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Abstract

Aging has been related to diminished cognitive function, which could be a result of ineffective 

synaptic function. We have previously shown that synaptic plasma membrane (SPM) proteins 

supporting synaptic integrity and neurotransmission were down-regulated in docosahexaenoic acid 

(DHA)-deprived brains, suggesting an important role of DHA in synaptic function. In this study, 

we demonstrate aging-induced synaptic proteome changes and DHA-dependent mitigation of such 

changes using mass spectrometry (MS)-based protein quantitation combined with western blot or 

mRNA analysis. We found significant reduction of 15 SPM proteins in aging brains including 

fodrin-α, synaptopodin, PSD-95, SV2B, SNAP25, SNAP-α, NR2B, AMPA2, AP2, VGluT1, 

munc18-1, dynamin-1, VAMP2, rab3A, and EAAT1, most of which are involved in synaptic 

transmission. Notably, the first nine proteins were further reduced when brain DHA was depleted 

by diet, indicating that DHA plays an important role in sustaining these synaptic proteins down-

regulated during aging. Reduction of two of these proteins was reversed by raising the brain DHA 

level by supplementing aged animals with an omega-3 fatty acid sufficient diet for 2 months. The 

recognition memory compromised in DHA-depleted animals was also improved. Our results 

suggest a potential role of DHA in alleviating aging-associated cognitive decline by offsetting the 

loss of neurotransmission-regulating synaptic proteins involved in synaptic function.
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1. Introduction

Aging leads to decreased cognitive performance even in the absence of a diseased condition. 

Decrease in cognitive function reduces the quality of life of aging individuals as well as 

increases the costs of health care. It is known that during the normal aging process 

significant neuronal loss does not occur (Rapp and Gallagher, 1996; Rasmussen et al., 1996). 
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Therefore, cognitive decline could be a result of dysregulation of synaptic function and 

neurotransmission. Previous studies have reported age-related changes in glucose 

metabolism and long term potentiation as well as levels of neurotransmitters (dopamine, 

norepinephrine, 5-HT, GABA, acetylcholine) and trophic factors like brain-derived 

neurotrophic factor, nerve growth factor, insulin-like growth factor-1 (Baxter et al., 1999; 

Foster, 2007; Gant et al., 2006; Gavilan et al., 2007; Hwang et al., 2006; Majdi et al., 2007; 

Mora et al., 2007; Rowe et al., 2007; Shi et al., 2007; Smith et al., 2000). Structural changes 

in the aging brain have also been demonstrated such as atrophy of various aspects of 

dendritic and synaptic morphology and vascular rarefaction (Dickstein et al, 2007; Shi et al 

200; Sonntag et al 1997, 2000). Alterations in hippocampal expression of mRNAs with age 

have also been reported (Blalock et al., 2003; Kumar et al., 2007; Rowe et al., 2007). 

Previous proteomic studies identified modifications in multiple regulatory processes like 

metabolism, glutamate processing, protein synthesis (Poon et al, 2006), protein folding as 

well as response to oxidative stress (Gavilan et al., 2007, Poon et al., 2006). Recent age-

related proteomic studies focused on the synaptic proteome have revealed changes in the 

expression of proteins involved in neurotransmitter vesicle exocytosis and recycling 

dynamics (VanGuilder et al., 2010). A large subset of synaptic proteins including NSF, 

SNAP25, syntaxin 1, VAMP2, synaptophysin, synapsin 1, dynamin 1, amphiphysin, clathrin, 

syndapin 1 and munc 18–1 which represent both effectors and regulators of 

neurotransmission were found to change during aging, indicating an age-based deterioration 

of hippocampal neurotransmission.

Docosahexaenoic acid (DHA), an n-3 highly unsaturated fatty acid enriched in the central 

nervous system, is important for normal brain development. Previous studies in our 

laboratory demonstrated that DHA promotes neurite outgrowth and synaptogenesis (Cao et 

al., 2009). We also reported significant differences in the synaptic proteome of DHA-

adequate and DHA-deficient mouse brains (Sidhu et al., 2011). We found that some of the 

proteins important for synaptic integrity and synaptic neurotransmission were reduced in the 

DHA-deficient brains, providing a molecular basis for the significant impact of nutritional 

DHA on learning and memory function. Moreover, a recent study documented that twenty 

four week supplementation with 900 mg/day DHA improved learning and memory in 

healthy older adults with age-related cognitive decline (Yurko-Mauro et al., 2010). Our 

hypothesis in this study was that downregulation of synaptic proteins during aging may be 

dependent on the DHA-status in the diet. For this purpose, we compared the synaptic 

proteome of mice at different ages under DHA-adequate and deficient conditions. A 

quantitative nano-LC-ESI-MS/MS proteomics approach using 18O labeling or label-free 

analysis was used to identify proteome changes, which were further validated by western 

blot analysis with specific antibodies and/ or mRNA analysis using real-time quantitative 

PCR. Combining these approaches, we found that 15 SPM proteins were differentially 

expressed with age. Among them, six proteins were newly identified as age-regulated 

synaptic proteins. Intriguingly, we observed a positive effect of DHA on regulating nine 

proteins important for vesicle recycling and neurotransmission. These include fodrin-α, 

synaptopodin, PSD-95, synaptic vesicle glycoprotein 2B (SV2B), synaptosomal-associated 

protein 25 (SNAP25), alpha-soluble NSF attachment protein (SNAP-α), glutamate [NMDA] 

receptor subunit epsilon-2 precursor (NR2B), glutamate receptor ionotropic AMPA2 
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(AMPA2), and AP-2 complex subunit mu isoform b (AP2). Increasing brain DHA by 

supplementing the deficient group with an n-3 fatty acid adequate diet was able to restore 

levels of two out of six proteins that were significantly downregulated due to DHA 

deficiency in aged animals. The restoration of brain DHA also led to an improvement of 

recognition memory.

2. Methods

2.1 Experimental strategy

Brain cortices were collected from mice fed DHA-adequate or deficient diets at different 

ages. Synaptic plasma membranes (SPM) proteins were prepared by subcellular 

fractionation, and subjected to SDS-PAGE, in-gel tryptic digestion, mass spectrometric 

identification and quantitation. The changes in protein expression due to aging or DHA 

status revealed by MS were validated by western blotting or RT-PCR. The age- and DHA-

related proteins were subjected to network pathway analysis (Scheme 1).

