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Abstract

The hippocampus is well established as an essential brain center for learning and memory. Within 

the hippocampus, recent studies show that area CA2 is important for social memory, and is an 

anomaly compared to its better understood neighboring region, CA1. Unlike CA1, CA2 displays a 

lack of typical synaptic plasticity, enhanced calcium buffering and extrusion, and resilience to cell 

death following injury. Although recent studies have identified multiple molecular markers of area 

CA2, the proteins that mediate the unique physiology, signaling, and resilience of this region are 

unknown. Using a transgenic GFP-reporter mouse line that expresses eGFP in CA2, we were able 

to perform targeted dissections of area CA2 and CA1 for proteomic analysis. We identified over 

100 proteins with robustly enriched expression in area CA2 compared to CA1. Many of these 

proteins, including RGS14 and NECAB2 have already been shown to be enriched in CA2 and 

important for its function, while many more merit further study in the context of enhanced 

expression in this enigmatic brain region. Furthermore, we performed a comprehensive analysis of 

the entire data set (>2300 proteins) using a weighted protein co-expression network analysis 

(WPCNA). This identified eight distinct co-expressed patterns of protein co-enrichment associated 

with increased expression in area CA2 tissue (compared to CA1). The novel data set we present 

here reveals a specific CA2 hippocampal proteome, laying the groundwork for future studies and a 

deeper understanding of area CA2 and the proteins mediating its unique physiology and signaling.
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INTRODUCTION

The hippocampus is well established as serving essential roles in the processing of learning 

and memory. Anatomically, this brain region is composed of the Cornu Ammonis (CA), a 

strip of pyramidal neurons, and the dentate gyrus (DG), which is composed of granule cells. 

The pyramidal cell-containing CA regions can be further divided into distinct areas CA1, 

CA2, and CA3, based on anatomical differences. The original, anatomical definition of CA2 

indicated a portion of the CA between CA1 and CA3 contained large pyramidal neurons like 

those in CA3, but that lacked thorny excrescences indicative of mossy fiber synapses on 

CA3 neurons from the DG1. However, the extent of DG axon projection into the CA regions 

appears to be unreliable for distinguishing CA3 from CA2 as it differs among species2–4. 

Indeed, in rodents, DG neurons have been shown to project not only to CA3, but also to CA2 

neurons2. Thus a more reliable marker of the distinction between CA3 and CA2 has been the 

expression of proteins specific to CA25. Many of these mRNAs and/or proteins have been 

identified including regulator of G protein signaling 14 (RGS14)6–8, amigo-29, Purkinje cell 

protein 4 (PCP4)3, 10, alpha-actinin 2 (ACTN2)11, 12, and striatal-enriched protein-tyrosine 

phosphatase (STEP)13. These proteins have overlapping expression and many have been 

used to reliably identify a large proportion of CA2 neurons in functional studies examining 

physiology14 and behavior15 associated with CA2.

Far and away, the largest number of studies focusing on long-term potentiation (LTP) and 

synaptic plasticity in the hippocampus have done so looking at CA3>CA1 synapses16. 

Notably, until recently, CA2 was largely ignored in many functional studies of the 

hippocampus. Like neurons in CA1, neurons in CA2 also receive synaptic input from CA3, 

but oddly, LTP could not be induced at these synapses under the same conditions that elicit 

LTP in CA16, 14 This lack of LTP in CA2 has been shown to be due to the selective 

expression of RGS146, the unusually robust calcium buffering and extrusion properties of 

CA2 pyramidal cells17, and the presence of perineuronal nets containing aggrecan18, though 

how these mechanisms may interact are unclear. Interestingly, LTP could be induced in the 
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distal dendrites of CA2 neurons, which receive input from the entorhinal cortex19. One of 

the most notable differences between CA2 and surrounding regions is the resistance of CA2 

neurons to cell death following a variety of insults. Area CA2 is resistant to cell loss in 

temporal lobe epilepsy as well as status epilepticus20, 21. CA2 neurons are resistant to cell 

death following ischemia22–24 and traumatic brain injury25, 26. The mechanism(s) by which 

area CA2 resists injury following such insults is unknown, but likely some of the same 

properties that make CA2 synapses resistant to LTP may also contribute to CA2 neurons 

being resistant to cell death.

In order to better understand the differences between CA2 and its neighboring hippocampal 

regions, we initiated studies to define differences in protein expression between CA2 and 

CA1. Multiple proteins identified to be enriched in CA2 have already been shown to mediate 

unique aspects of CA2 signaling and physiology including aggrecan18 and RGS146 which 

each serve roles in the suppression of LTP in CA2. Additionally, both agonists of the 

vasopressin 1b receptor27 and antagonists of the adenosine A1 receptor28, 29 have been 

shown to allow or induce potentiation of postsynaptic responses in CA2, respectively, albeit 

through different mechanisms. To further our understanding of area CA2, it is vital to know 

what proteins are preferentially expressed in this region. Although multiple studies have 

focused on differences between the CA3 and CA1 regions of the hippocampus30, 31, to date, 

there has been no published study focused on either the transcriptome or proteome of the 

CA2 region.

Here we provide a differential proteomic analysis focused on proteins enriched in the CA2 

region over CA1. Using mice expressing enhanced green fluorescent protein (eGFP) under 

control of the amigo-2 promoter as a guide, we dissected out dorsal CA2 and CA1 and 

performed mass spectrometry (MS)-based proteomics using both label-free and isobaric 

tandem mass tag approaches. Of the 7000+ proteins surveyed, we identified over 100 

proteins with consistently and robustly higher expression in CA2 (vs. CA1), including 

established markers of area CA2. Many of these differentially expressed proteins are 

associated with calcium ion binding and synaptic plasticity, providing possible targets for 

study in respect to the resistance of CA2 neurons to cell death following injury as well. 

Furthermore, we identify eight separate co-expressed modules enriched in CA2 (vs. CA1). 

These modules contain proteins already known to be expressed highly in CA2 as well as 

new targets that merit further study. By combining the differential expression data with co-

enrichment (co-expression) network analysis, we reveal a specific CA2 (vs. CA1) proteome 

that can be used by us and other interested researchers to identify functional protein 

networks that contribute to the unique physiology and signaling of CA2.

