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Abstract

BACKGROUND—The Receptor for Advanced Glycation End Products (RAGE) is linked to 

cellular stress and inflammation during Alzheimer’s disease (AD). RAGE signals through 

Diaphanous-1 (DIAPH1), however the expression of DIAPH1 in the healthy and AD human brain 

is yet to be methodically addressed.

OBJECTIVE—To delineate the cell- and disease-state specific expression of DIAPH1 in the 

human medial temporal cortex during healthy aging and AD.

METHODS—We used semi-quantitative immunohistochemistry in the human medial temporal 

cortex paired with widefield and confocal microscopy and automated analyses to determine 

colocalization and relative expression of DIAPH1 with key cell markers and molecules in the 

brains of subjects with AD vs. age-matched controls.

RESULTS—We report robust colocalization of DIAPH1 with myeloid cells and increased 

expression during AD, which strongly correlated to increased neutral lipids and morphology of 

inflamed myeloid cells. DIAPH1 moderately colocalized with markers of endothelial cells, 

astrocytes, neurons, and oligodendrocytes.
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DISCUSSION—Our findings localize DIAPH1 particularly to myeloid cells in the CNS, 

especially in AD in the locations of lipid droplet accumulation, thereby implicating RAGE-

DIAPH1 signaling in dysregulated lipid metabolism and morphological changes of inflamed 

myeloid cells in this disorder.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder that currently has no cure and 

impacts millions of people worldwide. While the primary risk factor for AD is advanced 

age, recent innovations in genomic technology have implicated inflammatory lipid signaling 

in microglia, the myeloid cells of the Central Nervous System (CNS), as a possible 

contributing force to cognitive decline in this disorder [1–3]. However, despite these 

observations, the specific mechanisms by which myeloid cells become inflamed and 

putatively exacerbate neurotoxicity within the AD brain are unknown. Thus, it is critically 

important to develop our understanding of the molecules that govern the impact of myeloid 

cells on neuronal health and degeneration.

Mounting evidence suggests a potential role for the Receptor for Advanced Glycation 

Endproducts (RAGE) in regulating inflammation, oxidative stress, and neuronal stress 

during AD [4–8]. RAGE is an immunoglobulin-type, transmembrane receptor that is 

expressed on numerous cell types in the CNS and periphery, such as neurons, astrocytes, 

microglia, infiltrating myeloid cells, and endothelial cells (ECs). RAGE binds a diverse and 

unique repertoire of ligands, including nonenzymatically glycated proteins and lipids, S100/

calgranulins, oligomeric amyloid aggregates such as pathological forms of Aβ and the pre-

fibrillar toxic intermediates of islet amyloid polypeptide (IAPP) [9], high mobility group box 

1 (HMGB1), and phosphatidylserine (PS). Extensive evidence has shown an increased 

burden of RAGE ligands in the AD brain, particularly AGEs, including glycated tau, and 

oligomeric Aβ. In addition, it is known that endothelial RAGE facilitates the transport of Aβ 
across the blood brain barrier (BBB), implicating RAGE and its ligand pools as putative 

drivers of disease progression [10, 11]. Furthermore, a recent structural analysis utilizing 

MRI technology revealed that region-specific atrophy of the right hippocampus substructure 

CA1 was significantly correlated to the AGER rs2070600 single nucleotide polymorphism 

(SNP) variant [12]. This variant has been previously associated with increased affinity to 

ligands and decreased circulating soluble RAGE (sRAGE). sRAGE, an isoform that 

possesses only the RAGE extracellular domains, is believed to function as a “decoy” 

receptor, which is predicted to be protective against inflammation and cellular stress by 

sequestering RAGE ligands and preventing their engagement of the full-length, 

transmembrane receptor. Thus, lowering of sRAGE may be accompanied by an increased 

ligand burden, subsequently driving increased RAGE-dependent cell signaling cascades that 

exacerbate cellular stress, impair lipid and cholesterol handling, and generate reactive 

oxygen species (ROS) production; processes that together may augur neuronal stress and 

death [13].
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Our laboratory recently discovered that ligand binding to the extracellular domains of RAGE 

promotes binding of its cytoplasmic domain to the intracellular formin molecule, 

Diaphanous 1 (DIAPH1) [14]. This engagement of DIAPH1 is also required for RAGE-

dependent signaling cascades that generate ROS, induce the upregulation of inflammatory 

cytokines, and, in myeloid cells, drive the downregulation of ATP binding cassette (ABC) 

cholesterol transporters, such as ABCA1 and ABCG1 [15, 16]. Besides its role in RAGE-

DIAPH1-mediated inflammation, DIAPH1 is also important for actin cytoskeleton stability 

and rearrangement, and regulation of Rho-GTPase signaling and transcription factors [17, 

18]. A recent study of human brain tumor cases suggested that DIAPH1 was expressed in 

human gliomas; however, the specific cell types expressing DIAPH1 in the brain in the 

absence of neoplasia were not elucidated [19]. Hence, very little is known about DIAPH1 

expression pattern and functions within the CNS in the normal brain or in aging and 

dementia. Here, we aim to provide the first detailed analysis of DIAPH1 expression in 

distinct cell types in the human medial temporal cortex of aged non-demented (ND) control 

vs. demented AD human subjects.

