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ARTICLE INFO ABSTRACT
Keywords: Nucleus basalis of Meynert (NbM), one of the earliest targets of Alzheimer's disease (AD), may act as a seed for
Nucleus basalis of Meynert pathological spreading to its connected regions. However, the underlying basis of regional vulnerability to NbM

Functional connectivity

Mild cognitive impairment
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Transcriptional vulnerability
Tissue-specific geneset risk score

dysconnectivity remains unclear. NbM functional dysconnectivity was assessed using resting-state fMRI data of
health controls and mild cognitive impairment (MCI) patients from the Alzheimer's disease Neuroimaging
Initiative (ADNI2/GO phase). Transcriptional correlates of NbM dysconnectivity was explored by leveraging
public intrinsic and differential post-mortem brain-wide gene expression datasets from Allen Human Brain Atlas
(AHBA) and Mount Sinai Brain Bank (MSBB). By constructing an individual-level tissue-specific gene set risk
score (TGRS), we evaluated the contribution of NbM dysconnectivity-correlated gene sets to change rate of
cerebral spinal fluid (CSF) biomarkers during preclinical stage of AD, as well as to MCI onset age. An independent
cohort of health controls and MCI patients from ADNI3 was used to validate our main findings. Between-group
comparison revealed significant connectivity reduction between the right NbM and right middle temporal gyrus
in MCI. This regional vulnerability to NbM dysconnectivity correlated with intrinsic expression of genes enriched
in protein and immune functions, as well as with differential expression of genes enriched in cholinergic re-
ceptors, immune, vascular and energy metabolism functions. TGRS of these NbM dysconnectivity-correlated gene
sets are associated with longitudinal amyloid-beta change at preclinical stages of AD, and contributed to MCI
onset age independent of traditional AD risks. Our findings revealed the transcriptional vulnerability to NbM
dysconnectivity and their crucial role in explaining preclinical amyloid-beta change and MCI onset age, which
offer new insights into the early AD pathology and encourage more investigation and clinical trials targeting

NbM.
1. Introduction Alzheimer's disease (AD). Recent histological and in vivo volumetric
evidence suggests that the nucleus basalis of Meynert (NbM), a major
Cholinergic system degeneration is a primary pathogenetic event in source of cholinergic innervation to the cerebral cortex, exhibits

Abbreviations: NbM, nucleus basalis of Meynert; FC, functional connectivity; MCI, mild cognitive impairment; TGRS, tissue-specific geneset risk score.
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severely cholinergic neuron loss in AD and may start to degenerate from
the very early phases of AD (Grothe et al., 2013; Schliebs and Arendt,
2011; Weigand et al., 2020; Xu et al., 2021).

As an early event in the course of AD, NbM degeneration may
interact with other etiologic factors to facilitate spreading of AD pa-
thology to the cortex. Cholinergic NbM atrophy in preclinical stages of
AD measured in vivo on MRI is associated with amyloid pathology in
widespread cholinergic innervated cortical areas (Kerbler et al., 2015;
Teipel et al., 2014). In the course of AD, NbM atrophy is demonstrated to
be a reliable upstream event of subsequent entorhinal and neocortical
degeneration (Fernandez-Cabello et al., 2020; Schmitz et al., 2016).
Furthermore, longitudinal degeneration of the cholinergic basal fore-
brain covaries with longitudinal degeneration of multiple cholinergic
innervated cortical regions, and overlaps with PET indices of cholinergic
denervation (Schmitz et al., 2018). Recent resting-state functional MRI
(rsfMRI) studies show reduced NbM functional connectivity with
cholinergic projected brain areas during early phases of AD (Li et al.,
2017; Meng et al., 2018; Qi et al., 2021), and the functionally dyscon-
nected regions are not completely spatially overlapped with those
structurally degenerated. Together, these evidences suggest that the
spatial topography of dysregulated NbM-cortex interactions may reflect
varied regional vulnerability to the interdependence between NbM
deficiency and other AD pathologies that could not be captured by
spreading of structural degeneration. However, it remains ambiguous
what mechanisms may be involved in determining the spatial topog-
raphy of NbM dysconnectivity at the early stages of AD.

Here we aimed to investigate the underlying determinants of the
varied regional vulnerability to NbM functional dysconnectivity at the
early stages of AD, by examining the transcriptomic correlates of the
NbM dysconnectivity patterns in mild cognitive impairment (MCI) pa-
tients. NbM dysconnectivity pattern was explored using fMRI data from
Alzheimer's Disease Neuroimaging Initiative (ADNI). To investigate
whether the NbM dysconnectivity topography is associated with pre-
existing transcriptional heterogeneity, or manifests as a sideshow of
genetic aberrations that are unevenly distributed across the brain, we
assessed both normative (Hawrylycz et al., 2015; Hawrylycz et al.,
2012) and differential brain-wide transcriptional profiles (Haroutunian
et al., 2009). These two sets of gene expression profiles were separately
correlated with NbM dysconnectivity pattern, followed by Gene Set
Enrichment Analysis (GSEA) to characterize the intrinsic or differential
expression of genes involved in neurotransmitter systems, cell types and
biological pathways. Finally, based on the identified gene sets under-
lying NbM dysconnectivity distribution, we constructed an individual-
level tissue-specific gene set risk score, in attempt to evaluate their
relation with preclinical longitudinal changes of CSF biomarkers and
MCI onset age.

