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Abstract

Introduction: Synaptic damage is a key pathology of Alzheimer’s disease (AD). The

mechanism underlying synaptic vulnerability in AD remains elusive.

Methods: Using a large-scale transcriptomic dataset, we analyzed the neurogranin-

centered integrative gene network and assessed the correlation of neurogranin

(NRGN) gene expressionwithADpathology in postmortembrains.We studied the asso-

ciation of NRGN expression with Clinical Dementia Rating (CDR) and neuropathologi-

cal diagnosis of AD.

Results: We find that the genes positively correlated with NRGN expression in AD

are involved in synaptic transmission and cation channel pathways. NRGN expression

is correlated with amyloid and tau pathology in the perirhinal cortex of post mortem

brains. NRGN expression is associated with the diagnosis of AD and correlated with

CDR.

Discussion: Transcriptional regulation of the gene encoding for synaptic protein is

involved in selective synaptic damage in AD. Identifying the genes associated with

synaptic damage pathways in ADmay provide targets for intervention.
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1 INTRODUCTION

Genome-wide transcriptome analyses of post mortem brain samples

with Alzheimer’s disease (AD) have provided important insights into

the roleof alteredgeneexpressionandgene regulatorynetworks in the

pathogenesis of AD.1,2 Brain regional vulnerability analyses revealed

that temporal lobe gyri are associated with the greatest and earliest

of gene expression abnormality.1 Integrative network analysis of tran-

scriptomic data shows that a number of coexpressed gene modules

dysregulated inADwere associatedwith synaptic transmission and the

underlying gene networks of synaptic transmission lay down a founda-

tion to investigate specific mechanisms of dysregulated synaptic trans-

mission and neuronal systems in general.2,3

Synaptic degeneration is well recognized as a core feature of AD

pathophysiology. Both post mortem and brain biopsy studies have

showna significant loss of synapses in cortices andhippocampus,which

is correlated with cognitive impairment in patients with AD.4–6 AD-

associated proteins, such as amyloid precursor protein and tau, are

enriched in the presynaptic terminals and regulate vesicle release and

structural dynamics.7–11 miR-30b, which targets molecules important

formaintenance of synaptic integrity, is upregulated in the brains ofAD

patients. Knockdown of miR-30b prevents amyloid beta (Aβ)-induced
synaptic loss and cognitive decline, strengthening the implication of

synaptic proteins in AD pathogenesis and progression.12

Neurogranin (Ng), a post-synaptic protein, plays a vital role in

visual–spatial learning andmemory.13 It is reported that both the gene

expression and protein levels of Ng are reduced in AD brains.14,15

Ng level is elevated in the cerebrospinal fluid (CSF) from patients

with mild cognitive impairment (MCI) secondary to AD and AD

dementia compared to those of cognitively normal controls, likely

reflecting the release of Ng from damaged synapses during synap-

tic degeneration.16–18 High levels of CSF Ng predict the longitudinal

decline of memory and executive functions in patients with MCI, sug-

gesting that altered function of Ng contributes to synaptic degener-

ation in AD.19 Although extensive studies have indicated the impor-

tant role of Ng in the pathogenesis of AD, the relationship between the

neurogranin (NRGN) gene expression and AD pathology has not been

explored.

In this study, we used a large-scale transcriptomic dataset of the

Mount Sinai National Institutes of Health NeuroBioBank (MSBB)

derived from four brain regions of interest—the prefrontal cor-

tex, the superior temporal cortex, the perirhinal cortex, and the

inferior frontal cortex—obtained from post mortem brains of AD

and non-demented control subjects. We analyzed the correlation

between NRGN expression and amyloid and tau pathology (plaque

and tangle counts), the Clinical Dementia Rating (CDR), and the

neuropathological diagnosis of AD. An integrative network anal-

ysis was performed to investigate NRGN-associated pathways

in AD.