METHODS

Mouse model for hippocampus dissections

C57B6 mice heterozygous for GFP expression under the CA2-enriched amigo-2 promoter 

were used for the experiment. Mice were deeply anesthetized with Fatal-Plus before brains 

were removed and dissected on dry ice. Hippocampi were isolated and the dorsal portion of 

the hippocampus was used to collect tissue from areas CA1 and CA2, with CA2 being 

identified through GFP fluorescence. The dissection method for experiments 1 and 3 (n=8 
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each) was pooling of CA2 or CA1-enriched coronal slabs, while dissection for experiment 2 

(n=6) relied upon dissection along the whole length of the hippocampus. Experiment 2 mice 

were 4-month old females whereas the mice used for experiments 1 and 3 were 2-month old 

males.

Tissue homogenization and digestion

Procedures for tissue homogenization were performed essentially as described32. In total, 22 

samples for either of the two regions of hippocampus were analyzed; all 11 CA1 samples 

were matched to the corresponding 11 CA2-derived tissue samples. Approximately 100 mg 

(wet tissue weight) of brain tissue was homogenized in 8 M urea lysis buffer (8 M urea, 100 

mM NaHPO4, pH 8.5) with HALT protease and phosphatase inhibitor cocktail 

(ThermoFisher) using a Bullet Blender (NextAdvance). Each Rino sample tube 

(NextAdvance) was supplemented with ~100 μL of stainless steel beads (0.9 to 2.0 mm 

blend, NextAdvance) and 500 μL of lysis buffer. Frozen samples were then placed into the 

bullet blender (in 4 °C cold room). The samples were homogenized for 2 full 5 min cycles 

and the lysates were transferred to new Eppendorf Lobind tubes. Each sample was then 

sonicated for 3 cycles consisting of 5 s of active sonication at 30% amplitude followed by 15 

s on ice. Samples were then centrifuged for 5 min at 15 000 g and the supernatant was 

transferred to a new tube. Protein concentration was determined by bicinchoninic acid 

(BCA) assay (Pierce). For protein digestion, 100 μg of each sample was aliquoted and 

volumes normalized with additional lysis buffer. Samples were reduced with 1 mM 

dithiothreitol (DTT) at room temperature for 30 min, followed by 5 mM iodoacetamide 

(IAA) alkylation in the dark for another 30 min. Samples were then diluted 8-fold with 50 

mM triethylammonium bicarbonate (TEAB). Lysyl endopeptidase (Wako) at 1:100 (w/w) 

was added and digestion continued overnight. Trypsin (Promega) was then added at 1:50 

(w/w) and digestion was carried out for another 12 h. The peptide solutions were acidified to 

a final concentration of 1% formic acid (FA) and 0.1% triflouroacetic acid (TFA) and 

desalted with a C18 Sep-Pak column (Waters). Each Sep-Pak column was activated with 1 

mL of methanol, washed with 1 mL of 80% acetonitrile, and equilibrated with 2×1 mL 0.1% 

TFA. The samples were then loaded and each column was washed with 2×1 mL 0.1% TFA. 

Elution was performed with 2 rounds of 400 μL of 50% acetonitrile. Peptides were 

recovered by drying eluates under vacuum with a chilled vapor trap (Labconco).

Liquid-chromatography coupled to mass spectrometry (LC-MS/MS) for label free 
quantitation (LFQ) experiments

For experiments 1 and 2, tryptic peptides (2 μg) from CA1 and CA2-specific samples were 

resuspended in peptide loading buffer (0.1% formic acid, 0.03% trifluoroacetic acid, 1% 

acetonitrile) containing 0.2 pmol of isotopically labeled peptide calibrants (ThermoFisher, 

#88321). Peptide mixtures were separated on a self-packed C18 (1.9 um Dr. Maisch, 

Germany) fused silica column (25 cm x 75 μM internal diameter; New Objective, Woburn, 

MA) by a NanoAcquity UHPLC (Waters, Milford, FA) and monitored on a Q-Exactive Plus 

mass spectrometer (ThermoFisher Scientific, San Jose, CA). Elution was performed over a 

140-minute gradient at a rate of 300 nL/min with buffer B ranging from 1% to 65% in 

experiment 1 and from 3% to 60% in experiment 2 (buffer A: 0.1% formic acid and 5% 

DMSO in water, buffer B: 0.1 % formic and 5% DMSO in acetonitrile). The mass 
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spectrometer cycle was programmed to collect one full MS scan followed by 10 data 

dependent MS/MS scans. The MS scans [m/z ranges 400–1600 (experiment 1) and 400–

1500 (experiment 2), 400,000 AGC, 50 ms maximum ion collection time] were collected at 

a resolution of 120,000 at m/z 200 in profile mode and the MS/MS spectra [0.7 m/z isolation 

width, 30% HCD collision energy, 10,000 AGC target, with maximum ion time of 35 ms 

(experiment 1) and 60 ms (experiment 2)] were acquired at a resolution of 15,000 

(experiment 1) or 30,000 (experiment 2) at m/z 200. Dynamic exclusion was set to exclude 

previous sequenced precursor ions and their isotopes for 30 seconds within a 10 ppm 

window. Precursor ions with +1, and +8 or higher charge states were excluded from 

sequencing. Experiment 1 RAW files are provided [Data Link 1: SAGE Bionetworks https://

dx.doi.org/10.7303/syn16805615 ]; as are experiment 2 RAW files [Data Link 2: SAGE 

Bionetworks https://dx.doi.org/10.7303/syn16805616 ]. One technically replicated RAW file 

derived from peptide re-injection in experiment 2 (ca1_31_B.RAW) was generated and 

analyzed in downstream MaxQuant analysis, but not considered further.

MaxQuant for label-free proteome quantification

Experiment 1 and 2 RAW data files for the 14 samples plus one technical replicate were 

analyzed using MaxQuant v1.5.2.8 with Thermo Foundation 2.0 for RAW file reading 

capability. Raw files for each experiment were analyzed and summarized in separate runs of 

MaxQuant, but with the same database and search parameters as follows. The search engine 

Andromeda was used to build and search a concatenated target-decoy UniProt 

Knowledgebase (UniProtKB) peptide database containing both Swiss-Prot and TrEMBL 

mouse reference protein sequences (54,490 target sequences), plus 245 contaminant proteins 

included as a parameter for Andromeda search within MaxQuant33. Methionine oxidation 

(+15.9949 Da) (up to 5 allowed each per peptide), and protein N-terminal acetylation 

(+42.0106 Da) were variable modifications; cysteine was assigned a fixed carbamidomethyl 

modification (+57.0215 Da). Only fully tryptic peptides were considered with up to 2 

miscleavages in the database search. A precursor mass tolerance of ±10 ppm was applied 

prior to mass accuracy calibration and ±4.5 ppm after internal MaxQuant calibration. Other 

search settings included a maximum peptide mass of 6,000 Da, a minimum peptide length of 