2. Material and methods
2.1. Participants

We selected 49 healthy controls (HC) and 62 clinical defined MCI
participants (Table 1, detailed in Supplementary Table 1 and Supple-
mentary Method) from phases GO/2 of the ADNI database (ADNI2/GO,
https://adni.loni.usc.edu/). 56 participants being HC at baseline and
later developed MCI during the visits (demographics in Supplementary
Table 3) were selected from ADNI2/GO for regression analyses between
genomic and clinical characteristics. Additional 104 HC and 44 MCI
participants from phase 3 of the ADNI database (ADNI3) were used for
validation. Study subjects gave written informed consent and the study
was approved by each participating site's Institutional Review Board.
Detailed information regarding recruitment and diagnostic criteria can
be found on the ADNI website (www.adni-info.org).
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Table 1
Demographic and clinical features of the participants.
HC (n = 49) MCI (n = 62) P

Demographics
Age, years 74.60 £6.90 71.56+ 7.98 0.033"
Sex (M/F) 16/33 32/30 0.055°
Education years 16.47+2.37 16.02+2.56 0.337¢
Handedness (L/R) 6/43 3/59 0.180°
Clinical features
MMSE 28.94+1.23 27.91£1.71 <0.001"
CDR 0.01+0.07 0.494+0.06 <0.001*¢
Delayed logical memory 14.03+2.86 6.11+3.27 <0.001"
Immediate logical memory 15.08+3.07 8.32+3.16 <0.001*"

Average values are reported as mean + SD and significant differences are
highlighted in bold.
MCI = Mild cognitive impairment patients; HC = healthy controls; n = sample
size; F = female; M = male; L = left; R = right; MMSE = Mini-Mental State
Examination; CDR = Clinical Dementia Rating.

? significance checked with two-sided independent two sample Student's t-
test.

b significance checked with two-sided independent two sample Welch's t-test.

¢ significance checked with Fisher's exact test.

4 only available for 48 and 55 MCI participants.

¢ only available for 49 and 61 MCI participants.

f only available for 39 NC and 44 MCI participants.

2.2. MRI data preprocessing and seed-based functional connectivity

rsfMRI images from ADNI2/GO/3 were preprocessed using AFNI
(version 21.2.04; https://afni.nimh.nih.gov/) with a standard process-
ing pipeline (Supplement).

The seed regions of interest (ROIs) for bilateral NbM were defined
using the SPM Anatomy toolbox (Eickhoff et al., 2005; Zaborszky et al.,
2008), with a probability threshold of 0.6 (Fig. 1A). Pearson's correla-
tion between the mean time course of each NbM seed and the time
course of every voxel in the brain was calculated, followed by Fisher's r-
to-z transformation. For each bilateral NbM ROI, the resultant resting
state functional connectivity (rsFC) maps were submitted to a two-
sample t-test between the MCI and HC group, masked by an or map of
significant within-group NbM connectivity in each group (i.e., signifi-
cant NbM rsFC in HC or MCI group). The significant within-group NbM
rsFC map was thresholded under FWE-corrected P < 0.05 (one-sample t-
test). The significant NbM rsFC map generated within the HC group was
referred to as the normative NbM rsFC map from now on. The de-
mographic variables (age, sex, and years of education), together with
mean frame displacement, the number of remaining TRs after scrubbing
and scanner effect were included as covariates. A significance threshold
of family wise error rate (FWE)-corrected P < 0.05 was set for all rsFC
analyses unless otherwise specified.

2.3. Gene expression dataset processing

Intrinsic regional transcriptional profiles were assessed using the
whole brain microarray normal gene expression data provided by Allen
Human Brain Atlas (AHBA; http://human.brain-map.org/) (Hawrylycz
et al., 2015; Hawrylycz et al., 2012). A standard pipeline was used for
processing (Arnatkeviciute et al., 2019). Only left-hemisphere samples
were used for all analyses (Hawrylycz et al., 2015). Furthermore, we
restricted our analyses to brain-expressed genes (15,655 genes) adapted
from Human Protein Atlas (HPA; https://www.proteinatlas.org/)
(Sjostedt et al., 2020). A regional gene expression matrix of 246 regions
x 15,655 genes was finally used for further analyses (see Supplemental
eMethods).

