that connectivity measures were converted to distance-based)

would be associated with greater tau-PET change. From this

connectivity-based analysis, for each participant, we further grouped

the 190 non-epicenter regions into quartiles based on their con-

nectivity to the tau epicenters (Q1 to Q4). The top 25% of regions with

the highest connectivity to the tau epicenters were part of Q1, the

following 25% in Q2, etc. The average tau-PET rate of change in each

quartile was calculated and used in further statistical analyses8,20,51.

Statistics
All analyses were performed using R statistical software (Version

4.0.4). Group demographics were compared between diagnostic

groups (i.e., CN Aβ−, CN Aβ+, AD clinical syndrome) using ANOVAs for

continuous measures and Chi-squared tests for categorical data.

Subject-specific tau-PET change ratesweredetermined byfitting linear

mixed models to ROI-specific tau-PET data, with time from baseline as

a predictor adjusting for random slope and intercept20,22,23. To test

whether higher CSF GAP-43 is associated with accelerated Aβ-related

tau accumulation, we used linear regression models to compute the

CSF GAP-43 x centiloid interaction on annual tau-PET change rates for

the previously described temporalmeta aswell as global cortical ROIs,

controlling for age, sex, diagnosis and CSF p-tau181 (i.e., R linearmodel

equation: Tau-PET change ~ CSF GAP-43 x centiloid + age + sex +

diagnosis + CSF p-tau181)
56.

Next, we examined whether elevated CSF GAP-43 was linked

specifically to connectivity-associated tau accumulation and spread-

ing. To this end, we assessed the CSF GAP-43 x centiloid interaction on

tau-PET change rates in the personalized Q1-Q4 ROIs (i.e., same

equation as above using tau-PET change in Q1 to Q4 ROIs as the

dependent variable). In the subset of Aβ+ participants, we further

compared tau-PET change rates within Q1-Q4 ROIs between subjects

with above and below median CSF GAP-43 using ANCOVAs and

assessedCohen’s d-based effect sizes between above vs. belowmedian

CSF GAP-43 groups (i.e., R ANCOVA equation: Tau-PET change ~ CSF

GAP-43 group [defined by median split] + centiloid + age + sex +

diagnosis + CSF p-tau181).

Lastly, we tested whether tau epicenter connectivity was more

predictive of tau accumulation patterns at higher centiloid and CSF

GAP-43 levels. To this end, we first assessed the subject-level associa-

tion between tau epicenter connectivity and tau accumulation in non-

epicenter ROIs (i.e., R linear model equation per subject: Tau-PET

change ~ connectivity to tau epicenter) and extracted the beta value of

connectivity to determine the degree of connectivity-mediated tau

spreading. Next, we determined the effect of centiloid alone (i.e.,

independent variable) on the regression-derived beta-values (i.e.,

dependent variable) that reflected the association between tau epi-

center connectivity and subject-level tau-PET change rate patterns

defined in the previous step, as well as the centiloid x CSF GAP-43

interaction (i.e., independent variable) on the regression-derived beta-

values (i.e., R linearmodel equation 1: beta value ~ centiloid + age + sex

+ diagnosis + CSF p-tau181; equation 2: beta value ~centiloid x CSF GAP-

43 + age + sex + diagnosis + CSF p-tau181).

All above-described linear mixed models and ANCOVAs were

controlled for age, sex, diagnosis, and CSF p-tau181, as well as random

slope and intercept.We specifically addedCSF p-tau181 as a covariate in

order to adjust for our previously reportedfindings of higherCSFp-tau

being associatedwith accelerated Aβ-related tau spread20. Note that all

results were consistent independent of including p-tau181 as a covari-

ate, hence we report only results with p-tau181 included in the models

here. P-values were considered significant at an alpha of 0.05.

Reporting summary
Further information on research design is available in the Nature

Portfolio Reporting Summary linked to this article.

Data availability
All data used in this manuscript are publicly available from the ADNI

database (adni.loni.usc.edu) upon registration and compliance with

the data use agreement. Source data are available online https://doi.

org/10.6084/m9.figshare.2390541060.

Code availability
Example R code with simulated data can be found on GitHub (https://

github.com/nfranzme/Published/tree/3352111bbe2b5a157561159909

a2ed92bc005994/TauGAP43_CodeRepository).

References
1. Jack, C. R. Jr et al. Tracking pathophysiological processes in Alz-

heimer’s disease: an updated hypothetical model of dynamic bio-

markers. Lancet Neurol. 12, 207–216 (2013).

2. La Joie, R. et al. Prospective longitudinal atrophy in Alzheimer’s

disease correlates with the intensity and topography of baseline

tau-PET. Sci. Transl. Med. 12, eaau5732 (2020).

