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1 | BACKGROUND

Abstract

Introduction: Although presynaptic loss measured by cerebrospinal fluid (CSF)
growth-associated protein-43 (GAP-43) is significantly involved in Alzheimer’s disease
(AD), the sequential association between CSF GAP-43 and AD-typical neurodegener-
ation is poorly understood.

Methods: We compared baseline CSF GAP-43 levels (n = 730) and longitudinal CSF
GAP-43 changes (n = 327) in various biological stages of AD, and investigated their
relationships with cross-sectional and longitudinal measures of residual hippocam-
pal volume, '8F-fluorodeoxyglucose PET, regional gray matter volume and cortical
thickness, and cognition.

Results: Elevated CSF GAP43 levels were significantly associated with faster rates of
hippocampal atrophy, AD-signature hypometabolism and cortical thinning, and middle
temporal gray matter atrophy-related and AD-signature hypometabolism-related cog-
nitive decline. In contrast, baseline levels of all these neurodegeneration biomarkers
did not predict longitudinal CSF GAP-43 increases.

Discussion: These findings suggest that presynaptic loss may occur prior to neurode-
generation, highlighting the importance of lowing tau aggregation and tau-related
synaptic dysfunction in elderly adults and AD patients.

KEYWORDS
brain atrophy, cognitive decline, CSF GAP-43, hypometabolism, presynapse

and human brains supports the synaptotoxic role of abnormal aggre-
gation of soluble B-amyloid (AB) and phosphorylated tau (p-Tau), as

In various neurodegenerative diseases, including Alzheimer’s disease
(AD)12, progressive synaptic dysfunction is the fundamental neu-
ropathology highly linked to neuronal death. Previous studies®~
confirm that AD patients experience substantial synapse loss in sev-
eral brainlocations, including the hippocampal dental gyrus and frontal

and temporal cortex. Emerging evidence®19 from both animal models

well as glia-mediated neuroinflammation, even though the molecu-
lar mechanism underlying synaptic degeneration in AD is not fully
understood.

Synaptic loss substantially correlates with downstream
cognitive impairment,’%? and previous studies found that

presynaptic proteins appear to be damaged more than the
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postsynaptic proteins in AD brains.}2-14 Growth-associated protein-
43 (GAP-43) is a presynaptic membrane protein decreased in the
frontal cortex and some hippocampal areas of postmortem AD
brains.1>1¢ Elevated cerebrospinal fluid (CSF) GAP-43 levels have
been observed in both asymptomatic and symptomatic AD patients,
reflecting a presynaptic dysfunction.!’-1? However, the sequential
relationship between CSF GAP-43 and neurodegeneration is poorly
characterized. According to a recent cross-sectional cohort investi-
gation, CSF GAP-43 levels were positively associated with cortical
glucose metabolism but negatively related to AD-signature cortical
thickness in preclinical AD.? Although it is widely acknowledged that
synaptic damage is a sign of neurodegeneration?, little is known about
how it relates to brain atrophy, cortical thinning, hypometabolism, and
cognitive decline or whether it is a cause or a consequence of these
biomarkers of neurodegeneration.

In the present study, we investigated the dynamic changes in CSF
GAP-43 among different A/T/N profiles and their association with
neuroimaging biomarkers of neurodegeneration and cognitive decline
using cross-sectional and longitudinal data from the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) cohort. The main objectives are
to determine (1) the alteration of CSF GAP-43 among different bio-
logical stages of AD, (2) the association between CSF GAP-43 and
neurodegeneration, and (3) the interaction effect of CSF GAP-43
with neurodegeneration on cognitive decline. We hypothesize that
presynaptic loss, as measured by CSF GAP-43, precedes neurodegen-
eration and predicts more rapid cognitive decline at a given level of
neurodegeneration. This study may help to advance our understand-
ing of the neuropathology of presynaptic loss in neurodegenerative
diseases.