MCl-related differential gene expression profiles were obtained from
the Mount Sinai Brain Bank (MSBB; https://www.synapse.org/#!Sy
napse:syn16809559) study (see Supplemental eMethods), with
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Fig. 1. Transcriptional profile underlying normative NbM rsFC. (A) Bilateral basal forebrain NbM seed regions in MNI space. (B) Distribution of significant
LNbM rsFC in HCs. Subcortical areas are displayed in ventricular areas as approximations. (C) Neurotransmitter basis of LNbM rsFC revealed by GSEA enrichment of
five neurotransmitter systems (cholinergic, dopaminergic, serotoninergic, GABAergic, and glutamatergic) (D) Neurotransmitter co-expression modules (left panel)
enriched in LNbM connected areas (right panel). Receptor genes are labeled with different colors denoting their corresponding neurotransmitter system. Significantly
enriched modules are also shown with red squares in the left panel. (E) The significantly enriched neurotransmitter modules correlating with LNbM rsFC patterns are
dominated by glutamatergic, GABAergic and cholinergic receptors. (F) Cellular basis of normal LNbM rsFC identified by cell-type enrichment analysis. Significantly
positively (red) and negatively (blue) enriched cell types are shown. * Prpgr < 0.05. MNI, Montreal Neurological Institute; LNbM, left NbM; rsFC, resting state function
connectivity; HCs, healthy controls; Choline, cholinergic; Dopa, dopaminergic; Sero, serotoninergic; GABA, GABAergic; Glu, glutamatergic; Astro, astrocyte; Micro,
microglia; OPC, oligodendrocyte precursor; Oligo, oligodendrocyte; Endo, endothelial; Neuro-ex, excitatory neurons; Neuro-in, inhibitory neurons; M, module; Mall,
all the enriched modules for the corresponding case and hemisphere; ns, non- significant; GSEA, gene set enrichment analysis; NES, normalized effect size. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

microarray probes assayed from 19 AD-related brain regions (left
hemisphere) (Haroutunian et al., 2009; Hodes and Buckholtz, 2016;
Wang et al., 2016). We used the common gene set (14,283 genes)
assayed by MSBB and AHBA for further analysis. Differential gene
expression between the HC and MCI samples was computed with limma
R package. No P threshold was applied since we are interested in the
entire gene list.

2.4. Neurotransmitter, cellular and biological enrichment analysis

To investigate the transcriptional basis of the NbM rsFC pattern, we
calculated the Spearman correlations between the normative NbM rsFC
map and intrinsic gene expression map. We also compared the NbM
functional dysconnectivity pattern with the intrinsic gene expression
map and the MCl-related differential gene expression profile. Each
resulting correlation list was ranked in descending order and fed into
gene set enrichment analyses to determine whether NbM ROIs tend to
connect or dysconnect with brain regions enriched with genes associated
with specific neurotransmitter, cellular or biological processes.

To investigate the neurotransmitter basis underlying NbM rsFC and
its MCl-related alteration pattern, 60 neurotransmitter receptor genes
from five main neurotransmitter systems (serotonergic, glutamatergic,
cholinergic, dopaminergic and GABAergic) were selected from the cor-
responding Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kane-
hisa and Goto, 2000) pathways (Supplementary Table 2). We examined
the enrichment of the five neurotransmitter systems in each ranked gene
list using customized GSEA (Subramanian et al., 2005). For the NbM

rsFC pattern, an extra enrichment analysis across neurotransmitter co-
expression networks was conducted (see Supplemental Methods). All
GSEA were performed using GSEA-P 4.1.0 (Subramanian et al., 2005).

We obtained cell type-specific gene sets for seven cell types from a
prior study (Seidlitz et al., 2020). The seven classes were: astrocytes,
endothelial cells, microglia, excitatory neurons, inhibitory neurons, ol-
igodendrocytes, and oligodendrocyte progenitor cells. GSEA was con-
ducted for each ranked gene list to test the enrichment of the seven cell
types.

The more general involvement of the biological basis was charac-
terized by Gene Ontology (GO) biological processes and KEGG path-
ways. Enrichment of these processes/pathways in each ranked gene list
was conducted using the GAGE method (Luo et al., 2009) in gage R
package. The relationship between the enrichment results was further
qualitatively explored with chord diagram.

A false discovery rate (FDR) corrected Prpr < 0.05 was set for GO/
KEGG and neurotransmitter enrichment analysis, while a Pppgr < 0.001
and normalized effect size (NES) > 4 were applied to the cellular
enrichment analysis.

2.5. Construction of gene set specific risk score

For each identified gene set from the above analysis, we extracted its
gene co-expression subnetwork based on the hippocampus-specific co-
expression network from Genotype-Tissue Expression (GTEx) Portal
(Prpr < 0.05). Independent significant expression quantitative trait loci
(eQTLs) for autosomal chromosomes, which measure the regulatory
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effect of single-nucleotide polymorphisms (SNPs) on gene expression,
were extracted for genes in each identified gene set. For each subject,
Tissue-specific Gene set Risk Score (TGRS) was defined by combining
the co-expression sub-network and individual genomic profile with
eQTLs (Fig. 4A):

G \4
TGRS(P) = ) | (D,- Zﬂ,,-zvj) €8]
i=1 ij=1

Here, P is the gene set of interest with a total of G genes and V is the
number of independent SNPs for the ith gene. D; is the sum of the
strengths of the directly connected edges of the ith gene, while g; ; de-
notes the normalized eQTL effect size of the jth SNP on the expression of
the ith gene and N; is the genotype of the jth SNP for a given participant.

