
RESEARCH ARTICLE

Association of Presynaptic Loss with
Alzheimer’s Disease and Cognitive

Decline
Guoyu Lan, PhD,1,2 Yue Cai, PhD,1,2 Anqi Li, MSc,1 Zhen Liu, PhD,1 Shaohua Ma, PhD,2

and Tengfei Guo, PhD, 1,3 for the Alzheimer’s Disease Neuroimaging Initiative†

Objective: Increased presynaptic dysfunction measured by cerebrospinal fluid (CSF) growth-associated protein-43
(GAP43) may be observed in Alzheimer’s disease (AD), but how CSF GAP43 increases relate to AD-core pathologies,
neurodegeneration, and cognitive decline in AD requires further investigation.
Methods: We analyzed 731 older adults with baseline β-amyloid (Aβ) positron emission tomography (PET), CSF
GAP43, CSF phosphorylated tau181 (p-Tau181), and

18F-fluorodeoxyglucose PET, and longitudinal residual hippocam-
pal volume and cognitive assessments. Among them, 377 individuals had longitudinal 18F-fluorodeoxyglucose PET, and
326 individuals had simultaneous longitudinal CSF GAP43, Aβ PET, and CSF p-Tau181 data. We compared baseline and
slopes of CSF GAP43 among different stages of AD, as well as their associations with Aβ PET, CSF p-Tau181, residual
hippocampal volume, 18F-fluorodeoxyglucose PET, and cognition cross-sectionally and longitudinally.
Results: Regardless of Aβ positivity and clinical diagnosis, CSF p-Tau181-positive individuals showed higher CSF GAP43
concentrations (p < 0.001) and faster rates of CSF GAP43 increases (p < 0.001) compared with the CSF p-Tau181-
negative individuals. Moreover, higher CSF GAP43 concentrations and faster rates of CSF GAP43 increases were
strongly related to CSF p-Tau181 independent of Aβ PET. They were related to more rapid hippocampal atrophy,
hypometabolism, and cognitive decline (p < 0.001), and predicted the progression from MCI to dementia (area under
the curve for baseline 0.704; area under the curve for slope 0.717) over a median 4 years of follow up.
Interpretation: Tau aggregations rather than Aβ plaques primarily drive presynaptic dysfunction measured by CSF
GAP43, which may lead to sequential neurodegeneration and cognitive impairment in AD or neurodegenerative
diseases.
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Introduction
The aggregation of extracellular β-amyloid (Aβ) plaques
and intraneuronal neurofibrillary tau tangles are the two
key hallmarks of Alzheimer’s disease (AD),1 which can be
detected directly by positron emission tomography (PET)
imaging2, 3 or indirectly by CSF Aβ42/Aβ40 ratio and
phosphorylated tau (p-Tau) biomarkers.4, 5 According to
the biological definition of AD6 and recent reports,7–10

Aβ (A) pathology presents initially in disease onset,

followed by tau (T) aggregation, which subsequently
results in neurodegeneration (N) and cognitive decline.
However, several recent studies11–13 also identified differ-
ent A/T/N profiles with overlapping features of neu-
rodegeneration and cognitive decline, indicating we may
need extra techniques beyond A/T/N biomarkers to
understand the progression of the disease fully.14

Synaptic impairment appears closely linked to neu-
rodegeneration and cognitive decline in AD.15–17 One
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meta-analysis study16 suggested presynaptic markers may
be affected more than postsynaptic markers in
AD. Growth-associated protein-43 (GAP43) is a presyn-
aptic membrane protein primarily expressed in the hippo-
campus and associated cortex, and participates in the
regulation of synaptogenesis, synaptic plasticity, and axon
outgrowth in the adult brain.18, 19 Post-mortem studies
showed an apparent decrease in GAP43 expression in the
frontal cortex and some hippocampal areas of AD
brains.20, 21 At the same time, emerging evidence proved
that CSF GAP43 concentrations increased in AD, but not
in other neurodegenerative disorders.22, 23 However, two
recent cross-sectional studies24, 25 reported conflicting
findings about the associations among Aβ, tau, and CSF
GAP43 dysfunction in AD. Specifically, the former24 did
not observe a significant difference between A + /T– and
A�/T– in individuals with mild cognitive impairment
(MCI), whereas the latter25 found elevated CSF GAP43 con-
centrations in A + /T– group compared with the A�/T–
group among cognitively unimpaired (CU) individuals. Con-
sequently, the mechanism of GAP43 dysfunction during AD
pathogenesis remains elusive.

In the present study, we compared CSF GAP43
among different clinical (CU, MCI, and dementia) and
biological (A/T) stages of AD using both cross-sectional
and longitudinal data from the Alzheimer’s Disease Neu-
roimaging Initiative (ADNI) cohort. We also investigated
the cross-sectional and longitudinal associations of CSF
GAP43 with Aβ, tau, neurodegeneration, and cognitive
decline in different Aβ positivity and clinical stages. We
aimed to investigate the alterations of CSF GAP43 among
different stages of AD, the associations of Aβ and tau
pathologies with CSF GAP43, and the prediction of CSF
GAP43 on longitudinal neurodegeneration and cognitive
decline. The ultimate goal is to help understand the mech-
anisms underlying presynaptic loss, and how synaptic dys-
function results in neurodegeneration and cognitive
decline in AD.