2 | METHODS
2.1 | Participants

Data used in the preparation of this article were obtained from the
ADN!I 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 has been to test whether serial
magnetic resonance imaging (MRI), positron-emission tomography
(PET), other biological markers, and clinical and neuropsychological
assessment can be combined to measure the progression of mild cog-
nitive impairment (MCI) and early AD. The ADNI study was approved
by institutional review boards of all participating centers, and writ-
ten informed consent was obtained from all participants or their
authorized representatives.

This study included 730 participants (232 CU, 395 MCI, and 104
dementia) from the ADNI cohort. All participants had concurrent
(within one year) baseline 18F-florbetapir (FBP) A PET, CSF p-Tausgq,
CSF GAP-43, and 8F-fluorodeoxyglucose (FDG) PET, as well as lon-
gitudinal structure MRI and cognitive assessments. Among them,
377 individuals had longitudinal FDG PET, and 327 individuals had
simultaneous longitudinal A3 PET, CSF p-Tau4g4, and CSF GAP-43 data.

RESEARCH IN CONTEXT

1. Systematic review: Literature reviews in PubMed and
Google Scholar suggest cerebrospinal fluid (CSF) growth-
associated protein-43 (GAP-43) is significantly involved
in Alzheimer’s disease (AD), but the sequential associa-
tion between CSF GAP-43 and neurodegeneration has
been poorly investigated.

2. Interpretation: CSF GAP-43 increases were significantly
related to abnormal tau pathology rather than corti-
cal AB plaques and neurodegeneration. Elevated CSF
GAP-43 was associated with more rapid hippocampal
atrophy, cortical thinning, hypometabolism, and cognitive
decline, whereas baseline levels of these neurodegener-
ation biomarkers did not predict longitudinal changes in
CSF GAP-43. Higher CSF GAP-43 concentrations pre-
dicted further faster cognitive decline in addition to neu-
rodegeneration. These findings highlight the importance
of lowing tau aggregation and tau-related synaptic dys-
function to maintain better brain structural and cognitive
function in aging and AD patients.

3. Future directions: It would be helpful to validate these
findings in other presynaptic or postsynaptic biomarkers
based on independent cohorts.

2.2 | CSF biomarkers

CSF GAP-43 was measured at the Clinical Neurochemistry Labora-
tory of the Sahlgrenska University Hospital (MéIndal, Sweden) using
anin-house ELISA as described previously.!” Linear mixed effect (LME)
models were used to calculate slopes of CSF GAP-43 for all the par-
ticipants with longitudinal CSF GAP-43 data, adjusting for age and sex
and including a random slope and intercept. CSF p-Tauqg4 was analyzed
by the ADNI biomarker core group using the fully automated Roche
Elecsys.?° The threshold to define abnormal CSF p-Tausgq (T+) was >
23 pg/ml as described in the Supplementary Materials (Figure S1-2).

2.3 | PET and MRI imaging processing

FBP PET and FDG PET data were acquired from 50 to 70 min (FBP,
4 to 5-min frames) and 30 to 60 min (FDG, 6 to 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).

Cortical florbetapir uptakes in 68 regions of interest (ROls) defined
by the Desikan-Killiany atlas?! were extracted using FreeSurfer
(V7.1.1) from each FBP PET scan that coregistered to the individ-
ual corresponding structural MRI scan. A COMPOSITE standardized

uptake value ratio (SUVR) was calculated by referring florbetapir
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uptake in AD summarized cortical regions (including frontal, cingu-
late, parietal, and temporal areas) to the mean uptake of the whole
cerebellum.??2 The positivity of COMPOSITE FBP SUVR (A+) was
defined as SUVR > 1.11.22

For FDG PET images, we first coregistered each FDG PET scan to
the MNI PET template and subsequently completed spatial normaliza-
tion to transfer FDG PET images to MNI space in SPM12. FDG SUVR
in a pre-defined MetaROls were calculated by normalizing averaged
FDG counts in MetaROls to that found in the upper 50% of voxels in
a pons/vermis reference regionZ based on the spatial normalized FDG
PET image. Slopes of MetaROls FDG SUVR were calculated for all the
participants with longitudinal FDG PET data using LME models, adjust-
ing for age and sex and including a random slope and intercept. The
positivity of MetaROIs FDG SUVR (N+) was defined as SUVR < 1.19
as described in the Supplementary Materials (Figure S3-4).