3. Wu, J. W. et al. Neuronal activity enhances tau propagation and tau

pathology in vivo. Nat. Neurosci. 19, 1085–1092 (2016).

4. Liu, L. et al. Trans-synaptic spread of tau pathology in vivo. PLoS

ONE 7, e31302 (2012).

5. Franzmeier,N. et al. Patient-centeredconnectivity-basedprediction

of tau pathology spread in Alzheimer’s disease. Sci. Adv. 6,

eabd1327 (2020).

6. Franzmeier, N. et al. Functional brain architecture is associatedwith

the rate of tau accumulation in Alzheimer’s disease. Nat. Commun.

11, 347 (2020).

7. Franzmeier, N. et al. Functional connectivity associated with tau

levels in ageing, Alzheimer’s, and small vessel disease. Brain 142,

1093–1107 (2019).

8. Steward, A. et al. Functional network segregation is associatedwith

attenuated tau spreading in Alzheimer’s disease. Alzheimers

Dement. 19, 2034–2046 (2023).

9. Busche, M. A. et al. Critical role of soluble amyloid-beta for early

hippocampal hyperactivity in a mouse model of Alzheimer’s dis-

ease. Proc. Natl Acad. Sci. USA 109, 8740–8745 (2012).

10. Busche, M. A. et al. Clusters of hyperactive neurons near amyloid

plaques in a mouse model of Alzheimer’s disease. Science 321,

1686–1689 (2008).

11. Busche,M.A. &Konnerth, A.Neuronal hyperactivity—a keydefect in

Alzheimer’s disease? Bioessays 37, 624–632 (2015).

12. Kanazir, S. et al. GAP-43 mRNA expression in early development of

human nervous system. Brain Res. Mol. Brain Res. 38,

145–155 (1996).

13. Ng, S. C., de la Monte, S. M., Conboy, G. L., Karns, L. R. & Fishman,

M. C. Cloning of human GAP-43: growth association and ischemic

resurgence. Neuron 1, 133–139 (1988).

14. Nemes, A.D. et al.Growthassociatedprotein 43 (GAP-43) as a novel

target for the diagnosis, treatment and prevention of epileptogen-

esis. Sci. Rep. 7, 17702 (2017).

15. Sandelius, A. et al. Elevated CSF GAP-43 is Alzheimer’s disease

specific and associatedwith tau and amyloid pathology.Alzheimers

Dement. 15, 55–64 (2019).

16. Qiang, Q., Skudder-Hill, L., Toyota, T., Wei, W. & Adachi, H. CSF

GAP-43 as a biomarker of synaptic dysfunction is associated with

tau pathology in Alzheimer’s disease. Sci. Rep. 12, 17392 (2022).

17. Remnestal, J. et al. CSF profiling of the human brain enriched

proteome reveals associations of neuromodulin and neuro-

granin to Alzheimer’s disease. Proteom. Clin. Appl. 10,

1242–1253 (2016).

Article https://doi.org/10.1038/s41467-023-44374-w

Nature Communications |          (2024) 15:202 8



18. Ohrfelt, A. et al. Association of CSF GAP-43 with the rate of cogni-

tive decline and progression to dementia in amyloid-positive indi-

viduals. Neurology 100, e275–e285 (2023).

19. Franzmeier, N. et al. Tau deposition patterns are associated with

functional connectivity in primary tauopathies. Nat. Commun. 13,

1362 (2022).

20. Pichet Binette, A. et al. Amyloid-associated increases in soluble tau

relate to tau aggregation rates and cognitive decline in early Alz-

heimer’s disease. Nat. Commun. 13, 6635 (2022).

21. Schaefer, A. et al. Local-global parcellation of the human cerebral

cortex from intrinsic functional connectivity MRI. Cereb. Cortex 28,

3095–3114 (2018).

22. Franzmeier, N. et al. The BIN1 rs744373Alzheimer’s disease risk SNP

is associated with faster Abeta-associated tau accumulation and

cognitive decline. Alzheimers Dement. 18, 103–115 (2022).

23. Frontzkowski, L. et al. Earlier Alzheimer’s disease onset is associated

with tau pathology in brain hub regions and facilitated tau spread-

ing. Nat. Commun. 13, 4899 (2022).

24. Jack, C. R. Jr et al. Longitudinal tau PET in ageing and Alzheimer’s

disease. Brain 141, 1517–1528 (2018).

25. Mila-Aloma, M. et al. CSF synaptic biomarkers in the preclinical

stage of Alzheimer disease and their associationwithMRI andPET: a

cross-sectional study. Neurology 97, e2065–e2078 (2021).