Methods
Participants
Data used in the preparation of this article were obtained
from the ADNI database (adni.loni.usc.edu). The ADNI
was launched in 2003 as a public–private partnership, led
by Principal Investigator Michael W. Weiner, MD. The
primary goal of ADNI is to test whether serial magnetic
resonance imaging (MRI), PET, other biological markers,
and clinical and neuropsychological assessment can be
combined to measure the progression of MCI and early
AD. The ADNI study was approved by the institutional
review boards of all participating centers, and written

informed consent was obtained from all participants or
their authorized representatives.

We identified 731 participants (232 CU, 395 MCI,
and 104 dementia) with baseline 18F-florbetapir (FBP) Aβ
PET and concurrent (within 1 year) CSF GAP43, CSF
p-Tau181, and

18F-fluorodeoxyglucose (FDG) PET, as well
as longitudinal structure MRI (median 2.0 years, [inter-
quartile range (IQR) 3.1 years of follow-up) and cognitive
assessments (median 4.0 years [IQR 5.0 years] of follow
up). Among them, 377 individuals had longitudinal FDG
PET (median 2.0 years [IQR 2.4 years) of follow up), and
326 individuals had simultaneous longitudinal CSF
GAP43, Aβ PET, and CSF p-Tau181 data. In addition,
233 individuals had concurrent longitudinal CSF GAP43,
Aβ PET, CSF p-Tau181, and FDG PET data.

CSF Biomarkers
CSF GAP43 was detected by an in-house enzyme-linked
immunosorbent assay method at the Clinical Neurochem-
istry Laboratory of the Sahlgrenska University Hospital
(Mölndal, Sweden), as described previously.22 CSF
p-Tau181 was analyzed by the ADNI biomarker core
group using the fully automated Roche Elecsys.26

The threshold of CSF p-Tau181 positivity (T +) was
defined as ≥23pg/ml according to the receiver operating
characteristic analysis using the Youden index, classifying
326 Aβ– ADNI CU participants and 467 Aβ+ ADNI
MCI and dementia patients as the end-point (area under
the curve [AUC] 0.86, 95% confidence interval [95% CI]
0.84–0.89). Linear mixed effect (LME) models were used
to calculate slopes of CSF GAP43 (ΔCSF GAP43) and
CSF p-Tau181 (ΔCSF p-Tau181) for all the participants
with longitudinal CSF data, adjusting for age and sex, and
including a random slope and intercept.

PET and MRI Imaging Processing
FBP PET and FDG PET data were acquired from 50 to
70 min (FBP, 4 � 5-min frames) and 30–60 min (FDG,
6 � 5-min frames) post-injection. PET images were
motion corrected, time-averaged, and summed into one
static frame, and more details are given elsewhere (http://
adni-info.org).

FBP image was coregistered to their corresponding
structural MRI scan that was closest in time to the PET
scan. Cortical florbetapir uptake in 68 FreeSurfer-defined
regions of interest defined by the Desikan–Killiany atlas27

were extracted using FreeSurfer (v7.1.1). A cortical sum-
mary composite standardized uptake value ratio (SUVR)
was calculated by referring FBP uptake in AD summarized
cortical regions (including frontal, cingulate, parietal, and
temporal regions) to the mean uptake of the whole cere-
bellum.28 The Aβ+ of FBP PET was defined as composite
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SUVR ≥1.11.28 SUVRs that referred to one composite
reference region (made up of the brainstem, whole cere-
bellum, and eroded white matter)28 were used to calculate
slopes of FBP SUVR (ΔAβ PET) for all the participants
with longitudinal FBP PET data using LME models,
adjusting for age and sex, and including a random slope
and intercept.

FDG images were spatially normalized in SPM12 to
the MNI PET template. FDG SUVR in a pre-defined
MetaROIs (made up of left angular gyrus, right angular
gyrus, bilateral posterior cingulate, left inferior temporal
gyrus, and right inferior temporal gyrus) were calculated
by normalizing averaging FDG counts in MetaROIs to
that found in the upper 50% of voxels in a pons/vermis
reference region.29 Slopes of FDG SUVR (ΔFDG PET)
were calculated for all the participants with longitudinal
FDG PET data using LME models, adjusting for age and
sex, and including a random slope and intercept.

Hippocampal volume (HCV; cm3) was computed
across hemispheres from the structural MRI scan via
FreeSurfer, and adjusted by the estimated intracranial vol-
ume using the approach reported by Jack et al.30 The
residual HCV (rHCV) was calculated as the difference
between the raw and expected HCV, as we described pre-
viously.8 Slopes of rHCV (ΔrHCV) were calculated for all
the participants with longitudinal MRI data using LME
models, adjusting for age and sex, and including a random
slope and intercept.

Biological Stages Defined by A/T Biomarkers
Participants were classified into four different A/T profiles
according to the abnormal status of Aβ PET (A�) and
CSF p-Tau181 (T�) defined by the cut-off values as
described above. For sensitivity analysis, we also used an
alternative cut-off for CSF p-Tau181 ≥19.2pg/ml31

reported by a different cohort to define T�.

Cognitive Assessments
Previously validated preclinical Alzheimer cognitive com-
posite (PACC)32 scores were used to represent global cog-
nition. Briefly, PACC scores were computed by
combining z-scores of several cognitive tests, including the
delayed recall portion of the Alzheimer’s Disease Assess-
ment Scale, the delayed recall score on the logical memory
IIa subtest from the Wechsler Memory Scale, the digit
symbol substitution test score from the Wechsler Adult
Intelligence Scale-Revised, and the Mini-Mental State
Examination total score as described previously.8 Slopes of
PACC scores (ΔPACC scores) were calculated for all the
participants with longitudinal PACC data using LME
models, adjusting for age, sex and education, and includ-
ing a random slope and intercept.