Individual genotypes for MCI subjects from ADNI2/GO were pro-
cessed with recommended quality control steps (Marees et al., 2018).
The 1000 Genome phase 3 release (Altshuler et al., 2015) for the Eu-
ropean population was used to characterize the linkage disequilibrium
(LD) of SNPs (see details in Supplementary methods).

TGRSs were computed for each of the enriched neurotransmitter,
cellular and biological pathway gene sets. Given the large number of
biological pathway enriched gene sets, their corresponding TGRS scores
were first dimensionally reduced using principal component analysis
(PCA). For across-stages prediction, PCA was conducted across HC
participants converted to MCI (pre-diagnosis) and those MCI patients
diagnosed at baseline (post-diagnosis), while for the prediction in
separate stages, the PCA were conducted in participants in the corre-
sponding stages. The first 10 PCs were selected and then rotated with
varimax method before further analysis. PCA was performed with R
package “stats”.

2.6. Relationship between TGRS and annual change rate of CSF
biomarkers

In exploring the relationship of the proposed risk score to early pa-
thology, we tested whether the TGRSs of NbM dysconnectivity tran-
scriptional correlates contribute to longitudinal change rate of three CSF
biomarkers: amyloid beta 42 (Ap42), amyloid beta 42/40 (Ap42/40)
and tau phosphorylated at threonine 181 (ptau). The change rate of CSF
biomarkers was calculated using linear mixed effect model, with month
of sampling, age at baseline, gender and baseline CSF biomarkers as
fixed effect. Additionally, random intercept and random slope in month
were also included. The change rate of CSF biomarkers were estimated
before MCI diagnosis (in 56 MCI patients with available pre-diagnosis
data) and after MCI diagnosis, respectively.

As previous work has revealed that polygenetic risk score was asso-
ciated with brain regional volume in healthy controls but not Alz-
heimer's disease patients (Wang et al., 2019), we wonder if the proposed
TGRSs score would contribute more at pre-diagnosis stage. The predic-
tion analysis was conducted in MCI patients across pre-diagnosis and
post-diagnosis stages, and in each separate stage, respectively. The first
10 principal components of biological processes TGRSs, as well as TGRSs
for cell types and neurotransmitters were separately entered into step-
wise regressions to select possible explanatory variables for change rate
of biomarkers. The bidirectional stepwise regression from R package
“olsrr” was used. Age at baseline and gender were forced included in the
model, the education year, APOE €4 genotype and polygenic hazard
score (PHS) from prior work (Desikan et al., 2017) were included as
candidate variables in the regressions. At each step, variables were
added based on P < 0.05, and the AIC was used to set a limit on the total
number of variables included in the final model. To explain the function
of each discovered varimax-rotated component (VC), we ranked the
contributors to the component by absolute loadings and the processes/
pathways with loading >0.5 were considered the primary functions of
the component.
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2.7. Relationship between TGRS and MCI onset age

In further exploring the potential contribution of the proposed risk
score to early MCI pathology, we tested whether the TGRSs of the NbM
dysconnectivity transcriptional correlates contributed to MCI onset age.
We used age at MCI conversion visit of HC as an approximate MCI onset
age. The same stepwise regression analyses and interpretations were
conducted as change of biomarkers in pre-diagnosis MCI group.

2.8. Validation analyses

We validated our main findings by repeating the analyses on ADNI3.
The regression analysis with MCI onset age and change of biomarkers
were not performed on ADNI3 due to insufficient number of MCI sub-
jects with pre-diagnosis data.

3. Results
3.1. Transcriptomic correlates of normative NbM rsFC

In HC group, both the left and right NbM displayed extensive positive
rsFC to the surrounding subcortical structures in hippocampus, amyg-
dala, putamen, caudate, and thalamus, as well as to cortical areas in the
medial prefrontal/anterior cingulate cortex, posterior cingulate cortex/
precuneus, insular and middle temporal cortices (Fig. 1B and Supple-
mentary Fig. 1B).

Spatial correlations between NbM rsFC pattern and intrinsic regional
gene expression profiles revealed significant positive enrichment of
cholinergic, glutamatergic and GABAergic receptor genes (Fig. 1C and
Supplementary Fig. 1C). We further evaluated the spatial co-expression
between 60 neurotransmitter receptor genes across the NbM-connected
regions (Supplementary Fig. 3). Each of the co-expression module con-
sisted of genes from multiple neurotransmitter systems (Fig. 1D, Fig. 2
and Supplementary Fig. 1D). Genes associated with the NbM rsFC
pattern were enriched in multiple neurotransmitter modules (Fig. 1D
and Supplementary Fig. 1D), which were mainly involved in gluta-
matergic and GABAergic systems while a few of them appeared to be
involved in the cholinergic system (Fig. 1E and Supplementary Fig. 1E).
For validation, the enriched modules (Supplementary Fig. 2B—C) of co-
expression network built across the whole brain (Supplementary
Fig. 2A) showed a significant overlap with those for the left (P = 0.030;
Supplementary Fig. 2D) and right NbM (P < 0.001; Supplementary
Fig. 2E) connected regions. Similar neurotransmitter involvement was
found for these modules (Supplementary Fig. 2F).