2 METHODS

2.1 Study population and data collection

We focused on the RNA-sequencing data from four brain regions

including Brodmann area 10 (anterior prefrontal cortex, 261 samples),

Brodmann area 22 (superior temporal gyrus, 240 samples), Brodmann

area 36 (perirhinal cortex, 215 samples) and Brodmann area 44 (pars

opercularis, 222 samples) from 299 well-characterized post mortem

human brains in the MSBB as our discovery data set.3,20 These four

brain regions were found to be most vulnerable to AD based on an

earlier microarray study of 19 cortical brain regions.2,3 This cohort

includes subjects with a complete disease spectrum of the CDR and

neuropathological features of AD. All diagnostic and autopsy protocols

were approved by the Mount Sinai and JJ Peters VA Medical Center

Institutional Review Boards. Neuropathological diagnosis and scores

of ADwere established based on the diagnostic criteria of the Consor-

tium to Establish a Registry for Alzheimer’s Disease (CERAD).21 Quan-

titative measures of neuritic plaques and tau pathology were obtained

in each case.22,23

2.2 NGRN-centered correlation network
construction

A gene-centered correlation network has been used to explore the

potential role of that gene in a disease-specific context. The NRGN-

centered correlation network was built as described in our previ-

ous publication.24,25 Briefly, three datasets were downloaded from

the Synapse data portal including Mount Sinai Brain Bank Studies

BM10, 22, 36, 44 (Synapse ID: syn3157743); Harvard Brain Tissue

Resource Study from prefrontal cortex (PFC), visual cortex (VC), cere-

bellum (CR; Synapse ID: syn3159435); and Religious Orders Study

and Rush Memory and Aging Project (ROS-MAP) Study (Synapse

ID: syn3219045) from dorsolateral prefrontal cortex (DLPFC).2,26,27

All the non-demented control samples were excluded from the AD-

specificNRGN-centered correlation network construction.

2.3 Statistical analysis

All of the data were analyzed using R software (version 3.6.1.)

for statistical analyses. The processed gene expression data,
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TABLE 1 Demographic information of the study population

NC (87)

Definite

AD (131)

Probable

AD (42)

Possible

AD (39)

Age of death

Mean± SD

82.6± 10.5 85.1± 9.7 89.3± 6.2 85.79± 9.1

Sex:Male (%) 39

(44.82%)

51

(38.93%)

11

(26.19%)

6

(15.38%)

CDR

Median (IQR)

0.5 (0,1) 3 (2,5) 3 (2,3) 1(0.5,2.5)

Mean plaque

density

Mean± SD

0.9± 1.8 15.1± 8.8 6.2± 2.9 4.5± 3.1

Braak score

Median (IQR)

2 (1,3) 6 (5,6) 4 (3,6) 3(2,4)

Ethnicity

White (%)

62

(71.26%)

114

(87.02%)

35

(83.33%)

32

(82.05%)

Abbreviations: Definite AD, definite Alzheimer’s disease; IQR, interquartile

range; NC, non-demented control; Possible AD, possible Alzheimer’s dis-

ease; Probable AD, probable Alzheimer’s disease; SD, standard deviation.

neuropathological data, and the associated clinical information

were downloaded from Synapse data portal (https://www.synapse.org,

Synapse ID: syn3157743). The data were represented as mean ±

standard deviation (mean ± SD) or median (interquartile range [IQR])

for the continuous variables that follow a normal distribution or not,

respectively. The count variables were shown as N (%).

Non-parametric Spearman’s correlation analysis was performed to

examine the correlation between NRGN expression and quantitative

measures of AD pathology and CDR with Benjamini-Hochberg (BH)

correction formultiple testing.ABH-correctedP-value<0.05was con-

sidered statistically significant unless stated elsewhere.