Statistical Analysis
All statistical analyses were performed using R version
4.1.1 (The R Foundation for Statistical Computing,
Vienna, Austria). Due to the limited sample size of
dementia patients in some subsets, we combined MCI
and dementia into the cognitively impaired (CI) group in
our primary analysis. Data are presented as the median
(IQR) or number (%), unless otherwise noted. A two-
tailed significance level of p < 0.05 was applied if not oth-
erwise stated. The characteristics at baseline of Aβ– CU,
Aβ– CI, Aβ+ CU, and Aβ+ CI groups were compared
by using a two-tailed Mann–Whitney U test or Fisher’s
exact test. A false discovery rate (FDR) of 0.05 was
applied using the Benjamini–Hochberg approach for mul-
tiple comparisons correction.

We used generalized linear models to determine the
associations of baseline CSF GAP43 and ΔCSF GAP43
with age, sex, and APOE-ε4 status. Generalized linear
models were also used to compare baseline CSF GAP43
and ΔCSF GAP43 among clinical groups, Aβ positivity/
clinical groups, and A/T groups, controlling for age, sex,
and APOE-ε4 status Benjamini–Hochberg’s approach was
used for multiple comparisons correction (FDR <0.05).

To further explore the independent influence of Aβ
and tau pathologies on CSF GAP43, we subsequently
investigated the prediction of baseline CSF GAP43 and
ΔCSF GAP43 by including Aβ PET and CSF p-Tau181
as the predictors in one multivariate model in Aβ– CU,
Aβ– CI, Aβ+ CU, and Aβ+ CI groups separately, con-
trolling for the same covariates above.

To determine the predictive effect of CSF GAP43
on the disease progression, we used generalized linear
models to investigate the associations of baseline CSF
GAP43 and ΔCSF GAP43 with ΔrHCV, ΔFDG PET,
and ΔPACC scores, controlling for the same covariates
above. Additionally, we conducted a receiver operating
characteristic curve analysis to investigate whether CSF
GAP43 can predict the conversion from MCI to dementia
at follow up. Finally, mediation analysis (R; Lavaan pack-
age)33 was conducted to explore the sequential associations
among longitudinal changes of CSF p-Tau181, CSF
GAP43, rHCV, and PACC scores.

Results
Demographics
The characteristics at baseline of participants are summa-
rized in Table . Among 731 participants, 347 (48%) were
women, 398 (54%) were APOE-ε4 carriers, 393 (54%)
were Aβ positive, and 499 (68%) were CI and the median
age was 72.6 years (IQR 10.3 years). Longitudinal data of
CSF GAP43, Aβ PET, CSF p-Tau181, rHCV, FDG PET,
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TABLE. Demographics of Participants

Characteristic at baseline Aβ– CU Aβ– CI Aβ+ CU Aβ+ CI

No. patients (%) 154 (21) 184 (25) 78 (11) 315 (43)

Age (years) 71.5 (8.6) 69.8 (12.2) 75.2 (9.0)a,b 73.7 (9.8)b,d,f

Female, n (%) 75 (49) 82 (45) 53 (68)d,e 137 (43)c

Education, years 17 (2.8) 16 (4.0)d 16 (4.0) d 16 (4.0)a

CSF p-Tau181 positive, n (%) 37 (24) 40 (22) 41 (53)a,b 242 (77)a,b,c

APOE-ε4 carriers, n (%) 33 (21) 46 (25) 33 (42)a,e 221 (70)a,b,c

Aβ PET SUVR 1.02 (0.08) 1.01 (0.07) 1.29 (0.21)a,b 1.40 (0.26)a,b,c

CSF p-Tau181 (pg/ml) 17.7 (7.8) 17.7 (9.0) 24.1 (13.3)a,b 31.3 (18.4)a,b,c

CSF GAP43 (pg/ml) 4,096 (2809) 3,747 (2386) 4756 (3909)b 5243 (3998)a,b

rHCV (cm3) �0.02 (0.47) �0.11 (0.68)d �0.11 (0.51) d �0.44 (0.62)a,b,c

FDG PET SUVR (MetaROIs) 1.30 (0.13) 1.27 (0.17)d 1.28 (0.19)d 1.16 (0.21) a, b, c

PACC scores 0.76 (3.44) �3.42 (4.72)a �0.31 (3.86)b �9.28 (9.71)a,b,c

326 participants with concurrent longitudinal Aβ PET, CSF p-Tau181, CSF GAP43, MRI, and PACC data

No. patients (%) 83 (25) 81 (25) 44 (14) 118 (36)

Visits of CSF GAP43, median (IQR, range) 2.0 (1.0, 2–3) 2.0 (1.0, 2–4) 2.0 (1.0, 2–3) 2.0 (1.0, 2–3)

Duration of CSF GAP43, years, median (IQR,
range)

2.0 (2.0, 1.3–4.3) 3.1 (2.0, 1.7–6.0) 2.2 (2.0, 1.9–5.0) 2.0 (2.0, 1.7–5.0)

Visits of Aβ PET, median (IQR, range) 3.0 (1.5, 2–6) 4.0 (2.0, 2–6) 3.0 (1.3, 2–5) 3.0 (1.0, 2–6)

Duration of Aβ PET, years, median (IQR, range) 5.9 (4.4, 1.9–10.0) 6.0 (4.0, 1.9–10.2) 5.0 (3.0, 1.9–9.0) 4.0 (3.1, 1.9–9.2)