We also evaluated whether genes spatially related to NbM connec-
tivity were enriched in certain cell types. GSEA results revealed signif-
icant positive enrichment of excitatory and inhibitory neurons and
negative enrichment of oligodendrocytes in brain regions with high
NbM rsFC (FDR-corrected P < 0.001 and NES > 4; Fig. 1F and Supple-
mentary Fig. 1F).

3.2. Functional dysconnectivity of the NbM in MCI patients

Comparisons in NbM rsFC between MCI and HC revealed apparent
varied changes of NbM rsFC across different brain regions (Fig. 3A-B).
For left NbM, We found marginally significant rsFC decrease in left
inferior frontal gyrus (uncorrected P < 0.05, Fig. 3C). For right NbM, we
found significant rsFC decrease in the right middle temporal gyrus (FWE
corrected P < 0.05), together with marginally significant rsFC decrease
in left middle temporal and superior frontal gyrus (uncorrected P <
0.05, Fig. 3C). NbM rsFC was also significantly correlated with Mini-
Mental State Examination (MMSE) and delayed logical memory test
(LDEL) in MCI patients (Supplementary Fig. 4).
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Fig. 2. Co-expression pattern de-
tails for the neurotransmitter re-
ceptors in areas with significant
NbM FC. Co-expression pattern for the
cholinergic, dopaminergic, serotonin-
ergic, GABAergic, glutamatergic
neurotransmitter receptors in the
areas with significant LNbM (A) or
RNbM (B) FC was demonstrated. The
complete linkage was used to identify
the clusters (all squares) and the
insignificant correlations are showed
in blank. Receptors of neurotrans-
mitter systems are labeled with corre-
sponding colors. Neurotransmitter
basis underlying normal LNbM (C) or
RNbM (D) FC was revealed by GSEA
enrichment of the ranked gene list
across modules in A and B, the list was
derived by Spearman's correlation of
LNbM or RNbM FC with Allen Human
Brain Atlas transcriptional profile.
Only significantly positively (red)
enriched modules were discovered,
which are also shown with red squares
in (A, B). * denotes FDR corrected P <
0.05. LNbM, left NbM; RNbM, right
NbM; Choline, cholinergic; Dopa,
dopaminergic; Sero, serotoninergic;
GABA, GABAergic; Glu, gluta-
tmatergic; ns, non-significant; M,
module; NES, normalized effect size;
ns, non-significant. (For interpretation

Fig. 3. The NbM functional dysconnectivity in MCI. LNbM (A) and RNbM (B) functional dysconnectivity patterns in MCI patients are shown in surface space.
Warm colors represent decreased rsFC and cold colors represent increased rsFC in patients with MCI. (C) For LNbM, between group comparisons revealed marginally
significant rsFC reduction in the left inferior frontal gyrus (top panel). While for RNbM, significant reduction in the right middle temporal gyrus, as well as marginally
significant reduction in the superior frontal gyrus and left middle temporal gyrus were found (bottom panel). Similar clusters were observed in validation analysis on
ADNI3. The clusters are thresholded at voxel-wise P < 0.05 and cluster size >40, the red arrow indicates clusters significant at FWE corrected P < 0.05. LNbM, left
NbM; RNDbM, right NbM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. Transcriptional correlates of NbM functional dysconnectivity in MCI

To investigate the putative pre-existing transcriptional properties
underlying differential regional vulnerability to NbM dysconnectivity in
MCI, we evaluated spatial correlations between NbM rsFC changes in
MCI and intrinsic regional gene expression profiles. We observed no
significant enrichment in neurotransmitter system for genes related to
NbM dysconnectivity pattern (Figure 4Ai-ii, left panel). Brain regions
with higher vulnerability to NbM rsFC alteration in MCI were positively
enriched with genes related to excitatory neurons and negatively
enriched with genes in microglia and astrocyte cell types (Figure 4Bi-ii,
left panel). Moreover, for the left NbM, vulnerable brain regions were
enriched with gene sets associated with different aspects of protein
translation, while for the right NbM, the enriched gene sets were related
to protein translation, as well as immune functions including leukocyte
and granulocyte activation (Fig. 4C). We denoted these enrichment re-
sults by correlating with intrinsic gene expressions as risk gene sets.