2.2 Animals and diets

Pregnant C57/BL6 mice at 2 days of gestation were obtained from Charles River 

Laboratories (Frederick, MD, USA). The pregnant mice were allowed to feed on either an 

n-3 fatty acid adequate or deficient diet throughout the pregnancy and lactation period and 

their offspring were further continued on the same diet after weaning as described earlier 

(Cao et al., 2009). The n-3 fatty acid adequate and deficient semi-synthetic pelleted diets 

were based on the AIN-93G formula and differed only in fat composition (Dyets, 

Bethlehem, PA). The n-3 fatty acid adequate diet consisted of 7.45 %, 1.77 %, 0.48 % and 

0.3 % (w/w) of hydrogenated coconut, safflower, flaxseed and DHASCO oil (Martek, 

Columbia, MD) while the deficient diet contained 8.1 % and 1.9 % (w/w) of hydrogenated 

coconut and safflower oil. The resulting n-3 fatty acid content was 2.5 % (w/w) linolenic 

acid (LNA) plus 0.9 % DHA (w/w) in the adequate diet, and only 0.09 % (w/w) of LNA in 

the deficient diet. The procedures employed in this study were approved by the National 

Institute on Alcohol Abuse and Alcoholism (LMS-HK31). Three different age groups were 

selected for the experiment: 3 weeks (young), 4 months (young-adults) and 15 months 

(aged). Animals were exposed to CO2 inhalation before sacrificing them by cervical 

dislocation. For DHA replenishment studies, 15 month old deficient mice were either 

continued on the same deficient diet or fed the adequate diet for additional 2 months. At 17 

months of age, the novel object recognition test was performed and the brains were collected 

for protein analysis. For the adequate aged-control group, mice were fed the adequate diet 

for the entire 17 months.

2.3 Analysis of fatty acid in mouse brains

Lipids from brain homogenates were extracted and fatty acid contents were analyzed by gas 

chromatography after transmethylation with boron trifluoride-methanol as described earlier 

(Wen and Kim, 2004).
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2.4 Preparation of synaptic plasma membranes

Synaptic plasma membranes (SPM) were prepared according to the protocol by Cottman 

and Matthews (1971) with a slight modification as described previously (Sidhu et al, 2011). 

The brain cortices obtained from 3 mice fed the DHA-adequate or deficient diet were 

homogenized in 0.32 M sucrose with a tissue/solution ratio of 20% (w/v). The homogenate 

was diluted to 10% (w/v) tissue/sucrose solution and centrifuged at 1,000 g at 4 °C for 5 

min. The nuclear pellet was discarded and the supernatant was centrifuged at 11,000 g for 20 

min to obtain the crude mitochondrial pellet. Plasma membranes were extracted from crude 

mitochondria by density gradient centrifugation using different concentrations of Ficoll 

(13%, 6% and 4%). Three fractions namely, myelin, synaptosomes and mitochondria were 

collected following centrifugation at 64,000 g for 45 min. Myelin was collected from the top 

layer of 4% Ficoll, synaptosomes were obtained at the interface between the 6% and 13% 

Ficoll layers while mitochondrial fraction was collected as a pellet at the bottom. 

Synaptosomes were washed twice with PBS buffer before obtaining SPM by osmotic shock. 

The synaptosomes were incubated with 5 mM Tris HCl buffer (pH 7.4) containing 1 mM 

EDTA at 4°C for one hour with gentle stirring and the suspension was centrifuged at 20,000 

x g for 30 min to obtain the SPM pellet.

2.5 In-gel tryptic digestion

Eighty μg SPM proteins obtained from young (4 months) or aged (15 months) mice 

respectively, were incubated with lithium dodecyl sulfate (LDS) buffer (Invitrogen) at 70 °C 

for 5 min, and loaded side by side onto 10% Bis-Tris gels (Invitrogen). SDS-PAGE was 

carried out at a constant voltage of 100 V for 2 h using MOPS SDS running buffer. The 

separated proteins were visualized with Coomassie blue (SimplyBlue SafeStain, Invitrogen). 

The gel was cut in-pair (young/old) into 8–10 segments, destained, and subjected to 

reduction with DTT and alkylation with iodoacetamide. For in-gel digestion, the gel pieces 

were rehydrated with 12.5 ng/mL trypsin (Promega, Madison, WI) solution in 25 mM 

ammonium bicarbonate on ice for 30 min and incubated overnight at 37°C. Five standard 

peptides originated from non-mammalian sources (at 0.05 μg each) were added to each 

sample for the purpose of normalizing 18O/16O ratio. These peptides include PopD from 

pseudomonas aerigunosa, a peptide from plasmodium falciparum 3D7 (H[313–333]K), a 

peptide from plasmodium falciparum 3D7 (L[250–269]K), a fragment of pachytene arrest 

protein (1–50) from saccharomyces cerevisiae (New England Peptide Company, Gardner, 

MA) and a synthetic magnainin spacer peptide (American Peptide Company, Sunnyvale, 

CA). The resulting tryptic peptides were extracted with 5% formic acid/50% ACN, 

concentrated with a Speed Vac, and desalted using C18 ziptips before 18O labeling or 

injecting into the mass spectrometer.

2.6 18O labeling using immobilized trypsin
18O labeling was performed as described previously (Huang and Kim, 2012). Briefly, the 

desalted peptides were completely dried and reconstituted with 10 μL acetonitrile and 50 μL 

of 50 mM ammonium bicarbonate in either 16O water (for DHA-adequate sample) or 

97% 18O enriched water (for DHA-deficient sample), followed by addition of 0.5 μl of 2 M 

calcium chloride and 2.5 μL immobilized trypsin. The mixture was incubated with constant 
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rotation for 36 hours at 30°C. After centrifugation at 15,000 g for 5 min, the supernatant was 

collected and acidified to pH 3–4 by adding 1–2 μL of 10% TFA. The 16O-labeled DHA-

adequate samples were mixed with 18O-labeled DHA-deficient samples from the 

corresponding gel fractions. The mixture was desalted by ziptip C18 column prior to the 

analysis by nano-LC/ESI-MS/MS.