Visits of CSF p-Tau181, median (IQR, range) 2.0 (1.5, 2–5) 3.0 (2.0, 2–5) 3.0 (2.0, 2–5) 2.0 (1.0, 2–4)

Duration of CSF p-Tau181, years, median (IQR,
range)

2.4 (3.3, 1.5–8.5) 4.0 (4.3, 1.7–9.1) 4.0 (3.7, 1.9–8.6) 2.1 (2.0, 1.7–8.4)

Visits of MRI, median (IQR, range) 4.0 (2.0, 2–9) 5.0 (3.0, 2–12) 4.0 (2.0, 2–8) 5.0 (2.0, 2–11)

Duration of MRI, years, median (IQR, range) 2.1 (4.6, 0.4–10.2) 4.0 (6.0, 0.8–11.2) 2.3 (4.7, 0.2–8.1) 2.1 (3.0, 0.5–9.9)

Visits of PACC, median (IQR, range) 6.0 (2.0, 3–9) 8.0 (4.0, 3–13) 6.0 (2.0, 3–10) 6.0 (2.0, 4–12)

Duration of PACC, years, median (IQR, range) 6.5 (4.2, 1.9–10.5) 7.0 (4.5, 2.0–11.2) 5.8 (4.0, 2.0–9.9) 4.1 (2.5, 1.9–11.0)

233 participants with longitudinal FDG PET

No. patients (%) 49 (21) 67 (29) 29 (12) 88 (38)

Visits of FDG PET, median (IQR, range) 2.0 (0, 2–3) 2.0 (1, 2–3) 2.0 (0, 2–3) 2.0 (0, 2–3)

Duration of FDG PET, years, median (IQR,
range)

2.0 (0.1, 1.5–6.8) 3.2 (4.2, 1.9–8.2) 2.0 (0.1, 1.9–7.1) 2.0 (2.9, 1.9–7.5)

Abbreviations: APOE, apolipoprotein E; CI, cognitively impaired; CU, cognitively unimpaired; GAP43, growth-associated protein-43; IQR, inter-
quartile range; MetaROIs, left angular gyrus, right angular gyrus, bilateral posterior cingulate, left inferior temporal gyrus, right inferior temporal gyrus;
PACC, Preclinical Alzheimer Cognitive Composite; p-Tau181, phosphorylated tau181; rHCV, residual hippocampal volume; SUVR, standard uptake
value ratio. Data are presented as median (IQR) or number (%). Multiple comparisons correction was used (false discovery rate <0.05).
ap <0.001 versus Aβ– CU.
bp <0.001 versus Aβ– CI.
cp <0.001 versus Aβ+ CU.
dp <0.05 versus Aβ– CU.
ep <0.05 versus Aβ– CI.
fp <0.05 versus Aβ+ CU.
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and PACC scores are also illustrated in Table . In the
whole cohort, older ages were associated with higher base-
line CSF GAP43 (standardized β [βstd] = 0.12 [95% CI
0.05–0.19], p = 0.001), but not with ΔCSF GAP43.
APOE-ε4 carriers had higher baseline CSF GAP43
(estimate = 1,089 [95% CI 0.24–0.53], p < 0.001) and
faster ΔCSF GAP43 increases (estimate = 29 [95% CI
0.27–0.71], p < 0.001) than APOE-ε4 non-carriers.

Comparison of CSF GAP43 among Different
Clinical and Biological Stages of AD
At baseline, the dementia group had higher CSF GAP43
concentrations than the MCI group (estimate = 847
[95% CI 0.08–0.51], p = 0.007) and CU group (esti-
mate = 965 [95% CI 0.10–0.57], p = 0.007; Fig 1A).
After stratified by Aβ positivity, higher CSF GAP43
concentrations were found in Aβ– dementia
(estimate = 2,452 [95% CI 0.30–1.43], p = 0.005),
Aβ+ MCI (estimate = 1,144 [95% CI 0.19–0.61],
p < 0.001), and Aβ+ dementia (estimate = 1,273 [95%
CI 0.18–0.71], p = 0.002), but not in Aβ– MCI and
Aβ+ CU groups compared with the Aβ– CU individuals
(Fig 1B). Longitudinally, only Aβ+ MCI individuals
showed faster ΔCSF GAP43 increases (estimate = 31
[95% CI 0.22–0.82], p = 0.004) than the Aβ– CU group
(Fig 2B). Notably, we also observed marginally higher
CSF GAP43 concentrations (estimate = 694 [95% CI
�0.02 to 0.51], p = 0.079) in Aβ+ CU individuals than
Aβ– CU individuals.

To further explore the associations of CSF GAP43
with Aβ and tau pathologies, we compared cross-sectional
and longitudinal CSF GAP43 among different A/T pro-
files. Notably, both A�/T + and A + /T + had signifi-
cantly higher CSF GAP43 concentrations than the A�/
T– and A + /T– groups regardless of clinical status
(Fig 1C). Similar to baseline, significantly faster ΔCSF
GAP43 increases were also found in A�/T + and A + /
T + groups compared with the A�/T� and A + /T�
groups (Fig 2C).

Additionally, the results were duplicated using the
alternative cut-off for CSF p-Tau181 to define tau-
positivity (T�).