68 FreeSurfer-defined gray matter volumes (GMV) and cortical
thicknesses, and hippocampal volume (HCV) were calculated from the
structural MRI scan via FreeSurfer. Bilateral HCV was adjusted by
the estimated intracranial volume.2* The residual HCV (rHCV) was
calculated as the difference between the raw and expected HCV as
we described previously.2> Temporal-MetaROlI cortical thickness was
computed as a surface-area weighted average of the mean cortical
thickness in the entorhinal, fusiform, inferior temporal, and middle
temporal cortices.2® Slopes of rHCV, temporal-MetaROI cortical thick-
ness, and GMV and cortical thicknesses of 68 ROIs 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.
The cutoff value to define rHCV positivity (N+) was < -0.67 cm® as
described in the Supplementary material (Figure S5-6).

2.4 | Biological stages defined by A/T/N
biomarkers

Participants were classified into different A/T/N profiles according to
the abnormal status of AB PET (A +), CSF p-Tauqgq (T +), and rHCV or
MetaROls FDG SUVR (N +) defined by the cutoff values as described
above. For sensitivity analysis, we also used alternative cutoff values
for CSF p-Tauygq > 19.2 pg/ml?7, rHCV < -0.70 cm32428 and MetaROls
FDG SUVR < 1.412¢ reported by different cohorts to define T + and
N=+.

2.5 | Cognitive assessments

Previously validated preclinical Alzheimer cognitive composite
(PACC)?? scores were used to represent global cognition, the details of
calculating PACC scores in ADNI can be found in our previous report.?>
Slopes of PACC scores were calculated for all the participants with
longitudinal PACC data using LME models, adjusting for age, sex, and

education, and including a random slope and intercept.
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2.6 | Statistical analysis

All statistical analyses were conducted in R version 4.1.1 (The R Foun-
dation for Statistical Computing). Data were presented as median
(interquartile range [IQR]) or number (%) unless otherwise noted.
The demographics and clinical characteristics between the CU and
cognitively impaired (Cl) groups were compared using a two-tailed
Mann-Whitney U test or Fisher’s exact test at a significance level of
p < 0.05 unless otherwise noted.

Generalized linear models (GLM) were used to compare cross-
sectional, and longitudinal CSF GAP-43 changes among different
A/T/N groups, controlling for age, sex, education, and APOE-¢4 sta-
tus. A false discovery rate (FDR) of 0.05 was applied using the
Benjamini-Hochberg approach for multiple comparisons correction.

To determine the sequential relation between CSF GAP-43 and
neurodegeneration, we used the GLM model to investigate the cross-
sectional and longitudinal associations of CSF GAP-43 with the most
commonly-used AD neurodegeneration biomarkers, including rHCV,
temporal-MetaROlI cortical thickness, and MetaROls FDG SUVR, and
controlling for the same covariates above. Additionally, we explored
the strongest cortical region with CSF GAP-43 by examining the
associations of baseline CSF GAP-43 with the slopes of GMV and
cortical thickness in 68 FreeSurfer-defined ROIls. Benjamini-Hochberg
approach was used for multiple comparisons correction (FDR < 0.05)
across 68 ROIls. Conversely, we also investigated whether baseline
GMYV and cortical thickness in the strongest cortical region can predict
longitudinal CSF GAP-43 increases over time, controlling for the same
covariates above.

Finally, we investigated the interaction effect of baseline CSF GAP-
43 with rHCV, temporal-MetaROI cortical thickness, MetaROIs FDG
SUVR, and middle temporal GMV and cortical thickness on the longi-
tudinal changes of PACC scores, controlling for the same covariates
above. Furthermore, receiver operating characteristic (ROC) analysis
was performed to ascertain whether baseline CSF GAP-43 can pre-
dict the conversion from MCI to dementia by including or removing
APOE-¢e4, A PET, or CSF p-Tau,g4 from the models.

