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Abstract

Synapses are essential for transmitting, processing, and storing information, all of which decline in

aging and Alzheimer’s disease (AD). Because synapse loss only partially accounts for the

cognitive declines seen in aging and AD, we hypothesized that existing synapses might undergo

molecular changes that reduce their functional capacity. Microarrays were used to evaluate

expression profiles of 340 synaptic genes in aging (20–99 years) and AD across 4 brain regions

from 81 cases. The analysis revealed an unexpectedly large number of significant expression

changes in synapse-related genes in aging, with many undergoing progressive downregulation

across aging and AD. Functional classification of the genes showing altered expression revealed

that multiple aspects of synaptic function are affected, notably synaptic vesicle trafficking and

release, neurotransmitter receptors and receptor trafficking, postsynaptic density scaffolding, cell

adhesion regulating synaptic stability, and neuromodulatory systems. The widespread declines in

synaptic gene expression in normal aging suggests that function of existing synapses might be

impaired, and that a common set of synaptic genes are vulnerable to change in aging and AD.
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1. Introduction

Aging is often accompanied by cognitive decline, in the absence of Alzheimer’s disease

(AD) or other neurodegenerative diseases. Cognitive processes susceptible to age-related

decline notably include working memory and other functions mediated by the dorsolateral

prefrontal cortex, and declarative and episodic memory associated with hippocampal

function. Elucidation of the multitude of factors that contribute to age-related cognitive

decline is an area of active research, with many studies focusing efforts on defining how the

structural integrity of the brain changes in normal aging and the extent to which structural

changes correlate with cognitive declines. These studies have culminated in a growing

appreciation that age-related cognitive decline is likely associated with alterations in

synaptic connectivity and function, rather than neuron loss (Nicholson et al., 2004).

There is growing evidence that in aging, the brain undergoes synapse loss with minimal, if

any, neuron loss. Interestingly, synapse loss occurs in a highly region-specific and synapse-

type specific pattern. For example, the dorsolateral prefrontal cortex (in particular Brodmann

area [BA] 46) undergoes substantial age-related synapse loss (30%–60%) that is not

apparent in other regions of the prefrontal cortex, as demonstrated by electron microscopy

studies in nonhuman primates (Dumitriu et al., 2010; Peters et al., 2008). In contrast to the

synaptic loss reported in BA 46, the hippocampus (HC) appears to be characterized by more

subtle and subregion-specific synaptic changes, for example, reduced postsynaptic density

(PSD) size in the CA1 in the absence of synapse loss, and increased numbers of nonsynaptic

boutons in the dentate gyrus (Hara et al., 2011; Nicholson et al., 2004). Taken together, the

literature indicates that the nature of synaptic aging differs depending on brain region

(Morrison and Baxter, 2012) and that subtle synaptic alterations can occur in the absence of

overt synapse loss that correlate with age-related cognitive decline (Nicholson et al., 2004).

Age-related synaptic alterations that affect function have been most frequently documented

at the structural and neurochemical levels (Hof and Morrison, 2004; Morrison and Baxter,

2012). It is likely that these structural and neurochemical changes are accompanied by

reprogramming of the molecular machinery of the synapse, an idea that is consistent with

evidence that the HC shows reduced PSD sizes in the CA1 and increased numbers of

nonsynaptic boutons in the dentate gyrus with aging (Hara et al., 2011; Nicholson et al.,

2004). Overall synaptic efficacy depends critically on the integrated function of multiple

pre- and postsynaptic systems that include synaptic vesicle trafficking and release,

neurotransmitter receptors, PSD scaffolding molecules, and adhesion molecules that regulate

the stability of the synapse, among others. Deficits in 1 or more of these systems would be

predicted to compromise synaptic function and impair cognition. The theme of this report is

to examine the constellation of molecular changes in synapse-related genes that occur across

the brain in aging and AD, and how these profiles differ across brain regions that undergo

different structural and neurochemical alterations with age and neurodegeneration.

High throughput microarray technology is well suited to provide a global view at the

molecular level of changes in the synaptic machinery, because gene expression profiles of

hundreds of synapse-related genes can be simultaneously assessed. Although a number of

studies have reported array data on global gene expression changes in the human brain in
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AD (e.g., Liang et al., 2008; Yao et al., 2003) or in aging (Berchtold et al., 2008; Colantuoni

et al., 2011; Erraji-Benchekroun et al., 2005; Lu et al., 2004), no previous microarray study

has specifically addressed, in normal aging and AD, synaptic gene expression changes in

multiple brain regions from the same cases. In the present study, microarrays were used to

comprehensively compare expression profiles of genes related to synaptic function in young,

aged, and AD individuals. Four cortical regions were profiled: 3 that accumulate pathology

and undergo functional decline in aging and AD (the HC, entorhinal cortex [EC], and

superior frontal gyrus [SFG]) and a fourth region that is relatively unaffected in AD (the

postcentral gyrus [PCG]) (Braak and Braak, 1991). These data thus build on our previous

studies in which we analyzed aging-related changes in these regions using the same set of

young and aged cases, across all genes represented on the microarray. Our previous studies

revealed highly significant enrichment of synaptic and energy-related classes of genes

downregulated with aging, while upregulated genes were highly enriched in genes related to

immune function (Berchtold et al., 2008; Cribbs et al., 2012).

The study design permitted analysis of a number of hypotheses. First, we tested the

possibility that synaptic genes undergo region-specific patterns of change in aging and AD,

particularly with respect to brain regions that accumulate extensive pathology in AD.

Second, we evaluated whether select synaptic components or the broad class of synaptic

genes were altered in aging and AD. Third, we tested the hypothesis that synaptic changes

that are characteristic of the AD brain are already present to some degree in the aged brain.