Association of CSF GAP43 with Aβ PET and CSF
p-Tau181
Regardless of Aβ and clinical status, higher CSF p-Tau181
concentrations were related to greater baseline CSF
GAP43 (Aβ– CU: βstd = 0.72 [95% CI 0.61–0.84],
p < 0.001; Aβ– CI: βstd = 0.78 [95% CI 0.68–0.87],
p < 0.001; Aβ+ CU: βstd = 0.66 [95% CI 0.48–0.84],
p < 0.001; Aβ+ CI: βstd = 0.76 [95% CI 0.68–0.83],
p < 0.001) and faster ΔCSF GAP43 increases (Aβ– CU:

βstd = 0.73 [95% CI 0.57–0.88], p < 0.001; Aβ– CI:
βstd = 0.77 [95% CI 0.61–0.93], p < 0.001; Aβ+ CU:
βstd = 0.75 [95% CI 0.52–0.97], p < 0.001; Aβ+ CI:
βstd = 0.73 [95% CI 0.60–0.86], p < 0.001; Fig 3A–D).
When additionally controlling for baseline CSF GAP43
concentrations, higher CSF p-Tau181 concentrations were
still related to faster ΔCSF GAP43 increases in Aβ– CU
(βstd = 0.16 [95% CI 0.04–0.28], p = 0.009), Aβ– CI
(βstd = 0.16 [95% CI 0.03–0.29], p = 0.019) and Aβ+
CU (βstd = 0.22 [95% CI 0.08–0.36], p = 0.002), but
not in Aβ+ CI.

Moreover, ΔCSF p-Tau181, but not ΔAβ PET were
positively associated with faster ΔCSF GAP43 increases in
all subgroups (Aβ– CU: βstd = 0.54 [95% CI 0.34–0.74],
p < 0.001; Aβ– CI: βstd = 0.47 [95% CI 0.24–0.69],
p < 0.001; Aβ+ CU: βstd = 0.57 [95% CI 0.30–0.84],
p < 0.001; Aβ+ CI: βstd = 0.50 [95% CI 0.34–0.66],
p < 0.001; Fig 3E,F). Only in Aβ+ CI did the positive
link (βstd = 0.16 [95% CI 0.10–0.22], p < 0.001)
between ΔCSF p-Tau181 and ΔCSF GAP43 persist after
adjusting for baseline levels of Aβ PET, CSF p-Tau181,
and CSF GAP43.

Association of CSF GAP43 with Longitudinal
Neurodegeneration and Cognitive Decline
In the whole cohort, higher baseline CSF GAP43 concen-
trations were associated with faster ΔrHCV decreases
(Fig 4A; βstd = �0.15 [95% CI �0.22 to �0.08],
p < 0.001) and ΔPACC scores decreases (Fig 4E;
βstd = �0.19 [95% CI �0.26 to �0.12], p < 0.001).
Likewise, faster ΔCSF GAP43 increases were also related
to faster ΔrHCV decreases (Fig 4B; βstd = �0.23 [95%
CI �0.33 to �0.12], p < 0.001) and ΔPACC scores
decreases (Fig 4F; βstd = �0.19 [95% CI �0.29 to
�0.08], p < 0.001). After stratified by Aβ and cognition
status, higher baseline CSF GAP43 concentrations
(βstd = �0.15 [95% CI �0.25 to �0.04], p = 0.008)
and faster ΔCSF GAP43 increases (βstd = �0.25 [95%
CI �0.42 to �0.07], p = 0.006) were related to faster
ΔrHCV decreases only in Aβ+ CI. In addition, baseline
CSF GAP43 concentrations, but not ΔCSF GAP43, were
negatively associated with faster ΔPACC scores decreases
in Aβ– CI (βstd = �0.19 [95% CI �0.34 to �0.05],
p = 0.008) and Aβ+ CI (βstd = �0.13 [95% CI �0.24
to �0.02], p = 0.019). In the subgroups of individuals
with longitudinal FDG PET scan, both higher baseline
CSF GAP43 (Fig 4C; βstd = �0.19 [95% CI �0.29 to
�0.09], p < 0.001, n = 377) and faster ΔCSF GAP43
increases (Fig 4D; βstd = �0.19 [95% CI �0.32 to
�0.06], p = 0.003, n = 233) were associated with faster
ΔFDG PET decreases. When stratified by Aβ and cogni-
tion status, the link between baseline or longitudinal CSF
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GAP43 and longitudinal FDG PET was eliminated,
which may result from the small number of individuals in
each category.

Among 181 MCI individuals with a median (IQR)
of 4.0 (2.0) years of follow-up clinical assessments, we
found 136 remained stable (MCI-MCI), whereas

45 progressed to dementia (MCI-Dementia). The MCI-
Dementia group had higher baseline CSF GAP43
(Fig 5A; estimate = 1,617 [95% CI 0.20–0.86],
p = 0.002) and faster ΔCSF GAP43 increases (Fig 5B;
estimate = 34 [95% CI 0.24–0.90], p < 0.001) than the
MCI-MCI group. Additionally, the receiver operating