6 residues, 0.05 Da tolerance for high resolution MS/MS scans. The false discovery rate 

(FDR) for peptide spectral matches, proteins, and site decoy fraction were all set to 1 

percent. Quantification settings were as follows: re-quantify with a second peak finding 

attempt after protein identification has completed; match full MS1 peaks between runs; a 0.7 

min retention time match window was used after an alignment function was found with a 20 

min retention time search space. The label free quantitation (LFQ) normalization algorithm 

in MaxQuant34, 35 was used for protein quantitation. The quantitation method only 

considered razor and unique peptides for protein level quantitation. All tab-separated text 

MaxQuant outputs, parameters, and summary files are available for experiment 1 [Data Link 

3: SAGE Bionetworks https://dx.doi.org/10.7303/syn16805840 ], and experiment 2 [Data 

Link 4: SAGE Bionetworks https://dx.doi.org/10.7303/syn16805857 ]. The FASTA 

UniprotKB database used for all 3 experiments is provided [Data Link 5: SAGE 

Bionetworks https://dx.doi.org/10.7303/syn17056501.1 ].
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Tandem mass tag (TMT) peptide labeling

For experiment 3, complete digestion of all samples was assumed and an aliquot equivalent 

to 20 μg was taken from each of the coronal slab-dissected, pooled samples and combined to 

make a global internal standard (GIS) for mixed CA1 and CA2 regions of mouse 

hippocampus. All peptide mixtures were dried down under vacuum. One batch using the 10-

plex TMT kit (ThermoFisher) was used to label the 8 samples and 2 GIS mixture replicates. 

Sample arrangement by reporter channel is as follows: 127N: CA1_WT; 127C: CA1_540; 

128N: CA1_542; 128C: CA1_545; 129N: CA2_WT; 129C: CA2_540; 130N: CA2_542; 

130C: CA2_545. TMT channels 126 and 131 were used to label global internal standard 

(GIS) replicates. Information about age and sex of mice used is provided in Supplemental 

Table 3. Labeling was performed according to manufacturer’s protocol. Briefly, each sample 

(80 μg of peptides per sample/channel) was resuspended in 100 μL of 100 mM TEAB buffer. 

The TMT labeling reagents were equilibrated to room temperature and 41 μL anhydrous 

acetonitrile was added to each reagent channel and softly vortexed for 5 min. Peptide 

suspensions were transferred to the corresponding TMT channels and incubated for 1 h at 

room temperature. The reaction was quenched with 8 μl of 5% hydroxylamine. To ensure 

complete labeling, select channels from each batch were analyzed by LC-MS/MS according 

to previously published methods36. All 10 channels were then combined and dried by 

vacuum to~500 μL. Sep-Pak desalting was performed and the elution was dried to 

completeness.

Electrostatic repulsion-hydrophilic interaction chromatography (ERLIC) fractionation for 
10-plex TMT

Dried samples were resuspended in 100 μL of ERLIC buffer A (90% acetonitrile with 0.1% 

acetic acid) and loaded onto a PolyWAX LP column (20 cm by 3.2 mm packed with 300 Å 5 

μm beads from PolyLC Inc) as reported previously37. An Agilent 1100 HPLC system 

consisting of a degasser, a binary pump, an autosampler, a microflow UV detector, and a 

fraction collector was used to carry out the fractionation. The gradient was from 0 to 50% 

ERLIC buffer B (30% ACN with 0.1% FA) over 45 min. A total of 44 fractions were 

collected and then combined to 22 fractions. Final fractions 1 to 21 consisted of alternating 

combinations (1 and 21, 2 and 22, etc.) and fraction 22 consisted of the last fractions (43 to 

44) similar to the method previously described37.

LC-MS/MS and TMT data acquisition on an Orbitrap Fusion mass spectrometer

Assuming equal distribution of peptide concentration across all 22 ERLIC fractions, 40 μL 

of loading buffer (0.1% TFA) was added to each of the fractions and 2 μL (2 μg equivalent) 

was separated on 25 cm long 75 μm internal diameter fused silica columns (New Objective, 

Woburn, MA) packed in-house with 1.9 μm Reprosil-Pur C18-AQ resin (Dr. Maisch). The 

LC-MS platforms consisted of a Dionex RSLCnano UPLC coupled to an Orbitrap Fusion 

mass spectrometer with a Flex nano-electrospray ion source (ThermoFisher). Sample elution 

was performed over a gradient of 3 to 30% Buffer B (0.1% formic acid in ACN) over 105 

min, from 30 to 60% B over 20 min, and from 60 to 99% B over 5 min at 300 nL/min. The 

column was reconditioned with 99% B for 10 min at a flow rate of 500 nl/min and 

equilibrated with 1% B for 15 min at a flow rate of 350 nl/min. The Orbitrap Fusion 
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(Thermo Scientific) was operated in positive ion data-dependent mode with synchronous 

precursor selection (SPS)-MS3 analysis for reporter ion quantitation. The full scan was 

performed in the range of 380–1500 m/z at nominal resolution of 120 000 at 200 m/z and 

AGC set to 2×105, followed by selection of the most intense ions above an intensity 

threshold of 5,000 for collision-induced dissociation (CID)-MS2 fragmentation in the linear 

ion trap with 35% normalized collision energy and 30 000 resolution. The isolation width 

was set to 1.5 m/z with a 0.5 m/z offset. Each of the top 10 fragment ions for each peptide 

MS2 was notched out with an isolation width of 2 m/z and co-fragmented to produce MS3 

scans analyzed in the Orbitrap at a nominal resolution of 60,000 after higher-energy 

collision dissociation (HCD) fragmentation at a normalized collision energy of 65%. All 

resulting raw files (n=22) are provided [Data Link 6: SAGE Bionetworks https://dx.doi.org/

10.7303/syn16805617 ].