3 | RESULTS
3.1 | Demographics

Table 1 summarized the clinical characteristics at baseline of partic-
ipants. Among 730 participants, 347 (48%) were females, 333 (46%)
were APOE-¢4 carriers, 392 (54%) were AB positive, and the medians
(IQR) of age and education were 72.6 (10.3) and 16 (4), respectively.
Longitudinal data of structure MRI, PACC scores, FDG PET, and CSF
GAP-43 were also illustrated in Table 1. There was no difference in
age between the CU and Cl groups. However, Cl individuals had higher
APOE4 prevalence (p < 0.001), lower percentage of females (p < 0.01),
and lower education (p < 0.01) than CU individuals.
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TABLE 1 Demographics of participants in CU and Cl groups

Characteristic CU (n=232) Cl(n=498)

Age, years 72.6(9.0) 72.4(10.9)

Female, No. (%) 128 (55) 219 (44)P

Education, years 16.5(2.0) 16.0 (4.0) P

APOE-¢4 carriers, No. (%) 66 (28) 267 (54)2

ABPET, SUVR 1.06 (0.19) 1.25(0.42)2

CSF p-Tauygy, pg/ml 19.2(10.8) 25.0(18.6)2

CSF GAP-43, pg/ml 4254 (3217) 4549 (3343) ¢

rHCV, cm? -0.04 (0.49) -0.34(0.69)2

Temporal-ROlI cortical thickness,mm 2.70(0.12) 2.64(0.20)2

MetaROls FDG PET, SUVR 1.30(0.15) 1.20(0.21)2

PACC scores 0.43(3.54) -6.23(9.11)2

Longitudinal MRI and PACC data

Visits of MRI, median (IQR, Range) 4(2,2-9) 4(1,2-12)

Duration of MRI, years, median (IQR, 2.3(4.7,0.2- 1.3(3.0,0.2 -
Range) 10.1) 11.2)

Visits of PACC, median (IQR,Range) 5(3,2-10) 5(4,2-13)

Duration of PACC, years, median 6.0(4.7,0.5 - 3.5(3.7,0.4 -
(IQR, Range) 10.5) 11.2)

377 participants with longitudinal n=111 n=266
FDG PET imaging

Visits of FDG PET, median (IQR, 2(0,2-3) 2(0,2-3)
Range)

Duration of FDG PET, years, median  2.0(0.1,1,5- 2.0(3.3,0.8 -
(IQR, Range) 7.1) 9.2)

327 participants with longitudinal n=127 n=200
CSF GAP43

Visits of CSF GAP43, median (IQR, 2(1,2-3) 2(1,2-4)
Range)

Duration of CSF GAP43, years, 2.1(2.0,1.3- 2.1(2.0,1.7 -
median (IQR, Range) 5.0) 6.0)

Note: Data are presented as median (M) and interquartile range (IQR) or
participant’s number (n) and percentage (%). Data were compared using a
two-tailed Mann-Whitney U test or Fisher’s exact test.

Abbreviations: APOE, apolipoprotein E; Cl, cognitively impaired; CSF,
cerebrospinal fluid; CU, cognitively unimpaired; FDG, fluorodeoxyglucose;
GAP-43, growth-associated protein-43; HCV, hippocampus volume; IQR,
interquartile range; PACC, Preclinical Alzheimer Cognitive Composite; PET,
positron emission computed tomography; p-Tauigq, phosphorylated tau
181; SUVR, standard uptake value ratio.

2 p <0.001 versus CU.

b p<0.01 versus CU.

¢ p <0.05versus CU.