Materials and Methods

2.1 Human Material

Human brain tissue (N=10/group) was obtained from the Sun Health Research Institute 

Brain and Body Donation Program of Sun City, Arizona. Human medial temporal cortex 

tissue was harvested 2–4 hours post-mortem and immediately fixed in paraffin. 40 μm thick 

coronal slices were preserved at −80°C in a 20% sucrose solution prior to 

immunohistochemistry. Non-demented age-controlled cases (ND) were defined through 

pathological analysis, indicating an absence of amyloid plaque and intraneuronal tau tangles 

expressed by a Braak and Braak score of ≤III and clinically, by a Mini Mental State Exam 

Score of ≥ 25. AD cases were defined by a Braak and Braak score of ≥V and Mini Mental 

State Exam Score of <25. Due to the known phenomena of increased AGEs in smokers, 

subjects were excluded if nicotine use was reported [20]. The study was approved by the 

Institutional Review Board for Sun Health Research Institute, with an exemption obtained 

by the New York University Institutional Review Board to use archived de-identified 

pathology specimens for research. Written informed consent was obtained from each subject 

by the Sun Health Research Institute prior to collection.

2.2 Mice

Wild-type (C57BL/6J) male mice were purchased from the Jackson Laboratory (Bar Harbor, 

ME) and studies performed according to approved protocols of the Institutional Animal Care 

and Use Committee at New York University. Diaph1-deficient mice in the C57BL/6 

background were generated as previously described[17]. All mice were humanely 

euthanized with ketamine and xylazine at age 3–6 months and brains were immediately 

harvested, washed in Dulbecco’s Phosphate-Buffered Saline (dPBS) solution, and fixed for 

24 h in 4% paraformaldehyde and sectioned to 40 μm thickness for immunohistochemistry 

experiments.
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2.3 Immunohistochemistry and Imaging

Indirect fluorescence immunohistochemistry was performed on 40 μm-thick coronal human 

temporal cortex and murine temporal cortex slices to detect colocalization of RAGE and 

DIAPH1 within various brain cell types including: microglia, astrocytes, endothelial cells 

(ECs), oligodendrocytes, and neurons (Supplementary Table 1). Free floating sections were 

washed 6 times with dPBS + 0.5% Tween and permeabilized for 24 h. Sections were 

blocked with Odyssey Blocking Buffer (Li-cor 927-4000) for 1 h, and all primary antibodies 

were diluted in blocking buffer and secondary antibodies were diluted in 1X dPBS. Primary 

antibodies were incubated at 4°C for 24 h, washed three times in dPBS, and secondary 

antibodies were incubated for 2 h at room temperature. Thioflavin S staining was conducted 

as previously described [21]. DIAPH1 antibody specificity was quantitatively validated on 

Diaph1-deficient mice and secondary antibody only negative controls were performed for all 

costaining combinations (Supplementary Figure 1).

Multicolor wide-field micrographs were taken using the Nikon Eclipse NI-U upright 

microscope at 10x magnification and confocal photomicrographs were taken using the Zeiss 

710 Confocal Laser Scanning microscope, with a 63x objective, scanning speed of 6 (6.3 μs 

dwell time / pixel) with averaging over 8 pictures, and all quantification analyses were 

applied to 2D micrographs, except for surface area to volume (SA:V) ratios of myeloid cells 

in which 20 μm Z-stacks were utilized. All images for each staining condition were 

generated by the matching microscope and laser settings, on the same day, with the 

experimenter naive to the tissue condition.

To determine the marker’s (M) and DIAPH1 (D) pixels of interest (M-POI), binary masks 

(segmentation) were generated by implementing a thresholding algorithm [22] where an 

unbiased python algorithm selected all pixels where the intensity values are greater than the 

threshold (th)[22].

We employed both intensity based and object based methods of analyzing DIAPH1 

colocalization with (M-POI). We measured Cell Marker Area by the formula (M-POI / Field 

of View (FOV)). Overlap Area was used to determine the pixel x pixel density of co-

expression of DIAPH1 Pixels above threshold (D-POI) and M-POI. We determined the 

expression of the proteins of interests in a semi-quantitative capacity by determining the 

Mean Intensity of DIAPH1 within M-POI. For SA:V ratio measurements, 20 μm z-stacks 

were subjected to the ImageJ 3D objects plugin and SA:V was calculated by dividing 

volume from surface area.

2.4 Statistics

Sample power calculations were performed by Power Analysis and Sample Size Software. 