FIGURE 1: Comparison of baseline CSF GAP43 among different clinically- and biologically-defined stages of AD. Comparison of
baseline CSF GAP43 among (A) different clinical diagnosis groups, (B) different Aβ positivity and clinical diagnosis groups, and
(C) different A/T groups. The boxplots show the median (horizontal bar), interquartile range (IQR; hinges), and 1.5 � IQR
(whiskers). Each point represents an individual, and dashed lines represent the median values of the CU, Aβ� CU, or A�/T� CU
group. The p values of the comparisons are shown at the top, adjusting for age, sex, and APOE-ε4 status. Multiple comparisons
correction was performed using the Benjamini–Hochberg method (FDR <0.05). The estimates of baseline CSF GAP43 in the CU
group: A�/T + versus A�/T� (estimate = 3,161 [95% CI 0.90–1.49], p < 0.001), A�/T + versus A + /T� (estimate = 3,446 [95%
CI 0.94–1.67], p < 0.001), A + /T + versus A�/T� (estimate = 3,537 [95% CI 1.03–1.65], p < 0.001), A + /T + versus A + /T�
(estimate = 3,822 [95% CI 1.09–1.80], p < 0.001); The estimates of baseline CSF GAP43 in CI group: A�/T + versus A�/T�
(estimate = 3,557 [95% CI 0.92–1.50], p < 0.001), A�/T + versus A + /T� (estimate = 3,601 [95% CI 0.91–1.55], p < 0.001),
A + /T + versus A�/T� (estimate = 3,221 [95% CI 0.90–1.29], p < 0.001), A + /T + versus A + /T� (estimate = 3,265 [95% CI
0.89–1.33], p < 0.001). A = Aβ; Aβ = β-amyloid; AD = Alzheimer’s disease; CSF = cerebrospinal fluid; CU = cognitively
unimpaired; FDR = false discovery rate; GAP43 = growth-associated protein-43; MCI = mild cognitive impairment;
N = neurodegeneration; T = tau.
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characteristic analyses showed that baseline CSF GAP43
(Fig 5C; AUC = 0.704 [95% CI 0.61–0.79], sensitiv-
ity = 76.5%, specificity = 62.2%) and ΔCSF GAP43
(Fig 5D; AUC = 0.717 [95% CI 0.63–0.80], sensitiv-
ity = 68.1%, specificity = 71.1%) could significantly
identify MCI progressors.

Mediation Analysis among Longitudinal CSF
p-Tau181, CSF GAP43, Hippocampal Volume,
and Cognition
Among 326 individuals with longitudinal data, fasterΔCSF p-
Tau181 increases were negatively related to ΔrHCV
(βstd = �0.18 [95% CI �0.28 to �0.07], p = 0.001) and

FIGURE 2: Comparison of longitudinal CSF GAP43 changes among different clinically- and biologically-defined stages of
AD. Comparison of CSF GAP43 slopes (ΔCSF GAP43) among (A) different diagnosis groups, (B) different Aβ positivity and diagnosis
groups, and (C) different A/T groups. The boxplots show the median (horizontal bar), interquartile range (IQR; hinges), and 1.5 � IQR
(whiskers). Each point represents an individual, and dashed lines represent the median values of the CU, Aβ� CU, or A�/T� CU
group. The p values of the comparisons are shown at the top, adjusting for age, sex, and APOE-ε4 status. Multiple comparisons
correction was performed using the Benjamini–Hochberg method (FDR <0.05). The estimates of CSF GAP43 slopes in the CU group:
A�/T + versus A�/T� (estimate = 69 [95% CI 0.75–1.60], p < 0.001), A�/T + versus A + /T� (estimate = 72 [95% CI 0.71–1.76],
p < 0.001), A + /T + versus A�/T� (estimate = 85 [95% CI 1.03–1.87], p < 0.001), A + /T + versus A + /T� (estimate = 88 [95% CI
1.03–1.99], p < 0.001); The estimates of CSF GAP43 slopes in CI group: A�/T + versus A�/T� (estimate = 61 [95% CI 0.57–1.50],
p < 0.001), A�/T + versus A + /T� (estimate = 62 [95% CI 0.51–1.58], p < 0.001), A + /T + versus A�/T- (estimate = 64 [95% CI
0.77–1.39], p < 0.001), A + /T + versus A + /T� (estimate = 64 [95% CI 0.72–1.45], p < 0.001). A = Aβ; Aβ = β-amyloid;
AD = Alzheimer’s disease; CSF = cerebrospinal fluid; CU = cognitively unimpaired; FDR = false discovery rate; GAP43 = growth-
associated protein-43; MCI = mild cognitive impairment; N = neurodegeneration; T = tau.
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ΔPACC scores (βstd = �0.19 [95% CI �0.30 to �0.09],
p < 0.001). However, no significant association was found
between ΔCSF p-Tau181 and ΔFDG PET among

233 individuals with concurrent longitudinal CSF p-Tau181
and FDG PET data (βstd = �0.10 [95% CI �0.23 to 0.03],
p = 0.116). We further conducted a mediation analysis to

FIGURE 3: Association of CSF GAP43 with Aβ PET and CSF p-Tau in different Aβ PET and cognitive status. Associations of baseline CSF
GAP43 with (A) baseline Aβ PET and (B) baseline CSF p-Tau181. Associations of CSF GAP43 slopes (ΔCSF GAP43) with (C) baseline Aβ
PET, (D) baseline CSF p-Tau181, (E) Aβ PET slopes (ΔAβ PET), and (F) CSF p-Tau181 slopes (ΔCSF p-Tau181). The points and solid lines
represent each group’s individuals and regression lines, adjusting for age, sex, andAPOE-ε4 status. Aβ= β-amyloid; CSF= cerebrospinal
fluid; GAP43=growth-associatedprotein-43; PET=positron emission tomography; p-Tau=phosphorylated tau.