The correlation between the NRGN expression and all other genes

was calculated based on the gene expression level in each individual

brain region. The gene correlation with a BH-corrected P-value < 0.01

was considered significant. A Fisher’s exact test (FET) was applied to

assess the Gene Ontology (GO) enrichment of the NGRN-correlated

genes that had consensus across all the brain regions.25

3 RESULTS

3.1 Demographic information of the study
population

A total of 299humanbrains (definiteAD=131, probableAD=42, pos-

sible AD= 39, and non-demented control= 87) from theMSBB cohort

was used for this study (Table 1). AD patients had higher global CDR

scores (median, 3 for definite AD, 3 for probable AD, 1 for possible AD,

and 0.5 for non-demented control), higher mean plaque density (mean

± SD 15.1 ± 8.8 for definite AD, 6.2 ± 2.9 for probable AD, 4.5 ± 3.1

for possible AD, and 0.9 ± 1.8 for control), and higher Braak scores

(median, 6 for definite AD, 4 for probable AD, 3 for possible AD, and 2

for non-demented control). Age of death (AOD) ranged from 74 to 103

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the litera-

ture using traditional (e.g., PubMed) sources and meet-

ing abstracts. Cerebrospinal fluid (CSF) neurogranin (Ng)

was associated with CSF tau protein in patients with

Alzheimer’s disease (AD) and mild cognitive impairment.

The relationship between neurogranin gene (NRGN)

expression and AD pathology has not been reported.

The NRGN-centered correlation network has not been

explored.

2. Interpretation: Association of NRGN expression with AD

pathology in the perirhinal cortex suggests that tran-

scriptional regulation of the genes encoding for synap-

tic protein is involved in selective synaptic damage in AD.

Dysfunction of synaptic transmission pathways might be

associated with synaptic degeneration in AD.

3. Future directions: The article proposes a framework for

studying the molecular mechanism underlying regional

vulnerability to AD. The additional studies include: (a)

the NRGN expression in apolipoprotein E (APOE) ε4 car-

riers compared to non-APOE ε4 carriers in different brain
regions and (b) the role of potassium channels associated

with Ng in synaptic degeneration of AD.

years old (mean± SD, definite AD, 85.1± 9.7; probable AD, 89.3± 6.2;

possible AD, 85.8± 9.1; and non-demented control, 82.6± 10.5).More

than 70% of the subjects in this cohort were White (87.02% for defi-

nite AD, 83.33% for probable AD, 82.05% for possible AD, and 71.26%

for non-demented control).More than50%of the subjectswere female

(61.1% for definite AD, 73.8% for probable AD, 84.6% for possible AD,

and 53.3% for non-demented control). All demographic data are sum-

marized in Table 1.

3.2 Neuronal function relevance of NRGN
expression in AD

To analyze the genes related to the NRGN gene expression in AD, we

constructed anNRGN-centered gene correlationnetwork andexplored

the functional implications of these NRGN-correlated genes in the AD

context. Table 2 shows the functional annotation of the relevance to

neurogranin-correlated/co-expressed genes in AD. Synaptic transmis-

sion and cation channel pathways are the top significantly enriched

functional pathways. The enriched gene category includes transmis-

sion of nerve impulse, synaptic transmission, and potassium channel

pathways. In addition, the expression of gene category of sister chro-

matid cohesion is reduced. Figure 1 shows the integrative regula-

tory network of NRGN depicted according to Spearman’s correlation,

https://www.synapse.org
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TABLE 2 Functional annotation of relevance to neurogranin-correlated/co-expressed gene in Alzheimer’s disease

GeneSet Size System

Gene

category OverlapGeneSet PopoverlapPop FET_P Corr_P Fold_Enrich

Positive 226 Bio Pro Transmission of nerve impulse 30 201 440 13178 4.82E-12 4.80E-08 4.470149254

Positive 226 Bio Pro Synaptic transmission 27 201 415 13178 1.80E-10 1.80E-06 4.265491818

Positive 226 Bio Pro Cell–cell signaling 35 201 906 13178 2.90E-07 0.0029 2.532755648

Positive 226 Mol Fun Potassium channel activity 12 201 133 13178 8.72E-07 0.0086 5.915385479

Positive 226 Cell Com Vol-gated potassium channel

complex

10 201 88 13178 8.75E-07 0.0087 7.450248756

Positive 226 Bio Pro Potassium ion transport 13 201 174 13178 2.60E-06 0.026 4.89832447