To achieve 82% power to measure mean differences of at least 2-fold, with a standard 

deviation (SD) of 1.48, a minimum sample size of 8 subjects per group was required. We 

studied N=10 subjects per group. For all statistical analyses, data were collected via Python 

pipelines and organized in Graphpad Prism. Mann-Whitney-Wilcoxon test was used to 

assess if the two groups, AD and non-demented control (ND), differed in each of the 25 

variables. The non-parametric method was used because the normality assumption of t-test 
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may not be validated due to the small sample size. Histograms illustrating a dot for each 

patient display the mean +/− SD. For correlational analysis of Lipidtox and DIAPH1 area 

and Surface Area to Volume Ratios with DIAPH1 area, and for correlational analysis of 

DIAPH1 and Lipidtox area with 0 vs. 1 or 2 APOE4 alleles, a Pearson’s correlation was 

used. P value and estimated coefficients were reported to indicate significance and if the data 

were positively or negatively associated. Data were displayed with the line of best fit. All 

acquired data points were used in the analyses.

Results

3.1 Demographic Information for Subjects

We applied immunofluorescence methods to co-stain AD and ND brain sections from the 

medial temporal lobe of deceased human subjects. All subjects diagnosed with AD (mean 

age 82.3 +/− 6.5 years; see Table 1) had a Braak and Braak score of VI and clinical 

dementia, as determined by Mini Mental State Exam (MMSE) score (mean 9.6 +/− 9.87). 

Age-matched ND human subjects (mean age 81.6 +/− 10.3 years; see Table 1) had 0 or 1 

alleles of APOE4, a Braak and Braak score ≤ III and excellent MMSE scores (mean 29.4 +/

− .89), demonstrating normal, healthy characteristics of aging. All subjects had a post-

mortem interval of 2–4 hours.

3.2 Detection of DIAPH1 in Human Medial Temporal Cortex

We first aimed to detect the presence or absence of DIAPH1 in the gray matter of human 

medial temporal cortex tissue. We conducted fluorescence immunohistochemistry and 

generated widefield epifluorescent micrograph images of ND and AD tissue (Figure 1A–B), 

where we first observed the abundance of DIAPH1 expression in the human brain and a 

qualitative increase in DIAPH1+ staining in the AD brain. In order to ensure the findings 

were not an artifact and to gain better insight into where DIAPH1 is expressed within the 

brain parenchyma, we conducted chromogenic immunohistochemistry for DIAPH1 and 

continued to observe a qualitative increase (Figure 1C–D); however, there was no apparent 

overlap with Thioflavin S (ThioS) positive plaques in AD (Figure 1E–F).

3.3 Quantitative Analysis Cell- and Disease State-specific DIAPH1 Expression

Thus, we continued this in depth analysis of DIAPH1 expression through a more 

quantitative and detailed approach in order to identify the distinct cell types that express 

DIAPH1, and to determine the relative expression level of DIAPH1 in each cell type in ND 

and AD brains. In these experiments, we used well-characterized antibodies to co-stain brain 

sections for DIAPH1 along with specific markers of the most prominent cell types in the 

brain: ECs, oligodendrocytes, neurons, astrocytes (Figure 2), and myeloid cells (Figures 3). 

To analyze these immunofluorescence images, we developed and employed a python 

computational pipeline for image quantification that utilizes the field standards of the 

ImageJ software to determine 1) Cell Marker Area, 2) Overlap Area, and 3) DIAPH1 

Intensity, a semiquantitative assessment of relative DIAPH1 expression within the Overlap 

Area.

Derk et al. Page 5

J Alzheimers Dis. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cell-specific DIAPH1 expression was low to moderate in ECs, oligodendrocytes, neurons 

and astrocytes (Figure 2A–H). Within the AD brain, the EC marker Claudin-5 was 

significantly higher than ND brain (p = 0.005) (Figure 2I). However, there was no 

concomitant change in Overlap Area or relative DIAPH1 Intensity within ECs (Figure 2J–

K), indicating that while ECs are positive for DIAPH1, the changes observed in ECs within 

the AD brain are not associated with any other shift in DIAPH1 coexpression. 

Oligodendrocytes were marked by expression of myelin basic protein (MBP) and there were 

no changes observed for total MBP expression within the contexts of healthy aging and AD 

(Figure 2L). However, DIAPH1 expression was altered in the oligodendrocyte myelin, as 

observed by a relative increase in DIAPH1 and MBP Overlap Area (p = 0.04), but a decrease 

in relative DIAPH1 Intensity in MBP+ regions of the AD brain (p = 0.002). Taken together, 

these data indicate that DIAPH1 exhibits a more diffuse expression in oligodendrocytes 

(expanded area, low intensity) in the AD brain, as compared to oligodendrocyte DIAPH1 

expression patterns (small punctate, high intensity) in the ND brain (Figure 2L–N). We 

selected microtubule-associated protein 2 (MAP2) as a marker for the perikarya and 

dendrites of neurons, and observed a relative decrease of MAP2 in the AD brain (p = 0.02) 

