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Abstract

Genome-wide association studies (GWAS) identified susceptibility loci associated with decreased 

hippocampal volume, and found hippocampal subfield-specific effects at MSRB3 (methionine 

sulfoxide reductase-B3). The MSRB3 locus was also linked to increased risk for late onset 

Alzheimer’s disease (AD). In this study we uncovered novel sites of MsrB3 expression in CA 

pyramidal layer and arteriolar walls by using automated immunohistochemistry on hippocampal 

sections from 23 individuals accompanied by neuropathology reports and clinical dementia rating 

scores. Controls, cognitively intact subjects with no hippocampal neurofibrillary tangles, exhibited 

MsrB3 signal as distinct but rare puncta in CA1 pyramidal neuronal somata. In CA3, however, 

MsrB3-immunoreactivity was strongest in the neuropil of the pyramidal layer. These patterns were 

replicated in rodent hippocampi where ultrastructural and immunohistofluorescence analysis 

revealed MsrB3 signal associated with synaptic vesicles and colocalized with mossy fiber 

terminals. In AD subjects, the number of CA1 pyramidal neurons with frequent, rather than rare, 

MsrB3-immunoreactive somatic puncta increased in comparison to controls. This change in CA1 

phenotype correlated with the occurrence of AD pathological hallmarks. Moreover, the intensity of 

MsrB3 signal in the neuropil of CA3 pyramidal layer correlated with the signal pattern in neurons 

of CA1 pyramidal layer that was characteristic of cognitively intact individuals. Finally, MsrB3 
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signal in the arteriolar walls in the hippocampal white matter decreased in AD patients. This 

characterization of GWAS-implicated MSRB3 protein expression in human hippocampus suggests 

that patterns of neuronal and vascular MsrB3 protein expression reflect or underlie pathology 

associated with Alzheimer’s disease.
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Introduction

Loss of hippocampal volume is a recognized biological marker of Alzheimer’s disease (AD) 

and, while influenced by vascular and metabolic factors, is also heritable[1–5]. Genome-

wide association studies (GWAS) identified six independent low hippocampal volume 

(LHV) risk alleles, additionally linked to increased AD risk[6]. The Methionine Sulfoxide 
Reductase-B3 (MSRB3) locus (rs61921502) demonstrated effects specific to subfields of 

hippocampal formation, including the sites of the earliest neurofibrillary tangles in AD – 

subiculum and CA1 [6]. However, nothing is known about the MsrB3 protein expression in 

either normal hippocampus of cognitively intact aged individuals, or whether and how that 

expression may change with AD-associated pathology and cognitive decline. We 

hypothesized that investigating MsrB3 expression in human and rodent hippocampus will 

provide clues for the role of MsrB3 in the loss of hippocampal volume in the context of AD.

Reactive oxygen species oxidize protein methionine residues. The resulting methionine 

sulfoxides can be repaired by reductases such as Methionine-R-sulfoxide reductase B, a zinc 

containing protein [7]. Human and mouse genomes contain three MsrB genes (designated as 

1, 2 and 3) [7]. The human MSRB3 encodes two isoforms with sequences for translocation 

to the endoplasmic reticulum (ER; MsrB3A) or mitochondria (MsrB3B), and MsrB3 protein 

has been detected in these targeted organelles in transfected primate kidney epithelial cells 

[7]. However, mouse MsrB3 appears to target only ER but not mitochondria, suggesting that 

a single ER isoform exists in rodents [8]. In this study, we evaluated MsrB3 protein 

expression using immunohistochemical staining in postmortem human hippocampi from 23 

aged individuals including AD patients. MsrB3 immunoreactivity was observed in CA 

pyramidal layer and in arteriolar walls within the brain and its pattern changed during the 

progression of AD correlating with the AD-associated pathological hallmarks and clinical 

dementia. Ultrastructural analysis of MsrB3 in rat hippocampi, which mimicked the general 

pattern of MsrB3 expression seen in humans, revealed that it localized to synaptic vesicles 

(SV) in CA3 and CA1, and subsequent immunohistofluorescence studies demonstrated that 

MsrB3 co-localized with vesicle associated membrane protein 2 (VAMP2) and vesicular 

glutamate transporter 1 (VGLUT1). MsrB3 immunoreactivity in the hippocampal white 

matter arteriolar walls was reduced in AD as compared to the control subjects.
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Materials and Methods

Human hippocampi

Human formalin-fixed paraffin-embedded (FFPE) tissue blocks of hippocampi of twenty-

three subjects were acquired through the Framingham Heart Study Brain Donation Program, 

Framingham, Massachusetts, the Netherlands Brain Bank, Amsterdam, Netherlands, and 

Boston Medical Center as described in Table 1. Boston University Medical Center’s 

Institutional Review Board approved this study and the authors state adherence to these 

standards. The analyzed subjects were stratified into three groups based on Clinical 

Dementia Rating (CDR) score[9–11] and Braak and Braak (BB) stage[12]. The CDR was 

assigned months prior to death based on antemortem assessment and a post mortem 

retrospective CDR based on a family interview with one or more family members [13]. 

Group 1 consisted of true control individuals defined as cognitively healthy subjects without 

any presence of NFTs in the CA fields (CDR0, BB0; n = 6, age mean 66.33 ± 5.82 years, 2 

female (F)/4 male (M)); Group 2 included subjects either cognitively intact or with minimal 

cognitive dysfunction (CDR0-0.5) in the limbic BB stages (CDR0-0.5, BBI-III; n = 11, age 

mean 91.27 ± 7.35 years, 5F/6M); and Group 3 consisted of subjects with definite AD by 

NINCDS-ADRDA criteria and in the isocortical BB stages (CDR1-2, BBIV-V; n = 6, age 

mean 89.50 ± 4.64 years, 3F/3 M) (Table 1). Group 1 subjects (true controls without any 

evidence of NFTs in the hippocampus) are inherently younger than Group 2 and 3 subjects, 

as NFTs increase with age even in cognitively intact subjects. No Lewy body pathology was 

reported in any of the subjects.