2.7 Nano-LC/ESI-MS/MS analysis

Nano-LC/ESI-MS/MS was performed on an LTQ-Orbitrap XL mass spectrometer equipped 

with a nanospray source (Thermo Scientific) and an Eksigent nanoLC 1D system. The 

mobile phases consisted of 0.1% formic acid (solvent A) and 0.1% formic acid in 95% ACN 

(solvent B). Approximately 1 μg of labeled digests was loaded onto a C18 trap column 

(Zorbax 5 × 0.3 mm, Agilent) and separated by a 15 cm IntegraFrit column (ProteoPep™, 

New Objective, Woburn, MA) at a flow rate of 300 nL/min with a gradient from 5–40% 

solvent B in 150 min. The LC eluant was sprayed into the MS instrument with a glass 

emitter tip (PicoTip, New Objective) using a spray voltage of 2.0 kV in positive-ion mode. 

Full scan spectra from m/z 300 to 1700 at 60,000 resolution were acquired by the Orbitrap. 

Data-dependent MS/MS spectra of ten most intense ions were acquired by the LTQ-XL ion 

trap using CID with a normalized energy of 35. Dynamic exclusion for the ions for which 

MS/MS spectra had been already acquired used following parameters: exclusion time 180 s, 

repeat count 1, repeat duration 30 s, exclusion mass width 10 ppm, and exclusion size 500. 

Singly charged species were excluded from data-dependent MS/MS analysis.

2.8 Data analysis

The acquired data were searched against the NCBInr database with Mascot (v2.3, Matrix 

Sciex) for protein identification. Search parameters were set as follows: enzyme, trypsin; 

precursor ion mass tolerance, 10 ppm; fragment ion mass tolerance, 0.3 Da; maximum 

missed cleavages allowed 2; carbamidomethyl of cysteine residues for fixed modification; 

oxidation of methionine for variable modification. Only the proteins with at least 2 distinct 

peptides and a Mascot score more than 50 were considered for positive identification. 

Quantitation of the 18O/16O ratio was performed by Mascot Distiller (version 2.3) with 

the 18O-corrected method due to the use of 97% enriched 18O water. Peptide peaks were 

rejected for quantitation if peak correlation was below 0.7, standard error was greater than 

0.1, or area fraction was below 0.5. Protein abundance ratio was presented by the 

average 18O/16O ratio of at least two peptides and normalized to the average 18O/16O value 

from five standard peptides. Label-free protein quantitation was performed using Progenesis 

LC-MS software (v2.0, Nonlinear Dynamics).

2.9 Western blot analysis

Proteins from whole homogenates or subcellular fractions were electrophoresed in 4–12% 

Bis-Tris gels, transferred to a PVDF membrane, and then blocked for 1 hr at room 

temperature with 5% milk in TBS containing 0.1% Tween 20 (TBS-T). Blots were incubated 

with primary antibody overnight at 4°C and washed three times with TBS-T. Blots were then 

incubated with peroxidase-conjugated secondary antibody for one hour at room temperature, 

washed three times with TBS-T, incubated with ECL detection reagent, and imaged with a 

Kodak Gel Logic 440 Imaging System and quantified by Kodak 1D Image Analysis 
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software. The primary antibodies used in this study were anti-cadherin, anti-synaptopdin, 

anti-PSD-95, anti-fodrin-α, anti-rab3a, anti-SNAP25, anti-SNAP-α, anti-VAMP2, anti-

VGlut1, anti-dynamin-1, anti-EAAT1, anti-SV2B, and anti-munc18 (obtained from Cell 

Signaling or Santa Cruz Biotechnology).

2.10 RNA extraction and Real time PCR

Twenty mg cortices were homogenized using a glass Teflon homogenizer and processed for 

total RNA isolation with an Aurun total RNA mini kit (Bio-Rad Laboratories, CA) in 

accordance with the manufacturer’s instructions. The concentration of the extracted RNA 

was measured by NanoDrop 1000 (Thermo Scientific, Waltham, MA). cDNA synthesis was 

performed using high capacity cDNA reverse transcription kit (Applied Biosystems, Foster 

city, CA) in accordance with the manufacturer’s instructions. Each RT reaction contained 1 

μg of isolated RNA, 50 nM random RT primer, 1X RT buffer, 0.25 mM each of the dNTPs, 

3.33 U/μL multiscribe reverse transcriptase and 0.25 U/μL RNAase inhibitor.

The mRNA expression was measured by qPCR using an ABI Prism 7900 HT and gene-

specific flourogenic TaqMan probes (Applied Biosystems, Foster City, CA). Each 10 μL 

polymerization chain reaction contained 1 μL relevant cDNA, 5μL of TaqMan Gene 

expression master mix, 0.5 μL each specific primer and the housekeeping gene, 

glyceraldehydes-3-phosphate dehydrogenase (GAPDH) which served as an internal control. 

The thermal cycling program was composed of 2 minutes at 50 °C, 10 minutes at 95 °C 

followed by 40 cycles of 15 seconds at 95 °C and 1 minute at 60 °C. For qPCR analysis, 

each sample was run in triplicates. The quantification was made by selecting the 

amplification cycle when the PCR product of interest was first detected, also called 

threshold cycle (Ct). The reactions were repeated in triplicates for each of the three 

biological replicates and the average Ct value was used in all analysis. Relative 

quantification was performed using the comparative threshold (CT) method after 

determining the Ct values for reference (GAPDH) and target genes in each sample sets 

according to the 2−DDCt method (Pfaffl, 2001) as described by the manufacturer (Applied 

Biosystems; User Bulletin 2). Changes in mRNA expression level of different age/diet 

groups were calculated after normalization to the value obtained for the 15 month old 

adequate diet group. The following formulas were used in the analysis.