26. DeVos, S. L. et al. Synaptic tau seeding precedes tau pathology in

human Alzheimer’s disease brain. Front. Neurosci. 12, 267 (2018).

27. Biel, D. et al. Tau-PET and in vivo Braak-staging as prognostic mar-

kers of future cognitive decline in cognitively normal to demented

individuals. Alzheimers Res. Ther. 13, 137 (2021).

28. Zott, B. et al. A vicious cycle of beta amyloid-dependent neuronal

hyperactivation. Science 365, 559–565 (2019).

29. Busche, M. A. & Konnerth, A. Impairments of neural circuit function

in Alzheimer’s disease. Philos. Trans. R. Soc. Lond. B Biol. Sci. 371,

20150429 (2016).

30. Limon, A., Reyes-Ruiz, J. M. & Miledi, R. Loss of functional GABA(A)

receptors in the Alzheimer diseased brain. Proc. Natl Acad. Sci. USA

109, 10071–10076 (2012).

31. Horvath, A. A. et al. Subclinical epileptiform activity accelerates the

progression of Alzheimer’s disease: a long-term EEG study. Clin.

Neurophysiol. 132, 1982–1989 (2021).

32. Lam, A. D. et al. Association of epileptiform abnormalities and sei-

zures in Alzheimer disease. Neurology 95, e2259–e2270 (2020).

33. Devos, H. et al. EEG/ERP evidence of possible hyperexcitability in

older adults with elevated beta-amyloid. Transl. Neurodegener. 11,

8 (2022).

34. Schultz, A. P. et al. Phases of hyperconnectivity and hypo-

connectivity in the default mode and salience networks track with

amyloid and tau in clinically normal individuals. J. Neurosci. 37,

4323–4331 (2017).

35. Ying, Z. et al. Growth-associated protein 43 and progressive epi-

lepsy in cortical dysplasia. Ann. Clin. Transl. Neurol. 1,

453–461 (2014).

36. Dekker, L. V., De Graan, P. N., Oestreicher, A. B., Versteeg, D. H. &

Gispen, W. H. Inhibition of noradrenaline release by antibodies to

B-50 (GAP-43). Nature 342, 74–76 (1989).

37. Hens, J. J. et al. Anti-B-50 (GAP-43) antibodies decrease exocytosis

of glutamate in permeated synaptosomes. Eur. J. Pharm. 363,

229–240 (1998).

38. Neve, R. L. et al. The neuronal growth-associated protein GAP-43

interacts with rabaptin-5 and participates in endocytosis. J. Neu-

rosci. 18, 7757–7767 (1998).

39. Benowitz, L. I. & Routtenberg, A.GAP-43: an intrinsic determinant of

neuronal development and plasticity. Trends Neurosci. 20,

84–91 (1997).

40. Wang, Y. et al. The release and trans-synaptic transmission of tau via

exosomes. Mol. Neurodegener. 12, 5 (2017).

41. Brunello, C. A., Merezhko, M., Uronen, R. L. & Huttunen, H. J.

Mechanismsof secretion and spreadingof pathological tau protein.

Cell Mol. Life Sci. 77, 1721–1744 (2020).

42. Yamada, K. et al. Neuronal activity regulates extracellular tau

in vivo. J. Exp. Med. 211, 387–393 (2014).

43. Sato, C. et al. Tau kinetics in neurons and the human central ner-

vous system. Neuron 97, 1284–1298.e1287 (2018).

44. Groot, C. et al. Phospho-tau with subthreshold tau-PET predicts

increased tau accumulation rates in amyloid-positive individuals.

Brain 146, 1580–1591 (2023).

45. Busche, M. A. & Hyman, B. T. Synergy between amyloid-beta and

tau in Alzheimer’s disease. Nat. Neurosci. 23, 1183–1193 (2020).

46. Barton, A. J. et al. Increased tau messenger RNA in Alzheimer’s

disease hippocampus. Am. J. Pathol. 137, 497–502 (1990).

47. Camporesi, E. et al. Fluid biomarkers for synaptic dysfunction and

loss. Biomark. Insights 15, 1177271920950319 (2020).

48. Pooler, A. M., Phillips, E. C., Lau, D. H., Noble, W. & Hanger, D. P.

Physiological release of endogenous tau is stimulated by neuronal

activity. EMBO Rep. 14, 389–394 (2013).

49. Bereczki, E. et al. Synaptic markers of cognitive decline in neuro-

degenerative diseases: a proteomic approach. Brain 141,

582–595 (2018).

50. Colom-Cadena, M. et al. The clinical promise of biomarkers of

synapse damage or loss in Alzheimer’s disease. Alzheimers Res.

Ther. 12, 21 (2020).