All subjects were de-identified and authors were blinded to subjects’ CDR score and BB 

stage during data acquisition. We performed tau immunohistochemistry (IHC) on all 

obtained hippocampi to corroborate reported BB stages in the accompanying 

neuropathological reports and to perform quantification of neurofibrillary tangles (NFTs) in 

CA1 field. In this study we deliberately omitted the analysis of the ultimate BB stage 

(BBVI) because of the associated pervasive but fluctuating neuronal loss in CA1 regions of 

end-stage AD patients precludes reliable analysis. No neuritic plaques were present in 

cognitively intact subjects of Group 1 (CDR0, BB0; Table 1) while beta-amyloid pathology 

was reported in all Group 3 subjects - patients diagnosed with AD clinically and 

neuropathologicaly (CDR1-2, BBIV-V; Table 1). In between Groups 1 and 3, were subjects 

with only hippocampal/limbic NFTs (BBI-III) and heterogeneous in terms of both beta-

amyloid pathology and cognitive status (CDR0-0.5; Table 1). Neuropathology reports for 

four subjects (two cognitively intact individuals, CDR0, and two with minimal cognitive 

deficits, CDR 0.5; Group 2, Table 1) reported absence of any beta-amyloid pathology. It is 

possible that some or all four of these individuals (ages 89-97) could have met criteria for 

Primary Age-Related Tauopathy (PART)[14]and not develop AD.

Immunohistochemistry (IHC) in human hippocampi—FFPE blocks were sectioned 

at 5 μm thickness, dried at room temperature for 24 hours, and heated at 80°C for 24 hours 

before IHC experiments. Deparaffinization, antigen retrieval, and subsequent staining were 

performed with Ventana Benchmark Ultra automated IHC instrument using commercially 

available primary antibodies, Horseradish Peroxidase-conjugated secondary antibody with 
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diaminobenzidine chromogen and hematoxylin counterstain. Primary antibodies included 

rabbit anti-MsrB3 polyclonal antibody, a pan-MsrB3 antibody[15] (1:40; HPA014432 Atlas 

Antibodies, Stockholm, Sweden, and NBP1-84259, Novus Biologicals, Littleton, CO), 

mouse anti-human beta-amyloid [6F/3D] monoclonal antibody (1:25, Dako, Glostrup, 

Denmark), rabbit anti-human tau [A0024] polyclonal antibody (1:3200, Dako, Glostrup, 

Denmark), and mouse anti-human phospho-Paired Helical Filament-tau [AT8] monoclonal 

antibody (1:2000, Pierce, Rockford, IL) for analyses. Polyclonal anti-MsrB3 

immunohistochemical specificity in FFPE tissues was characterized with immunoabsorption 

assay with 10X molar excess of the MsrB3 immunogen (APrEST72630, Atlas Antibodies, 

Stockholm, Sweden) (Supplemental Figure 1, SF 1). Endoplasmic reticulum marker mouse 

anti-Calregulin monoclonal antibody (1:4000, sc-373863, Santa Cruz, Dallas, TX) and 

mouse anti-mitochondrial marker MTC02 monoclonal antibody (1:50, ab3298, Abcam, 

Cambridge, MA) were used to examine MsrB3 localization in these organelles[7] in human 

hippocampus. Mouse anti-muscle-specific actin monoclonal antibody (prediluted, 

Cat#760-2601, Ventana Medical Systems, Tucson, AZ) was used to highlight vascular walls. 

IHC was performed in independent, triplicate experiments, conducted on the Ventana 

Benchmark Ultra to remove human error and diminish variables between independent 

experiments. Representative cases with established immunoreactivity (IR) patterns were 

stained together with subsequently added samples in order to verify consistency in IHC 

experiments. We analyzed MsrB3 IR quantitatively in CA1 field in all subjects (n = 23) and 

semi-quantitatively in CA3 field in most subjects (n = 18) with a distinctly identifiable CA3 

field (Table 1). Semi-quantitative examination of MsrB3-IR in the walls of blood vessels 

within the hippocampal cortex and white matter (WM) was also conducted using triplicate 

IHC sections in all subjects.

Quantitative IHC analysis—Quantitative analysis of FFPE tissue samples utilized three 

step-wise sections separated by at least 10 μm, and quantitative results from image analysis 

were averaged to obtain representative values for each subject. De-identified slides were 

imaged using an Olympus BX60 light microscope, QImaging Retiga 2000R camera, and 

QCapture Suite software. ImageJ Stitching plugin was used to compose high resolution 

images for figure illustrations[16]. Three 20× field images, encompassing the majority of 

CA1 field, were used in MsrB3 IHC analysis from each hippocampal section (SF 2 A, B). 

Mean data values from three 20× field images of CA1 field in triplicate experiments 

comprised representative values for each subject (a total of nine 20× fields analyzed). The 

percentages of two main MsrB3-ir phenotypes in CA1 pyramidal neurons (SF 2 C) were 

obtained manually using the ImageJ CellCounter plugin. The percentage of NFT-containing 

neurons in CA1 pyramidal neuronal population of each subject was analyzed using three 

10× field images from three independent tau IHC experiments. All field images were 

analyzed with ImageJ, version 1.48, Bethesda, MD National Institutes of Health.

Semi-quantitative IHC analysis—De-identified slides were viewed at 40× 

magnification by two independent observers for semi-quantitative analysis of MsrB3 signal 

in CA3 pyramidal neuron somata and in CA3 neuropil in triplicate IHC experiments. 