TMT Protein identification and quantification

Raw data files from the Orbitrap Fusion were processed using Proteome Discover (version 

2.1). MS/MS spectra were searched against the same UniProtKB mouse proteome database 

as used for LFQ (54,489 total sequences plus EGFP). We chose to include both Swiss-Prot 

and TrEMBL sequences in the database as the additional depth provided by ERLIC 

fractionation enables the sequencing of rare protein isoforms (i.e., proteoforms) that may not 

be appreciated in mouse brain. The respective FASTA database used in this study is 

deposited on Synapse (https://www.synapse.org). SEQUEST parameters were specified as: 

trypsin enzyme, two missed cleavages allowed, minimum peptide length of 6, TMT tags on 

lysine residues and peptide N-termini (+ 229.162932 Da) and carbamidomethylation of 

cysteine residues (+ 57.02146 Da) as fixed modifications, oxidation of methionine residues 

(+ 15.99492 Da) and deamidation of asparagine and glutamine (+0.984 Da) as a variable 

modification, precursor mass tolerance of 20 ppm, and a fragment mass tolerance of 0.6 

Daltons. Peptide spectral match (PSM) error rates were determined using the target-decoy 

strategy coupled to Percolator38 modeling of true and false matches. Reporter ions were 

quantified from MS3 scans using an integration tolerance of 20 ppm with the most confident 

centroid setting. An MS2 spectral assignment false discovery rate (FDR) of less than 1% was 

achieved by applying the target-decoy strategy. Following spectral assignment, peptides 

were assembled into proteins and were further filtered based on the combined probabilities 

of their constituent peptides to a final FDR of 1%. In cases of redundancy, shared peptides 

were assigned to the protein sequence with the most matching peptides, thus adhering to 

principles of parsimony. The search results and TMT quantification are provided [Data Link 

7: SAGE Bionetworks https://dx.doi.org/10.7303/syn16805770 ].

Statistics for comparison of CA2 to CA1 quantification across three experiments

LFQ or TMT normalized abundances summarized for protein-level quantification based on 

parsimoniously assembled razor plus unique peptides in MaxQuant or Proteome Discoverer, 

respectively, were considered for statistical comparisons of CA1 to CA2 sample abundances 

within experiment. For the TMT normalized abundances, the ratio of the sample channel 

normalized reporter abundance to that of the average for the two GIS channels was 

calculated prior to log2-transformation. Likewise, LFQ abundances were log2-transformed. 

Then Student’s T-test was performed for each of the three within-experiment comparisons 
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using two tails and assuming equal variance for the two sample groups. Log2(CA1 mean / 

CA2 mean) was also calculated for each experiment. To get a meta-analysis statistic across 

all three experiments, Fisher’s negative log sum/Chi2 was calculated in R using the 

survcomp::combine.test function with method=”fisher” parameter. The alternate method for 

calculating meta-p, “z.transform”, was also used separately (Supplemental Table 1, master 

summary of 3-experiment meta-analysis). Meta-p was only calculated if all available 

experiments’ measurements of log2(CA2)-log2(CA1) mean log2 abundance ratio were 

equivalent in sign, or direction of change, and at least two of the three experiments measured 

the protein. Fisher’s meta-p was minus-log10-transformed and used for volcano calculations. 

Of 2,947 proteins measured in at least 2 experiments, 1,625 (55%) were consistent in 

directionality; and more importantly, the standard deviation from mean of 0.000 for 

inconsistent (sign of change) proteins was only 0.107 log2 units, whereas for consistently 

measured proteins, the SD was 0.306; SD increased further to 0.384 for the 740 Fisher meta-

p significant (meta-p < 0.05) proteins measured consistently in at least 2 experiments. Thus, 

the volcano fold-change cutoff for proteins with a meta-p calculation was set to <−0.3219 or 

>0.3219, which corresponds to a 25% fold enrichment minimum in CA1 or CA2, and which 

is more than 1.96xSD for inconsistently measured proteins, and more than 1.96xSD of all 

null TMT measurements, SD[log2(GIS2/GIS1)]=0.137. Greater than 1.96-fold of these SD 

represent a probability of <0.05 that Gaussian population tails overlap with markers deemed 

reliable, defining an upper bound on the false positive rate for the CA2-enriched markers 

determined by Fisher’s meta-p. Finally, 134 additional proteins only measured in the deeper 

TMT experiment were found significantly CA2-enriched by Student’s T-test and are 

summarized in Supplemental Table 2.

Chord plots for selected brain-relevant gene ontologies (e.g. not cardiac) were selected from 

GO Elite 1.2.5 output for CA2 and CA1-enriched proteins (min enrichment 1.25-fold and 

min 2-experiment metaP < 0.01, enriched versus the background of all 2+ experiment 

identified gene product proteins. GOplot R package was used to visualize the results.

Data Normalization and Batch Correction for Weighted protein Co-expression Network 
Analysis (WPCNA)

A 3,758-protein by 22-sample matrix was assembled for all common Uniprot identifiers 

across the data sets representing proteins with 10 or fewer (<50%) missing measurements. 

LFQ abundance data was downsampled, dividing by the lowest non-missing LFQ abundance 

in both experiment 1 and experiment 2. After, LFQ intensities were on average 5-fold 

greater than TMT reporter intensities in our 3 experiments (2 LFQ, and 1 TMT); thus, prior 

to robust regression of batch effects, we set the means of all abundances to be roughly 

equivalent, further dividing all LFQ abundances by 5. Then all normalized abundances 

including TMT normalized abundances were log2-transformed, prior to R 

impute::impute.knn imputation, and sva::ComBat Bayesian batch effect removal, modelling 

hippocampus region as a common, protected variable, and removing inter-experiment 

systematic variance. Then originally missing values were returned to the matrix following 

ComBat.
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WPCNA Networks and Analyses of Batch-Normalized Abundance

A protein network was built using the above corrected log2-abundance matrix after finding 

scale free toplogy at power Beta=6.6 using WPCNA::pickSoftThreshold function. 

WPCNA::blockwiseModules was used to automate network building with the following 

parameters, mergeCutHeight=0.07, replaceMissing=TRUE, minimum module size 17, 

deepSplit=4, corType=”bicor”, networkType=” signed”, PAMstage=TRUE, 

pamRespectsDendro=TRUE, reassignThreshold=0.05, and maxBlockSize greater than the 

number of proteins in the network. Resulting module eigenproteins were then correlated to 

hippocampus region as a binary trait, and selected module structures were drawn as iGraphs 

as previously published32, and mapping edges which had been curated in the BioGRID 

interactome database previously, much as previously published39.

The R boxplot() function was used to generate boxplots of CA1 and CA2 marker genes 

determined by meta-significance analysis using the same normalized abundance data 

generated from LFQ and TMT abundances for WGCNA. Boxes extend from the twenty-fifth 

to 75th percentiles of intra-group variance, with whiskers at 5th and 95th percentiles, 

excluding outliers.