2.11 Novel object recognition test

The novel object recognition test based on the one-trial model (Ennaceur and Delacour, 

1988) was performed as described previously (Desai et. al., 2014). All behavioral procedures 

were performed between 11:00 and 18:00 h. The habituation phase consisted of allowing the 

mice to individually explore an open, empty, black plexiglass box (40 cm2) freely for 30 

min. On the day following the day of habituation, each mouse was allowed to explore a pair 

of identical objects placed side by side in the box for a period of 10 min. After an intertrial 
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interval of 3 h, the mouse was placed back in the box, which now consisted of one object 

used in the familiarization trial or sample phase and a novel object of comparable 

dimensions. The time spent in exploring the two objects was then recorded for a period of 6 

min, and memory was expressed as percent of time spent in novel object exploration. The 

box and the objects were cleaned with quatricide and allowed to dry completely in-between 

tests to avoid any olfactory ques. The mouse was considered to explore an object if its nose 

was 2 cm or less from the object and the mouse was looking at the object. Sitting on the 

object was ignored.

2.12 Network Pathway Analysis

Using MetaCore, ontology enrichment analysis of process networks which scores and ranks 

the most relevant cellular processes for a dataset was performed on the differentially 

regulated proteins identified by nano-LC/ESI-MS/MS. The interaction network for the 

proteins was built using canonical pathway modeling and standard Dijkstra’s shortest paths 

algorithm (the maximum number of steps to connect seed nodes set at 2). For clarity, the 

network generated was simplified by excluding some unseeded proteins.

2.13 Statistical analysis

Unless specified, data were analyzed by one-way ANOVA and significant differences 

between different age-groups and diets were determined by Student’s t-test.

3. Results

3.1 Age-related changes in the synaptic proteome

To assess the changes in the synaptic proteome due to aging, we prepared the SPM fractions 

from the cortices of the DHA adequate young (4 months) and old (15 months) mice and 

assayed the differential expression of synaptic proteins using nano-LC-ESI-MS/MS 

combined with SDS-PAGE and in-gel digestion (Scheme 1). Half of the tryptic digests were 

analyzed by 18O-labeling and the other half by label-free technique using the Progenesis 

software.

The label-free protein quantitation indicated a total of 15 proteins that were down-regulated 

significantly in their levels at 15 months compared to 4 months (Table 1, supplemental Table 

1). The decrease of the protein level in nine of these proteins was confirmed by 18O-labeling 

technique (supplemental Table 2), which normally quantifies fewer proteins due to the loss 

of samples during labeling procedures but provides more accurate results compared to the 

label-free approach. These 15 proteins include fodrin-α, synaptopodin, PSD-95, synaptic 

vesicle SV2B, SNAP25, SNAP-α, NR2B, AMPA2, AP2, vesicular glutamate transporter 1 

(VGluT1), munc18-, dynamin-1, vesicle associated membrane protein 2 (VAMP2), ras-

related protein rab3A (Rab3A) and excitatory amino acid transporter 1 (EAAT1). Among 

these proteins, EAAT1, VGluT1, fodrin-α, AP2, synaptopodin and SNAP-α were identified 

for the first time as the age-related synaptic proteins, while the rest of them have been 

reported previously to down-regulate during the normal aging process (Clayton and 

Browning, 2001; Dyall et. al., 2007; Hof et. al., 2002; Kadish et. al., 2009; VanGuilder et. 

al., 2010, 2011).
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The changes in protein levels identified by the MS-based approach were validated by 

western blot analysis using specific antibodies. Out of 15 proteins identified as down-

regulated, 12 proteins were analyzed by western blotting. Densitometric analysis indicated 

that they all showed significant down-regulation at 15 months in comparison to 4 months 

(Fig. 1). Since NR2B and AMPA2 are already known to be down-regulated during aging 

(Clayton and Browning, 2001; Dyall et. al., 2007; Hof et. al., 2002), western blot analysis 

for these two proteins was not performed. The antibody for AP2 was not available. For these 

three proteins (NR2B, AMPA2 and AP2), individual peptides were quantified by 18O/16O 

labeling and representative spectra for these proteins are shown in Fig. 2. Each spectrum 

contained 18O/16O labeled peptides belonging to the indicated proteins. The reduction is 

clearly shown for the peptide peaks representing the aged (18O-labeled) compared to the 

young mouse brain sample (16O-labeled), while no change is apparent for control proteins 

such as VPS35, Na+/K+-ATPase and SKD2. Of note, all these 15 proteins down-regulated 

during the aging process are known to be involved in neurotransmission and synaptic vesicle 

trafficking or docking.

3.2 Effect of DHA on age-related changes in the synaptic proteome

We have previously shown that DHA deficiency can result in a loss of a number of important 

synaptic proteins involved in neurotransmission and synaptic plasticity (Sidhu et al., 2011). 

In this study, we tested if depleting DHA would exacerbate the age-related loss of the 

synaptic proteins. To this end, mice were treated with DHA-deficient or adequate diet as 

described in the experimental section. Analysis of fatty acid contents indicated at least 35% 

reduction in brain DHA level in mice fed the deficient diet compared to those fed the 

adequate diet (supplemental Table 3). SPM proteins from DHA-adequate and deficient mice 

were analyzed by SDS-PAGE followed by mass spectrometric approaches. Intriguingly, nine 

of the synaptic proteins that were down-regulated during aging were found to be further 

decreased as a result of DHA deficiency in aged (15 months old) mice (supplemental Table 

4). These proteins include fordin-α, synaptopodin, PSD-95, SV2B, SNAP25, SNAP-α, 

NR2B, AMPA2, and AP2. The MS-based results were evaluated by western blot analysis 

based on the availability of antibodies. For the western blot analysis, we included another 

age-group, 3 week-old mice, to better understand the synaptic proteome changes during the 

course of development and aging (Fig. 3, supplemental Fig. 1). There was significant down-

regulation in the levels of VGluT1 at 3 week- and 4 month-old brains, and fodrin-α at all 

ages tested in DHA-deficient brains. In addition, under the DHA-depleted condition, the 

down-regulation of brain SV2B, synaptopodin and PSD-95 was observed in mouse brains at 

4 and 15 months, while reduced levels in SNAP25 and SNAP-α were found at 15 months 

only. The western blot data also indicated that proteins including fodrin-α, SV2B, 

synaptopodin, PSD-95, SNAP25 and SNAP-α were down-regulated at 15 months compared 

to 4 months, regardless of the DHA status (Fig. 3, supplemental Fig. 1). The DHA effect was 

also observed at 4 months in many of the SPM proteins such as dynamin-1 and munc18–1 as 

reported in our previous study (Sidhu et. al., 2011). Overall, the western blot data was in 

good agreement with our MS data.
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3.3 Effect of DHA on age-related changes in the synaptic protein gene expression