Similarly, MsrB3-IR in blood vessel walls in CA cortex and white matter was scored semi-

quantitatively by three independent, blinded observers. Both the CA3 and blood vessel 
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analysis used a scale of 0-3; 0 = no MsrB3-IR, 3 = strongest MsrB3-IR. Semi-quantitative 

scores of triplicate IHC experiments were averaged to find the mean MsrB3-IR in CA3 and 

in the hippocampal blood vessel walls for each subject.

Statistical analyses—Quantitative data among subject groups were analyzed by two-

tailed one-way ANOVA and post-hoc Tukey multiple comparison test in CA1 field analysis 

of 23 subjects. The number of cells displaying each MsrB3-ir phenotype in CA1 was 

compared across subject groups, testing the null hypothesis that no significant difference 

should be observed across groups (alpha = 0.05). CA3 and CA1 MsrB3-IR were tested 

empirically using bivariate linear fits as to refine the findings. Again, the null hypothesis was 

that no significant difference should be observed (alpha = 0.05). MsrB3-IR in CA1 and CA3 

fields was ultimately analyzed by Pearson r correlation. The respective R2 values are 

representative of the percent of response variable variation or percent variation explained by 

the model. The p-values of the F-statistic were used to test the null hypotheses formulated 

and were representative of the goodness of fit. Correlation analyses between MsrB3-IR and 

CERAD neuritic plaque (NP) scores, according to neuropathology reports accompanying 

each case, and between MsrB3-IR and NFT quantification were performed by Pearson r 

correlation. Statistical analyses were performed with GraphPad Prism, version 5.0b, San 

Diego, CA: GraphPad Software Inc., and with JMP®, Version 11.2.1. SAS Institute Inc., 

Cary, NC, 1989-2013.

Rodent hippocampi

Eight month old C57BL/6J mice and three month old Wistar rats (strain 003, Charles River 

Laboratories International, Massachusetts) were anesthetized with 10 mg/kg xylazine and 80 

mg/kg ketamine hydrochloride given intraperitoneally and subsequently perfused 

transcardially with 0.1M phosphate buffer (PB) followed by 4% paraformaldehyde with 

0.01% glutaraldehyde in 0.1M PB, pH 7.4, for use in EM and IF studies. All animal 

procedures were approved by the Institutional Animal Care and Use Committee of Boston 

University and the authors state adherence to these standards.

Immunohistofluorescence (IF)—We examined MsrB3 localization in comparison to 

synaptic markers and hippocampal transmitters using mouse anti-VAMP2 monoclonal 

antibody (1:50-1:100, AM05628PU-S, Acris Antibodies) and mouse anti-VGLUT1 

monoclonal antibody (1:50, #135311, Synaptic Systems) in hippocampal sections from a 

well-perfused rat brain. Secondary antibodies used were donkey anti-mouse IgG cross 

absorbed Dylight 488 (1:15 SA5-10166, ThermoFisher, Rockford, IL), and donkey anti-

rabbit IgG Alexa Fluor 594 (1:100 A21207, ThermoFisher, Rockford, IL). Sections were 

counterstained with DAPI (1μg/ml, Cat#62247, ThermoFisher, Rockford, IL) and then 

treated with 0.05% Sudan Black B (Cat#199664, Sigma, Dallas, TX) wash in 70% ethanol 

to reduce autofluorescence in FFPE tissues[17] before mounting. Slides were imaged on a 

Zeiss LSM 700 laser scanning confocal microscope and digital images analyzed with ZEN 

2009 software at BUSM Housman Medical Research Center.

Electron Microscopy (EM)—For ultrastructural analysis, animals were perfused 

transcardially with 0.1M phosphate buffer (PB) followed by 4% paraformaldehyde with 
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0.01% glutaraldehyde in 0.1M PB, pH 7.4 (EM fixative). After 6 hours of post-perfusion 

fixation in EM fixative, rodent brains were transferred to 0.5% PFA in PBS and stored at 

4°C. EM immuno-gold visualization of MsrB3 (1:10; HPA014432 Atlas Antibodies, 

Stockholm, Sweden in rodent hippocampus was performed at Harvard Medical School EM 

core facility, Boston, MA.

Results

MsrB3-immunoreactivity is found in the human hippocampal pyramidal layer, vascular 
walls, choroid plexus epithelium, and ependymal ventricular lining

We observed MsrB3-immunoreactivity (MsrB3-IR) in multiple tissue compartments (Figure 

1A). Cortical blood vessel walls were MsrB3-immunoreactive (MsrB3-ir) throughout while 

CA1 and CA3 pyramidal layers exhibited specific patterns of MsrB3 signal (Figure 1B, C). 

In CA1, MsrB3 IHC highlighted distinct somatic puncta in pyramidal neurons (Figure 1B). 

In contrast, CA3 field was characterized by fine, diffuse MsrB3 signal in pyramidal somata 

and punctate signal in the surrounding neuropil (Figure 1C). In addition to blood vessel 

luminal linings, epithelium in the choroid plexus showed strong cytoplasmic signal (Figure 

1D). Finally, ependymal cells were MsrB3-ir, in particular at the apical surface (Figure 1E).

MsrB3-immunoreactivity patterns in CA1 and CA3 have similar features in human and rat 
hippocampus

To determine the subcellular localization of MsrB3 in hippocampal cell populations, we 

performed studies on freshly fixed transcardially-perfused rat brain – a biological material 

superior to the post-fixed human tissue obtained a significant period of time after death. In 

comparative analysis of human and rat CA1 and CA3, we found similar MsrB3 signal 

patterns, while the overall signal was stronger in rat (Figure 2). Somatic MsrB3-ir puncta 

were found in human and rat CA1 pyramidal neurons (Figure 2A, B), while the punctate 

neuropil signal in human CA3 (Figure 2C) was more robust in rat CA3 where prominent 

MsrB3-IR puncta frequently outlined pyramidal somata and their apical dendrites (Figure 

2D). The similarity of the staining patterns in humans and rats indicated that the rat may be a 

good model to study MsrB3 expression at the ultrastructural levels.