RESULTS

Previous studies have identified amigo-2 as a marker for the CA2 region of the 

hippocampus5, 15, 40, 41. Using mice expressing eGFP under the amigo-2 promoter, we 

isolated dorsal CA2 and CA1 from mouse hippocampus using two different approaches. One 

approach isolated the hippocampal regions by cutting along the length of the hippocampus 

while the other approach cut the hippocampus into slabs resembling coronal slices, pooling 

the CA2 enriched and CA1 enriched tissue fragments from the slabs for each sample (Fig. 

1A). CA2 and paired CA1 tissue samples were homogenized, digested, and analyzed by 

label free mass spectrometry. Following LFQ, 3,257 unique proteins were well-quantified 

across samples obtained by dissection method 1 and 2,737 proteins were quantified in the 

samples obtained by dissection method 2, with 2,304 proteins overlapping between the two 

dissection methods (Fig. 1B). To dive deeper into these isolated tissue preparations, the 

samples collected via the hippocampal slab method (dissection method 2) were subjected to 

tandem mass tag (TMT) labeling, followed by extensive orthogonal prefractionation, and a 

batch of LC-MS3 runs. This allowed us to identify more peptides in the samples and 

therefore, a more extensive proteome. In the TMT-labeled samples we identified 6,365 

proteins compared to 3,690 total proteins identified in any of the LFQ samples with 2,333 

proteins overlapping (Fig. 1C).

Comparing the proteins found in areas CA2 and CA1 from both dissection methods and both 

the LFQ and TMT quantification strategies, we identified 101 proteins enriched in CA2 and 

85 proteins in CA1 that met the criteria of having a meta p-value less than 0.01 and a greater 

than 1.25-fold change in expression. These proteins are shown in a volcano plot (Fig. 2) with 

CA2 enriched proteins on the right and CA1 enriched proteins on the left. Alternatively, 

focusing on “consensus” changed proteins in Supplemental Table 1 (master proteomics 

quantification and statistics), upon filtering for a minimum of 3 experiments all with the 

same change in direction and a Fisher’s meta-p combined_p_value of <0.05, and minimum 
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absolute 3-experiment mean fold change of at least 25% (i.e., a log2(CA1/CA2) fold change 

of log2(1.25)=0.3219), 128 targets are identifiable as CA2 enriched or depleted (68/128 are 

enriched at least 25%, while 60 are depleted at least 25%).

The CA2-enriched proteins in the meta-analysis volcano include well-known markers for 

area CA2, including RGS146–8 and α-actinin 211, 42. A gene ontology (GO) analysis of the 

CA2 enriched proteins is shown as a bar graph with terms grouped by biological process, 

molecular function, and cellular component (Fig. 3A). Notably, the gene ontology terms 

“regulation of synaptic plasticity” and “calcium ion binding” are associated with proteins 

enriched in CA2, which is known to be distinctly different from CA1 in these 

functions6, 14, 17, 43, 44 Based on these known differences and to gain insight into the specific 

proteins contributing to the ontologies that set area CA2 apart from CA1, we created chord 

plots from selected ontologies in Figure 3 (Fig. 4A).

We also created a bar graph and chord plot displaying CA1 enriched ontologies (Fig. 3B) as 

well as selected CA1 enriched proteins linked to their respective gene ontology terms (Fig. 

4C). To provide some context on variability of expression between CA2 and CA1 for 

individual proteins, we created box plots showing relative expression of representative 

proteins from areas CA2 (Fig. 4B) and CA1 (Fig. 4D) that also contribute to the ontologies 

in the chord plots. Box plots comparing differential protein expression between CA1 and 

CA2 samples as well as all three mass spectrometry experiments comparing CA1 and CA2 

for each individual protein in the chord plots (Fig. 4 A and C) can be found in Supplemental 

Figure 1 and 2 respectively.

While examining differential expression is common and useful when comparing two 

proteomes, many proteins of interest are excluded due to variance in expression across 

samples or small fold-differences between area CA1 and CA2. To fully take advantage of 

our data, we performed a meta-analysis taking into account the expression of all proteins 

quantified across all of our samples. In order to identify proteins that have coherent patterns 

of abundance across the 22 CA1- and CA2- specific dissection samples, we performed 

weighted protein co-expression network analysis (WPCNA) following batch correction of 

the abundances from the 3 replicate experiments (Fig. 5A). WPCNA groups proteins based 

on correlated expression and can be used to identify communities of proteins with shared 

biological function. Out of 47 distinct modules of co-expressed proteins, we found eight 

distinct co-expression patterns (module eigenproteins) that were significantly enriched in 

samples from area CA2 (vs. CA1) (M11, M10, M12, M21, M20, M28, M2, and M1) (Fig. 

5B). Of these modules, Fisher exact one-tailed test for overlap of module members with 

differentially enriched proteins in CA2 identified M1 (BH-corrected FDR 1.32×10−8), M11 

(BH-corrected FDR 3.49×10−7), and M10 (BH-corrected FDR 5.76×10−5) as modules 

significantly overrepresenting differentially expressed CA2 markers we identified by meta-p 

and log2(fold change) analysis (Supplemental Table 4). The reason that only three of the 

eight CA2-enriched modules (as indicated by significance of a Student’s correlation p value) 

show significance by overlap with differentially expressed CA2 markers is that thresholding 

for differential expression may be less sensitive to change across regions compared to co-

enrichment (co-expression) analysis, thus providing justification for implementation of the 

more sensitive co-enrichment approach.
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One network of particular interest is M11 (Fig. 6A). This module contains 15 out of the 101 

differentially expressed CA2 (vs. CA1) markers; these markers verified across 3 

experiments, and distinctly co-express across the 22 samples with strong enrichment of the 

M11 module eigenprotein in CA2 samples (differentially expressed gene symbols 

highlighted in red). Proteins closest to the center of the module are the hub proteins that are 

most correlated and representative of the expression pattern of all of the proteins in the 

module as a whole. Among these hub proteins is RGS14 (highlighted yellow node), a known 

marker of CA2 that regulates synaptic plasticity in CA2 pyramidal cells6, 43. Examining GO 

terms associated with proteins in this module, we find that this module is associated with 

regulation of actin filament polymerization and actin binding (Fig. 6B). Relevant to this 

finding, RGS14 was recently shown to exist in a complex with multiple actin binding 

proteins and myosin motor proteins in mouse brain44.