3.2 | Comparisons of CSF GAP-43 among different
biological stages

To explore the association of CSF GAP-43 with AD-core pathologies
and neurodegeneration, we compared cross-sectional and longitudi-
nal CSF GAP-43 changes among different A/T/N profiles. When the
neurodegeneration (N +) was defined by hippocampal atrophy (rHCV),
the A-/T+/N-, A-/T+/N+, A+/T+/N-, and A+/T+/N+ individuals but

not the A-/T-/N+, A+/T-/N-, and A+/T-/N+ individuals had higher CSF
GAP-43 concentrations and faster rates of increases in CSF GAP-43
compared to the A-/T-/N- individuals, regardless of AS positivity and
hippocampal atrophy (Figure 1A-B and Table S1). For comparison pur-
poses, we repeated the analyses using AD-signature hypometabolism
(MetaROIs FDG SUVR) as the biomarker of neurodegeneration and
found similar results (Figure 1C-D and Table S2). Notably, no significant
difference was found in CSF GAP-43 concentrations and longitudi-
nal CSF GAP-43 changes among A-/T+/N-, A-/T+/N+, A+/T+/N- and
A+/T+/N+ individuals or among A-/T-/N-, A-/T-/N+, A+/T-/N- and
A+/T-/N+ individuals when either rHCV or FDG PET defined the
neurodegeneration (N +).

Additionally, these findings were substantially the same as those
obtained when we used the alternative cutoffs of CSF p-Tauqgq, rHCV,
and MetaROls FDG SUVR to define T + and N + (Figure S7).

3.3 | Association of CSF GAP-43 with hippocampal
atrophy, cortical thinning, and hypometabolism

At baseline, CSF GAP-43 concentrations were negatively associated
with rHCV (standardized 8 (Bsiq) = -0.08 [95% confidence interval (Cl),
-0.16 to 0.01], p = 0.025), but not related to temporal-MetaROI cor-
tical thickness (Bstq = 0.005 [95% ClI, -0.07 to 0.08], p = 0.894) and
MetaROls FDG SUVR (Bsiq = -0.06 [95% Cl, -0.13 to 0.01], p = 0.082)
in the whole cohort (Figure S8). Longitudinally, higher baseline CSF
GAP-43 concentrations were related to faster rates of decreases in
rHCV (Bsiq = -0.13 [95% Cl, -0.20 to -0.06], p < 0.001) and temporal-
MetaROI cortical thickness (Bs;q = -0.15 [95% Cl, -0.22 to -0.08],
p < 0.001) (Figure 2A-B). Among 377 individuals with longitudinal
FDG PET images, higher baseline CSF GAP-43 concentrations were
also associated with faster rates of decrease in MetaROIls FDG SUVR
(Bstg = -0.17 [95% Cl, -0.27 to -0.07], p < 0.001) (Figure 2C). After
stratified by cognitive status, the negative associations of baseline CSF
GAP-43 with slopes of rHCV, temporal-MetaROI cortical thickness,
and MetaROlIs FDG SUVR were retained only in Cl individuals but not
in CU individuals (Table S3). In contrast, the baseline levels of rHCV,
temporal-MetaROlI cortical thickness, and MetaROls FDG SUVR did
not predict longitudinal increases in CSF GAP-43 among 327 individ-
uals with longitudinal CSF GAP-43 measurements, either in the whole

cohort (Figure 2D-F) or in each subgroup (Figure S9).

3.4 | Association of CSF GAP-43 with regional
GMYV and cortical thickness

In the whole cohort, across 68 FreeSurfer-defined brain regions, base-
line CSF GAP-43 concentrations were negatively related to faster rates
of decrease in GMV in 28 regions (Figure 3A and Table S4) and cor-
tical thickness in 40 regions (Figure 3B and Table S5). The strongest
negative associations with slopes of GMV (Bsiq = -0.17 [95% ClI, -0.24
to -0.10], p < 0.001) and cortical thickness (Bsiq = -0.17 [95% ClI, -
0.25 to -0.10], p < 0.001) were found in the middle temporal region
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FIGURE 1 Comparison of cross-sectional and longitudinal CSF GAP-43 among different biological stages. Comparison of baseline CSF
GAP-43 (A) and slope of CSF GAP-43 (B) among different A/T/N groups (N + was defined by rHCV). Comparison of baseline CSF GAP-43 (C) and
slope of CSF GAP-43 (D) among different A/T/N groups (N + was defined by MetaROls FDG PET). The boxplots depict the median (horizontal bar),
interquartile range (IQR, hinges), and 1.5 x IQR (whiskers). Each point represents an individual, and green dashed lines represent the median
values of the reference. The p values of the comparisons with the reference (Ref) are shown at the top of the bar, adjusting for age, sex, education,