We also correlated the NbM rsFC alteration pattern in MCI with MCI-
specific gene differential expression (DE) profiles. GSEA revealed the
cholinergic receptor genes to be positively enriched in brain regions
dysconnected with the NbM (Figure 4Ai-ii, right panel). Moreover, we
found gene sets implicated in microglia, astrocytes and endothelia cells
to be positively enriched, while gene sets of excitatory and inhibitory
neurons to be negatively enriched in NbM disconnected regions
(Figure 4Bi-ii, right panel). Enrichment analysis of biological pathways/
processes revealed positively enriched gene sets related to blood vessel
development and negatively enriched gene sets related to multiple as-
pects of energy metabolism, including ATP synthesis and mitochondrion
functions (Fig. 4C). We referred to the above enrichment results ob-
tained from the differential expressed gene maps as DE gene sets.

To explore the potential relationship between risk and DE gene sets,
we examined their intersection and found almost no common enriched
gene sets of intrinsic and DE map for bilateral NbM (Fig. 4C, right panel).

3.4. NbM dysconnectivity associated gene sets contribute to preclinical
longitudinal change of CSF biomarkers

Having identified the enriched gene sets for vulnerable NbM con-
nectivity to MCI, we next investigated whether these gene sets were
associated with early pathological changes. Group-level identified gene
sets were translated to individual-level genetic risk score (TGRS,
Fig. 5A). As for each patient, the proposed TGRS are genetic risk scores
that keep constant across healthy and different disease stages, it would
be reasonable to speculate that the TGRS plays different roles in
different stages. Specifically, TGRS may play a potential risk role in
healthy stage of patients that drive the pathological changes and the
onset of the clinical symptoms. To test this hypothesis, we first regressed
TGRS against change rate of CSF biomarkers in all MCI patients and
found no significant predictors of longitudinal change of CSF bio-
markers. We thus further conducted regression analysis before and after
MCI diagnosis, respectively (Fig. 5B). Our results revealed significant
predictors in explaining pre-diagnosis rather than post-diagnosis longi-
tudinal changes in CSF biomarkers. Specifically, at the pre-diagnosis
stage, starting from the top 10 varimax-rotated components of GSEA
enriched biological processes as input variables, the step-wise regression
analysis identified two component (VC3, VC4), which mainly contained
gene sets implicated in vascular and immune functions, as predictors for
change rate of Ap42/40 (Fig. 5C and Table 2). In contrast, at the post-
diagnosis stage, no significant predictors were selected for longitudi-
nal change of CSF biomarkers (Table 2). Moreover, using TGRS of
cellular and cholinergic enriched gene sets as input variables, no sig-
nificant predictors were selected by step-wise regressions (Supplemen-
tary Table 4).
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3.5. NbM dysconnectivity associated gene sets contribute to MCI onset age

The MCI onset age is a unique clinical milestone and can only be
obtained by longitudinal visits of normal subjects at risk. Within the 56
MCI patients with available pre-diagnosis data, MCI onset age can be
accurately assessed, allowing us to investigate whether the gene sets at
risk for NbM dysconnectivity were associated with the age of MCI onset.
With the top 10 principal components of GSEA enriched biological
processes as input variables, the step-wise regression analysis selected
two components (VC3 and VC8) as predictors for MCI onset age (Fig. 5D,
Table 2). VC3 mainly contained genes sets implicated in immune func-
tion, while gene sets within VC8 were involved in various development
processes (Fig. 5D). However, using TGRS of cellular and cholinergic
enriched gene sets as input variables, no significant predictors were
selected by step-wise regressions (Supplementary Table 4).

3.6. Validation analyses

To test the reliability of our findings, NbM functional connectivity
and dysconnectivity maps, as well as their transcriptional correlates
were validated using a separate cohort from ADNI3 (demographics in
Supplementary Table 5), which yielded consistent results to our main
analyses on ADNI2/GO. Specifically, we observed largely similar dis-
tribution of the normative NbM rsFC (Supplementary Fig. 5A-B), which
was closely related to intrinsic gene expression enriched in cholinergic
receptors and neuronal cell types (Supplementary Fig. 5C-D). Between-
group comparisons revealed similar alteration patterns for both left and
right NbM rsFC in ADNI3 (Fig. 3). Moreover, as in ADNI2/GO, the re-
gions vulnerable to the NbM dysconnectivity were associated with the
intrinsic expression of genes enriched in protein and immune functions,
as well as with differential expression of genes enriched in cholinergic
receptors, immune cells, blood vessel development (Supplementary
Fig. 6).

4. Discussion

In this study, we first demonstrated the cholinergic and neuronal
basis of normal NbM rsFC. We then explored the driving and driven
transcriptional profiles underlying NbM dysconnectivity in MCL. We
found that areas with high intrinsic expression in protein and immune
function, and differential expression in cholinergic and energy meta-
bolism were especially vulnerable to NbM rsFC alteration. Next, the
discovered group-level gene sets were translated to individual risks,
which were related to MCI onset age and longitudinal changes of CSF
biomarkers in pre-diagnosis MCI, independent of traditional AD risks.
Finally, the main findings on ADNI2/GO were recaptured on ADNI3
dataset. These findings provide insights in understanding the roles of
NbM in the early AD pathology.