Overall, the findings suggest a new perspective on the manner in which the molecular

machinery of synapses in the brain is affected across the lifespan and in AD.

2. Methods

Frozen unfixed tissue was obtained from 55 non-AD controls (age 20–99 years) and from 26

Alzheimer’s disease cases (age 74–95 years) (Table 1) from 7 well established National

Institute on Aging Alzheimer’s disease brain banks. Inclusion criteria can be found in the

Supplementary data (materials and methods). Total RNA was extracted from 4 brain regions

(EC, HC, SFG [BA 9/46], PCG [BA 1, 2, and 3]) as described previously (Berchtold et al.,

2008), and RNA quality was assessed using the Agilent BioAnalyzer (Agilent Technologies,

Palo Alto, CA, USA). RNA integrity numbers (RIN) are shown in Supplementary Tables 1A

and B. There were no significant differences in RNA integrity numbers across comparison

groups for any region (Supplementary Table 1B). Two hundred forty-two tissue samples

were individually hybridized to Affymetrix HgU133 plus 2.0 arrays: SFG, 65 arrays; PCG,

66 arrays; HC, 59 arrays; and EC, 52 arrays (Supplementary Table 1). Samples were

randomized across batch runs, and no batch effects were detected. Guanine-cytosine robust

multi-assay analysis (GC-RMA) expression values were calculated, followed by per-chip

and per-gene normalization, log-transformation of the geometric mean of expression using

Gene-Spring 7.3.1 software (Agilent Technologies, Palo Alto, CA, USA). Five hundred

sixty-two probe sets representing 340 synaptic related genes were investigated for statistical

significance (p < 0.01) in aging, comparing young (n = 22,20–59 years, mean age 35.4

years) versus aged controls (n = 33, age 69–99, mean age 84.2 years) (Table 1). The cutoff

separating young versus aged samples (e.g., age 60 years) was based on our previous

analysis (Berchtold et al., 2008), and is supported by other microarray studies demonstrating
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that though gene expression is relatively constant through adulthood, many genes enter

turning points at approximately age 60 (Colantuoni et al., 2011; Kang et al., 2011). AD-

related gene expression changes were based on the comparison of AD cases (n = 26, ages

74–95 years, mean age 85.7) versus age-matched controls (age 69–99 years) (n = 33, age

69–99, mean age 84.2 years). At a threshold of p < 0.01, the expected number of false

positives is 3.4 genes. A false discovery rate can be calculated as the ratio of ‘expected false

positives’/‘significant genes’, such that a false discovery rate ≤0.05 corresponds to a

significant gene list of n ≥ 68 genes. Aging-AD continuum genes were identified using a 2-

step procedure. First, linear regression across all cases was used to model mean gene

expression as a function of group (young, aged, AD), and genes expressing a significant (p <

0.01) trend across groups were identified for each region. Next, we identified genes that

demonstrated a consistent pairwise relationship as defined by the upper and lower bounds of

the corresponding confidence interval for the difference in means for each pairwise

comparison (young vs. aged) and (aged vs. AD), using 85% confidence limits. The second

step was taken to ensure that the genes expressing significant age trends in step 1 truly do

exhibit a trend across all groups, and were not selected because of differences between only

2 of the 3 groups. A subset of synaptic genes was further analyzed by quantitative

polymerase chain reaction (qPCR) in hippocampal tissue from 29 samples (young control, n

= 9; aged control, n = 10; AD, n = 10) to validate the age- and AD-related changes derived

from the gene chip studies. A subset of these samples (non-AD controls) has been used in a

previous microarray study (Berchtold et al., 2008) for which data have been deposited in the

Gene Expression Omnibus database (www.ncbi.nlm.nih.gov/geo) accession number

GSE11882. More detailed methods can be found in the Supplementary data (materials and

methods).

3. Results

3.1. Region-specific patterns of synaptic gene change in aging and AD

To evaluate the possibility that synapse-related genes undergo changes in messenger RNA

(mRNA) availability in aging or AD, expression profiles of 562 probe sets representing 340

synaptic genes were assessed in the human brain, using 55 non-AD cases (aged 20–99 years)

and 26 AD cases (aged 74–95 years) (Table 1, Supplementary Table 2). In addition, to

determine if there are region-specific patterns of change in aging or AD, gene expression

profiles were assessed in 4 brain regions of which 3 are vulnerable to functional decline in

aging and AD (SFG, HC, EC). Gene expression profiles were additionally assessed in the

PCG, a region that is relatively spared in AD, allowing us to test the prediction that more

extensive synaptic gene change might occur in AD-vulnerable regions.

3.1.1. In aging, synaptic genes undergo extensive expression change in
neocortical regions, and less in limbic regions—Gene expression in the HC, EC,

SFG, and PCG was compared in young (20–59 years) versus aged (69–99 years,

nondemented) controls, at a criterion level of p < 0.01. This analysis revealed an

unexpectedly large number of significant expression changes in synapse-related genes in

aging, with predominant declines in mRNA levels and region-specific response profiles

(Fig. 1A). Contrary to our predictions, the most extensive aging-related changes in synaptic
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gene expression were observed in the neocortical SFG (198 genes) and PCG (168 genes),

with surprisingly smaller responses in the limbic HC (58 genes) and EC (22 genes). Most

synaptic genes underwent decreased expression with age, particularly in the neocortical

regions, where approximately 80% of probe sets revealed reduced mRNA expression.