Positive 226 Bio Pro Neuron development 14 201 205 13178 3.08E-06 0.031 4.477417789

Negative 37 Bio Pro Sister chromatid cohesion 3 33 12 13178 3.10E-06 0.031 99.83333333

Positive 226 Bio Pro Neuron differentiation 17 201 299 13178 3.31E-06 0.033 3.7276161

Positive 226 Mol Fun Vol-gated potassium channel activity 10 201 104 13178 4.09E-06 0.041 6.30405664

Positive 226 Mol Fun Cation channel activity 16 201 273 13178 4.41E-06 0.044 3.82472619

Abbreviations: FET_P, Fisher exact test P value; Corr_P, BH-corrected P value.

with all 263 gene correlates/co-expresses with NRGN (BH correction

P< 0.01).

3.3 Correlation analyses between the NRGN
expression and amyloid and tau pathology

A correlation of the NRGN expression with the quantitative amyloid

pathology (plaque mean) in four brain regions is seen in Figure 2. The

NRGN expression is negatively correlated with amyloid plaque den-

sity only in the perirhinal cortex but not in the superior temporal

gyrus, anterior prefrontal gyrus, and pars opercularis. The lowerNRGN

expression correlates with higher density of amyloid plaque in the

perirhinal cortex (Rho = –0.25, BH-corrected P = 0.001106). Figure 3

shows a correlation study of the NRGN expression with quantitative

neurofibrillary neuropathology score in four brain regions. Among four

brain regions, theNRGNexpression correlateswithneurofibrillary neu-

ropathology only in the perirhinal cortex (Rho = –0.26, BH-corrected

P = 0.001106). Lower NRGN expression correlates with higher neu-

rofibrillary neuropathology in the perirhinal cortex of AD brains.

3.4 A correlation analysis between the NRGN
expression and cognitive and functional scores

Figure 4a shows the NRGN expression correlates with the functional

score of clinical dementia (CDR score). Lower NRGN expression cor-

relates with higher CDR scores in AD (Rho = –0.28, P = 3.1e-05,

Padj = 1.3e-04). The relationship between the NRGN expression and

neuropathological diagnosis of AD is investigated. Among four diag-

nostic categories, the lower NRGN expression is observed more in the

brains of definite AD, followed by probable AD, possible AD, and non-

demented control (Figure 4b).

4 DISCUSSION

To our knowledge, this investigation represents the first integrative

network analysis of a large-scale transcriptomic dataset of the post

mortem brains of AD in which NRGN is an area of focus. We find

that NRGN expression in AD is positively associated with synaptic

transmission, cation channels, neuron development, and neuron dif-

ferentiation genes. Although the previous integrative network analy-

sis has shown that synaptic transmission genes SNAP91(synaptosome

associated protein 91), BSN (Bassoon presynaptic cytomatrix protein),

and GLS (glutaminase) are highly enriched in late-onset AD-associated

modules,2 our study has extended the previous finding by demonstrat-

ing thatNRGN is also involved in synaptic transmission inAD.Our study

suggests that the regulation of synaptic function at gene expression

level in AD plays an important role in AD pathogenesis.

Regarding the association of NRGN expression with AD pathology,

we demonstrated that lower NRGN expression was correlated with

higher amyloid and taupathology in theBA36 (perirhinal cortex [PRC]).

Previous studies have shown that amyloid plaques are associated with

local synaptic loss in mouse models and human brains.28 Aβ oligomers

are reported to be toxic to synapses and inhibit long-term potential

in vivo and ex vivo.29–31 With respect to tau protein, it is found to be

translocated to the somatodendritic compartment aberrantly and con-

tributes to synaptic and neuronal dysfunction in AD.32,33 In this study,

the negative correlation between NRGN expression and amyloid and

tau pathology indicates that the pathological accumulation of amyloid

and tau protein may downregulate the NRGN expression in vulnerable

brain regions of AD, contributing to synaptic degeneration in AD. Con-

versely, certain brain regions with low NRGN expression may increase

vulnerability to the AD pathology.