To gain insight into functional protein-protein interactions (PPIs) between the RGS14-driven 

subnetwork of CA2-enriched markers and the multiple actin binding proteins in this module, 

known PPIs from the BioGRID database and from our own RGS14 interactome44 were 

added as edges in the subnetwork graph. We also checked for PPIs among M11 members 

and actin binding proteins we had previously shown to interact with RGS14 and found that 

drebrin 1 (Dbn1), and myosin IIA (Myh9) PPIs were present among M11 members (Fig. 6A, 

edges connecting to added blue and green nodes), but not among CA1-specific modules, 

including M4, M8, and M9, which had other myosins as high correlation-ranked members 

(M4: Myo5a, Myh10; M8: Myo6; M9: Myl6). These data point to drebrin 1 and myosin IIA 

as potential functional interactors with RGS14, expediting targeted efforts to examine the 

cellular signaling and physiology mediated by these interactions in particular. Our network/

systems approach has thus identified more (and less) CA2-relevant actin-binding protein 

PPIs that connect the M11 hub, RGS14, and other co-expressed proteins’ functions and that 

merit further study.

To further validate our findings, we compiled a list of proteins we observed here in our 

analysis that also have been previously observed to be preferentially expressed in area CA2 

over CA1 (Table 1). A function for each protein in brain is also listed to provide context. Out 

of 101 proteins shown to be enriched in CA2, 18 already have been shown to be enriched in 

CA2 compared to CA1 either by mRNA and/or protein levels. These 18 proteins include 

RGS14 and alpha-actinin 2, known markers for the CA2 region6–8, 11, 42 that are not highly 

enriched in any other CA region of the hippocampus.

DISCUSSION

Here, we provide evidence of a CA2-enriched proteome distinct from that of CA1 mouse 

hippocampus. Of the more than 7000 proteins surveyed, we identified over 100 proteins with 

consistently and robustly higher expression in CA2 (vs. CA1) including established markers 

of area CA2, such as RGS146–8 and NECAB245. Gene ontology (GO) terms associated with 

these CA2-enriched proteins include functions for “regulation of neuronal synaptic 

plasticity” and “calcium ion binding,” both of which have been shown to be different 

between CA2 from CA1 in the current literature6, 14, 17, 41, 46. Our findings identify eight 

distinct co-expression networks enriched in CA2 (vs. CA1). These networks contain proteins 
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already known to be expressed highly in CA2, as well as newly validated proteins that can 

highlight potentially novel functions which contribute to area CA2’s unique physiology and 

signaling roles.

Although area CA1 of the hippocampus has been extensively studied, much less effort has 

been directed toward understanding area CA25. This is because CA2 had long been thought 

to be more of a transition zone between CA1 and CA3, and perhaps because CA2 is small 

compared with the surrounding CA regions with undefined boundaries, making it more 

difficult to study and dissect by traditional means. Recently identified CA2-specific marker 

proteins5 have helped to make this hippocampal region more accessible to investigators, 

including our use of amigo2-GFP here combined with manual dissection. Fluorescence-

guided laser capture microdissection is an alternate approach that allows for more discrete 

dissection, but yields much less tissue and protein for LC-MS/MS analysis, prompting us to 

utilize a manual dissection method (Fig. 1A). Physiologically, the CA1 region has been of 

interest to researchers in part because it displays LTP at synapses projecting from CA3, 

which is thought to underlie the basis of some forms of hippocampal-dependent learning and 

memory47. Notably, LTP is absent in CA2 pyramidal neurons under the same conditions in 

which it is elicited in CA114, 41. This lack of LTP can be overcome through select 

interventions including knockout of RGS146, 41 and increasing extracellular calcium to 

overcome the robust calcium buffering and extrusion properties in CA2 pyramidal cells17, 41.

In relation to disease, the hippocampus has been of interest due to its susceptibility to 

damage from a variety of insults including temporal lobe epilepsy21, 48, traumatic brain 

injury25, 26, and ischemia22–24. However, area CA2 is uniquely resistant to cell death 

following each of these forms of damage compared to area CA121–26, 48. Although the 

mechanism of this protection of the CA2 region is unknown, the process may be related to 

the resistance to LTP, as both are known to require calcium. Our data showing the 

enrichment of calcium-regulating proteins in CA2 support this idea.

We identified over 100 proteins that are robustly and reliably enriched in CA2 (vs. CA1). 

Although many of these proteins have not been previously reported to be enriched in CA2, 

we identified 18 proteins that had already been shown to be preferentially expressed in CA2 

(vs.CA1) via either mRNA and/or protein expression levels (Table 1). Considering these 

proteins are validated not only by our results here, but also by outside findings, many of 

these targets merit further research in the context of CA2 function.

Two of these proteins, MCU and RGS14, are of particular interest due to their ties to 

multiple aspects of physiology that are unique to area CA2 within the hippocampus. RGS14 

is a known suppressor of LTP in the CA2 region of the hippocampus6. Furthermore, this 

activity has been attributed, at least in part, to RGS14’s capacity to bind calcium regulated 

proteins calmodulin (CaM) and CaMKII44 and its suppression of postsynaptic calcium 

transients during structural plasticity induction41. It is quite possible that RGS14’s ties to 

enhanced calcium buffering and suppression of LTP in area CA2 may be tied to CA2’s 

resistance to neuronal cell death, and future studies should further investigate this 

connection. Additionally, we find that MCU, the mitochondrial calcium uniporter 

responsible for mitochondrial calcium import, is highly expressed in area CA2 (vs. CA1). 
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MCU has already been shown to mediate cytoplasmic calcium sequestration in other cell 

types by importing calcium into the mitochondria49. MCU has also been shown to be 

involved not only in NMDA receptor-mediated excitotoxicity50 but also LTP outside of the 

hippocampus51. The role of MCU in the CA2 region of the hippocampus merits further 

study and could potentially reveal a link between enhanced calcium buffering and decreased 

cell death and plasticity in this enigmatic brain reigon.

Many other proteins that have been previously identified to be enriched in area CA2 (vs. 

CA1) likely play functional roles in this region of the hippocampus as well. Alpha-actinin 2, 

for example, has been used as a marker for area CA2, and has been shown to mediate spine 

morphology and assembly of the post-synaptic density in hippocampal neurons52, 53, which 

are known to affect post-synaptic plasticity. Notably, alpha-actinin 2 is calcium insensitive, 

providing a mechanism by which CA2 neurons may be able to control spine morphology 

under conditions in which calcium levels are limited. Spermine synthase may also be 

involved in post-synaptic plasticity in CA2. This enzyme converts spermidine to spermine, 

which can modulate the activity of multiple ion channels including inwardly rectifying 

potassium channels, NMDA receptors, AMPA receptors, and kainate receptors54, 55. All of 

these ion channels have been shown to play a role in synaptic plasticity, and higher levels of 

spermine in CA2 due to spermine synthase may play a role in CA2’s relative lack of 

plasticity compared to area CA1. MCU, a mitochondrial calcium ion uniporter, and 

ryanodine receptor 2 each control intracellular calcium levels56, 57 Both may participate in 

post-synaptic calcium handling properties, with MCU already having been shown to mediate 

cytoplasmic calcium sequestration in other cell types by importing calcium into 

mitochondria49.