3.1.2. In AD, only the HC shows extensive changes in synaptic gene
expression—Changes in synaptic gene expression were next assessed in AD cases relative

to age-matched controls (p < 0.01), with the prediction that extensive change would be

apparent in the HC, EC, and SFG and minimal in the PCG. Further, we predicted that more

synaptic genes would undergo expression change in AD than in aging. Consistent with these

predictions, a large number of synaptic genes in the HC underwent expression change in the

AD brain (115 genes), a response that was more extensive than that seen in aging. However,

in the EC and SFG, which are also pathologically vulnerable regions in AD, few synaptic

genes were identified as showing significantly altered expression (13 and 15 genes,

respectively), and, indeed, these regions underwent far less change in AD than was observed

in aging (Fig. 1B). Finally, consistent with the fact that the PCG is minimally affected in

AD, synaptic genes in the PCG showed essentially no AD-related change in expression (3

genes). Thus, this initial analysis revealed that in AD, extensive change in synaptic gene

expression was only apparent in the HC, with minimal change detected in the PCG, SFG,

and EC.

Because the EC and HC are early loci of pathology (Braak and Braak, 1991), undergo

significant functional decline in AD (Sperling et al., 2010), and are highly interactive

components of a functionally connected network (van Strien et al., 2009), we investigated if

the 168 synaptic probe sets representing the 115 genes that were significantly changed in the

HC in AD showed similar expression changes in the EC, using regression analysis of fold

change. A strong correlation was found (r = 0.82; p < 0.0001), indicating that synaptic genes

in these 2 interconnected, interactive structures might undergo similar patterns of change,

although the gene responses appear to be more robust in the HC.

3.1.3. Synaptic genes undergo progressive change across aging and AD,
especially in AD-vulnerable regions—A key unknown in aging and AD is whether

expression changes in synaptic genes apparent in the AD brain are already initiated to some

degree in aging. We therefore evaluated the extent to which synaptic genes in a given region

show progressive increased or decreased expression across aging and AD. Linear regression

across all cases was used to model mean gene expression as a function of group (young,

aged, AD), followed by elimination of genes that did not show a consistent directional

change across aging and AD, using 85% confidence intervals for the pair-wise comparison

of ‘young versus aged’ and ‘aged versus AD.’ Genes meeting these criteria were designated

“Aging-AD continuum” genes. This analysis revealed that a substantial number of synaptic

genes underwent progressive expression change across Aging-AD (Fig. 2A). The strongest

trend was apparent in the SFG and HC (113 and 104 genes, respectively) with relatively

fewer continuum genes identified in the EC and PCG (60 and 64 genes, respectively) (Fig.

2A). The vast majority of Aging-AD continuum genes showed reduced expression, with

80%–95% of Aging-AD genes undergoing reduced expression in the EC, HC, and SFG.
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Overall, these data reveal that many of the gene expression changes in AD might have

already been initiated to some degree in normal aging.

3.2. Functional classification of aging genes and Aging-AD genes

To gain insight into which elements of the synaptic machinery are most affected, we

functionally categorized the synaptic genes showing altered expression with aging, AD, or

across Aging-AD. Categorization by synaptic subfunction allowed the hypothesis to be

tested that select synaptic components might be particularly susceptible to change, or that,

alternatively, synaptic genes as a class might show broadly altered expression and affect

multiple aspects of synaptic function.

This analysis revealed that multiple aspects of synaptic function appear to be broadly

affected across Aging-AD, with genes predominantly showing decreased expression across

all subclasses. These included many genes related to (1) synaptic vesicle trafficking and

release; (2) neurotransmitter receptors and receptor trafficking; (3) PSD scaffolding and cell

adhesion molecules regulating synaptic stability; and (4) neuromodulatory systems. These

classes of synaptic genes showed extensive expression declines in cortical regions in the

course of brain aging, and in AD these genes were primarily affected in the HC. A subset of

synaptic genes showed progressive declines across aging and AD, particularly in the HC and

SFG. Few genes in these synaptic subclasses showed increased expression in either aging or

AD. These data are described in more detail in the next sections.

3.2.1. Synaptic vesicle trafficking and release—Many genes involved in synaptic

vesicle trafficking and release were significantly changed with aging, AD, and across

Aging-AD. Neurotransmitter release into the synapse is controlled by a complex and tightly

regulated membrane fusion machinery consisting of a multitude of soluble/n-

ethylmaleimide-sensitive factor (NSF) attachment protein receptor (SNARE) and sec/munc

proteins. A set of core neuronal SNARE molecules (synaptobrevin2 (vesicle-associated

membrane (VAMP) 2), SNAP-25, and syntaxin 1) directly mediate fusion of synaptic

vesicles with the presynaptic membrane (Sollner et al., 1993), with many additional

SNARE-related genes modulating synaptic vesicle assembly, function, and trafficking (e.g.,

synapsins, synaptotagmins, Rabs (one family of the Ras superfamily of small GTPases),

synaptobrevins, dynamins, and syntaxins, among others).