For the SPM proteins that were found to change under the influence of DHA-depletion, we 

performed qRT-PCR to evaluate changes in gene expression (Fig. 4). The positive effect of 

DHA at 15 months of age was also observed at the gene level for NR2B, AP2 and AMPA2 

for which western blot analyses were not performed. Similarly, mRNA levels of fodrin-α, 

SV2B and synaptopodin were also higher in DHA-adequate samples in comparison to the 

deficient brains at 15 months. Although gene and protein expression levels do not 

necessarily correlate, these results appeared to be consistent with the protein data based on 

western blot and MS analyses as summarized in Table 2. From 4 to 15 months of age, gene 

expression of fodrin-α, SV2B and synaptopodin was significantly down-regulated. Despite 

the decrease at the protein level detected by mass spectrometry, AP2, AMPA2, and NR2B at 

the gene level were not significantly affected by aging in DHA-adequate brains. With the 

exception of AP2, DHA deficiency resulted in a general trend of decrease in the levels of all 

genes tested also at 4 months (Fig. 4).

3.4 Effect of aging and brain DHA status on cognitive function

To examine possible impact of the loss of SPM proteins on neurological function, we 

evaluated cognitive function, particularly recognition memory, by novel object recognition 

test. Depletion of brain DHA significantly decreased recognition memory in both young 

(68.5 ± 2.6 vs. 60.5 ± 1.3 %; p<0.05) and aged animals (62.0 ± 3.3 vs. 50.5 ± 2.8 %; p<0.01) 

tested at 4 and 15 months, respectively (Fig. 5). Despite a decreasing trend, the difference in 

recognition memory between 4 and 15 months did not reach the statistical significance in 

DHA-adequate animals. However, aging significantly decreased cognitive function in DHA-

deficient mice (60.5 ± 1.3 vs. 50.5 ± 2.8 % ; p<0.05), which is consistent with the 

aggravated loss of synaptic proteins in these animals. These data suggested a positive 

correlation between the observed synaptic proteome loss and cognitive decline.

3.5 Effect of raising brain DHA content on aging-related changes in the synaptic proteome

We tested whether increasing brain DHA in aging brains could reverse synaptic protein loss 

and improve cognitive function. We used DHA-depleted aged mice as a model since the 

synaptic protein loss was exaggerated in these animals. DHA-deficient mice at 15 month of 

age were supplemented with the n-3 fatty acid adequate diet for the subsequent 2 months 

(diet reversal group). In parallel, DHA-adequate and deficient animals were continued on 

their corresponding diets until 17 months of age (Fig. 6a). At 17 months, western blot 

analysis was performed to evaluate the six synaptic proteins that were shown to be 

significantly down-regulated at 15 months and by DHA deficiency as shown in Fig. 3. 

Similar to the data obtained at 15 months (Supplemental Table 3), the brain DHA content in 

the deficient mice was significantly lower than that of the adequate mice at 17 months (12.2 

± 0.6 vs. 4.7 ± 0.3 %; p<0.01). Two months of the diet reversal markedly increased DHA to 

nearly the level of the adequate mice (11.5 ± 0.7 %) (Fig. 6b). Western blot analysis revealed 

significant increases of two proteins, namely synaptopodin and PSD-95, in the reversal 

group in comparison to the deficient animals (Fig. 6c). We also performed the novel object 

recognition test to evaluate cognitive function for DHA-adequate, DHA-deficient and diet 

reversal groups at 17 months. As observed with 15-month old animals (Figure 5), the 
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recognition memory was significantly lower in DHA-deficient animals compared to the 

adequate group at 17 months (64.2 ± 2.9 vs. 43.7.5 ± 4.1 %; p<0.01). After 2 months of diet 

reversal, the cognitive function was improved (58.9 ± 5.1 %) nearly up to the level observed 

for the DHA-adequate group (Fig. 6d). These data indicated that the synaptic protein loss as 

well as cognitive decline in aging animals exacerbated under a DHA-depleted condition can 

be reversed by raising the brain DHA content.

3.6 Network pathway analysis

The 15 proteins altered in expression by aging and brain DHA level were subjected to the 

MetaCore enrichment analysis to determine their functional involvement in the context of 

cellular processes (Bessarabova et al., 2012). Based on the score and ranking calculated by 

this functional analysis, the most relevant cellular processes were found to include transport 

(synaptic vesicle exocytosis), development (neurogenesis/synaptogenesis), 

neurophysiological process (GABAergic neurotransmission), and cell adhesion (synaptic 

contact) (Table 3). Of note, synaptopodin and PSD-95 are involved in the synaptogenesis 

and synaptic contacts (Table 3, Fig. S2 and 3). To assess the connectivity within the synaptic 

proteins, the interaction network analysis was performed using the shortest path algorithm 

(Bessarabova et al., 2012). As shown in Fig. 7, many of these proteins are found to interact 

with each other. Interestingly, all these 15 synaptic proteins are linked to cAMP responsive 

element binding protein (CREB) (Fig. 7).

4. Discussion

Aging is a known risk factor for cognitive decline. It has been reported that a large number 

of synaptic proteins involved in neurotransmission are altered during aging (VanGuilder et 

al., 2010). We have previously demonstrated that DHA promotes hippocampal neurite 

outgrowth, synaptogenesis and synaptic activity (Calderon and Kim, 2004; Cao et. al., 

2009). Our study also indicated that DHA depletion leads to down-regulation of SPM 

proteins involved in synaptic neurotransmission (Sidhu et. al, 2011) and impairs long-term 

potentiation in hippocampal slices (Cao et. al., 2009). Based upon these studies, we 

hypothesized that DHA can offset synaptic proteome changes during aging, which may 

alleviate aging-related cognitive decline.