Some synaptic vesicles of rodent hippocampi associate with MsrB3

To identify the cellular organelle that might harbor MsrB3 signal we examined sections from 

mouse and rat hippocampus using electron microscopy (EM), as human postmortem brain 

tissue is seldom suitable for ultrastructural analysis. Human CA1 and CA3 field–specific 

patterns of MsrB3 protein expression were not reflected in markers for endoplasmic 

reticulum (ER) and mitochondria (SF 3), the sites of MsrB3 localization in primate epithelial 

cell lines[7]. Considering that rodents had a single MsrB3 isoform (MsrB3A) that was found 

to associate with ER in epithelial cell lines, we carefully looked for ER-associated MsrB3 

signal in mouse and rat hippocampal sections. However, we found MsrB3 signal labeling at 

multiple synaptic vesicles (SV) in CA3 (Figure 3). Immunogold labeling was suboptimal in 

CA1 of mouse hippocampus, and we repeated the experiment using Wistar rat hippocampus, 

which is heavily MsrB3-immunoreactive (see Figure 2).
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Consistently, ultrastructural evaluation of MsrB3 immuno-gold signal in CA3 (Figure 4A) 

and CA1 (Figure 4B) in rat hippocampus revealed MsrB3-IR in many SVs. We next sought 

to identify SV- and neurotransmitter-associated proteins in the hippocampal subregions that 

might co-localize with MsrB3 (Figure 4C-I). Consistent with ultrastructural findings in 

mouse and rat hippocampus in CA3, we found MsrB3 signal co-localized with vesicle-

associated membrane protein 2 (VAMP2) (Figure 4D-F). Consistent with strong MsrB3 

punctate signal along apical dendrites in rat CA3 pyramidal neurons (as shown in Figure 

2D), the site of glutamatergic mossy fibers synapses, we observed co-localization of MsrB3 

and vesicular glutamate transporter 1, VGLUT1 (Figure 4G-I). However, the rare MsrB3-ir 

puncta at CA1 cell bodies did not co-localize with VAMP2 or VGLUT1 (SF 4).

MsrB3 expression pattern in CA1 pyramidal layer changes in AD

Because MsrB3 signal associated with SVs and demonstrated localization consistent with 

intrinsic connections of pyramidal layers of CA1 and CA3, we examined whether MsrB3-IR 

patterns in these hippocampal fields might change with onset and progression of AD. As 

shown earlier in Figures 1B and 2A, the MsrB3-IR pattern in CA1 pyramidal neurons of a 

healthy human hippocampus is apparent as distinct but rare somatic puncta (Figure 5A). 

Across the three groups of subjects (see Table 1), we observed that as NFTs accumulated in 

progressive BB stages (I-V) and cognitive status declined (CDR0.5-2), MsrB3-ir puncta 

appeared smaller and became more numerous (Figure 5B). Consistently, NFT-containing 

neurons often contained frequent, smaller MsrB3-ir puncta (Figure 5C, D).

Quantitative analysis confirmed a significant decrease in the percentages of CA1 pyramidal 

neurons with rare MsrB3-ir somatic puncta (“healthy phenotype”) in subjects with early 

AD-associated pathology (Group 2 - CDR0-0.5, BBI-III) and in AD patients (Group 3 - 

CDR1-2, BBIV-V) compared to controls (Figure 6A, Supplemental Table (ST) 1.1). 

Simultaneously, compared to control subjects, the percentage of neurons with frequent 

somatic (≥5) MsrB3-ir puncta (“degenerative phenotype”) was increased significantly in AD 

patients (Figure 6B, ST 1.2). The degenerative MsrB3-IR phenotype correlated positively 

with the accumulation of NFTs in CA1 while the healthy MsrB3-IR phenotype did not 

(Figure 6C; ST 1.3, 1.4).

Considering CA3 subfield-specific MsrB3 neuropil signal and intrinsic connections between 

CA3 and CA1, we examined the relationship between MsrB3-IR phenotypes in CA1 

pyramidal neurons and CA3 MsrB3 neuropil signal intensity. Indeed, the intensity of MsrB3 

signal in CA3 neuropil correlated positively with the percentage of CA1 pyramidal neurons 

exhibiting the MsrB3-IR healthy phenotype, i.e. rare (≤2) somatic puncta (Figure 7, ST 1.5).

MsrB3 signal intensity decreases in white matter arteriolar walls of AD patients’ 
hippocampi

As indicated in Figure 1, MsrB3 signal was observed in the vessel walls of choroid plexus 

and hippocampal cortex and white matter. MsrB3 IHC highlighted strongly arteriolar 

smooth muscle layer (Figure 8A). Endothelial/pericyte cell layer appeared MsrB3-ir as well 

(Figure 8B). We observed variation in the intensity of MsrB3-IR in the hippocampal 

arteriolar walls in our subjects, often depending on the BB stage and CDR score (Figure 8C, 
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D). The presence of cerebral amyloid angiopathy (CAA) did not explain the variation in 

MsrB3 signal within the arteriolar walls in our sample, as CAA was present in the 

hippocampi of only four of our subjects and often restricted to leptomeningeal vessels (see 

Table 1, ST 2.1). Due to the presence of vascular comorbidity in our subjects, we evaluated 

MsrB3 signal in the arteriolar vascular walls in the hippocampal cortex and white matter in 

relationship to various parameters of neurologic vascular health (ST 2.1). The level of 

arteriolosclerosis in the hippocampal white matter (ST 2.2) and cortex (ST 2.3) did not 

correlate with MsrB3-IR measures or AD pathological hallmarks. There was no significant 

difference in most MsrB3-IR measures when subjects were grouped according to the history 

of hypertension (ST 2.4), history of stroke or transient ischemic attack (TIA) (ST 2.5), 

microscopic infarcts present in the hippocampus (ST 2.6), or hippocampal vascular white 

matter disease (ST 2.7). Only in subjects with a history of stroke or TIA, the MsrB3-IR 

signal in arteriolar walls in white matter, but not in cortex, was significantly increased 

compared to subjects without stroke or TIA (ST 2.5). Also, subjects with hippocampal 

microinfarcts had significantly lower MsrB3-IR in CA3 neuropil compared to subjects 

without hippocampal microinfarcts (ST 2.6). To examine the significance of variation in 