Aging was characterized by widespread decreased gene expression of the machinery

controlling synaptic vesicle trafficking and release, particularly in the SFG and PCG

(Supplementary Table 2). In these neocortical regions, genes showing decreased expression

included core SNAREs (synaptobrevin2/VAMP2, and SNAP-25), and multiple SNARE-

related molecules including synaptotagmin I (the preferential Ca+ sensor of synaptic

vesicles) and its homologue synaptotagmin V, the synaptobrevin homolog YKT6, SNAP29,

VAMP4, synapsins I and II, synaptopodin, RABs 3A and 14, SEC22A and B, syntaxin 6,

syntaxin binding proteins 5 and 6, synaptobrevin-like 1, dynamin 1, dynamin-like 1, α and β
synucleins, piccolo, and bassoon (Supplementary Table 2). In contrast to the extensive

decline in gene expression in the aging cortex, fewer genes of this class were affected in the

HC and EC. In the aging HC, genes undergoing decreased expression included SNAP29,
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RABs (3A, 14), SEC22 (A, B) syntaxin 6, synaptobrevin-like 1, dynamin-1, and dynamin-

like 1, and in the EC, only syntaxin 6, YKT6, and synaptopodin showed significant

decreased gene expression. Interestingly, a subset of genes regulating synaptic vesicle

trafficking and fusion showed increased gene expression in aging, primarily in the SFG,

including SNAP23 and the vesicle associated proteins VAMP1 (synaptobrevin), VAMP3

(cellubrevin), VAMP5 (myobrevin), and VAMP8 (endobrevin) (Supplementary Table 2).

Though in aging, genes regulating synaptic vesicle trafficking and release were extensively

affected in the neocortex with less response in the HC and minimal change in the EC, a

different region-specific pattern of response was apparent in AD. In AD, extensive response

of genes regulating the synaptic vesicle release machinery was primarily apparent in the HC.

In the HC, genes showing decreased expression included core SNAREs (synaptobrevin2/

VAMP2 and SNAP-25), synapsins I and II, synaptotagmins I and V, dynamin 1, dynamin-

like 1, synaptopodin, RAB 3A, SEC22B, α and β synucleins, syntaxin binding protein 5-like

and 6, syntaxin 6, bassoon, and piccolo (Supplementary Table 2). Similar to the response in

the aging neocortex, a few genes regulating synaptic vesicle trafficking and fusion showed

increased mRNA levels in AD, including SNAP23 and synaptopodin 2 in the HC, and

VAMP1 (synaptobrevin 1) in the HC and EC (Supplementary Table 2).

Finally, several genes in this functional class underwent a progressive change across Aging-

AD, most notably in the HC and SFG, and to a lesser extent in the EC and PCG. Genes that

underwent progressively decreased expression in the SFG and HC included synaptobrevin2/

VAMP2, SNAP-25, YKT6, and synapsin I, with additional decreased expression in the HC

of VAMP4, synaptotagmin I, and syntaxin binding proteins 5 and 6, and of piccolo in the

SFG and EC. Several genes were consistently changed across Aging-AD in 3 or more

regions, including decreased expression of synaptotagmin V, dynamin-1 like, and α
synuclein, and progressively increased expression of SNAP23, in the SFG, PCG, and HC

(Supplementary Table 2).

These data reveal an extensive decline in expression of genes regulating trafficking and

release of synaptic vesicles, suggesting that the machinery for neurotransmission declines in

functionality with age, especially in neocortical regions, and that the HC is additionally hard

hit in AD. Many of the gene changes are initiated to some degree in normal aging and

further progress in AD, notably in the HC and SFG. These include decreased expression of 2

of the 3 core neuronal SNAREs that directly mediate exocytosis (VAMP2 and SNAP25),

which might be of particular consequence considering that the SNARE complex consisting

of a 1:1:1 interaction of VAMP2, SNAP25, and syntaxin 1 (Sudhof and Rothman, 2009)

governs neurotransmitter secretion at synapse.

3.2.2. Neurotransmitter receptors and glutamate receptor trafficking
molecules—In parallel with the expression declines of the synaptic vesicle trafficking and

release machinery in aging and AD, a similar pattern of reduced mRNA expression was

apparent for nearly all classes of neurotransmitter receptors. Notably, neurotransmitter

receptor genes showed extensive declines in expression in neocortical regions in the course

of brain aging and in the HC in the AD brain, with many undergoing progressive declines

across Aging-AD.
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Genes for a vast array of glutamate and gamma-Aminobutyric (GAB) acid (GABA) receptor

subtypes showed decreased expression in aging and AD, including the glutamatergic 2-

amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)propanoic acid (AMPA), N-Methyl-D-aspartate

(NMDA), kainic acid (KA), and metabotropic receptors (mGluRs), and multiple GABA-A,

GABA-B, and GABA-G subunits (Supplementary Table 3). A subset of glutamate and

GABA receptor subtypes underwent progressive declines across Aging-AD in multiple brain

regions. In particular, multiple AMPA receptors (glutamate receptor, ionotropic, AMPA

(GRIA): GRIA2, GRIA3, GRIA4), KA receptors (glutamate receptor, ionotropic, kainate:

GRIK1, GRIK2), mGluR2, and GABA receptors (GABBR1, GABRA4, GABRB3,

GABRD) underwent progressive expression declines in 3 or more brain regions. In parallel

with decreased expression of glutamate receptors, multiple genes involved in glutamate

receptor trafficking to the PSD showed decreased expression, particularly in cortical regions

in aging, including neuronal pentraxin 1 and 2, islet cell autoantigen 1 (ICA1), Homer 1 and

2, and glutamate receptor interacting protein (GRIP) 1-associated protein (Supplementary

Table 4).

In addition to the extensive declines in glutamate and GABA receptor gene expressions,

many other classes of neurotransmitter receptors that modulate synaptic excitability and

plasticity underwent declining gene expression in aging and AD, including multiple

cholinergic, dopamine, glycine, noradrenergic, and serotonin receptor subtypes

(Supplementary Table 3). Many of these genes underwent greater than 2-fold expression

declines over the course of Aging-AD, including muscarinic cholinergic receptors 1 and 3,

and serotonin receptors (HTR) 2A, and HTR2C. Interestingly, only 1 neurotransmitter-

related gene was upregulated across aging-AD, specifically hippocampal expression of the

adrenergic β 2 receptor.