(Figure 2O). However, despite this change in cell marker expression in neurons, we did not 

see any associated shift in Overlap Area or DIAPH1 Intensity (Figure 2P–Q). In order to 

assess reactive astrocytes in the ND and AD brains, we utilized glial fibrillary acidic protein 

(GFAP). As previously reported, an increase in GFAP+ area was observed in the AD brain 

(p = 0.03) (Figure 2R). Interestingly, as the area of GFAP positivity increased, so did 

DIAPH1+ GFAP+ Overlap Area, indicating a concomitant increase in DIAPH1 expression, 

as astrocytic GFAP was upregulated in the AD brain (p = 0.03) (Figure 2S). However, there 

was no shift in DIAPH1 intensity within astrocytes; it remained low in the AD brain 

compared to other cell types (Figure 2T). We assessed pericyte colocalization with DIAPH1 

through utilizing the α-Smooth Muscle Actin (α-SMA) antibody, but saw no colocalization 

in ND or AD (data not shown).

We next compared DIAPH1 and RAGE expression in the CD68+ myeloid cells of the ND 

and AD Medial Temporal Cortex (Figure 3A–H). While there was no significant difference 

in CD68+ areas between ND and AD subjects, a statistical trend (p = 0.05) towards 

increased CD68+ area was observed in AD brains (Figure 3I). This finding is consistent, 

given the ages of subjects within our study, with previous studies reporting microgliosis in 

the AD brain, which described peak levels of microglia-derived inflammatory markers early 

in the disease, which later wane as AD progresses. However, our results indicate a 

significant increase in Overlap Area between DIAPH1 and CD68 (p = 0.04), as well as a 

significant increase in DIAPH1 Intensity within CD68+ cells (p < 0.01) in the AD brain 

relative to the ND control brain (Figure 3J–K). This indicates that while the cell size and 

number of CD68+ myeloid cells in the brains were not significantly different, the DIAPH1 

expression patterns within myeloid cells are significantly increased in AD.

3.3 DIAPH1 is co-expressed with RAGE and has strong correlations to lipid accumulation 
and morphology changes in myeloid cells during AD

Our laboratory has already published chromogenic immunohistochemistry findings that 

display RAGE expression in myeloid cells within the ND and AD brains and that indicate 
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RAGE is increased in the context of AD, as evidenced by quantitative ELISA assays [8]. 

These data are replicated and further elucidated by this study. Not only did AD brains 

display a higher total area of RAGE expression when compared to ND brains, but there was 

also an increased extent of colocalization between RAGE and IBA1 within AD brains 

(Figure 3C–D). When SA:V assessments were applied to the 3D micrographs of IBA1 and 

RAGE expression, we determined a strong, inverse relationship between average RAGE 

intensity and the SA:V of myeloid cells within the brain (R2 = −0.092, p < 0.01). 

Specifically, the myeloid cells bearing the highest RAGE intensity display a more amoeboid 

morphology and lower SA:V, whereas the myeloid cells with the lowest RAGE intensity 

have higher SA:V ratios, indicative of a more homeostatic, ramified morphology (Figure 

3L). In addition, the Overlap Area and relative DIAPH1 Intensity in areas of RAGE 

positivity are significantly increased in the AD brain (p < 0.01 and p = 0.04, respectively), 

indicating increased colocalization of these two signaling molecules within the AD brain 

(Figure 3N–O).

Having identified that myeloid cells are a primary source of DIAPH1 expression in both ND 

and AD human medial temporal cortex, and that the expression of DIAPH1 significantly 

increases in CD68+ myeloid cells in AD, we next set out to determine whether DIAPH1 

colocalized with other key molecules in myeloid cells in AD brains. Substantial evidence 

indicates that besides proteins, lipids and cholesterol molecules also contribute to loss of 

homeostatic functions in myeloid cells during AD. Lipids regulate the trafficking and 

proteolytic activity of membrane bound proteins in microglia [23]. Several pathological 

features of AD include perturbed CNS membranes, lipid modulation of pathogenic Aβ 
production and degradation, and genetic variation of a number of lipid transport and 

signaling molecules, including TREM2, APOE4, and ABC transporters[24].

Based on previous connections between AD and lipid/cholesterol dysfunction, we set out to 

determine whether there was a link between myeloid DIAPH1 expression and lipid content. 