MsrB3 signal intensity in arteriolar walls further, we tested the vascular MsrB3-IR in 

correlation with the MsrB3-IR in CA pyramidal neurons and neuropil. MsrB3 signal 

intensity in the arteriolar walls in hippocampal white matter and cortex correlated positively 

with the percentage of CA1 neurons with the healthy MsrB3-ir phenotype (i.e. rare (≤2) 

somatic puncta) (ST 2.8). Further, MsrB3 signal intensity in arteriolar walls in hippocampal 

white matter (but not cortex) was significantly decreased in AD patients compared to 

controls (Group 1) and subjects with early AD-associated pathology (Group 2) (Figure 8E, 

ST 2.9, 2.10).

Discussion

In this study we uncovered novel sites of MsrB3 protein expression of potential relevance 

for AD and hippocampal volume pathology. The presence of MsrB3 in CA pyramidal 

neurons and neuropil might have multifaceted relevance for the role of MsrB3 in 

hippocampal functional morphology.

First, MsrB3 protein was associated with synaptic vesicles (SV) (Fig. 3) as evidenced by 

immuno-EM and by colocalization VAMP2/synaptobrevin using IF (Fig. 4). MsrB3 was 

expressed in CA3 pyramidal layer neuropil, in particular in rat stratum lucidum (Fig. 2), 

where glutamatergic axons of dentate granule cell mossy fibers terminate on apical dendrites 

of CA3 pyramidal neurons. Consistently, MsrB3 did co-localize with type 1 vesicular 

glutamate transporter VGLUT1 in CA3 (Fig 4), present in CA3 mossy fibers terminals[18]. 

Mossy fiber projections to CA3 in human hippocampus have strong proximal basilar 

dendrites component (in addition to the aforementioned apical dendrite) which is thought to 

underlie spatial task performance [19] impaired in AD. The presence of MsrB3 in mossy 

fiber synapses on apical and basilar dendrites of CA3 pyramidal neurons thus might be 

important for spatial memory in humans. In contrast, we did not find co-localization of 

MsrB3 with VAMP2 or VGLUT1 in the CA1 region (Fig 4). Both IHC and IF experiments 

in human and rat CA1 localized MsrB3 punctate signal at the somata of pyramidal neurons 

(Figs 1, 2, 5, SF 4). Because EM ultrastructural analysis found MsrB3-labeled synaptic 
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vesicles in CA1 of rat hippocampus (Fig. 4) it is likely that the MsrB3-ir CA1 pyramidal 

somatic puncta associate with somatic synapses. CA1 pyramidal neurons have somatic 

synapses with presynaptic zones belonging to inhibitory interneurons [20]. Somatic 

inhibitory synapses in CA1 pyramidal neurons are characterized by the excitatory activity-

related rapid structural plasticity resulting in synapse enlargement and increased efficiency 

of somatic inhibition[21]. The observed changes in the prevalent phenotype of MsrB3-IR in 

CA1 pyramidal neurons of examined subjects - from rare, larger somatic puncta in healthy 

subjects to frequent, smaller somatic puncta in AD patients - might reflect or underlie the 

changes in the activity-related synaptic plasticity in AD.

Second, mossy fiber boutons contain zinc transporter-3 which has been shown to decorate 

SV of both mouse and monkey[22]. Historically, zinc histochemical staining has been used 

to highlight entorhinal cortex, amygdala and hippocampus[23]. MsrB3 is a zinc-containing 

enzyme and the ability to bind zinc is essential for its enzymatic activity[24]. Upon reducing 

methionine R-sulfoxide, the regeneration of MsrB3 is dependent on reducing agents such as 

dithiothreitol (in vitro) and thioredoxin[24]. Thus, in mossy fiber terminals, where MsrB3 is 

localized, high concentration of zinc would be expected to support MsrB3 activity.

Third, we demonstrated that the MsrB3 signal pattern in CA1 pyramidal neurons changed in 

hippocampi of AD patients, correlated with the burden of AD-associated NFTs in CA1, and 

correlated with MsrB3 signal intensity in CA3 neuropil (Figs 6, 7). These changes in MsrB3 

expression may reflect or contribute to synaptic circuitry dysfunction in AD-mediated 

neurodegeneration. The frequency of the degenerative CA1 phenotype increased as NFTs 

accumulated (Fig. 6 C). Additionally, though only one AD subject was attributed a CERAD 

NP score of 3 (Table 1), the MsrB3-IR degenerative phenotype correlated with neuritic 

plaques (ST 1.4), again suggesting specific relevance for AD.

Finally, we demonstrated stronger MsrB3 signal in the vascular walls than in mitochondria 

and ER (see SF 3 H-J), sites of reported MsrB3 localization in vitro[7]. In ultrastructural 

analysis of rat hippocampus we did see MsrB3 signal in synaptic vesicles in axonal 

terminals close to the walls of small vessels (data not shown). Because mouse MsrB3 (~90% 

identical to rat) appears to target only ER and not mitochondria[8], we cannot exclude the 

possibility that smooth muscle, endothelial cells, and pericytes in human blood vessels do 

harbor mitochondrial MsrB3. The significance of decreased MsrB3-IR in the arteriolar walls 

in the hippocampal white matter of AD patients (Fig. 8) in the context of AD-associated 

hippocampal volume loss might be elucidated in future correlative studies of MRI-measured 

HV and the presence of low HV -associated MSRB3 risk allele. MsrB3 may influence 

hippocampal volume in aging, AD and neurovascular diseases, which are all associated with 

increased oxidative stress[25–29].