Taken together with the data on synaptic vesicle machinery, these data reveal an extensive

decline in expression of genes regulating neurotransmitter packaging and release along with

multiple neurotransmitter receptors, suggesting that a broad decline in synaptic efficacy

might be present in aging, particularly in the cortex. Many of these changes continue to

evolve and progress in AD, particularly in the SFG and HC. These changes include

decreased expression of receptor genes for the excitatory (glutamate) and inhibitory

(GABA) neurotransmitter systems, and the neuromodulatory cholinergic and serotonin

neurotransmitter systems.

3.2.3. PSD scaffolding and cell adhesion molecules regulating synaptic
stability—In addition to the importance of neurotransmitter receptors and the synaptic

vesicle release machinery, synaptic plasticity and brain function rely on proper formation,

maintenance, and modification of connections between neurons. Critical components of the

synaptic architecture include molecules involved in PSD scaffolding and cell adhesion,

which regulate the stability and plasticity of the synaptic contact.

Our data reveal that many PSD scaffolding proteins and cell adhesion molecules undergo

altered expression in aging and AD, including PSD93, PSD95, lin7B, Shank2, presynaptic

neurexin and its postsynaptic partner neuroligin, contactin-associated proteins, multiple

integrins, protocadherins, multiple ephrins, MintX11, and chapsyin 110 (Supplementary
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Tables 5 and 6). The most extensive response of this category of synaptic genes was seen in

the neocortical regions in aging, with an intermediate response in the HC and minimal

response in the EC. A number of genes underwent progressive expression change across

Aging-AD, particularly in the SFG, PCG, and HC. Most genes related to PSD scaffolding

and cell adhesion showed decreased expression, however, a subset showed increased

expression, most prominently populated by integrins, neuroligin 1 and 2, and neurexin 3

(Supplementary Tables 5 and 6).

3.2.4. Neuromodulatory systems—Many synaptic genes showing altered expression in

aging and AD were related to various neuromodulatory systems, all of which underwent

decreased expression. These included brain-derived neurotrophic factor (BDNF) and its

receptor TrkB, corticotropin releasing hormone (CRH), somatostatin (SST) and the related

neuropeptides cortistatin, histamine, and tachykinin (Supplementary Table 7).

Following the same region-specific pattern of change as for synaptic vesicle trafficking and

neurotransmitter receptor genes, neuromodulatory genes showed decreased expression

predominantly in neocortical regions in aging, with limbic regions minimally affected. In

AD, expression of genes in this class of synaptic function was decreased in both the SFG

and HC, with the most extensive declines across aging-AD apparent in the SFG. Many of

these genes underwent greater than 2-fold declines across Aging-AD, including BDNF and

its receptor TrkB, CRH, SST, and tachykinin. Indeed, in AD, gene expression for CRH

underwent a dramatic decline to 8%–20% of young levels across all brain regions, SST

similarly declined to 12%–30% of young levels, and BDNF declined to 20%–28% of young

expression levels across all brain regions. The age-related decline in BDNF gene expression

(EC, SFG, PCG) was paralleled by decreased TrkB gene expression (HC, SFG, PCG) with

BDNF levels further declining in AD (HC, SFG). The pronounced declines in BDNF and

TrkB might be of particularly functional consequence, because this neuromodulatory system

is critical for facilitating synaptic plasticity, learning, and memory.

3.2.5. Other categories—Finally, several additional categories of genes important for

synaptic function were notably affected in aging, AD, or across Aging-AD. These included

glutamate and GABA transporters, multiple enzymes including those important for

neurotransmitter synthesis, and many classes of voltage-gated ion channels (calcium,

potassium, and sodium channels) (Supplementary Table 8). Most of these genes showed

decreased expression with aging and AD. A few exceptions include the glial solute carrier

family (SLC) high affinity aspartate/glutamate transporter (SLC1A6), the potassium

intermediate/small conductance calcium-activated channel (KCN) subfamily N, member 1

(KCNN1), and dystrobrevin alpha, among others, which showed notably increased

expression in multiple brain regions.

3.3. qPCR validation

To validate the age- and AD-related expression changes detected in the microarray analysis,

qPCR was used to analyze gene expression patterns in hippocampal tissue for a subset of

synaptic genes representing synaptic vesicle trafficking/release, neurotransmitter receptors,

and neuromodulators, and expression patterns were compared with microarray data for the

Berchtold et al. Page 9

Neurobiol Aging. Author manuscript; available in PMC 2014 May 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



same samples. Genes assessed by qPCR included 3 genes critical for synaptic vesicle release

(synaptobrevin 2/VAMP2, SNAP25, synaptophysin), several neurotransmitter receptors

important for cognitive function (glutamate NMDA receptor 1, muscarinic cholinergic

receptor 3, serotonin receptor 2a), and the neuromodulator SST, downregulation of which in

AD is directly linked to poor cognitive function and memory impairment (Epelbaum et al.,

2009). qPCR analysis confirmed the microarray data showing age-related decline in synaptic

gene expression and further declines in AD, and comparison of relative expression changes

derived from qPCR and microarray analysis for the same set of samples revealed a high

correspondence between the 2 methods (Fig. 3). These data are consistent with our previous

qPCR validation of a different gene subset of these array data, demonstrating high

agreement between microarray and qPCR results (Berchtold et al., 2008; Cribbs et al.,

2012).

4. Discussion

Three major findings emerged from this study. First, many synaptic genes undergo

pronounced declines in expression during normal aging, with a more extensive response in

aging than in AD. Second, there is a region-specific pattern of response that is unique to

aging or AD. Third, many synaptic genes showing decreased expression in normal aging

undergo further declines in AD, revealing that many of the synaptic changes characteristic

of the AD brain are already present to some degree in the aged brain.