The relationship between NRGN expression and AD is further

demonstrated by the association of NRGN expression with the post

mortemdiagnostic certainty of AD.We show that the low level ofNRGN
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F IGURE 1 Neurogranin (NRGN)-centered gene co-expression network. The network includes the 263 genes significantly correlated with
NRGN by Spearman correlation analysis (Benjamini-Hochberg correction P< 0.01). Nodes in red indicate the genes positively correlated with
NRGNwhile those in blue represent genes positively correlated withNRGN. The nodes in the diamond shape are the Alzheimer’s disease risk genes
identified by the International Genomics of Alzheimer’s Project (IGAP)

expression is mostly associated with definite pathological diagnosis of

AD, followed by probable AD, possible AD, and non-demented con-

trols. This finding supports a previous report that the increased CSF

Ng concentration is specific to the diagnosis of AD.34 In addition, we

show that lower NRGN expression correlates with higher CDR scores

in this cohort. This result is consistent with previous findings that loss

of synapses iswell correlatedwith cognitive and functional impairment

in patients with AD.4,6,35,36

For many years, the brain’s selective vulnerability to AD has been

extensively investigated.37 The mechanism underlying region-specific

vulnerability to AD is poorly understood. The studies on post mortem

AD brains show that AD specifically affects brain regions in a pre-

dictable pattern.37 Extracellular senile plaques (SPs) formed by aggre-

gated Aβ peptides spread from neocortical regions to the allocortex,

diencephalon, striatum, brainstem nuclei, and finally to the cerebel-

lum. In contrast, intracellular neurofibrillary tangles (NFTs) composed

of hyper-phosphorylated tauprotein evolve fromentorhinal cortex and

hippocampus to locus coeruleus, basal forebrain, and finally the neo-

cortex.

In this study, a correlation between the NRGN expression and amy-

loid and tau pathology is significant only in the PRC (Brodmann area

36) among four brain regions we examined. The finding is consistent

with a previous study.38 It is reported that the PRC has very high den-

sity of NFTs and moderate loading of SPs in a post mortem brain of the

patientwith preclinical dementia.38 Taken together, it is suggested that

the PRC is one of the critical sites for NRGN expression in association

with both amyloid and tau pathology in AD. The PRC is a part of medial

temporal lobe and localized in the parahippocampal region. The stud-

ies show that PRC (Brodmann area 35 and 36) is involved in coarse and

detail-orientated cortical hippocampal networks.39 It is suggested that
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F IGURE 2 Correlations between amyloid plaque load and neurogranin (NRGN) mRNA expression in four brain regions investigated in this
study. The significant correlation betweenNRGNmRNA expression and plaque loadwas shown in the perirhinal cortex of donor brains.
Abbreviations: BA 10, Brodmann area 10, the prefrontal cortex; BA 22, Brodmann area 22, the superior temporal gyrus, BA 36, Brodmann area 36,
the perirhinal cortex; and BA 44, Brodmann area 44, the pars opercularis of the inferior frontal gyrus. P-value< 0.05was considered statistically
significant

the damage of the perirhinal cortexmay affect hippocampal function in

a disease process such as AD.

In summary, this study reports that NRGN expression is selectively

correlated with amyloid and tau pathology in the perirhinal cortex

among four brain regions we examined. The lower level of the NRGN

expression in post mortem brains of AD is associated with poorer pre-

mortem functional score in these patients with AD. Although highly

statistically significant after correction for multiple comparisons, the

modest magnitude of effect suggests that other covariates in addition

to NRGN expression might relate to amyloid and tau pathology in the

perirhinal cortex. Alternatively, the modest magnitude of effect might

reflect the inherent heterogeneity of the patients with AD. An integra-

tive network analysis reveals that the positively correlated genes with

NRGN in AD are involved in synaptic transmission and cation channel

pathways. Understanding of synaptic functional pathways associated

with synaptic damage in AD may provide additional avenues to priori-

tize therapeutic targets for intervention.
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