and APOE-¢4 status

(Figure 3C-D), and these associations remained significant in Cl indi-
viduals but not in CU individuals (Table S6). Conversely, the baseline
levels of GMV and cortical thickness in the middle temporal region
were unrelated to longitudinal changes in CSF GAP-43 (Figure 3E-
F). Notably, no positive association was observed between baseline
CSF GAP-43 and slopes of GMV and cortical thickness in 68 cortical

regions.

3.5 | Interaction of CSF GAP-43 with
neurodegeneration on cognitive decline

In the whole cohort, higher baseline CSF GAP-43 concentrations were
related to faster rates of decreases in PACC scores (Bsiq = -0.18 [95%
Cl,-0.24 to -0.11], p < 0.001). Moreover, we tested whether CSF GAP-

43 had an interaction effect with the above neuroimaging biomarkers
in predicting longitudinal cognitive decline. Importantly, we found that
baseline CSF GAP-43 significantly interacted with baseline and longi-
tudinal metaROIs FDG SUVR and middle temporal GMV in predicting
longitudinal cognitive decline (Table 2), showing that individuals with
high CSF GAP-43 levels had more pronounced positive associations
of metaROIs FDG SUVR and middle temporal GMV with slopes of
PACC scores than individuals with low CSF GAP-43 levels (Figure. 4).
However, no significant interaction between baseline CSF GAP-43
and other neurodegeneration biomarkers (rHCV, temporal-MetaROI
or middle temporal cortical thickness) was observed in predicting
longitudinal cognitive decline (Figure S10 and Table S7).

Last, among 355 individuals who were MCI at baseline, we found
that 115 individuals progressed to dementia at a median (IQR) follow-

up of 4.0 (4.0) years. Baseline CSF GAP-43 concentrations were
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FIGURE 2 Association of CSF GAP-43 with hippocampal atrophy, MetaROls cortical thickness, and hypometabolism. Prediction of
longitudinal changes of rHCV (A), temporal-MetaROl cortical thickness (B), and MetaROls FDG PET (C) by baseline CSF GAP-43. Association of
baseline rHCV (D), temporal-MetaROlI cortical thickness (E), and MetaROIs FDG PET (F) with the slope of CSF GAP-43. The points (blue, CU; red,
Cl) and solid lines represent the individuals and regression lines, respectively. The standardized regression coefficients () and p values were
computed using a linear model across all participants, adjusting for age, sex, education, and APOE-¢4 status

significantly increased in those who subsequently developed dementia
than in those who were stable MCI at follow-up (Figure S11). Further-
more, CSF GAP-43 concentrations predicted the conversion from MCI
to dementia with an AUC of 0.66 (Figure 5A). When combing CSF GAP-
43 with APOE-¢4, AB PET, and CSF p-Tauqg4, the ROC analysis showed
the most excellent AUC of 0.79 for the prediction.