With our experimental design to study the earliest AD-associated pathological changes we 

could not have Group 1 true controls (no NFTs and no NPs in CA) as old as the subjects in 

Groups 2 and 3. Indeed, our control subjects (Group 1) are inherently younger than the 

subjects in Groups 2 and 3 (Material and Methods and Table 1), as pathologic AD hallmarks 

accumulate with age even in cognitively intact subjects. Notably, subject age did 

significantly correlate with the percentage of CA1 pyramidal neurons with rare somatic 
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MsrB3-ir puncta (healthy phenotype) and the intensity of MsrB3-IR in CA3 neuropil (ST 

3.1). The significantly younger Group 1 may have artificially correlated the findings with 

age, although we cannot rule out a role of MsrB3 in aging. However, Group 2 (age mean 

91.27 ± 7.35 years) and Group 3 (age mean 89.50 ± 4.64 years) subjects while age-matched, 

differ significantly in the intensity of MsrB3 signal in white matter arterial walls (Fig. 8E). 

In addition, MsrB3-IR pattern in CA1 pyramidal neurons changes incrementally across all 3 

groups (Fig. 6A, B). This argues against the findings being attributable to age alone.

In summary, our study discovered novel locations of MsrB3 protein signal, synaptic vesicles 

and arteriolar walls, providing venues for the MSRB3 risk allele to affect hippocampal 

volume in the context of AD - neuronal connectivity and arteriolar health. These 

indispensable morphological data from brains of healthy individuals and of those undergoing 

AD-associated pathological changes will inform studies in experimental models probing 

mechanisms of MsrB3 involvement in AD pathogenesis in search of novel therapeutic 

targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MsrB3 protein signal in hippocampal pyramidal layer, vascular walls, choroid 
epithelium, and ependymal ventricular lining
(A) MsrB3-immunoreactivity in CA1 (inset b), CA3 (inset c), choroid plexus (inset d) and 

the ependymal ventricular lining (inset e). In pyramidal neurons of healthy human (CDR0, 

BB0) CA1, MsrB3 was visualized as few somatic, sharply demarcated, 1-3 μm puncta (B, 

arrows); cortical glial cells do not give rise to MsrB3 signal (B, arrowheads). Asterisk 

indicates MsrB3-immunoreactive (-ir) cortical blood vessel wall. CA3 neuropil displays 

punctate MsrB3 signal (C, arrowheads) while CA3 pyramidal somata show diffuse signal 
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(C, arrows). (D) The choroid plexus epithelium is MsrB3-ir (arrows). The thicker vascular 

wall of an artery (asterisk) and a thinner wall of a small vein (double asterisk) are MsrB3-ir. 

(E) Ependymal cells are MsrB3-ir at the apical surface (arrows) near an MsrB3-ir blood 

vessel wall (asterisk). # indicates (direction of) lateral ventricle. Scale bar A = 200 μm, B-E 

= 20 μm.
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Figure 2. MsrB3-immunoreactive pattern in CA1 and CA3 is similar in human and rat 
hippocampus
MsrB3 punctate signal in human CA1 pyramidal neuron somata (A, arrowheads) was also 

observed in the rat (B, arrowheads). Punctate MsrB3 neuropil signal surrounding the 

pyramidal neuron apex (C, arrows) and diffuse MsrB3 signal in the pyramidal somata (C, 

asterisks) in human CA3 are similar in distribution to the signals in rat CA3 (D). Rat CA3 

shows particularly prominent MsrB3-immunoreactive puncta along apical dendrites of 

pyramidal neurons (D, arrows); diffuse somatic signal is also strong (D, asterisks). # 

indicates direction of lateral ventricle. Scale bar A, C, D = 20 μm, B = 15 μm.

Adams et al. Page 16

J Alzheimers Dis. Author manuscript; available in PMC 2018 April 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Hippocampal MsrB3 signal associates with some synaptic vesicles in mouse CA3
MsrB3 immuno-gold labeling highlights some synaptic vesicles (SV) (A-C, arrowheads) in 

the presynaptic terminal; asymmetric, excitatory synapses (A and B, arrows) in CA3 of 

mouse hippocampi. Scale bars = 300 nm.
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Figure 4. MsrB3 co-localizes with synaptic vesicle proteins VAMP2 and VGLUT1 in CA3
MsrB3 immuno-gold labeled synaptic vesicles in rat CA3 (A) and CA1 (B). In rat CA3 

immunohistofluorescence (C) MsrB3 punctate signal outlined pyramidal somata and co-

localized with vesicle associated membrane protein 2 (VAMP2) (D-F) and with vesicular 

glutamate transporter type 1 (VGLUT1) (G-I). Scale bar A, B = 300 nm, C = 800 μm, F, I = 

30 μm.
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Figure 5. MsrB3 signal in CA1 changes during AD progression
In CA1 neurons in cognitively intact subjects without hippocampal neurofibrillary tangles 

(NFTs) (Group 1 - CDR0, BB0), MsrB3 signal appears as rare somatic puncta (A) that 

become more frequent in AD patients (Group 3 - CDR1, BBIV) (B). IHC for MsrB3 (C) and 

tau (D) in adjacent CA1 sections from an AD patient show NFT-containing neurons with 

frequent, smaller MsrB3-immunoreactive puncta in the soma (arrows), while non-tangled 

neurons have rare, larger MsrB3-immunoreactive somatic puncta (arrowheads). # indicates 

direction of lateral ventricle. Scale bar A, B = 20 μm, C, D = 30 μm.
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Figure 6. MsrB3-immunoreactive phenotypes in CA1 pyramidal neurons during Alzheimer’s 
disease (AD) progression correlate with the accumulation of AD pathological hallmarks
The percentage of CA1 pyramidal neurons with rare somatic (≤2) MsrB3-immunoreactive (-

ir) puncta decreased in AD patients (CDR1-2, BBIV-V) and subjects with early AD 

pathology (CDR0-0.5, BBI-III) compared to controls (CDR0, BB0) (A), while the 

percentage of neurons with frequent somatic (≥5) MsrB3-ir puncta increased in AD patients 

compared to controls (B). The percentage of pyramidal neurons with frequent MsrB3-ir 

puncta correlated positively with the percentage of tangled neurons in CA1 (C). *p<0.05, 