Thus, we triple-stained brain sections for CD68, DIAPH1, and the neutral lipid dye, 

Lipidtox™ (Figure 3G–H). Our results show a highly significant increase in total neutral 

lipid area in AD brains compared to ND controls (p < 0.01) (Figure 3P). We identified a 

significant increase in Overlap Area between DIAPH1 and Lipidtox™ in the AD brain 

(Figure 3Q) and a significant linear relationship between Lipidtox™ area and DIAPH1 area 

in the ND brain (R2 = 0.917, p < 0.001), but no significant relationship between Lipidtox™ 

area and DIAPH1 area in the AD brain R2 < 0.001, p = 0.956) (Figure 3R). Importantly, 

both DIAPH1 and Lipidtox™ values were significantly increased in the AD brain when 

compared to the ND brain, however, the linear relationship between these two molecules in 

the context of progressive AD was lost. Collectively, these data suggest that myeloid cells 

are the primary cell types storing neutral lipid in the brain, and that there is a significant 

increase in lipid accumulation in AD brains that displays a strong, positive correlation with 

increased myeloid DIAPH1 expression. In conjunction with the strong colocalization of 

DIAPH1, RAGE, and CD68, we can extrapolate these findings to infer that the myeloid cells 

within the brain that have the highest lipid content, also possess the highest DIAPH1 and 

RAGE expression, but the lowest SA:V ratio, and thus the most amoeboid and inflamed 

morphology.
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Finally, we performed correlational analyses to determine if there were any associations 

between the area of DIAPH1 or Lipidtox™ positivity and the presence of 0 versus 1 or 2 

APOE4 alleles in the subjects. With respect to DIAPH1, we found a modest, but significant 

linear relationship between DIAPH1 intensity and APOE4 alleles (R2 = .213, p =.04). 

However, no significant relationship was observed between Lipidtox™ area and APO4 
alleles (R2 = .188, p = .054).

1. Discussion

Collectively, these data provide the first quantitative evidence that DIAPH1 is expressed in 

the human medial temporal cortex and that its expression is increased in human AD, 

particularly in myeloid cells, as visualized by immunohistochemistry and microscopy. We 

determined cell-specific expression of DIAPH1 by quantifying colocalization with key CNS 

cell markers and molecules. The markers selected were chosen due to high degrees of 

specificity to a single cell type as opposed to other options that may be preferred due to 

illuminating the entire cell body, but may cross react to multiple cell populations. Thus, we 

optimized for diminishing Type 1 errors to the greatest extent possible. While neurons, ECs, 

oligodendrocytes, and astrocytes all express moderate amounts of DIAPH1, we discovered a 

robust expression of DIAPH1 in myeloid cells, that increased in the AD brain, which 

strongly correlated to lipid accumulation within these cells, in parallel with a concomitant 

decreases in ramified processes.

Previous studies have generated ample evidence to suggest a strong convergence between 

dysregulated lipid handling molecules in microglia and myeloid cells to an increased 

neuroinflammatory signature of the brain and robust increases in AD risk. First, genetic 

evidence from humans suggests a powerful link between inflammatory pathways (including 

complement and chemokines) and key lipid / cholesterol molecules (TREM2, ABCA7, 

APOE4, and beyond) with AD susceptibility [2, 3, 12, 25]. Second, subsequent analyses of 

mutations within animal models has illuminated major players from the innate immune 

system that increase or decrease AD progression, such as CCR2, CX3CR1, complement 

components, and CXCL8 and the previously mentioned lipid handlers [26–28]. In addition, 

burgeoning data in humans and mouse models indicate that systemic inflammation and 

transient infections can produce permanent worsening of ongoing neurodegenerative disease 

[29–31]. Finally, in vitro assays of microglia have shown that cholesterol content can alter 

and interfere with homeostatic functions [32]. However, despite these important findings, 

causal links of molecular mechanisms in myeloid cells to AD induction and progression 

remain largely inconclusive, and the specific myeloid cell signaling processes underlying 

cognitive decline remain elusive. Our data underscore the complexity of the lipid-

inflammatory signaling nexus in healthy aging and AD, and how this corresponds to APOE4 
variant expression. We report for the first time a modest, yet significant correlation between 

the area of DIAPH1 staining with the number of APOE4 alleles, however, no such 

significant association between LipidTox™ Area and APOE4 alleles was identified, 

indicating DIAPH1 positivity may be a more meaningful readout for a biomarker of disease 

state and AD risk than neutral lipid content directly. However, there is a strong, significant 

relationship between DIAPH1 and LipidTox™ Area in the ND brain, which implicates 

DIAPH1 upregulation as a candidate molecule to mediate aberrant lipid accumulation in 
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healthy and prodromal states before full-blown AD presents, which may indicate a unique 

state of dysfunction in which both DIAPH1 and neutral lipids are high, but no correlation 

exists.

Decades of research have been dedicated to uncovering the key neuropathological 

characteristics of the AD brain, including the aggregation and accumulation of intracellular 

and extracellular proteins, particularly Aβ and hyperphosphorylated tau, which are believed 

to be detrimental to neuronal health and function. During this time, ample research 

illuminated that CNS myeloid cells display a more amoeboid, round shape in the settings of 

acute and chronic inflammation and that lipid accumulation within macrophages in the 

periphery is a potent sign of cellular stress, metabolic syndromes, and systemic pathology 

[16, 25]. From the foam cells during progressive atherosclerosis, to the lipid-laden adipose 

tissue macrophages during obesity, evidence from multiple organ niches have enhanced our 

understanding of the complex interface between immune regulation, bioenergetic phenotype, 

lipid accumulation, and cellular (dys)function. However, in the context of myeloid cells 

during AD, we have a relatively poor understanding how microglia and peripherally 

infiltrating myeloid cells may mediate cognitive decline, whether the differences observed in 

AD are due to a loss- or gain of critical functions, and which molecules are mediating 

molecular shifts in the context of non-inherited AD pathogenesis [33].