FIGURE 4: Association of CSF GAP43 with longitudinal neurodegeneration and cognitive decline. Associations of baseline CSF
GAP43 with longitudinal changes of (A) rHCV (ΔrHCV), (C) FDG PET (ΔFDG PET), and (E) PACC scores (ΔPACC scores).
Associations of CSF GAP43 slope (ΔCSF GAP43) with (B) ΔrHCV, (D) ΔFDG PET, and (F) ΔPACC scores. The points and solid lines
represent the individuals and regression lines, respectively. The standardized regression coefficients (β) and p values were
computed using a linear model across all individuals, adjusting for age, sex, and APOE-ε4 status. CSF = cerebrospinal fluid;
FDG = 18F-fluorodeoxyglucose; GAP43 = growth-associated protein-43; PACC = preclinical Alzheimer cognitive composite;
PET = positron emission tomography; rHCV = residual hippocampal volume



determine the sequential associations among ΔCSF p-Tau181
increases, ΔCSF GAP43 increases, ΔrHCV decreases, and
ΔPACC decreases, and found that ΔCSF GAP43 and
ΔrHCV significantly mediated the associations between
ΔCSF p-Tau181 andΔPACC scores (Fig 6A), suggesting that
tau-related presynaptic dysfunction is driving neu-
rodegeneration and cognitive decline (Fig 6B). To strengthen
the mediation effect in AD etiology, we re-ran the results using

the same mediation analysis when Aβ– CI participants were
excluded from our model. The outcomes were largely
the same.

Discussion
In this study, we investigated the alterations of CSF
GAP43 in different clinical and biological stages of AD,

FIGURE 5: Association between CSF GAP43 and clinical progression of MCI patients. Comparison of (A) baseline CSF GAP43 and
(B) slopes of CSF GAP43 (ΔCSF GAP43) between MCI-MCI and MCI-dementia patients. Receiver operating characteristic curve
analysis for differentiating individuals with progressing MCI from those with stable MCI using (C) baseline CSF GAP43 and
(D) ΔCSF GAP43.The boxplots show the median (horizontal bar), interquartile range (IQR; hinges), and 1.5 � IQR (whiskers). The
dots represent individual points of each group. The p values of the comparisons are shown at the top, adjusting for age, sex,
and APOE-ε4 status. Dashed lines represent the median values of the MCI-MCI patients. AUC = area under the curve;
CSF = cerebrospinal fluid; GAP43 = growth-associated protein-43; MCI = mild cognitive impairment.
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and how they relate to Aβ, tau, neurodegeneration, and
cognitive decline cross-sectionally and longitudinally. CSF
p-Tau181-positive individuals showed higher CSF GAP43
concentrations and faster rates of CSF GAP43 increases
than CSF p-Tau181-negative individuals regardless of Aβ
positivity and cognitive status. Multivariate regression ana-
lyses extended these findings by showing that CSF
GAP43 correlated positively with the CSF p-Tau181 in
both cross-sectional and longitudinal cohorts, independent
of the Aβ PET profile. Furthermore, the longitudinal
MRI and cognition data revealed that higher CSF GAP43
concentrations and faster rates of CSF GAP43 increases
were associated with longitudinal decreases in hippocam-
pal volume, glucose metabolism, and cognition. Finally,
the mediation analyses demonstrated that more rapid rates

of GAP43 increases significantly mediated the longitudinal
associations among CSF p-Tau181, hippocampal atrophy,
and cognitive decline. Altogether, these findings suggest
that elevated tau pathology rather than Aβ plaque is
closely related to presynaptic dysfunction measured by
CSF GAP43, which can lead to subsequent neu-
rodegeneration and cognitive decline.

In line with the present findings, previous cross-
sectional studies reported higher CSF GAP43 concentra-
tions in patients with MCI24, 34 or dementia22 compared
with the CU individuals. However, they did not stratify
participants by Aβ status nor did they investigate longitu-
dinal changes of CSF GAP43. We found higher CSF
GAP43 concentrations in Aβ– dementia, Aβ+ MCI, and
Aβ+ dementia groups than in the Aβ– CU group.

FIGURE 6: Sequential association among longitudinal changes of CSF p-Tau181, CSF GAP43, hippocampal atrophy, and cognitive
decline. (A) CSF GAP43 slope (ΔCSF GAP43) and hippocampal atrophy slope (ΔrHCV) fully mediated the association between
CSF p-Tau181 slope (ΔCSF p-Tau181) and preclinical Alzheimer cognitive composite (PACC) score slope (ΔPACC). The solid and
the dashed lines, respectively, show the significant and non-significant pathways. A 5,000-bootstrapping procedure computed
total, direct, and indirect associations. (B) Schematic of the sequential cascade of tau aggregation, synaptic dysfunction,
neurodegeneration, and cognitive decline in neurodegenerative disease. CSF = cerebrospinal fluid; GAP43 = growth-associated
protein-43; p-Tau181 = phosphorylated tau181.
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Longitudinally, we observed significantly faster CSF
GAP43 increases in Aβ+ MCI individuals than in the
Aβ– CU controls. We also observed marginally higher
CSF GAP43 concentrations in Aβ+ CU individuals, in
accordance with the results reported by two recent cross-
sectional studies.34, 35 Together, CSF GAP43 may likely
increase in both symptomatic AD patients and people
with suspected non-AD dementia.