**p<0.01, by one-way ANOVA and Pearson correlation.
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Figure 7. MsrB3 signal in CA3 neuropil correlates positively with the percentage of CA1 
pyramidal neurons exhibiting “healthy” MsrB3-immunoreactive phenotype (rare, ≤2, somatic 
puncta)
(A) The intensity of MsrB3 signal in CA3 neuropil positively correlated with the percentage 

of CA1 pyramidal neurons with rare (≤2) MsrB3-immunoreactive (-ir) puncta. (B) MsrB3 

signal in CA3 neuropil in a healthy control (CDR0, BB0, arrowheads) compared to a hardly 

discernible neuropil signal in an AD subject (CDR2, BBV) (C, arrowheads). Scale bars = 20 

μm. ns=nonsignificant, **p<0.01, by Pearson correlation.
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Figure 8. MsrB3-immunoreactivity in the hippocampal white matter arteriolar walls changes in 
Alzheimer’s disease
MsrB3 was strongly expressed in smooth muscle of vessel walls (arrows), highlighted in 

adjacent section with muscle-specific actin (MSA) IHC, in hippocampal cortex (A) and 

white matter (WM) (B). (B) An arteriole in hippocampal WM shows MsrB3 

immunoreactivity in smooth muscle (arrow) and endothelial/pericyte (arrowheads) cell 

layers. Hippocampal WM arteriolar walls were strongly MsrB3-immunoreactive in healthy 

controls (CDR0, BB0) (C), while weak signal was often found in AD subjects (CDR1, 

BBIV) (D). (E) The intensity of MsrB3 signal in the arteriolar walls of hippocampal white 

matter was significantly reduced in AD patients compared to controls and subjects with 

early AD-associated pathology. Scale bars = 20 μm. *p<0.05, **p<0.01, by one-way 

ANOVA.

Adams et al. Page 22

J Alzheimers Dis. Author manuscript; available in PMC 2018 April 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Adams et al. Page 23

Ta
b

le
 1

A
na

ly
ze

d 
hi

pp
oc

am
pi

 o
f 

su
bj

ec
ts

 o
rg

an
iz

ed
 a

cc
or

di
ng

 to
 C

lin
ic

al
 D

em
en

tia
 R

at
in

g 
(C

D
R

) 
sc

or
e 

an
d 

B
ra

ak
 a

nd
 B

ra
ak

 (
B

B
) 

st
ag

e.
 G

ro
up

 1
: c

og
ni

tiv
el

y 

in
ta

ct
 s

ub
je

ct
s 

w
ith

ou
t n

eu
ro

fi
br

ill
ar

y 
ta

ng
le

s 
(N

FT
s)

 in
 th

e 
hi

pp
oc

am
pu

s 
(C

D
R

0,
 B

B
0)

, n
=

6;
 G

ro
up

 2
: c

og
ni

tiv
el

y 
no

rm
al

 o
r 

m
ild

ly
 im

pa
ir

ed
 s

ub
je

ct
s 

w
ith

 o
r 

w
ith

ou
t A

D
-a

ss
oc

ia
te

d 
N

FT
 p

at
ho

lo
gy

 (
C

D
R

0-
0.

5,
 B

B
I-

II
I)

, n
=

11
; a

nd
 G

ro
up

 3
: A

D
 p

at
ie

nt
s 

w
ith

 A
D

-a
ss

oc
ia

te
d 

N
FT

 p
at

ho
lo

gy
 (

C
D

R
1-

2,
 

B
B

IV
-V

),
 n

=
6.

Su
bj

ec
t

B
ra

ak
 &

 B
ra

ak
 s

ta
ge

N
eu

ri
ti

c 
P

la
qu

es
(C

E
R

A
D

 c
ri

te
ri

a)
*

C
er

eb
ra

l A
m

yl
oi

d 
A

ng
io

pa
th

y*
*

(F
, O

)
C

og
ni

ti
ve

 s
ta

tu
s

A
ge

 (
y)

Se
x

P
M

I 
(h

)

H
F

T
P

O

C
D

R
 0

, B
B

 0
 (

G
ro

up
 1

)

N
B

B
 2

01
2 

05
2

0
0

0
0

0
0

0
N

o 
ev

id
en

ce
 o

f 
de

m
en

tia
#

64
F

5.
7

N
B

B
 2

01
0 

11
5

0
0

0
0

0
0

1+
(O

)
N

o 
ev

id
en

ce
 o

f 
de

m
en

tia
70

M
3.

6

N
B

B
 2

01
1 

09
1

0
0

0
0

0
0

0
N

o 
ev

id
en

ce
 o

f 
de

m
en

tia
76

M
6.

8

B
M

 2
3

0
0

0
–

–
–

–
N

o 
ev

id
en

ce
 o

f 
de

m
en

tia
66

F
24

B
M

 2
9

0
0

0
–

–
–

–
N

o 
ev

id
en

ce
 o

f 
de

m
en

tia
61

M
24

B
V

A
X

 8
5

0
0

0
0

0
0

0
N

o 
ev

id
en

ce
 o

f 
de

m
en

tia
61

M
7.

5

C
D

R
 0

-0
.5

, B
B

 I
-I

II
 (

G
ro

up
 2

)

B
V

A
X

 2
55

I
0

0
0

0
0

0
0

92
F

16

N
B

B
 2

01
2 

05
9

II
0

1+
0

1+
0

1+
 (

O
)

0
98

F
4.