4.1 DHA ameliorates aging-related loss of brain SPM proteins important for proper 
cognitive function

By comparing the SPM proteins from young (4 months) and aged (15 months) mouse brains, 

we identified dysregulation of 15 synaptic proteins. Among those, 6 proteins including 

fodrin-α, synaptopodin, SNAP-α, AP2, VGluT1, and EAAT1 were not reported to change in 

the earlier aging studies. More importantly, we found that DHA-depletion exacerbates the 

aging-related decline of some of these synaptic proteins, indicating a role of DHA in 

mitigating aging-induced decline of synaptic proteins (Table 2). Significant synaptic protein 

loss and cognitive deficit observed in DHA-deficient aging mice was reversed when the 

brain DHA level was normalized, supporting a role of DHA in ameliorating aging-induced 

cognitive decline that parallels synaptic proteome restoration.
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Previous proteomics studies have reported age-related reduction of many synaptic proteins 

such as, PSD-95, munc18, synapsin 1, synapsin 2, SNAP25, VAMP2, dynamin 1, syntaxin 

1, hippocalcin and 14-3-3 isoforms in the hippocampus, most of which are involved in 

neurotransmission and synaptic plasticity (VanGuilder et. al, 2010, 2011). SV2B and Rab3A 

have also been demonstrated to decrease in expression during aging in Fischer 344 rats of 

ages 3, 12 and 23 months (Kadish et. al., 2009). Previous studies have also reported down-

regulation of glutamate receptors, AMPA2 and NR2B with aging (Clayton and Browning, 

2001; Dyall et. al., 2007; Hof et. al., 2002). Our MS-based strategy of 18O labeling or label-

free mass spectrometric analysis allowed the detection of most of these proteins down-

regulated during aging along with 6 additional SPM proteins as described above. Age-

related protein up-regulation has been reported mainly for enzymes that mediate energy 

production and oxidative stress such as, transketolase and mitochondrial creatine kinase 

(Yang et. al., 2008). For SPM proteins, however, we observed only age-related down-

regulation and no increases in protein expression were detected.

DHA produced a significant effect on the levels of some SPM proteins that were down-

regulated during aging. These include fodrin-α, SV2B, synaptopodin, PSD-95, SNAP25 and 

SNAP-α (Fig. 3). Gene expression levels of AP2, AMPA2 and NR2B receptors at 15 months 

were also found to decrease significantly under DHA-deficient conditions (Fig. 4, Table 2). 

Most of the proteins down-regulated due to DHA deficiency play an important role in 

synaptic plasticity. PSD-95 is known to recruit and cluster glutamate receptors (NMDA and 

AMPA), ion channels as well as signal transduction molecules for proper synaptic activity 

(Beique et. al, 2006; Kim et. al., 1995, Vickers et. al., 2006). This protein is also required for 

maturation of the pre-synaptic terminals and dendritic spines and for stabilizing established 

synapses (El-Husseini et. al., 2000, Okabe et. al., 2001). Synaptopodin, an actin-binding 

protein found in a subset of dendritic spines containing the spine apparatus organelle (Deller 

et al., 2000), has been shown to be important for long-term potentiation in vitro (Deller et 

al., 2003) and in vivo (Jedlicka et al., 2009) as well as in spatial learning. SNAP25, a 

presynaptic plasma membrane protein, is a part of SNARE (soluble N-ethylmaleimide 

sensitive factor attachment protein receptor) core complex formed together with VAMP2 and 

syntaxin1a (Chen et al., 2002). This protein functions in the regulation of neurotransmitter 

release by associating with the proteins involved in vesicle docking and fusion (Blasi et al., 

1993; Hodel, 1998). Fodrin-α is involved in stabilizing membrane structure, maintaining cell 

shape and linking the cytoskeleton to plasma membranes or intracellular vesicles (Bennett, 

1990), Bourguignon et al., 1985). SV2B is an isoform of SV2 protein that comprises 12 

transmembrane regions (Heese et al., 2001; Janz et al., 1999). SV2 proteins have been 

reported to participate in the regulation of calcium-mediated synaptic transmission and also 

play a role in vesicle trafficking by binding to other cell surface proteins (Lazzell et al., 

2004; Schivell et al., 1996). SNAP-α is required for vesicle fusion with the target membrane 

(Beckers et al., 1989; Block et al., 1988, Diaz et al., 1989, Rodriguez et al., 1994). An ATP-

controlled highly specific interaction has been reported between SNAP-α and N-

ethylmaleimide-sensitive fusion protein (NSF) (Wilson et al., 1992). ATP hydrolysis leads to 

rearrangement of the SNARE complex and to membrane fusion and release of the soluble 

components of the reaction from the membrane (Hayashi et al., 1995; Sollner et al., 1993). 

Since aging results in significant loss of these important synaptic proteins and DHA 
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deficiency leads to their further decrease, it can be concluded that DHA helps to prevent 

down-regulation and maintain the level of these SPM proteins in the brain during aging.

The aging-induced reduction of fodrin-α, SV2B and synaptopodin proteins was also 

observed at the gene level (Fig. 4). However, gene expression of AP2, AMPA2 and NR2B in 

DHA-adequate brains, which declined during aging from 4 to 15 months at the protein level 

(Fig. 2, Supplemental Table 1), was not correspondingly altered. This discrepancy could be 

due to complicated biological processes, such as transcriptional splicing, post-transcriptional 

splicing, translational modifications, translational regulation, and protein complex 

formation, which can influence mRNA and protein correlation. It is also possible that 

stability of some proteins were affected by aging despite the absence of altered gene 

expression. While some studies have found a good correlation between mRNA and protein 

expression levels, others have also reported discrepancies as observed for AP2, AMPA2 and 

NR2B in our study (Guo et. al., 2008; Gygi et. al., 1999). In terms of the DHA effects, we 

observed significant decreases in mRNA levels in gria2, grin2b, spna2, sv2b and synpo 

genes at 15 months under DHA deficient conditions, which is consistent with protein levels 

obtained by mass spectrometry and/or western blot analysis (Figs. 3,4, Table 1). Unlike the 

case at 15 months, the reduction of gria2 and grin2b did not reach statistical significance 

despite the decreasing tendency under DHA deficient conditions at 4 months of age. It is 

possible that the down-regulation of AMPA2 and NR2B previously observed (Sidhu et al., 

2012) may not occur at mRNA level at this age. It can be also speculated that protein 

degradation at 4 months of age is slower compared to 15 months age.