Our data demonstrate that in aging (20–99 years), expression changes occur in a surprisingly

high number of synaptic genes, with genes predominantly showing decreased expression.

The extensive nature of synaptic gene expression change in the course of normal aging has

not been previously reported, likely because previous studies have generally restricted

investigation of narrower age ranges (e.g., approximately 60–100 years). Because the

majority of age-related transcriptional changes in the human brain only emerge in the sixth

to seventh decades (Berchtold et al., 2008; Colantuoni et al., 2011; Lu et al., 2004), studies

that do not include younger adults likely miss detection of a large percentage of relevant

genes.

Aging was characterized by a region-specific pattern of synaptic gene expression change

that was extensive in neocortical regions but relatively mild in limbic regions, with the vast

majority of genes showing decreased expression. The extensive declines in gene expression

in the SFG is consistent with age-related synapse loss documented by electron microscopy

in BA 46 in nonhuman primates (ranging from 30%–60% loss in layer 1 and 30%–35% loss

in layer 3), with glutamatergic axospinous synapses accounting for the vast majority of lost

synapses (Dumitriu et al., 2010; Peters et al., 2008). Consistent with the age-related loss of

glutamatergic synapses in nonhuman primate BA 46, our data reveal extensive gene

expression declines in multiple subtypes of AMPA, kainate, NMDA, and metabotropic

glutamatergic receptors in the aged human SFG, with many genes exceeding 50%

expression declines. Though a portion of the synaptic gene expression losses that we

observe are undoubtedly beause of synapse loss, it is also likely that some of the gene

expression changes reflect reprogramming of the molecular architecture of existing

synapses. For example, in parallel with the declines in glutamatergic receptor gene
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expression, our data also reveal extensive declines in GABA-A receptors (α, β, and δ
subtypes), which might represent a compensatory effort to counteract the loss of

glutamatergic synaptic activity and maintain the excitatory/inhibitory balance in the SFG.

Alternatively, the extensive declines in GABA might reflect that synapse loss in the aged

SFG goes beyond loss of excitatory glutamatergic synapses, a possibility not yet supported

by electron microscopy studies.

Though the gene expression declines in the SFG are consistent with aging studies

documenting synaptic changes in the monkey BA 46, the similarly extensive declines in the

PCG were unanticipated, because this is a primary somatosensory region not generally

considered highly affected by aging. It is unlikely that the extensive changes in the PCG

represent synapse loss, because several quantitative ultrastructural studies have documented

a virtual absence of synaptic loss in this neocortical region (Adams, 1987; Scheff et al.,

2001). However, because declines related to somatosensory function have been reported

with aging, such as deterioration of proprioception (Kalisch et al., 2009), these extensive

gene expression changes might reflect molecular reprogramming of the synaptic architecture

that likely account for age-related changes in function involving this region.

In contrast to the extensive synaptic gene expression changes in neocortical regions, aging

was characterized by only modest changes in the HC and minimal change in the EC. Though

there is controversy regarding the extent to which synaptic loss occurs in the HC and EC in

normal aging, it is generally thought that normal aging is characterized by general structural

preservation in the medial temporal lobes, in contrast to AD which is associated with

neuronal and synaptic loss, particularly in the HC (Morrison and Baxter, 2012).

Nonetheless, recent rodent and monkey studies reveal that the aging HC undergoes a

number of subtle synaptic changes indicating synaptic remodeling. For example, in the CA1,

in the absence of synapse loss, there is a reduction in PSD size and fewer synaptic contacts

per axonal bouton, and in the dentate gyrus, there is an increase in nonsynaptic boutons and

preserved perforated synapse density (Hara et al., 2011; Nicholson et al., 2004). The

synaptic gene expression changes that we observed in aging are likely related to these

morphological changes and reflect molecular reprogramming of the synaptic architecture.

Finally, AD was characterized by minimal gene expression change in neocortical regions,

but major declines in the HC, with correlated but less robust gene responses in the EC. The

extensive declines in gene expression in limbic regions are consistent with the documented

neuronal and synaptic loss in these regions in AD, most particularly in the HC (De Leon et

al., 1997; Gomez-Isla et al., 1996), and with declining temporal lobe function characteristic

of AD (Sperling et al., 2010). Though the gene responses were less marked in the EC than in

the HC, it is possible that different cell layers in the EC undergo layer-specific gene

response. In particular, layer II cells of the EC, which provide the major input to the HC and

is the specific entorhinal circuitry most directly linked to the pathogenesis of AD, might be

predicted to show a more pronounced change in synaptic gene expression than observed

here for the whole EC. Ultimately, because the EC and HC are highly interactive

components of a functionally connected network (van Strien et al., 2009), downstream

effects of the extensive limbic synaptic gene downregulation in AD are likely compounded
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by the neocortical changes initiated in aging, ultimately leading to network deterioration and

widespread cognitive and behavioral dysfunction in AD.

An important unresolved issue in the aging and AD fields is whether changes in gene

expression levels that are apparent in the AD brain are initiated to some degree already in

aging. In support of this idea, our data reveal that a remarkable number of synaptic genes

undergo an apparent continuity of change across aging and AD, with predominantly

decreased expression. Though the SFG and HC showed the greatest numbers of “continuum

genes,” many were also present in the EC and PCG. Overall, our analysis supports the

possibility that, within specific brain regions, AD might be part of a continuum with normal

aging, with prominent, progressive downregulation of many genes regulating synaptic

function. Classification of the synaptic genes undergoing progressive expression decline

across aging and AD revealed that multiple aspects of synaptic function are affected. Genes

associated with pre- and postsynaptic signaling mechanisms showed extensive declines in

expression level, especially those regulating synaptic vesicle trafficking and release,

neurotransmitter receptors, neuromodulatory systems, and synaptic formation and stability,

as described in detail below.