Importantly, when collating the literature, there are numerous connections between the 

pathophysiological phenotypes in AD and the RAGE-DIAPH1 signaling pathway, and 

further parsing may provide a meaningful approach to intervention strategies in AD. First, 

substantial evidence suggests that oligomeric forms of Aβ bind the variable domain of 

extracellular RAGE. It is known that RAGE is expressed in CNS myeloid cells, RAGE 

expression and ligand concentrations are increased in human and mouse model brains during 

AD, and overexpressing RAGE or expressing dominant negative RAGE (DN-RAGE) 

confers a detriment and benefit, respectively, to Aβ-dependent cognitive decline, plaque 

deposition, and mitochondrial-dependent cellular stress, strongly suggesting an exacerbating 

role of RAGE signaling in the context of cognitive decline [6, 8, 34, 35]. In addition, in 

conditions of systemic inflammation, such as sepsis models, RAGE and its ligands (Aβ, 

hyperphosphorylated tau, and AGEs) are elevated in rodent brains, and positively correlated 

to cognitive impairments[31, 36]. Based on our current findings, we postulate that studies 

examining potential roles for microglial DIAPH1 in the accumulation of Aβ, inflammatory 

lipids, and the development of cognitive decline in rodent models is warranted. These 

studies could unveil important mechanisms of disease that are unable to be tested in human 

post-mortem tissue.

Interestingly, RAGE ligand AGEs were also recently shown to regulate lipid accumulation in 

macrophages by regulating cholesterol uptake, esterification, and efflux [37]. However, all 

previous molecular studies of DIAPH1 and this formin molecule’s connections to RAGE 

and lipid regulation have been conducted in peripheral tissues. Thus, we have a limited 

understanding of how DIAPH1 may mediate these processes in the brain during health and 

disease.
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We hypothesized that RAGE-DIAPH1 signaling potentiates neuroinflammation in the AD 

brain. However, before the consequences of RAGE-DIAPH1 signaling in the CNS could be 

investigated, we must first develop our understanding of where and when to look. Here, we 

provide the first salient evidence that DIAPH1 may potentially be involved in AD through 

unknown mechanisms regarding lipid handling in CNS myeloid cells, including microglia. 

Our data suggest pronounced DIAPH1 expression in CNS myeloid cells that is robustly 

increased in AD. Further, we corroborate our previous findings in peripheral smooth muscle 

cells, macrophages, and pancreatic β-cells to provide evidence here that RAGE and DIAPH1 

display strong colocalization in the CNS. However, we also recognize that a limitation in 

extrapolating and generating more nuanced insights from the findings is low statistical 

power. Each case was specifically selected to minimize the post mortem interval as much as 

possible (<4h), because RAGE, DIAPH1, and RAGE ligands have previously been shown to 

robustly upregulate in the contexts of hypoxia and ischemia [38–42]. In future studies, with 

a more robust cohort size, more in-depth statistical analyses could prove to be potentially 

beneficial towards better understanding the mechanisms at play as well as specific patient 

subsets that may most or least benefit from RAGE-DIAPH1 pharmacological inhibition 

during neurodegeneration and if there is any sex effects of these findings. In addition, better 

understanding of how these data correlate to biomarkers from blood could also provide 

meaningful insight for treatment plans and the incorporation of a young cohort in order to 

understand RAGE-DIAPH1 changes during healthy aging could be instrumental as well.

In this study, our aim was to investigate how three seemingly disparate fields may integrate 

to provide evidence for understanding the contribution of RAGE and DIAPH1 signaling in 

neurodegeneration. While population-wide genomic studies had illuminated lipid and 

cholesterol dysregulation in the context of inflammatory neurodegeneration, these genetic 

variants and mutations only account for a small subset of the patient population impacted 

with AD and thus other mechanisms beyond those illuminated in GWAS must be at play. In 

fact, consistent with the complex nature of lipid- and inflammation-dependent factors, we 

were unable to observe a significant correlation between LipidTox™ area and the number of 

APOE4 alleles, albeit we acknowledge the limitations of the present study, in which we 

utilized a total of 10 AD subjects and 10 age-matched control individuals. Previous 

molecular biology studies of RAGE-DIAPH1 signaling driving cellular stress implicate 

RAGE and DIAPH1 in myeloid-cell dysfunction in inflammatory diseases, but this is the 

first detailed analysis of DIAPH1 in the central nervous system during aged health and AD. 

In addition, mouse models have implicated RAGE signaling abrogation through sRAGE or 

DN-RAGE to confer a benefit in AD-like mouse models, but studies addressing which 

specific cell types are contributing to this benefit, how, when, and to what extent aberrant 

lipid handling could be at the core of the dysfunction, have yet to be performed and reported. 