4 | DISCUSSION

In the current study, we investigated baseline and longitudinal alterna-
tions in CSF GAP-43 between different biological stages of AD and how
they relate to hippocampal atrophy, cortical thinning, hypometabolism,

and cognitive decline cross-sectionally and longitudinally. Regardless
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FIGURE 3 Association of CSF GAP-43 with regional GMV and cortical thickness correlation coefficients of baseline CSF GAP-43 with the
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of amyloid positivity, hippocampal atrophy, and hypometabolism, we
found that individuals with abnormal tau pathology had higher CSF
GAP-43 concentrations and faster rates of CSF GAP-43 increases than
those without significant tau pathology. Furthermore, higher base-

line CSF GAP-43 concentrations were related to more rapid brain

atrophy, cortical thinning, and hypometabolism over time. In contrast,
longitudinal changes in CSF GAP-43 could not be predicted by the
baseline levels of those neuroimaging biomarkers, implying that CSF
GAP-43 increases may be an earlier event than neurodegeneration

measured by FDG PET or structural MRI. Together with the previous
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studies®?-34, one hypothetical cascade model of AD may be concluded
(Figure 5B). Last, we found that baseline CSF GAP-43 concentra-
tions had a modulatory effect on the associations of AD-signature
hypometabolism and middle temporal gray matter atrophy with lon-
gitudinal cognitive decline. These findings provide a novel insight into
the interpretation of presynaptic loss measured by CSF GAP-43 pre-
ceding neurodegeneration. CSF GAP-43 may be a promising biomarker
for tracking the disease progression in the absence of unequivocal
neurodegeneration.

Previous cross-sectional studies!’-1%3536 demonstrated that
CSF GAP-43 concentrations were elevated in asymptomatic and
symptomatic AD but not in suspected non-Alzheimer’s disease
pathophysiology. However, less is known about the changes in CSF
GAP-43 in different biological stages of AD. In line with our findings,

a recent study®’ reported increased CSF GAP-43 concentrations in

MCI patients with tau pathology irrespective of CSF Af4,. Herein, we
used A/T/N profiles to further extend the findings by indicating that
both baseline and longitudinal CSF GAP-43 were explicitly elevated
in the presence of tau pathology, supporting the determinant role of
tau pathology in presynaptic loss measured by CSF GAP-43.1837 |
contrast, amyloid plaques, hippocampal atrophy, and hypometabolism
did not show an apparent influence on CSF GAP-43 increases. Notably,
presynaptic protein GAP-43 plays an important role in synaptic

plasticity and axonal regeneration33?

,and its expression was induced
by neuronal or axonal injury.? In this regard, GAP-43 increases may
also reflect the mechanism underlying the repair of plasticity damages
and effort to regenerative axonal sprouting, which is supposed to be
explored by further study.

Recently, one observational study reported a negative association

between CSF GAP-43 and AD-specific regional cortical thickness in
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cognitively unimpaired individuals.® Given that synaptic loss and neu-
rodegeneration are thought to constitute the major neuropathology
leading to cognitive impairment in dementia®!~43, it is crucial to deter-
mine their sequential orders during disease progression. To this end, we
explored the association between CSF GAP-43 and several commonly-
used AD biomarkers of neurodegeneration, including hippocampal
atrophy and AD-signature cortical thinning and hypometabolism. In
a large cohort, our findings agree with the hypothesis that presy-
naptic loss, defined as elevated CSF GAP-43, occurs earlier than the
neurodegeneration analyzed herein. Consistent with our findings, one

observational study also showed that CSF synaptic protein changes

34)

were already present before the increases in CSF total-Tau, a marker of
neurodegeneration, in preclinical AD.** Furthermore, an animal study
revealed that synaptic loss and dysfunction were already detected in
absence of hippocampal and entorhinal cortical atrophy*®, implying
synaptic loss may precede brain atrophy at least in the tested regions.
To further confirm our hypothesis, we explored the association of base-
line CSF GAP-43 with longitudinal gray matter atrophy and cortical
thinning across 68 cortical regions. The strongest negative association
with CSF GAP-43 was found in the middle temporal region. Similarly,
we did not observe the predictive effect of gray matter atrophy and

cortical thinning at baseline on longitudinal CSF GAP-43 changes in
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TABLE 2 Theinfluence of CSF GAP-43 and neurodegeneration on
longitudinal cognitive decline