Many of the proteins we found to be enriched in CA2 (vs. CA1) are reported to control 

presynaptic signaling or function, and include neuropilin 1 (Nrp1)58, liprin-alpha 2 

(Ppfia2)59, and calcium-dependent secretion activator 1 (Cadps) or CAPS-160. Although 

these proteins have been shown to be enriched in CA2 by other methods, it is worth noting 

that these and other presynaptic proteins may be enriched in area CA2 due to their 

expression in other areas that project to the CA2 region including CA3 614, the DG 2, and 

the entorhinal cortex (EC)19, 40. Also, CA2 neurons project into CA1 potentially confusing 

identification of additional presynaptic proteins preferentially expressed in CA2. These 

limitations potentially could be addressed by future studies using RNA sequencing to 

examine differential expression in CA2 and CA1. However mRNA also is known to be 

transported throughout the axon as well61.

Area CA2 is also noteworthy for its remarkable resistance to cell loss following injury. 

Neurons in CA2 are resistant to damage from temporal lobe epilepsy, ischemia, and 

traumatic brain injury12, 21–26, 48. Among the proteins we identified as enriched in CA2 (vs. 

CA1) and that also have been previously shown to be high in CA2 (Table 1), are protein 

kinase C-ε (PRKCE) and ATPase phospholipid transporter 8A1 (ATP8A1), both of which 

are known to have neuroprotective effects. Protein kinase C-ε activation is reported to 

mediate neuroprotection following oxygen and glucose deprivation as is the case during 

ischemia62. ATP8A1 deficiency in hippocampal neurons is associated with externalization of 

phosphatidylserine in hippocampal neurons63, which is associated with apoptosis64. 
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Enhanced ATP8A1 expression in CA2 pyramidal cells may decrease phosphatidylserine 

externalization and subsequent programmed cell death following injury, providing a 

mechanism of neuroprotection. These proteins with known neuroprotective effects merit 

further study in the context of area CA2 along with proteins such as RGS14 and MCU that 

appear to play a role in suppression of high intracellular calcium levels linked to 

excitotoxicity caused by excessive glutamate stimulation.

Beyond these individual proteins that show preferential enrichment in CA2 (vs. CA1), we 

have identified entire networks of proteins with correlated expression, and eight of these 

networks’ principle component patterns of expression are enriched in samples derived from 

CA2 versus samples from CA1, i.e., these network eigenproteins significantly correlate with 

CA2 sample identity (Fig. 5B). Furthermore, one of these networks (M11) contains 15 

proteins we find to be enriched in CA2 (vs. CA1) via differential expression and includes 

RGS14 as a hub protein of the module. By incorporating previously reported brain co-

immunoprecipitation data for the RGS14 interactome44 into our network analysis, we 

identify drebrin 1 and myosin IIA as likely functional interactors. Related to RGS14’s 

known role as a suppressor of LTP in area CA26, 41, drebrin 1 has been shown in numerous 

studies to be important for spine formation and plasticity65–68. Drebrin forms a stable 

structure with actin in dendritic spines, but following NMDA receptor activation, drebrin 

exits spines, presumably allowing F-actin polymerization associated with plasticity68. 

Furthermore, this removal of drebrin from spines is mediated by myosin II68, which has 

been shown to be necessary for spine maturation69 and maintenance of LTP70. Based on the 

known functions of drebrin and myosin II, as well as the network enrichments for PPIs that 

implicate these proteins as relevant RGS14 interactions in CA2, RGS14 appears likely to 

interact functionally with these new targets. RGS14 may act on either drebrin 1 or myosin II, 

or both, to prevent their interaction to disrupt actin dynamics and suppress LTP in CA2 

pyramidal neurons, providing an example of how this network analysis can be used to 

narrow focus for CA2-relevant PPIs and subnetworks in future studies.

Our findings here identify over 100 proteins enriched in CA2 that are involved in synaptic 

signaling and plasticity. Most of these proteins have never been reported to be highly 

expressed in CA2 (vs. CA1) and merit further research to determine how their selective 

expression may affect the unique physiology and signaling observed in this hippocampal 

subregion. In addition to a wealth of newly identified proteins of interest, we have uncovered 

networks of proteins with correlated expression, wherein eight of these networks are 

significantly enriched in CA2 samples. Here we performed a comprehensive “deep dive” 

into one WPCNA module (M11) to illustrate the power of this data set. While practical 

contraints prevent us from doing a comprehensive dive here into all 47 networks, this 

comprehensive network data set is now available for study by all interested researchers, and 

can be used to provide context for expression of proteins within the same module, and help 

to identify and sharpen focus on potential functional interactions unique to CA2, as we have 

shown with RGS14. Future studies will focus on newly identified CA2-enriched (vs. CA1) 

proteins with known functions that appear to explain aspects of area CA2’s unique 

physiology and signaling.
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Figure 1. Dissection and analysis workflow.
(A) A schematic and Nissl stained section of the hippocampus highlight the location of area 

CA2. Areas CA2 and CA1 of dorsal sections of excised mouse hippocampi were isolated 

with the aid of eGFP expression in area CA2 under the amigo-2 promoter. Cuts made for the 

dissections are approximated by red dashed lines. Tissue dissected out along the length of 

the hippocampus was collected from 3 mice (3 CA2 samples, 3 CA1 samples, n=6) was 

processed and CA1 and CA2 proteomes were identified via LC-MS/MS. Coronal slab 

samples (4 CA2 samples, 4 CA1 samples, n=4) were not only analyzed by LC-MS/MS but 

also LC-MS3 following tandem mass tag (TMT) labeling. Following quantification samples 

were analyzed through differential expression as well as weighted protein-protein correlation 

analysis (WPCNA), a systems biology approach examining networks of co-expressed 

proteins. (B) A comparison of dissection methods of areas CA1 and CA2 show that 

dissection via coronal slabs led to quantification of 2737 proteins with dissection along the 

length of the hippocampus yielding 3257 with 2304 overlapping proteins. (C) TMT labeling 

and orthogonal prefractionation of coronal slab samples followed by LC-MS3 quantified 