4.1. Neurotransmitter and cellular origins of baseline NbM functional
connectivity map

Early studies established the NbM as the major cholinergic nucleus
that sends projections to the neocortex and amygdala (Do et al., 2016;
Woolf, 1991). Estimating temporal correlations based on resting-state
fMRI signal, we confirmed the broad distribution of rsFC in the amyg-
dala and neocortical areas with the NbM. More importantly, the NbM FC
map was closely related to the spatial distribution of cholinergic, glu-
tamatergic and GABAergic receptors. The identified cholinergic
involvement provides the first evidence to demonstrate the cholinergic
attribution to the fMRI-derived FC map of the NbM (Meng et al., 2018).
The involvement of the major excitatory and inhibitory neurotrans-
mitter systems underlying NbM connectivity may be explained by the
intrinsic interactions between cholinergic and these two neurotrans-
mitter systems (Grilli et al., 2009; Guo et al., 2012; Witten et al., 2010).

For cellular mechanisms, we discovered the bilateral NbM rsFCs
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Table 2
Summary of stepwise regressions based on pathways/processes TGRS.
AApA2 AAp42/40 Aptau Onset age
Across stages
R?=0.01,P R?*=.0.01,P R?=0.00,P =
= 0.269 = 0.681 0.418
PHS - -
Separate stages
Pre- R?=0.11,P R?’=0.46,P R?=0.00,P= R?=0.12,P
diagnosis = 0.232 = 0.020 0.420 =0.022
vC4 VC3, VC4 - VC3, VC8
Post- R*=0.00,P R*=-001,P R?’=0.01,P=
diagnosis = 0.376 = 0.487 0.246
- - Education

Adjusted R? and predictors of final stepwise regression models are reported. The
significant regressions are highlighted in bold.

TGRS = tissue-specific gene set risk score; ptau = tau phosphorylated at thre-
onine 181; PHS = polygenetic hazard score; VC = varimax-rotated component.

were positively correlated with the distribution of excitatory and
inhibitory neurons and negatively correlated with the distribution of
oligodendrocytes and endothelial cells. These observations are partly
consistent with previous evidence demonstrating that: (i) blood
oxygenation level dependent (BOLD) signals reflect a mixture of astro-
cyte, excitatory and inhibitory neuronal activity (Fields et al., 2015; Lu
etal., 2019; Moon et al., 2021) and (ii) oligodendrocytes and endothelial
cells could modulate functional connectivity through genetic and
physical regulation (Asleh et al., 2020; Kawamura et al., 2020; Meng
et al., 2019). These findings, indicate an important role of both neuronal
and non-neuronal cells underlying NbM rsFC and encourage further
investigations.

4.2. NbM functional dysconnectivity in MCI patients

We found the right middle temporal gyrus exhibited significant
reduced rsFC with the right NbM, and right superior frontal/right
anterior cingulate tended to show reduced rsFC with the right NbM.
These patterns are largely recaptured in validation analyses with ADNI3.
This right NbM specific alteration pattern supports previous report that
MCI group showed reduced anterior-NbM connectivity with the right
superior medial frontal gyrus and reduced posterior-NbM connectivity
with the right superior temporal area (Herdick et al., 2020). We antic-
ipate that the investigation of the asymmetry feature of the NbM sub-
regional rsFC alteration will further our understanding of the cholinergic
role in the disease.

Moreover, alteration of the middle temporal gyrus, the key structure
of the default mode network (DMN), is also supported by findings that
FDG-PET hypometabolism in the inferior and middle temporal regions
was a typical feature of subject cognitive complaint preclinical stage
(Dong et al., 2021) and a robust predictor of the time of conversion to
AD (Santangelo et al., 2020), These evidence, together with our findings,
implies the early involvement of the middle temporal gyrus in MCI
pathology.

4.3. Neurotransmitter, cellular, and genetic substrates underlying NbM
connectivity vulnerability in MCI

We compared the spatial topography of NbM FC changes in MCI with
both intrinsic and differential gene expression to understand the driving
and driven transcriptomic correlates of NbM connectivity vulnerability.
Enrichment analysis for neurotransmitter systems revealed that the
differential but not intrinsic expression profile of gene sets related to
NbM dysconnectivity were enriched in cholinergic receptors, the
neurotransmitter system critically involved in NbM circuit activity. This
finding recaptures recent studies reporting that donepezil therapy
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promoting cholinergic functions could increase the functional connec-
tivity of the hippocampus in MCI (Pa et al., 2013), and provides novel
evidence suggesting that the cholinergic signaling contributes to NbM
dysconnectivity in MCI probably as a driven pathology, rather than a
driving factor.