6

N
B

B
 2

01
2 

07
0

II
1+

0
1+

0
1+

2+
 (

F,
 O

)
0

79
M

5.
8

N
B

B
 2

01
2 

09
2

II
0

0
0

0
0

0
0

90
M

5.
8

N
B

B
 2

01
3 

01
1

II
I

0
–

–
–

–
1+

 (
re

gi
on

 n
ot

 s
pe

ci
fi

ed
)

0
92

F
4.

4

N
B

B
 2

01
2 

00
1

II
0

1+
1+

0
1+

1+
 (

F)
, 3

+
 (

O
)

0.
5

79
M

5.
7

N
B

B
 2

01
3 

01
3

II
0

0
0

0
0

0
0.

5
89

M
6.

8

B
V

A
X

 2
19

II
0

1+
0

1+
0

0
0.

5
97

F
6

B
V

A
X

 2
26

II
0

0
0

0
0

0
0.

5
97

F
–

B
V

A
X

 1
47

II
I

1+
3+

3+
3+

2+
2+

 (
F)

, 3
+

 (
O

)
0.

5
89

M
–

N
B

B
 2

01
2 

06
7

II
I

0
1+

0
1+

1+
1+

 (
F)

, 2
+

 (
O

)
0.

5
10

2
M

5.
0

C
D

R
 1

-2
, B

B
 I

V
-V

 (
G

ro
up

 3
)

N
B

B
 2

01
3 

00
9

IV
3+

1+
2+

0
0

2+
 (

F,
 O

)
1

92
F

7.
4

J Alzheimers Dis. Author manuscript; available in PMC 2018 April 27.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Adams et al. Page 24

Su
bj

ec
t

B
ra

ak
 &

 B
ra

ak
 s

ta
ge

N
eu

ri
ti

c 
P

la
qu

es
(C

E
R

A
D

 c
ri

te
ri

a)
*

C
er

eb
ra

l A
m

yl
oi

d 
A

ng
io

pa
th

y*
*

(F
, O

)
C

og
ni

ti
ve

 s
ta

tu
s

A
ge

 (
y)

Se
x

P
M

I 
(h

)

H
F

T
P

O

N
B

B
 2

00
8 

07
5

IV
1+

1+
2+

1+
1+

3+
 (

F,
 O

)
O

ve
rt

 d
em

en
tia

#
88

M
5.

0

B
V

A
X

 1
00

IV
2+

2+
2+

2+
2+

2+
 (

F,
 O

)
1

89
M

3.
0

B
V

A
X

 2
05

IV
2+

2+
1+

1+
1+

1+
 (

O
)

1
96

F
3.

5

B
V

A
X

 1
70

V
1+

3+
3+

3+
3+

1+
 (

F,
 O

)
2

90
F

3.
5

B
V

A
X

 2
53

V
1+

2+
2+

2+
1+

1+
 (

F)
, 4

+
 (

O
)

2
82

M
24

* 0 
=

 n
on

e;
 1

+
 =

 s
pa

rs
e;

 2
+

 =
 m

od
er

at
e;

 3
+

 =
 f

re
qu

en
t; 

C
E

R
A

D
 =

 T
he

 C
on

so
rt

iu
m

 to
 E

st
ab

lis
h 

a 
R

eg
is

tr
y 

fo
r 

A
lz

he
im

er
’s

 D
is

ea
se

.

**
0 

=
 n

on
e;

 1
+

 =
 m

ild
; 2

+
 =

 m
od

er
at

e;
 3

+
 =

 s
ev

er
e;

 4
+

 =
 v

er
y 

se
ve

re
. H

 =
 h

ip
po

ca
m

pu
s,

 F
 =

 m
ed

ia
l f

ro
nt

al
 g

yr
us

 (
pr

ef
ro

nt
al

 c
or

te
x)

, T
 =

 te
m

po
ra

l p
ol

e,
 P

 =
 p

ar
ie

ta
l, 

O
 =

 o
cc

ip
ita

l (
vi

su
al

 c
or

te
x)

. #
 =

 C
D

R
 

no
t p

er
fo

rm
ed

. -
 =

 n
ot

 r
ep

or
te

d.
 N

B
B

 =
 N

et
he

rl
an

ds
 B

ra
in

 B
an

k.
 B

M
 =

 B
os

to
n 

M
ed

ic
al

 C
en

te
r. 

B
V

A
X

 =
 B

ra
in

 B
an

k 
of

 th
e 

B
os

to
n 

U
ni

ve
rs

ity
 A

lz
he

im
er

 D
is

ea
se

 C
en

te
r. 

F 
=

 f
em

al
e;

 M
 =

 m
al

e.
 P

M
I 

(h
) 

=
 

po
st

 m
or

te
m

 in
te

rv
al

 (
ho

ur
s)

.

J Alzheimers Dis. Author manuscript; available in PMC 2018 April 27.


	Abstract
	Introduction
	Materials and Methods
	Human hippocampi
	Immunohistochemistry (IHC) in human hippocampi
	Quantitative IHC analysis
	Semi-quantitative IHC analysis
	Statistical analyses

	Rodent hippocampi
	Immunohistofluorescence (IF)
	Electron Microscopy (EM)


	Results
	MsrB3-immunoreactivity is found in the human hippocampal pyramidal layer, vascular walls, choroid plexus epithelium, and ependymal ventricular lining
	MsrB3-immunoreactivity patterns in CA1 and CA3 have similar features in human and rat hippocampus
	Some synaptic vesicles of rodent hippocampi associate with MsrB3
	MsrB3 expression pattern in CA1 pyramidal layer changes in AD
	MsrB3 signal intensity decreases in white matter arteriolar walls of AD patients’ hippocampi

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Table 1