Gerber et al. Page 21

J Proteome Res. Author manuscript; available in PMC 2020 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6365 proteins compared to 3690 in any of the label free quantification (LFQ) samples with 

2333 proteins overlapping.
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Figure 2. Three-experiment meta-analyis of differential expression reveals distinct CA1 and CA2 
proteome.
Volcano plot comparing differential expression of proteins in areas CA2 and CA1 across all 

dissection methods and mass spectrometry modalities. 101 proteins are enriched in CA2 

(red) and 85 in CA1 (green) based on the criteria of a Fisher’s meta p-value across all 

experiments < 0.01 and greater than 1.25-fold change in expression for each protein.
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Figure 3. Gene ontology (GO) analysis of CA2- and CA1-enriched proteins.
(A) Gene ontologies enriched in the 100 CA2-enriched gene products relative to 2,947 gene 

products identified an d quantified in a minimum of two out of three experiments are shown 

grouped by biological process, molecular function, and cellular component. (B) Gene 

ontologies likewise enriched in the 85 CA1-enriched gene product proteins are shown 

grouped by biological process, molecular function, and cellular component. A Z-score of 

1.96 represents significant overrepresentation (p < 0.05) relative to the background list of 

2,947 gene products.
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Figure 4. A circular representation of specific proteins contributing to selected ontologies linked 
to unique physiology in areas CA2 and CA1.
(A) Chord plot linking specific gene product proteins to associated gene ontology terms 

derived from Figure 3 for proteins enriched in area CA2. (B) Box plots for individual 

proteins selected from CA2-enriched ontologies comparing differential expression across 

samples between areas CA1 and CA2. (C) Chord plot linking specific gene product proteins 

to associated gene ontology terms for proteins enriched in area CA1. (D) Box plots for 

individual proteins selected from CA1-enriched ontologies comparing differential 

expression across samples between areas CA1 and CA2. For (B) and (D) relative abundance 

units (following normalization across the 3 experiments) are all log2 transformed.
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Figure 5. WPCNA reveals protein modules enriched in CA2.
(A). Weighted protein correlation network module detection by dissimilarity measure (1 

minus topology overlap matrix) grouping proteins into dendrogram branches of correlated 

abundance patterns across the 22 CA2 and CA1 samples across 3 experiments. Heatmap of 

bicor correlation (rho) for individual proteins in the network is given to traits including 

batch, age, gender, and region. (B) A dendrogram displays relationships between protein co-

expression network modules. Out of 47 distinct modules of co-expressed proteins, eight co-

expression patterns (module eigenproteins) that were significantly enriched in CA2 (vs. 
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CA1) (M11, M10, M12, M21, M20, M28, M2, and M1), via two-sided Student bicor 

correlation p values (*, p<0.05; ***, p<0.002).
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Figure 6. WPCNA module implicating key CA2 biology and PPIs, with gene ontology analysis.
(A) Gene symbols for protein isoforms we found to be CA2 markers by meta-p<0.01 are 

highlighted in red in network M11. One of these proteins, RGS14, has been shown to 

interact with Dbn1 and Myh9, which were added along with bold, colored edges for all 

known PPIs among visualized nodes of the network (Dbn1 interactions: blue; Myh9 

interactions: green; all other interactions: brown). (B) M11-enriched gene ontologies are 

shown grouped by biological process, molecular function, and cellular component.
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Table 1.
Externally validated CA2-enriched proteins.

Here, we list expression (mRNA and protein) and known function of proteins that we found to have robustly 

enriched expression in CA2 (vs. CA1). These 18 proteins have been previously shown in the literature to be 

enriched in CA2 through examination of mRNA and/or protein expression and provide external validation of 

the methods used to isolate and analyze areas CA1 and CA2 for this study.

Gene Symbol Protein name Validation by 
mRNA

Validation by 
Protein Known Function in neurons

DGKG Diacylglycerol kinase 
gamma Yes71 N/A N/A

MCU Mitochondrial Calcium 
Uniporter Yes71 N/A

Main component of the protein complex that mediates 
mitochondrial calcium uptake56

NECAB2 N-terminal EF-hand 
calcium-binding protein 2 Yes45 Yes45

Interacts with and modulates the activity of the 
adenosine 2A receptor72 and metabotropic glutamate 

receptor 573

ACTN2 Alpha-actinin 2 N/A Yes11, 42
Mediates spine morphology and assembly of the post-
synaptic density in hippocampal neurons,52 anchoring 

PSD-95 at post-synaptic sites53

SMS Spermine synthase Yes71 N/A
Converts spermidine to spermine, a polyamine which 
has multiple effects54 including modulation of NMDA 

receptor function55

PRKCE Protein kinase C ε N/A Yes74
Activation and increased expression of this kinase 
mediates neuroprotection following oxygen and 

glucose deprivation62

SLC25A22 Mitochondrial glutamate 
carrier 1 Yes71 N/A

Transports glutamate into the inner mitochondrial 
membrane75

RGS14 Regulator of G protein 
signaling 14 Yes71 Yes6–8

Natural suppressor of LTP in the CA2 region of the 
hippocampus6 through modulation of calcium 

signaling43· 44

OSTF1 Osteoclast-stimulating 
factor 1 Yes71 Yes76 N/A

CADPS
Calcium-dependent 
secretion activator 1 Yes71 N/A

Essential factor for synaptic vesicle priming in 
hippocampal neurons60

GPC1 Glypican-1 Yes71 N/A N/A

PPFIA2 Liprin-alpha 2 No77 Yes78 Controls synaptic output by regulating synaptic vesicle 
pool size59

KCTD4
Potassium channel 

tetramerization domain 
containing 4

Yes71 N/A N/A

RYR2 Ryanodine receptor 2 No71 Yes79· 80

Mediates calcium-induced calcium release from 
intracellular calcium stores57, affecting cognitive 
function and hippocampal synaptic plasticity in 

chronically stressed mice81

ATP8A1 ATPase phospholipid 
transporting 8A1 Yes71 N/A

Deficiency in this flippase is associated with 
externalization of phosphatidylserine in hippocampal 
neurons, delaying hippocampal-dependent learning63

NRP1 Neuropilin 1 Yes71 N/A
Interacts with semaphoring 3 and VEGF to mediate 

axon guidance and angiogenesis respectively58

ANXA11 Annexin A11 Yes71 N/A
Participates in ER-to-Golgi trafficking, modulating the 

early secretory pathway82

CLVS2 Clavesin 2 Yes71 N/A Regulates late endosome/lysosome morphology83
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