Here, we show that CNS myeloid cells that bear the highest RAGE and DIAPH1 expression 

concomitantly display the most amoeboid morphology and demonstrate a significantly 

increased lipid load and that all of these key endpoints are significantly altered in 

progressive AD. These data do not elucidate the specific mechanism(s) by which all of these 

processes are occurring, nor do they differentiate among correlation, causation, or time-

specific consequences during AD progression. While there is no strong evidence to suggest 

that RAGE is an initiating factor in neurodegeneration, dementia, and AD, the data in 
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mouse, human GWAS, and the present study all suggest there could be a role for RAGE-

DIAPH1 signaling in exacerbating inflammatory phenotypes, particularly in myeloid cells, 

by contributing to lipid accumulation, aberrant signal transduction, and cellular dysfunction 

in the context of AD. These findings illustrate the importance of further investigation into 

the specific mechanisms of RAGE-DIAPH1 signaling and its impact on CNS myeloid cells 

during health and disease, specifically as a potential avenue of therapeutic intervention for 

halting or slowing neuroinflammation and lipid accumulation during AD.

Supplementary Material

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

Aβ Amyloid beta peptide

ABC Transporters Adenosine Binding Casette Transporters

AD Alzheimer’s disease

APOE4 Apolipoprotein E variant 4

BBB Blood Brain Barrier

CCR2 Chemokine Receptor 2 (Also known as cluster of 

differentiation 192)

CD68 Cluster of Differentiation 68

CX3CR1 CX3C Receptor 1 (Also known as G-protein coupled 

receptor 13)

CNS Central Nervous System

DIAPH1 Diaphanous 1
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DN-RAGE Dominant Negative RAGE

ECs Endothelial Cells

ELISA Enzyme Linked Immunoabsorbant Assay

GFAP Glial Fibrillary Acidic Protein

HMGB1 High Mobility Group Box 1

IAPP islet amyloid polypeptide

IBA1 Ionized Calcium-binding Adaptor Molecule 1

MAP-2 Microtubule Associated Protein 2

MBP Myelin Basic Protein

MMSE Mini Mental State Exam

ND Non-demented

POI Pixel of Interest

PS Phosphatidyl Serine

RAGE Receptor for Advanced Glycation Endproducts

ROS Reactive Oxygen Species

SA:V Surface Area to Volume Ratio

SNP Single Nucleotide Polymorphism

sRAGE Soluable RAGE (RAGE lacking transmembrane domain)

TREM2 Triggering Receptor Expressed on Myeloid Cells 2
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Figure 1. Increased DIAPH1 Expression in AD vs. ND human brain
All panels contain representative human temporal cortex 4 μm thick slices stained as labeled 

and imaged at 20x by widefield microscopy. (A) and (B): DIAPH1 (green) and DAPI (blue) 

show a qualitative increase in immunofluorescence expression of DIAPH1 in the AD brain 

(B) when compared to aged matched control ND brain (A). (C) and (D): DIAPH1 (DAB) 

costained with Hematoxylin confirm staining patterns of DIAPH1 and relative qualitative 

increase in AD brain (D) vs. ND Control brain (C) under chromogenic 

immunohistochemistry conditions. (E) and (F): DIAPH1 expression (red) does not 

colocalize with ThioS+ plaques (green). ThioS+ staining is increased in AD brain (F) 

compared to ND brain (E). There are high intensity DIAPH1+ puncta near to and far from 

the ThioS+ plaques (F).
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Figure 2. DIAPH1 Expression in Endothelial Cells, Oligodendrocytes, Neurons, and Astrocytes 
in the ND and AD human brain
All panels contain representative human temporal cortex 40 μm thick slices stained as 

labeled and imaged at 63x by 2D and 3D confocal microscopy. (A) and (B): DIAPH1 

(green) and Claudin5 (red) with DAPI (blue) immunohistochemistry to analyze DIAPH1 in 

ECs. (C) and (D): DIAPH1 (green) and MBP (red) with DAPI (blue) immunohistochemistry 

to analyze DIAPH1 in oligodendrocytes. (E) and (F): DIAPH1 (green) and MAP2 (red) with 

DAPI (blue) immunohistochemistry to analyze DIAPH1 in neurons. (G) and (H): DIAPH1 

(green) and GFAP (red) with DAPI (blue) immunohistochemistry to analyze DIAPH1 in 

astrocytes. (I–T): Quantification of representative images of immunohistochemistry staining. 