Among different biological stages of AD, we found
that CSF p-Tau181-positive individuals (A�/T + or
A + /T +) had both higher CSF GAP43 concentrations
and faster rates of CSF GAP43 increases compared with
the A�/T� or A + /T� individuals, regardless of clinical
status. One recent study reported that tau-positive MCI
patients had higher CSF GAP43 concentrations than the
tau-negative MCI patients, which was in accordance with
the present results.24 However, another recently important
study found elevated CSF GAP43 concentrations in
A + /T� individuals than in the A�/T� individuals.25

Notably, they defined abnormal tau positivity using tau
PET imaging, which may be a relatively later biomarker
of the formation of tau aggregation than CSF p-Tau
according to previous reports by our group5 and other lab-
oratories.36, 37 Importantly, the multivariate regression
analyses in the present study provide further evidence for
explaining that CSF GAP43 increases were positively asso-
ciated with tau pathology rather than Aβ plaques in both
cross-sectional and longitudinal analyses, regardless of Aβ
positivity and cognitive status. In contrast, two cross-
sectional studies found CSF GAP43 was associated with
Aβ and tau pathologies, but they did not analyze their
independent effect.22, 23 Recently, another two cross-
sectional studies reported no association between Aβ
pathology and CSF GAP43 when controlling for CSF
p-Tau,24, 35 supporting the findings in the present study.
Together with our results and previous literature, the pre-
synaptic dysfunction measured by CSF GAP43 may be
closely linked to tau pathology independent of cortical Aβ
deposition and clinical diagnosis.

The substantial synaptic loss may contribute to neu-
rodegeneration in the brain, leading to cognitive impair-
ment.15, 38, 39 Thus, we subsequently explored the
predictive effects of CSF GAP43 on longitudinal hippo-
campal atrophy, hypometabolism, and cognitive decline.
This showed that CSF GAP43 was associated with more
rapid hippocampal atrophy and cognitive decline, espe-
cially in symptomatic AD, as well as hypometabolism.
Additionally, in a subgroup of MCI patients with follow-
up clinical assessments, we found that higher CSF GAP43
concentrations and faster rates of CSF GAP43 increases
could identify progressing MCI individuals with >70%
AUC values. Consistent with the present findings, higher

CSF GAP43 concentrations were reported to be negatively
associated with cortical thickness35 and cognition.22 How-
ever, in contrast to the present study, one cross-sectional
study found elevated CSF GAP43 concentrations were
weakly related to higher glucose metabolism, which may
be explained by the fact that they focused on preclinical
AD individuals.35 Notably, previous studies40, 41 showed
that brain metabolism hyperactivity appeared to be
detected in some brain regions in the early stage of AD,
which could be driven by activated microglial.42 Previous
studies reported that CSF p-Tau was significantly related
to neurodegeneration and cognitive decline.43–45 Intrigu-
ingly, our mediation analysis provided further novel find-
ings that presynaptic dysfunction measured by CSF
GAP43 fully mediated the associations of CSF p-Tau181
increases with longitudinal hippocampal atrophy and cog-
nitive decline.

Given the close relationship between synaptic func-
tion and cognition, the very early response of presynapse to
pathological tau changes emphasizes the importance of ther-
apeutic strategies targeting tau pathology at the pres-
ymptomatic stage in clinical trials, which may contribute to
diminishing synaptic impairment and ameliorating cogni-
tion. Furthermore, the present results suggest that CSF
GAP43 could be used as an indirect biomarker of pre-
synapse for evaluating the progression of synaptic pathology
in patients and monitoring the exacerbation of neurodegen-
erative dementia in clinical practice. Despite the annual
changes of CSF GAP43 being gentle and consistent with
previous longitudinal studies of other CSF biomarkers, we
found that more rapid increases in CSF GAP43 were
related to faster hippocampal atrophy, hypometabolism,
and cognitive decline.46, 47 Nonetheless, additional longitu-
dinal studies based on different cohorts are critical to con-
firm the longitudinal changes in CSF GAP43.

In the present study, we used a large dataset to
explore the abnormal changes of presynaptic protein mea-
sured by CSF GAP43 among different stages of AD, and
how presynaptic loss relates to Aβ plaques, CSF p-Tau181,
hippocampal atrophy, hypometabolism, and cognitive
decline. These findings might provide novel insights into
understanding the role of presynaptic loss in AD, and
extend current A/T/N biomarkers to detect neurodegener-
ative diseases.

However, this study had some limitations, as fol-
lows. We selected CSF p-Tau181 to represent tau pathol-
ogy, which may be inferior to other phosphorylation sites
(such as p-Tau217,

48, 49 which is not available in ADNI),
and these findings still require further investigation in tau
PET imaging.50 Although CSF GAP43 was related to tau
pathology measured by CSF p-Tau181, the current study
is correlational in nature and does not test CSF p-Tau181

12 Volume 00, No. 0

ANNALS of Neurology



or CSF GAP43 changes as a causal event. All we can con-
firm is that there seems to be an association with processes
that result in elevated CSF p-Tau181 and GAP43. Autopsy
confirmation would be required in the future. In addition,
this cohort lacks other synapse-related biomarkers (such as
presynaptic protein SNAP-25 and postsynaptic protein
neurogranin, whose sample sizes in the ADNI cohort are
limited), which may reflect the different mechanism of
synapse degeneration occurring in various stages of the
disease. Additional confirmation is still required by using
other synaptic proteins. Finally, the longitudinal data of
CSF GAP43 and FDG PET were limited, which may
need to be validated by further longitudinal data with
more visits and longer follow-up periods.

In conclusion, the present study provides novel
insights into the association of presynaptic loss with Aβ,
tau, neurodegeneration, and cognitive decline, where ele-
vated tau pathology is driving presynaptic dysfunction or
loss, resulting in subsequent neurodegeneration and cogni-
tive decline. The tau-related presynaptic protein, GAP43,
in CSF may be a promising biomarker for synaptic
damage. It can strengthen the measurement of neu-
rodegeneration beyond the current commonly-used neu-
rodegeneration biomarkers, which may provide more
information to understand the characteristics and progres-
sion of neurodegenerative diseases.
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