Outcome variable: Slope
of PACC scores Bstd 95% Cl p value
Main effect

Baseline CSF GAP-43 -0.18

Baseline MetaROIs FDG 0.60
PET

-0.24t0-0.11 <0.001
0.55t00.66 <0.001

Baseline middle temporal 0.38 0.32t00.44 <0.001

GMV

Slope of MetaROIs FDG 0.57
PET

049t00.65 <0.001

Slope of middle temporal 0.53 0.47t00.59 <0.001

GMV

Interaction with baseline
CSF GAP-43

Baseline MetaROIs FDG 0.21
PET

0.10t00.32 <0.001

Baseline middle temporal 0.16 0.04t00.29 0.008

GMV

Slope of MetaROIs FDG 0.25
PET

0.09to0.41 0.002

Slope of middle temporal 0.17 0.05t00.28 0.005

GMV

Abbreviations: Cl, confidence interval.; CSF, cerebrospinal fluid; FDG,
fluorodeoxyglucose; GAP-43, growth-associated protein-43; PACC, Pre-
clinical Alzheimer Cognitive Composite; PET, positron emission computed
tomography.

any brain region. Together with our findings and previous literature,
presynaptic loss measured by CSF GAP-43 may precede AD-typical
neurodegeneration.

Consistent with our results, a previous study indicated that higher
CSF GAP-43 concentrations were related to longitudinal declines in
Mini-Mental State Examination (MMSE) scores over time.l” Since our
findings support that CSF GAP-43 alternations occur before apparent
neurodegeneration, thus we investigated the modulatory effect of CSF
GAP-43 on the association between neurodegeneration and cognitive
decline. We found that individuals with higher CSF GAP-43 con-
centrations showed more pronounced AD-signature hypometabolism-
associated and middle temporal gray matter atrophy-associated cogni-
tive decline. This indicates that more presynaptic loss, likely to present
earlier than brain atrophy and hypometabolism, is related to faster
cognitive decline upon the same levels of neurodegeneration.*¢*” In
addition, we also showed that CSF GAP-43, together with APOE-¢4
and AD-core pathologies, significantly predicted the conversion from
MCI to dementia, suggesting that CSF GAP-43 may be an additional
measurement to predict longitudinal clinical progression.

Overall, this study tracked the dynamic of CSF GAP-43 among dif-
ferent biological stages of AD and explored the sequential association
of CSF GAP-43 with brain structural and metabolic changes as well
as their influence on cognitive decline in a large cohort. Our findings

provide novel insights into the underlying mechanism and role of presy-

naptic loss in neurodegenerative diseases. However, several limitations
should be considered in the current study. First, while the unidirec-
tional predictive effect of CSF GAP-43 on neurodegeneration is well
established herein, we cannot definitively conclude their causative
association by one observational cohort. All we can confirm is that
CSF GAP-43 increases may be predisposed to occur before neurode-
generation. Additionally, CSF GAP-43 is only an indirect biomarker
of presynaptic loss, which cannot reflect the regional and structural
damages to presynapse. Autopsy and neuroimaging examinations are
needed to confirm these findings in the future. Finally, the association
between other synaptic biomarkers (such as presynaptic SNAP-2548
and synaptotagmin-1%?, and postsynaptic neurogranin®®) and neu-
rodegeneration still requires further investigation, as different synap-
tic proteins may reflect various aspects of synaptic dysfunction or loss
occurring in the course of AD and other neurodegenerative dementia.

In summary, this study suggests that tau pathology instead of amy-
loid plaque parallels CSF GAP-43 increases reflecting presynaptic
loss, which may occur prior to neurodegeneration and predict faster
cognitive decline. These findings extend the understanding of the asso-
ciations among AD pathology, presynaptic loss, neurodegeneration,
and cognitive decline and highlight the importance of strategy target-
ing tau pathology at the early stage to diminish synaptic dysfunction
and subsequent brain structural and cognitive impairments in AD and
other neurodegenerative dementia. Crucially, CSF GAP-43 may be
useful as an additional outcome biomarker to track the tau-related

downstream event before the evident neurodegeneration.
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