(I): Area of Claudin5 is significantly increased in AD brain vs. ND brain. (J): Overlap Area 

of Claudin5 and DIAPH1 is high in both ND and AD conditions, but is unchanged between 

ND and AD brain. (K): DIAPH1 intensity in areas of overlap between DIAPH1 and 

Claudin5 is unchanged between ND and AD conditions. (L): Area of MBP is not different 

between ND and AD brain. (M): Overlap Area of MBP and DIAPH1 is increased in AD 

brain vs. ND brain. (N): DIAPH1 intensity in areas of overlap between DIAPH1 and MBP is 

reduced in AD brain vs. ND brain. (O) MAP2 Area is significantly decreased in AD brain 
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vs. ND brain. (P): Overlap Area and (Q): Overlap Mean of DIAPH1 and MAP2 are 

unchanged in AD and ND conditions. (R): GFAP Area is significantly increased in AD brain 

vs. ND brains. (S): Overlap Area of GFAP and DIAPH1 is low, however, it is significantly 

increased in the AD brain vs. ND brain. DIAPH1 intensity is unchanged in areas of overlap 

between DIAPH1 and GFAP when comparing AD and ND brains. Data represented by mean 

+/− SD of n=10 cases per group (4–8 images analyzed per case). Mann-Whitney-Wilcoxon 

non-parametric tests with p values indicated. Scale bars = 20 μm for all representative 

images.
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Figure 3. DIAPH1 and RAGE are Highly Expressed in Myeloid Cells in the Brain with Disease-
State Specific Patterns
All panels contain representative human temporal cortex 40 μm thick slices stained as 

labeled and imaged at 63x by 2D and 3D confocal microscopy. (A) and (B): DIAPH1 

(green) and CD68 (red) with DAPI (blue) immunohistochemistry to analyze DIAPH1 in 

myeloid Cells. (C) and (D): RAGE (green) and IBA1 (red) with DAPI (blue) 

immunohistochemistry to analyze RAGE in myeloid cells. (E) and (F): DIAPH1 (green) and 

RAGE (red) with DAPI (blue) immunohistochemistry to illustrate high degree of overlap 

between the two molecules. (G) and (H): DIAPH1 (green) and Lipidtox (red) with DAPI 

(blue) immunohistochemistry to illuminate increased lipid burden in AD vs. ND brain and 

high degree of colocalization of DIAPH1 and neutral lipids in the AD and ND brains. (I–T): 

Quantification of representative images of immunohistochemistry staining. (I): 

Quantification of CD68 area shows a non-significant trend for increased CD68+ area in AD 

brain vs. ND brain. (J): Overlap Area of CD68 and DIAPH1 is high in both ND and AD 

conditions, and increased even further in AD brain vs. ND brain. (K): DIAPH1 intensity in 

areas of overlap between DIAPH1 and CD68 is significantly higher in AD vs. ND 

conditions. (L): Quantification of SA:V ratio in 3D Z-stacks displayed as 2D renderings in 
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(E) and (F) reveals a strong, negative correlation between SA:V ratio and RAGE intensity in 

DIAPH1+ cells; purple circles = ND and green triangles = AD. (M): Quantification of 

RAGE area reveals a trend towards increased RAGE Area in AD brain vs. ND brain. (N): 

Overlap Area of RAGE and DIAPH1 is high in both ND and AD conditions, and increased 

even further in AD brain vs. ND brain (O): DIAPH1 intensity in areas of overlap between 

DIAPH1 and RAGE is significantly increased in AD brain vs. ND brain. (P): Area of 

Neutral Lipids is significantly decreased in AD brain vs. ND brain. (Q) Overlap Area of 

DIAPH1 and Neutral Lipids is increased in AD vs. ND conditions. (R): Linear Regression 

Analyses indicates a strong, positive relationship between DIAPH1 area and Lipidtox Area 

in the human brain for ND samples (purple circles; R2 =0.917, p < 0.001) and no correlation 

between DIAPH1 area and Neutral Lipid Area for AD samples (green triangles; R2 < .001, p 

= 0.956). In addition, AD cases have significantly higher Neutral Lipid and DIAPH1 

content. Data represented by mean +/− SD of n=10 cases per group (4–8 images analyzed 

per case) for histograms. Mann-Whitney-Wilcoxon non-parametric tests with p values 

indicated. Scale bars = 20 μm for all representative images. Linear Regression analysis is 

displayed with one dot per case and a line of best fit.

Derk et al. Page 20

J Alzheimers Dis. Author manuscript; available in PMC 2019 January 01.

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

Derk et al. Page 21

Table 1

Demographic Information for the cases selected

Non-Demented Control Alzheimer’s disease

Number of cases 10 10

Female : Male 7:3 7:3

Age at expiration (yrs) 81.6 +/− 10.3 82.3 +/− 6.5

Post-mortem interval (h) 3.3 +/− 0.7 3.14 +/− 0.7

APOE4 Frequency (0/1/2) 8/2/0 3/5/2

Braak Score (I/II/III/IV/V/VI) 5/1/4/0/0/0 0/0/0/0/0/10

MMSE 29.4 +/− 0.89 9.6 +/− 9.87

MMSE Interval to death (mo) 27 +/− 29 17.5 +/− 10.7

Cases with Diabetes 5 2
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