51. Franzmeier,N. et al. Patient-centeredconnectivity-basedprediction

of tau patholog spread in Alzheimer’s disease. Sci. Adv. 6,

eabd1327 (2020).

52. Schultz, S. A. et al. Participation in cognitively-stimulating activities

is associated with brain structure and cognitive function in pre-

clinical Alzheimer’s disease. Brain Imaging Behav. 9,

729–736 (2015).

53. Landau, S. M. et al. Amyloid deposition, hypometabolism, and

longitudinal cognitive decline. Ann. Neurol. 72, 578–586

(2012).

54. Hansson, O. et al. CSF biomarkers of Alzheimer’s disease concord

with amyloid-beta PET and predict clinical progression: a study of

fully automated immunoassays in BioFINDER and ADNI cohorts.

Alzheimers Dement. 14, 1470–1481 (2018).

55. Baker, S. L., Maass, A. & Jagust, W. J. Considerations and code for

partial volume correcting [(18)F]-AV-1451 tau PET data. Data Brief.

15, 648–657 (2017).

56. Biel, D. et al. Combining tau-PET and fMRImeta-analyses for patient-

centered prediction of cognitive decline in Alzheimer’s disease.

Alzheimers Res. Ther. 14, 166 (2022).

57. Power, J. D. et al. Methods to detect, characterize, and remove

motion artifact in resting state fMRI. Neuroimage 84,

320–341 (2014).

58. Franzmeier, N. et al. Left frontal hub connectivity delays cognitive

impairment in autosomal-dominant and sporadic Alzheimer’s dis-

ease. Brain 141, 1186–1200 (2018).

59. Rubinov, M. & Sporns, O. Complex network measures of brain

connectivity: uses and interpretations. Neuroimage 52,

1059–1069 (2010).

60. Franzmeier, N. et al. Elevated CSF GAP-43 is associated with

accelerated tau accumulation and spread in Alzheimer’s disease.

figshare https://doi.org/10.6084/m9.figshare.23905410 (2023).

Acknowledgements
We would like to acknowledge the entire ADNI leadership board and

team for providing the data for this study. For a full list of ADNI

Article https://doi.org/10.1038/s41467-023-44374-w

Nature Communications |          (2024) 15:202 9



investigators, please seehttps://adni.loni.usc.edu/wp-content/uploads/

how_to_apply/ADNI_Acknowledgement_List.pdf. This work was funded

by the Hertie Network of Excellence in Neuroscience (awarded to N.F.).

H.Z. is a Wallenberg Scholar supported by grants from the Swedish

Research Council (#2022-01018 and #2019-02397), the European

Union’s Horizon Europe research and innovation programme under

grant agreement No 101053962, Swedish State Support for Clinical

Research (#ALFGBG-71320), the Alzheimer Drug Discovery Foundation

(ADDF), USA (#201809-2016862), the AD Strategic Fund and the Alz-

heimer’s Association (#ADSF-21-831376-C, #ADSF-21-831381-C, and

#ADSF-21-831377-C), the Bluefield Project, the Olav Thon Foundation,

the Erling-Persson Family Foundation, Stiftelsen för Gamla Tjänarinnor,

Hjärnfonden, Sweden (#FO2022-0270), the European Union’s Horizon

2020 research and innovation programme under theMarie Skłodowska-

Curie grant agreement No 860197 (MIRIADE), the European Union Joint

Programme–Neurodegenerative Disease Research (JPND2021-00694),

the National Institute for Health and Care Research University College

London Hospitals Biomedical Research Centre, and the UK Dementia

Research Institute at UCL (UKDRI-1003).

Author contributions
N.F., data analysis, study concept and design, drafting the manuscript;

A.D., data preprocessing, critical revision of the manuscript; A.S., D.B.,

A.D., S.R., F.W., M.G., data preprocessing, critical revision of the manu-

script;M.B., A.M., P.A., B.K., H.Z., M.E., study concept and design, critical

revision of themanuscript; M.S., study concept and design, drafting the

manuscript.

Funding
Open access funding provided by University of Gothenburg.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains

supplementary material available at

https://doi.org/10.1038/s41467-023-44374-w.

Correspondence and requests for materials should be addressed to

Nicolai Franzmeier.

Peer review information Nature Communications thanks Meichen Yu

and the other anonymous reviewers for their contribution to the peer

review of this work. A peer review file is available.

Reprints and permissions information is available at

http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-

isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as

long as you give appropriate credit to the original author(s) and the

source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless

indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons licence and your intended

use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright

holder. To view a copy of this licence, visit http://creativecommons.org/

licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-023-44374-w

Nature Communications |          (2024) 15:202 10