Synaptic vesicle trafficking and neurotransmitter release into the synapse is tightly regulated

by complex protein machinery. Central features of this machinery are SNARE proteins

(Jahn and Scheller, 2006), particularly SNAP-25, synaptobrevin2/VAMP2, and syntaxin,

which directly mediate fusion of synaptic vesicles with the presynaptic membrane, and are

thus critical for regulating neurotransmitter release into the synapse. Working with

SNAREs, a network of accessory molecules adds spatial and temporal specificity to

neurotransmitter release and synaptic signaling. Our data reveal that numerous genes for

SNAREs and SNARE accessory proteins undergo progressive gene expression declines

across Aging-AD, particularly in the HC and SFG, with greater than 2-fold declines in

SNAP-25, synaptobrevin2/VAMP2, synaptophysin, synapsins 1 and 2, and piccolo.

Declines in the SFG are likely related to synaptic loss in this brain region, and the declines

in the HC are more likely to be related to synaptic remodeling, because synaptic remodeling

but not loss has been documented in the HC with aging. Rodent studies have demonstrated

that downregulation of these vesicle trafficking genes can dramatically compromise synaptic

and cognitive function. For example, targeted deletion of SNAP-25 or synaptobrevin2/

VAMP2 impairs calcium-triggered neurotransmitter release (Bronk et al., 2007), while

deletion of synapsin I or II results in fewer synaptic vesicles, synaptic depression on high-

frequency stimulation, and age-dependent impairments in spatial and object recognition

memory (Corradi et al., 2008), with similar cognitive impairments associated with

synaptophysin knockout (Schmitt et al., 2009). Even modest reductions in gene expression

can disrupt synaptic and cognitive function: antisense knockdown of piccolo by 30% in the

mouse HC decreased K+ induced glutamate release and long-term potentiation (LTP)

amplitude, with a corresponding impairment in spatial learning (Ibi et al., 2010). By

comparison, our data reveal that piccolo is reduced by 65% (HC) and 52% (SFG) across

Aging-AD. Overall, these data reveal that many genes regulating synaptic vesicle trafficking

and neurotransmitter release undergo widespread and concurrent expression declines, with

progress change across aging and AD.
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In parallel, numerous genes related to neurotransmitter receptors and receptor trafficking

similarly showed progressively decreased expression across Aging-AD. These included

serotonin receptors, dopamine receptors, various GABA-A subunits, and many glutamate

subtypes. Greater than 2-fold declines were apparent in the HC for GluR1 and multiple

mGluRs, glutamate receptor subtypes critical for working memory in rodents (Bannerman,

2009). In addition, gene expression of multiple GABA-A subunits underwent more than 2-

fold declines in multiple brain regions, with the HC notably affected. A corresponding

change in GABA receptors at the protein level would be predicted to alter network

excitability and might be related to the increased seizure susceptibility reported in AD

(Larner, 2010). The extensive declines in expression of glutamate and GABA-A receptors,

along with receptors for serotonin, dopamine, and acetylcholine (most prominently changed

in the HC), suggests that the balance of synaptic excitability and inhibition might be reset

during aging and AD, altering overall network signaling. These data are relevant to the

accruing documentation from both the animal and human literature that aberrant increases in

network excitability and compensatory inhibitory mechanisms might be major contributors

to neural network dysfunction (Palop et al., 2007), with disrupted excitatory/inhibitory

balance emerging as a key early signature linking aging and AD. This might be particularly

relevant to HC function, in that elevated HC activation is observed in mild cognitive

impairment, and studies in relevant animal models indicate that overactivity in selective HC

circuits contributes to cognitive impairment (Bakker et al., 2012).

Decreased gene expression of neuromodulatory genes likely compounds the effects of

transcriptional declines in genes regulating synaptic vesicle release and neurotransmitter

receptors. Several neuromodulatory systems showed greater than 2-fold declines in mRNA

availability across aging-AD. For example, striking decline was observed for SST, a

neuromodulator implicated in the progression of AD (Epelbaum et al., 2009), which

decreased in aging to 15%–50% of young levels, and further declined in AD to 12%–14% of

young levels in the HC, PCG, and SFG. Decreased SST levels are consistently found in AD

and are directly linked to poor cognitive function and memory impairment (Epelbaum et al.,

2009). The prominent SST declines in the aging HC, PCG, and SFG are consistent with

aging data from the frontal pole in humans (Lu et al., 2004), and aging-related declines in

nonhuman primates identified in the HC, PCG, frontal cortex, temporal cortex, motor cortex,

and visual cortex (Hayashi et al., 1997).

Further amplifying the altered synaptic function, our data reveal that many genes that direct

synaptic maturation and stability undergo altered expression in aging, AD, and across

Aging-AD, most notably in the HC, PCG, and SFG. These included decreased expression of

numerous ephrins and ephrin receptors (important in modulating synaptic function and long-

term changes in synaptic strength in the mature central nervous system; Hruska and Dalva,

2012), PSD95 (critical for clustering NMDA and AMPARs to the excitatory postsynaptic

complex; Ehrlich and Malinow, 2004), and presynaptic neurexins paired with upregulation

of their postsynaptic partners neuroligins. There is emerging evidence that synaptic

plasticity and cognitive function can be strongly affected by shifts in the relative abundance

of the various synaptic scaffolding and stabilization molecules (Dahlhaus et al., 2010;

Sudhof, 2008). With this in mind, altered synaptic stability, concurrent with declines in
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presynaptic release mechanisms, neurotransmitter receptor, and neuromodulatory systems,

likely converge to compromise network function, synaptic efficacy, and cognitive function.