Our data clearly indicated aging-induced reduction of synaptic proteome exacerbated in 

DHA-deficient brains (Fig. 3), while such synaptic protein loss was ameliorated after 

increasing the brain DHA level by switching to an n-3 fatty acid supplemented diet (Fig. 6), 

demonstrating a role of DHA in sustaining synaptic proteome. Although only two out of the 

six down-regulated synaptic proteins, synaptopodin and PSD-95, showed statistically 

significant increases after diet reversal, (Fig. 6c), the other four SPM proteins (fodrin-α, 

SV2B, SNAP25 and SNAP-α) also showed an increasing trend (data not shown). It is 

possible that a longer n-3 fatty acid supplementation is required for a significant recovery of 

these four SPM proteins.

DHA-depletion and aging caused impairment of recognition memory (Fig. 5) along with 

synaptic protein reduction (Fig. 3), suggesting a positive correlation between synaptic 

protein expression and cognitive function. Raising the brain DHA content by diet reversal 

restored synaptic protein loss as well as the recognition memory impaired by the DHA-

deficiency in 17 month old mice (Fig. 6d), which is consistent with previous studies 

indicating that DHA administration improves cognitive function in aged animals (Gamoh et 

al, 2001; Jiang et al, 2009). The ability of DHA to maintain important synaptic proteins 

which are otherwise decreased by aging may be an important mechanism connecting DHA 

and cognitive improvement in aged animals.

4.2 Proposed mechanisms for the effect of DHA in maintaining SPM protein levels

There have been conflicting reports on the effects of normal aging on brain DHA levels in 

both rodent and humans. While aging-related decline in DHA levels was observed in various 
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rodent brain regions (Lopez et al., 1995; Little et al., 2007; Barcelo-Coblijn et al., 2003; 

Favrelier et al., 2000), others found lack of such effects (Yetmler et al., 2012). Some human 

studies indicated that aging has no appreciable influence on DHA contents in cerebral cortex 

(Carver et al., 2001), frontal cortex, hippocampus and pons (Soderberg M, 1991). In another 

study, healthy aging was shown to be associated with a progressive decline in 

polyunsaturated fatty acid (PUFA) composition, including DHA and arachidonic acid (AA, 

20:4n-6) in the orbitofrontal cortex gray matter (McNamara et al., 2008). In contrast, a 

recent report indicated that normal adult aging increases DHA-containing phospholipids in 

the dorsolateral prefrontal cortex from subjects aged from 20 to 100 years (Norris et al., 

2015). The present study showed no significant changes in the brain DHA content during 

normal aging. The 2-way ANOVA also indicated no significant interaction between aging 

and DHA for the six synaptic proteins that were down-regulated at 15 months and 

influenced by DHA, with the exception of SNAP25 (Supplemental Table 5). These findings 

suggest that aging and DHA may not have identical mechanisms to alter synaptic proteome, 

although shared targets can be postulated in the downstream signaling.

The CREB-mediated gene transcription may be a common target mechanism for DHA- and 

aging-related synaptic proteome changes and behavioral consequences. We have recently 

demonstrated that cAMP/PKA/CREB signaling is activated by DHA and its metabolite N-

docosahexaenoylethanolamine in cultured neural stem cells (Rashid et al., 2013; Rashid and 

Kim 2016). We have also shown that SPM proteins down-regulated due to DHA deficiency 

are downstream of CREB (Sidhu et al., 2011). According to the interaction network analysis 

in the present study, most of the synaptic proteins altered by aging are also upregulated by 

CREB through direct or indirect interaction (Fig. 7), suggesting CREB-activated gene 

transcription as a key shared factor in the aging- and DHA-mediated regulation of the 

synaptic proteome. Significant loss of the synaptic proteins important for neurotransmission 

may lead to cognitive decline during aging (VanGuilder et. al, 2010, 2011). CREB is known 

to play an important role in learning and memory (Dubynina and Dolotov, 2009). A 

significantly impaired LTP has been reported in hippocampal slices of CREB mutant mice 

(Bourtchuladze et al., 1994). Similar impairment of LTP was also observed in hippocampi of 

DHA-depleted mice where CREB downstream synaptic proteins such as synapsin I and 

NR2B were reduced (Cao et al., 2009). These findings suggest that CREB signaling for the 

expression and maintenance of synaptic proteins is an important mechanism for the DHA-

enhanced learning and memory function in aging brains.

In addition to the CREB signaling, the Akt-mediated neuronal survival pathway may also 

play an important role in synaptic proteome changes by DHA. DHA was shown to promote 

neuronal survival through increasing phosphatidylserine in cell membranes, which in turn 

facilitates membrane translocation and activation of Akt (Akbar et al., 2005; Huang et al. 

2011). Conversely, DHA-depletion was shown to increase neuronal susceptibility to cell 

death (Akbar et al., 2005), reducing neuron numbers. In a recent study, DHA ingestion 

increased newborn neurons at 18 month old rats, although statistical significance was not 

reached (Tokuda et al., 2014), also indicating the influence of DHA on neuron numbers. The 

number of surviving neurons decreased by DHA-deficiency may be a contributing factor for 

the exacerbated loss of synaptic proteins in DHA deficient aging brains.
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In conclusion, our results indicate that the loss of synaptic proteins associated with synaptic 

functions can be exacerbated by DHA-deficiency, leading to cognitive impairment. By 

maintaining the key SPM proteins, DHA may reduce the risk of age-related decline in 

cognitive functions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Aging-induced synaptic proteome changes and DHA-dependent mitigation of 

such changes.

• Synaptic proteome changes correlate with the recognition memory.

• Mass spectrometry-based quantitation combined with western blot or mRNA 

analysis.