Another intriguing finding was that brain regions dysconnected with
NbM in MCI were enriched with the normative expression of genes
implicated in immune functions, including cell types of astrocytes and
microglia, as well as biological processes such as myeloid leukocyte
activation. These results align well with the well-known role of neuro-
inflammation and immune responses in the etiopathogenesis of AD
(Wightman et al., 2021). Previous work provided evidence showing
impaired anti-inflammation regulation in forebrain cholinergic neurons
in AD (Lehner et al., 2019; Schmitz et al., 2020), and this impairment,
indexed by basal forebrain volume loss, interacts with biomarkers of
inflammation in preclinical group with abnormal amyloid and tau pa-
thology (Schmitz et al., 2020). Our findings complement these earlier
proofs by establishing that NbM dysconnectivity, an early phenotype of
AD pathology, is more likely to target brain regions that are intrinsically
enriched with astrocytes/microglia cells and/or immune process-related
genes. Additionally, the MCI-specific DE of genes related to NbM dys-
connectivity was enriched in astrocytes/microglia cells, indicating a
crucial role of these cell types not only as a potential risk but also a key
contributing factor as the disease progresses.

Finally, in brain regions vulnerable to NbM dysconnectivity, we
found the enrichment of biological processes coordinating blood vessel
development and energy metabolism in genes differentially expressed in
MCI patients. This observation is in concordance with numerous studies
demonstrating a close relationship between functional communications
and metabolic demands in both healthy and degenerated brains (Liang
et al., 2013; Marchitelli et al., 2018). Moreover, this corroborates with
evidence suggesting that functional cholinergic system plays crucial role
for the control of cerebral blood flow (Roman and Kalaria, 2006).

4.4. Transcriptional genetic risks for NbM dysconnectivity contribute to
MCI onset age and change of amyloid-beta pathology

Most existing research on dementia risk prediction typically evalu-
ates individual-level genetic risk score (GRS) using variants identified by
genome-wide association studies (GWAS) (Zhou et al., 2021). Given that
most GWAS SNPs are regulatory and transcript characteristics are in a
sense closer to the phenotype (Marigorta et al., 2017), recent work has
demonstrated that transcriptional risk score (TRS) could provide an
alternative estimate of disease risk to classical GRS. Our proposed
framework provides an opportunity to translate population-level tran-
scriptional risk to individual-level genetic risk through tissue-specific
eQTL information. We found that the novel-defined TGRS based on
transcriptional correlates of MClI-related NbM dysconnectivity can bet-
ter explain change rate of CSF biomarkers in MCI during pre-diagnosis
than post-diagnosis phases, which re-emphasizes the importance of
NbM in the early pathology of MCI. Interestingly, the vascular and im-
mune processes TGRS contributed positively to change rate of A42/40
and MCI onset age. These findings indicate that the genetic profiles of
these specific biological processes underlying NbM dysconnectivity may
play a non-trivial role in promoting AD pathology at preclinical stages.
The immune and vascular processes, may represent key endogenous
pathways that closely interact with basal forebrain degeneration to
contribute to early longitudinal changes of amyloid pathology (Nizari
et al., 2021; Roher et al., 2000). Previous work has validated the PHS
using GWAS can strongly predicted empirical AD onset age and
decreased CSF Ap42 (Desikan et al., 2017). Our results further implies
that the TGRS of transcriptional correlates of NbM dysconnectivity can
play an important role, beyond PHS and APOE, in explaining earlier
traits such as MCI onset age and change of preclinical biomarkers. These
results imply that the choice of the early neuroimaging biomarker of
MCI, NbM rsFC, together with the combination of transcriptional
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vulnerability model and TGRS, can reveal novel pathways and
explaining individual risks independent of the traditional AD risks.

4.5. Limitations and future research

Several issues should be considered when interpreting our results.
First, the bilateral NbM rsFC alteration patterns characterized on
ADNI2/GO was only replicated at a less stringent threshold on ADNI3.
The lack of robust rsFC difference between HC and MCI under FWE-
corrected P threshold replicates an earlier finding from independent
cohorts (Herdick et al., 2020). This may result in not robustly correlated
biological functions in subsequent transcriptional correlation analysis.
Future studies using a larger cohort for characterizing NbM rsFC alter-
ation are required to further validate our findings. Second, the cellular,
neurotransmitter, and biological enrichment analyses for bilateral NbM
were performed only on the left hemisphere, preventing a comprehen-
sive exploring of potential transcriptional differences underlying bilat-
eral NbM rsFC and its alterations. Third, the DE profiles covered only AD
related regions. This limited sampling strategy may have precluded the
discovery of accurate DE profiles underlying NbM FC alteration. Fourth,
the proposed TGRS of discovered gene sets related to MCI onset age and
pre-diagnosis changes of CSF biomarkers, but given the limited sample
of pre-diagnosed MCI in ADNI dataset, future studies with longitudinal
follow-up on more normal subjects at risk are in warrant to gain more
predictive power.

5. Conclusions

Our research provides a new framework for exploring the tran-
scriptional characteristics underlying functional dysconnectivity and
translating group-level transcriptional correlates to individual-level
genetic risk scores. Moreover, given that the NbM dysconnectivity
transcriptional correlates contribute to the early change of Ap42/40
biomarkers, our findings could offer new insights into the early patho-
logical mechanisms and accelerate future clinical early interventions of
Alzheimer's disease.
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