The AD literature has identified a number of synaptic genes that show altered expression in

the HC and frontal cortex in AD (Ginsberg et al., 2012; Gomez Ravetti et al., 2010; Miller et

al., 2008; Tan et al., 2010). Our analysis of aging-AD continuum genes reveals that in

addition to changing in AD, many of these synaptic genes show altered expression changes

already in the course of aging. Previously identified AD genes that emerged as aging-AD

genes in our analysis are summarized in Supplementary Table 9, and include

downregulation of multiple synaptic vesicle and trafficking molecules, neurotransmitter

receptors and synthesis, and neuromodulators including BDNF. In addition to confirming

the previous AD literature, our data reveal that these genes already undergo AD-like

changes in the course of aging in a region-specific manner. Importantly, our analysis

identifies an extensive number of additional synaptic genes that undergo progressive change

across aging-AD, thus suggesting new target genes that might be particularly important for

preserving cognitive health before AD.

A number of studies suggest that the many of the same neurons and circuits that are affected

during aging subsequently die in AD (Hof and Morrison, 2004; Masdeu et al., 2012;

Morrison and Baxter, 2012; Neill, 2012). Our data demonstrating that the synaptic gene

expression decline in aging is amplified with the transition to AD might provide support for

this idea, because it is likely that the expression decline in synaptic markers is because of

remodeling of synaptic connections of intact neurons and loss of neurons and synapses,

particularly in the HC and SFG. However, our data from the PCG, which underwent

prominent change in aging and revealed a number of aging-AD continuum genes in the

apparent absence of synapse or neuron loss in aging and AD, suggest that synaptic gene

change in this brain region might be primarily because of synaptic remodeling. Taken

together, synaptic gene expression changes in the course of aging likely increase the

vulnerability to neuron loss in AD, but in a region-specific manner. Further studies that

undertake detailed morphologic analysis in combination with microarray data from the same

cases will be indispensible to understand the manner in which the gene expression changes

translate to neuron loss.

The results presented here are, of course, subject to limitations of microarray-based

approaches. First, although the gene list was based on synaptic Gene Ontology categories, it

is possible that some of the gene changes are not unequivocally of neuronal origin. Second,

it is likely that some of the vesicle trafficking genes are not exclusive to synaptic vesicles,

because numerous SNAREs are shared among systems (Jahn and Scheller, 2006). Third,

some transcriptional changes might not have been detected because of sensitivity limitations

of the microarray. Finally, mRNA and protein levels do not necessarily show a direct

relationship. However, our data documenting extensive synaptic gene downregulation in

human brain aging is consistent with protein data in rats demonstrating widespread

alterations in the synaptoproteome with age (VanGuilder et al., 2010).

In summary, the current study provides a comprehensive dataset that defines the signature

for gene expression at the synapse, how it evolves across aging and AD, and how different
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brain regions are affected. Our data revealing broad changes in synaptic gene expression

across multiple functional classes suggests that an intervention to restore youthful levels of

gene expression in the brain must have broad effectiveness across multiple synaptic classes.

Animal studies indicate that 1 of the most effective interventions for exerting broad effects

on brain gene expression patterns is exercise (Stranahan et al., 2010; Tong et al., 2001), and

it will be important for future studies to examine the effectiveness of such lifestyle

interventions to counteract gene expression patterns associated with aging and cognitive

decline in humans.
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Fig. 1.
Aging and Alzheimer’s disease (AD) undergo unique region-specific patterns of synaptic

gene responses, with the vast majority of genes downregulated. (A) In normal aging,

neocortical regions (superior frontal gyrus [SFG], postcentral gyrus [PCG]) undergo

extensive synaptic gene expression change, and limbic regions (hippocampus [HC],

entorhinal cortex [EC]) show relatively little significant transcriptional change (p < 0.01,

young vs. aged). (B) In AD, only the HC showed extensive synaptic gene expression

changes, and relatively little transcriptional change was detected in the EC and SFG.

Essentially no gene expression change was detected in the PCG (p < 0.01, aged vs. AD).
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Fig. 2.
Numerous synaptic genes appear to undergo a progressive transcriptional change that is

initiated in aging and continues in Alzheimer’s disease (AD). (A) Genes showing a

progressive change across Aging-AD were most prevalent in the superior frontal gyrus

(SFG) and hippocampus (HC), with relatively less change occurring in the entorhinal cortex

(EC) and postcentral gyrus (PCG). (B) Signature profiles of Aging-AD genes in the SFG.

(C) Signature profiles of Aging-AD genes in the HC. Abbreviations: A, aged; Y, young.
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Fig. 3.
Quantitative polymerase chain reaction (qPCR) was undertaken in hippocampal tissue to

validate the age- and Alzheimer’s disease (AD)-related changes derived from the gene chip

studies for VAMP2 (synaptobrevin 2), SNAP25 (synaptosomal-associated protein-25),

synaptophysin, GRIN1 (glutamate NMDA receptor 1), muscarinic cholinergic receptor 3

(CHARM3), serotonin receptor 2a (5HTR2a), and somatostatin (SST) using hippocampal

tissue from 29 samples (young control, n = 9; aged control, n = 10; AD, n = 10). (A) qPCR

data confirmed widespread downregulation of these synaptic genes in aging, with further

downregulation in AD. Comparison of relative expression changes derived from qPCR and

microarray analysis (B) for the same set of samples revealed a high correspondence between

the 2 methods.
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