• CREB signaling implicated in aging- and DHA-dependent synaptic proteome 

changes.
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Fig. 1. 
Western blot analysis of SPM proteins obtained from young (4 months) and old (15 months) 

mice raised with DHA-adequate diet. Quantitation was based on the band intensity 

normalized to cadherin using three biological replicates. The data are expressed as mean ± 

standard deviation (n=3–4). Statistical analysis was performed using Student’s t-tests. *, p< 

0.05; **, p< 0.01. 4M; 4 month-old, 15M; 15 month-old, Ade, DHA-adequate.
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Fig. 2. 
Representative mass spectra from 16O-labeled sample (4 month-old mice) mixed with 18O 

labeled sample (15 month-old mice). The brain samples were obtained from DHA-adequate 

mice. The 18O/16O peak intensity ratio was used for relative quantitation of the peptides.
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Fig. 3. 
Effects of the DHA status on SPM proteins during aging. The effect of DHA on SPM 

proteins down-regulated during aging (4 months to 15 months) was evaluated at 3 weeks, 4 

months and 15 months of age. The western blot data from three biological replicates 

expressed as mean ± standard deviation (n=3–4) is presented. Statistical analysis was 

performed for the differences between DHA-adequate and deficient samples using Student’s 

t-tests. *, p< 0.05; **, p< 0.001; ***, p<0.0001.
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Fig. 4. 
Effects of aging and DHA status on gene expression in mouse brains. The Y-axis represents 

the mRNA expression relative to that of the 15 month adequate group. The data were 

obtained from three biological replicates using real time qPCR and expressed as mean ± 

standard deviation (n=3). Statistical analysis was performed using Student’s t-tests. *, p< 

0.05; **, p< 0.001; ***, p<0.0001.
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Fig. 5. 
Effect of aging and brain DHA status on cognitive function. DHA-deficiency in brain 

compromises cognitive function evaluated by novel object recognition test in young (4 

months) and aged mice (15 months). Aging significantly affected recognition memory only 

in DHA-depleted animals. Data are presented as mean ± SEM (n=6–9). *, p<0.05 ; **, 

p<0.01.
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Fig. 6. 
Effect of raising brain DHA content on synaptic protein level and cognitive function in aged 

mice. a, Timeline of the diet. Mice were fed with DHA-adequate (Ade) or DHA-deficient 

diet (Def) diet for 17 months, or fed with the deficient diet for 15 months followed by the 

adequate diet for 2 months to increase the brain DHA level. b–c, Brain DHA (b) and 

synaptic protein levels (c) at 17 months of age after feeding different diets. d, Effect of brain 

DHA status on cognitive function evaluated by novel objective recognition test. The 17-

month DHA-deficient mice showed significantly shorter novel object exploration as 

compared to the adequate group, indicating impaired recognition memory. This difference in 

the novel object recognition performance disappeared when 15 month old DHA-deficient 

mice were placed on the adequate diet for 2 months. Student’s paired t-test was used to 

assess statistical differences. Data are presented as mean ± standard deviation (in b,c; n=3–

4) or SEM (in d; n=6–8). ***, p < 0.001; **, p < 0.01; *, p < 0.05.
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Fig. 7. 
Protein interaction network analysis indicating the involvement of CREB signaling. The 

analysis was conducted on 15 SPM proteins altered by aging and brain DHA levels. The 

network was built with the shortest paths algorithm using MetaCore software.
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Scheme 1. 
Experimental strategy for investigating the differential expression of synaptic plasma 

membrane (SPM) proteins affected by aging and DHA status.
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Table 1

Synaptic proteins downregulated in aged mouse brains revealed by quantitative mass spectrometry.

Proteins Gene symbol Accession number Molecular mass (kDa)

Fodrin-α Spna2 223462890 250

Synaptopodin Synpo 158303337 104

Discs, large homolog 4 (PSD-95) dlg4 148680577 95

Synaptic vesicle glycoprotein 2B (SV2B) Sv2b 27261824 78

Synaptosomal-associated protein 25 (SNAP25) Snap25 6755588 25

Alpha-soluble NSF attachment protein (SNAP-α) Napa 13385392 33

Glutamate [NMDA] receptor subunit epsilon-2 precursor (NR2B) Grin2b 117168299 168

Glutamate receptor, ionotropic, AMPA2 (AMPA2) Gria2 148683502 104

AP-2 complex subunit mu isoform b (AP2) Ap2m1 68799814 109

Vesicular glutamate transporter 1 (VGluT1) Vglut1 123793848 52

Munc18-1 Stxbp1 17225417 68

Dynamin-1 Dnm1 123230374 98

Vesicle associated membrane protein 2 (VAMP2) Vamp2 2253399 13

Ras-related protein rab3A (Rab3A) Rab3a 6679593 25

Excitatory amino acid transporter 1 (EAAT1) Eaat1 24233554 60
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Table 3

Enrichment analysis of process networks from 15 synaptic proteins altered in expression by aging and brain 

DHA level

Top 10 Networks p-value FDR Ratio Network Objects

Transport/Synaptic vesicle exocytosis 1.042E-10 2.918E-09 9/175 SV2B, VAMP2, SLC17A7/VGluT1, 
Dynamin- 1, GLAST1/EAAT1, Rab-3A, 
SNAP-25, Rab-3, Munc18

Development/Neurogenesis/ Synaptogenesis 4.913E-09 6.879E-08 8/180 SNAP-α, GluR2/AMPA2, VAMP2, 
Synaptopodin, SNAP-25, PSD-95, NR2B, 
Munc18

Neurophysiological process/GABAergic neurotransmission 2.299E-08 2.146E-07 6/138 AP complex 2, VAMP2, Dynamin-1, 
SNAP-25, NR2B, Munc18

Cell adhesion/Synaptic contact 3.864E-06 2.705E-05 6/184 Synaptopodin, SLC17A7/3 VGluT1, 
SNAP-25, PSD-95, Fodrin-α, NR2B

Neurophysiological process/Long-term potentiation 1.051E-03 5.884E-03 3/82 GluR2/AMPA2, NR2B, NR2

Signal transduction/Nitric oxide signaling 1.290E-03 6.019E-03 3/88 PSD-95, NR2B, NR2

Neurophysiological process/Transmission of nerve impulse 1.513E-02 6.053E-02 3/212 GluR2/AMPA2, PSD-95, NR2B

Cytoskeleton/Cytoplasmic microtubules 3.323E-02 1.163E-01 2/115 PSD-95, Fodrin-3α

Development/Neuromuscular junction 5.189E-02 1.615E-01 2/147 VAMP2, SNAP-25

Cell adhesion/Cell junctions 6.169E-02 1.715E-01 2/162 PSD-95, Fodrin-α

FDR: false discovery rate
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